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Preface

Hubs are special. They dominate the
structure of all networks in which they
are present, making them look like small
worlds. While two pages on the Web are
19 clicks away, Yahoo.com, a giant hub,
is reachable from most Webpages in 2 to
3 clicks. From the perspective of the hubs
the world is indeed very tiny.

A.-L. Barabasi, Linked

Almost half a century ago, the seminal book by V.V. Bolotin, Nonconservative prob-
lems of the theory of elastic stability, came into print [75]. It summarized the expe-
rience of engineers in the analysis of nonconservative systems accumulated since the
1920s when the first attempts to take into account dissipative effects in rotor dynam-
ics and to explain such dangerous instabilities as aerodynamic flutter and shimmy in
aircraft landing gear were undertaken. Despite the many excellent books on stability
theory that were published during the next fifty years [22, 60, 121,127,141, 150, 162,
168, 182,213,239,346,367,369,371,394,400,412,423,437,470,503,518, 528, 570,
590, 626], Bolotin’s monograph still remains the only one devoted solely to the meth-
ods and challenges of nonconservative stability. Its only drawback is that this book
cannot take into account the dramatic developments in mathematics, engineering and
physics that have been made since 1963.

The book [75] was motivated mainly by the problems of stability of slender struc-
tures under follower forces and of rotating flexible shafts. Already these models deal
with the two fundamental nonconservative perturbations — viscous dissipation and
nonpotential positional forces [332,333].

Last five decades extended considerably the range of applications in which such
nonconservative forces play a crucial role. We mention friction-induced instabilities
causing the flipping of the tippe top [84] and the problems of the acoustics of fric-
tion related to the excitation of audible vibrations in brakes and clutches [268], paper
calenders [92, 537], prostheses of hip joints [255] and even in the singing glasses of
Benjamin Franklin’s glass harmonica [6,293].
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Nonconservative models appear in modern studies of landslides on gentle slopes
when the constitutive relation of a nonassociated geomaterial, such as loose sand, is
described by a nonsymmetric matrix [59, 60, 117].

In hydrodynamics and plasma physics, the counter-intuitive destabilizing influence
of dissipation on negative energy waves [115, 168,446,552] is an important ingredi-
ent in the theories of boundary layer [349], flow control [111, 112,171] and stabil-
ity of wave propagation [90]. In rotating fluids, interplay of the nonconservative and
gyroscopic forces may lead to the paradoxical discontinuous change in the stability
boundary as happens in the case of the baroclinic instability when the Ekman layer
dissipation is infinitesimally small [334,501,563].

In magnetohydrodynamics, the Velikhov—Chandrasekhar paradox [120,581] occurs
in the theory of magnetorotational instability when for infinite electrical conductiv-
ity of the differentially rotating fluid the limit of the vanishing axial magnetic field
does not trace back to the Rayleigh threshold of hydrodynamics [1, 28, 199]. Non-
conservative forces play an increasing role in celestial mechanics, e.g., in the modeling
of tethered satellite systems, satellite and planetary rings [43,44, 87].

A rich source of nonconservative problems is modern robotics and automatic con-
trol [41] and biomechanics [216] — for example, the spine is frequently modeled as
a column loaded by a distributed follower force [500]. Of course, traditional areas
such as aerospace engineering and structural mechanics remain one of the biggest
consumers of the nonconservative stability theory [224,240].

Already in the 1960s Bolotin emphasized that progress in the nonconservative sta-
bility theory depends on developments in the theory of nonself-adjoint operators. Im-
portant contributions to the latter motivated mainly by mechanical applications were
made, e.g., in the 1940s by S. L. Sobolev [536] and L. S. Pontryagin [483], in the 1950s
by M. V. Keldysh [261] and M. G. Krein [336,337] and since then by many other au-
thors.

The needs of optimal design and rational experiment planning required considera-
tion of multiparameter families of nonself-adjoint boundary eigenvalue problems. In
the 1970s, the studies by V.I1. Arnold and his co-workers established a sharp corre-
spondence between the multiple eigenvalues of nonsymmetric matrices and geomet-
ric singularities on the boundary of the asymptotic stability domain of a matrix fam-
ily [17,18,374,375]. An immediate consequence of this result is the resolution of the
famous Ziegler’s paradox (1952) of destabilization of a reversible system by small
dissipation [622] by means of the Whitney umbrella singularity, which was done in-
dependently by a number of authors starting with O. Bottema in 1955-56 [80, 81].

Since the 1950s, the concept of the symplectic or Krein signature of eigenvalues has
been widely used in hydro- and magnetohydrodynamics to describe waves of positive
and negative energy [264,320,390,392,606,607]. In the 1990s, the influence of non-
Hamiltonian perturbations on the stability of Hamiltonian systems became a topic for
a systematic investigation [391, 395] that gave birth to the area of research known
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as ‘dissipation-induced instabilities’ [74] — a concept that touches a broad variety of
physical applications [333].

Though very excellent, a network of these results is chaotically scattered at present
throughout the specialized journals. Many brilliant physical phenomena that could
crown the nonconservative stability theory are almost unknown to the stability the-
orists with a classical mechanical background. On the other hand, achievements of
the theory of nonself-adjoint operators [421, 611], the theory of operators in the
spaces with indefinite metric (Krein and Pontryagin spaces) [202], Lidskii—Vishik—
Lyusternik perturbation theory for multiple eigenvalues [428], theory of multiparam-
eter eigenvalue problems [24, 585], modern results of applied linear algebra [576] as
well as singularity theory appear to be still not familiar to many engineers, physicists
and even stability theorists working with nonconservative stability problems.

However, the combination of these approaches of modern applied mathematics
with the complex fundamental nonconservative phenomena of physics and mechanics
seems to be the only way to understand the latter and to create a rather complete and
unified constructive theory of stability of nonconservative systems and of dissipation-
induced instabilities. That is why there is a strong need for a detailed exposition which
would bring together the scattered results of the last fifty years and which would en-
deavor to unify and to systematize both the results and the methods of treatment of the
nonconservative stability problems of modern physics. This book is an attempt to fill
this need.

In it an effort is made to present the subject of nonconservative stability from the
modern point of view as completely as possible within the allotted space. It presents
relevant mathematical concepts, both already familiar and the new ones for this subject
as well as rigorous stability results and numerous classical and contemporary examples
from mechanics and physics. The book is substantially based on the results of the
author; although by necessity it contains some results of other authors without which
it is impossible to create a self-consistent exposition. It is hoped that this book will
serve the present and prospective specialist in the field by acquainting him with the
current state of knowledge in this actively developing field.

The book has 12 chapters. After a number of examples accompanied by a histori-
cal overview in the Introduction, the first six chapters deal with the finite dimensional
nonconservative systems, while the rest of the book is dedicated to the infinite dimen-
sional ones. Naturally, the first part of the book contains fundamentals of the theory
and more general results because of the wide variety of mathematical tools available
in finite dimensions. The center of gravity in the second part is shifted to studies of
concrete physical problems. All chapters contain illustrative physical examples.

I would like to express my warmest gratitude to all the colleagues and collabo-
rators whose support, friendly advice, encouraging discussions and fruitful joint re-
search were among the main inspirational factors driving my work on this project:
Abd Rahim Abu Bakar, Sergei Agafonov, Vadim Anischenko, Teodor Atanack-
ovic, Vladimir Beletsky, Carl Bender, Michael Berry, No&l Challamel, Gengdong
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Cheng, Richard Cushman, Felix Darve, Barbara Dietz, Mikhail Efroimsky, Yasuhide
Fukumoto, Gunter Gerbeth, Valentin Glavardanov, Yuanxian Gu, Eva-Maria Graefe,
Samvel Grigorian, Uwe Giinther, Peter Hagedorn, Hanns-Ludwig Harney, Daniel
Hochlenert, Norbert Hoffmann, Igor Hoveijn, Wolfhard Kliem, Anthony Kounadis,
Yuri Leschinski, Alexei Mailybaev, Vadim Marchenko, Jerrold Marsden, Maxim
Miski-Oglu, Oliver O’Reilly, Huajiang Ouyang, Pauli Pedersen, Dmitry Pelinovsky,
Alexandra Perlova, Karl Popp, Achim Richter, Ingrid Rotter, Florian Schifer, Guido
Schneider, Alexander Seyranian, Sergei Sorokin, Gottfried Spelsberg-Korspeter,
Frank Stefani, Ferdinand Verhulst, Alexander Zevin, and Miloslav Znojil.
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Chapter 1

Introduction

I never satisfy myself until I can make
a mechanical model of a thing. If 1
can make a mechanical model, I un-
derstand it.

W. Thomson (Lord Kelvin) [436]

Recent years have seen tremendous activity related to non-Hermitian Hamiltonians in
physics and, in particular, to the physics of non-Hermitian degeneracies — so called
diabolical and exceptional points [50, 154, 166,218,426]. In mechanics, these spectral
singularities correspond to semisimple and nonsemisimple 1 : 1 resonances that in
many cases determine peculiar stability properties of a mechanical system. Guided by
the above motto of Lord Kelvin we would like to invite a reader into a labyrinth of mod-
ern concepts such as a non-Hermitian Hamiltonian, exceptional points, the geometric
phase, and # T -symmetry, looking at them through the prism of classical mechan-
ics and stability theory. Mathematical and historical parallels discussed in this chapter
should convince the reader that positions occupied by non-Hermitian physics and non-
conservative mechanics are closer to each other than one might expect. A simple but
paradigmatic model of Brouwer’s rotating saddle trap will serve us as an Ariadne’s
thread in this adventure.

1.1 Gyroscopic stabilization on a rotating surface

In 1918 Luitzen Egbertus (Bertus) Jan Brouwer (1881-1966) — a founder of modern
topology who established, for example, the topological invariance of dimension and
the fixed point theorem — considered stability of equilibrium of a heavy particle in a
rotating vessel [82,93,94, 304].1

' Curiously enough, in 1917 motivated by meteorological applications Francis John Welsh Whipple
(1876-1943) studied a not unrelated problem on the motion of a particle on the surface of a rotating
globe [594].



2 Chapter 1 Introduction

1.1.1 Brouwer’s mechanical model

Let us imagine a particle of unit mass moving on a surface that has a horizontal tangent
plane at some point O and rotates with a constant angular velocity €2 around a vertical
axis through O in a counter-clockwise direction, Figure 1.1.

b) z

ki >0
k,>0

Figure 1.1. Brouwer’s particle on a rotating (a) cavity and (b) saddle [299].

In the co-rotating frame (x, y, z), the (x, z)- and (¥, z)-plane of which coincide with
the principal normal sections of the surface at the origin O, a potential function of the
particle is V' = gz and a kinetic energy is T = %[()'c —yQ)2 + ( 4+ xQ)? + 27,
where g is the gravity acceleration. In the assumption that the particle moves without
friction, the equations of motion linearized about the equilibrium position O, have the
form [93]

¥ =29y + (ki — Q%) x =0,
J +2Qx + (ko — Q%) y =0, (1.1)

where dot indicates time differentiation, k1, = g/r2, and r; and r, are the radii of
curvature of the intersection of the surface with the (x, z)- and (v, z)-plane, respec-
tively, r; # r.

Brouwer’s innovation was that he not only allowed the radii of curvature to be
nonequal, which was already the state of the art of his time, but he also did not impose
restrictions on the sign of k| and k, and considered both concave (Figure 1.1 (a)) and
saddle-like (Figure 1.1 (b)) surfaces, ahead of his contemporaries.

1.1.2 Eigenvalue problems and the characteristic equation

Assuming solution of the linear system of differential equations (1.1) in the form x =
X exp(At) and y = Y exp(At), we arrive at the homogeneous system of algebraic
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equations with respect to X and Y
Lu=0, 1.2)
where the matrix polynomial [200] with respect to the spectral parameter A is
L(}) = A2 +2QJ1 + K + (2J)? (1.3)

and

(X (10 (0 —1 (ki 0O
() () (2 ) k(5 ) on

Equation (1.2) is one of the standard forms of eigenvalue problems associated with
gyroscopic systems [234,238]. It has a nontrivial solution if and only if

det (L(1)) =0, (1.5)

which results in the characteristic equation for A
apA* + a1A* +ar = 0. (1.6)

with

ap=1, a; =k +k2+292, a, = (kl—Qz)(kz—Qz). (L.7)
The roots of equation (1.6) are eigenvalues of the eigenvalue problem (1.2). Together
with the eigenvectors u that are the corresponding solutions of equation (1.2) and the
generalized eigenvectors that will be introduced in the following, they determine time

evolution of the solutions of the linear system (1.1).
Biquadratic equation (1.6) can be solved exactly

ki +k2+292
2

1
A= + 5\/(k1 —k2)? + 8Q2(ky + k»). (1.8)

A necessary and sufficient condition for all A%s to be real is that the discriminant of
the polynomial (the radicand in (1.8)) is nonnegative [3, 187]

D := (ki — k»)* + 8Q%(ky + k») > 0. (1.9)

Moreover, the real AZs are all nonpositive if and only if @; > 0 and a; > 0, which
after taking into account expressions (1.7), yields

ki +ky +29%>0, (ki —QH)(k,—Q%) >0. (1.10)

Inequalities (1.9) and (1.10) form a criterion for the eigenvalues A to be all pure imag-
inary, i.e. A = Fiw, where w > 0 is real (spectral stability). This is however only a
necessary condition for all the solutions to the linear equation (1.1) to be bounded and
thus to be marginally (linearly) stable [390].
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1.1.3 Eigencurves and bifurcation of multiple eigenvalues

Among the pure imaginary or zero eigenvalues, repeated roots of the characteristic
equation (1.6) may occur. Indeed, according to equation (1.8), the eigenvalues are
double in the discriminant set D = 0, being pure imaginary when a; # 0 and zero
when a; = 0. This set bounds the light gray domains in the (k, 2)-plane in Figure 1.2
while the set a; = 0 corresponds to the double eigenvalues A = 0 and bounds the dark
gray domains. The eigenvalues that are repeated roots of the characteristic equation
are said to have an algebraic multiplicity [258,428].

Evolution of eigenvalues when the white and gray domains in Figure 1.2 are crossed
with the variation of parameters, is presented as eigencurves [64] in the (ReA, ImA, 2)-
space in Figure 1.3. When k; = 0.25 and k; = —0.3 the surface is a saddle and
the equilibrium of the Brouwer particle is unstable without rotation. Indeed, when
Q = 0, there exist a complex-conjugate pair of pure imaginary eigenvalues and two

a) b)
3 - 3 =
< ¥
1} 1}
251 2| Stability 251 < Stability

Flutter

Stability

-1 05 0 05 ky 1 -1 05 0 05 ki 1

Figure 1.2. Stability diagram of Brouwer’s problem in the (k;, 2)-plane for (a) k, = —0.3
and (b) k, = 0.3 [304].

Figure 1.3. Evolution of eigenvalues with the variation of the rotation speed for (a) a saddle
with k; = 0.25 and k, = —0.3 (gyroscopic stabilization), (b) symmetric concave surface with
ki = k, = 0.3 (Campbell diagram), and (c) nonsymmetric concave surface with k; = 0.7
and k, = 0.3 (bubble of instability and avoided crossings) [304].
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a) Divergence b) Stability

-15 -10 -5 0 -5 0 5

c) Flutter d) Stable 'inertial oscillations

X

0 04 08 12

Figure 1.4. Tracks of the Brouwer particle in (x, y)-plane at k; = 0.25, k, = —0.3, x(0) = 0,
x =1, y(0) = 0and y(0) = 0: (a) escaping by divergence at 2 = 0.4 when 0 <t < 8, (b)
trapping at £ = 0.6 when 0 < ¢ < 200, (c) escaping by flutter at 2 = 0.9 when 0 < ¢ < 20.
(d) Stable inertial oscillations at the point C with k; = k, = 1 and = 1 when x(0) = 0,
x(0)=1,y0)=0,y0) =1and 0 <t < 7 [304].

real ones of different signs, Figure 1.3 (a). A positive real eigenvalue corresponds to an
exponentially growing nonoscillatory solution which is known as divergence or static
instability [239], see Figure 1.4 (a).

With increasing angular velocity, the magnitude of the real eigenvalues becomes
smaller until they collide at the origin and form a zero eigenvalue of algebraic mul-
tiplicity 2. If  grows further, the double eigenvalue splits into two pure imaginary
eigenvalues, Figure 1.3 (a). Then, all the eigenvalues are pure imaginary of algebraic
multiplicity 1 (i.e. simple) and the equilibrium is marginally stable.

Therefore, a sufficiently fast rotation of a saddle results in the gyroscopic stabi-
lization [325] or trapping [571] of the particle, Figure 1.4 (b). The curve a, = 0,
corresponding to double zero eigenvalues, forms a boundary between the domains of
divergence (dark gray) and stability (white), Figure 1.2 (a).
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What are the eigenvectors at the double zero eigenvalues? On the curve k; = Q2
when Q2 # kj every eigenvector is of the form u] = C;(1,0), where Cj is an arbi-
trary constant. Any two such vectors are linearly dependent. The number of linearly
independent eigenvectors at the eigenvalue is its geometric multiplicity. Thus, at the
points of the boundary k; = Q2 when Q2 # ks, zero eigenvalues have algebraic
multiplicity 2 and geometric multiplicity 1 and the defect, i.e. the difference between
the multiplicities, is equal to one [258,428].

Nevertheless, such a defective eigenvalue possesses another vector,

uf = (C,2QC1/(Q° — k2))

that satisfies the nonhomogeneous equation [200]

L oL 0 1.11
u1+ﬁu0)1=0—. (1.11)
The eigenvector ug and the generalized eigenvector u; constitute what is known as
the Keldysh chain in the theory of matrix polynomials [200,261,421] and the Jordan
chain in the matrix theory [548]. The solution, corresponding to a double eigenvalue
with the defect 1, involves both vectors of the chain

2(1) = (u; + upt)e™, (1.12)

wherez” = (x, y). The linear in ¢ secular term makes the solution (1.12) grow even if
A is vanishing or pure imaginary, in contrast to the case of a simple eigenvalue when
z(t) = uge? . Therefore, although at the line ¢, = 0 separating the stability and
divergence domains, double eigenvalues are vanishing, the corresponding solutions
are still statically unstable with the linear growth in time when a double eigenvalue
has the Keldysh chain. The growth is exponential at the inner points of the dark gray
divergence domain in Figure 1.2.

The gyroscopically trapped Brouwer’s particle can escape the rotating saddle trap
when k| < —k;, and the speed 2 is high enough, Figure 1.2 (a). Approaching the up-
per bound for €2, two pure imaginary eigenvalues merge into a double one with the
defect 1 (a nonsemisimple 1 : 1 resonance [231]). When €2 comes inside the light gray
domain in Figure 1.2 (a), the double eigenvalue splits into two complex eigenvalues,
one of them with ReA > 0, Figure 1.3 (a). This eigenvalue corresponds to an oscilla-
tory solution with exponentially growing amplitude (flutter), see Figure 1.4 (c). At the
flutter boundary the amplitude of the oscillatory solution is growing linearly in time
owing to the secular term. This scenario of transition from stability to flutter is known
as the Krein collision [337,430] or the linear Hamiltonian—Hopf bifurcation [579].

The stability gap between the flutter and divergence domains decreases when the
parameter k| > 0 approaches the point B in Figure 1.2 (a). At this point the boundaries
of the two instability domains touch each other, forming a cuspidal singularity. At the
cuspidal point there exists a defective zero eigenvalue of algebraic multiplicity 4 and
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geometric multiplicity 1. The same singularity occurs for k; < 0 and k, > 0 at the
point A4 in Figure 1.2 (b). At the singular points the equilibrium is unstable because of
secular terms.

At the singular point C in Figure 1.2 (b) the divergence boundaries k; = Q7
and k, = Q2 intersect each other. The curvatures k| and k, are equal at this self-
intersection. When they are nonvanishing, there exist a pair of pure imaginary eigen-
values and a double zero one at C. In this symmetric case the eigenvalues as functions
of 2 remain pure imaginary in the vicinity of the zero double eigenvalue, see Fig-
ure 1.3 (b). For k; = ky > 0 the eigenvalues are passing [146] through each other
at zero when €2 is varying without splitting, see Figure 1.3 (b). The latter however is
typical at any other point of the divergence boundary, Figure 1.3 (a, ¢).

The rotating symmetric cavity does not have a preferable less steep direction that
could provoke the Brouwer particle to escape. Indeed, the solution corresponding to
the double zero eigenvalue is free from secular terms. This happens because there are
two linearly independent eigenvectors at the double eigenvalue, which is a semisimple
eigenvalue [428] with algebraic and geometric multiplicity 2. The point C in Fig-
ure 1.2 (b) thus belongs to the stability domain.

Since at C the gravitational and centrifugal forces are in balance, the sole Coriolis
force causes the Brouwer particle to rotate along an eccentric circle with the frequency
2€2, see Figure 1.4 (d). In geophysics such a motion is known as inertial oscillations
or inertial waves that would occur in the atmosphere or in the ocean in the case when
the Coriolis force would not have a dependence on the latitude (the B-effect), see
e.g. [140,464].

When k; = ky = 0, which happens when either gravity is absent or the surface is
flat, the point C is at the origin in the (ki, k2, 2)-space. However, the equilibrium of
the particle on the flat nonrotating surface is unstable: any perturbation in its velocity
yields a linear in time increase in the coordinate. These secular terms correspond to
two double zero eigenvalues, each of geometric multiplicity 1, which was suggested
by the physical reasoning quite in the spirit of the insightful book by Mark Levi [376].

Indeed, at 2 = O and k; = k, = 0 Brouwer’s equations (1.1) decouple. With the
new variables x; = x, x; = X and y; = y, y» = y, the equations X = 0 and j = 0
take the form ¢ = Aq, where qT = (x1, X2, y1, 2), and

The matrix A contains a pair of Jordan blocks with double zero eigenvalues (0207 in
notation proposed by Arnold [17]). Assuming k; = «k in equation (1.1) we find that
the two double eigenvalues at @ = O split as A;, = Fi+/kj and A34 = +i Kk,
see Figure 1.5 (a). This type of splitting was observed in the spectrum of the Couette—
Taylor flow and of the Bose—Hubbard model, see [308] and references therein. At Q #
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Figure 1.5. Evolution of eigenvalues with the variation of k; in the (ReA, ImA, k)-space when
ko) = kk; and k = 0.7 at (a) 2 = 0 and (b) Q = 0.7 [304].

0, the degeneracy is removed and the eigencurves develop a bubble of (divergence)
instability, Figure 1.5 (b).

1.1.4 Singular stability boundary of the rotating saddle trap

The analysis of eigenvalues and eigenvectors performed above suggests the necessary
and sufficient conditions for marginal stability of the linear system (1.1)

D>0, a,>0, ki=k, =%V Q#0. (1.13)

In the (ki,k,, 2)-space the parabolic cylinders k; = Q2 and k, = Q2 intersect
along the parabola SC that lies in the plane k; = kj, see Figure 1.6. This parabola
smoothly touches the surface D = 0 at the origin (5). In its turn, the latter surface
smoothly touches both of the parabolic cylinders k| = Q2 and k, = Q? along spacial
curves SA and S B that project into the lines k, = —3k; and k; = —3k; inthe (k1, k;)-
plane shown by dashed lines in Figure 1.6. The stability domain thus consists of the
two compartments joined along the line S C. The boundary of the first part has the form
of a trihedral spike with the cuspidal edges SA and SB and the transversal intersection
S'C. All three curves touch each other at the origin. The boundary of another part has
only a dihedral angle singularity along S'C. The system is stable at the inner points of
the domains as well as on the edge SC when Q # 0.

The trihedral spike corresponds to the stability for large angular velocities according
to Brouwer’s classification. Indeed, both the stability region in Figure 1.2 (a) and the
upper stability region in Figure 1.2 (b) are slices of it. In Brouwer’s interpretation “as
long as in O the principal curvature, concave in an upward direction, is less than three
times the one concave in a downward direction, there are rotation velocities for which
the motion of the particle on the rotating saddle yields formal stability” [93,94].
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Figure 1.6. (a) Stability boundary of Brouwer’s problem with the swallowtail-like singularity
at the origin in the (ky, k», 2)-space and (b) the domain of marginal stability in the (ki, k)-
plane for 2 = 0.7 with the dashed lines indicating projections of the two cuspidal edges SA
and SB and the line of self-intersection SC [299, 304].

This challenging to common sense conclusion of Brouwer follows from the pro-
portions of the cross-section of the spike by the 2 = const plane that has the form
of a curvilinear triangle ABC, Figure 1.6 (b). Similar planar stability domains were
observed in numerous problems of gyroscopic stabilization, e.g. for a mass mounted
on a noncircular weightless rotating shaft subject to a constant axial compression
force [238,241,518] or in a recent study of levitation of a rotating body carrying a
point electrical charge in the field of a fixed point charge of the same sign [151].

A beautiful connection exists between the boundaries of the domain of the gyro-
scopic stabilization and the eigenvalues o0} (K) of the matrix K of potential forces
and those of the rotationally symmetric matrix K4

1 ki + ks
Kqs==-(K-JKJ) =
4= 5( ) 5
representing a sort of ‘averaged’ K around the rotation axis [582].
Already in Figure 1.2 (b) itis visible that the lower bound of the region of gyroscopic
stabilization at large angular velocities is determined by o} »(K) as

I (1.14)

Q2 = max(o1(K), 02(K)). (1.15)

According to Veseli¢ [582], K4 > 0 is a necessary and sufficient condition for the
absence of the upper bound on the gyroscopic parameter 2. Hence, the gyroscopically
stabilized Brouwer particle will not escape the trap with the arbitrary increase of |2| >
|Q24| if and only if k| + k» > 0. This condition defines the vertical asymptotes to the
flutter domain in Figure 1.2. Hence, at low rotation speeds of a saddle, it is negative
eigenvalues of K4 that determine the existence of the upper bound for the gyroscopic
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stabilization, which is necessary for the origination of the cuspidal singularities on the
stability boundary [582].

The triangle A BC in Figure 1.6 (b) is connected at the corner C to the domain of sta-
bility for small angular velocities given by the inequalities k; > Q2 and k > Q2 (cf.
the lower stability region in Figure 1.2 (b)). This part of the stability diagram was found
already in 1869 by Rankine? [491], whereas the triangle ABC was reconstructed by
joint efforts of Foppl® (1895) [172], von Karmén* (1910) [586], Prandtl® (1918) [485],
Brouwer (1918) [93], and Jeffcott® (1919) [244].

The swallowtail-like surface bounding the stability domain of the Brouwer heavy
particle in a rotating vessel perfectly symbolizes the variety of applications to which
this mechanical model is connected. Almost literally at every corner of the surface
shown in Figure 1.6 (a) lives a physical phenomenon.

1.2 Manifestations of Brouwer’s model in physics

1.2.1 Stability of deformable rotors

With the equal positive coefficients k| = k, > 0, the Brouwer equations (1.1) coincide
with that of the idealized model of the classical rotor dynamics problem of shaft whirl
by Foppl [172], von Karman [586], and Jeffcott [244], written in the rotating (x, y)-
frame.

Indeed, a deformable shaft carrying, e.g. a turbine wheel, and rotating with the an-
gular speed €2 about its axis of symmetry can be modeled as a planar oscillator on a
rotating plate [73], i.e. as a unit mass point that is suspended symmetrically by mass-
less springs with the effective stiffness coefficients k| = k, = k from the frame
that rotates with the angular velocity Q2 [137, 139], see Figure 1.7 (a). On the other
hand, this model arises in the theory of modern micro-mechanical Coriolis vibratory
gyroscopes (CVG) [16].

For the stationary (2 = 0) symmetrical Foppl-von Karman-Jeffcott rotor the trans-
verse bending modes occur in pairs with equal natural frequencies @ = +/k for vibra-
tions in orthogonal diametral planes. When the vibrations of such a pair are combined
with equal amplitudes and a quarter period phase difference, the result is a circularly
polarized vibration — a clockwise or counter-clockwise circular whirling motion with

William John Macquorn Rankine (1820-1872) — a Scottish engineer and physicist, an author e.g. of
the Rankine vortex model and Rankine-Hugoniot conditions in gas dynamics and at the same time of
one of the first studies on stability of bicycles.

August Otto Foppl (1854-1924) — a German civil engineer, a student of C. Mohr and an advisor of L.
Prandtl; well known are e.g. the Foppl-von Kdrmdn equations for large deflections of thin flat plates.
Theodore von Kdrmén (1881-1963) — a Hungarian-German-American aerospace engineer and hydro-
dynamicist, one of the founders of the Jet Propulsion Laboratory.

Ludwig Prandtl (1875-1953) — a German scientist, one of the creators of aerodynamics.

Henry Homan Jeffcott (1877-1937) — an Irish engineer developed the Jeffcott rotor model.
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Stability

oz
Figure 1.7. (a) A Prandtl-Smith model of whirling shaft [137, 139]: A point mass m = 1
suspended by the springs from the frame that rotates with the angular velocity €2. (b) Whirling
frequencies of the Prandtl-Smith rotor with k; = k + ¢, k, = k —¢, and k = 0.3 as a function
of Q and ¢ form a singular surface with four conical points in the plane ¢ = 0. (c) Growth
rates of the Prandtl-Smith rotor showing instability due to stiffness detuning near the critical
speeds Q = ++/k. (d) The corresponding stability diagram in the (€272, k2 ~2)-plane given
by the conditions (1.19) and (1.20) [304]. The parameter k Q2 has the meaning of the squared
Rossby number Ro = k'/2Q~". In geophysics it is a measure of the relative strength of the
Coriolis force.

the whirl rate w > 0 [137, 139]. This phenomenon is related to the Doppler splitting
of the repeated eigenvalues into the forward and backward traveling waves propagat-
ing along the circumferential direction of a rotating elastic solid of revolution, known
already to Bryan’ in 1890 [96,248,439].

According to Brouwer’s stability conditions (1.13), the symmetrical Foppl-von
Karman-Jeffcott rotor is marginally stable at any speed €2. Indeed, the part of the

7 George Hartley Bryan (1864—1928) — a British physicist, discoverer of the wave inertia effect (Bryan’s
effect) in rotating shells and originator of the equations of airplane motion.
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plane k1 = k; corresponding to k;» > 0 belongs to the domain of marginal stability,
as seen in the stability diagrams of Figure 1.6.

The symmetry of the Foppl-von Karméan—Jeffcott rotor is, however, a latent source
of its instability. Destabilization can be caused already by constraining the mass point
to vibrate along a rotating diameter. For example, if a guide rail is installed along the
x-axis so that y is constrained to vanish identically, equation (1.1) reduces to the 1869
model by Rankine [491]

P4+ (k) —QYH)x =0, (1.16)

which predicts unbounded growth for x as soon as Q2 > ky, i.e. as soon as the cen-
trifugal field overpowers the elastic field [137, 139]. In the diagram comprising Fig-
ure 1.6 (b) Rankine’s instability threshold (critical rotating speed) bounds the infinite
stability domain with the corner at the point C showing that the constraint could also
be achieved by tending one of the stiffness coefficients to infinity. Note that recently
Baillieul and Levi, motivated by stabilization of satellites with flexible parts, studied
the dynamical effects of imposing constraints on the relative motions of component
parts in a rotating mechanical system or structure and in particular in the Brouwer
equations [27].

After successful demonstration by De Laval® in 1889 of a well-balanced gas tur-
bine running stably at supercritical, i.e. unstable by Rankine, speeds €2, the model of
Rankine [491] has been recognized as inadequate [137,139]. Nevertheless, its instabil-
ity threshold is just a part of the singular stability boundary of the Brouwer equations
shown in Figure 1.6.

Soon after the success of the symmetric Foppl-von Kdrman—Jeffcott model of De
Laval’s rotor, in 1918 Prandtl [485] noted that if the elastic or inertia properties of a
rotor are not symmetric about the axis of rotation there may be speed ranges where
the rotor whirl is unstable. He pointed out the analogy between a rotor whose shaft
had unequal principal stiffness coefficients (k1 # k;) and a pendulum mounted asym-
metrically on a turntable.® The pendulum was unstable when the turntable rotation
rate 2 was between the pendulum natural frequencies in the soft and stiff directions
[137, 139]. Similar instability due to inertia asymmetry was discussed by Smith!°

8 Karl Gustaf Patrik de Laval (1845-1913) — a Swedish engineer and inventor, founder of the Alpha
Laval Company. Rankine’s pessimistic predictions of instabilities at high speeds were widely accepted
among engineers and discouraged the development of high speed rotors until De Laval’s invention of
1889. Being inspired by De Laval’s success, Foppl proposed in 1895 a model that is now known
as the Jeffcott rotor [172]. In 1916 further experimental evidence of a rotor operating stably above
the Rankine threshold was published by Kerr [262]. This publication motivated the Royal Society of
London to commission Jeffcott to resolve the conflict between Rankine’s theory and the practice of
Kerr and De Laval [444,492]. Jeffcott’s work came into print in 1919 [244].

When k; = ky > 0 and the ‘turntable’ is the Earth, Brouwer’s equations describe small oscillations
of Foucault’s pendulum [18].

10 David MacLeish Smith (1900-1986) — a Scottish engineer participated in the development of the first

British axial flow jet engine for aircraft.
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in 1933 [534]. For positive coefficients k; # k;, the Brouwer equations (1.1) con-
stitute exactly the undamped model by Prandtl and Smith, Figure 1.7 (a).

Let us assume in the equation (1.1) that k; = k + ¢ and k, = k — ¢ [137,139].
Calculating imaginary parts of the roots of the equation (1.6), we find the implicit
equation for the whirling frequencies in the Prandtl-Smith model

((ImA)? — k — Q%)% —4Q%k = 2. (1.17)

In the (€2, &, ImA)-space the whirling frequencies form a singular surface with four
conical points, Figure 1.7 (b). The slice of this surface by the plane ¢ = 0 shows four
straight lines intersecting each other at the conical points at 2 = 0 and at the critical
speeds Q = +k; see Figure 1.3 (b). These eigencurves constitute the Campbell '!
diagram [109] of the ideal Foppl-von Karméan-Jeffcott rotor.

Stiffness modification with the variation of ¢ corresponds to the eigencurves in a
slice of the eigenvalue surface by the plane that departs from the conical singularities
by a distance ¢ # 0. In the vicinity of = 0 the eigencurves demonstrate avoided
crossings or veering, while near the critical speeds 2 = +k the eigenvalues are
real with zero frequency, Figure 1.3 (c). As Figure 1.7 (c) shows, the real eigenvalues
(growth rates) lie on a singular eigenvalue surface with two conical points at the critical
speeds

((Red)? + k + Q%)% —4Q%k = & (1.18)

The slices of the surface (1.18) by the planes ¢ # 0 in the vicinity of the apexes of
the cones are closed loops named bubbles of instability by MacKay in 1986 [390], see
Figure 1.3 (c). Hence, for ¢ # 0, the Prandtl-Smith rotor is unstable by divergence at
the speeds in the interval

Vk—e<|Q| < Vk +e, (1.19)

provided that
&2 +4Q% > 0. (1.20)

The stability diagram in the (¢Q72, kQ~2)-plane corresponding to the inequalities
(1.19) and (1.20) is actually a rotated by an angle 7 diagram given by the conditions
(1.13), cf. Figure 1.6 (b) and Figure 1.7 (d). In this orientation Brouwer’s stability di-
agram also appears frequently in accelerator physics, see e.g. [498,522].

The amount of kinetic energy available in the rotor is usually orders of magnitude
greater than the deformational energy which any internal mode can absorb. Therefore,
already small deviations from the ideal conditions yield coupling between modes that
by transferring even a tiny fraction of the rotational energy can initiate failure in the
vibratory mode [137,139].

1 'Wilfred Campbell (1884—1924) — an engineer at the General Electric Company who first proposed the
frequency-rotation speed diagram for predicting the critical speeds of rotors.
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The conical singularities on the surfaces of frequencies and growth rates arise as
a result of unfolding of double semisimple eigenvalues of the Foppl-von Kdrmén—
Jeffcott rotor that exist at @ = 0 (A = Fiw) and at the critical speeds Q = +vk
(A = 0), where i = +/—1. The double eigenvalues originate at the crossings of the
branches of the Campbell diagram corresponding to ¢ = 0, Figure 1.3 (b),

M=io+iQ, A =io-iQ, A =-io+iQ, I =—-iwo—iQ. (121)

The eigenvectors at the eigenvalues (1.21) are

5=(1) () w=(1) we() o

The eigenvalue problem (1.2) can be rewritten in the form Aa = Aa with the Hamil-
tonian'? matrix A and the vector a defined as [603]

(-3 I\ _ e o (0 -1Y __( u
A‘( K —QJ)_SA . S_(I 0)’ a_()tu—{—QJu)' (1:23)

For every eigenvalue in (1.21), the sign of the quantity ia’ Sa, where overbar de-
notes complex conjugate and a is constructed by means of the corresponding eigenvec-
tors of (1.22), defines its Krein signature [431,603] known also as symplectic signature
in the more narrow context of Hamiltonian systems [390, 393]. The eigenvalues /X;
and )t,J{ branching from the double eigenvalue i w have the positive signature, while
for )t; and A, that branch from —i o, it is negative. Indeed,

—+T —+T

ia, Sa, =4do, ia;, Sa, =4do, ia,” Sa, = —do, ia,

TSa- = —4w. (1.24)

In 1986, MacKay [390] studied unfoldings of the semisimple double pure imagi-
nary and zero eigenvalues in general Hamiltonian systems and demonstrated that the
orientation of the cones depends on the Krein signature [430] of the double eigenval-
ues. At 2 = 0 the double eigenvalues at the crossing of the branches )L; and AF
have definite [603] Krein signature. Then, according to MacKay, the frequency cones
are oriented vertically in the (2, &, ImA)-space that yields avoided crossings in their
slices and thus stability, see Figure 1.7 (b). If the double eigenvalue has a mixed [603]
Krein signature, as happens at the crossing of the branches A" and A, , there appears
a differently oriented eigenvalue cone for the real parts of the perturbed eigenvalues
that possesses bubbles of instability in its cross-sections, Figure 1.7 (c).

Therefore, definiteness of the Krein signature of the double eigenvalues at 2 = 0
prohibits their unstable unfolding in the region of low angular velocities by the per-
turbations such as the stiffness modification that preserve the Hamiltonian structure of
the equations of motion of the gyroscopic system (1.1).

12 Also known as the infinitesimally symplectic matrix [394].
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1.2.2 Foucault’s pendulum, Bryan’s effect, Coriolis vibratory
gyroscopes, and the Hannay-Berry phase

A general solution corresponding to the symmetric Brouwer’s cavity with the eigen-
values (1.21) and eigenvectors (1.22) is

+ + - -
a(t) = Cruf e ' + Coufe?n ! + Cyuye?r! + Cuuetn’. (1.25)
For example, initial conditions x (0) = y(0) = 0 and X(0) = y(0) = 1 yield

x(t) = (cos 1 + sin Q1)w ™! sin wt,
y(t) = (cos Q —sin Q)™ ' sinwt. (1.26)

In the low speed region when Q2 < w, equations (1.25) and (1.26) describe mod-
ulated oscillations with the modulation frequency €2 and the carrier frequency . In
the (x, y)-plane of the rotating frame the particle traces narrow petals of a rose curve
(1.26) drawing new petals in the clockwise direction; see Figure 1.8 (a). This means
that the swing plane of the particle in the cavity slowly precesses with the angular ve-
locity €2, = —£2. This angular shift should not be surprising if we remember Prandtl’s
remark that Brouwer’s equations (1.1) describe small oscillations of a pendulum on
a turntable. The symmetric case when k; = k; corresponds to the well-known Fou-
cault’s'? pendulum [18,339].

a) k,=k,;=0.3 0<t<300 b) k,=-k;=0.03 0<t<3400
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Figure 1.8. (a) A rhodonea curve represents a retrograde precession (Bryan’s effect) with
Q, = —Q in the rotating frame (x, y) of the plane of oscillations of the Brouwer particle in a
cavity rotating counter-clockwise with 2 = 0.01 when x(0) = y(0) = 0 and x(0) = y(0) =
1; (b) A prograde precession with Q, = 2k?Q in the laboratory frame (X,Y) of the orbit
of the Brouwer particle trapped in a saddle rotating with & = 0.5 when X(0) = Y(0) = 0,
X(0) = 0and Y (0) = 1[304,571].

13 Jean Bernard Léon Foucault (1819-1868) — a French physicist who in 1851 first observed the Bryan’s
effect caused by the rotation of the Earth and proposed the very term ‘gyroscope’.
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An effect analogous to the precession of the swing plane of Foucault’s pendulum
due to the Coriolis force exists in vibrating solids of revolution such as disks, rings,
cylinders or shells subjected to a rotation with the speed €2 about the symmetry axis.
In 1890 Bryan was the first to observe that the vibrating pattern of standing waves
rotates with respect to such a structure at a rate proportional to 2 [96].

Bryan’s effect of inertia of standing waves is a working principle of Coriolis vi-
bratory gyroscopes (CVG) that sense the imposed rotation. A wide variety of designs
including micro-electro-mechanical systems (MEMS) have been proposed and built
since the 1960s [13,16,248,523,601]. Remarkably, most modern analyses of CVGs
are linear in nature and view the Coriolis force as providing a coupling between two
vibratory modes of the system [13]. For example, a single mass MEMS-based CVG
without decoupling frame is described by the Brouwer model (1.1) and its perturba-
tion [16].

In 2003-2004 Andersson and Krishnaprasad [12, 13] demonstrated that the Bryan’s
effect of imposed slow rotatory motion on a rapidly vibrating structure is geometrical
in nature. The angle of the retrograde precession of the nodal points of vibration with
respect to the structure itself, and hence the precession angle of the orbit of the Brouwer
particle in Figure 1.8 (a), is exactly the geometric phase [410,411] in the sense of Berry
and Hannay [49,214].

A converse statement came recently from optics where the very Berry phase accu-
mulated by a light wave as it propagates along a helical ray in a cylindrical medium was
shown to represent the Coriolis effect in a noninertial coordinate frame accompanying
the ray trajectory [69-72,382]. According to Bliokh “the Berry phase describes a sort
of inertia of the electric field which remains locally nonrotating about the ray” [69].
This observation gives a link to the effect of inertia of the standing wave pattern in
vibrating mechanical structures subjected to slow rotation. It should not be surprising
then that the Brouwer model (1.1) can be encountered in optics.

1.2.3 Polarized light within a cholesteric liquid crystal

Indeed, following Marathay [408] let us consider the state of polarization of a plane
light wave as it propagates along the helical axis within a nonmagnetic cholesteric lig-
uid crystal. Assume that the Z-axis of a right-handed laboratory frame is parallel to the
helical axis. The molecular planes of the structure are parallel to the (X, Y)-plane of
the laboratory frame. The principal axes of each molecular plane are gradually rotated
as one proceeds along the Z-direction. Define the pitch p as the minimum distance
between the two planes whose principal axes are parallel and introduce the parameter
Q = 2x/p. Restricting ourselves by the plane waves that propagate normally to the
crystal planes, i.e. along the helical axis, we find from the Maxwell equations that

2 _S(Z) 2 _ [ Ex
07E = 2 0;E, E= ( Ey ), (1.27)
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where E = E(Z,1) is the Jones'* vector [408]. The 2 x 2 matrix £(Z) describes the
dielectric properties of the layer at Z in the laboratory frame and for a right-handed
structure in terms of the principal dielectric constants &, > 0 and &3, > 0 it can be

expressed as
e(Z) =R(QZ)TR™1(Q2), (1.28)

where T = diag (9}, £3,) and R is the rotation matrix

_ [ cos(2Z) —sin(22)
= ( sin(QZ)  cos(QZ) ) (1.29)

Looking for a time-harmonic solution of equation (1.27) of the form E(Z,¢) =
F(Z)exp(—iwt) and transforming to a space-rotating coordinate system by

£(Z) = R(—=Q2Z)F(2Z), (1.30)

we find that in the space-rotating frame (x, y, z) the dynamics of the state of polariza-
tion f is governed by the autonomous equation

f+2Q3f + (WT + (QI)Hf =0, (1.31)

where 1> = w?/c?, the dot stands for the derivative d /dz, and z = Z. Equation (1.31)
is the system (1.1) with k; = ,uzs?l and kp = /L28(2)2 corresponding to the Brouwer
particle in a cavity.

A medium with properties that are helically varying in space, or with chirality, can
therefore introduce gyroscopic terms in the equations of motion where a spacial vari-
able plays the role of time. In accelerator physics such a chiral environment can be cre-
ated artificially with the use of the twisted electrostatic [131,605] or magnetic [15,522]
quadrupole lenses as happens, e.g. in a betatron with stellarator fields [498]. In this
case, as will be shown below, equations of the Brouwer particle on a rotating saddle
naturally appear.

1.2.4 Helical magnetic quadrupole focussing systems

Already in 1914 Brouwer discussed a possibility of experimental verification of sta-
bilization of a heavy ball on a rotating saddle [93, 94]. Nowadays such mechanical
demonstrations are available as teaching laboratory experiments [571]. However, the
prospects for the first nontrivial physical application of this effect had arisen as early
as 1936 when Penning!> proposed using the quadrupole electric field to confine the
charged particles [475].

14 Robert Clark Jones (1916-2004) — an American physicist who worked at the Bell Labs.
15 Frans Michel Penning (1894-1953) — a Dutch physicist who worked at the Philips Laboratory.
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In the RF-electric-quadrupole Paul trap'® invented in 1953 [471], a saddle-shaped
field created to trap a charged ion is not rotating about the ion in the center. The
Paul-trap potential can only ‘flap’ the field up and down, which yields two decou-
pled Mathieu equations describing the motion of a single ion in the trap. Nevertheless,
comparing the rotating saddle trap and the Paul trap, Shapiro [522] and Thompson et
al. [571] demonstrated that the former mimics most of the characteristics of the Paul
trap, such as regions of stability and instability, micromotion and secular oscillation
frequency [571]. Although Brouwer’s problem is not only a mechanical analogy to
the Paul trap, the equations of the two models are substantially different. Brouwer’s
system is autonomous, which greatly simplifies its solution. It originates, however, in
accelerator physics where it describes strong focussing of the charged particles by a
helical magnetic quadrupole lens [472,498].

Linearized equations of motion in the laboratory (X, Y, Z)-frame of a particle of
momentum p and charge e in the helical quadrupole magnetic field rotating with dis-
tance along the Z-axis and completing one rotation in an axial distance A, in the
assumption that X,Y < A, are [472]

X =—e(XcosZ + Y sinZ),

Y =—e(XsinZ — Y cos Z), (1.32)
where dot stands for the derivative d/dZ,
A2 G
e=2v 2 (133)
1672 pc

and c is the speed of light. The downstream distance Z is measured in units of A /(47).
At Z = 0, the components of the magnetic field in the laboratory frame are By = GY,
By = GX, Bz = 0 as for the conventional quadrupole.

Changing the basis similar to as in the rotating wave approximation [363,571]

Z . Z
x= Xcos— + Y sin—,
2 2

. Z Z
y=—Xsin 5 + Y cos > (1.34)

transforms periodic equations (1.32) into the system that is autonomous in the co-
moving frame (x, y, z) rotating with the mechanical rotation of the helix

¥4+ Iv+ K+ J/2)%)v =0, (1.35)

where dot denotes d /dz, z = Z, and

X 0 -1 e 0
v=(y), Jz(1 0), K:(O _8). (1.36)

16 Named after Wolfgang Paul (1913-1993) — a German physicist who was awarded the Nobel Prize in
Physics in 1989 for the development of the ion trap technique.
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Equations (1.35), following from (1.1) when = 1/2 and k; = —k; = ¢,
correspond to a rotating saddle. On the stability diagram of the Prandtl-Smith rotor
shown in Figure 1.7 (d) the rotating saddle trap corresponds to the vertical dashed line
k = 0. The same diagram determines stability of a high current betatron with stellara-
tor field [498]. Since in the laboratory frame the Brouwer equations (1.1) transform
to those of the two coupled oscillators with periodically varying parameters, such as
equations (1.32), the divergence and flutter domains in the diagram in Figure 1.7 (d)
are often interpreted as the zones of parametric resonance [110,118,522].

Figure 1.7 (d) demonstrates that when |¢| < 2, the quadrupole lens is focussing
or the rotating saddle is trapping. When |e| < Q2 the orbit of the particle in the
laboratory frame is a fast oscillation of the frequency 262 with the imposed micro-
motions. The average plane of the oscillations experiences a slow prograde precession
with the angular velocity 2, = 2¢*>Q [571]. Figure 1.8 (b) illustrates this precession
for 2 = 0.5 and ¢ = —0.03.

Therefore, if rotational and vibrational time scales are widely separated, the or-
bit of the Brouwer particle exhibits similar precession patterns both in a cavity, Fig-
ure 1.8 (a), and on a saddle, Figure 1.8 (b). Adiabatically slow rotation or vibration
yields accumulation of the geometric phase that manifests itself in the particle’s orbit
precession [13,45,54].

1.2.5 Modulational instability

A monochromatic plane wave with a finite amplitude propagating in a nonlinear and
dispersive medium can be disrupted into a train of short pulses (called solitons) when
the amplitude exceeds some threshold [313]. This process develops due to an un-
bounded increase in the percentage amplitude modulation of the wave, i.e. instability
of the carrier wave with respect to the modulations. This is the fundamental for modern
fluid dynamics, nonlinear optics and plasma physics modulational instability."”

Without dissipation, a slow varying in time envelope A of the rapidly oscillating
carrier wave is described by the nonlinear Schrodinger equation (NLS)

iAd; +adyy +y|APPA=0 (1.37)

that can be derived in the rotating wave approximation [313]. In the equation (1.37), o
and y are positive real numbers, i = /—1, and the modulations are restricted to one
space dimension x. The equation (1.37) has a solution in the form of a monochromatic

wave ) ]
A = Agelkx—ior, (1.38)

17 Known as the Benjamin—Feir instability in hydrodynamics [48] and as the Bespalov—Talanov instabil-
ity in nonlinear optics [57].
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where the frequency of the modulation, @, depends on the amplitude Ay = ”(1) +i ug
and spacial wave number k as

w = ak? —y|u|? (1.39)

with ul = (u9,u9) [90,609].
Introducing into equation (1.37) dispersive and viscous losses with the coefficients
a and b, respectively, we arrive at the dissipatively-perturbed NLS

iA; + (@ —ia)Axx +ibA + y|AI*A = 0. (1.40)

Separating the real and imaginary parts of the complex amplitude A = u; + iuy, we
rewrite equation (1.40) as [90]

Ju; 4+ auyy + y|lu)?u—aJuy, + bJu =0, (1.41)

where u” = (uj,uz)andJ = ( ? _0] ). Assuming a solution to equation (1.41) in the
form u = R(ug + z(x, 1)), where [90]

_ ( cos(kx —wt) —sin(kx — wt) )

) (1.42)
sin(kx —wt) cos(kx — wt)

and z is a perturbation to the traveling wave solution of the undamped NLS with the
amplitude vector ug, we obtain a linearization of equation (1.41)

Jz; + 2akJzy + 0z + ZVuOuOTz + ak?Jz + 2akzy — aJzyyx + bJz = 0, (1.43)

where the dyad uouoT is a 2 x 2 symmetric matrix. Note that we have taken into account
the relation (1.39) and following [90] assumed that the dissipation is a second-order
effect in a sense that the traveling wave exists for a sufficiently long time before the
effects of dissipation become significant.

Looking for a solution to equation (1.43) that has a form z(x,?) ~ v(¢)cosox +
w(¢) sin ox, we arrive at the two coupled equations

IV + 2akoIw — aov + 2)/u0u0Tv + 2kaow + (a(o>+k*)+b)Iv =0,
Iw — 2akoJv — ao’w + Zyuougw —2kaov + (a(o?+k*)+b)IJw =0,
(1.44)

Note that equations (1.43) and (1.44) contain terms proportional to ak? that are missing
in the corresponding equations derived in [90].

Differentiating the first of equations (1.44) once and using the second one in order
to extract w and its derivative, we decouple the equation for the vector v

¥4 2((@(0* + k) + DI+ gV + Pv + ((a(o? + k?) + b)I + qJ)*v

2y(ad + al)(@ID + (b + ak?)v) + 2ay|up||>uoud v)
a? +a?

=0, (145
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where I is a unit matrix, ¢ = a0 — y||ug||> and
P = p2|uo||*I — 4k%0%(ad + al)?, D = upul J — Jupu!. (1.46)

In the absence of the dispersive and viscous losses, i.e. whena = 0 and b = 0,
equation (1.45) reduces to a standard form for gyroscopic systems [238,239,299]

¥ 4 2q3v + 2yDv + (Po + (¢d)*)v = 0, (1.47)

where Py = (y2|lug||* + 4ak>0?)1, cf. also [10].

Equation (1.47) is the damped version of the Brouwer equation (1.1) with 2 = ¢
and k| = ko = 4a’k*0? + y?||lug|*. The ‘damping’ matrix D is symmetric and
traceless, i.e. it is indefinite with the eigenvalues i1 > = =||ug||*>. The characteristic
equation of the system (1.47)

A+ 200% (4ak? + ao® =2y ||lug||HA? + a?o* (dak? —ao? + 2y |lug||?)? = 0 (1.48)

determines the frequency and the growth rate of the perturbed modulation [90]

A = +i2ako +io /o262 — 2ay |l (1.49)

When the amplitude of the unperturbed modulation is vanishing, |[ug|| = 0, the
equation (1.47) formally coincides with that of the Jeffcott rotor and therefore its
eigenvalues are pure imaginary: A = +iao (o &+ 2k). The eigencurves A(k) exhibit
crossings at diabolical points [270] where double semisimple eigenvalues originate,
cf. Figure 1.3 (b).

What looks a bit more surprising is that at ||ug|| 7% O the spectrum of the gyro-
scopic system with the traceless indefinite ‘damping’ matrix (1.46) remains Hamilto-
nian [174], i.e. symmetric with respect to both real and imaginary axis of the complex
plane.'® At small amplitudes of the modulation, the eigenvalues are pure imaginary.
With an increase in the amplitude, the modes with the opposite Krein signature collide
at the threshold |[ug|| = ||luo||;, where [90,610]

O[O'2

2
Juollf = 5 (1.50)
At |lug]| > |jugl|; the double eigenvalue splits into complex-conjugate eigenvalues,
one of which has a positive real part that corresponds to the modulational instability
in the ideal (undamped) case Figure 1.9 (b, c).

The form of equation (1.47) allows us to treat the modulational instability as the
destabilization of a gyroscopic system by indefinite damping [174, 314]. This desta-
bilization mechanism is well known in rotor dynamics, where the indefinite damping
matrix produced by the falling dependence of the friction coefficient on the sliding

18 Note that the Hamiltonian form of the NLS equation is well known [90, 609, 610]. Equation (1.47) is
also P T -symmetric, i.e. invariant under transformations ¢ <> —¢ and v| < v, [47].
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Figure 1.9.« = 1,k = 1,0 = 0.5, y = 1 and (dashed line) a = 0 and b = 0 or (solid
line) a = 0.04 and » = 0.0008: (a) Frequency of the perturbation in dependence on |juy||;
(b) Movement of eigenvalues in the complex plane; (c) Growth rates of the perturbation in
the presence of dissipation (solid line) become positive at lower values of ||ug|| than in the
undamped case (dashed line) (dissipation-enhanced modulational instability) [304].

velocity provokes vibrations in rotating elastic continua in frictional contact, e.g. in
the singing wine glass [293,314,541].

The dispersive and viscous losses change the mechanism of the onset of the modu-
lational instability as the evolution of eigenvalues shown by solid lines in Figure 1.9
demonstrates. First, the eigenvalues do not merge into a double one anymore and sim-
ply pass in close proximity of each other, Figure 1.9 (a,b). Now, the modulational
instability takes place when a pair of complex eigenvalues with the smaller absolute
value of the imaginary part moves to the right in the complex plane. Second, the am-
plitude, ||ug||, at the instability threshold can be lower than that in the undamped case,
Figure 1.9 (c). This is the effect of enhancement of the modulational instability with
dissipation described by Bridges and Dias [90].

Writing the Routh—Hurwitz conditions [470] for the characteristic polynomial of the
system (1.44), which coincides with that of equation (1.45), to have all its roots with
negative real parts (asymptotic stability), we find the threshold of the modulational
instability in the presence of dissipation

40%a’k>y?uol|* + 20%ayr|ugl|* — r((b + a0 + k*)* + a?c*) =0, (1.51)

where r = (b + a(c? + k?))?> — 4a’0%k>. The threshold (1.51) plotted in the
(a, b, |lup]|)-space is shown in Figure 1.10 (a). The surface has a self-intersection along
an interval of the |lug||-axis. At the points of this interval the stability boundary is ef-
ficiently described by its linear approximation. Indeed, resolving the equation (1.51)
with respect to b and expanding the solution in a, we find a linear approximation of
the region of asymptotic stability in the (a, b)-plane

b ey Ko @Il — fuol?)
ol y/Tuoll7 = o

j|a + o(a). (1.52)
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Figure 1.10. Fora = 1, y = 1, and k = 1: (a) The threshold (1.51) at ¢ = 0.5; (b) its cross-
sections in the (a, b)-plane at (lower black curve) ||ug|| = 0.34, (gray domain) ||up| = |luo]l;,
and (upper black curve) ||ug|| = 0.36 and (c) in the (b, |[ug||)-plane at (black curve) a = 0
and (dark gray domain) a = 0.05; (d) in the (o, ||ug||)-plane the threshold (1.51) in the limit
a — 0 for (the lightest gray domain) 8 := a/b = 0 and (subsequent darker gray areas)
B =5,50,500, co given by equations (1.52) and (1.55); the black curve is the threshold (1.51)
ata = 0.04 and b = 0.0008 [304].

The linear approximation (1.52) consists of two straight lines. The angle between them
decreases when ||up| approaches ||up||;. At the exceptional point ||ug|| = |lugl; the
linear approximation (1.52) degenerates into a single line a = 0.

For a « b, equation (1.52) yields a simple estimate of the threshold of the dissipa-
tive modulational instability in the vicinity of the exceptional point (a, b, ||ugl|;)

k%02 a®
ol = ol (1= 553 ) < ol (153

Equation (1.53) has the form ¥ = X?/Z? that is canonical for the Whitney umbrella
surface [312]. As is visible in Figure 1.10 (a), the instability threshold (1.51) indeed
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possesses the Whitney umbrella singularity at a = 0, > = 0 and ||up|| = |Jugl|; in the
(a,b, [luol])-space.

The presence of the singularity on the stability boundary explains why at every small
a # 0 there exists a domain of modulational instability at smaller values of ||ug|| with
respect to that for @ = 0, Figure 1.10 (c). This enhancement of the modulational in-
stability with dissipation discussed in [90] is clearly seen in the approximation (1.53).
On the other hand, some combinations of a and b yield positive increments to the sta-
bility domain shown in light gray in Figure 1.10 (c). For example, at ||up| = |juo];
there exists a stability domain in the (a, b)-plane that has a cuspidal point singularity
at the origin, Figure 1.10 (b). Quadratic approximation to the cusp follows from the
expression (1.51) as

b = ooakla| —a(c? + k*) + o(a). (1.54)

Figure 1.10 (d) demonstrates how the existence of the Whitney umbrella singularity
at the exceptional point influences the instability threshold in the (o, ||ug||)-plane. The
lightest gray area in Figure 1.10(d) is the undamped domain of instability with the
threshold (1.50) that yields [|uo| = o \/% . the black curve here shows the stability

boundary (1.51) at a = 0.04 and b = 0.0008 so that 8 := ab~! = 50. We see that
the black line intersects the instability threshold in the undamped case, i.e. dissipation
both increases and decreases the critical amplitude. However, when B is fixed and
a — 0, the stability boundary tends to a limiting curve that is below the undamped
threshold for all 0 > 0 and thus does not coincide with the line ||uy| = 0\/% . This
limiting curve is described by the equation (1.52). In Figure 1.10(d) such limiting
curves are plotted for § = 5,50, 500 and for 8 — oo and are visible as the boundaries
between the gray areas of different darkness. In the case § — oo, the equation (1.52)

yields [305]
lwoll = £2 o (k2 = 02), |luoll = %,/ (0% — k2). (1.55)
kY2y 2y

The curves (1.55) form a cusp at |jug|| = O when ¢ = k, indicating a kind of
resonance between the wave numbers o and k of the perturbation and modulation,
Figure 1.10 (d). Note, however, that the modulational instability is characterized by
o < k [90].

1.3 Brouwer’s problem with damping and circulatory
forces

Enhancement of the modulational instability with dissipation is a manifestation of
one of the most fundamental phenomena that characterize nonconservative systems —
the effect of dissipation-induced instabilities [74,312,333]. This connection becomes
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more explicit if we look closer at the structure of equation (1.45), where dispersive and
viscous losses contribute to the terms proportional both to v and v. Among the latter we
focus our attention on the term 2¢ (a (0> 4 k2) + b)Jv with the skew-symmetric matrix
J, which can be formally interpreted as a nonpotential positional perturbation if v is
treated as a position vector. In 1953, Ziegler, who studied stability of rods in solid me-
chanics, proposed the name circulatory for the nonpotential positional forces to which
a skew-symmetric matrix corresponds in the linearized equations of motion [623]. Re-
markably, Ziegler borrowed the notation, as he admitted, “from a similar case in hy-
drodynamics’. Velocity-dependent damping forces and positional circulatory forces
are two fundamental nonconservative forces [55,332]. Formally, equation (1.45) is a
perturbation of the gyroscopic system of Brouwer’s type (1.47) by velocity-dependent
forces as well as by potential and circulatory forces.

1.3.1 Circulatory forces

Circulatory terms appear in the linearization (1.45) of the dissipatively-perturbed NLS
about the periodic in time traveling wave solution quite similarly to how they histori-
cally originated in the equations of rotor dynamics when dissipation both in rotor and
stator was taken into account. The two types of damping were introduced in 1923-25
by Kimball'® [266] in order to explain a new type of supercritical instability in built-up
rotors in the early 1920s.

In 1933 Smith [534] implemented this idea in a model of a rotor carried by a flexible
shaft in flexible bearings with the linearization given by the equation

i+ Dz +2QGz+ (K+ (2G))z+vNz =0 (1.56)

where z7 = (x, y) is the position vector in the frame rotating with the shaft’s angu-
lar velocity Q, D = diag (6+v,8+v), G = J, K = diag (k,k;), and N = QJ.
In Smith’s model (1.56) the stationary (in the laboratory frame, and thus external
with respect to the shaft) damping coefficient v > 0 represents the effect of viscous
damping in bearing supports while the rotating damping coefficient § > 0 represents
the effect of viscous damping in the shaft itself (internal damping) [137,267]. The
term v2Jz in equation (1.56) corresponds to circulatory forces exactly as the term
2¢(a(0? + k?) + b)Jv formally does in equation (1.45). In 1976, equation (1.56)
re-appeared in the work of Bottema [82] where it described the motion on a rotating
surface of the Brouwer particle perturbed by internal and external damping.

1.3.2 Dissipation-induced instability of negative energy modes

Quite in agreement with Prandtl [485], Smith concluded that when § = 0 and v = 0,
the asymmetry of the bearing stiffness (k1 # k2) extends the interval of divergence

19 Arthur Livingstone Kimball (1886—1943) — an American engineer who worked at the General Electric
Co. [329] and in fact also introduced the notion of the follower force in solid mechanics [267].
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Im X Re &

0 1 Q 2

Figure 1.11. Imaginary and real parts of the eigenvalues of the Jeffcott rotor with internal
and external damping according to Smith [534] in the case when k; = k, = 1, v = 0, and
8 = 0.1. (a) Evolution of eigenvalues in the (£2,ImA, Rel)-space. (b) Frequencies and (c)
growth rates where dashed (solid) lines denote eigenvalues perturbed from the eigenvalues of
the Jeffcott rotor with negative (positive) Krein signature. Internal damping, §, destabilizes the
eigenvalues with the negative Krein signature in the supercritical for the Jeffcott rotor speed
range || > 1.

instability (1.19) so that the second speed of transition from divergence to stability is
higher (supercritical) than the critical speed |Q2| = Vk of the perfectly symmetric
(Jeffcott) rotor with k; = ko = k > 0. Another of Smith’s conclusion sounded rather
counter-intuitive: Internal damping in the shaft induces flutter instability of the Jeffcott
rotor when (see Figure 1.11)

Q] > Qp = (1 + g) Vi = vk (1.57)

The critical speed, 2., at the onset of flutter, is always supercritical and increases with
the increase of excess of the intensity of the external damping (v) over the magnitude
of the internal damping (§) [534]. Since the minimum value of the critical speed is
realized when there is no stationary damping, it was concluded that internal (rotating)
damping indeed has a destabilizing effect while external (stationary) damping is a
stabilizing factor [138].

At |2] > Q, the undamped Jeffcott rotor is a gyroscopically stabilized system
(see Figure 1.6) and its destabilization by internal damping should not be surprising in
view of the Kelvin-Tait—Chetaev theorem [127, 573, 608]. More interestingly, in the
laboratory frame the motion of the shaft at any €2 consists of two spiral whirls, one
with the direction of rotation (forward whirl) and the other against it (backward whirl).
At || < Q¢ the amplitude of both spirals decreases, whereas at |Q2| > Q. it is the
amplitude of the forward whirl that increases with time, as was established already in
1908 by H. Lamb?° [343], see also [534]. This physical picture sharply corresponds
to the behavior of eigencurves of the system (1.56) shown in Figure 1.11.

20 Horace Lamb (1849-1934) — a British mathematician who studied, in particular, the dynamics of
rotating shells containing fluid and wave motion in spinning flexible disks.
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Recall that eigenvalues (1.21) of the system (1.56) without damping (§ = 0,v = 0)
have according to equations (1.24) an invariant (Krein signature) that does not change
with the variation of 2. Figure 1.11 demonstrates that the eigenvalues )kl‘f and A,J{,
both with positive Krein signature, existing at |2| < Q., acquire negative real parts
(asymptotic stability) due to the action of pure internal damping. In the supercritical
speed range |2| > Q.,, the pure internal damping stabilizes the eigenvalue A;' with
positive Krein signature but destabilizes the eigenvalue A, with negative Krein signa-
ture. Therefore, destabilization of the forward whirl by internal damping corresponds
to the movement of a pure imaginary eigenvalue with the negative Krein signature
of the Hamiltonian system to the right in the complex plane due to non-Hamiltonian
dissipative perturbation.

This particular observation turned out to be rather general, as was established in
1990s by MacKay [391], Bloch et al. [74] and Maddocks and Overton [395], who also
explicitly expressed the perturbation of a simple eigenvalue by means of the energy
and its rate of change of the corresponding mode. Their results clearly explain the
effect of destabilization of negative energy modes well-known in rotor dynamics [139,
343,574], fluid dynamics [90, 108, 168,349, 462], plasma physics [446,551,552] and
magnetohydrodynamics [264].

1.3.3 Circulatory systems and the destabilization paradox

In a more general model of the rotating shaft by Shieh and Masur [524], the damping
matrix in equation (1.56) is allowed to be D = diag (61, §;) while the matrix of the
nonconservative positional forces is simply N = J. Already this setting allows us to
illustrate several nontrivial situations arising in stability analysis of nonconservative
systems.

If welet Q2 = 0inequation (1.56) within the Shieh and Masur model, the asymptotic
stability domain given by the criterion of Routh and Hurwitz is

(81 + 82)%(8182k1 — V) + 8182k (kK + 8181 +82)) >0, 81 +8 >0, (1.58)

where k = k, — k1. The domain (1.58) in the (81, 62, k)-space at the given v # 0 is
shown in Figure 1.12 (a). Its boundary has two self-intersections along the intervals
(0,0, £2v). These intervals are regions of marginal stability of the ideal system with-
out dissipation (6;, = 0), which is under action of potential and circulatory forces
only. Such nonconservative systems are called circulatory [239,623]. Their equations
of motion respect the time-reversal symmetry [459,575]. As a consequence, the eigen-
values of circulatory systems are located symmetrically with respect to both axes in the
complex plane, i.e. these systems can only be marginally stable when all eigenvalues
are pure imaginary and semisimple [344,514]. The transition from marginal stability to
flutter instability in circulatory systems occurs when two pure imaginary eigenvalues
experience the nonsemisimple 1 : 1 resonance and then split into a complex-conjugate
pair (reversible Hopf bifurcation). Exactly this process takes place when the parameter
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Figure 1.12. Stability domain of the rotating shaft by Shieh and Masur [524] for k; = 1,
Q =0, and v = 0.05 (a) in the (8;, 8>, k)-space. Its slices in the (8;, 8,)-plane with (b) k = 0
and (c) k = 2v = 0.1. Open circles show locations of exceptional points where the eigenvalues
of the ideal circulatory system experience the nonsemisimple 1 : 1 resonance [301].

Kk varies along the intervals of self-intersection shown in black in Figure 1.12 (a). The
end points of the intervals with the coordinates (0,0, =2v), marked by open circles,
correspond to the nonsemisimple 1 : 1 resonances. At the same time, these exceptional
points are singular points of the boundary of the domain of asymptotic stability of the
nonideal circulatory system with dissipation. In 1956, Bottema?! [81] established that
such points of the stability boundary correspond to the Whitney umbrella singularity.

In the (k = 2v)-plane the cross-section of the domain of asymptotic stability has a
cuspidal singularity at the exceptional point, Figure 1.12 (c). As a consequence, along
the line §; = §, (dashed in Figure 1.12 (c)) we can trace the damping parameters until
the origin staying all the time in the domain of asymptotic stability. However, moving
towards the origin along any other line we unavoidably cross the stability boundary
and come to the flutter domain before the origin is reached. This means that in the
limit we end up at the origin generically with the higher value of |«| than 2|v|. Such
an enhancement of the flutter domain of a circulatory system in the limit of vanishing
dissipation discovered by Ziegler in 1952 [622] and explained via the Whitney um-
brella singularity by Bottema in 1955-56 [80,81], is well known as Ziegler’s paradox,
which is more correctly called the Ziegler—Bottema destabilization paradox.

1.3.4 Merkin’s theorem, Nicolai’s paradox, and subcritical flutter

The destabilization paradox reflects the existence of flutter at || > |2v] in the pres-
ence of weak dissipation (6; > 0,8, > 0). When || < |2v], the flutter domain of
the ideal circulatory system situated between the exceptional points (0,0, —2v) and
(0,0, 2v) continues to a neighborhood of the origin when the damping coefficients are
sufficiently small. For example, in the (x = 0)-plane the asymptotic stability is inside

21 Oene Bottema (1901-1992) — a Dutch mathematician who was the Rector Magnificus of the Technical
University of Delft in the 1950s.
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a branch of a hyperbola selected by the condition §; + §, > 0:

)
816, > —, (1.59)
ki
see Figure 1.12(b). At §; = 6 = § and k; = ky = k the stabilization condition
(1.59) reduces to § > v/ Vk obtained by Kapitsa in 1939 [256].

The singular stability diagram in Figure 1.12 illustrates several remarkable facts
observed already in the early studies of nonconservative stability problems.

First, there is the instability of the ideal circulatory system with symmetric poten-
tial (k; = kp) when v # 0. On the one hand, this is a consequence of the general
theorem by Merkin [333,423] that states that a potential system with all its eigenval-
ues coinciding into a multiple semisimple one with algebraic multiplicity equal to the
dimension of the system is destabilized by an arbitrary circulatory perturbation, see
Theorem 5.16.

On the other hand, in 1928 Nicolai [75, 196, 448, 519] interpreted this instability
as a paradox when he considered stability of a rod of a perfect circular cross-section
compressed by a potential force and simultaneously twisted by a follower torque, i.e.
a torque which is always directed along the neutral line of the rod. The rod is unsta-
ble no matter how small the torque is. The follower torque adds circulatory terms in
the equations of motion of the rod. In two dimensions, the latter take the form of the
Shieh and Masur model [524] with 2 = 0, k1 = k», and §;, = 0 [519]. As we have
seen, this circulatory system is unstable by Merkin’s theorem. Nevertheless, breaking
the symmetry of the potential (k; # k) or adding large enough damping can sta-
bilize it, as Figure 1.12 (a, b) demonstrates. Indeed, later on, Nicolai found that rods
of noncircular cross-section can be stable at sufficiently small values of the follower
torque?? [75, 196,449, 624].

Finally, we mention that Merkin’s theorem and Nicolai’s paradox are directly re-
lated to some models of friction-induced flutter in rotating disks of car brakes, where
gyroscopic effects are neglected in the assumption that the speed of rotation is small
[254]. The spectrum of perfectly symmetric solids of revolution contains double semi-
simple pure imaginary eigenvalues that under a circulatory perturbation can acquire
from the frictional contact a positive real part causing flutter [293,294]. In two dimen-
sions, such models frequently yield linearized equations (1.56) in the form of Shieh

22'We note that the settings considered by Nicolai go back to the work of Greenhill of 1883 [206] on
the buckling of screw-shafts of steamers under a compressive load and a torque. On the other hand,
Nicolai was aware of the works of Kimball, see e.g. [450]. Thus, such settings could be considered
as simplified models serving for better understanding the stability of rotors with internal and external
damping [75,624]. They were found to be challenging from the mathematical point of view and were
investigated quite extensively in their own right which in the 1950s resulted in the formulation of
new problems on stability of slender structures under the action of not only follower torques but also
follower forces [39,75,196,623,624]. Since then the nonconservative stability problems of structural
mechanics became a separate branch of research to such an extent that in the 1990s Crandall had to
recall their origin in rotor dynamics [138, 139].
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and Masur [524] that in the absence of rotation 2 = 0 have the singular stability
diagram shown in Figure 1.12 (a) [299,301].

1.3.5 Indefinite damping and parity-time (£ 7) symmetry

Let in equation (1.56) with the damping matrix D = diag (81, 8) the effect of noncon-
servative positional forces be negligible (v = 0). Although the literal meaning of the
word ‘damping’ prescribes the coefficients §; and §, to be nonnegative, it is instructive
to act similarly to Brouwer did with respect to the stiffness coefficients k| and k, and
relax this sign convention. Therefore, we consider a gyroscopic system

¥+ 81% —2Qy + (k1 — Q%H)x =0,
J 4869 +2Qx + (ks — Q%)y =0, (1.60)

where the negative sign of the damping coefficient corresponds to a gain and the pos-
itive one to a loss, see [177].

In mechanics, negative damping terms enter the equations of motion of moving
continua in frictional contact when the dependence of the frictional coefficient on the
relative velocity has a negative slope, which can be observed already in the table-
top experiments with the singing wine glass [340, 541]. In physics, a pair of coupled
oscillators, one with gain and the other with loss, can naturally be implemented as
an LRC-circuit [511] or as an optical system [507]. Since the gyroscopic effects can
be introduced in LRC-circuits by means of commercially available Tellegen’s gyra-
tors®® [170, 303, 567], it should be possible to realize the gyroscopic system (1.60)
with gain and loss in an extended laboratory experiment of Schindler et al. [S511].

When §; = —§, = § > 0 the gain and loss in equation (1.60) are in perfect bal-
ance. Let us further assume that k; = k» = k and consider the dissipative Brouwer
equations in this special case

¥4 8% —2Qy + (k — Q%)x =0,
J =8y +2Qx + (k —Q%)y=0. (1.61)
Let us look at what happens with these equations when we change the direction of
time, assuming ¢ <> —¢. Then,
¥ —8% 429y + (k — QHx =0,
J 468y —2Qx 4+ (k—Q%)y=0 (1.62)
and we see that equations (1.61) are not invariant to the time reversal transformation
(7). The interchange of the coordinates as x <> y in equations (1.61) results again in

equations (1.62), which do not coincide with the original. Hence, the equations (1.61)
are not invariant with respect to the parity transformation ().

23 The gyrator (a linear electrical network element) was invented in 1948 by Bernard Tellegen (1900
1990) — a Dutch electrical engineer who worked at Philips Research Laboratories.
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Nevertheless, two negatives make an affirmative, and the combined & T -transfor-
mation leaves the equations (1.61) invariant despite the 7 -symmetry and J-symmetry
not being respected separately. The spectrum of the & T -symmetric [47] system (1.61)
with indefinite damping is symmetrical with respect to the imaginary axis on the com-
plex plane as happens in Hamiltonian and reversible systems [174, 175].

To see this, let us consider the eigenvalues A of the problem (1.60) introducing the
new parameters A| = §; + 8, Ay = 8; — 8, and k = kp — k. Then, at A; = 0 and
k = 0 they represent the spectrum of the problem (1.61)

1
A= :I:Z\/2A§ — 16k; — 1692 + 2,/(16Q2 — A3)(16k; — A3), (1.63)

where ki = k and A, = 26. In Figure 1.13 the eigenvalues (1.63) are shown by
dashed lines. They are pure imaginary when |Aj| < 4|€2|. At the exceptional points
(EPs), A, = 4%, the pure imaginary eigenvalues collide into a double defective
one which with the further increase in A; splits into a complex-conjugate pair (flutter
instability). Qualitatively, the eigenvalues (1.63) evolve as in the case of the undamped
modulational instability, Figure 1.9, which is not surprising in view of the fact that
equation (1.47) and equation (1.61) have the same form and are & J -symmetric.

P T -symmetry can be violated by the asymmetry both in the stiffness distribution
(k # 0) and in the balance of gain and loss (A1 # 0). In such a situation, the merging
of eigenvalues that was perfect for the 7 -symmetric system (1.61) is destroyed. The
solid eigencurves in Figure 1.13 demonstrate the imperfect merging of modes [226]
that causes a decrease of the stability interval with respect to that of the symmetric
system (the effect similar to the Ziegler—Bottema destabilization paradox).

_‘5““0““5 “-‘2””0””é“

Figure 1.13. Given 2 = 0.3, dashed lines depict (a) imaginary and (b) real parts of the eigen-
values of the 7 -symmetric Brouwer problem with indefinite damping (1.61) as functions of
the parameter A, = §; — 8, = 28 when k = 1. Solid lines correspond to the eigenvalues of
the problem (1.60) withk; = 1,k =k, —k; =0.1and A; = §; + §, = 0.1.
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Figure 1.14. Stability domain of the rotating shaft by Shieh and Masur for k; = 1, Q = 0.3,
and v = 0. (a) The Pliicker conoid in the (81, 8>, k)-space and its slices in the (81, §,)-plane
with (b) k = 0 and (c) k = 0.1. Open circles show locations of exceptional points (EPs)
where pure imaginary eigenvalues of the ideal &7 -symmetric system (1.61) experience the
nonsemisimple 1 : 1 resonance; dashed lines are locations of the exceptional points where
double nonsemisimple eigenvalues have negative real parts [301,303].

The Routh—Hurwitz conditions applied to the characteristic polynomial of the sys-
tem (1.60) yield the domain of the asymptotic stability

8152/(2—{— (81 +82)(5182+4Qz)(8ll{+ (81 +82)(k1 —Qz)) >0, §;+6, >0, (1.64)

shown in Figure 1.14 (a) in the (8, 8, k)-space. The surface has a self-intersection
along the k-axis that corresponds to a marginally stable conservative gyroscopic
(Hamiltonian) system. More intriguing is that in the (x = 0)-plane there exists another
self-intersection along the interval of the line §; + d, = 0 with the ends at the excep-
tional points (8§; = 22,8, = —2Q) and (6; = —22, 5, = 2R), see Figure 1.14 (b).
This is the interval of marginal stability of the oscillatory damped (& 7 -symmetric)
gyroscopic system (1.61) with the perfect gain/loss balance. At the exceptional points,
the stability boundary has the Whitney umbrella singularities, as in the case of modu-
lational instability with damping.

In the vicinity of the interval of marginal stability of the & 7 -symmetric system, the
linear approximation to the boundary of the domain of asymptotic stability, shown in
Figure 1.14 (a), is given by a ruled surface known as the Pliicker conoid** of degree
n =11[231,303].

In the (¢ = 0)-plane the range of stability is growing with the increase of the dis-
tance from the line §; + §; = 0, which is accompanied by detuning of the gain/loss
balance, Figure 1.14 (b). Indeed, in this slice the boundary of the domain of asymptotic
stability is the hyperbola

(81 = 82)* = (81 + 82)* = 16922 (1.65)

24 Named after the German mathematician Julius Pliicker (1801-1868), a doctoral advisor of Felix Klein,
known also for his studies of Hamilton’s conical refraction [189].
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At 81 + 8, = 0 it touches the two straight lines 6; — 8, = £4€, every point of
which corresponds to a pair of double defective complex-conjugate eigenvalues with
real parts that are negative when &; + 8, > 0, positive25 when 61 + 8, < 0, and zero
when §; + 6, = O:

S48 1
A= 1: 2+ VBT 8)7 - 160 — 92, (1.66)

The two lines of exceptional points stem from the end points of the interval of marginal
stability of the 7 -symmetric system and continue inside the asymptotic stability
domain of the near-# 7 -symmetric one (dashed lines in Figure 1.14 (b)).

The proximity of a set of defective eigenvalues to the boundary of the asymptotic
stability, that generically is characterized by simple pure imaginary eigenvalues, plays
an important role in modern nonconservative physical and mechanical problems. Near
this set the eigenvalues can dramatically change their trajectories in the complex plane.
For this reason, encountering double eigenvalues with the Jordan block and negative
real parts is considered as a precursor to instability in electrical networks [157], hy-
drodynamics [246], and rotor dynamics [530]. Such applications stimulated the de-
velopment of numerical methods of finding degenerate eigenvalues that are naturally
connected to pseudospectrum and eigenvalue optimization [7,243,576] and geometric
phase [153].

1.4 Scope of the book

Completing this short excursion into nonconservative problems of mechanics (non-
Hermitian problems of physics), we can summarize our first experience:

* In the presence of dissipative and nonconservative positional forces, linear stability
analysis already becomes nontrivial.

* The difficulties arise first of all from the nonself-adjoint nature of operators govern-
ing linearized equations of the nonconservative systems.

* Non-conservative problems contain deliberately more physical parameters.

* In n-parameter families of nonself-adjoint eigenvalue problems complicated spec-
tral degeneracies become generic even if n is not large.

* By affecting the eigenvalue movement in the complex plane, the degeneracies de-
termine geometry of the stability diagrams in the parameter space.

* The boundary of the domain of asymptotic stability is neither smooth nor convex;
its singularities can correspond to various ideal systems such as Hamiltonian, re-
versible, or #J -symmetric.

25 A similar situation may take place in optics where the exceptional points can exist above the lasing
threshold [380].



34 Chapter 1 Introduction

“Singularity is almost invariably a clue,” remarked Sherlock Holmes during his
investigation of the Boscombe Valley mystery [95].

Our book is about the relationship between marginal stability of the ideal systems
and asymptotic stability of the dissipative nonconservative systems situated ‘nearby’.
Although the former cannot always be realized in practice, they considerably deter-
mine or even dictate the stability properties of the latter that, in contrast, naturally
occur in real life. Keeping in mind as a clue the idea that the intricate behavior of
eigenvalues or paradoxical limiting properties of stability diagrams of nonconserva-
tive systems most likely implies the proximity to a spectral singularity related to an
ideal system, one can observe that among the latter the Hamiltonian, reversible, or
P T -symmetric ones occur most frequently as limiting cases. By studying arbitrary
perturbation of these ideal cases systematically, we will deduce stability properties of
dissipative nonconservative systems explicitly and reduce them to a finite number of
relatively simple and natural rules.

We start the book in Chapter 2 with an overview of the Lyapunov stability theory,
discuss linearization of autonomous and nonautonomous systems and linear stability
analysis, formulate classical stability criteria and inertia theorems and establish rela-
tionships between them and, finally, describe the role of multiple eigenvalues in the
robust stability.

Hamiltonian and gyroscopic systems are considered in Chapter 3, including the el-
ements of Pontryagin and Krein space theory, the notion of the Krein signature of
eigenvalues and its relation with negative and positive energy of the oscillation modes,
the graphical interpretation of the Krein signature via eigencurves, strong stability and
some extensions to Hamiltonian partial differential equations with the application to
absolute and convective instability.

Reversible and circulatory systems are described in Chapter 4 with the classification
of typical singularities of stability diagrams and their sensitivity analysis by means of
the perturbation theory of multiple eigenvalues that is finally applied to a number of
mechanical problems.

What happens with stability when dissipative, circulatory, potential, and gyroscopic
forces are acting all together or in different combinations with each other? The most
important results on the influence of structure of forces on stability, from the Kelvin—
Tait—Chetaev theorem to recent achievements, including the overdamped and indefi-
nitely damped systems, are presented in Chapter 5.

Chapter 6 is a detailed study of dissipation-induced instabilities in Hamiltonian and
reversible systems, including an analytical description of movement of eigenvalues
under dissipative and circulatory perturbations in dependence on the Krein signature
of eigenvalues of ideal systems and explicit expressions approximating the drop in the
stability threshold.

Chapter 7 develops a convenient perturbation theory of nonself-adjoint boundary
eigenvalue problems for differential operator matrices with boundary conditions de-
pending on both the spectral and physical parameters, laying a foundation for the sta-
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bility analysis of continuous nonconservative systems considered in the rest of the
book.

In Chapter 8 we present a theory of the Ziegler—Bottema destabilization paradox in
continuous circulatory systems and illustrate it with examples from solid mechanics.

Chapter 9 demonstrates how the Krein signature of eigenvalues and variation of
the boundary conditions control excitation of the oscillatory magnetohydrodynamics
(MHD) dynamo — a destabilization of a heavily damped system in the presence of
gyroscopic forces — that is responsible for the generation of magnetic fields in stars
and planets.

A similar controlling role of the Krein signature in the destabilization of bending
waves propagating in gyroscopic continua in frictional contact is discussed in Chap-
ter 10, which also establishes how MacKay’s eigenvalue cones unfold into the eigen-
surfaces known as the double-coffee-filter and viaduct, and thereby explains why the
wine glass sings.

Chapter 11 discusses Hamilton’s conical refraction, explicitly describes energy and
width surfaces of general non-Hermitian Hamiltonians, and demonstrates how to cal-
culate perturbatively the Berry phase around diabolical and exceptional points of sin-
gular dispersion surfaces arising in optics of birefringent absorptive and chiral media.

In Chapter 12, the geometrical optics approximation is applied to the stability analy-
sis of the MHD equations describing the paradoxical noncommuting limiting behavior
of the threshold of the Velikhov—Chandrasekhar magnetorotational instability that is
the most probable trigger of turbulence in the disks of matter orbiting around gravitat-
ing astrophysical objects.
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Lyapunov stability and linear stability analysis

1875 March 6, the following subject for
the Adams Prize to be adjudged in 1877
was agreed upon: The criterion of dy-
namical stability. ... what is required
is a corresponding condition enabling
us to decide when a dynamically pos-
sible motion is such, that if slightly de-
ranged, the motion shall continue to be
only slightly departed from.

J. Challis [417]

The examiners for the 1877 Adams Prize essay' at Cambridge who formulated its
theme as “The criterion of dynamical stability” were J. C. Maxwell and G. G. Stokes.
Twenty years earlier Maxwell himself won the Adams Prize competition by giving
a solution to the problem on the nature of the Saturn’s rings proposed by J. Chal-
lis and W. Thomson (Lord Kelvin). Solid or liquid rings turned out to be unstable
which allowed him to conclude that “the only system of rings which can exist is one
composed of an indefinite number of unconnected particles, revolving around a planet
with different velocities according to their respective distances” [455]. In order to es-
tablish the instability or stability, Maxwell had to analyze whether the complex roots
of an algebraic dispersion relation have positive or negative real parts, respectively.
He encountered the same mathematical problem in the subsequent study of centrifu-
gal governors of steam engines [416]. Intrigued by nontriviality of stability conditions
already in particular cases, at a meeting of the London Mathematical Society on 23
January 1868 Maxwell asked if anyone in the audience could formulate the necessary
and sufficient condition that “all the possible [real] roots and all the possible parts of
the impossible [complex] roots of a certain equation shall be negative” [416,417]. This
challenge was faced by E.J. Routh who in his Adams Prize essay of 1877 found such
an algorithm for real polynomials [504, 505].

I The annual Adams Prize is named after the English astronomer John Couch Adams (1819-1892)
who predicted the existence of the planet Neptune independently of the French mathematician Urbain
Jean Joseph Leverrier (1811-1877). Despite Adams presenting his results to the then director of the
Cambridge Observatory, James Challis (1803—-1882), Neptune was actually discovered in Berlin with
the use of the Leverrier’s computations [455].
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In an equivalent form, the Routh criterion was re-discovered in 1895 independently
by A. Hurwitz? [236]. Both scientists were unaware of the criterion of C. Hermite?
found already in 1856 [221]. The three equivalent algebraic criteria for all the roots
of a real polynomial to have negative real parts were derived for the systems gov-
erned by linear ordinary differential equations with constant coefficients. In 1892,
A.M. Lyapunov* developed the foundations of a rigorous stability theory of the pro-
cesses described by the nonlinear differential equations, including a formal definition
of stability of motion and justification of a linearization, that had been “courageously
used” [371,372] in the XIXth century, in a neighborhood of stationary and nonstation-
ary motions [387].

2.1 Main facts and definitions
Consider a nonlinear dynamical system [150,253,423]

d
d—f =g@1), () = 20, @.1)

where g : U € R” x R — R” is a function that is continuously differentiable with
respect to z and continuous with respect to ¢ in an open domain U. Then, the initial-
value problem (2.1) has a unique solution (motion) z(t) starting at any initial state
Zo at any time ¢ (selected within U') that is defined on an open time interval around
1o [150,253].

Let 2/ (¢) be a fixed (unperturbed in terms of Lyapunov [387]) motion of the system
(2.1). Then, introducing the deviation about the unperturbed motion as x(¢) = z(t) —
7/ (t), we find that [253,503]

dz _dx dZ'(t)

— — / t ’[ = f ,[ / t ,t .
il Tir gx+z(1),1) =1f(x1) + gz (),1)
In view of equation (2.1), the system describing the development of the deviation is
dx
— =f(x,1), 22
g, =0 (2.2)

where f is continuously differentiable in x in an open set 2 C R” containing the
origin, continuous in ¢ in an open interval (z,c0), and £(0,¢) = 0, V¢ € (t,0), i.e.

2 Adolf Hurwitz (1859-1919) — a German mathematician. During his work at the ETH Zurich he met

a Slovak turbine engineer, Aurel Boleslaw Stodola (1859-1942), who in 1893-94 motivated Hurwitz
to derive the stability criterion [66].

Charles Hermite (1822-1901) — a French algebraist. In contrast to Routh and Hurwitz, who were
inspired by practical applications, Hermite’s work on the isolation of the roots of a polynomial in a
region of a complex plane was primarily driven by his interest in finding explicit solutions to algebraic
equations, e.g. to the general quintic equation [335].

Alexandr Mikhailovich Lyapunov (1857-1918) — a Russian mathematician, founder of the modern
stability theory [469].



38 Chapter 2 Lyapunov stability and linear stability analysis

the origin x = 0 is an equilibrium state of the system (2.2). Hence, we have reduced
the study of stability of the motion z’(¢) of the system (2.1) to the study of stability of
the equilibrium of equation (2.2).

2.1.1 Stability, instability, and uniform stability

Let [tp, w) C [to, 00) be the right maximal interval of existence [420] of the solution
x(t) of equation (2.2) and || . || the Euclidean norm of a vector.

Definition 2.1 (A. M. Lyapunov, 1892 [387,503]). The equilibrium x = 0 of equa-
tion (2.2) is called Lyapunov stable if for every ¢ > 0 and #p € (z,00) there is a
8(e,tp) > 0 such that ||x(f)|| < & implies ||x(¢)|| < & for all ¢ € [ty, w).

In Definition 2.1, w is not assumed to be infinite which may result in the motions
escaping to infinity in finite time. However, if B, C Q, where B, = {x € R", ||x| <
¢}, then the motion x(¢) in this definition can be extended through the semiaxis [#g, 00)
so that w = oo [420,503].

Definition 2.2 (A. M. Lyapunov, 1892 [387,503]). The equilibrium x = 0 of equa-
tion (2.2) is called unstable if it is not Lyapunov stable, i.e. for some ¢ > 0 and
to € (t,00) and any § > 0 there exist x(f) with ||x(¢p)|| < 6 and ¢ € [ty, w) such that
%@ = &.

Note that stability and instability in the sense of Lyapunov do not depend on the
specific choice of #y [2, 150]. However, Lyapunov’s definition of stability contains
a rather gentle assumption that the deviations should start in a neighborhood of the
equilibrium, whose size depends on the initial time instant, #y. Sometimes, however,
it is necessary to prove stability in a stronger assumption, for example, that such a
dependence on 7y does not exist.

Definition 2.3 (K. P. Persidskii, 1933 [503]). The equilibrium x = 0 of equation (2.2)
is called uniformly stable if for each ¢ > 0 there exists a §(¢) > 0 such that ||x(¢z)| < ¢
for all ty € (7, 00), [|x(t)|| < 8, and t € [to, ®).

2.1.2 Attractivity and asymptotic stability

The concepts of the Lyapunov stability and uniform stability formalize the intuitive
idea of Maxwell and Stokes that small initial errors should lead to small variations in
the motion. In many situations, however, it is desirable that the small errors vanish
as time goes to infinity in order for the deviation to approach the equilibrium asymp-
totically.
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Definition 2.4 (W. Hahn, 1967 [470,503]). The equilibrium x = 0 of equation (2.2)
is said to be attractive if for any ty € (v, 00) there is a n = 1(tp) and for each ¢ > 0
and x(o) satisfying ||x(#p)|| < 7 there exists 0 = o (ty, €, x(fp)) > O such thatty+o €
[to, ) and ||x(¢)|| < eforallt >ty + 0.

If # and o in Definition 2.4 do not depend on the initial data #y and x(¢y), the equi-
librium becomes uniformly attractive. Notice that if B, C 2, then the solution x(t)
in these definitions can be extended® through the semiaxis [ty, o0). Then, all the mo-
tions satisfying ||x(z)|| < 1 converge (uniformly in x(fy) and #y) as t — oo to the
(uniformly) attractive equilibrium x = 0 [503].

Definition 2.5 (A.M. Lyapunov, 1892 [387]). The equilibrium x = 0 of equa-
tion (2.2) is said to be asymptotically stable at t = fg if it is Lyapunov stable and
attractive.

Definition 2.6 (I. G. Malkin, 1954 [400, 503]). The equilibrium x = 0 of equa-
tion (2.2) is said to be uniformly asymptotically stable if it is Lyapunov stable and
uniformly attractive.

All the points x(#p) from which motions starting at zy converge to the equilibrium as
t — oo form the domain of attraction of the equilibrium [2]. The domain of attraction
is uniform if it does not depend on #g [470,503].

2.1.3 Autonomous, nonautonomous, and periodic systems

The dynamical system (2.2) is a time-invariant or autonomous system, if its right-hand
side does not depend explicitly on time. Otherwise, it is nonautonomous. The nonau-
tonomous system (2.2) with f(x, ¢) periodic in ¢ is referred to as a periodic dynamical
system [253,423].

Theorem 2.7 (T. loshizawa, 1966 [253,503]). Let the function £(x,t) in equa-
tion (2.2) not depend explicitly on t or is periodic in t. Then the Lyapunov stabil-
ity of the equilibrium x = 0 implies uniform stability and the asymptotic stability
implies uniform asymptotic stability.

Therefore, the concept of uniformity makes sense only in application to general
(nonperiodic) time-varying systems.® On the other hand, it is the autonomous and pe-
riodic systems that most frequently arise in physical and engineering models.

5 In the following, we will always assume that solutions have this property.
6 An interested reader can find other stability notions and relationships between them, e.g. in the com-
prehensive surveys [253,372,384] and monographs [371,503].
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2.2 The direct (second) method of Lyapunov

After the formal definitions of stability are established, a question arises how to judge
stability taking into account that explicit solutions to nonlinear differential equations
are rare and numerical methods do not give a proof.

2.2.1 Lyapunov functions

Lyapunov’s direct method provides an answer by utilizing the given form of equations
of motion but without their explicit integration. Our physical intuition suggests that if
the isolated system lost its energy at every possible state except a single equilibrium
point, then the energy of the system would finally decrease to a minimum and this
would happen exactly at the equilibrium. Since for an abstract dynamical system its
energy cannot always naturally be defined [253], Lyapunov proposed an alternative,
which we now know as the Lyapunov functions [387].

Definition 2.8. A continuously differentiable scalar real-valued function V(x,t) €
C (2 x (1, 00)) is (locally) positive definite if for some continuous, strictly increasing
scalar function o : R™ — R™ such that «(0) = 0 we have V(0,¢) = O and V(x,t) >
a(||x|) for all (x,2) € (R X (z,00)).

The function V(x,t) is negative definite if —V(x,t) is positive definite. If for all
(x,1) € (2 x (r,00)) we have V(x,7) > 0 (< 0), the function V(x,t) is called
positive (negative) semidefinite.

Definition 2.9. A continuously differentiable scalar real-valued function V(x,¢) €
C1(Q2x(t, 00)) is decrescent if there is a continuous, strictly increasing scalar function
B : Rt — Rt suchthat 8(0) = Oand V(x,1) < B(|x]||) forall (x,7) € (R x (z,00)).

In order to be a Lyapunov function for the system (2.2), the function V (x, t) together
with its derivative taken along the motion of the system (2.2)

Vi(x,t):= ‘2—‘: =0, V(x. 1)+ Y 0y V(x.1) fi(x.1) (2.3)

i=1

should satisfy some of the definiteness properties introduced above.

2.2.2 Lyapunov and Persidskii theorems on stability

A sufficient condition for the equilibrium x = 0 of the system (2.2) to be Lyapunov
stable can be formulated in terms of the positive definite functions.
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Theorem 2.10 (A. M. Lyapunov, 1892 [253,387,503]). Suppose for the system
(2.2) there exists a positive definite function V(x,t) and its derivative along the
trajectories of this system is negative semidefinite: V(x, t) < 0, then the equilib-
rium x = 0 is Lyapunov stable.

To detect uniformly stable equilibria we must further constrain the Lyapunov func-
tion V(x,t), by requiring it to be decrescent.

Theorem 2.11 (K.P. Persidskii, 1933 [503]). Let, for the system (2.2), there
exist a positive definite and decrescent function V(x,t) and its derivative along
the trajectories of this system is negative semidefinite: V(x,t) < 0, then the
equilibrium x = 0 is uniformly stable.

If, additionally, the derivative of the Lyapunov function along the trajectories of
the system (2.2) is negative definite, it can serve for proving the uniform asymptotic
stability of the equilibrium.

Theorem 2.12 (A. M. Lyapunov, 1892 [253,387,503]). Suppose there exists for
the system (2.2) a positive definite and decrescent function V(x,t) such that
—V(x,t) is positive definite, then the equilibrium x = 0 is uniformly asymp-
totically stable.

Remember that for autonomous and periodic systems the notions of the uniform
Lyapunov stability and uniform asymptotic stability are equivalent to that of the Lya-
punov stability and asymptotic stability, respectively [253,503].

2.2.3 Chetaev and Lyapunov theorems on instability

The method of Lyapunov functions is also efficient for establishing sufficient condi-
tions for instability. One of the most well-known results in this direction is the Chetaev
instability theorem [127].
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Theorem 2.13 (N. G. Chetaev, 1934_[503]). Suppose that for the system (2.2)
there exist ty € (t,00), ¢ > 050 that B, C 2, an open set Z € By, and a scalar
function V(x,t) € C'(Bg x (ty, 00)) such that in Z x (t, 00):

(1) 0 < V(x,t) <k < oo for some k;

) V(x,t) > a(V(x,1)), where & : Rt — RT, «(0) = 0, is a continuous,
strictly increasing scalar function;

(3) the equilibrium x = 0 € 0Z, where 0Z is the boundary of Z ;
() V(x,1) = 0in (3Z () Bs) x (to, 00);

then the equilibrium is Lyapunov unstable.

With V(x,¢) > 0 being decrescent, Theorem 2.13 is known as the first Lyapunov
instability theorem in the case when V(x, t) is positive definite and as the second Lya-
punov instability theorem in the case when V (x,1) = cV(x,1) + W(x,1), ¢ > 0, and
W(x,t) > 01is a continuous function [387,503].

The direct method of Lyapunov is a very powerful tool for proving stability of time-
dependent nonlinear systems not only in a local sense but also in the case when the
deviations can start far from the equilibrium (global stability).

Although a universally applicable algorithm of construction of the Lyapunov func-
tions is not yet known, for many important classes of systems, including linear ones,
methods of finding the Lyapunov functions have been developed. They enable, in par-
ticular, to justify the investigation of stability by linearization and to establish stability
criteria. In the special cases when the linear approximation is not enough to judge
nonlinear stability, the second method of Lyapunov often provides the only alterna-
tive [253,503].

2.3 The indirect (first) method of Lyapunov

Although physical and engineering systems are invariably nonlinear and their linear
description is by necessity accurate only within a restricted region of operation (lo-
cal), the relative simplicity of linear differential equations suggests using information
on the stability of a linearization in order to judge the stability of the original non-
linear system. Stability analysis by linearization is the essence of the first method of
Lyapunov.
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2.3.1 Linearization

Since by our initial assumption the function f(x,?) in the nonlinear system (2.2) is
continuously differentiable in x and continuous in ¢, we can extract the linear in x
terms and write equation (2.2) in the quasilinear form

dx

o= A()x +r(x,1), 2.4)

where A(t) € C(t,00) is the real Jacobian matrix of f evaluated at the equilibrium
x=0:ai = axjfi(O,l), i,j =1,...,n. We suppose that
sup [|[A(@®)[| = M < oo. (2.5)
t€[t(,00)
The remainder r(x, 1) = f(x,¢) — A(t)x is a C '-function in x and continuous in ¢
that is assumed to approach zero uniformly in 7, i.e. [141, 150]:
lrGx, )l
Ixl—0zeln00) x|

=0. (2.6)

With the use of the direct Lyapunov method the following result can be established.

Theorem 2.14 (W. Hahn, 1967 [213,437]). If (2.6) is fulfilled and x = 0 is a
uniformly asymptotically stable equilibrium of the linearization

dx

— = A(¢ 2.7

% = A0 e
of the nonlinear system (2.2), then the latter has at x = 0 a (locally) uniformly

asymptotically stable equilibrium.

It is known that uniform asymptotic stability implies asymptotic stability [253]. In
order to prove asymptotic stability by linearization directly, a careful examination of
the linear system (2.7) with the matrix A(¢) is required.

2.3.2 The characteristic exponent of a solution

Let X(¢) = (x((¢),...,Xn(¢)) be a fundamental matrix of the linear system (2.7), i.e.
a solution to the matrix differential equation
dX(t)
dt
The columns of the matrix X(¢) are n linearly independent solutions of the system
(2.7). Hence, det X(¢) # 0. According to the Ostrogradsky—Liouville formula [150]

= A()X(2). (2.8)

t
det X(r) = det X(#p) exp (/ trA(s)ds) , 2.9)
t

0
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where trA stands for the trace of the matrix A. Hence, X(¢) is nonsingular if
detX(f9) # 0, i.e. when the initial vectors at the time instant #y are linearly inde-
pendent. In the case when X(#p) = I, where I is a unit n x n matrix, the fundamental
matrix is called normalized at a point 7y and is denoted as X(¢) = ®(z, %) [2]. In our
subsequent considerations the fundamental matrix is assumed to be normalized.

Any solution x(¢) of equation (2.7) can be represented in the form [2]

x(t) = X()X " (to)x(to) = ® (¢, t0)x(to). (2.10)

By this reasoning the normalized fundamental matrix is frequently called the state
transition matrix in the engineering literature [144,427, 540].

Under the condition (2.5), any nontrivial solution x(¢) of the linear system (2.7) has
a finite characteristic exponent that is defined as [2, 150]

1
= i = In [[x(1)]]. 2.11
A= lim sup—In|lx()] (2.11)

A set of all different characteristic exponents of solutions of the system (2.7) is
called its spectrum. The number N of elements of the spectrum does not exceed n. If
a fundamental matrix X(#) contains r; > 0 columns with the identical characteristic
exponents equal to o, k = 1,..., N, then the sum of the characteristic exponents of
its columns is

n N
ox =Y xlxj]=)_ riog. (2.12)
j=1 k=1

A fundamental matrix is said to be normal, if oy is minimal in comparison with
other fundamental matrices [150,371]. For any fundamental matrix (including the nor-
mal ones) the Lyapunov inequality is valid:

1 t
ox > lim sup—/ trA(s)ds. (2.13)
t—>+o00 t

o

Equality in (2.13) implies that X(z) is normal, the converse is not true [2, 150].

2.3.3 Lyapunov regularity of linearization

It is known [2,150] that in all normal fundamental matrices the number 7z, of columns
with the characteristic exponent ay/, k' = 1,..., N’, is the same, Zﬁ/:l ngr = n,
and each normal fundamental matrix realizes a spectrum of the linear system (2.7).
The number ny is the multiplicity of oy [2].
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Definition 2.15 (B.P. Demidovich, 1967 [150]). A set of characteristic exponents
x[x1], - - ., x[xx] of columns of a certain normal fundamental matrix of the linear sys-
tem (2.7) is called a complete spectrum of the linear system and the number

n N’
o=y xlxl=Y mpep (2.14)
j=1

k’'=1

is a sum of characteristic exponents of the linear system (2.7).

Note that any fundamental matrix can be reduced to a normal one by a linear trans-
formation with a constant nonsingular triangular matrix [387].

Definition 2.16 (B.P. Demidovich, 1967 [150]). Linear system (2.7) is said to be
regular in the sense of Lyapunov, if

1 t
o = lim inf—/ trA(s)ds. (2.15)
t—>+o00 t to
The linear system
9 _ ATy, (2.16)
dt

is adjoint to the system (2.7). Let
TOO>N =N = = Mp > —O0
be a complete spectrum of the system (2.16) and that of the system (2.7) be

—00 < Y1 = X2 == Yn < +o00.

Theorem 2.17 (O. Perron, 1930 [2, 150]). The linear system (2.7) is regular if
and only if
Xs+ns=0, s=1,...,n.

A linear system is irregular if it is not regular.

Definition 2.18 (B. P. Demidovich, 1967 [150]). The number

1 t
y =0 — lim inf;/ trA(s)ds (2.17)
t

t—>+o00 0

is called the coefficient of irregularity of the linear system (2.7).

The coefficient of irregularity vanishes (y = 0) if and only if the system is regular
in the sense of Lyapunov [2].
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2.3.4 Stability and instability in the first approximation

Let the remainder of the quasilinear system (2.4) be such that
lrx D) <clx]|¥, v>1, ¢>0. (2.18)

With the use of the properties of the characteristic exponents and the second method
of Lyapunov a sufficient condition for asymptotic stability in the first approximation
can be obtained.

Theorem 2.19 (A. M. Lyapunov, 1892 [150,213]). If the linearization (2.7) is
regular in the sense of Lyapunov, all its characteristic exponents are negative,
and the condition (2.18) is fulfilled, then the equilibrium x = 0 of the nonlinear
system (2.2) is asymptotically stable.

The Lyapunov sufficient condition of asymptotic stability given by Theorem 2.19
was extended to the irregular case by a number of authors including Malkin (1938),
Chetaev (1948), and Massera (1956), see e.g. [150,372]. A variant of their result can
be formulated as follows.

Theorem 2.20 (B. P. Demidovich, 1967 [150,213]). Let, for the nonlinear sys-
tem (2.4), the condition (2.18) be fulfilled and the characteristic exponents 1,
X2, - -+, Xn Of its linearization (2.7) satisfy the inequality

<0, (2.19)

14
max y; < ————
k Aic v—1

where y is the coefficient of irregularity of the linear system (2.7), then the equi-
librium x = 0 of the nonlinear system (2.2) is asymptotically stable.

Sufficient conditions for instability in the sense of Lyapunov of the nonlinear system
(2.2) via the characteristic exponents of its linearization is a delicate question in the
case of general nonautonomous systems. Recent results in this direction as well as a
discussion of the state of the art in this field can be found by an interested reader in
the works of Leonov and Kuznetsov [371,372].

Recall that asymptotic stability implies uniform asymptotic stability for periodic
and autonomous systems [253, 503]. Below we will see that these systems are also
Lyapunov regular.
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2.4 Linear stability analysis

Regular linear systems have nice properties reducing the question of asymptotic sta-
bility of the original nonlinear system to the placement of the characteristic exponents
in the open left half-plane of the complex plane. What do regular systems, in the sense
of Lyapunov, look like?

2.4.1 Autonomous systems

It is straightforward to show that a linear system with constant coefficients is regular.
Indeed, if in equation (2.7) the real matrix A is constant, then the state transition matrix
is
®(r,10) = 1+ At — 19) + A%(t — 19)? /2! + ... =: AU, (2.20)
Hence, x(1) = eAC—0)x(1y).
It is known that there exists a real nondegenerate matrix S, transforming A to the
Jordan canonical form that yields eA? = Se’S™! with

Jt — dlag (e.]k] ()Ll)t’ o, eka ()Lm)t’ eBZHm_,'_l(/lm«I»l)l" o eBZVN—l (AN_I)I). (221)

Matrix exponentials associated with the ks x kg Jordan blocks Jy (As)

1 0 --- 0
Jks(k)t_e st t 1 R s S:1’2"“’m’
: .0
tks—l
=1 to1

correspond to the real eigenvalues Ag(A) of the matrix A. The remaining (N —m)/2
products of 2vg x 2vg block matrices [2]

(Bavs e _ (€7@ 0 Ivs cos(Bst) Ly, sin(Bst)
0 eJvs (@)t I, sin(Bst) I, cos(Bst)

represent the contribution of (N —m)/2 pairs of complex-conjugate eigenvalues Ay =
as +ifs and Ag+] = oy — ifs, wheres = m + 1,m + 3,..., N — 1. Note that the
number of the Jordan blocks N < n and Yt ks + ZZ(N m/2=ty, m42j+1 =
n. Real eigenvalues or complex-conjugate pairs correspondlng to different blocks in
equation (2.21) may coincide [2]. Then, the sum of the sizes of the respective Jordan
blocks is an algebraic multiplicity of the eigenvalue and the number of the Jordan
blocks is its geometric multiplicity.

Writing S™'x(1) = eJ(’_’O)S_lx(to), we see that the characteristic exponents of
nontrivial solutions of the system (2.7) with time-independent matrix A are y; =
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Rel; (A), where the eigenvalues A; = A;(A) (some of them may be equal to each
other) are solutions to the characteristic equation det(A — AI) = 0 [150]. Therefore,

1 [ z
lim inf — trA(s)ds = trA = Reld; =0, 2.22

which according to Definitions 2.15 and 2.16 implies regularity [2].

Theorem 2.21 (A. M. Lyapunov, 1892 [150]). The linear system (2.7) with time-
independent matrix A is Lyapunov stable if and only if all its eigenvalues A; =
A;j (A) have nonpositive real parts

Red;(A) <0

and the algebraic and geometric multiplicity of the eigenvalues with the van-
ishing real part coincide. The system (2.7) with time-independent matrix A is
asymptotically stable if and only if for all A\j = A;(A)

Rel;(A) < 0.

As a consequence of the regularity of autonomous systems, Theorem 2.21, and The-
orem 2.19, the equilibrium x = 0 of a nonlinear autonomous system is locally asymp-
totically stable, if all eigenvalues of the matrix of its linearization are in the open left
half-plane of the complex plane [2, 150].

The case when all the eigenvalues of the linearization do not have positive real
part and some of them are pure imaginary is critical in the sense of Lyapunov, be-
cause stability (instability) of the linear system does not generally imply stability (in-
stability) of the original nonlinear one. The critical cases require taking into account
either higher order terms in the Taylor expansion of the right-hand side of the non-
linear equation, if it is smooth enough, or application of the direct method of Lya-
punov [127,387,400,423].

2.4.2 Lyapunov transformation and reducibility

Consider the linear system (2.7) with the matrix A(¢) satisfying the condition (2.5).
Let
x =L(t)q (2.23)

be a transformation with the nonsingular matrix L(#) that is continuously differentiable
for ¢t € [tg, 00). The transformation (2.23) reduces the system (2.7) to another linear

system J
q
— =B 2.24
T (t)a. (2.24)
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where
dL(t)

B(r) = L™ '(1)A(t)L(r) — L—l(z)T. (2.25)

Definition 2.22 (N.P. Erugin, 1946 [2,91]). The transformation (2.23) is the Lya-
punov transformation if L € C'([ty, 00)) and L(z), L=!(¢), and L(¢) are bounded for
t € [ty,00). The matrix L(¢) is called the Lyapunov matrix.

The Lyapunov transformation is symmetrical in a sense that if the system (2.7) is
reducible to (2.24), then the system (2.24) is reducible to (2.7). Moreover, Lyapunov
transformations do not change characteristic exponents of a linear system and preserve
its regularity [2].

If there exists a Lyapunov transformation (2.23) such that the matrix B(¢) can be
expressed as in equation (2.25), then the system (2.7) is said to be reducible to the
system (2.24). If, additionally, the matrix B in equation (2.25) does not depend on ¢,
the system (2.7) is called reducible to an autonomous system [2,91]. A criterion of re-
ducibility to a time-independent system involves a possibility of a certain factorization
of the fundamental matrix.

Theorem 2.23 (N. P. Erugin, 1946 [2,150]). A linear system (2.7) is reducible
to a system with constant coefficients if and only if it has a fundamental matrix
X(t) of the form

X(t) = L(r)e® (2.26)

where L(t) is a Lyapunov matrix and B is a constant matrix.

From the regularity of linear autonomous systems, symmetry of the Lyapunov trans-
formation, and invariance of the regularity under the Lyapunov transformation it fol-
lows that any linear nonautonomous system reducible to a system with constant coef-
ficients is regular [2].

A system reducible to an autonomous system is Lyapunov stable if and only if all
its characteristic exponents, understood as the real parts of the eigenvalues of the con-
stant matrix B, are nonpositive, and zero characteristic exponents correspond to the
eigenvalues of B with coinciding algebraic and geometric multiplicities (semisimple
eigenvalues [428]). Such a reducible system is asymptotically stable if and only if all
its characteristic exponents are negative [150].

2.4.3 Periodic systems

Let in the equation (2.7) the matrix A(¢) be a T-periodic function of time, i.e. A(t +
T) = A(t), T > 0, for all . According to the following Floquet representation theo-
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rem, the state transition matrix of the periodic system can be factorized into periodic
and exponential parts.

Theorem 2.24 (G. Floquet, 1883 [2,150]). The normalized at ty = 0 fundamen-
tal matrix of the linear system (2.7) with periodic coefficients can be represented

in the form
®(1,0) = L(r)e™ (2.27)

where F = 7Ln®(T,0) and L(r) = L(1 + T) with L(0) = L

The value ® (7', 0) of the state transition matrix after one period is called the mon-
odromy matrix. The eigenvalues of the monodromy matrix, i.e. the roots, p, of the
characteristic equation det(® (7', 0) — pI) = 0, are known as the Floguet multipliers
of the periodic system whereas the eigenvalues, A, of the Floquet factor F are its Flo-
quet exponents. The Floquet exponents are related to the Floquet multipliers via the
formula

1 1
Ak = TLok = = (In|px| + i(arg px + 27m)), (2.28)
where m = 0,%1,...and k = 1,...,n. The real parts of the Floquet exponents are

characteristic exponents of nontrivial solutions of the periodic system (2.7).

It can be shown that Theorem 2.24 is valid for any T -periodic fundamental matrix
X(t) and that L(z) is a Lyapunov matrix [2,603]. Hence, by Theorem 2.23 we obtain
the Lyapunov reducibility theorem which implies regularity of the linear systems with
periodic coefficients.

Theorem 2.25 (A. M. Lyapunov, 1892 [2,150]). Linear system (2.7) with peri-
odic C'-matrix A(t) is reducible to a system with constant coefficients.

In general, the constant Floquet factor F and the periodic Lyapunov matrix L(z) of
the real periodic system (2.7) are complex-valued. However, it is always possible to
obtain the real factorizations by considering the matrix ® (¢, 0) over a doubled period
[2,540]:

1
For = 5-Ln@QT.0) Lor() = Lor( +27), LO)=L (229

Existence and construction of real factorizations with 7' -periodic real Lyapunov ma-
trices were discussed in [603] and recently in [427,540,616].



Section 2.4 Linear stability analysis 51

Theorem 2.26 (G. Floquet, 1883 [2, 150]). Linear system (2.7) with periodic
coefficients is Lyapunov stable if and only if all its multipliers p; = pj(® (T, 0))
belong to the closed unit disk |p| < 1 in the complex plane, and the multipliers
lying on the unit circle |p| = 1 are semisimple. For asymptotic stability it is
necessary and sufficient that all the multipliers be located in the interior of the
unit disk |p| < 1.

Indeed, according to the formula (2.28) the condition |pj| < 1 is equivalent to
ReA; < 0. The necessary and sufficient conditions for all the roots of a polynomial
with real (complex) coefficients to be inside the unit circle are given by the Schur—
Cohn (Bilharz) criterion [62,409].

2.4.4 Example. Coupled parametric oscillators

Equations of two coupled parametric oscillators arise in problems of particle transport
and wave propagation in structures rotating in time or space [522]

E\ + 2hE + (a — 26 cos(2Q1))E) = 2kE, sin(2Q21),
Ey + 2hE> + (a + 26 cos(2Q1))Ex = 2kE; sin(2921), (2.30)

where 2 > 0 and the dot stands for time differentjatipn. The equations (2.30) can be
written in the form x = A(¢)x with x = (£, £, &), &) and

0 0 1 0
0 0 0 1
AD =1 i foccos@@r)  2wsin@Qr) 2k 0 (2.31)
2k sin(221) —a — 2k cos(2Q2t) O —=2h

The real matrix A(z) is periodic with the period T = 7/ 2. The Lyapunov trans-
formation (2.23) with the 27 -periodic matrix [325,522, 529]

cos(27) —sin(21) 0 0
_ | sin(R7) cos(K21) 0 0
Lr@=1 " 0 cos(Qr) —sin(Q1) (2.32)
0 0 sin(27)  cos(821)

reduces the original periodic system to (2.24) with the constant matrix B (2.25)

0 Q 1 0
—Q 0 0 1
B= —a + 2k 0 —2h Q ' (2.33)

0 —a—2k —Q =2h
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This implies that the evolution of the first two components of the vector q is governed
by the following system of second-order linear differential equations

1 +2hgy — 294 + (a — 2k — Q¥)gq1 — 2hQg> =0,
Go + 2hén + 29241 + (a + 2k — QP)qr + 2hQ2q; =0, (2.34)

which is nothing else but the gyroscopic system with damping and circulatory forces’

(1.56) corresponding to Smith’s model of a rotating shaft with the external and internal
damping, where the stiffness coefficients are k; = a — 2« and k, = a + 2«, the
coefficient of internal damping is § = 0, and the coefficient of external damping is
v = 2h. When h = 0, equation (2.34) describes the already familiar to us from
Chapter 1, Brouwer’s particle in a rotating vessel [93,94,304], cf. equation (1.1).

When h = 0, k = 0, and a > 0, Brouwer’s particle moves in the cavity rotating
with the angular velocity 2. Then, the monodromy matrix of the (T = 7/ Q2)-periodic
system with the matrix (2.31), is

®(T,0) = Loy (T)e®” = Sdiag (o4, p—, p+.p-) 87", (2.35)
where L,7(¢) and B are given by equations (2.32) and (2.33) and the matrix S is

1 1 0 0
1 1 1 1 1

S=3|iva -iva o o0 (2-36)
iva —ia iJa —iia
By means of equation (2.28), the Floquet multipliers
.w/a .
pr = et = eFiTVa (2.37)
living on the unit circle, yield the Floquet exponents A +
Ay = %(:I:Tﬁ%— 2rm) = £iJa+2iQm, m=*£l1, (2.38)
that are the eigenvalues of the complex Floquet factor
—2iQ 0 1 0
0 2iQ 0 1
F= 2 0 2 o (2.39)
0 —a? 0 2iQ

The monodromy matrix decomposition is thus ®(7',0) = Lz (T)e¥T , where L7 (t) =
ei2tdiag (1=1.1.=1) j5 the complex T-periodic Lyapunov matrix. The Floquet expo-
nents (2.38) differ by +i Q2 from the eigenvalues of the matrix (2.33), evaluated at

7 Conversely, in some cases a suitable Lyapunov transformation can be found that eliminates gyroscopic
or circulatory terms from the linear equations of motion of an autonomous mechanical system, see
e.g. [322,325,437,529].
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k = 0and i = 0, because the Lyapunov matrix L7 (¢) has the same period as the para-
metric excitation (7' = 7/ Q2), whereas L7 (¢) is of the double period, 27/ 2 [522].

Notice that at = ,/a the Floquet multipliers po- = —1, implying existence of
the 27 -periodic solution to equation (2.30) with k = 0 and & = 0 [2,603]. For the
Brouwer particle in a rotating cavity this means oscillations with the frequency €2 in
the nonrotating frame, corresponding to the motion along an inertial circle with the
frequency 22 in the rotating frame, see Figure 1.4 (d).

A number of interesting finite-dimensional time-periodic systems originate in the
field of hydrodynamic stability, in particular, in vortex dynamics, as a result of con-
sideration of linear partial differential equations in the short-wavelength approxima-
tion that represents solutions in the form of a rapid oscillation with slowly varying
amplitude of its envelope [38,45,179,215].

On the other hand, the Floquet representation theorem can be applied to solutions
of the equations describing the wave propagation in spatially-periodic media. Such
solutions, known as the Bloch waves, represent the plane waves modulated in space
coordinates by a function that has the periodicity of the spatial pattern (Bloch function).
Then, the characteristic equation for the Floquet factor determines the Floquet expo-
nents that in the spatially-periodic case are components of the wave vector multiplied
by the imaginary unit [338]. In accordance with equation (2.28), the branches of the
complex logarithm determine what is known as the Brillouin zones for the components
of the wave vector (spatial exponents) that in general depend on the time frequency
(temporal exponent) of the plane wave (dispersion), see e.g. [165,315]. For this reason
the characteristic equation for the Floquet exponents in the spatially-periodic case is
known as the dispersion relation while the dependencies of the time frequencies on
the wave vector are referred to as the dispersion curves® (also known as the energy
bands [315]).

Note that considering the dispersion relation in the limit when the wavelength of
the Bloch waves is large in comparison with the spatial period of the pattern is a stan-
dard way of determination of the macroscopic properties of a periodic on small scales
material. In this limit, the Bloch wave behaves almost as a plane wave that perceives
the periodic medium as a homogeneous substance with its own material properties
which are referred to as effective material parameters [143, 386, 484]. For example,
dielectric tensors of both natural and artificial chiral (optically active) [52] crystals®
can be obtained by this homogenization scheme that is based in fact on the Floquet
representation theorem [482, 533].

With the spatial and temporal exponents considered as spectral parameters, the corresponding eigen-
value problem becomes a multiparameter one [89] (see also [24,63,585]) where the dispersion curves
are treated as the eigencurves [64,319]. Extension of the Floquet approach to partial differential equa-
tions can be found by an interested reader, e.g. in [141,341].

The optics of such homogeneous media will be discussed in Chapter 11 of this book.
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2.5 Algebraic criteria for asymptotic stability

As we have just seen, both real and complex linear autonomous systems naturally orig-
inate in physical and engineering applications, in particular, in the wave propagation
problems, frequently after (sometimes implicit) use of the Lyapunov transformations.
The practical efficacy of the linear stability analysis critically depends on the ability
to judge the location of eigenvalues of real and complex matrices in the given region
of the complex plane directly in terms of the entries of a matrix. Two useful tools —
algebraic criteria and sensitivity analysis — will be discussed briefly in the sequel to
this chapter.

2.5.1 Lyapunov’s matrix equation and stability criterion

Assume that the matrix A of the linear system (2.7) does not depend on time. Consider
a function
V(x) = x! Px, (2.40)

where P = PT > 0 is a real symmetric positive-definite matrix. Then V(x) is a
positive-definite and decrescent function in the sense of Definitions 2.8 and 2.9, be-
cause A(P)||x||? < V(x) < A(P)||x||>, where A(P) > 0 and A(P) > O are, respec-
tively, the minimal and the maximal eigenvalues of P.

According to equation (2.3), the derivative of V' (x) taken along the motion of the
linear system (2.7) is

V(x) =% Px +x/ Px = x_ (ATP + PA)x.
If P satisfies the matrix Lyapunov equation
ATP + PA = —Q, (2.41)

where Q = QT > 0isa symmetric positive-definite matrix, then V(x) is negative
definite. Consequently, V(x) is a Lyapunov function for the linear autonomous system
(2.7) and according to Theorem 2.12, its equilibrium x = 0 is asymptotically stable
[437,470].

Theorem 2.27 (A. M. Lyapunov, 1892 [253,387]). The equilibrium state x = 0
of the linear system (2.7) with the constant matrix A is asymptotically stable if
and only if given any symmetric, positive-definite matrix Q there exists a symmet-
ric, positive definite matrix P which is the unique solution of the set of n(n+1)/2
linear equations (2.41) and V(x) = x! Px is a Lyapunov function for equa-
tion (2.7).
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Indeed, if the eigenvalues of A have negative real parts, then the equation (2.41) has
a unique solution given by the integral [91, 141,345]

P= /Ooo AT1QeA 4t = PT > 0 (2.42)
that is convergent in view of the representation (2.21). By equations (2.20) and (2.7)
x = Ax = AeAU0x (1) = %eA(’_t")x(to)
and thus

o0 o0
AT/ AT 1QeA 4y +/ ATQeA gt A =/
0 0 0

Consequently, P given by the formula (2.42) is a solution to the matrix Lyapunov
equation. If P; and P, are two solutions of equation (2.41), then

* % (eATthAt) - Q.

AT(®P-Py))+ (P —P)A=0

and J
_(eATt(P] _ Pz)eAl) — 0,

dt

implying that eATt (P —Py)e?! = const atall . Since at t = 0 the constant is equal
to P; — P, whereas at t = 400 it vanishes, we conclude that Py = P, and that the

solution (2.42) is unique [142,253].

2.5.2 The Leverrier-Faddeev algorithm and Lewin’s formula

Consider a characteristic polynomial p(A) = det(A — AI) of the matrix A

pA) =AM+ a A"+t an_ih + an. (2.43)
and let AP 4 A 2A AA A
(A—AD)"! = + ! +(A) n-2+ An-1 (2.44)
p

The coefficients a; as well as the matrices Ay are simultaneously determined via the
recurrent formulas of the Leverrier—Faddeev algorithm [36,437]

1
ar = —%tr(AAk_l), ap=1, Ap=1,
Ap=AA; +al, k=1,...,n (2.45)
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Define a partition of a positive integer k as

J
k=ri4ri4trtntotntotritotr =Y s (246)
i=l1

with 7y > ro > ... > r;j > 0. Then, with use of the Leverrier—Faddeev algorithm all
the coefficients of the characteristic polynomial can be expressed explicitly by Lewin’s
formula [377].

Theorem 2.28 (M. Lewin, 1994 [377]). Let A be an n-square (real or complex)
matrix, and let its characteristic polynomial be given by (2.43). Then

ax=3 H = (2.47)

i r Isi!
the summation being taken over all the partitions of k.

Particularly, a; = —trA, a» = [(trA)> —trA?] /2, and a, = (—1)" detA. For
example, in the case of n = 2

p(A) = A2 — ArA + [(trA)* — rA?] /2 = A% — AtrA + det A.

2.5.3 Miiller’s solution to the matrix Lyapunov equation

In general, a solution to the matrix Lyapunov equation (2.41) exists uniquely if and
only if the matrices AT and —A have no common eigenvalues, i.e. [253,437]

Li(A)+AA)£0 Vi, (2.48)

In particular, the condition (2.48) is fulfilled when all eigenvalues of A have negative
real parts. Assuming (2.48), with use of the Leverrier—Faddeev algorithm it is possible
to express the solution to the matrix Lyapunov equation more explicitly in terms of
the elements of the matrices A and Q [437]:

n—1

P =) it Z( AT QAge-. (2.49)

k=0 =0
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The vector ¢ = (cy,¢2,. .., cn)T composed of the coefficients c; of equation (2.49),
is found from the equation

2H'c=e, el =(1,0,...,0), (2.50)

where H is an n x n Hurwitz matrix [236,409] of the polynomial (2.43)

ap 1 0 0 0 0 -+ 0
as an ai 1 0 0 - 0

H=| a @ a a a 0 (2.51)
ap—1 dop—2 A2p—3 dpn—4 A2p—5 dp—6 "°° dp

with ag = 0 for s > n. Introducing the Hurwitz determinants

hy = ay, h2=det(‘” 1), ... h, = detH, (2.52)
az dp

we find by Cramer’s rule that in equation (2.49)

(—DF M4y, (H)
2hy, ’

Chr1 = (2.53)
where My 1(H) is the (k 4 1, 1)-minor of the Hurwitz matrix, i.e. the determinant
of a (n — 1) x (n — 1) matrix obtained by striking out the row k + 1 and the column 1
of H.

Note that the unique solvability condition (2.48) implies 4, # 0 [437]. Below we
will see that in the case when the system (2.7) with the constant matrix A is asymp-
totically stable, the determinant of the Hurwitz matrix does not vanish.

2.5.4 Inertia theorems and observability index

Inertia theorems generalize the Lyapunov stability criterion given by Theorem 2.27
and provide information on eigenvalue distribution of a nonsymmetric matrix A in
the complex plane from the knowledge of the eigenvalue distribution of a symmetric
matrix P related to A via the matrix Lyapunov equation.

Definition 2.29 (A. Ostrowski and H. Schneider, 1962 [142,437]). The inertia of a
matrix A of order n, denoted by InA is the triplet (77 (A), v(A),5(A)) where 7(A),
v(A), and §(A) are, respectively, the number of eigenvalues of A with positive, neg-
ative, and zero real parts, counting multiplicities.

Naturally, 7(A) + v(A) + §(A) = n.
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Theorem 2.30 (A. Ostrowski and H. Schneider, 1962 [142]). A necessary and
sufficient condition that there exists a real matrix R = RT such that

ATR+RA=Q, Q>0 (2.54)

is that §(A) = 0. For a real symmetric solution to equation (2.54), InA = InR.

Hence, v(A) = n if and only if there exists a real symmetric matrix R = —P < 0
satisfying equation (2.54). The matrix A is then referred to as the strictly P-dissipative
[141, 202]. Remembering that the matrix Lyapunov equation has a unique solution
when v(A) = n, we recover Theorem (2.27).

For a pair of n x n matrices (A, Q) we consider the n x n> block matrix

To = <Q,ATQ, N .,(AT)”_1Q>, (2.55)

which is known as the observability matrix [142,600]. The number [ = rankTy is
referred to as the observability index (I < n). Full observability means [ = n.

Theorem 2.31 (H. K. Wimmer, 1974 [142,600]). If a real matrix R = RT >0
is such that
ATR+RA=Q >0,

then v(A) = 0, §(A) = n — I, and = (A) = [. If; additionally, (A, Q) is fully
observable, then §(A) = 0 and In(A) = In(R).

Consequently, if ATP + PA = —Q, Q > 0,and P > 0, then all eigenvalues of A
have a negative real part, if and only if (A, Q) is fully observable [596,600].
2.5.5 Hermite’s criterion via the matrix Lyapunov equation

Consider a companion matrix for the characteristic polynomial (2.43) of the matrix A,
which is given by the Frobenius matrix

0 1 0 - 0
0 0 1 - 0
Ap=| SR B (2.56)
0 0 0 e 1
—dp —dp—1 —dp—2 -+ —a]

One can check, for example, by the Leverrier—Faddeev algorithm (2.45), that
det(A — AI) = det(Afr — AI) = p(A),
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As was noted already by Kalman and Bertram [253], the matrix Lyapunov criterion
written for the matrix (2.56) should recover the criteria for the roots of the characteris-
tic polynomial to have negative real parts in terms of the coefficients of the polynomial.

Following Parks [468,469], let us choose the matrix Q in the Lyapunov equation
(2.41)as adyad: Q = qq”, where

qT =(0,a,-1,0,...,a3,0,a;), n even
qT = (an,0,an—2,...,a3,0,a;), n odd. (2.57)

Then, according to Miiller’s formula (2.49) the solution to the Lyapunov equation is
P= %PH, where Py is Hermite’s matrix [221,437,468]

Andpn—1 0 apdn—3
0 —dpdp—3 + dp—1dn—2 0
Apdp—3 0

0 as

0 —asz+axa O

as 0 aq
(2.58)

Let us demonstrate this for n = 2. According to the Leverrier—Faddeev algorithm
(2.45), for the matrix A g, we obtain

(10 (a1 (00
w=(o1) a=(is) 2=(50)

Using equation (2.53), we find
1 -1
= —, CHr = .
2611 2 2611612

1
Taking into account that Miiller’s formula (2.49) for n = 2 is

P =c1AlQA) + 2 (ATQA, — ATQA, + ATQA),

_ 1 azaq 0
P=3 ()

that also follows from equation (2.58) with n = 2.

finally, we arrive at the solution
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Theorem 2.32 (Ch. Hermite, 1856 [221,437,468]). A necessary and sufficient
condition for the real polynomial (2.43) to have all its roots with negative real
parts is that the Hermite matrix (2.58) is positive definite:

PH>O.

Indeed, the derivative of the function V(x) = x! Pyx along the motion of the
system X = A px is negative semidefinite

V= —quqTx = —2(a;xy, + azxp— + .. .)2 <0.

By Theorem (2.31) we have to check the full observability of the pair consisting of the
matrices A and qq7 > 0. For example, when n = 2 we can explicitly find that the
observability matrix

T T T\ __ 0 0 O —aga%
(aq" ,Arqq’ ) = ( 0a 0 —a
has the rank equal to 2. In general, the pair (A F, qq’) is fully observable [437]. Hence,
Py > 0is equivalent to the localization of all the roots of the real polynomial (2.43)
in the open left half-plane of the complex plane [437,468].

2.5.6 Routh-Hurwitz, Liénard—Chipart, and Bilharz criteria

It was observed in the 1960s that the principal minors of the Hermite matrix P g (given
by equation (2.58)) starting from the bottom right-hand corner are

hi, hihy, hahs, ..., hp_ihy,

where h;, i = 1,...,n, are the Hurwitz determinants (2.52) [490]. Combining this
fact with the Sylvester criterion for Pg to be positive definite that requires positivity
of all principal minors of a symmetric matrix, we recover the Routh—Hurwitz criterion
[437,468,469].

Theorem 2.33 (A. Hurwitz, 1895 [236,470]). A necessary and sufficient condi-
tion for the real polynomial (2.43) to have all its roots with negative real parts is
that the principal minors of the Hurwitz matrix (2.51), i.e. the Hurwitz determi-
nants hy, ha, ..., hy defined by equation (2.52), are all positive.

A polynomial satisfying the Hurwitz criterion is the Hurwitz polynomial [11]. The
following Liénard—Chipart criterion simplifies the Routh—Hurwitz stability test by
reducing the number of Hurwitz determinants in the sequence.
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Theorem 2.34 (A. Liénard and M. H. Chipart, 1914 [11, 409, 437]). The real
polynomial (2.43) is Hurwitz if and only if one of the four following sets of in-
equalities holds:

(1) ap>0, ap—>0, ap—4>0, ..., h; >0, h3>0,
2 ap>0, a,—>0, ap—4>0, ..., hy>0, hy>0,
3 a,>0, ay,—1 >0, ap—3>0, ..., h; >0, h3>0,
4 ap,>0, ay—1 >0, ap—3>0, ..., hy>0, hy>0,

Analogous criteria for the polynomials with complex coefficients were established
independently by the efforts of Bilharz [62] (1944), Frank [173] (1946), Neimark [443]
(1947), and Cotton and Yuan [134] (1948). Below we present the most popular Bilharz
criterion. Other criteria of eigenvalue localization in a given domain of a complex
plane as well as the discussion of the relationships between them and some unified
formulations can be found by an interested reader, e.g. in the books by Marden [409]
and Parks and Hahn [470] as well as in the articles by Barnett [35], Datta [142], and
Henrion et al. [220].

Theorem 2.35 (H. Bilharz, 1944 [62]). Let p(A) = ap+ a1A + -+ ayA" be a
polynomial of degree n with complex coefficients ay = a;c +i a;é. Let D1, Dy, -
be the even-ordered determinants

/ 1
a, —a 0 0

/ 4 4 / / 4
a —da a a a —a
— 0 0 — 1 1 0 0
D =\, 7|, Da= 7 7 D ? o ooos (2.59)
4 / / 4

Then all the zeros of p(A) have negative real parts if and only if all the determi-
nants Dy, are positive: Dy, >0,k =1,...,n.

2.6 Robust Hurwitz stability vs. structural instability

Even if a polynomial is Hurwitz, its roots can become positive if its coefficients deviate
from the nominal values. Consider a real polynomial p(A) = > 7 _, ax Ak, with an un-
certainty in its coefficients: ¢, < ay < a, for every k. If all the polynomials with the
coefficients from the box B :={a: ae R"*t!, a <ag <ax, k=0,...,n}
are Hurwitz, the polynomial p(A) has the property of robust Hurwitz stability [58]. The
following Kharitonov theorem that can be proved with the use of the matrix Lyapunov
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equation [406,407], reduces checking stability of an infinite number of polynomials
from B to the stability test of just four extreme polynomials.

Theorem 2.36 (V.L. Kharitonov, 1978 [265,407]). The polynomials p(1) =

3y A ayA¥ (ay real), in which ay belongs to the interval [ay., a), are Hurwitz

if and only if the following four extreme polynomials are Hurwitz:
pi(A) = anA" + gn—lkn_1 + Qn—zkn_z + C_ln—S/\n_4 + C_ln—4kn_4
P2(A) =@nA" + an— 1 A" 4 4y ) A" TP 4 @y AT+ g AT
P3N =g, A" + @y AT b @ oA 4 @y A g, A
p4()k) Zgn/\n + dn_lkn_l + C_ln—2/\n_2 + gn_3/\n—4 + gn_4/\n—4

+ + + +

Note that in Kharitonov’s theorem it is assumed that the coefficients of the poly-
nomial are independent parameters. How could the domain, where a real polynomial
is Hurwitz, look like in the space of its coefficients? Apparently, the first nontrivial
result was obtained in 1956 by O. Bottema [81].

2.6.1 Multiple eigenvalues: singularities and structural instabilities

Bottema observed that the necessary and sufficient conditions
bibs + b3

b1>0, b2>0, b3>0, b4>0, b2>
b1bs

(2.60)
for the polynomial p (i) = u* + by’ 4+ bapu® + b3 i + bg to be Hurwitz do not change
after transformation of the spectral parameter © = cA, where ¢ = /by, by > 0.
Indeed, denoting

ai =bic™, i=12734, (2.61)
we find that the inequalities (2.60) are equivalent to the conditions
2 2
a1 >0, a3>0, ay> D% g (2.62)
ayas

that are necessary and sufficient for the polynomial
M+ aid’ + ad? +azd + 1 (2.63)

to be Hurwitz. The domain given by the conditions (2.62) was plotted by Bottema in
the (a1, as, as)-space, see Figure 2.1 (a).

Bottema, who studied general linear systems with the 4 x 4 constant real matrix A
[80], realized that the boundary I' of the asymptotic stability domain (2.62) is a ruled
surface generated by straight lines a3 = raj, a, = r + 1/r, where the parameter
r € (0,00). The boundary I has a self-intersection along the ray a; > 0 of the a,-axis.
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Re A

a4

Figure 2.1. (a) A singular boundary I' of the domain of asymptotic stability (2.62) of a real
polynomial of fourth order as it appeared in the original work of Bottema [81], see also [312].
(b) Shown in gray is a tangent cone (2.68) to the domain of asymptotic stability that contains
(black line) the EP-set (2.67). (c) The spectral abscissa (black line) attains its minimal value
of —1 ata; = a3 = 4 and a, = 6 (white dot in panel (b)) when parameters vary along the
EP-set.

Two generators pass through each point of the ray; they coincide at a, = 2 (r = 1),
and for a; — oo their directions tend to those of the a;- and az-axis (r = 0,r = o0).
Remarkably, the point (0,0, 2) is on I', but if one tends to the a;-axis along the line
as = ray the coordinate a; has the limit» +1/7 > 2 but forr = 1, whena, = 2 [81].
The point (0,0, 2) is the Whitney umbrella singularity [17,312] already familiar to us
from the Chapter 1.

In 1971, V.1. Arnold considered parametric families of real matrices and studied
which singularities on the boundary of the asymptotic stability domain in the space
of parameters are not destroyed by a small perturbation of the family, i.e. are generic
singularities. He composed a list of generic singularities in parameter spaces of low
dimension which revealed, in particular, that the Whitney umbrella persists on the
stability boundary of a real matrix of arbitrary dimension if the number of parameters
is not less than three, i.e. the singularity is of a codimension 3 [17]. As we see, in the
case of 4 x 4 real matrices the latter result was in fact explicitly obtained by Bottema
as early as 1956 80, 81].

The singular point (0,0, 2) corresponds to a pair of double roots A = =+i of the
polynomial (2.63) that are double eigenvalues of the corresponding companion matrix
(2.56) with the Jordan block of order 2 [17]. At the ‘handle’ of the Whitney umbrella
formed by the ray a; > 0 of the a;-axis there are two distinct complex-conjugate pairs
of pure imaginary eigenvalues [81] indicating the Lyapunov stability. However, the
threshold of the Lyapunov (or marginal) stability a, = 2 is extremely sensitive to the
coefficients a; and a3 as is seen from equation (2.62). Indeed, the stability threshold
acquires an increment of order O(1) even if the perturbation of these coefficients is of
order £ (where 0 < ¢ < 1) for almost all combinations of a; and a3 but a; = as. The
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minimal threshold of marginal stability a, = 2 at a; = 0 and a3 = 0 corresponding
to the double pure imaginary eigenvalue with the Jordan block is thus structurally
unstable: it does not vary continuously under a small perturbation [81,622].

Therefore, looking for extremal values of a parameter at the threshold of asymptotic
stability (or, rather, instability, which is of interest first of all in physical applications,
e.g. in hydrodynamics) may lead to structurally unstable configurations of parameters
at the singular points of the stability boundary corresponding to multiple eigenvalues
with zero real part. At first glance, nothing is father from the robust Hurwitz stability
than this situation. For this reason, in engineering and control-theoretical applications
a natural desire is to ‘cut the singularities off” by constructing convex inner approxi-
mations to the domain of asymptotic stability [219,220]. Nevertheless, there is a con-
nection between the multiple eigenvalues on the stability boundary and those from the
deep of the domain of asymptotic stability which is visible in the process of minimiza-
tion of the so-called spectral abscissa that is intended to make asymptotic stability of
a linear system more robust.

2.6.2 Multiple eigenvalues: spectral abscissa minimization and robust
stability

The spectral abscissa of a matrix A is the maximal real part of its eigenvalues [580]:
a(A) = ml?X ReAr (A). (2.64)

For a polynomial it is defined via the companion matrix (2.56). Generally, the spec-
tral abscissa is a continuous nonsmooth and nongonvex function [103, 364]. For the

polynomial (2.62) with a; = a3 and a; = 2 + ' the spectral abscissa is shown as a
function of a; in Figure 2.1 (c). The elgenvalues are then
1
Al_xzz———— 76, A3=A4=—‘;—‘+Z,/a%—16. (2.65)

When 0 < a; < 4 (a; > 4), the eigenvalues A1, and A34 are complex (real) and
double with the Jordan block of order 2. Ata; = 4 there is a quadruple real eigenvalue
—1 with the Jordan block of order 4. Indeed, the companion matrix A with a; = 4,
a; = 6, and a3 = 4 has the Jordan form J4(—1), where [176]

0 1 0 0 -1 1 0 0
0 0 1 0 0 -1 1 0

Ar=( o o o 1| D=L o 01 (2.66)
1 —4 —6 —4 0 0 0 —1

The set of exceptional points (or EP-set) where all the roots of the polynomial (2.62)
are multiple, is therefore

2
{(al,a3,a2) c a1y =az, a=2+ 2—1} (2.67)
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As Figure 2.1 (b) demonstrates, when a; > 0, the set (2.67) lies within the tangent
cone [374,375] to the domain of asymptotic stability at the Whitney umbrella singu-
larity (0, 0,2), which is a set of all directions leading from the singular point to the
domain of asymptotic stability:

{(ar,a3,a2) : ay=az, a; >0, ax>0;. (2.68)

Most of the points at the EP-set correspond to double eigenvalues (EP;) but (4,4, 6),
at which the eigenvalue is quadruple (EP,), see Figure 2.1 (b).

The global minimum of the spectral abscissa of the polynomial (2.62) over all
triplets (a1, as,a»), is attained at the EP-set inside the domain of asymptotic stabil-
ity. Indeed, let us look at the movement of eigenvalues in the complex plane at the
given a; and a3z when a; increases from zero, Figure 2.2 (a). When a; = a3 < 4, the
unstable eigenvalues move along the unit circle to the left, cross the imaginary axis at
a; = 2 and merge with another pair of complex eigenvalues at a;, = 2 + a% /4, ie.
at the EP-set. A further increase in a; leads to the splitting of the double eigenvalues.
As a result there originates a pair of eigenvalues moving back to the imaginary axis.
Thus, the spectral abscissa is minimal at the exceptional points (EP,). When a; # a3,
i.e. when the variation of a; happens at a distance from the tangent cone, the 1 : 1 res-
onance is destroyed and the eigenvalues turn back before they reach the location of the
EP,, see Figure 2.2 (a). Therefore, to further minimize the spectral abscissa we have
to move the exceptional points EP; to the left along the unit circle, Figure 2.2 (b). This
can be done by varying parameters along the EP-set (2.67) towards the point (4, 4, 6)

a) b)

N

1Iim A

'
)S)

2 0 3 2 4 0

Figure 2.2. (a) Movement of eigenvalues of the Frobenius matrix of the polynomial (2.62)
when a; increases from O to 6 and (black) a; = a3 = 2, (dark gray) a; = 1.7, a3 = 2, and
(light gray) a; = 2, a3 = 1.7. (b) Movement of double eigenvalues when parameters vary
along the EP-set (2.67) and a; increases from O to 6, showing that the global minimum of the
spectral abscissa corresponds to the coalescence of the two double eigenvalues (EP,) into a
quadruple one A = —1 with the Jordan block of order 4 (EP,).
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shown as a white dot in Figure 2.1 (b). At this point the Frobenius matrix has the Jor-
dan normal form J4(—1), which corresponds to the real eigenvalue A = —1 of the
algebraic multiplicity 4 and geometric multiplicity 1. Thus,

min a(Afr) =—1. (2.69)

ai,ar,as

This value is a global minimum of the spectral abscissa because with the further in-
crease of a; the EPy splits into two exceptional points EP,, one of them inside the unit
circle, Figure 2.2 (c).

Minimization of the spectral abscissa of an n x n matrix frequently ends up at such
nonderogatory matrices, i.e. the matrices, all of whose eigenvalues have geometric
multiplicity one (nonderogatory eigenvalues [17]). In particular, a minimizer could be
a single Jordan block of order 7, as in the above example [101,102,378]. We see that
both the parametric optimization aiming to find extreme values of a parameter at the
threshold of asymptotic stability and the minimization of the spectral abscissa directed
inside the domain of asymptotic stability can lead to the matrices with multiple and
defective eigenvalues (pure imaginary in the former case and complex in the latter).
The EP-set (connecting such optima in our example) also plays a role in itself both in
modern engineering and in non-Hermitian physics owing to the complicated transient
behavior of associated dynamical systems with the parameters in the vicinity of ex-
ceptional points, see for instance [50, 157, 166,246,380,426]. How to find this set in
general?

Interestingly, some modern efficient algorithms of finding the set of defective ma-
trices can be traced back to the question of what is the distance from a Kharitonov
box to a nearest unstable polynomial. In general, the distance to instability for a given
matrix A is d = inf{||A — A’|| : det(A’ — AI) is Hurwitz}. Introducing the -
pseudospectrum of A, denoted A (A), as the set of numbers that are eigenvalues of
some perturbed matrix A + E with ||E|| < ¢ [7,576]

Ac(A) ={A e C:det(A+E—AI) =0 for some |E| < ¢},

we find that d > ¢ if and only if A;(A) lies within the open left half-plane of the com-
plex plane. To maximize the distance to instability, the methods of minimizing the
pseudospectral abscissa @g(A) = sup{ReA : A € A (A)} were developed [103]. Fur-
ther studies in this direction have led to the development of numerical and analytical
methods of finding the distance to the set of defective matrices [7] and computation
of multiple eigenvalues [243]. Curiously enough, the pseudospectral approach was
recently applied to Ziegler’s paradox [622] — a problem that motivated Bottema to
initiate his studies on the geometry of the boundary of asymptotic stability [263].



Chapter 3

Hamiltonian and gyroscopic systems

... for a uniformly travelling periodic water wave
to lose spectral stability, it is necessary that there
be for the linearized problem about it a collision of
eigenvalues of opposite signature or at zero ... the
signature of an eigenvalue ... is negative if ... the
corresponding disturbance moves in the same direc-
tion as the wave but slower, and positive if it moves
faster or in the opposite direction. If the signatures
are the same we predict an avoided crossing; if they
are opposite we predict a bubble of instability.

R.S. MacKay and P. G. Saffman [392]

An attempt to spin a hard-boiled egg always ends up successfully: when spun suffi-
ciently rapidly, its symmetry axis can even rise to the vertical position demonstrating
a gyroscopic stabilization. The mathematical model of this effect is the rotating solid
prolate spheroid known as Jellett’s egg [83,290, 425]. In contrast, trying to spin a
raw egg containing a yolk inside, surrounded by a liquid, will generally lead to its
slow wobbling motion. Remarkably, already in 1877 Kelvin experimentally demon-
strated that a thin-walled and slightly oblate spheroid completely filled with liquid
remains stable if rotated fast enough about a fixed point, which does not happen if the
spheroid is slightly prolate [572]. In 1880 this observation was confirmed theoretically
by Greenhill [205], who found that rotation around the center of gravity of the top in
the form of a weightless ellipsoidal shell completely filled with an ideal and incom-
pressible fluid, is unstable when a < ¢ < 3a, where c is the length of the semiaxis of
the ellipsoid along the axis of rotation and the lengths of the two other semiaxes are
equal to a [549].

Quite similarly, bullets and projectiles fired from barreled weapons can relatively
easily be stabilized by rotation, if they are solid inside. In 1942 when the Second World
War in Russia was in full swing and thus using even chemical weapons did not seem
impossible, researchers at the Steklov Mathematical Institute (then evacuated to the
city of Kazan, far to the east of Moscow) had to resolve a problem of instability of
chemical artillery shells.! These shells, containing a liquid substance inside, had a

' According to Boris Isaakovich Rabinovich (1924-2010) — a Russian aerospace engineer who worked
on dynamics and stability of liquid-fuel rockets and spacecrafts [488], see also [451].
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tendency to turn over despite seeming to revolve fast enough to be gyroscopically
stabilized [512].

In the 1940s, the investigation of the stability of a rotating container filled with
a viscous fluid was considered extremely complicated. In order to save time, M. A.
Lavrent’ev? proposed a simplified model in the form of a solid with a spherical cavity
in which another solid, spherical in shape, is enclosed. The inner sphere was assumed
to be separated from the cavity walls by a lubricating film. It turned out that this model
of a rotating solid containing a spherical damper inside possessed certain mechanical
properties of a solid with a cavity containing a viscous fluid and thus enabled to quickly
obtain useful practical recommendations for mass distribution inside the shell: stable
steady rotation of a free solid with a damper is possible only about the axis of the
maximal principal moment of inertia of the system? [126,488].

3.1 Sobolev’s top and an indefinite metric

Motivated by the same artillery application, in 1942 S.L. Sobolev, then director of
the Steklov Institute, considered stability of a rotating heavy top with a cavity entirely
filled with an ideal incompressible fluid [21,536] — a problem that is directly connected
to the classical XIXth century models of astronomical bodies with a crust surrounding
a molten core* [388].

For simplicity, the solid shell of the top and the domain V' occupied by the cavity
inside it can be assumed to have a shape of a solid of revolution. They have a common
symmetry axis where the fixed point of the top is located. The velocity profile of the
stationary unperturbed motion of the fluid is that of a solid body rotating with the same
angular velocity €2 as the shell around the symmetry axis [536, 606].

Following Sobolev [536], we denote by M the mass of the shell, M, the mass of
the fluid, p and p the density and the pressure of the fluid, g the gravity acceleration,
and /; and [/, the distances from the fixed point to the centers of mass of the shell
and the fluid, respectively. The moments of inertia of the shell and the ‘frozen’ fluid
with respect to the symmetry axis are C; and C, respectively; A (A;) stands for the
moment of inertia of the shell (fluid) with respect to any axis that is orthogonal to the
symmetry axis and passes through the fixed point. Let, additionally,

K
L=Ci+Cy—A —A,— —

o K =g(liM + L M>). (3.1

Mikhail Alekseevich Lavrent’ev (1900-1980) — a Soviet mathematician and hydrodynamicist, one of
the founders of the Moscow Institute of Physics and Technology.

It is instructive that the same conclusion applies to the stabilization of spinning satellites that cannot
rotate stably along the axis of the minimum moment of inertia because of the energy dissipation via
small deformations of the satellite [86, 139,333].

Precession of a rotating planet can stimulate the magnetohydrodynamics dynamo action via the
whirling motions of an electrically conducting and viscous melt and thus be a cause of planetary mag-
netism [401] — a hypothesis that is going to be tested in the laboratory DRESDYN experiment [544].
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The solenoidal (divv = 0) velocity field v of the fluid is assumed to satisfy the no-flow
condition on the boundary of the cavity: v, |5, = 0.

Stability of the stationary rotation of the top around its vertically oriented symmetry
axis is determined by the system of linear equations derived by Sobolev in the frame
(x, y,z) that has its origin at the fixed point of the top and rotates with respect to an
inertial frame around the vertical z-axis with the angular velocity of the unperturbed
top, 2. If the real and imaginary part of the complex number Z describe the deviation
of the unit vector of the symmetry axis of the top in the coordinates x, y, and z, then
these equations are [536,606]:

dz
dw 9 )
(A1 4+pk) L —iQLZ + i Q(C1—2A4,4+pE)W + ip/ v X, X ay,
dt v dy ax
dvx =2Quy — p 10y p + 2iQ2W iy,
dpvy = —2Quy — p 10y p — 21 QWL T,
dv, =—p lo,p, (3.2)

where 2k% = [}, [Vx|?dV,E =i [;, (0x0yx — dyx0xx) dV, and the function y is
determined by the conditions

V2y =0, Onxlgy = z(cosnx +icosny) — (x +iy)cosnz, (3.3)

with n the absolute value of a vector n, normal to the boundary of the cavity.
Sobolev realized that some qualitative conclusions on the stability of the top can be
drawn with the use of the bilinear form
P

O(R\,Ry) = LQZ\Z> + (A + pk>)W\ W, + P szTvldV (3.4)

on the elements R; and R; of the space {R} = {Z,W,v}. The linear operator B
defined by equations (3.2) that can be written as ‘2—15 = i BR has all its eigenvalues real
when L > 0, which yields Lyapunov stability of the top [320, 536]. The number of
pairs of complex-conjugate eigenvalues of B (counting multiplicities) does not exceed
the number of negative squares of the quadratic form Q (R, R), which can be equal
only to one when L < 0. Hence, for L < 0 an unstable solution R = et*of Ry can
exist with ImAy < 0; all real eigenvalues are simple except for maybe one [320,536].

In the particular case when the cavity is an ellipsoid of rotation with the semiaxes
a, a, and c, the space of the velocity fields of the fluid can be decomposed into a
direct sum of subspaces, one of which is finite-dimensional. Only the movements from
this subspace interact with the movements of the rigid shell, which yields a finite-
dimensional system of ordinary differential equations that describes coupling between
the shell and the fluid [320, 536].
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Calculating the moments of inertia of the fluid in the ellipsoidal container

8 47p
C, = 1L5'0a4c Ay = lzzMz + Fa c(a +c )
denoting m = +a , and assuming the field v = (vy, vy, v2)T in the form
vy = (z —h)a*m§, vy = —i(z —b)a’m§, v, = —(x —iy)c’mé,

one can eliminate the pressure in equations (3.2) and obtain the reduced model
dx

T iQAT'Cx = iQBx, (3.3)

where x = (Z, W, )T e C3 and [536]

1 0 0
4rp 5 (c*—a?)?
A=]| 0 A\+I’!M ate——— 2 ,
R AT 15 c?2 +a?
0 0 2 +a?
0 1 0
8 8
C=| 1L C1—2A1—212M2—L/Oa2c3m2 2P A2 | (3.6)
2 15 15
0 -2 —242

The matrix B # B7 in equation (3.5) after multiplication by a symmetric matrix

L 0 0
FTp e (C 2)2
0 0 42 43 (C2 _ a2)2

15 c? + a?

——T
yields a Hermitian matrix GB = (GB) , i.e. B is a self-adjoint operator in the space
C3 endowed with the metric

[u,u] := (Gu,u) = a/ Gu, ueC?, (3.8)

which is definite when L > 0 and indefinite with one negative square when L < 0.
If A is an eigenv&e of the_matrix B, if. Bu = Au, then @/ GBu = Au! Gu. On the
other hand, ©/ (GB)Tu = 21/ Gu = A u/ Gu. Hence,

A=-ulGu=0
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implying i/ Gu = O on the eigenvector u of the complex A # A. For real eigenvalues
A = A and @/ Gu # 0. The sign of the quantity @/ Gu can be different for different
real eigenvalues.

For example, when the ellipsoidal shell is massless and the supporting point is at
the center of mass of the system, then A, = 0, C; = 0, M} = 0, [, = 0. The matrix B

thus has one real eigenvalue (A = —1, ﬁ{FTGul+ > 0) and the pair of eigenvalues
1 1 32mp ca* 4mp

A=+ = _ = ——a’c(a® - c?), 3.9

) A T 5@ =) G

which are real if L > 0 and can be complex if L < 0. The latter condition together with
the requirement that the radicand in equation (3.9) is negative, reproduces Greenhill’s
instability zone: a < ¢ < 3a [205, 388, 536]. With the change of c, the real eigen-
value A3 with @y TGuzf > 0 collides at ¢ = 3a with the real eigenvalue A5 with
u; TGuZ_ < 0 into a real double defective eigenvalue A; with the algebraic multi-
plicity two and geometric multiplicity one, see Figure 3.1. Note that a; Guy =0,
where uy is the eigenvector at 4.

Therefore, in the case of the ellipsoidal shapes of the shell and the cavity, the Hilbert
space {R} = {Z, W, v} of the Sobolev problem endowed with the indefinite metric
(L < 0) decomposes into the three-dimensional space of the reduced model (3.5),
where the self-adjoint operator B can have complex eigenvalues and real defective
eigenvalues, and a complementary infinite-dimensional space, which is free of these
complications. The very idea that the signature of the indefinite metric can serve for
counting unstable eigenvalues of an operator that is self-adjoint in a functional space

a) b)
0 1
Re L ImA
-02 T
Ao
-04
Ay 0
-06
08 %
C C
-1 3 4 -1 3 4

Figure 3.1. (a) Simple real eigenvalues (3.9) of Sobolev’s top in the Greenhill case fora = 1
with (light gray) @/ Gu > 0 and (dark gray) @’ Gu < 0. (b) At simple complex-conjugate
eigenvalues (black) and at the double real eigenvalue A; we have a/ Gu = 0.
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equipped with such a metric, see e.g. [129], turned out to be a concept of rather uni-
versal character possessing powerful generalizations that were initiated by Pontryagin
in 1944 [483].

3.2 Elements of Pontryagin and Krein space theory

Let # be a Hilbert space, i.e. an infinite-dimensional linear space (or lineal) over
C, which is complete with respect to a norm || - || = m, where (-, -) is an inner
product. Two elements x and y of J¢ are orthogonal if (x, y) = 0. Recall that two
subspaces # and H#, of H are orthogonal if each element of #; is orthogonal to
every element of ;. If #» is a collection of all elements of J that are orthogonal to
H1, then K = H| @ H,, i.e. the whole Hilbert space is split into a subspace #; and
its orthogonal complement #. If J, is of finite dimension k > 1, then # is said to
be of codimension k, see e.g. [320].

A linear mapping A : H +— K is called a linear operator. The linear operator A
is bounded if there exists a constant ¢ such that ||Ax| < c|x]| for all x € H#. An
operator AT that is adjoint to A is defined by the equality

(Ax,y) = (x,ATy), x,y e X, (3.10)

where (Ax, y) is the bilinear form of A ((Ax, x) is then a quadratic form of A).
If the bounded operator A coincides with its adjoint, i.e. A = AT, implying

(Ax,y) = (x,Ay), x,y € H,

then A is called self-adjoint in the Hilbert space #. An orthogonal projector Py from
H = J ® J; onto Hg, s = 1,2, is a self-adjoint operator with || Ps|| = 1 that
transforms every element x € # to y = Pgx € J  and has the property (Ps)? = Ps.
A quadratic form of a self-adjoint operator A is a real-valued functional. Hence, if
(Ax,x) = 0 for every x € #, then A is called nonnegative (A > 0); it is positive
(A > 0)if (Ax, x) > 0 for any x # 0 from # [320,442].

Definition 3.1 (A. A. Shkalikov, 2004 [526]). The Hilbert space # is said to be en-
dowed with a fundamental symmetry (indefinite metric) if a quadratic form [x, x] =
(G x, x) is introduced in ', where G is a bounded and invertible self-adjoint operator
in J with the bounded inverse.

Without loss of generality one can consider that the metric is generated by the oper-
ator / = Py — P_, where P are orthogonal projectors in # suchthat Py +P_ =1,
where [ is the identity. J = J = J~ ' with J2 = I. There is a decomposition of H#
into an orthogonal sum # = J4 @ J_, such that

[x,y] = (P+x, Py+y) — (P—x, P—y).
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Suppose that dim#_— = k < oo. Hence, P— is a k-dimensional orthogonal projection
and dim 1 = oo [526]. In the Sobolev problem (3.2), k = 1.

Definition 3.2 (L.S. Pontryagin, 1944 [129, 483]). The Hilbert space # endowed
with the indefinite inner product [-,-] = (J-,-) is called a Pontryagin space with the
rank of negativity k < oo and is denoted by I, = {J, J }.

If both the operators P+ and P_ are infinite dimensional, then the space # equipped
with the indefinite inner product is referred to as the Krein space and is denoted as
K ={H,J}[526].

The elements x and y of J are called J -orthogonal, if [x, y] = 0. Every element x
from J is either positive ([x, x] > 0), or negative ([x, x] < 0), or neutral ([x, x] = 0).
If for all elements x # O of a linear subset (subspace) L € J# we have [x, x] > 0, then
it is called a positive lineal (subspace) [2,320]. The lineal (subspace) is nonnegative
if [x, x] > 0, and neutral if [x, x] = 0. A nonnegative (nonpositive) subspace is called
maximal if it does not lie within a larger nonnegative (nonpositive) subspace. Every
nonnegative (nonpositive) subspace can be extended to a maximal subspace [320].

The operator AT is J-adjoint to the linear operator A if

[Ax,y] = [x, AT y].

The operator AT and the operator AT defined in (3.10) are related as AT = JATJ.
An operator A is called J-self-adjoint or a self-adjoint operator in a space with the
indefinite metric if [320]

JA)T = JA. (3.11)

A set p(A) of all points A of the complex plane at which there exists a bounded
inverse operator (4 — A1)™! is referred to as the resolvent set of A [320,442]. The
spectrum o(A) = C \ p(A) of a J-self-adjoint operator A is symmetric with respect
to the real axis in the complex plane. If A is a J-self-adjoint nonnegative operator
(JA > 0), i.e. an operator with the property [Ax, x] = (JAx,x) > 0, then 6 (A) C R
and, moreover, there exist two maximal J-orthogonal subspaces L4 and L_, which
are invariant relatively to the operator A, such that [320]

o(A|Ly+) C [0,00), 0o(A|L-) C (—o0,0]. (3.12)

A nonzero element x € J is called a root element corresponding to an eigenvalue
Ao € C of an operator A acting on x € H, if (A — Aol)"x = 0 for some n € N. If
x = xp and n = 1, then x is an eigenelement of the operator A at the eigenvalue Ag.
If x = Xy, is such that (A —Aol)"x # Oforn < mand (A —Agl)"x = 0forn > m,
then x,, is an m-th associated element to the eigenelement x,. The (finite or infinite)
sequence Xxg, X1, . . ., Xm, - . . is @ Jordan chain at the eigenelement x¢. The linear hull
of all eigen- and associated elements of A corresponding to the same eigenvalue Ag
forms the root lineal L) (A). Its dimension is called the algebraic multiplicity of the
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eigenvalue Ao. If the algebraic multiplicity is finite, the root lineal L) (A) is a root
subspace corresponding to Ag [320].

The set of all eigenvalues of the operator A forms its point spectrum, o,(A) C o (A).
If a pair {A, u} belongs to a point spectrum of A and A # 1t then the root lineals Ly (A)
and L, (A) are J-orthogonal. In particular, if A # A, then L; is a neutral lineal, i.e.
[x,x] =O0forall x € L) (x # 0) [320].

In the Pontryagin space IT; all nonpositive lineals L_ have dim L_ < k and thus
are subspaces. All k-dimensional nonpositive subspaces are maximal nonpositive and
vice versa. A J-self-adjoint operator A acting on Iy has at least one eigenvalue,
and the entire spectrum of the operator A = A™ lies on the real axis, except for no
more than k pairs of nonreal eigenvalues (counting multiplicities) which are located
symmetrically relatively to the real axis [320]. Let the nonreal spectrum of 4 be a
union of two disjoint parts A and A, which are symmetric with respect to the real
axis: opon(A) = A UA.

Theorem 3.3 (L.S. Pontryagin, 1944 [129, 320, 483, 526]). For every J -self-
adjoint operator A on I}, there exist the maximal nonnegative and nonpositive
subspaces Ly and L_, which are invariant for A and, in addition, satisfy the
spectral conditions

Onon(A|Ly) = A, Onon(A|L-) = A. (3.13)

The subspace Ly can be chosen in such a way that the linear hull L (A) C
L+ of all the root lineals corresponding to eigenvalues with ImA > 0 has the
dimension dim L A (A) < k. A similar assertion is true for the root lineal L (A),
corresponding to eigenvalues A with ImA < 0.

Thus, complex eigenvalues (e.g. destabilizing Sobolev’s top) of a J-self-adjoint
operator are concentrated in a finite-dimensional part of IT;. As we will see in the
following, an important role in stability questions is played by self-adjoint operators
acting even in finite-dimensional spaces with indefinite metric.

3.3 Canonical and Hamiltonian equations

Following [603], we consider a complex vector space C” with the inner product
(x,y) = ¥! x. Define an indefinite inner product in C” as

[x,y] = (Gx,y) = ¥ Gx, (3.14)
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where G = ET (det G # 0) is an arbitrary (neither positive nor negative definite)
Hermitian n x n matrix. Hence, [x, x] is real but in contrast to (x, x) it can be positive,
negative, or zero for x # 0 [603].

The matrix A+ with the property

[Ax,y] = [x,ATy] (3.15)
is said to be G-adjoint to A. From equation (3.15) it follows that
At =GR G. (3.16)
A differential equation Iz
i_lGE = Hz, (3.17)

where H is Hermitian, is called a Hamiltonian equation. The matrix A = iGT'H
yields

[Ax,y] = —[x, Ay], (3.18)
ie. AT = —A, and is called the G-Hamiltonian matrix [603]. In terms of the G-
Hamiltonian matrix A, the Hamiltonian system (3.17) takes the form
dz
— = Az. 3.19
I z (3.19)
Since A = —G_IXTG, the matrices —KT and A have the same spectrum. Con-

sequently, if A is an eigenvalue of A, then so is —A. Hence, the spectrum of a G-
Hamiltonian matrix is symmetric about the imaginary axis. The eigenvalue A lies on
the imaginary axis if and only if A = —A [603].

Let I be the unit k& x k-matrix and

_ (0 =T\ _ 1
J—(I 0)_ J, (3.20)

the canonical symplectic matrix [89]. The n x n matrix G = iJ, where n = 2k, is

Hermitian: G = /37 = —i(=J) =iJ = G. With G = iJ and H = HT real, the
Hamiltonian equation (3.17) reduces to

J—=H 3.21
7 X (3.21)

that is referred to as the canonical equation, whereas the indefinite inner product takes
the form [431,603].
xyl =7 ()x =iy’ Ix. (3.22)

The canonical Hamiltonian linear equations (3.21) describe motion of a system with
k degrees of freedom

dxg oH dXpts _BH

At gy, di axy’

s=1,...,k, (3.23)
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where x; are generalized coordinates and xy ¢ are generalized momenta. The quad-
ratic form H = %(Hx, x), where xI = (x1, ..., x2x), is referred to as a Hamiltonian
function. The real symmetric 2k x 2k-matrix H of the quadratic form H is called the
Hamiltonian [394, 603].

Seeking for the solution to equation (3.21) in the form x = uexp(At), we find

Hu = AJu. (3.24)

From equation (3.22) and equation (3.24) it follows that if A is a pure imaginary eigen-
value with the eigenvector u of the (i J)-Hamiltonian matrix J~'H, then

(Hu,u) = ImA [u, u]. (3.25)

Since J and H are real matrices and the eigenvalues of a (i J)-Hamiltonian matrix
are symmetric with respect to the imaginary axis, the spectrum of the matrix J~'H is
symmetric with respect to both real and imaginary axes of the complex plane.

Theorem 3.4 (J. H. Maddocks, 1998 [394]). Let A be an eigenvalue of the eigen-
value problem (3.24). Then so is its complex conjugate, A, and —). Hence, for
a canonical Hamiltonian linear equation (3.21) the eigenvalues come in singlets
{0}, doublets {\,—A} with A € R or A € iR, or quadruplets {A,—X, A, —A}. The
algebraic multiplicity of the eigenvalue A = 0 is even.

Consequently, the equilibrium x = 0 of the system (3.21) is Lyapunov stable, if
and only if the eigenvalues A of the eigenvalue problem (3.24) are pure imaginary and
semisimple [603].

3.3.1 Krein signature of eigenvalues

Let A (ReA = 0) be a simple pure imaginary eigenvalue of a G-Hamiltonian matrix
A and u be a corresponding eigenvector:

Au = Au. (3.26)

Definition 3.5 (V. A. Yakubovich and V. M. Starzhinskii, 1975 [89,603]). A simple
pure imaginary eigenvalue A = iw with the eigenvector u is said to have positive
Krein signature if [u,u] > 0 and negative Krein signature if [u,u] < 0.

Let, further, A (ReA = 0) be a multiple pure imaginary eigenvalue of a G-Hamil-
tonian matrix A, and let L, be the eigensubspace of A belonging to the eigenvalue
A, i.e. the set of all u € C” satisfying equation (3.26). If [u,u] > 0 for any u €
L) (u # 0), then A is a multiple eigenvalue with positive Krein signature and the
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eigensubspace L is positive definite; if [u,u] < 0, A is a multiple eigenvalue with
negative Krein signature and the eigensubspace L) is negative definite. In such cases
the multiple eigenvalue is said to have definite Krein signature. If there exists a vector
u € L) (u # 0) such that [u, u] = 0, the multiple pure imaginary eigenvalue A is said
to have mixed Krein signature [390,603].

Note that in the case when a multiple pure imaginary eigenvalue A of A has geomet-
ric multiplicity that is less than its algebraic multiplicity, then there is an eigenvector
ug at Ao such that [ug, ug] = 0, i.e. Ao has mixed Krein signature. Indeed, there exists
at least one associated vector u;: Au; = Agu; + ug, where Aug = Aguyg. Taking into
account the property (3.18), we obtain

_2 —
[Aug, Auj] = — [w, A%u; | = —X4[uo, wi] — 220[uo, uo]
= XoAo [wo, wi] + Ao [uo, uo], (3.27)

which yields
[wo, ug] = 0 (3.28)

since Ag = —A¢ [603]. On the other hand, if A # —Xo then [ug,up] = O for any
eigenvector ug at Ao, which follows from the identity

_ =2
[Aug, Aug] = AoAg [ug, o] = — [ug, A%ug] = g [uo, ug] .
Therefore, a multiple pure imaginary eigenvalue can have definite Krein signature
only if it is semisimple [525].
3.3.2 Krein collision or linear Hamiltonian—Hopf bifurcation

Let in the eigenvalue problem (3.24) the matrix H smoothly depend on a vector of real
parameters p € R™: H = H(p). Let at p = pg the matrix Hy = H(po) have a double
pure imaginary eigenvalue A = iwg (wg > 0) with the Jordan chain consisting of the
eigenvector uy and the associated vector u;. Hence,

Houg = iwgJuy, Hou; = iwgJu; + Jug. (3.29)
Transposing equations (3.29) and applying the complex conjugation yields
W Hy = iwoul J, al Hy = iwpul J—ulJ. (3.30)
As a consequence, @7 Jug 4+ 0} Ju; = 0, i.e.
[uo, w] = —[uy, ug). (3.31)

Varying the vector of parameters along the curve p = p(e) (p(0) = po) and
applying the perturbation formulas for double eigenvalues that can be found e.g. in
[288,395], we obtain

Ae =iwptime+0(E"?), ur =uEiou e+ o(e?) (3.32)
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=T

[fTH

o = |2 s, (3.33)
u; Jug

=, OH dp;
= dps de

under the assumption

where

H, = (3.34)

e=0
When € > 0, the double eigenvalue i wg splits into two pure imaginary ones accord-
ing to the formulas (3.32). Calculating the indefinite inner product for the perturbed
eigenvectors uy by equation (3.22) and taking into account the conditions (3.28) and
(3.31), we find
[ut,ui] = 22007 Jug/z + o('/?), (3.35)

i.e. the simple pure imaginary eigenvalues Ay and A_ have opposite Krein signa-
tures. When ¢ decreases from positive values to negative ones, the pure imaginary
eigenvalues of opposite Krein signatures merge at ¢ = 0 to the double pure imag-
inary eigenvalue i@ with the Jordan chain of length 2 that further splits® into two
complex eigenvalues, one of them with the positive real part. When wy # 0, this
process is known as the linear Hamiltonian—Hopf bifurcation [354,579], the onset of
flutter [239], nonsemisimple 1 : 1 resonance [146] or the Krein collision [133,430],
see e.g. Figure 3.1 for an illustration. When wp = 0, a pair of pure imaginary eigen-
values of opposite Krein signatures colliding at zero and splitting then into a pair of
real eigenvalues of different sign means the onset of the nonoscillatory instability or
divergence [239] known also as the linear steady-state bifurcation [146].

3.3.3 MacKay'’s cones, veering, and instability bubbles

The eigensubspace Lj of a semisimple r-fold eigenvalue A (ReA = 0) is positive
(negative) definite if and only if its Gram matrix, I, relative to a basis of eigenvectors

uy, ..., U is positive (negative) definite [603], where
[wi,wy] --- [ug,uy]
r=| : . . |=7. (3.36)
[wp,w] -+ [up,uy]

Hence, the eigenvalues of the matrix IT' are real. If all of them are positive (negative),
the semisimple eigenvalue A of the eigenvalue problem (3.24) has definite Krein sig-
nature. If I' has eigenvalues of different sign, A has mixed Krein signature [390,603].

Let r = 2, and the matrix H = H(p(¢e)) be such that at ¢ = 0 the matrix Hy =
H(po) = H(p(0)) has a double pure imaginary semisimple eigenvalue 1o = i @ with

5 Generically. In the presence of additional symmetries the splitting may not happen and the eigenvalues
can pass through each other remaining on the imaginary axis, see [146] for the general results on
eigenvalue movement in equivariant Hamiltonian systems.
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the two linearly independent eigenvectors u; and u,. Then, eigenvalues and eigenvec-
tors of the matrix H = H(p(g)) at small € are [155]

A=iwy+iwe+o(e), u=apu + ayu +o(l).

The coefficients a; and a, are determined from the eigenvalue problem Fla=wT Ta,
where a = (a1, az)T. The coefficient w; is a root of the equation [592]

det(F —woiT') = a)12 detT' — w; (ttTtrF — trT'F) + detF = 0, (3.37)

with the Hermitian matrices

_ ( [ur, wi] [ug,u] ) F=(F;) = (ﬁlTHlul o Hyuy ) (3.38)

[w,u;] [up,uy] ﬁlTH1u2 ﬁ2TH1u2

and the real symmetric matrix H; defined in equation (3.34):

trT'trF — tT'F £+ \/(trl’ trF — trT'F)2 — 4 det T detF
2detT '

w] =

The eigenvectors u; and up can be orthonormalized such that [u;,u;] = «,
[up, wy] = B, [ug, wp] = 0, [uz,u;] = 0, where o, 8 = 1 [603]. Then,

F Fi + F>y — BF1)? + 4 Fiy|?
o) = aF» + BF £ /(o 222ﬂ BF11)? + 4af|Fi2 (3.39)
o

and w; is real when aff > 0 (definite Krein signature) and complex when o < 0
(mixed Krein signature). Introducing the real m-vectors f;; and 5> and the complex
m-vector fj, with the components

oH r 0H r 0H
—T
fii =1 8_psul’ fon = uz 3 suz’ fih = “2 3 Sul

where the derivatives are evaluated at p = po, and denoting Ap = p(g) — po we
rewrite the expression (3.39) as

A= zw0+ (ee{f11, Ap)+B (2, Ap)) (3.40)

* %\/(“(fll, Ap)—B(fn, Ap))” +4aB ({Refiz, Ap)2+(Imfi2, Ap)2)+o(|| Ap]|)

with (f,p) = f7p. We see that when the double semisimple eigenvalue i g of the
canonical Hamiltonian linear system (3.21) has definite Krein signature (¢ > 0), it
splits into two pure imaginary eigenvalues (3.40) under a generic variation of param-
eters. Moreover, the vanishing radicand in equation (3.40) yields three nonsplitting
conditions for i wy. Hence, this spectral degeneracy is a codimension 3 phenomenon
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[97,146,186] in a family of canonical Hamiltonian linear systems (3.21) and its unfold-
ing is described by the three-dimensional hypercone in the (£, 1, ¢, ImA)-space [390]:

K\? : 2 2
(Imk—wo—§> =t (3.41)

The meaning of the parameters k, &, 1, and ¢ easily follows from equation (3.40).
Almost every slice of MacKay’s eigenvalue cone (3.41) by a two-dimensional plane
parallel to the ImA-axis yields a pair of hyperbolic eigencurves that do not intersect,
demonstrating veering or avoided crossing [370, 389, 476, 583]. Therefore, perturba-
tion of a double semisimple pure imaginary eigenvalue with the definite Krein signa-
ture under a real symmetric variation of the Hamiltonian H keeps the eigenvalues on
the imaginary axis of the complex plane and cannot be a reason for instability [603].
This is not the case when the Krein signature is mixed (¢ < 0).

If the semisimple eigenvalue i@y has mixed Krein signature (¢ < 0), then its
unfolding can be accompanied by the origination of complex eigenvalues (oscillatory
instability or flutter) provided that £2 < 4(n*> + ¢?), i.e. when the parameters are
inside the conical flutter domain in the (&, n, ¢)-space [186]. The complex eigenvalues
have ImA = wy + %. Their real parts belong to the hypersurface in the (£, 7, {,Rel)-
space [390]: )

(Red)? = —% +n* + &% (3.42)

Many cross-sections of the eigenvalue hypersurface (3.42) by the two-dimensional
planes that are parallel to the ReA-axis are eigencurves of elliptical shape well known
as instability bubbles [390,392]. The reader has already seen two-dimensional® ver-
sions of MacKay’s eigenvalue surfaces (3.41) and (3.42) in Figure 1.7 (b) and Fig-
ure 1.7 (c), respectively.

3.3.4 Instability degree and count of eigenvalues

Let A, ReA = 0, be an r-fold eigenvalue of a G-Hamiltonian matrix A and the Gram
matrix I' of the corresponding root subspace have r; positive and r, negative eigen-
values r| +ry = r. Whenr; = Oand r, = r or when r; = r and r, = 0, the
r-fold eigenvalue A has definite Krein signature. When r; # 0 and rp # 0, the r-fold
eigenvalue A has mixed Krein signature. One can interpret this as a collision at A of
r eigenvalues with positive Krein signature and r, eigenvalues with negative Krein
signature. Then [603], the number of pure imaginary eigenvalues with such under-
stood positive (negative) Krein signature plus the number of eigenvalues in the open
left (right) half-plane of the complex plane of any G-Hamiltonian matrix A = iG™'H
is equal to the number p (g) of positive (negative) eigenvalues, respectively, of the
nonsingular Hermitian # x n matrix G in the indefinite inner product (3.14), provided
that p + g = n.

6 Because of the additional rotational symmetry of the corresponding problem [146, 147].
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In particular, if G = iJ, where J is the 2k x 2k matrix (3.20), then the number
of eigenvalues (counting multiplicities) of the matrix J~™'H in the open left (right)
half-plane of the complex plane plus the number of pure imaginary eigenvalues with
positive (negative) Krein signature, is k [603].

Theorem 3.6 (V.A. Yakubovich and V.M. Starzhinskii, 1975 [603]). The
canonical equation (3.21) with a positive definite real Hamiltonian H = HT > 0
is Lyapunov stable and the (iJ)-Hamiltonian matrix A = J~'H has only

semisimple pure imaginary nonzero eigenvalues. Let *iwi,...,Xiw; be the
eigenvalues of the matrix J~VH, with the sign so chosen that wj > 0. Then, iw,
..., Loy are the eigenvalues with positive Krein signature and —iwy, . .., —i 0

are those with negative one.

Indeed, from the stability of the trivial solution of the system (3.21) it follows that
all the eigenvalues of the matrix J~'H are pure imaginary and semisimple. If u ;i is an
eigenvector of a simple eigenvalue A; = iw; (w;j > 0) such that J”'Hu; = iwjuj,
then, according to equation (3.25) we have [u;,u;] = a)j_l(Huj,uj) > 0,ie A; =
iwj is an eigenvalue with positive Krein signature.

fiwy = ... =iw, = iw (w > 0) is a semisimple eigenvalue of multiplicity
r < n, then the Gram matrix of the corresponding eigensubspace

[up, ] -+ [up,u] . (Huj,u;) --- (Hup,uy)
r=| =2
o] e fl )\ Huaw) o (Hupow)

is positive definite since H > O and w > 0. Therefore the r-fold semisimple eigenvalue
A = iw has positive Krein signature [603].

Note that Theorem 3.6 exactly describes the distribution of the eigenvalues with
positive and negative Krein signature of the Jeffcott rotor when its angular velocity is
in the subcritical speed range, see Section 1.2.1 and in particular equation (1.24).

Note that when the Hamiltonian H = H”T > 0 is perturbed as H + AH with
(AH) = (AH)T > 0, then a simple eigenvalue i gets an increment iw + i Aw,
where according to equations (3.37) and (3.38)

_ (AHu,u)  (AHu,u)

o [wu] ¢ (Hu,u)
Therefore, with the increase of the Hamiltonian the positive pure imaginary eigenval-
ues i w increase while their complex conjugates —i w decrease or, equivalently, accord-
ing to Theorem 3.6 the eigenvalues with the positive Krein signature increase while

those with the negative Krein signature decrease. This statement goes back to the result
of Rayleigh from 1894 [613].

Aw (3.43)
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Definition 3.7 (V. V. Kozlov and A. A. Karapetyan, 2005 [330]). The instability de-
gree u of the canonical system (3.21) is the number of roots (counting multiplicities)
of the characteristic equation of A = J~'H in the open right half-plane of the com-
plex plane; the number of positive pure imaginary roots (counting multiplicities) is the
stability degree s.

The following theorem, going back to the works of Kelvin and Tait [573] and
Chetaev [127], establishes a relation of the instability degree with the number of neg-
ative eigenvalues of the Hamiltonian H.

Theorem 3.8 (V. V. Kozlov and A. A. Karapetyan, 2005 [330,525,613]). Let in
equation (3.21) the matrix H be nondegenerate and w(H) and v(H) denote the
number of positive and negative eigenvalues of H, respectively. Then,

(@) u=v(H) mod?2;
(b)  |x(H) —v(H)| < 2s.

According to Theorems 3.6 and 3.8, for a nondegenerate equilibrium x = 0 of the
Hamiltonian system (3.21) with H > 0, the instability degree is u = 0, the eigenvalues
are pure imaginary and semisimple, and the equilibrium is linearly (Lyapunov) stable.
When the instability degree is odd, there exists a positive real eigenvalue (instability).
A nondegenerate equilibrium with even and nonzero degree u can be either stable or
unstable [573,613].

Theorem 3.9 (A. A. Zevin, 1996 [613]). The quantity s — |k — w(H)| is even:
(s + m(H) — k)/2 positive pure imaginary eigenvalues (as well as their com-
plex conjugates) have positive Krein signature and (s — w(H) + k)/2 positive
pure imaginary eigenvalues (and their complex conjugates) have negative Krein
signature.

3.3.5 Graphical interpretation of the Krein signature

With the Hermitian matrix G = iJ = ET and new eigenvalue parameter v = i A,
the eigenvalue problem (3.24) is reduced to the eigenvalue problem for a self-adjoint
(Hermitian) matrix pencil [202,319]

Lv)u:= (H+vG)u=0. (3.44)
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Notice that a pure imaginary eigenvalue A = i w of the generalized eigenvalue problem
(3.24) is the real eigenvalue v = —ow of the eigenvalue problem (3.44).

Interpreting the pencil L(v) as a matrix family parameterized by the distinguished
parameter v, we consider an auxiliary eigenvalue problem

L(v)u = pu (3.45)

where the eigenvalue parameter is p. In the theory of multiparameter eigenvalue prob-
lems [24,63,585] one has the freedom to consider any distinguished parameter as an
eigenvalue parameter and to study it as a function of other distinguished parameters.
In the two-parameter eigenvalue problems such a function defines an eigencurve [64].

It turns out that the pure imaginary eigenvalues A = i @ of the Hamiltonian matrix
J~'H and their Krein signatures as well as the real eigenvalues v of the generalized
eigenvalue problem (3.44) can be found by means of the real-valued eigencurves p(v)
of the matrix family L(v) [64,202,319].

First, there exists a one-to-one correspondence between the pure imaginary eigen-
values of the matrix J~'H and the values of the parameter v at which u(v) = 0
[64,202,319]. The eigenvalues A = iw with w > 0 correspond to v < 0, their com-
plex conjugatestov > 0,and A = 0tov = 0.

On the other hand, the characteristic polynomial of the eigenvalue problem (3.45)
is the Evans—Krein function for the self-adjoint matrix pencil L(v) [319]

E(; pn) = det (L(v) — ul), (3.46)

where I is the 2k x 2k identity matrix. An isolated simple root v = vy of the function
det(L(v)), corresponding to a simple eigenvalue Ay = iwq of J~'H, is a point of a
transversal intersection of the v-axis in the (v, ;t)-plane by a single eigencurve p(v).
The slope of the eigencurve at the point vg is

0y E (vo; 0)

I EGu0) (3.47)

1 (vo) =
where prime denotes differentiation with respect to v.
Theorem 3.10 (R. Kollar and P. D. Miller, 2012 [319]). The Krein signature of a

simple eigenvalue Ao = iwgy of the Hamiltonian matrix J~'H coincides with the
sign of the slope of the eigencurve ju(v) at the point vo = —wy, where (L(vg) = 0:

sign (iﬁTJu) = k(vo) := sign (' (v0)). (3.48)

Moreover, if Ag = i wy is a multiple semisimple eigenvalue of J ~IH, then its multi-
plicity, r, is equal to the number of eigencurves simultaneously intersecting the v-axis
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at v = vg. If all the r eigencurves have at vy slopes of the same sign, the eigenvalue
Ao has definite Krein signature. If r; eigencurves have positive slopes and r, negative
ones (r; + r, = r), then at the r-fold semisimple eigenvalue Ay with mixed Krein
signature, r; simple eigenvalues with positive Krein signature and r, with negative
one collide [319].

If a single eigencurve (v) touches the v-axis at v = vy and u®) = 0 for s =
0,1,2,...,r — 1 whereas u(’ ) = 0, then v9 = —wq corresponds to the eigenvalue
A = iwyp of the Hamiltonian system (3.21) with the geometric multiplicity 1 and alge-
braic multiplicity r. This graphical interpretation is naturally extendable to the eigen-
values with arbitrary algebraic and geometric multiplicities [319]. Elegant proofs of
the results on the instability degree, such as Theorem 3.8 and its refinements, based
on the representation of the multiplicities and Krein signature of eigenvalues via the
analytical properties of the corresponding eigencurves can be found by an interested
reader in the surveys by Kollar and Miller [319] and Binding and Volkmer [64].

Let us illustrate the graphical approach to the Krein signature on the example of
the already familiar Brouwer particle in a rotating vessel. In the absence of noncon-
servative dissipative and positional forces, its equations (1.1) with k; = k + & and
ky = k — € can be presented in the Hamiltonian form (3.21) with the matrices

k+e 0 0 —-Q 00 -1 0
0 k—e Q O 00 0 -1

H= 0 Q 1 0 » 3= 10 0 O (3.49)
—Q 0 0 1 01 0 O

Numerical computation of the roots of the Evans—Krein function (3.46) for different
values of the parameters k, ¢, and Q2 yields the real eigencurves w(v) that are presented
in Figure 3.2.

In the case of an axially symmetric Brouwer’s cavity with k = 1 and ¢ = 0, the
eigencurves p(v) in the (v, p)-plane are straight lines, see Figure 3.2 (a—). According
to the Motzkin—Taussky theorem, this implies commutativity of the Hermitian matrices
H and G = iJ [434,435]; when k # 1 this property is lost even if ¢ = 0. The
eigencurves for k # 1 are shown in Figure 3.2 (d, e).

Atk = 1 and ¢ = 0, the Evans—Krein function (3.46) factors out as

E@ip) = ((u+2 =17 =v)((n—Q =1 =v?). (3.50)
The linear eigencurves @ = £v 4+ 1 —Q and u = +v + 1 4 2 vanish at the points
vE=4@Q -1, vF=£@Q+1). (3.51)

The slopes of the linear eigencurves

‘) Q2+ 1—?
V) =y—m————
# Q2 —1+12
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Figure 3.2. Eigencurves p(v) of the Hamiltonian system (3.22) with the matrices (3.49) cor-
responding to the Brouwer cavity with k = 1, ¢ = 0 rotating at the angular velocities (a)
Q = 0.6, (b) 2 =1, (c) 2 = 2. The eigencurves of Brouwer’s saddle rotating with the
velocity = 1 with the parameters (d) k = —0.25, e = 1,(e) k =0,e = l,and (f) k = 0,
& = 0.5. Open circles mark simple eigenvalues of the Hamiltonian system (3.22), double cir-
cles correspond to the eigenvalues with the algebraic multiplicity 2 and geometric multiplicity
(b)2or(d,e) 1.

at the points (3.51) are
W) =+1, 40 =FL (3.52)

The eigencurves of Figure 3.2 (a) correspond to the case of small angular veloci-
ties of the Brouwer system situated in the right (subcritical, because 2 = 0.6 < 1)
compartment of the stability domain shown in Figure 1.7 (d). The matrix H in equa-
tion (3.49) is then positive definite and according to Theorem 3.6 two pure imaginary
eigenvalues with positive imaginary parts have positive Krein signature while their
complex conjugates have the negative one.

Indeed, according to equation (3.52) at v = v;" < 0 and v = vy < O the slopes
of the eigencurves are positive whereas at v = vi > Oand v = v;‘ > 0 they are
negative, Figure 3.2 (a).

With the increase in the angular velocity to & = 1 two characteristic values vt
of different signs collide at zero. This corresponds to a double zero semisimple eigen-
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value of the matrix J~'H of the mixed type because two eigencurves with the opposite
slopes intersect each other at v = 0, see Figure 3.2 (b). The system is stable because
the other two eigenvalues are simple and pure imaginary at the conical intersection of
Figure 1.7 (d).

In the supercritical speed range (2 = 2 > 1), the eigencurves with the opposite
slopes (3.52) intersect the v-axis at the values vi7 = —1,v; = =3 and v{" = 1,
vy = 3 of the same sign, Figure 3.2 (c). Here the matrix H is indefinite with the
number of negative eigenvalues v(H) = 2. According to Theorem 3.8, the instabil-
ity degree should be either v = 2 or u = 0. In our case, all eigenvalues are on the
imaginary axis (u = 0). However, potentially two eigenvalues of opposite Krein sig-
nature can collide under additional perturbation of H that, e.g., breaks the rotational
symmetry of the system.

The panels (d—f) of Figure 3.2 correspond to a rotating saddle. The matrix H is
indefinite in all three cases. In the case (e) we have v(H) = 1 but Theorem 3.8 is not
applicable because det H = 0. In Figure 3.2 (e) a single eigencurve touches the v-axis
at v = 0, which corresponds to a double zero eigenvalue of the matrix J~'H with
the algebraic multiplicity 2 and geometric multiplicity 1 (divergence instability due
to secular terms linearly dependent on time). Note that the eigencurve has opposite
slopes in the vicinity of v = 0, which means that the double eigenvalue A = 0 with
the mixed Krein signature is formed due to collision of two simple pure imaginary
eigenvalues i w that have opposite Krein signatures.

In the cases (d) and (f), the number of negative eigenvalues of the Hamiltonian
v(H) = 2 and detH # 0 and according to Theorem 3.8 the equilibrium can be ei-
ther unstable (d) or stable (f). The latter corresponds to the gyroscopic stabilization
in the supercritical speed range of the stability diagram of Figure 1.7 (d). Indeed, in
Figure 3.2 (d) a single eigencurve touches the v-axis at the two points Fvg, yielding
two pure imaginary eigenvalues Fiwo with algebraic multiplicity 2 and geometric
multiplicity 1 (flutter instability due to secular terms linearly dependent on time). In
Figure 3.2 (f) the eigencurve has four transversal intersections corresponding to four
simple pure imaginary eigenvalues (stability). When ¢ tends to 1, two eigenvalues of
different Krein signature collide at zero (divergence); when ¢ vanishes, two pairs of
pure imaginary eigenvalues, each pair containing eigenvalues with opposite Krein sig-
nature, merge into double ones with the mixed Krein signature (flutter), in accordance
with the stability diagram of Figure 1.7 (d).

3.3.6 Strong stability: robustness to Hamiltonian’s variation

Lyapunov stability of the equilibrium x = 0 of the canonical system (3.21) is equiva-
lent to the requirement that all the eigenvalues A of the eigenvalue problem (3.24) are
pure imaginary and semisimple [603]. Nevertheless, as we have seen in Section 3.3.3,
perturbation of the Hamiltonian H = Hy + H;, where Hy and H, are real symmetric
matrices, may lead to the destabilizing splitting of double semisimple pure imaginary
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eigenvalues of the matrix J~!'Hy with mixed Krein signature, see e.g. equation (3.39).
If the equilibrium of the perturbed canonical system is Lyapunov stable for a suffi-
ciently small ||H;||, then the equilibrium of the nonperturbed canonical system (3.21)
with the Hamiltonian Hy is called strongly stable [193,394, 603].

According to the classical Krein—Gelfand—Lidskii theorem, the canonical Hamilto-
nian linear system (3.21) is strongly stable if and only if it is Lyapunov stable and,
additionally, all its eigenvalues have definite Krein signature [193,337].

Theorem 3.11 (V. A. Yakubovich and V. M. Starzhinskii, 1975 [603]). Canon-
ical equation (3.21) is strongly stable if and only if there is a real nonsingular
matrix S such that

ST!JHS = diag (w1Ja, ..., 0 d2), STIS = diag(Js,...,Jn),

0 -1
1 0
27 for all j,h. The numbers i, ..., iwy are then the eigenvalues with positive
Krein signature of the matrix J™'H and their complex conjugates —iw, ...,
—iwy have negative Krein signature.

where J, = , @1, ..., ® are any numbers such that (w; + wp)T #

For example, the equilibrium of the Brouwer particle in the rotating symmetric cav-
ity is strongly stable if and only if Q # Vk. Indeed, at @ = +/k the matrix J~'H
with H and J given by equation (3.49) where ¢ = 0 has a double zero eigenvalue with
mixed Krein signature, see Figure 3.2 (b). On the other hand, there exists a matrix

0 1 0 -1

1 1 0 1 0
S=vam| vk o vk o (3:53)

0 vk 0 vk

satisfying Theorem 3.11 with w; = Vk=Q 00 =vVk+Q,and T = 7/, which
yields w; + wy = 23k # 27/ T = 2R, i.e. strong stability at Q # k.
3.3.7 Inertia theorems and stability of gyroscopic systems

Consider equations of motion of a k-degrees-of-freedom mechanical system under the
action of potential and gyroscopic forces

z+Gz+ Kz =0, (3.54)

where dot stands for time differentiation, the real k x k matrix G = —G7 is associated
with the gyroscopic forces and K = K7 (detK # 0) is the real k x k matrix of
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potential forces [328,330]. The kinetic (T') and potential (U) energy of the gyroscopic
system (3.54)

1 1
T=-3Ts U-=-2"Kz, (3.55)
2 2

yield its first integral of motion: H = T 4 U. Introducing the vector of generalized
momenta as [326] 1
y=2z+ EGZ

and denoting X = (21,22, .., 2k, Y1, Y25 - - - ,yk)T, we arrive at the equations (3.23)
with the Hamiltonian function H = T + U, i.e. to the canonical Hamiltonian system
(3.21) with the Hamiltonian [290]

K-1a? lg
— 1 2
H ( —%G I ) . (3.56)
Since we have 1 1
H=-xTHx = -3T7 + ZTKZ,
2 2 2

the kinetic energy is given by a positive definite quadratic form, and K is not degen-
erate, then the Hamiltonian H has 7#(H) = k + k — v(K) positive eigenvalues and
v(H) = v(K) negative eigenvalues. The number of negative eigenvalues of the ma-
trix of potential forces, v(K), is known as the Poincaré instability degree whereas the
number 77 (K) = k —v(K) is the stability degree of the potential system in the absence
of gyroscopic forces [330].

Let s and u be stability and instability degrees, respectively, of the gyroscopic sys-
tem (3.54) in the sense of Definition 3.7. According to Theorem 3.8

l7(H) —v(H)| = |k + k —v(K) —v(K)| = 2[7(K)| < 25,

implying that 7(K) < 5. Moreover, u < v(K) [330,525].

Theorem 3.12 (V. V. Kozlov and A. A. Karapetyan, 2005 [330]). The addition
of gyroscopic forces does not diminish the stability degree w(K) of a potential
system: s > 7 (K).

3.3.8 Positive and negative energy modes and Krein signature

The Krein signature « (1) := sign ([u, u]) of a simple pure imaginary eigenvalue A =
iw with the eigenvector u of the canonical Hamiltonian system (3.21) is related via
equation (3.25) to the sign of the energy & := (Hu, u) of the corresponding vibration
mode as [319,338,564]:

sign () = «(A)sign (ImA). (3.57)
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Therefore, the sign of the energy of a mode depends both on the Krein signature of
the mode and on the sign of its frequency w = ImA. For the positive energy modes
(PEMs), & > 0 and & < O for the negative energy modes (NEMs) [564].

If all eigenvalues of the canonical system (3.21) are simple and pure imaginary,
there exists a canonical transformation X = T~ 'x such that TTJT = J and
TTHT = diag (w1, ..., wg, w1, ..., wy) that reduces the Hamiltonian function of the
system (3.21) to the following Williamson’s normal form [597,598]

k
H = %xTHx = %XTTTHTX = % ZIK(/\S)Q)S(XSZ + X34y (3.58)

=
where «(As) € {—1, 1} is the Krein signature of the mode [89, 324, 390, 564]. The
Hamiltonian function (3.58) represents a system of k harmonic oscillators with differ-
ent frequencies. The modes for which x (A5)ws < 0 give a negative contribution to the
total energy and thus correspond to NEMs, while those corresponding to k (As)ws > 0

are PEMs [564].

For the canonical system with the Hamiltonian (3.49) describing the Brouwer par-

ticle in a rotating nonsymmetric cavity, the matrix T at e = 0 is

0 0 1 -1
1 1 1 0 o0
"Vl vk vk o0 o
0 0 vk vk

It reduces the Hamiltonian (3.49) to the above described diagonal form with w; =
Vk — Q and @, = vk + Q. According to equation (1.24) we have k(iw;) = 1,
k(iwp) = 1 and k(iw;) = —1, k(iwn) = —1. These eigencurves are shown in
Figure 3.3 (a) where the light (dark) gray color marks the eigenvalues with the posi-
tive (negative) Krein signature. In the subcritical range (2 < Vk) we have w; > 0
and w, > 0 and all the eigencurves correspond to PEMs. In the supercritical speed
range (Q > k) the frequency w; < 0 while k(iw;) = 1 (similarly, —w; > 0 but
k(—iw;) = —1), hence these modes are NEMs. The higher modes in the supercritical
range are PEMs.

Note that it is the negative energy modes in the supercritical region that are destabi-
lized by infinitesimally small internal damping whereas PEMs become asymptotically
stable both in the sub- and supercritical speed ranges, see Figure 1.11. However, it
is the two modes with opposite Krein signatures (both corresponding to PEMs in the
subcritical speed range or NEMs in the supercritical speed range) that collide into a
double zero eigenvalue with the Jordan block at small variation of the symmetry of
the cavity (& # 0), see Figure 3.3 (b).

Recall that the oscillation of the Brouwer particle in a symmetric cavity in the ab-
sence of rotation is a superposition of two circular whirling motions, one with the an-
gular frequency Vk (forward whirl) and another one with the angular frequency —Vk
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Figure 3.3. Eigencurves ImA(€2) of the Brouwer problem on a particle in a rotating cavity
(3.49) with £k = 1 and (a) ¢ = 0 and (b) ¢ = 0.3. The light (dark) gray curves correspond to
the modes with positive (negative) Krein signature. In the subcritical speed range (2 < 1) all
the modes are PEMs; in the supercritical range (2 > 1) the lower modes are NEMs and the
higher are PEMs.

(backward whirl) [137,138]. If the cavity rotates in the sense of the forward whirl, then
when €2 is in the supercritical speed range (2 > Vk), the particle in the stationary
frame appears to move in the same direction as the cavity, having, however, lower an-
gular velocity. It is this slow prograde motion that corresponds to the negative energy
modes shown in Figure 3.3 (a). If, for example, a drag force existed between the cavity
and the particle, the forward whirl in the supercritical speed range would be acceler-
ated (dissipation just further decreases the negative value of energy thus causing the
mode to grow), see Figure 1.11. This early (1908) observation of Lamb [343] turned
out to be valid also for wave propagation in dispersive media.

3.3.9 Dispersive wave propagation in conservative systems

In 1960 Sturrock [552] found that waves of arbitrary physical nature can carry nega-
tive energy if they propagate in the media moving at velocities that exceed the char-
acteristic velocity of small disturbances. Indeed, let for simplicity the medium be one-
dimensional and its velocity with respect to the stationary frame be v. Consider two
waves with the same wave number k and frequency w that propagate in opposite di-
rections with respect to the moving frame: the forward wave with the phase velocity
u = w/k > 0 and the backward wave with the phase velocity —u < 0.

In the stationary frame both waves appear to be propagating forward, i.e. in the same
direction that the medium is moving, if v > u. The wave with the phase velocity v +u



Section 3.3 Canonical and Hamiltonian equations 91

in the stationary frame propagates faster than the medium (the fast wave) whereas that
with v — u follows the medium (the slow wave). Assuming that the energy carried
by each wave in the nonmoving medium is E, we conclude that with respect to the
stationary frame the energy of the fast wave Ey = E(v + u)/u and that of the slow
wave Eg; = —E (v —u)/u, are of opposite signs. When E > 0, the energy of the slow
wave in the stationary frame is negative, provided that v is great enough to convert the
backward wave of the moving frame to the forward wave of the stationary frame [552].
Such a wave is also known as a reflected wave, e.g. in rotor dynamics [109,433, 604].

A negative energy wave is a potential source of instability because the energy needs
to be withdrawn from the wave in order to enhance it. For example, instability of the
wave can be induced by dissipation, which in the finite-dimensional case is established
by the Kelvin-Tait—Chetaev theorem [127,573, 608]. In a conservative system, cou-
pling between waves of positive and negative energy leads to the power flow from the
negative to the positive energy waves, allowing them to grow, which means instabil-
ity [108,264,358,386,564].

In the 1990s, Bridges demonstrated that dispersive wave propagation in conserva-
tive systems is naturally described when the governing partial differential equations
are reformulated as Hamiltonian systems on a so-called multisymplectic structure [89].
To illustrate this method, we consider the equation

Err + 2mExy + Sxx — 205 = 0, (3.59)

where the subscripts denote partial derivatives with respect to time (¢) and the spacial
coordinate (x), the parameters «,m,§ € R, m> > §, and § = =1. Introducing the
vector z = (£,7,¢)T where n = & and ¢ = £, we write [89]

Mz; + Kzx = Hz (3.60)

where M and K are real skew-symmetric matrices

0 -1 —m 0 —m -6
M= 1 0 O , K=l m 0 0 (3.61)
m 0 O § 0 O

and H is a real symmetric matrix

20 0 O
H= 0 1 m |. (3.62)
0 m ¢

Looking for a solution in the form z(x,t) = ue“‘“‘x, where A,u € C andu € C3,
we arrive at the two-parameter eigenvalue problem [63]

(H— M — puK)u = 0. (3.63)
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Following Bridges [89], for the system (3.60) we define the temporal and spatial
Krein signatures

k1 = sign (T Mu), k, = sign (ia’ Ku), (3.64)
as well as the energy density & and the energy flux ¥
1 1 1
& = EZTHZ— EZTsz, F = EZTKZt. (3.65)
The system (3.60) has thus the energy conservation law [89]:
a& 0F
—+—=0. 3.66
o T (5:60)

Evaluating € and % at the solution z = ue?®* k¥ | ge—i@t=1kX we find that
& =wit!Mu, ¥ =owiu’ Ku. (3.67)

Assuming A = iw and u = ik and taking the derivative of equation (3.63) with
respect to k, we obtain the equation

(H—ioM —ikK)dzu = i dpwoMu + i Ku,
that has a nontrivial solution if and only if [89]
_do _ iw'Ku F
T T TMa €
Therefore, the group velocity, ¢, of the wave is proportional to the energy flux ¥,

and via equations (3.64) and (3.67) to the spatial signature «, — the result going back
to the 1961 work by Krein and Liubarskii [338], see also [603].

(3.68)

3.3.10 Absolute and convective instability
A solvability condition written for equation (3.63) yields the dispersion relation
D(w,k) :=dettH—iwM —ikK) = 0. (3.69)
With the matrices given by equations (3.61) and (3.62), the function D(w, k) is
D(w, k) = (m* = §)(w?* + 2mwk + 8k* + 2a), (3.70)

and its roots yield the dispersion curves [389]

wk) = —km + /k2(m? — §) — 2« (3.71)

that are shown in Figure 3.4 (a). When o < 0, the temporal eigenvalue i @ is simple
and pure imaginary with the eigenvector u = (1,iw,ik)” at all k. Hence,

it Mu = 2(w + km), il Ku=2(wm + k§) (3.72)
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Figure 3.4. (a) Dispersion curves w(k) according to equation (3.71) and (b) shown in gray the
instability domain o > k%(m? — §)/2 correspondingtow € C form = 1,8 = —1.

and according to the defining equations (3.64) the dispersion curve lying above the
line w + km = 0 in the (k, w)-plane corresponds to the eigenvalues i w with positive
temporal Krein signature «; > 0 while that below this line corresponds to the eigen-
values i w with k; < 0. These two dispersion curves marked by light and dark gray
colors, respectively, demonstrate an avoided crossing in Figure 3.4 (a). At @ = 0 they
cross and at o > 0 overlap with the origination of the bubble of instability consisting
of complex w when k? < 2a/(m? — §), see the black line in Figure 3.4 (a). Therefore,
at the given a > 0, two existing at k? > 20/ (m?* — §) simple pure imaginary eigenval-
ues with the opposite signs of energy density & move toward each other when k > 0 is
decreasing until they collide into the double pure imaginary eigenvalue —i km, which
further splits into a couple of complex eigenvalues (instability) in accordance with the
usual scenario of the Krein collision, see Figure 3.4 (a).

The spatial Krein signature «; can provide additional information about the tem-
poral instability for the waves in one space dimension. Since the energies, i.e. the
temporal Krein signatures «1, of the two waves in the Krein collision are of oppo-
site sign, then if the signs of the energy flux, i.e. the spatial Krein signatures k», are
the same, the energy spreads in opposite spatial directions and the instability is abso-
lute [88,235,506,551]. If the signs of the energy flux, i.e. k7, are opposite, then the
energy spreads in the same direction and the instability is convected away (convective
instability) [88,235,506,551].

By equation (3.68) the sign of the group velocity of the wave is determined by
both signatures: sign (cg) = —k1k2. Hence, interaction of the two waves with the
opposite temporal Krein signatures «; can lead to the absolute instability if their spatial
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Krein signatures «; are the same, which yields opposite group velocities of the waves
[577]. The group velocity is the slope of the dispersion curve w(k). For example,
in Figure 3.4 (a) the interacting light gray (positive energy) and dark gray (negative
energy) waves also have opposite slopes so that their Krein collision results in the
absolute instability [89].



Chapter 4

Reversible and circulatory systems

In the case of complicated structures there
may appear different shapes of characteris-
tic curves, and only an analysis in the [load-
frequency] plane may assure the correct re-
sults for the design of structures subjected to
nonconservative loads.

0. Mahrenholtz, R. Bogacz [396]

4.1 Reversible systems

Equations of reversible dynamical systems are invariant under a particular type of
coordinate transformation which is accompanied, e.g, by time reversal [344,459]. We

define the dynamical system 4
X
— =f(x), 4.1
77 (%) 4.1)
where x, f € R, to be reversible if there exists an involution of the state variables

R = R~! such that [460,575]

d
X _RERx) = (), “2)
dt
leaving equation (4.1) invariant under the transformation' x — Rx and t — —¢.
In particular, all oscillation equations of the following form are reversible
d’z

where z, g € R™. When (4.3) is rewritten as a first order system in the variables z
and dzg/dt in RY, ¢ = 2m, the involution changes the signs of dzs/dt [344].
From reversibility, at an equilibrium xq of equation (4.1) the Jacobian

A := Df(x9) = —RAR, 4.4)

' In quantum mechanics, Wigner’s time reversal operation [158,595] leaves the ‘Schrodinger equation’
% = [ Ax invariant under the transformation x — UX and t — —¢, where i = /—1, the overbar

. . . . . =T =T , .
denotes complex conjugation, and U is a unitary matrix, UU = U U = I. Indeed, the anti-unitary

- =T . . X . — . , ~ 7
symmetry, A = U A U, transforms the equation % = —iAUx, into % =iUT AUx =

i Ax. The operator, A, of the time reversible ‘quantum’ system % = [ Ax, can be a real or complex

symmetric matrix A = AT [212,595].
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implying similarity of the eigenvalue structure of linear reversible systems to those of
Hamiltonian systems:

Theorem 4.1 (J.S.W. Lamb and J. A. G. Roberts, 1998 [344]). Let A be an
eigenvalue of a linear reversible vector field. Then so is its complex conjugate,

A, and —\. Hence, for linear flows the eigenvalues come in singlets {0}, doublets
{A,=A}with A € R or A € iR, or quadruplets {\,—A, A, —A}.

Consequently, an equilibrium of an autonomous reversible dynamical system is ei-
ther unstable or all its eigenvalues A lie on the imaginary axis of the complex plane,
i.e., it can never be asymptotically stable. For equilibria of nonlinear systems whose
eigenspectrum is of the latter type, a nonlinear analysis is necessary to determine sta-
bility [344,459,460].

In the absence of equivariance, the pure imaginary eigenvalues A of the linearized
vector field at an equilibrium point of a reversible autonomous flow are typically sim-
ple (no two eigenvalues are the same). Also, typically, they are nonresonant (no eigen-
values are positive integer multiples of others). However, such situations may arise in
generic one-parameter families for suitable values of the parameter [344].

The collision at zero of pure imaginary eigenvalues of the linearized vector field
at an equilibrium point of a flow corresponds to a steady-state bifurcation. In another
bifurcation of codimension one, two pairs of pure imaginary (nonzero) eigenvalues
A = tiw;, A = tiw; collide when a parameter is varied. Then, typically, after such
a collision they originate a quadruplet in the complex plane. In Hamiltonian systems,
such a bifurcation is known as a linear Hamiltonian—Hopf bifurcation. In reversible
systems, by analogy, it is called a linear reversible Hopf bifurcation or reversible (non-
semisimple) 1 : I resonance [344].

4.2 Nonconservative positional forces

Consider a finite dimensional Langrangian mechanical system

d oL  0dL ”

E@_@—i_Qk_o’ k=1,...,m, (4.5)
where dot stands for time differentiation, L = T'(q,q) — U(q) is the Lagrangian,
T and U the kinetic and potential energy, respectively, and O} = 0/(q,q,?) the
nonpotential generalized forces [459,575]. Assuming T is a quadratic function of the
generalized velocities, the system (4.5) is reversible under the involution t — —t,
q — q, and q — —q, if Qy is also invariant

0y = 0k(a.4.1) = Q) (q,—q, —1). (4.6)
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A generalized force having this invariance is, e.g., a follower force [61,356] that be-
came popular in the engineering community after the works of Ziegler? on elastic
stability [622, 626].

The follower force has positional character, i.e. depends only on time and the gen-
eralized coordinates. In the linear case such forces can be written as follows

Q =Pq=Kq+ Nq, 4.7

where KT = K and NT = —N. The forces Q' = Kq are said to be potential, or
conservative. For these forces, there exists a potential function U = %qTKq such that
Q). = 9U/dqy. Usually, the existence of a potential for these forces is taken as their
definition [618,619].

The forces Q” = Nq are known in the literature as nonconservative positional,
or pseudo-gyroscopic, or circulatory forces [239, 423, 623]. They are orthogonal to
the vector q of generalized coordinates, Q”"q = 0, because q'Nq = —q"Nq for a
skew-symmetric matrix N, which explains the origin of the word ‘circulatory’ in the
terminology [18,623], see also [55].

In control problems for mechanical systems, a more detailed classification of linear
generalized forces is used as well. The symmetric matrix K of arbitrary potential forces
can be uniquely decomposed into a scalar matrix and a deviator matrix with zero trace,
K = C + H, where C = ¢I, ¢ = rK/m, and H = K — cI, where I is the identity
matrix. Accordingly, the forces Cq are called potential forces of spherical type, and
the forces Hq are called potential forces of hyperbolic type [618,619].

The nonlinear generalized forces are said to be potential if they have a potential,
and circulatory if they are orthogonal to the vector of generalized coordinates, see
[618,619], where decomposition of arbitrary nonlinear positional forces into potential
and circulatory parts is discussed in detail. Circulatory forces are fundamental non-
conservative forces [332,423].

4.3 Circulatory systems

A circulatory system [4,75,239,423,626] is areversible linear autonomous mechanical
system under the action of nonconservative positional forces

Mg + Pq =0, (4.8)

2 Hans Ziegler (1910-1985) — a Swiss scientist who worked in the field of continuum and structural
mechanics. Well-known is the Ziegler’s paradox of destabilization by small dissipation of a two-link
pendulum loaded by a follower force (Ziegler’s pendulum) — an important early example of dissipation-
induced instabilities [312,622]. Ziegler’s principle of maximum entropy production [625], which he
established first as a means to derive nonlinear constitutive relations for solids and fluids, is being
discussed nowadays [413,414] as a fundamental variational principle for all nonequilibrium thermo-
dynamics generalizing the results of Onsager [114,457] on the irreversibility of the collective dynamics
of a macroscopic number of classical particles despite the time-reversal symmetry of the equations of
motion of an individual particle (microscopic reversibility [229]).
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where M = M7 € R™ and P #PT ¢ R™ are matrices of mass and stiffness, and
q is a real vector of generalized coordinates.

A variety of physical and technical processes, the modeling of which results in cir-
culatory systems, extends from the phenomenon of intense angular self-oscillations
of a carriage wheel (shimmy) [499, 620], controlled motion of a two-legged walking
robot [41], and the destabilizing effect of viscous damping in bearing supports of tur-
bine rotors [256,266,534] to squealing brakes [226,254,268,531], self-excited vibra-
tions in paper calenders that cause a specific wear phenomenon of the expensive rollers
known as the calender barring [92,537], flutter of flexible structures (such as wings,
airfoils, flags, paper, solar sails) interacting with inviscid flows [75,161,366,405,499],
physiology of blood and air flow [216,614], magnetohydrodynamics [565] and dynam-
ics of nonholonomic systems [79,324].

4.3.1 Divergence and flutter instabilities

Assuming for the solutions of the system (4.8) the form q = uexp (i ﬁt) and denot-
ing A = M~'P, we arrive at the eigenvalue problem

Au=o0u, 4.9

where o is an eigenvalue and u is the corresponding eigenvector. The matrix A is real
and nonsymmetric. In accordance with Theorem 4.1 (with o = —A?), the circulatory
system (4.8) is stable if and only if all the eigenvalues o of the matrix A are positive
and semisimple (algebraic and geometric multiplicities of o coincide), because the
origination of the Jordan block leads to instability owing to the polynomial in time
secular terms. If all the eigenvalues o are real and some of them negative, then the
system (4.8) loses stability because of the existence of the solutions q = u exp(\/m 1)
(static instability or divergence). If at least one of the eigenvalues ¢ of the matrix A is
complex, then the system (4.8) is unstable owing to the solutions ¢ = uexp(Im./o &
iRe/o t) (oscillatory instability or flutter) [75,239, 626).

4.3.2 Multiple parameter families of circulatory systems

Assume now that the matrices M and P of the circulatory system (4.8), and hence
the matrix A in the eigenvalue problem (4.9), smoothly depend on the vector of real
parameters p! = (p1, p2,... pn). As a consequence of Theorem 4.1, the space of
parameters is subdivided into the regions of stability, flutter and divergence. A point
P = po in the parameter space, where all the eigenvalues o of the matrix A (po) are
simple and nonzero, is located inside one of these domains because simple eigenvalues
of A smoothly depend on p [548]. The points of the boundaries between these domains
may correspond to the matrices with zero simple or multiple eigenvalues o as well as
to the matrices that contain real nonzero multiple eigenvalues [516,521].
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In one-parameter circulatory systems (n = 1), the value of the parameter p, cor-
responding to the matrix A(p) with a simple zero eigenvalue and other eigenvalues
positive and simple, separates the regions of stability and divergence. A point p = po,
at which the matrix A(pg) has a Jordan block of order 2 with the double real eigen-
value 0y, is a boundary between the domains of stability and flutter when op > 0 and
between the domains of divergence and flutter when og < 0. At p = py, an eigenvalue
o leaves the real axis after its collision with another real one, which in case of oy > 0
corresponds to the reversible Hopf bifurcation in terms of A, where A> = —o; tran-
sition of the real o through zero from positive to negative values corresponds to the
steady-state bifurcation. The two spectral singularities are structurally stable in one-
parameter circulatory systems, i.e. they do not disappear under small deformations of
the matrix family [17]. Matrices with the more complicated Jordan structure are not
generic in a one-parameter family of circulatory systems [516].

When n > 1, the points of the above described two types are smooth hypersurfaces
of codimension 1 in the parameter space. The points of the boundary corresponding
to the matrices with more complicated Jordan form constitute singularities of higher
codimension on these hypersurfaces [17]. How many different kinds of generic sin-
gularities are inherent to n-parameter circulatory systems? The answer follows, e.g.,
from the works on versal deformations of general reversible systems by Sevryuk and
Hoveijn [230, 515]. We will deduce it studying Galin’s bifurcation diagrams of real
matrix families [185].

4.3.3 Generic singularities on the stability boundary

The matrix A(p) in the problem (4.9) maps the parameter space R” into the space
R™” of all real square matrices of order m. Let us divide the space R™” to the parts
(bundles) in accordance with the rype of eigenvalue and the dimension of the Jordan
block corresponding to each eigenvalue o [515]. The type of the eigenvalue determines
whether o is real nonzero, complex, or zero [515]. Therefore, a bundle consists of the
matrices with the same types of eigenvalues and the same Jordan structure. Preimages
of the bundles subdivide the parameter space R” into the regions where the matrices
have the same Jordan structure and the same types of eigenvalues. This partition is a
bifurcation diagram of the family A(p) [17,185]. Generic n-parameter families do not
contain matrices from the bundles of codimension higher than n [17].

The bundles consist of orbits containing the matrices with the same eigenvalues and
the same Jordan blocks. The codimension d of an orbit of A is

d =Y [n(0)+3n2(0) +5n3(0) + -], (4.10)

o
wheren) (o) > ny (o) > --- are the dimensions of the Jordan blocks of A correspond-
ing to the eigenvalue o [17, 185]. Thus the codimension ¢ of the bundle is not higher
than the codimension d of its orbits. If all eigenvalues of the matrix A were zero,
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then the bundle would consist of one orbit and ¢ = d. Let u be a number of nonzero
eigenvalues. Then the codimension of the bundle is smaller than the codimension of
the orbit by = > ;4 1 [284]

c=[n1 (0) + 3n, (0) + 5n3 (O)+]

+ ) [~1+n1(0) +3n2(0) + 5n3(0) + -] 4.11)
o#0

It is convenient to denote a bundle by the product of determinants of its Jordan
blocks [17]. Different real nonzero eigenvalues are denoted by «, 8, , .. .; the prod-
uct of the complex eigenvalues x =+ iy is written in the form (x* 4 yz)z, which re-
flects the fact of simultaneous origination of two Jordan blocks, one for a complex
eigenvalue and another for its complex conjugate. We distinguish zero eigenvalues
separately. The matrices with simple nonzero eigenvalues constitute generically a set
of codimension zero in the space R™, Using the formula (4.11) we list all the bundles
of codimension ¢ < 3 [284]

c=1: 0a°

c=2: 0%,00% 0% a?B?, (X2 +J’2)2

c=3: 0%0%2 00> 0a28%0 ()c2 + yz)z,
aa,a4,a3ﬁ2,a2ﬁ2y2,a2 (x2 + y2)2. (4.12)

The bifurcation diagrams of the families of real matrices become stability diagrams,
i.e. partitions of the parameter space of the families of circulatory systems into the do-
mains of stability, flutter and divergence, by excluding points corresponding to the
matrices with multiple complex eigenvalues that belong to the flutter domain. The
boundaries of the domains of stability, flutter and divergence consist of the points
where the matrices have simple or multiple zero eigenvalues or multiple real eigen-
values [284,521].

Theorem 4.2 (O. N. Kirillov, 2000 [284]). Stability diagrams of circulatory sys-
tems with n < 3 parameters possess the following generic singularities

n=1: O,a2
n=2: 02,0012,0[3,0{2/32
n=3: 03,02052,00{3,Oazﬂz,aa,a4,a3ﬂz,a2,32y2. (4.13)

The number N of types of singular points on the boundaries of the domains of
stability, flutter and divergence rapidly increases with the increase in the number of
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parameters n [284]:

n|l1|2|3(4|5|6|7]| 8|09
N|2[4]8|16|28 (49 |83 142|228

The list (4.13) gives a qualitative understanding of what the boundaries of the do-
mains of stability, flutter and divergence of generic circulatory systems look like if the
number of parameters n < 3. Sensitivity analysis of multiple eigenvalues [548] is one
of the means to provide quantitative information on the geometry of the boundaries
near the singularities [459,460,518].

4.4 Perturbation of eigenvalues

Suppose that at a point pg € R” the spectrum of the matrix A(py) contains an eigen-
value op. Considering a smooth one-parameter curve issuing from the point pg, say
p(e), € = 0, let us expand the function p(e) in Taylor series in the neighborhood of

e=0
dp & d%p )
p(e) =po+e d—+ S T o), (4.14)

where the derivatives are evaluated at ¢ = 0. Then,

d d? dps d
A= A(po)—i—ez psap‘A+— (Z ”Sa,,sA+ Z Ps ptapsaptA)jLo(gZ)
S:

(4.15)
The derivatives of A with respect to the parameters are evaluated at the point py and
may be expressed via M and C as [274]

dp, A = Mydpy, C — My '9,, MM, 'Cy, My = M(py), Co=C(pp). (4.16)
Let Ay, denote the coefficient of €K in expansion (4.15), and let

_dp
_dego

1d%p
2de? |,

, 4.17)

where e, d € R”. Then,

n
Ag=A@o). Ai=) 0pAe;, A= Zap‘Ad + - Z 2, Aeser.
s=1

s=1 st 1
(4.18)
When the vector pg is varied as in (4.14), the eigenvalue oy and the eigenvector ug
get increments that may be expressed as series in integer or fractional powers of &,
depending on the Jordan structure corresponding to og [258,379,548,584].
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4.4.1 Simple eigenvalue

If 0y is a simple real eigenvalue of Ay with the eigenvector ug, the perturbed eigenvalue
o (e) and eigenvector u(e) expand into Taylor series [548,584]

O’=CI()+801—|-820'2—|-~-~, u=uo+8w1+82w2+-~-. 4.19)

Substituting expansions (4.15) and (4.19) into equation (4.9) and equating terms with
the same powers of ¢, we obtain an eigenvalue problem

(AO - O’()I)U() =0 (4.20)
and equations determining corrections to oy and ug [274]

(Ao — opl)wy = o1up — Ajuy,
(Ag — opDwy = oyw; — Aywy + orug — Aju. “4.21)

Let (a,b) = BTa denote the scalar product of vectors a,b € C™. Together with the
problem (4.20), we consider the adjoint eigenvalue problem

(Al —GDvo = 0. (4.22)
We require the vector v to satisfy the following normalization condition
(110, V()) =1. (423)

Given the vector ug, condition (4.23) enables us to determine the vector v uniquely.
For the perturbed vector u we use the normalization condition

(u,vg) =1, (4.24)

which uniquely determines all the terms o; and w; in expansions (4.19).

Equations (4.21) are solvable if and only if their right-hand sides are orthogonal
to the solution of the homogeneous adjoint eigenvalue problem (4.22). Hence, also
using the normalization conditions (4.23) and (4.24), we obtain expressions for the
coefficients o7 and o, [274,518]

o1 = (Ajug,vo), 02 = (Azup, vo) + (Ajwy, Vo). (4.25)
The vector w; is found from the first of equations (4.21) as
W = G()(O'11 - Al), (426)

The first equality of (4.25) is a necessary and sufficient condition for the existence of
the inverse operator G, which is expressed via a nonsingular matrix

G() = [Ao — O'()I — Vovg]_l. (427)
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Let (a,b) = b”a be a scalar product of the vectors a,b € R”. Introducing the real
vector g with the components

gs = (9p,Aug, vo), (4.28)

we find
o1 = (g.e). (4.29)

When e = e, is determined by the constraint (g, e«) = 0, then
0y = — (Eex, ex) + (g,d), (4.30)
where the real symmetric n x n matrix E has the entries Ej, j,k = 1,...,n,

2Eji = (9, ,», Auo, vo)

+(Go(Bp, Ay ug), 3y, ATvo) + (Go(9p; A, ug), 3y, ATvg).  (4.31)

4.4.2 Double eigenvalue of geometric multiplicity 1

If oy is a two-fold real eigenvalue with the Jordan chain of length 2, an eigenvector uy
and an associated vector u; exist satisfying the equations

(Ag—opDuy =0, (Ag—opDu; = uyp, (4.32)
as well as an eigenvector and an associated vector of the adjoint system
Al —Gvo =0, (Al —GoD)v; = vo. (4.33)
The vectors ug, u;, vo and v; are orthonormalized as

(w9, vo) =0, (uy,vp) = (ug,vy) = L. (4.34)

Generic case

With the variation of parameters (4.14), the perturbed double eigenvalue and its eigen-
vector are represented by the Newton—Puiseux series [258,584]

o =00+ %01 + 802+ 03+,
u=uy + sl/zw] + ewy + 83/2W3 + -, (4.35)

where u is assumed to satisfy the normalization condition

(u,vi) = 1. (4.36)
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Substituting expressions (4.15) and (4.35) into eigenvalue problem (4.9), we obtain
equations determining the corrections to o and ugy

(Ao — O’()I)W1 = 0149, (4.37)
(Ao — ooD)wz = —Ajug + 01w + oruy,
(Ao — ooD)ws = —A 1wz — Arug + 01w3 + 00w + 03w + o4up.

An expression for the vector w follows from the first of equations (4.37)
wi = o1(u; —up(uy, vi)). (4.38)

The second of equations (4.37) is solvable if and only if its right-hand side is orthog-
onal to the vector vy. By (4.34) and (4.38), this condition takes the form

of = (Ajuy, vo). (4.39)
By means of equation (4.27), the third of equations (4.37) yields the vector w,
wy = Go(oyw) + oaup — Ajup). (4.40)
Introducing the real vector f € R” with the coefficients
fs = (8p,Aug, vo) 4.41)
we write equation (4.39) in the form
ol = (f,e). (4.42)
equations (4.42) and (4.35) describe splitting of the double eigenvalue oy with the
Jordan chain of second order in the generic case when (Ajug, vg) # O.

Degenerate case

In the degenerate case, when
(Aug, vo) = 0, (4.43)

the perturbed eigenvector u and eigenvalue o are determined by terms of order ¢ [32,
33,584], i.e. by the coefficients w, and o7, since now in (4.35) we have

6p=0, w;=0. (4.44)

In order to find the coefficient 0;, we write down the condition for the third of equa-
tions (4.37) to be solvable. Taking the normalization condition (4.34) and degeneracy
condition (4.43) into consideration, we obtain

02(W2, Vo) — (A1w2,vo) — (Azuo, vo) = 0. (4.45)
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Multiplying both sides of the second of equations (4.37) by v, we get
(W2,v0) = 02 — (Ajug, v1). (4.40)

Substituting expressions (4.40) and (4.46) into equation (4.45), we find that in the
degenerate case the coefficient o, is determined by the equation [32,33,284,521]

03 — 0a[(A1ug, v1) + (Ajuy, vo)] — (Asug, vo) + (Go(A ug), AT vg) = 0. (4.47)
If the discriminant of equation (4.46) does not vanish, i.e.
207 # (A, vi) + (Ajuy, vo), (4.48)

the two-fold eigenvalue oy splits in the degenerate case (4.43). When conditions (4.43)
and (4.48) hold simultaneously, all the odd coefficients 07;—1, Wp;—] in expansions
(4.35) vanish. The proof is by induction, see [274].

Introducing a real vector h with the components

2hs = (8PSA110, Vl) + (8pSAu], VO), (4.49)
where s = 1,...,n, and a real symmetric n x n matrix H with the elements

2H) = —(9;, ,, Auo, vo)

+(Go(p, A o), 9p, ATvo) + (Go(3p, A, wo), 05 AT Vo), (4.50)
we find
(Aug, vo) + (Ajug, vi) =2(h, e4),
—(Asug, vo) + (Go(A1ug), Al vo) = (Hey, ex) — (f,d), (4.51)

where the vector e is determined by the condition (f, e«) = 0.

4.4.3 Double eigenvalue of geometric multiplicity 2

Let at py the double real eigenvalue o have two linearly independent eigenvectors u;
and up, which corresponds to the reversible semisimple 1 : 1 resonance. Let v and v,
be linearly independent eigenvectors of the adjoint problem. Any linear combination of
the vectors uy, up or vy, v, is an eigenvector of the corresponding eigenvalue problem.
In the assumption (ui, Vj) = §;;, where §;; is the Kronecker symbol and i, j = 1,2,
the perturbation theory yields 0 = o¢+ 07 +0(¢e) with o7 determined by the quadratic
equation [155,284]

[o1 — (Ajug, vi)][o1 — (A, v2)] — (Ajug, v2) (Ajup, vi) = 0. (4.52)

Therefore,

. (Ajug,vy) + (Ajup, v2)

o =o0p + >

+ %dﬁ Yol(e), (4.53)



106 Chapter 4 Reversible and circulatory systems

where D = (fi,e)? + (f,e)? — (f_, e)?, the matrix A, is determined in (4.18), and
the s-th components of the real vectors fy, f1, and f_ are

f*,s= (apSAul,Vl) — (3pSA112,V2) s f;l:,s: (8pSA111, Vz) + (apsAllz, Vl) . (4.54)

4.4.4 Triple eigenvalue of geometric multiplicity 1

Let a triple real eigenvalue oy have the Jordan chains consisting of the right and left
eigenvectors ug and vy, and associated vectors uj, up and vy, v

(Ao - O’()I) uy = 0, (Ag - EoI)Vo = 0,

(Ao — oo uy =1y, (AT —FoI)vi = v,

(Ag—ooh)wy =uy, (Al —5oI)vs = vy, (4.55)
where
(ug,vo) =0, (ur,vo) =0, (up,v1) =0,
(w2, vy) = (uy,v2), (w,vp) = (ug,vy) = (g, v2). (4.56)
Additionally, we assume that
(ug,v2) =1, (u,vp) =1 4.57)

Generic case

Generically, perturbation p = pg + e + £2d yields splitting of the triple eigenvalue
0y into three simple eigenvalues [584]

1/3 2/3

o=0p+¢e'01+¢&

w| + ¢

o) + €03+ ...,

1/3 2%y + ews + ... (4.58)

u=uy + ¢
Proceeding similarly to the case of a double eigenvalue we find o
of = (Ao, vo) = (a.€), (4.59)
where the s-th component of the real vector q is

qs = (9p,Aug, vo) . (4.60)

Primary degeneracy

When the right-hand side of equation (4.59) vanishes, the triple eigenvalue splits into
three simple ones in other ways. Two of the three perturbed eigenvalues and the cor-
responding eigenvectors expand as

o =09+ %01 + g0y + %03 + -,

u=uy + sl/zwl + ewy + 83/2W3 + -, 4.61)
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while for the third perturbed eigenvalue and its eigenvector we have
O’=O’0+8/L1—|—82M2+~-~, u=uo+8z1+82zz+-~-. (4.62)
Substituting (4.61) and (4.15) into (4.9) yields

(Ag — ool) wi = oy,
(Ao — ool) wo = 01wy — Ajug + ozuy,
(Ap — apl) w3 = 01wa — Aywy + 0ow + o319 (4.63)

The vector w; = Gg (o1ug) = oju; + cuyg is found with the use of the first of the
equations (4.63). The coefficient c = —o (uy, v;) is determined from the normaliza-
tion conditions (4.57). The solvability condition written for the third of the equations
(4.63), with the use of (4.56) yields

(w2,v0) = (Ajuy, vo). (4.64)

Multiplying the second of the equations (4.63) by v; and using equations (4.56) and
(4.57) and the expression for the vector wy, we get

o7 = (w2, v0) + (Arup, v1). (4.65)
Expressions (4.64) and (4.65) yield the coefficient o} in equation (4.61)
of = (Ajuy,vo) + (Ajug, vy). (4.66)
Introducing the real vector r with the components
rs = (dp,Auy, vo) + (3p,Aug, vi), (4.67)
we rewrite the equation (4.66) in the form [284]
o1 = £/(r,ex), (4.68)

where the vector ey is determined by the condition (q, e«) = 0. Similarly, we obtain
the coefficient 1t in the expansions (4.62) [284]

(Go (A1ug) , ATvo) — (Azug, vo)

= . (4.69)
H (Ajug,vo) + (Ajug, vi)

This formula can be expressed by means of a real matrix R as

Res,ex) — (q,d
4y = (Rex.ex) — (q.d) 4.70)
(r,e«)
Equations (4.61) and (4.62) with the coefficients (4.68) and (4.70) describe the splitting
of the triple real eigenvalue oy in the degenerate case (Aug, vo) = (q, e«) = 0 where

(r,e«) # 0.
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Secondary degeneracy

In case of the double degeneracy when simultaneously the right-hand sides in both
equation (4.59) and equation (4.66) vanish, the triple eigenvalue expands as 0 = op +
e01 + o (¢), where o is one of the roots of the equation

013 + a1012 +ayoy +az =0, “4.71)
with the coefficients [284]

a; =—(Ajug, v2) — (Ajuy, vi) — (Ajup, vo) ,
ar = — (Axug, vi) — (Aruy, vo) + (Go (Aju), ATVI)

+(Go (A1w), Afvo ) + (GoGo (A1u0), AT o).

a3 = — (Azug, vo) + (G() (Aqug), A{V()) + (G() (Ajug), Agv())

— (G()A]G() (Alll()) . A{Vo) . (4.72)
We can write a; = — (k, e«), where the real vector k has the components
ks = (apsAllo, V2) + (8PSA111, V1) + (8PSA112, V()) . 4.73)

4.5 Geometry of the stability boundary

Now we are prepared for probing the parameter space in the vicinity of the points with
multiple eigenvalues in order to find directions of parameters variation leading either
to the domain of stability or to that of flutter/divergence.

4.5.1 Linear and quadratic approximations at smooth points

Consider a point po on the hypersurfaces of the type & and 0 in the space of param-
eters, where there exists either a double real eigenvalue og > 0 with the Jordan chain
of length 2 or a simple zero eigenvalue while all the remaining eigenvalues are simple
and positive. Then, the vectors g # 0 and f # 0 are normals at pg to the stability
boundary in its smooth parts [274].

Indeed, according to equations (4.19), (4.29) and equations (4.35), (4.42)

o(e) = (g,e)e +0(e), o(e) =0p% V(f,e)e+ o(e'?). (4.74)

When (g,e) > 0, a slight variation of the parameters along the curve (4.14), which
generically is transversal to the stability boundary, turns zero eigenvalue into o (¢) > 0,
implying stability. Similarly, when (f,e) > 0, the two-fold eigenvalue oy bifurcates
into two simple positive ones (stability). However, if (g,e) < 0, we have a(¢) < 0
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(divergence) and if (f,e) < 0, the double eigenvalue splits into a complex-conjugate
pair (flutter). Thus, evaluated at a nonsingular point pg of the stability boundary, the
vectors g and f point into the stability domain along the normal to the boundary. A
linear approximation to the stability boundary at pg is given by the tangent planes

(g, Ap) =0 or (f,Ap) =0, (4.75)

where Ap = p — po, provided that (g, e) # 0 and (f,e) # 0.

The geometrical meaning of the vector h and the matrices E and H defined by equa-
tions (4.49), (4.31) and (4.50) is related to the quadratic approximation of the stability
domain. In order to establish it, consider the curves

p(e) = po + cex + &2d + o(&?), (4.76)
which are tangent to the stability boundary at ¢ = 0, i.e. either
(g,ex) =0, or (f,es)=0. 4.77)

Let po be a point on the boundary between the stability and divergence domains.
By condition (4.77), the coefficient o in series (4.19) vanishes, and

1 d*p dp dp
o=— < d2> <Ed T > &2 + 0(e?) (4.78)

Similarly, assuming pg belongs to the boundary between stability and flutter domains,
we find that the bifurcation of the two-fold eigenvalue o¢ along the curves (4.76) tan-
gent to the stability boundary is defined by the equation

dp d’p dp dp dp
(0—0'()— <h,E>S) <f ﬁ> <Hd_ d_> 2 <h E> & +0(82)
(4.79)
Along the curves (4.76) lying on the stability boundary a simple zero eigenvalue
remains equal to zero and a two-fold eigenvalue does not bifurcate. A necessary con-
dition for this to occur is that the right-hand sides in equations (4.78) and (4.79) vanish.
Taking into consideration that on these curves

1] d%p)\ , ) 1/ d%p 2
(g, Ap) = §<g, W>8 +o(e%), (f,Ap) = <f 7 2>8 +o(g%), (4.80)

we find that the stability boundary of the circulatory system (4.8) in the neighborhood
of a nonsingular point is described up to o(]| Ap||?) by the equations

Fi(Ap) := (g, Ap) — Gi(Ap) =0, F(Ap) := (f, Ap) — G2(Ap) =0, (4.81)

where
G1(Ap) = (EAp, Ap), Ga(Ap) = ((H—hhT)Ap, Ap). (4.82)
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when the stability domain borders on the divergence domain or when it has a com-
mon boundary with the flutter domain, respectively. It follows from equation (4.79)
that the flutter domain is defined by the inequality F, < 0, and the stability domain,
accordingly, is defined by the inequality F, > 0.

Considering vectors Ap belonging to the tangent plane (4.75), we deduce from the
condition F, > 0 that if the quadratic form G, (Ap) is negative- (positive-) definite in
the set (4.75), then the stability domain is concave (convex) and the flutter domain is
convex (concave), since the tangent plane is contained in the stability (flutter) domain.
Using equation (4.78) and reasoning in a similar way, we conclude that if the quadratic
form G| (Ap) is negative (positive) definite in the set (4.75), the divergence domain
F; < 0is convex (concave) and the stability domain F; > 0 is concave (convex) [274].

4.5.2 Singularities in two-parameter circulatory systems

Theorem 4.3 (A.P. Seyranian and O. N. Kirillov, 2001 [284,521]). Let the cir-
culatory system (4.8) depend on two parameters py and p;. Then, the boundary
between the domain of stability and the domains of flutter and divergence in the
(p1, p2)-plane is piecewise smooth. It consists of smooth curves of the types o
and O that generically are connected to each other at the singular points of the
four types:

0%, o> (cuspidal points) and Oc?,a’B? (transversal intersections).

The singularities listed in Theorem 4.3 are generic in two-parameter circulatory
systems and cannot be removed by small variations of the family A(p1, p2).

Definition 4.4 (L. V. Levantovskii, 1980 [374,375]). A tangent cone to a set Z at the
points of its boundary is a set of directions in which from the given point one can send
a curve that lies in the set Z. The tangent cone is generic if it cuts a set of nonzero
measure on a sphere. Otherwise, it is degenerate.

2

A smooth curve o, o > 0

Consider a point pg on the curve o« in the (py, p2)-plane, corresponding to the double
real eigenvalue 0p = o > 0 with the Jordan chain of length 2, while other eigenvalues
o are simple and positive, Figure 4.1 (a). Then, from equation (4.74) it follows that if
(f,e) > 0, then at sufficiently small e the vectors e are in the stability domain and if
(f,e) < 0, then the vectors ge belong to the flutter domain. The tangent cone to the
stability domain is a half-plane

Ks ={e: (f,e) > 0}.
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Figure 4.1. Boundaries between domains of stability (S), divergence (D), and flutter (F) and
their generic singularities in two-parameter circulatory systems [284,521].

Therefore, the curve o® (o« > 0) is a boundary between the domains of stability and
flutter and the normal f points to the stability domain, Figure 4.1 (a).

If G, (ex«) < O for the vector of variation e tangent to the boundary ({f, ex) = 0),
then the double eigenvalue « splits into two real ones; hence e, points to the stability
domain, which is thus concave. If G, (ex) > 0, then ey points to the flutter domain
because « splits into a complex-conjugate pair. The stability domain at p = py is then
convex.

2

A smooth curve a“, a < 0

Let o < O at the points of the curve o> while other eigenvalues o are simple and
positive, Figure 4.1 (b). Then, the set Kp = {e: (f,e) < 0} is a tangent cone to the
divergence domain and the inequality (f, e) < O defines the tangent cone to the flutter
domain at the point p = po. Therefore, the curve o (@ < 0) is the boundary between
the domains of flutter and divergence. The vector f is orthogonal to the boundary and
points to the domain of divergence, Figure 4.1 (b). The flutter domain is convex at py,
if G, (ex) < 0 and concave otherwise.
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Transversal intersection >8>

At the singularity o> two smooth curves of the types o and B intersect each other
under a nonzero angle, i.e. transversally [17], so that the boundary between stability
(or divergence) and flutter is broken, Figure 4.1(c, d). The matrix A then contains two
Jordan blocks of second order with the different real eigenvalues « and 8.

Let us denote by f* (f B) the vector f corresponding to the eigenvalue « (). In ac-
cordance with (4.74) the variation of parameters along the vectors e, satisfying the in-
equalities (f%,e) < 0 or (f#, e) < 0, yields splitting of & (or f) into pairs of complex-
conjugate eigenvalues (flutter) and into two positive real ones otherwise (stability)
when « > 0 and 8 > 0. Therefore, at the point &> 8% (o > 0, 8 > 0) with other eigen-
values being simple and positive, the stability domain intrudes into the flutter domain
in such a manner that the angle of the wedge ¢ < m, Figure 4.1 (c). The tangent cone
to the stability domain is then

Ks = {e: (f%e) >0, (ff,e) > 0}. (4.83)

When at least one of the eigenvalues « or 8 is negative and the remaining eigenvalues
o are simple and positive, the singularity &> 82 is on the boundary between the domains
of flutter and divergence, Figure 4.1 (d). The divergence domain at this point intrudes
into the flutter domain with the angle ¢p < 7. The (f%,e) > 0 and (f#,e) > Oisa
tangent cone to the divergence domain.

The cuspidal point o3

At this point A has a Jordan block of order 3 with the real eigenvalue «. Equa-
tions (4.58) and (4.59) show that the variation of parameters along a direction e, such
that (q, e) # 0, is accompanied by the splitting of the triple eigenvalue « into one real
and two complex ones (flutter) according to the formula

o=a+ J(ge)e+o(?). (4.84)

The primary degeneracy condition (q, e«) = 0 selects a line in the (p;, p»)-plane.
When the parameters vary along this line, the triple eigenvalue « splits in accordance
with equations (4.61) and (4.68) into a couple of real or complex ones

or =ax/(r,ex)e+ O (e), (4.85)
and a simple real eigenvalue, which according to equations (4.62) and (4.70) is
~ Rex,
0=a+sw+o(s). (4.86)
(r,e«)

The eigenvalue ¢ remains real irrespectively of e«. The direction that stabilizes or
destabilizes the system is determined by equation (4.85). If for instance (r,es) > 0,
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then from (4.85) it follows that the vector ey is in the stability domain when & > 0 and
in the divergence domain when o < 0. The vector —ey is then in the flutter domain for
any sign of «, since the variations in this direction yield a pair of complex-conjugate
eigenvalues o . Therefore, at the point o> the tangent cone to the domain of stability
(o > 0) or divergence (¢ < 0) is a ray and is therefore degenerate

Ksp = {e: (q,e) =0, (r,e) > O}. (4.87)

The domain of stability (a > 0) or divergence (o < 0) at the singularity o> intrudes
by a narrow tongue into the flutter domain forming a cusp, Figure 4.1 (e, f).

A smooth curve o = 0

At the points of a curve of the type 0, the matrix A contains a simple zero eigenvalue
that changes under variation of parameters in accordance with equation (4.74). The set
of directions e in the parameter space such that (g, e) > 0 corresponds to transition to
a positive eigenvalue; when (g, e) < 0 the zero eigenvalue becomes a real negative
one. If all other eigenvalues are simple and positive, the vector g is orthogonal to the
boundary between the domains of divergence and stability and points to the stability
domain, Figure 4.1 (g). The stability domain is concave when G1(ex) < 0 and convex
otherwise, where e, is a tangent vector determined by the condition (g, ex) = 0 and
G is defined by equation (4.82).

Transversal intersection 0c2

At the singularity Oc? the matrix A has the Jordan block of order 2 with the real eigen-
value o and a simple zero eigenvalue. When other eigenvalues are simple and positive
and o > 0, then from equations (4.74) the tangent cone to the stability domain follows
in the form

Ks ={e: (f,e) >0, (g,e) > 0}. (4.88)

The opening angle of the tangent cone ¢s < m, Figure 4.1 (h). In the case when
a < 0, a point of the type Oct? is on the boundary > between the domains of flutter
and divergence and does not originate a singularity.

The cuspidal point 0>

The singular point 0> corresponds to the matrix A with the Jordan block of order 2
with zero eigenvalue. According to equation (4.74) determining splitting of the dou-
ble eigenvalue oy = 0, the vectors e satisfying the inequality (f,e) > O are in the
divergence domain. The inequality (f,e) < O determines the tangent cone to the flut-
ter domain, Figure 4.1 (i-k).
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Let the vector e, satisfy the condition (f,es) = 0, i.e. it is a tangent vector to the
boundary. Then from equation (4.79) it follows that for a given vector ey it is possi-
ble to choose vectors d such that along the curves (4.76) the double zero eigenvalue
will split into two simple positive ones (stability). This happens in the following three
different cases.

In the case when G(e«) < 0 and (Hex, ex) > 0, the curves satisfying the inequal-
ities (h,ex) < 0 and 2Gy(ex) < (f,d) < 2(Hex,ex) lead to the stability domain.
The stability domain is on both sides of the tangent vector e, the flutter domain being
convex, Figure 4.1 (i).

When G(ex) < 0 and (Hex, ex) < 0, the curves leading to the stability domain
satisfy the inequalities (h,es) < 0 and 2Gy(e«) < (f,d) < 2(Hex,ex) < 0. The
stability domain is within the half-plane (f,d) < 0 with respect to the tangent vector
e«, and the flutter domain is convex, Figure 4.1 (j).

Finally, in the case when Gy(e«) > 0, in the stability domain are the curves that
satisfy the conditions (h,ex) < 0 and 0 < 2Gy(ex) < (f,d) < 2(Hex,ex). The
stability domain is within the half-plane (f,d) > 0 with respect to the tangent vector
e«, and the flutter domain is concave, Figure 4.1 (k).

In all the three cases the stability domain touches the domains of flutter and diver-
gence at the point 0% by a narrow tongue, Figure 4.1 (i-k). The tangent cone to the
stability domain is degenerate

Ks ={e: (f,e) =0, (h,e) <0}, (4.89)

where generically the vectors h and f are linearly independent.

4.5.3 Example. Stabilization of comfortable walking

In [41] Beletsky considered a two-legged walking robot consisting of the massive body
and a pair of weightless legs that are connected to the body by the joints at the point O,
Figure 4.2 (a). During walking one leg of the robot is in a pointwise contact with the
ground, Figure 4.2 (a). Let p be the distance between the mass center C to the point
O that is elevated to the height /& above the ground, M the mass of the body, I the
moment of inertia of the body relative to the mass center, T' the duration of one step, 8
the angle of inclination of the body with respect to the vertical, u and g the momenta
acting in the knee and the hip joints, respectively. Oscillations of the body with respect
to the point O are described by the dimensionless nonlinear equation [41]

(14 pa(cos — 1) + w1 (Ap () + k) sinf) 6 —sinf — (Ap (v) + k) (4.90)
+ (1 (L@ (t) + k) cos @ — up sin 6) 6% + (1 cos @ + uo) ik =0,

where dot denotes differentiation with respect to time t and

k=(x—x)—Lo(@)p ", 9@@)=1/v0—[t/w]-S/L, (“491)
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b)

e

Figure 4.2. (a) A two-legged walking robot [41] and (b) its stability diagram when u = u; +
na = 0.5 [284].

with 790 = wT a nondimensional step duration and [r] the integer part of n,

g Mp? pih
dt =wdt, s M1 T+ Mp (o)’ %) P (4.92)
The equation (4.90) describes oscillations of the body of the robot, given the motion
of the hip joint x = x (1), z = h = const, and the process of contact (¢, 8, x,) of a
leg with the ground, Figure 4.2 (a).

The coordinate « (7) is a deviation of the coordinate of the hip joint x (7). If the
horizontal motion of the joint is regular (k = 0), then the walking is called comfortable
[41]. In this case the body oscillates with the period 7o, equal to the duration of the
step: 0 = 6 (1), 0 (t + 19) = 0 (). The hip joint then moves with the constant speed
at the constant height 4 above the ground, whereas the legs take steps of equal length
and duration. This motion, generally, is unstable.

As it was shown in [41], stabilization of the motion and of the oscillations of the
body is possible by a linear feedback with respect to the deviations ¥ = 6 — 6 (1)
and « from the periodic motion 0 () and from the regular motion of the joint. The
equations of motion of the system (4.90) linearized with respect to the variables ¥ and
k with the linear feedback taken into account are [41]

(?)JFA(&):O, A=(‘“f°_1 ’“‘Xl_l), (4.93)
h K —x0 =1

where 4 = p1 + p2 < 1, and yo and y; are the feedback coefficients corresponding
to the controlling moments at the joints.

Given u, the circulatory system (4.93) depends on the two parameters yo and y;.
If these parameters (drive moments at the hip and knee joints) are in the stability do-
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main, the feedback stabilizes the comfortable walking. Assuming solutions to equa-
tion (4.93) in the form ¢, k ~ exp(4/0 1), we find the eigenvalues

po—xi—1 1
oe = O 4 -+ )P =40 — 10 (499
Along the straight line y; = yo one of the eigenvalues, 0+ = 0, whereas o_
remains positive when y; = yo < 1/(u —1), vanishes at the point py =

(1/(u—1),1/ (n — 1)) and is negative at the rest of the line. Hence, for y; = yo <
1/ (i — 1) this line divides the domains of stability and divergence. At pg there is a
double zero eigenvalue with the Jordan block, 0%, and the remaining part of the line
belongs to the divergence domain, Figure 4.2 (b).

The vanishing radicand in equation (4.94) means that the eigenvalues are double
and real along the parabola (1 + y; — )(0)2 =4 ()1 — yo0)- Atthe point pg, where the
parabola touches the line y; = o, the double eigenvalue is zero, Figure 4.2 (b). A part
of the parabola below the line y; = puyo — 1, is the boundary between the domains of
stability and flutter, because here the double eigenvalues are positive. The remaining
part of the parabola separates the domains of flutter and divergence, Figure 4.2 (b),
because above the line y; = pyo — 1 the double eigenvalues o7, < 0. Therefore, the
stability domain is

mro—x1—1>0, x1>x0, 1+ x1—pxo)* =4 —yx0)>0. (495

The eigenvectors and associated vectors of the double zero eigenvalue of the matrix
A determined by equation (4.93) are

2 (1 BRYa
uo—q 1) VO__E 1)
0 1- 1
ulz(_z), ‘”:Tu(o)' (4.96)

In the (o, x1)-plane the point 0? belongs to the boundary between the domains of
stability (gray) and instability, originating a singularity. At this point three domains
contact with each other: stability, flutter and divergence, Figure 4.2 (b). The singulari-
ties 3, @? B2, 0a?, and a? B2 cannot take place in this system because their origination
requires more than two degrees of freedom.

Substituting the eigenvectors (4.96) into equation (4.41), we get the normal vector to
the flutter boundary at the point 0%: f7 = (1, —1). The vector f points to the divergence
domain that in the vicinity of the point 0% is defined by the inequality (f,e) > 0, i.e.
e| > e, where el = (e1, e2). The vectors e that satisfy the condition e; < e; are
directed to the flutter domain. The equality e; = e, selects the line y; = yo, along
which the splitting of the double zero eigenvalue is described by the quadratic equation
(4.47).

In the degenerate case e} = e; = ex, we find that 2(h, ex) = (u — 1)ex, where the
vector 2h” = (u, —1), whereas (Hex, ex) = 0. Then, in the degenerate direction the
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double zero eigenvalue splits as 0—(¢) = 04+ o0(¢) and 04 (¢) = (L — 1)exe +0(¢), in
accordance with equation (4.94). Since G»(e+) = —(hh” ey, e4) < 0, the flutter do-
main is convex at the point (1/ (1 — 1), 1/ (i — 1)) and the stability domain is above
the line y; = yo, cf. Figure 4.2 (b) and Figure 4.1 (j). The quadratic approximation to
the stability domain is F, = (f, Ap) + (hh” Ap, Ap) > 0,1i.e. 4(xo — x1) + (ixo —
1 — 1)? > 0, coinciding with the third of the conditions (4.95). The tangent cone
(4.89) to the stability domain is thus degenerate

Ks={e: e1=ep, ey <per}, u<l1.

In Figure 4.2 (b) the line y; = pyo — 1 is shown dotted whereas the dashed line
denotes the part of the line y; = y( that lies in the divergence domain. The vector
f is orthogonal to the line y; = yo and is directed to the divergence domain, while
the vector h is orthogonal to the line y; = pyo — 1 at the point 0?. Therefore, all the
three stability conditions (4.95) are exactly reproduced by the sensitivity analysis of
the double zero eigenvalue. We see in Figure 4.2 (b) that the stability tongue is very
narrow. In the absence of control (yo = y; = 0), comfortable walking is unstable.
Moreover, the control with respect to any single channel (when either yo = O or y; =
0) does not guarantee stability either. Stabilization of comfortable walking is only
possible by simultaneously controlling both channels under very restrictive choice of
the feedback coefficients [41].

4.5.4 Singularities in three-parameter circulatory systems

Theorem 4.5 (O. N. Kirillov, 2000 [284]). The boundary between the domain
of stability and the domains of flutter and divergence in the (pi, p2, p3)-plane
of a three-parameter circulatory system (4.8) is piecewise smooth. It consists of
smooth surfaces of the types 0 and o that generically are connected to each
other along the curves of the four types

0%, o (cuspidal edges) and 0a® (o > 0), B> (dihedral edges)
and at points of eight types
0%e? (@ > 0), 0o (o > 0), o’p?
(transversal intersections of cuspidal edges)

00?p% (@ > 0,8 > 0), a?B*y?* (trihedral angles)
aa (cone), ot (swallowtail), and O (trihedral spike).
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Smooth surfaces o2 and 0

The surface o is a smooth part of the boundary between the domains of stability and

flutter when o > 0 and between the domains of flutter and divergence when o < 0,
Figure 4.3 (a). The vector f, defined in (4.41), is normal to the surface that separates
the domains of flutter and stability (flutter and divergence) and lies in the domain of
stability (divergence).

On the surface of the type 0, the matrix A contains a simple zero eigenvalue. If
all other eigenvalues are positive and simple, the surface separates the domains of
stability and divergence in the (pi, p2, p3)-space. The normal vector g, defined by
equation (4.28), points to the domain of stability, Figure 4.3 (b).

Singular lines 02, 0a?, o, and 28>

The points in the (p1, p2, p3)-space corresponding to the matrices with eigenvalues of
types 02, Oc?, o>, and «® B2, other eigenvalues being positive and simple, constitute
singular curves on the stability boundary. The curves Oc?(a > 0) and a?B? exist
at transversal intersections of two smooth surfaces forming edges of dihedral angles,
Figure 4.3 (c,d). The tangent cones to the domains of stability and divergence at the
points of these curves are (4.88) and (4.83), respectively. When o < 0, the curve 0ce?
belongs to the boundary between the domains of flutter and divergence and does not
create a singularity. When o > 0 the edge Oc? is the summit of the domains of stability,
flutter and divergence, Figure 4.3 (c). The singularity >3 occurs on the boundary
between the domains of stability and flutter for « > 0, 8 > 0 and on the boundary
between the domains of divergence and flutter when at least one of the eigenvalues «,
B, is negative, Figure 4.3 (d).

A triple real eigenvalue o with the Jordan chain of length 3 existing at a point of
the curve o splits according to equation (4.84) for almost all directions of variation of
parameters. Therefore, the condition (q, €) # 0 determines the linear approximation to
the flutter domain. Under variation of parameters in the particular direction specified
by the condition (q,e) = 0, one of the three eigenvalues remains real and close to «,
while the other two split according to equation (4.85). The condition (r, e) > 0 together
with the degeneration condition select stabilizing variations for > 0 (destabilizing
for @ < 0) and define degenerate tangent cones to the domains of stability (divergence)
that are given by equation (4.87). Therefore, o is a cuspidal edge in the (p1, p2, p3)-
space, Figure 4.3 (e).

The singularity 0% is a curve where the domains of stability, flutter and divergence
meet, Figure 4.3 (f). Equation (4.89) defines a degenerate tangent cone to the stability
domain at the points of this cuspidal edge.
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Intersection points 0>, 0a®, 0?82, o3 B2, a2 f2y?

Intersection of the edges shown in Figure 4.3 (c—f) by the surfaces of the types 0 and
«?, Figure 4.3 (a,b), creates the singularities 0%, Oc?, 0a?B2, o B2, a?B2y? that
have codimension 3, see Figure 4.4. For example, the singularity a®8? occurs when
the cuspidal edge o is transversally intersected by the surface 2. The tangent cone to
the domain of stability foroe > 0, 8 > 0, or divergence if at least one of the eigenvalues
a, B is negative, follows from equation (4.87) by adding a condition (f, e) > 0, where
the vector f is related to the eigenvalue

a’B*: Ksp={e:(qe)=0,(re) >0 (fe) >0} (4.97)
Similarly, we derive the tangent cones at other singular points
0’0’ (a > 0) : Ks ={e: (f%e) =0, (he) <0, (f%e) > 0};
o’ py? Ks.p = fe: (t%e) > 0,(t%,¢) > 0, (7, e) > 0};
022 (@>0,8>0):  Ks={e:(f%e)>0(ge) >0,(f’ e >0l
Kp = {e: (f%e) >0, (g e) <0, (f?,e) > 0};
0c® (@ > 0) : Ks ={e:{(q,e) =0,(r,e) >0,(g,e) >0},
Kp =fe: (g.e) = 0,(r,e) >0, (g.e) <0}, (4.98)

where real vectors g, f, h, q, and r are defined in equations (4.28), (4.41), (4.49), (4.60),
and (4.67), respectively. Hence, the tangent cones (4.97), (4.98) to the domains of sta-
bility or divergence at the points o> 82, 0%a? (o > 0) ,0a® (¢ > 0) are plane angles and

Stability (o. > 0)
Divergence (o. < 0) C)

[Ae]

a)

Stability (o. > 0)
divergence (0. < 0)

Stability (o> 0, B > 0)
otherwise divergence

Figure 4.3. Smooth surfaces of types (a) a? and (b) 0; the dihedral angles (c) Oa? (o > 0) and
(d) a?p?; the cuspidal edges (e) a and (f) 0% [284].
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Q
Z’S‘tabiﬁty (>0,>0,y>0)

Divergence otherwise

Stability (o> 0,p>0)
Divergence otherwise

S

Figure 4.4. The singularities a® 82, 0>°a? (@ > 0), Ocr® (@ > 0). Trihedral angles o?>8y? and
002B% ( > 0,8 > 0) [284].

are thus degenerate. The tangent cones at the points ?42y? and 0a? 2 (@ > 0, 8 > 0)
are trihedral angles. Note that the codimension 3 singularities do not occur at the points
0%a? (¢ < 0), 0 (¢ < 0), and at the point 0c? ,32, when one of the eigenvalues «,
is negative.

Conical singularity oo

The points of the type c« in the (p1, p2, p3)-space correspond to the matrices with
the double semisimple real eigenvalue oy = «. As follows from equation (4.53), the
condition D < 0 selects the flutter domain while the condition D > 0 corresponds
to the stability domain for « > 0 and to the divergence domain for @ < 0. Equation
D := x?+ y? — z2 = 0 determines the conical surface in the space of the parameters

x = (f,e), y={(f,e), z=(f,e), (4.99)

see Figure 4.5 (b). Hence, independently of the sign of « flutter is inside the cone while
the domains of stability or divergence are adjacent to the cone.

In order to describe the tangent cone to the stability or divergence domains at oo
in the (p1, p2, p3)-space, we introduce the polar angle ¢, Figure 4.5 (a). Then, taking
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Figure 4.5. The singularity co [277,284] on the boundary between the domain of flutter (F,

inside the cone) and (outside the cone) stability (when @ > 0) or divergence (when o < 0).

The skirts of the cone correspond to the surfaces of type o2

into account that x = z cos¢ and y = z sin ¢, we find
(fx —f_cosgp,es) =0, (fx —f_sing,es) =0. (4.100)
Hence, a tangent vector to the conical surface at the apex of the cone is
ex =1 (fx —f_cosg) x (fx —f_sing), (4.101)

where ¢ € R is a real parameter. Expanding the inner product in (4.101) and introduc-
ing the new vectorsa = f, x fy, b =f, xf_, ¢ = f_ x f, yields

ex =t (a+bsing + ccosg). (4.102)

Therefore, at the point ce in the (py, p2, p3)-space the tangent cone to the domain of
stability (o > 0) or divergence (¢ < 0) is

Ksp={e:e=t(a+d(bsing+ccose)),t € R,p €[0,2n],d €[l,00)}.
(4.103)

Singular points «* and 0°

Sensitivity analysis of eigenvalues becomes less efficient in cases that correspond to
eigenvalues of higher multiplicity. By this reason, for the investigation of singular-
ities 0°, «* we will use a method proposed in [399] based on the investigation of a
bifurcation diagram of the versal deformation [17] of a matrix.

A versal deformation of a matrix Ag is a matrix family A (p), that smoothly depends
on the vector of parameters p € R, such that any smooth family A (p), (A (po) = Ao)
in the vicinity of the point p = pg has the form

AP) =CEA(®)C @), (4.104)
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where C (p), C (pg) = Cy is the family of nondegenerate matrices smoothly depen-
dent on p, Cy is the nondegenerate matrix that transforms the matrix Ay to the upper
triangular Jordan form, i.e. Ag = CoJCy!, and p = ¢ (p) is a smooth map of the
neighborhood of the point py in the space R? to the vicinity of the origin in the space
R4, Versal deformation with the minimal possible number of parameters is called
miniversal [17].

Let at p = pg the real matrix A of the eigenvalue problem (4.9) have the Jordan
block of third order with the zero eigenvalue, 0°. Let all other eigenvalues be positive
and simple. The miniversal deformation of Ay = A (po) can be chosen in the form
[17,185]

AP)=T+B®), (4.105)
where J is the Jordan upper triangular form of Ay, and B (p) is the block diagonal

matrix with the blocks corresponding to the eigenvalues of the matrix Ag. The first
block of the matrix A (p), that corresponds to the triple zero eigenvalue, is [17, 185]

0O 1 O
0 0 1 (4.106)
P1 P2 D3

Since in view of (4.104) the characteristic equations for the matrices A (p) and A (p)
coincide, one can investigate the stability of a circulatory system using the miniversal
deformation. Stability of the matrix A (p) in view of its block-diagonal structure is
determined by its first block (4.106) that has the following characteristic equation

0 +0%p3 +0pr+ p1 = 0. (4.107)

Inthe (51, pa, p3)-space of the miniversal deformation the matrix A has a triple zero
eigenvalue at the origin. From (4.107) it follows that the (p», p3)-plane corresponds
to the matrices with the simple zero eigenvalues and the axis p3 corresponds to that
with the double zero eigenvalue. Other multiple eigenvalues live on the discriminant
surface [23]

2757 + 18p1p2ps — P33 +4P3p1 — 453 =0, (4.108)

shown in Figure 4.6 (a). The cuspidal edge, o’ (a > 0), of the surface lies above the
plane of simple zero eigenvalues, intersecting it at the origin. After that, o« changes
the sign and the edge o (¢ < 0) goes below the (5, p3)-plane. One of the surfaces
a?, @ > 0, which is adjacent to the cuspidal edge o, intersects the plane of zero
eigenvalues and forms the dihedral angle Ocr? (@ > 0). The second surface o> (« > 0)
touches this plane along the axis p3 and forms the cuspidal edge 0. Therefore, the
stability domain is inside the trihedral spike that is bounded by the surfaces (4.108)
and the (2, p3)-plane. The curves o (o < 0), 0a? (o« > 0) and 07 are the edges of the
trihedral spike.
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7 Stability (.>0)
Divergence (a.<0)

Figure 4.6. Singularities (a) 0° and (b) a* on the boundary of the stability (S) or divergence
domains that are inside the trihedral spikes [284].
The vectors €, that satisfy the conditions
e1 =0, e=0, e3>0. (4.109)

lead to the stability domain from the origin in the (pi, p2, p3)-space, thus forming a
degenerate tangent cone to the stability domain at the point 03.
Taking into account that

~ dpl dpi dPJ 3‘Pt
i j 4.110
Z 3PJ de Z 8PJ ( :

we conclude that the vectors € and e determining the tangent cones in the spaces of
parameters of the miniversal deformation and that of the original matrix family are
related via the Jacobi matrix of the map p = ¢ (p). The derivatives g}’; L can be found

as linear combinations of the elements of the matrix F/ = C0 1 aA Co, see [399]. The

matrices F/, are subdivided into blocks in accordance with the Jordan form of the

matrix Ag
(o) (Bwws) ()
A J0A .
F] _ (ap uO’Vl) (Wjul’vl) ( u2,V1) . ‘ (4111)

ap
(g:uo,vo) (%uhVo) (aa—uz Vo)

Here ug, u;, up, vy, v, vo are eigenvectors and associated vectors of the triple eigen-
value that satisfy the equations (4.55) and conditions (4.56) and (4.57). The derivatives

3117) L are expressed through the components qu of the matrices F/
Ip1 0P ' . 0p3 ' j '
S—=fil, Z-=fH+fh o=+ A+ b (4.112)
pj apj Ipj
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Substituting (4.112) into (4.110), we obtain
&1 = fie + flea + fires. (4.113)

The vector with the components f3] is the vector q defined in (4.60). Therefore, equa-
tion (4.113) yields ¢; = (q,e). Similarly, &, = (r,e) and é3 = (k, e), because the
components of the vectors r and k, defined in (4.67) and (4.73), respectively, are re-
lated to the elements of matrices F/ as r/ = f3} + fhand k/ = fi + fh + fé.
Then, the relations (4.109) yield the degenerate tangent cone to the stability domain
at the point 0° in the (py, pa, p3)-space

Ks ={e: (q,e) =0, (r,e) =0, (k,e) > 0}. (4.114)

Similarly we study the singularity a*, meaning that the matrix A contains a Jordan
block of order 4 with the real eigenvalue «. Let ug,vi, k = 0...3 be eigenvectors and
associated vectors that satisfy the natural normality conditions. The first block of the
miniversal deformation has the form [185]

a 1 0 O
0O o 1 O
0 0 o 1 (4.115)
p1 D2 P3 o«

Stability of the circulatory system in the vicinity of a* is determined by the character-
istic equation

(@—0)'—p3(@—0) + pr(@—0)— p1 =0 (4.116)
and its discriminant set. The singularity of the stability boundary at the point a* is
known as the swallowtail [23], Figure 4.6 (b). Stability domains for « > 0 (or di-
vergence for & < 0) are inside the trihedral spike, formed by the surfaces a? and the
cuspidal edges o> and o?82. The tangent cone at the point a* to the domain of stability
or divergence is degenerate [284]

Ksp={e: (Le) =0, (m,e) =0, (n,e) > 0}. 4.117)

The components of the real vectors 1, m, and n in (4:1 17) are expressed through the
elements fp]q = E%uq_], V4—p ), of the matrices F/ as [284]

H=fh mi=f+fbh nl=p+rmh+ 1 (4.118)

This completes our study of singularities on the stability boundaries in generic three-
parameter families of circulatory systems.
4.5.5 The cone aa and Merkin’s instability theorem

Let in equation (4.8) the matrix M = I, where I is a unit matrix. Then, the matrix A
in the eigenvalue problem (4.9) is A = K 4+ N, where K = K7 and N = —NT,
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When m = 2, we can represent the matrix A in the eigenvalue problem (4.9) as a
sum of the matrices corresponding to the potential forces of spherical and hyperbolical
types and that of nonconservative positional forces [618,619]

L (ki + ko 0 L (kin—kn  2kp 0 -1
A=— - .
2 ( 0 ki + kxn 3 2kiz ko —kn o

(4.119)
Consider the matrix (4.119) as a three-parameter matrix family A (k22, k12, v) that at

ky = ki1, k12 = 0, and v = 0 reduces to A9 = ki1 with the double semisimple
eigenvalue oy = k1 that has two linearly independent eigenvectors

u1=((1)), u2=((1)). (4.120)

Therefore, the point (k;1,0,0) in the (k22, k12, v)-space is a conical singular point of
type o on the boundary between the domains of flutter and stability when ky; > 0.

The vectors in the equations (4.101) and (4.103) that determine the tangent cone
to the stability domain at the singular point in the (ko2, k12, v)-space, follow from
equations (4.54) where the eigenvectors (4.120) are taken into account

7' = (1,0,0), 7 =(0,2,0), fL =(0,0,-2). (4.121)

The linear dependence of the matrix (4.119) on parameters allows us to choose
e = (kyy — k11, k12, V) and, in combination with the vectors (4.121), to calculate the
coefficients in the expression D := (£, e) + (fy, e)> — (f_, e)?. The stability domain
in the (k22, k12, v)-space is thus approximated by the cone

D = (kp — k11)? + 4k3, — 4% > 0, (4.122)

which coincides with the exact solution following from the explicit expressions for
the eigenvalues of the matrix (4.119). Note that by inverting the inequality in equa-
tion (4.122) we get a sufficient condition for the dynamical instability that, if repre-
sented in the equivalent invariant form [100, 290]

1
INI > K] = — (oK), (4.123)

where |N?|| := tr(NTN) and |K?| := tr(KT K), is valid for any number of degrees
of freedom m > 2 (Bulatovic’s flutter condition [100], see Theorem 5.17).

In the (k22, k12, v)-space, the apex of the cone at the point (k;;,0,0) corresponds
to a stable system under the action of potential forces of spherical type only. When
v = 0, any sufficiently small deviation expressed by the potential forces of hyperbolic
type does not change the marginal stability.

The cone D = 0 has a vertical axis given by the equations ky»; = ki and
k12 = 0 and has elliptical cross-sections in the planes perpendicular to this line, cf.
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Figure 4.5 (b). Inside the cone, i.e. when D < 0, the circulatory system with the ma-
trix A(ko2, k12, v) is unstable by flutter. Outside, it is marginally stable, cf. Figure 4.5.
Thus, for any perturbation of the system with potential forces of spherical type by the
potential forces of hyperbolic type, there exists a nontrivial critical value of the pa-
rameter v, above which the potential system is destabilized by circulatory forces. This
threshold vanishes only when the potential forces of hyperbolic type are absent, i.e.
when kzz = k]] and k]z =0.

Therefore, the nonconservative positional forces destroy the marginal stability of the
system with potential forces of spherical type. Such a statement is valid also in case
of m > 2 degrees of freedom and is known as Merkin’s theorem, see Theorem 5.16
[332,333,423]. In the case of m = 2 degrees of freedom,? this theorem is an obvious
consequence of the conical geometry of the flutter domain in the vicinity of the singular
point of the aza type on the stability boundary, Figure 4.5.

4.5.6 Example: a brake disk in distributed frictional contact

A natural source of circulatory systems, where the conical singularity oo as well as
Merkin’s theorem play a part, is rotor dynamics. In this section we consider a model
that describes onset of flutter in an automotive disk brake.

Recently, Kang, Krousgrill, and Sadeghi investigated the dynamic instability due to
circumferential friction between a stationary thin annular plate and two fixed annular
sector contact interfaces under steady-sliding conditions, see [254,301]. The effects
of rotation and damping were neglected in their model.

After linearization of the governing PDEs and truncation of the modal expansions,
the governing equations were obtained in [254] in the form of the linear circulatory
system (4.8) with M = I and P = C + H + N, where

O @t Oy kRO, o (0~ _ pken RS0,
2 ’ 1 0)° 2
kc Sil’l(l’l@c) I’éz un RG C()% = 0)2 1 0
H= —F—— o I~ -l an . 4.124
2n unRY  —RZ * 2 0 -1 ( )

In equation (4.124), n is the number of nodal diameters on a vibrating annular plate
and is referred to as the mode number. The two neighboring circular natural frequen-
cies of the stationary disk are denoted as w;; and w,,—1. The friction coefficient p is
assumed to be uniformly constant over the contact area of the disk with the contact span
angle 0<6,. <2, Figure 4.7 (a). The stiffness of the contact is also uniformly constant
and equal to k., Figure 4.7 (a). The coefficients R? and RZ are integrals involving the

3 In 1939 Pyotr Leonidovich Kapitsa (1894—1984) — a Russian physicist, who was awarded the Nobel
Prize in Physics in 1978 for his experiments with liquid helium — derived Merkin’s theorem in the case
m = 2 in his study of transition to supercritical speeds in a special high-efficiency expansion turbine
that he developed for liquefaction of air [256].
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Figure 4.7. (a) A stationary thin annular plate with an annular sector friction interface under
steady-sliding conditions; the preload acting on the top pad and the bottom pad, symmetrically,
creates the vertical contact and horizontal friction forces on the top and bottom contact areas
[254). Forn = 2, ke = 1, wy, = wop—1 = 1, Iéz = ﬁj = 2 (b) shows the real parts of the
eigenvalues o of the two modes of the plate as functions of the contact span angle, 6., when
friction is absent (the friction coefficient . = 0); at the intersections the real eigenvalues o
are in the semisimple 1 : 1 resonance. (c) The real (thin lines) and imaginary (bold lines)
parts of the eigenvalues o of the plate in frictional contact when © = 0.02. (d) Domains of
marginal stability and flutter for the disk in the (6., it)-plane with the conical singularities oo
atf, = ns/n,s =1,2,....

squared radial functions of order n in the modal expansions of the transverse displace-
ment of the disk [254].

Since the matrix of positional forces, P, is a sum of potential forces of spherical and
hyperbolic type and circulatory forces as in equation (4.119), we can directly apply the
formula (4.122) to find the stability domain. Equation (4.122) for the matrices given
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by equation (4.124) takes the form [254,301]
o 2
(0)22,1 - w%n—l - kc Rfl SIH(ZOC))
(ke R9)2(n262 — sin2(nf,))
The domains of flutter and stability separated by the curve i = ¢ (6.) are shown
in Figure 4.7 (d) in the (6., t)-plane in gray and white colors, respectively. When the
friction coefficient vanishes, u = 0, the flutter boundary has conical singularities. The
flutter domain is inside the instability tongues, Figure 4.7 (d).

The apexes of the cones correspond to the intersections shown in Figure 4.7 (b) of
the real eigenvalues

koRZ? in(n6 ko R in(n6
0= wp,+——n (ec—sm(: C)), 0 =wy, | +——L (9c+sm(Z C)).

2 2
(4.126)

ur < ul, = (4.125)

The intersections of the eigencurves happen when
keRZ sin(nf,) = n(w3, — w3,_,) (4.127)

and are associated with the double real semisimple eigenvalues of the type cc.

An initially rotationally symmetrical disk is characterized by the coinciding fre-
quencies wy, = wyu—1 [254, 293, 294]. Then, the condition (4.127) reduces to
sin(nf.) = 0 which yields o« singularities at every

O, =ns/n, s=12,.... (4.128)

At the resonances (4.128), the contact span angle is such that even when the preload
is turned on (k. # 0) the matrix of potential forces of hyperbolic type vanishes, H =
0. Therefore, according to Merkin’s theorem, the friction induces vibrations in the
disk at any u > 0. Indeed, the dashed vertical lines that start at the oo points in
Figure 4.7 (d) lie in the flutter domain.*

4 In early studies of nonconservative stability problems of structural mechanics, such an absence of the
upper bound for the magnitude of the circulatory forces was regarded as paradoxical [75]. For example,
in 1928 a Russian engineer, Evgenii Nicolai (1880-1950), motivated by rotor dynamics applications
[196,450], considered stability of a compressed flexible rod of a perfect circular cross-section loaded
by a follower torque that corresponded to circulatory forces [448]. Surprisingly, he found that the rod
lost stability however small the magnitude of the torque was (Nicolai’s paradox) [75]. However, the
rods of noncircular cross-sections were found to be stable if the follower torque did not exceed some
threshold [449]. A natural but for a long time missing link of Nicolai’s paradox to the e conical
singularity on the stability boundary of circulatory systems (described in [284]) was given recently
in [519]. Stability problems of this type motivated Hans Ziegler to take the next step and to introduce
the notion of the follower force into structural mechanics and to single out the very nonconservative
positional (circulatory) forces [622,623]. We notice that some nonconservative problems were studied
even in the XIXth century and early in the XXth century, for example a problem of Greenhill of 1883
on a buckling of a flexible rod under a conservative compressing force and a torque with a constant
direction of its vector [206] or a problem considered by Nicolai in 1918 on the stability of a circular arch
under a hydrostatic load [447]. Nevertheless, neither author realized at that time that they encountered
nonconservative positional forces [116,196,368,621,626].
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As soon as the size of the brake pads deviates from the resonant one, the matrix of
potential forces of hyperbolic type (H # 0) destroys the symmetry of the potential.
Then, Bulatovic’s flutter condition (4.123) and the conical geometry of the flutter do-
main near the oo singularity allow the friction-induced destabilization only after u
exceeds the threshold ., (6;) > 0, Figure 4.7 (d).

Smooth parts of the stability boundary in Figure 4.7 (d) are constituted by the o
points. Consequently, the eigencurves o (6,) at 4 # 0 show numerous interactions at
the nonsemisimple 1 : 1 resonances, Figure 4.7 (c). The bubbles of pure imaginary
eigenvalues shown in bold black lines in Figure 4.7 (c) correspond to the gray flut-
ter tongues of Figure 4.7 (d). Thus, perturbation by circulatory forces transforms the
crossed eigencurves of the conservative system of Figure 4.7 (b) into the overlapped
ones of Figure 4.7 (c). The next example will demonstrate similar metamorphoses of
eigencurves even in the absence of the aa points on the stability boundary.

4.5.7 Example: stability of an airfoil in an inviscid flow

Consider stability of a rigid plate of infinite span in air flow using a simplified model
by Panovko and Gubanova [465]. The plate rests on two elastic supports with stiff-
ness coefficients c¢; and ¢, per unit span and has two degrees of freedom: a vertical
displacement y and an angle of deviation ¢, Figure 4.8 (a). A lifting force, Y, acting
on the platg,, is proportional to ¢, velocity of the flow, v, and the width, b, of the plate:
Y =c§ %b(p, where ¢/ is the derivative of the lifting force with respect to the angle
of attack and p is the density of the flow. Small oscillations of the plate are governed

by the equations

; + — 2
y+c1 CZy%—(c1 Cz—c“&)<p=0,

mb 2m Y 2m
e 1t ,b—2a
6 3 g =0, 4.129
¢+o— 7y + ( o TP )¢ ( )
a) Yr b)
v a
y

c, c, é
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Figure 4.8. (a) An airfoil in a flow [465] and (b) its stability diagram [284,521].



130 Chapter 4 Reversible and circulatory systems

where mb is a mass of the plate per unit span and a is the distance between the trailing
edge and the point of application of the lifting force. Taking b as a length scale, we
put z = y/b and define

— 2 Ca 7.)2
G~ :6<7a— ) —_ 9P e e R E )

= 5, = 0 T =
2(c; +¢2) Y 2(c; +¢2) mb

Assuming that (z, )T = ul ¢! VT we get the eigenvalue problem (4.9) with

. 1 c—q
A= ( 12¢ 3—)/61)' (4.131)

Setting ¢ > 0, we obtain ¢ > 0. It follows from physical considerations that |¢| <
1/2. For thin profiles in the incompressible flow one can put y = 3, and a/b = 0.75
[465]. Then, the characteristic equation for the matrix A is

024+ (3qg —4)o + 12¢qg —3q — 12¢> +3 = 0. (4.132)

Equating the free term in equation (4.132) to zero, we find the curve g4 (c), that
corresponds to 0 = 0, i.e. defines the divergence boundary [284,521]

(0 = 124 (4.133)
c) = . .
4d 1 —4c
Since |c| < 1, g = 0, the curve g4 () is in the stripe ¢ < %. At its points
1 —16¢ + 12¢2
o1 (c)=0, o3(c)= %. (4.134)
—4c

When ¢ < 4_‘/ﬁ , the eigenvalue 0, > 0 and the curve g4 (¢) separate the domains
< ¢ < 3, the curve g4 (¢)

of stability and dlvergence Figure 4.8 (b). When - “/_ 4,
belongs to the domain of divergence because 0, < O This part of the curve g4 (c) is

shown in Figure 4.8 (b) as the dashed line. At the 0 singular point (¢ = pa */_ 3)
both eigenvalues coalesce at zero, 07 = 0, = 0, and the stability domain by a narrow
tongue touches the domains of flutter and divergence, Figure 4.8 (b).

When the discriminant of the polynomial (4.132) is negative, the eigenvalues are
complex (flutter). The vanishing discriminant yields the flutter boundaries

g7 (c) = (1 fac+2c(c+2) ) (4.135)

The flutter domain is within the stripe ¢ > 0, Figure 4.8 (b). The plus and minus
signs correspond to the upper and lower boundaries of the flutter domain. The flutter
boundary is a curve of double real eigenvalues with the Jordan chain of length 2:
o172 = = q . Therefore, for g > 3 the curve qr (c) is a boundary between the flutter

and dlvergence domains. In the case q < , the curve ¢ (c) separates the domains of
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stability and flutter. Partition of the plane of parameters into stability (S), flutter (F)
and divergence (D) domains is shown in Figure 4.8 (b).

If the stiffness of the support of the leading edge, ci, is lower than that of the trailing
edge, c2, i.e. when ¢ < 0, then the plate loses stability statically by divergence. When
¢ > 0, i.e. when the spring at the trailing edge is weaker, the stability is lost by flutter,
which qualitatively correctly describes the instability of an airfoil in a flow, see also
[405,499].

Let us consider the point (¢ = 0,g = 2/3) on the boundary between the stability
and flutter domains that corresponds to the double eigenvalue o = 1, Figure 4.8 (b).
Note that equation (4.132) can be transformed into®

(o -1+ %q — 1)2 — (—40 + %q - 1)2 = —8c —4c2. (4.139)

When ¢ # 0, equation (4.139) describes a hyperbola with two asymptotes
Reoc = 1—4¢, Reo =3 —-3q + 4c, (4.140)

that intersect at the point (2(1 4 4¢)/3, 1 — 4c) in the (g, Reo)-plane, Figure 4.9 (a).
For —1/2 < ¢ < 0, the solutions o (q) of equation (4.140) are real. One branch of the
hyperbola remains positive when g > 0, while the second intersects the line Reo = 0
at some g4 < 1, as show the dark gray lines in Figure 4.9 (a). Hence, for ¢ < 0 and
q > 44,494 <1, the airfoil is statically unstable (divergence).

When ¢ = 0, the hyperbolas degenerate into two straight lines intersecting at the
point (2/3, 1) in the (¢, Reo)-plane that are shown in black in Figure 4.9 (a). Therefore,
the crossing of the eigencurves happens at the regular point of type o of the flutter
boundary, see Figure 4.8 (b). The double eigenvalue splits linearly with respect to ¢
(which is nongeneric!) because at the point (¢ = 0,q = 2/3) the flutter boundary has
a vertical tangent which makes the splitting of the double nonsemisimple eigenvalue
o = 1 degenerate in the ¢ direction.

5 The eigencurves (4.139) are well approximated by equation (4.161) via the eigenvectors and associated
vectors of the double eigenvalue op = 1 at the point pg = (0,2/3)

on() we(da) me(5) ne(b)

Indeed, at the point pg in the (c, ¢)-plane the condition (4.159) is fulfilled, because vg dgAug = 0.
Taking into account that Ap; = ¢, Apy = ¢ —2/3 and

vl dcAug =8, vl 3,AGodzAug =0,
vl A0 =0, v{dgAu =-3, v{0Au =0, (4.137)
equation (4.161) yields the approximation corresponding to a convex flutter domain, Figure 4.8 (b)

(A—1+ %q—l)z—(%q—l)z - _8e. (4.138)
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Figure 4.9. (a) Real parts of the eigenvalues 0 demonstrating (dark gray lines) veering with
¢ = —0.05, (black) crossing with ¢ = 0, and (light gray lines) overlapping with ¢ = 0.05; (b)
the corresponding imaginary parts [284,521].

Indeed, calculating the eigenvectors and associated vectors corresponding to the

double eigenvalue 0 = # at a point (c, ¢) on the curve gy (c)

2(g—¢) 0
uo=<3‘1_2 ),Vo=(21—230q),111=( 2 )sVl:((l)) (4.141)
1 2 2-3q

we find the normal vector to the boundary

_ 12 (2¢ — q)
f_(_12c+%(3q_2)). (4.142)

In particular, at the point (¢ = 0,4 = %) the vector f7 = (—8,0) is directed to the
stability domain orthogonal to the g-axis, Figure 4.8 (b).

The change of sign in the parameter ¢ entails passage to hyperbolas laying in the ad-
jacent angles formed by asymptotes (4.140), as demonstrated by the light gray curves
in Figure 4.9 (a). The modification of the eigencurves originates a zone of complex
eigenvalues (flutter), Figure 4.9 (b). This causes a sudden fall in the critical load (g5 <
q4), which is accompanied by a change of the nonoscillatory character of instability
to an oscillatory one.

Comparing Figure 4.7 (b) and Figure 4.9 (a) we see that the similar crossing of
eigencurves may happen both in the vicinity of the singularity ¢« and in the vicinity
of the regular point, @2, on the flutter boundary. In the latter case parameters should
vary along the tangent direction to the boundary. In the next section we describe the
unfolding of the eigencurves in these two typical situations in the general setting.
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4.6 Eigencurves, their crossing and veering

An eigencurve [64] is a one-parameter family of eigenvalues. When in the eigenvalue
problem (4.9) corresponding to the circulatory system (4.8) the matrix A is real sym-
metric, the eigencurves of the potential system are real and generically avoid crossing
(the veering phenomenon [370, 583]). In the presence of symmetries, the eigencurves
can cross each other forming multiple semisimple eigenvalues at distinct values of the
parameter [147,587]. Perturbation of the potential system by, e.g., gyroscopic forces,
can force the eigencurves to overlap [146,392] and form bubbles of instability [390]
consisting of complex eigenvalues (flutter). The same overlapping happens in circula-
tory systems near a conical «o point [254], because here the flutter domain is convex,
see Figure 4.7 (c).

4.6.1 Convex flutter domain: conical point co.

The eigenvalues in the vicinity of the double semisimple eigenvalue o9 > 0 are deter-
mined by the quadratic equation (4.52). Denoting Ao = e0; and

. (Ajup,vy) + (Ajup, vp)

6= 5 , (4.143)
then separating real and imaginary parts in equation (4.52), we find

(ImA0)? + x? = —(y? — 2%, (4.144)
when ReAo = &, and

(ReAo —§)? —x? = y? — 22, (4.145)

when ImAo = 0, where x, y, and z are determined by equation (4.99).

Taking into account the conical geometry of the flutter domain in the (x, y, z)-space
of Figure 4.5 (b), we see that at the fixed y and z such that y> — z2 > 0, the equa-
tion (4.145) describes two hyperbolic eigencurves ReAo (x) in the avoided crossing.
Since y2 —z? > 0 implies D = x? + y% —z% > 0, the chosen path, parameterized by
X, in the (x, y, z)-space lies in the stability domain being close both to the apex and to
the skirt of the cone, Figure 4.5 (b).

When y? — z2 < 0, the one-parameter path intersects the conical stability bound-
ary and partly belongs to the flutter domain. Then, in the interval x> < —(y2 — z?)
equation (4.144) defines an ellipse of imaginary parts ImAo (x) with the real parts
ReAo = G, cf. bubbles of instability in Figure 4.7 (c). In the interval x> > —(y>—z2),
the eigenvalues are real and are described by the adjacent hyperbola (4.145), cf. over-
lapping of the real eigencurves in Figure 4.7 (c).

When y = z = 0, the eigencurves ReAo (x) are two crossed lines (4.145) that pass
through a modified semisimple eigenvalue oy + 6. Moreover, the similarly looking
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crossing happens also when the x-parameterized path touches the skirt of the cone,®

so that y2 = z2 # 0, cf. the crossing in Figure 4.9 (a).

Therefore, using the eigenvalues and eigenvectors of the double semisimple real
eigenvalue at the cor point, we can describe the crossing, veering and overlapping of
the eigencurves via the approximations (4.144) and (4.145). Nevertheless, in compar-
ison with the o points which generically require only one parameter to occur in a
family of circulatory systems, the ac singularity needs at least three, being a much
rarer phenomenon. A practical need for parametric and structural optimization of non-
conservative systems requires description of the metamorphoses of eigencurves near
smooth points of the flutter and divergence boundaries by using spectral information
at the very points of the o? type, see e.g. [182,259,323,356,357,396,497].

4.6.2 Convex/concave flutter domain: smooth points o>

Formulas (4.74) describe the movement of eigenvalues of the n-parameter circulatory
system (4.8) in transverse crossing of the stability boundary. How do the eigenvalues
behave along a straight line tangent to the stability boundary at a nonsingular point pg
as well as along the lines parallel to the tangent at a short distance from the boundary?
The answer is given by the following lemma.

Lemma 4.6 (O. N. Kirillov, A. P. Seyranian, 2002 [274]). Let pg be a nonsingu-
lar point on the boundary between the stability and flutter domains, f the normal
vector (4.41) evaluated at po, n = f/||f| the corresponding unit vector, and
t = ex/||ex|| the unit vector of an arbitrary tangent at the point pg. Then, the
section of the stability domain by the plane Oxy spanned by the vectors n and t,
with origin at the point py, is described by the inequality

y > Ox*/|f|l, where P = (Ht,t), Q= P—R> R=(ht). (4.146)
Under these conditions, the formula
(0 — 00— Rx)? + Qx? = y||f] + o(x?) (4.147)

describes bifurcation of the double real eigenvalue oy > 0 with the Jordan chain
of length 2 that exists at po.

In the example of Section 4.5.5 we have x = kyp — k11, ¥y = 2k12,z =2v,and 6 = (k22 — k11)/2.
Then, equations (4.144) and (4.145) take, respectively, the form:

(Imo)? + (kaz — k11)? = —4k2, + 402, (Reo — (k11 + k22)/2)? — (kaz — k11)? = 4k% — 402,

When k12 = v, the matrix (4.119)is A = ( ];)1

k11 = ko2. The latter becomes a matrix proportional to the unity (xe) if v = 0.

k22 ), which reduces to the Jordan block («?) when
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Proof. The behavior of the double eigenvalue along the curves (4.76) is described by
the formula (4.79). The curve (4.76) in the plane of the normal and tangent vectors
may be expressed as

p(e) = po + x(&)t + y(e)n (4.148)

where x(¢) and y(g) are smooth functions of ¢. By definition (4.17)

d d d d? d? d?
e*=—p=—xt+—yn, 2dE—p=—xt+—yn,
de de¢ de de? dég? dég?
where all the derivatives are evaluated at ¢ = 0. Hence,
2

dx = dy = d_y o
E (e =0) = |le«], dg(s =0) =0, 722 (e =0) = 2(n,d). (4.150)

(4.149)

With equations (4.149) and (4.150) the formula (4.79) takes the form

dx \? dx \? 1d?y
(U_UO_RES) —f—Q(%S) =§ﬁ||f||82+0(82). (4.151)

Since the first differential of the function y(¢) vanishes at ¢ = 0, its increment is deter-
mined by the term of order £2. Consequently, equation (4.147) holds in the neighbor-
hood of the point pg in the plane of the vectors n and t, Figure 4.10 (a). The nonbifur-
cation condition, applied to equation (4.147), yields the second-order approximation
(4.146) to the section of the stability domain by the plane Oxy. O

Given a tangent vector t, equation (4.147) describes the eigenvalue o (x, y) that
originates after splitting of the double eigenvalue op > 0 existing on the boundary
between the stability and flutter domains. The function o (x, y) can be considered as a
one-parameter family of eigencurves o (x) parameterized by y.

The shape of the eigencurves o (x) near the point pg depends on whether the section
of the stability domain by the plane through the normal and tangent vectors to its
boundary at pg is convex or concave. According to the inequality (4.146) for 0 <
0, the section of the stability domain is concave and the flutter domain is convex,
Figure 4.10 (b). Then, at y > 0, the eigencurves o (x) are given by the two branches
of a hyperbola in the (x, Reo)-plane

(Reo — g — Rx)? + 0x? = y|f|, Imo =0. (4.152)

As the parameter y decreases, the curves o (x) approach one another until they cross
at the point (0, Reo) when y = 0, Figure 4.10 (b). In the neighborhood of this point,
the eigencurves are

Reo =09+ x(R+ +/—Q), Imo =0. (4.153)

With the further reduction of y, an ellipse of complex eigenvalues originates (a
bubble of instability [390])

Reo = 0p + xR, (Imo)*> —x2Q = —y||f], (4.154)
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Figure 4.10. (a) A smooth part of the boundary between the stability and flutter domain with
the local coordinate system Oxy in the normal plane spanned by the normal n and tangent t
vector. (b) In the case of a convex cross-section of the flutter domain, the scenario of transfor-
mation of the eigencurves o (x) when y varies from positive values to negative ones. (c) Trans-
formation of the eigencurves when the cross-section of the flutter domain is concave [274].

when x is inside the interval
10
Outside the interval (4.155), the eigencurves correspond to real eigenvalues that
belong to the two branches of the adjacent hyperbola (4.152). In the (Reo, Imo, x)-
space the ellipse and the hyperbola lie in the orthogonal planes. They touch one another

at the exceptional points with x = x4 = & % where the double real eigenvalues

are formed

(4.155)

Y IEN

0

Thus, as the parameter x varies, the eigenvalue bifurcates at the points x_ and x4 :
two eigenvalues, being in one plane in the (Reo, Imo, x)-space, collide and take off
in directions orthogonal to that plane. This is the reversible Hopf bifurcation that hap-
pens in transverse crossing of the boundary of the flutter domain. Note that inequal-
ity (4.155), which defines the boundaries of the instability bubble, is identical to the
quadratic approximation to the section of the flutter domain (4.146). Thus, the over-

lapping of the eigencurves is closely related to the convexity of the flutter domain,
Figure 4.10 (b).

0L =00+ R (4.156)
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When Q > 0, the section of the stability domain is convex and the flutter domain
is concave. The corresponding unfolding of eigencurves is shown in Figure 4.10 (c).
When y > 0, the real eigenvalues form an ellipse (4.152) in the interval

f
oyl
0

The ellipse is connected to a hyperbola (4.154) of complex eigenvalues lying in the
(Reo, Imo, x)-space. As the parameter y is reduced, the branches of the hyperbola
approach one another and the stability bubble shrinks to a point (0,00) at y = 0.
Then, the eigencurves are linear functions of x

(4.157)

Reo = 0p + Rx, Imo = £x/0. (4.158)

Hyperbolas (4.154) consisting of complex-conjugate eigenvalues correspond to neg-
ative values of y, Figure 4.10 (c).

Let 01(p;) and 02(p;) be eigencurves of the n-parameter circulatory system (4.8).
Assume that o1(po,j) = 02(po,j) = 00, where g > 0 is a double real eigenvalue
with the right and left Jordan chains of vectors, ug, u; and vy, vy, respectively, at a
nonsingular point pg = (po1,-.--,Ppon) of the boundary between the stability and
flutter domains. Let, additionally,

v{ 9, Aug =0. (4.159)
P=Po
Condition (4.159) implies that the j-th component of the normal vector f vanishes
at the point po. Since we are interested in the functions o(p;), we have to take the
unit tangent vector t parallel to the p; axis, Figure 4.10 (a). All the components of this
vector vanish, except for 7; = 1. Under these conditions

n
x=Ap;, ylfl= Y fAps. (4.160)
s=1,5#j

In addition, because of the special form of the unit tangent vector t, the scalar prod-
ucts in formulae (4.146)—(4.147) degenerate and contain only the components Hj;
and /; of the matrix H and vector h. Taking all this into consideration in (4.147) and
expressing Hj;, hj and f; in terms of the derivatives of the matrix A with respect to
the parameters and the vectors of the Jordan chain, we finally arrive at the following
theorem:
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Theorem 4.7 (O. N. Kirillov, A. P. Seyranian, 2002 [274]). If in the eigenvalue
problem (4.9), the matrix A(p) satisfies equation (4.159), then the eigencurves
o1(pj) and o2(pj) are approximated by a hyperbola

T8, Aug—vl d,, Au P
(AG—V1 p; 02"0 12 lApj _ Z VOTapsAquPs (4.161)

s=1,s#]

Ty Aug—vId, Au)’ 0p, A
=((Vl p; 140 4v0 p, Am) —vi 3p_/AG08PjA_% wo | (Ap;)

where Ao = 0 — 0o, Apx = pr — Pok» Go = [A(po) — ool — vovg]_l, and 1
is the identity matrix.

A similar result on the eigencurves near a smooth point of the boundary between
stability and divergence domains is established in [274]. Note that when o9 < 0, The-
orem 4.7 describes the behavior of eigencurves near the divergence/flutter boundary.
Such boundaries indicating transition from oscillatory to nonoscillatory instability are
important, e.g. in the theory of MHD dynamos [307].

4.7 Parametric optimization of circulatory systems

Optimization of stability of conservative elastic systems [182], e.g. finding a shape of a
column that would withstand the highest possible buckling load under a fixed volume
constraint, is already nontrivial because some optimal solutions could be multi-modal
and thus correspond to a multiple semisimple eigenvalue which creates a conical sin-
gularity of the merit functional [518]. Nevertheless, an increase in the critical diver-
gence load attained at the optimal design is usually not very large in comparison with
the initial design [182,518].

In contrast to the potential systems, the circulatory ones can lose stability both by
divergence and by flutter. It is known that mass and stiffness modification can increase
the critical flutter load by hundreds percent, which is an order of magnitude higher than
typical gains achieved in optimization of conservative systems [182,259,323,357,396,
497]. For example, Ringertz [497] reported an 838% increase of the critical flutter load
for a Beck’s column loaded by a follower force [113], from 20.05 for a uniform design
to 188.1 for an optimized shape.

In both conservative and nonconservative problems of structural optimization of
slender structures, their optimal or optimized shapes often possess places with small or
even vanishing cross-sections [182,259,271,284,357,497]. Another intriguing aspect
of optimization of nonconservative systems is the ‘wandering’ critical frequency at
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the optimal critical load. During the optimization the eigenvalue branches experience
numerous mutual overlappings and veerings [259,271,284,323,357,396,497]. This
puzzling behavior of the critical frequency is still awaiting its explanation.

In some problems, such as the optimal placement of a point mass along a uniform
free-free rod moving under the follower thrust [467, 562], the local maximum was
found at the o> singularity on the flutter boundary where a triple eigenvalue with the
Jordan block exists [283,284]. In order for the last phenomenon to happen, one needs
at least three modes [283, 284] meaning that two-mode approximations [467, 562]
are unable to detect such optima. This reflects a general question on model reduction
and validity of low-dimensional approximations in nonconservative stability problems
discussed already by Bolotin [75] and Gasparini et al. [191] and recently raised again
in the context of friction-induced vibrations by Butlin and Woodhouse [107].

The above mentioned phenomena make rigorous proofs of the optimality in the non-
conservative optimization problems substantially more difficult than in conservative
ones. To the best of our knowledge, the rigorously proven optimal solutions in opti-
mization problems for distributed circulatory systems have not been found. Although
in the finite-dimensional case the situation is not much better, it looks reasonable to
try to understand the nature of the observed difficulties of optimization on the final
dimensional nonconservative systems that depend on a finite number of control pa-
rameters [272,275,300,302].

4.7.1 Example: optimization of Ziegler’s pendulum

Let us consider the classical Ziegler’s pendulum consisting of two light and rigid links
of equal length /. The pendulum is attached to a firm basement by an elastic revolute
joint with the stiffness coefficient c;. Another joint with the stiffness coefficient c;
connects the two links, see Figure 4.11 (a). At the second revolute joint and at, respec-
tively, the free end of the second link, the point masses m and m; are located. The
pendulum is subjected to a force P that is always directed along the second link (the
follower force) [312,622].

Small angular deviations 6; and 6, from the vertical equilibrium of Ziegler’s pen-
dulum are described by equation (4.8) with the matrices [312, 622]

1\4:12(’”1+’”2 ’"2), P=(Cl+"2_Pl Pl_c_z). (4.162)
mp mp —C2 (&)

Calculating det(P — 0 M) we obtain the characteristic equation [302]
mimal*o? — (myicy + 4mycy + cymy — 2le2)120 + c1co = 0. (4.163)

Using the Gallina criterion [187], we find that given positive m|, my, and /, the pen-
dulum is marginally stable when ¢; > 0, ¢, > 0, and P < Pf_ (c1,c2), where

Pfi — dmocy + («/M]CQ + 4/n’l26‘1)

2
ZZMQ '

(4.164)
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Figure 4.11. (a) Ziegler’s pendulum. For m; = m, = 1 and [ = 1: (b) the critical load P («),
where ¢; = ccos(a), c; = csin(a), and ¢ = 1; (c) the eigencurves near the point (¢ =
0, P = Py = 1/2) of the local maximum and (d) near the point (¢ = n/2, P = P, =5/2)
of the global maximum of P.

Note that

_ C1 — (&) mi

P =0):=P=—, P =0)=P==(4+—). 4.165
7 (c2=0) 1= Prla=0="r=g ( + mQ) (4.165)
Applying the isoperimetric constraint ¢? + ¢3 = ¢?, we can write ¢; = ¢ cos(a)

and ¢, = ¢ sin(a). Then, form; =my = 1,1 = 1,and ¢ = 1, we get

5sin(a) + cos(w) "
2

In Figure 4.11 (b) the stability diagram of the pendulum is plotted in the (c, P)-

plane. When ¢ < 0 or ¢ > /2, the system is unstable by divergence. The flutter

Pf:iE (@) = sin(a) cos(). (4.166)
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domain is contained between the curves P 3 (o) and P f+ (). Above the curve P f+ (o),
the pendulum is unstable by divergence. The divergence, stability and flutter domains
meet at the two singular points (0%) when o = 0 (c; = 0) and @ = 7/2 (¢; = 0).
At these points the critical flutter load, Pf_, attains its maximal values given by equa-
tion (4.165), see Figure 4.11 (b). The global maximum is thus Pf_ =5/2ata = /2.

Note that at the both extremal points the flutter boundary has a vertical tangent. As
a consequence, the eigencurves o (P), parameterized by «, bifurcate demonstrating
subsequently the avoided crossing, crossing and overlapping, Figure 4.11 (c,d). The
critical flutter load is maximal at the crossing of the eigencurves, corresponding to
the double zero eigenvalue with the Jordan block. Another peculiarity is that at the
optimal solutions found, either the first (c;) or the second (c,) stiffness becomes zero,
reminding us of the vanishing cross-sections of the optimized solutions of continuous
nonconservative elastic systems [182,259,271,284,357,497].

Therefore, already the parametric optimization of the two degrees of freedom
Ziegler’s pendulum evidences that in circulatory systems the merit functional is non-
smooth and nonconvex. It may attain its maxima at the singular points of the stability
boundary that correspond to the bimodal solutions. At these points the stability bound-
ary has a vertical tangent and the eigencurves have a crossing. In the last sections of
this chapter we will develop a method to judge whether the crossing of eigencurves
is associated with a local extremum or an improving variation of the merit functional
can be constructed.

4.7.2 A nonsmooth and nonconvex optimization problem

Let the circulatory system (4.8) depend on the vector of parameters p that is decom-
posed as p! = (q,2z7), where ¢ = p; is the nonconservative load parameter and
2zl = (pa, ..., pn) the vector of design parameters [275]. Assume that at ¢ = 0 and
for any z from an open domain U C R”~! all eigenvalues of the matrix A (0, z) in the
eigenvalue problem (4.9) are positive and simple (i.e. (0, z) is an interior point of the
stability domain).

The one-parameter family A(g) generically contains matrices with simple spectra
(only at some isolated values of ¢ may the matrix A have either a Jordan block of
order 2 with a double real eigenvalue or a simple zero eigenvalue). If the vector z is
varied, then we may expect that matrices of a more complicated Jordan structure can
appear in the family A(q) (among them, only matrices whose spectra contain multiple
positive and zero eigenvalues correspond to the boundary of the stability domain).

Definition 4.8 (O. N. Kirillov, A. P. Seyranian, 2002 [275]). Given the vector of de-
sign parameters z C U. The parameter ¢ takes its critical value qj’.k if the spectrum of
A(q]’-", z) with a Jordan structure J consists of real eigenvalues A > 0 among which
there exists at least one zero eigenvalue of algebraic multiplicity k& > 1 or at least
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one positive eigenvalue of algebraic multiplicity & > 2. The minimal element of the
set Q, = {qjl,qu, ...} formed by all critical values of ¢ is called the critical load
functional and is denoted by ¢™* (z).

Optimization of the circulatory system (4.8) with respect to stability criterion means
to widen the interval of safe (in the sense of stability loss) values of g via the proper
choice of z

q*(z) > sup, zeU CR"L (4.167)

In the problems of optimum design [182, 259, 323, 356, 357, 396, 497], the vector z
usually corresponds to the mass- or stiffness distribution of a structure. Additional
restrictions may be imposed on z (e.g. an isoperimetric constraint). As is shown below,
in our problem the main difficulty is that the merit functional is nonsmooth (therefore,
we do not take into account such restrictions).

4.7.3 The gradient of the critical load

As arule, the problem (4.167) is solved numerically; traditionally, the gradient method
is used [182,357,396,497]. Let us consider a point py = (q;z, z) belonging to the
smooth part (a hypersurface) of the boundary between the stability and flutter domains,
see e.g. Figure 4.10 (a). At this point of the boundary there exists a tangent plane such
that an expression for the gradient of the critical load ¢, follows from the equation
(4.75) of this plane. With the decomposition (Ap)T = (Agq, (Az)T), the equation
(4.75) takes the form Aq = (gq2, Az), where

)

gor = ——r, (4.168)

o?

when 0}2 # 0, is the gradient of the critical load ¢, with respect to the design

parameters z. The normal vector to the boundary is f(z; = ( alz,rgz). The vector
vl = (f2,..., f) and the quantity f}; are determined as [275]
dA dA
1 T T
faz =V %uo, fofz =V Euo, s=2...n. (4169)
Let us assume that ¢*(z) = ¢, with z given. If g2 # 0, then the variation
Az = yg,2 is an improving one, since the increment Ag* = y|gg2|> > 0 for a

sufficiently small y > 0. The condition g,2 = 0 is necessary for the vector z to be a
solution to problem (4.167) in those domains of its variation where the objective func-
tional smoothly depends on the design parameters. In another frequently occurring
situation, the gradient significantly grows in such a way that for some z the functional
is discontinuous and g2 — o0 [323,396].
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4.7.4 An infinite gradient at the crossing of the eigencurves

Let g*(z) = ¢, at some z and the gradient g,> does not exist. According to equa-
tion (4.168), this is possible when falz = 0, i.e. when the normal vector to the stability
boundary is orthogonal to the g-axis in the parameter space: faTz = (0, I'Z;Q). With the
unit tangent vector t7 = (1,0, ...,0) at the point py = (952, 2) we rewrite equation
(4.147) as

(Ao —hlaAg)? + 0(Aq)? = (ra2, Az) + 0((Ag)?), (4.170)

where Ac =0 —a, Aq =q—q}, O = HJ} — (h2)?, and the coefficients i), and
H 01{21 are specified in terms of the eigenvectors and associated vectors of the double
eigenvalue o by the equations
0A 0A 1 -0%A 0A  0A
2h), = v ——uy + vl —u , HM =—- I “uy+ vl —Go—uy. (4.171
2 = V) og Voaq 1 a? 2v08q20 Voaq 05g ™ ( )
We restrict our further consideration to the case Q < 0, implying that the section

of the flutter domain in the plane of the vectors f,2 and t is convex, Figure 4.10 (b).
Then, at Az = 0 the eigencurves o (q) cross. At

(re2, Az) > 0, (4.172)

they veer away and at (rq2, Az) < 0 they overlap and form a ring of complex eigenval-
ues in the interval of variation of g that belongs to the flutter domain, Figure 4.10 (b).
Note that the crossing of the eigencurves o (g) takes place at the point (¢, z) where
the gradient equation (4.168) tends to infinity because falz =0.

4.7.5 Improving variations and necessary conditions for optimality
in the case where the eigencurves cross

Suppose we are given a vector z and the first two minimal values ¢, and qzz corre-
sponding to double eigenvalues o and S, respectively (g, < qEz). It is assumed that
8o — 00,ie. (f,, =0)andgg: #0 (fﬁl2 # 0). Then, ¢*(z) = ¢, Figure 4.12 (b).
This value is not maximal, because according to equation (4.170) any small variation
Az satisfying equation (4.172) causes a stepwise increase in the functional by shift-
ing the characteristic curves o (¢) apart at the point ¢ = ¢/, so that the critical value
q> disappears, Figure 4.12 (c). In contrast, generically, the critical value 6];2 and its
gradient gg» only slightly change.

The value of the functional at the point z 4+ Az exceeds its value at the point z by a
quantity of order qzz — . At the same time, the former may be less than the critical
value qu computed at the point z if qzz is the supremum of the functional ¢* in a
neighborhood of the point z. Let us find the necessary conditions which are to be valid
if it is known that at the point z we have

q*(@) = dars far =0, qm<qp, [fg#0, gp #0. (4.173)
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Figure 4.12. A discontinuity of ¢*(z) when the eigencurves (a) overlap ((ry2, Az)<0) after
(b) crossing (Az = 0) that is preceded by (c) their veering ({ry2, Az)>0).

If qEZ is not a supremum, then it can be increased by moving along the gradient gg>
and simultaneously preventing the eigencurves from converging. Hence, the improv-
ing variation Az must satisfy the condition (4.172) and the inequality

quz = (gg2, Az) > 0. 4.174)
‘We shall look for this variation in the form of the linear combination
Az = cire2 + C28p2. (4.175)

Let the distance between the eigenvalues 0+ = o= +/(rq2, Az) at the point (¢, z+
Az) be equal to 2, /¢1 (¢ > 0) and the increment quz be equal to &, > 0. Substi-
tuting the variation (4.175) into equations (4.172) and (4.174), yields the equations
determining c; and c;

ci(ra2,T2) + c2(ra2,gp2) = €1, c1(gp2.Ta2) + c2(gp2.842) = &2.  (4.176)

Since the matrix of the system (4.176) is the Gramian matrix of the vectors ry2 and
gp2, its determinant is not equal to zero (i.e. a nontrivial solution exists) if the vectors
are linearly independent. Thus, the following lemma is valid [275]:

Lemma 4.9. If the above vectors vo2 and gg> are linearly independent, then for
any small 1 > 0 and &, > 0 there exists an improving variation (4.175) prevent-
ing the characteristic curves from overlapping when q < qu whose coefficients
¢y and cy are solutions to the system (4.176).

The vanishing determinant of the Gramian matrix means linear dependence of rg:2
and gg>. Then, equations (4.176) may have a solution only when the right-hand side
of (4.176) is orthogonal to the solution of the homogeneous system obtained from
(4.176). This condition of solvability is

(razv gﬂZ)

(rg2,Tg2) '

& =g (4.177)
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When the numerator in (4.177) is positive, a solution to system (4.176) exists with
&1 > 0 and &; > 0. Hence, an improving variation also exists. If

(a2, gp2) <0, (4.178)

then €1 and &; are opposite in sign and variation (4.175) is not improving. In this case an
increase of qu (e2 > 0) causes an overlapping of the eigencurves (¢; < 0) and a step-
wise decrease of the functional, Figure 4.12 (a). An attempt to move the eigencurves
apart (¢; > 0) at the point g, causes a decrease of the critical load qu (&2 < 0).
Thus, from Lemma 4.9 and inequality (4.178) the necessary condition follows for a
local extremum in the problem (4.167):

Theorem 4.10 (O.N. Kirillov, A.P. Seyranian, 2002 [275]). Let conditions
(4.173) be valid for a vector z. In order for qzz to be the supremum of the func-
tional g* (z) in a small neighborhood of z, it is necessary that the vectors rq2 and
gp2 be linearly dependent: ro2 = ygg2 withy < 0.

Note that conditions (4.173) are generic for a circulatory system with two or more
parameters. Therefore, a discontinuity of the critical load functional can often be ob-
served in the problems of optimization of circulatory systems, see e.g. [323,357,396,
497] where all attempts to find an improving variation leading away from a point of
discontinuity, or to prove the extremality of ¢g* at this point were unsuccessful. The-
orem 4.10 allows one to detect an extremum or to move away from the point of dis-
continuity of the functional ¢*.



Chapter 5

Influence of structure of forces on stability

Now conservative, circulatory, and gyroscopic
forces are present. The pairwise interaction of
arbitrary two of these results in the existence of
stable domains in the parameter space. How-
ever, the simultaneous action of all three effects
always results in instability!

V. V. Beletsky [41]

In this chapter we consider stability of equilibria of mechanical systems under the
action of positional potential and circulatory forces and velocity-dependent damping
and gyroscopic forces. Equations describing the linearized dynamics of such a system
with m degrees of freedom have the form

Mx+ (G+D)x+ (K+N)x=0, xeR", (5.1)

where dot stands for time differentiation and the real m x m matrices M = MT,
G=-GT,D=DT,K=KT,and N = —NT correspond to inertia, gyroscopic,
damping, potential, and circulatory forces, respectively [239,423,460,623]. Potential
and gyroscopic forces are conservative forces while damping and circulatory forces
are nonconservative ones [332,333]. The matrices M, D, and K can be both definite
and indefinite, and we will specify their properties in every particular case.
Frequently, the general nonconservative system (5.1) can be seen as a result of a
small perturbation of an ‘ideal’ system. The latter could be:
the undamped potential system [423]

Mx 4+ Kx =0, (5.2)
the undamped gyroscopic system [423]
Mx 4+ Gx+ Kx =0, (5.3)
the circulatory system [623]
Mx 4+ (K + N)x =0, 54
and the oscillatory damped system [174]

Mx + Dx + Kx =0, (5.5)
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where D is an indefinite matrix with properties that will be specified later.
Looking for a solution to equation (5.1) in the form x = ue??, we obtain the eigen-
value problem
(MA2 + (G +D)A + K+ N)u =0, (5.6)

which has a nontrivial solution u if and only if
p(A) := det(MA? 4+ (G + D)L + K + N) = 0. (5.7)

The roots of the characteristic equation (5.7) are eigenvalues of the eigenvalue problem
(5.6) corresponding to the eigenvectors u.

Theorem 5.1 (S. Barnett, 1989 [36,592]). Let

s 2+ 52" 2B 4 - 4 By

(s*I—sA; — Ay~ ! = i6)

where d(s) = §2m 4 dISZm—l + -+ dom—15 + dom. Then,

dy=—trA;, By = A +dl,

tr(ABi_; + 2A,B;_
d,:_r( 1Bt P 2 2), i=2.3,...,2m—2,
l

B;i=AB;_; +AB, , +d;I, i=23,...,2m—2,

where By = 1, dym—1 = tr(ABoyu—2) and doyy, = —%.

The Leverrier—Barnett algorithm given by Theorem 5.1 allows us to find sequen-
tially the coefficients of the characteristic polynomial p(A) in equation (5.7) if M = 1,
where I is the m x m unit matrix. For m = 2, we find [290,459]

p(A) =A% + uDA3 + (rK + det D + det G)A?
+ (trKtrD — trKD — trNG)A + det K + det N. (5.8)

For arbitrary (including degenerate) matrix M, the coefficients of the characteristic
polynomial can be expressed by means of the extended version of the Leverrier—
Barnett algorithm that can be found, e.g. in [592].

5.1 Undamped potential systems

Let in equation (5.2) the matrix of inertia forces M and the matrix of potential forces
K be nondegenerate. Then, x = 0 is an isolated equilibrium of the potential system.
The total energy H = T + U of the potential system is conserved (H = 0), where
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the kinetic and potential energy are, respectively

1 1
T =-x'Mx, U =-x'Kx.
2 2

5.1.1 Lagrange’s theorem and Poincaré instability degree

Assume that M > 0, then the Poincaré instability degree is the negative inertia index
of the potential energy U(x) at the nondegenerate stationary point, i.e. the number
v(K) of negative eigenvalues of the matrix K. If potential energy has a minimum at
x = 0, then v(K) = 0 and the system (5.2) is Lyapunov stable — the result known as
Lagrange’s stability theorem [127]. If v(K) = 1, then the characteristic polynomial
det(MA? + K) of the system (5.2) has a unique real root in the open right half-plane
of the complex plane (divergence instability) [327, 328]. For example, the cavity in
Brouwer’s problem (1.1) has v(K) = 0 and the saddle has v(K) = 1.

5.1.2 Rayleigh’s theorem on movement of eigenvalues

Let two potential systems (5.2) have the same matrices of inertia forces (M; = M;)
and different matrices of potential forces: K; # Kj. If ﬁTKzu > ﬁTKlu for all
nonzero u € C™, then we say that the system with the matrix K, has greater rigidity
than that with the matrix K; [613,617].

Theorem 5.2 (J. W. S. Rayleigh, 1894 [613,617]). All natural frequencies of the
potential system (5.2) with M > 0 and K > 0 can only increase when there is an
increase in its potential energy (rigidity) or a decrease in its kinetic energy.

In other words, by Theorems 3.6 and 5.2, when the rigidity increases, all pure imag-
inary eigenvalues with the positive Krein signature move up whereas all those with the
negative one move down along the imaginary axis, which prevents eigenvalues of the
opposite signatures from colliding at zero [603].

5.1.3 Steady-state bifurcation

The steady-state bifurcation or divergence is characterized generically by a collision at
zero of two simple eigenvalues with opposite Krein signatures [146]. This is the only
mechanism for the potential system (5.2) to lose stability when M > 0 [239,328]. After
transition from one equilibrium to another, the Poincaré instability degree is changed
by an odd number [127].

Let, for example, the matrix K of the system (5.2) continuously depend on a pa-
rameter ¢ and U(x) has its minimum at x = 0 if ¢ < 0, is degenerate (det K = 0)



Section 5.2 Damped potential systems 149

when ¢ = 0, and loses the property of minimum if ¢ > 0, so that K(¢g) acquires
one negative eigenvalue at ¢ > 0. Then, after passing through the bifurcation point
& = 0, there appears exactly one positive real eigenvalue as a result of collision at
zero of a pair of pure imaginary eigenvalues. The latter move toward the origin in
the complex plane according to Rayleigh’s theorem because the rigidity of the sys-
tem decreases with the increase of ¢ [327,328]. We note that in general, the number
of eigenvalues of the potential system (5.2) with positive real parts depends both on
the negative eigenvalues of the matrix K and the negative eigenvalues of the matrix
M [142,525,600]. Hence, stability of equilibrium x=0 of the potential system can be
lost not only when det K = 0, which is the standard divergence instability threshold,
but also when det M = 0 [302,445].

5.2 Damped potential systems

With G = 0 and N = 0 equation (5.1) describes a potential system with damping
Mx + Dx + Kx = 0. 5.9

Let us introduce the block matrices

0 I 1K 0 00
Az(—M‘lK —M‘ID)’ Pzi(o M) Q=(0 D) (5-10)

and recall that 7 (X) and v(X) denote the number of eigenvalues (counting multiplic-
ities) of a matrix X with positive and negative real part, respectively.

Theorem 5.3 (H. K. Wimmer, 1974 [142,348,437,600]). Let M and K be non-
singular, D > 0, and A and Q be defined by equation (5.10). Then

(L) < 7(M) + n(K), #(LR)) <vM) + v(K), (5.11)

where L(A) = MA>+DA+K. If additionally, the pair (A, Q) is fully observable,
then L(A) has no pure imaginary eigenvalues and

V(LA) = 7M) + 7(K), 7@LA)) = v(M) + v(K). (5.12)

In particular, the equalities (5.12) take place also when D > 0, see e.g. [342, 525,
608]. Therefore, if the damping matrix is positive definite and among the eigenvalues
of matrices M and K there is at least one negative, then the system (5.9) is unstable.
Theorem 5.3 follows from the inertia theorems of Ostrowski and Schneider (Theo-
rem 2.30) and Wimmer (Theorem 2.31).
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5.2.1 Overdamped and heavily damped systems

Assume that in equation (5.9) M > 0, D > 0, and K > 0. If the magnitude of damping
forces with D > 0 is large enough, one can expect that all the eigenvalues of the matrix
polynomial MA? 4+ DA + K will not only be situated in the open left half-plane of the
complex plane but, moreover, be real and negative. What additional conditions should
the matrices of the system satisfy in order for this to happen?

If all eigenvalues of the system (5.9) are real, negative, and semisimple, and hence
all its decaying solutions do not oscillate, then it is called a heavily damped system [99].

Theorem 5.4 (R. Bulatovic, 2004 [99]). Let M > 0, D > 0, and K > 0 in the
damped potential system (5.9). Then it is heavily damped if

DM™'D - 2(K + w2, M) > 0, (5.13)

max

where A = i Wmay is the largest eigenvalue of the operator MA? + K.

In particular, if
DM 'K = KM~!D, (5.14)

then the system (5.9) is heavily damped if and only if
DM~ 'D - 4K > 0. (5.15)
If the system (5.9) is heavily damped, then
tr (M™'D)?) > 2u(M~'K). (5.16)

A well-known sufficient [99] condition for the system (5.9) to be heavily damped
is that for all nonzerou € C™

(@ Du)? > 4(a! Mu) (@’ Ku). (5.17)

The inequality (5.17) serves as a definition of an overdamped system [34].

Theorem 5.5 (L. Barkwell and P. Lancaster, 1992 [34]). System (5.9) with M>0,
D>0, and K>0 is overdamped, if and only if for some gy > 0

D > &M + & 'K. (5.18)

It is instructive to understand how the domains of asymptotic stability and heavy
damping are related to each other at least in the case when the number of degrees of
freedom in (5.9) ism = 2.
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Assuming M = I, where 1 is the m x m unit matrix, and introducing the quantities

trD trK 4 detD trKtrD — trKD
ap = , Gh)=—— (3= ———, (5.19)
VdetK VdetK /(detK)3
we reduce the characteristic polynomial (5.8) with G = 0 and N = 0 to the form
(2.63). Conditions for asymptotic stability written for the polynomial (2.63) are given
by equation (2.62). As was established by Bottema [81], in the (ay, a3, az)-space the
domain of asymptotic stability lies inside a surface with the Whitney umbrella singu-
larity at the point (0, 0, 2), see Figure 2.1 (a).
Consider the discriminant A of the polynomial (2.63) and equate it to zero:

A :=16a5 — 4(a + a3)a3 + (aia3 — 80aja; — 128)a3
+ 18(aias + 8)(af + a%)az
+ 256 — 27a3 — 27a} — 6aia3 — 192a1a3 — 4aja3 = 0.  (5.20)

In the (ay, a3, az)-space, the polynomial (2.63) has at least one multiple root at the
points of the set given by equation (5.20). For example, in the plane a; = a3

A = (az 4+ 2 + 2a3)(as + 2 — 2a3)(4ar — 8 — a3)?,

and equation A = 0 yields the straight line a = 2(az — 1) and parabola a, =
2+ a% /4 that touch each other at a3 = 4 and a; = 6, which corresponds to the EP4
point in Figure 5.1 (a). According to equations (2.65), (2.66), and (2.69) the point EP,4
corresponds to the negative 4-fold real root —1 of the polynomial (2.63), which is a
global minimum of its spectral abscissa.

Solving the system of equations a; = 4, a, = 6, az = 4, where the coefficients a,
aj, and a3 are defined by equation (5.19), yields an explicit expression for the damping
matrix D that minimizes the spectral abscissa of the system (5.9) with m = 2 degrees
of freedom in terms of the coefficients ki, k2, k12 and the eigenvalues w12 and a)g
(w12 > 0) of the given matrix K when M = 1 [176].

Theorem 5.6. Given K > 0 and M = 1, the spectral abscissa of the system (5.9)
with m = 2 degrees of freedom attains its global minimum at the real eigenvalue
A = —JdetK = —J/wiwy with the algebraic multiplicity 4 and geometric
multiplicity 1, if D = Dy or D = D_, where

2k
Dy = 4k Jorwr £ (k11 — k) (w1 — w2) ( Tk ! )

(w1 + 0)2)2 1 2k

kii—kx
_ 4oy (010 —k11) 0
ki —k
+ ( 16 2 4 /w1 (w1wr—k2) ) (@2
kii—kx»
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Figure 5.1. (a) Cross-section of the domains of asymptotic stability and heavy damping by
the (a; = ajz)-plane; the dashed line shows a part of the EP-set (2.67), cf. Figure 2.1 (b). (b)
Real parts of the eigenvalues of the polynomial (2.63) as functions of a, when a; = 44/2 and
a3 = 44/2 and (c) when a; = 6 and a3 = 5.7. Light gray color marks real eigenvalues with
ImA = 0 and black color denotes eigenvalues with ImA # 0.

Notice that D4 can be both positive definite and indefinite; D4 = D_ if and only
if K = kI, where « is a scalar [176].

Taking into account that a single Jordan block of order 2m could be a minimizer
of the spectral abscissa of a real 2m x 2m matrix [101] and in view of Lemma 5.6, it
is natural to expect that the eigenvalues of the potential system (5.2) with m degrees
of freedom and M = I cannot all be shifted by the dissipative perturbation with the
matrix D = D7 to the left with respect to the imaginary axis in the complex plane
farther than — “%/det K.

Indeed, denote the spectral abscissa of the system (5.9) with M = T as a(D) =
max Rely (L), where L(A) = IA2 + DA + K.

Theorem 5.7 (P. Freitas and P. Lancaster, 1999 [176]). The function a(D) is
bounded from below and the optimal spectral abscissa satisfies

inf(e/(D)) > — "VdetK.

Equality holds if and only if L(A) has one single (real) eigenvalue with algebraic
multiplicity 2m and, in this case, L(A) > 0 for all A € R.

Returning to the stability diagram of Figure 5.1 (a), we see that the point EP4 is a
singular cuspidal point of the narrow domain (dark gray) situated inside the domain
of asymptotic stability (light gray). At the points of the upper (parabolic) boundary
of the dark gray domain there are two double real negative eigenvalues of geometric
multiplicity 1, see Figure 5.1 (b). For example, at a; = a3 = 4+/2, and a, = 10 the
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eigenvalues (2.65) of the polynomial (2.63) are
Ma=1-=+2, Aa=-1-42.

This is not surprising because the upper boundary is a part of the EP-set (2.67); at
another part shown by the dashed line in Figure 5.1 (a) there are two double complex
eigenvalues with the Jordan block, cf. Figure 2.2. At the lower boundary given by a
part of the line a; = 2(a3 — 1), one negative real eigenvalue is double with the Jordan
block and two are simple, Figure 5.1 (b). At the inner points of the dark gray domain
in Figure 5.1 (a) all four eigenvalues are simple, real, and negative. Hence, this is the
domain of heavy damping.

If we assume a; # a3 and vary ay, then the interval where all the eigenvalues are
real and negative exists in the vicinity of the plane a; = a3, see Figure 5.1 (c). Hence,
the domain of heavy damping is three dimensional. Its boundary is a part of the surface
defined by equation (5.20). It has a self-intersection along the parabolic curve

2

a3
612=2+Z, a=az >4

and two semicubic cuspidal edges defined in the parametric form as

a3+ a, a%—36—12\/_ az_a%:l:azy/a%—36+36 0> 6.

(az £ /a3 —36)3/2 » 3\/6a2 636 ’

At the cuspidal edges one root of the polynomial (2.63) is triple real and negative
and the other one is simple and negative. For example, at the points ( % V3,44/3, 10)
and (4ﬁ, 29—8ﬁ, 10) we have, respectively,

3 3
AL = —§, Aoza=—+/3, and A; =-3V3, Ayz4= —é-

a) =

At the point EP4 with the coordinates (4,4, 6) in the (ai,as, as)-space the boundary
of the domain of heavy damping has the swallowtail singularity described, e.g. in Sec-
tion 4.5.4, see Figure 5.2 (a) and compare it with Figure 4.6 (b).

The domain of heavy damping is confined between three hypersurfaces and has
the form of a trihedral spike with the swallowtail singularity at its tip that is situated
inside the domain of asymptotic stability that has the Whitney umbrella singular point
ata; = 0,a3 = 0, and a; = 2, Figure 5.2 (a). The domain of heavy damping is
relatively small and has a nonsmooth and nonconvex boundary, Figure 5.2 (a, b). The
Whitney umbrella and the swallowtail singular points are connected by the EP-set
given by equation (2.67). According to Lemma 5.6, at the swallowtail singularity,
the spectral abscissa of the characteristic polynomial of the damped potential system
attains its global minimum.
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asymptotic stability

asymptotic stability |
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Figure 5.2. (a) The domain of asymptotic stability given by equation (2.62) with the Whitney
umbrella singularity at the point (0,0, 2) and inside it the domain of heavy damping (HD)
given by equation (5.20) with the swallowtail singularity (white dot) at the point (4, 4, 6) for
the polynomial (2.63) in the (a;, a3, az)-space. (b) The cross-section of these domains by the
(a; = 10)-plane.

5.2.2 Indefinitely damped systems

The notion of indefinite damping originated in the problems of stability of solutions
to the wave equation, e.g. [177]

ure +ed(2)uy = uzz, (5.22)

where the damping coefficient d(z) is assumed to be a function changing its sign in the
interval z € (0, 1). Such problems arise, e.g., in structural dynamics where the viscous
damping material distributed over part of the vibrating structure can be used to control
the vibration [122]. It turned out that for any sign-changing damping distribution d(z),
there exists &g > 0, such that for all 0 < & < gg the trivial solution of (5.22) is
asymptotically stable, i.e. it is decaying with time [177]. The dependence of gy on d is
however very nontrivial. In order to understand it better, Freitas et al. [175] formulated
a finite-dimensional version of the problem (5.22)

X+ eDx+Kx =0, (5.23)

where dot is time differentiation, x € R™, K is a real diagonal matrix, and D = DT
is a real indefinite matrix.
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Theorem 5.8 (P. Freitas, M. Grinfeld and P. Knight, 1997 [175]). LetK > 0 and
let (D), v(D), and §(D) be the numbers of positive, negative, and zero eigen-
values of the real symmetric matrix D. Then there exist real numbers €.2(D) and

sj(D) such that for € > 8;(D) there are at least 27 (D) real negative eigenvalues

A of the matrix polynomial IN> + eDA + K while for & > sj'(D) there are at least
2v(D) real positive eigenvalues M. If §(D) = 0, then for & > max{s;(D), aj(D)}
there are 2m real eigenvalues, i.e. all eigenvalues A are real.

As an illustration of the sensitivity of &g to the entries of the matrices, Freitas et
al. [175] considered the following two-dimensional example: dj; = 1, djp = 1,
dy = 1/2and k;y = 1, kyp = 4, k1 = 0. Then g9 ~ 1.15. However, already
an interchange of the diagonal entries of the matrix K leads to an increase in the inter-
val of the asymptotic stability: g ~ 1.41. Nevertheless, even the instability threshold
found in [175] for a two-degrees-of-freedom system (5.23) did not lead to a clear in-
terpretation that would explain its “wild” dependence on the matrices D and K.

A subsequent investigation made in [174] revealed an intriguing fact that with
specifically chosen matrices D and K, the eigenvalues of the system (5.23) behave like
those of a Hamiltonian system, being located symmetrically to both the real and imag-
inary axis of the complex plane, see Theorem 3.4. Such a system can be marginally
stable when 0 < ¢ < gp with all its eigenvalues pure imaginary and simple, which
corresponds to the bounded oscillations. Then, the potential system with the indefi-
nite damping is referred to as the oscillatory damped system [174]. The oscillations
become unstable (flutter) when & > &.

Theorem 5.9 (P. Freitas, 1999 [174]). Forall real D = DT and diagonal K with
real entries ki; (kii # kjj,i # J), the spectrum of L(X) = IA> + DA + K is
symmetric with respect to both the real and imaginary axis of the complex plane
if and only if there exists a matrix T = diag (¢11,...,tmm) with tj; € {—1,+1}
such that TDT = —D. The eigenvector u = (Uy,...,Uy) at A = iw can be
chosen to have Imu; = 0 ift;; = +1 and Reu; = 0 iftj; = —1.

If, additionally, the diagonal matrix K > 0, the solutions of equation (5.23) are
bounded for ¢ in a neighborhood of the origin that depends on D and K, i.e. equa-
tion (5.23) describes the oscillatory damped system [174].

Consider, for example, the equation q + sﬁq 4 Kq = 0 with the matrices

~ (-10 =~ -1 -1 pu
D_( : 1), K_l_’uz( . _1) (5.24)
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that describe two coupled ideal LRC circuits, one with gain (realized by means of the
voltage amplifier) and another with loss (resistance), where 0 < p < 1 is the mutual
inductance and ¢ > 0 is loss which perfectly matches the gain (—¢). The compo-
nents of the vector q have the meaning of electrical charge, see [S11]. A coordinate
transformation by means of the matrix C reduces this equation to the form (5.23) with
K = CKC !and D = CDC!, where

—1
0 —1 =L 0 1 —1
D=( ) K= *"' | |, C=( ) (5.25)
-1 0 (o T 11

Since TDT = —D with T = diag(1,—1), the spectrum of the two coupled LRC
circuits with perfectly matched gain and loss considered in [511] is Hamiltonian. When
0<e<eg =1/yT—pu—1//T+ u the system is marginally stable, i.e. it is an
oscillatory damped system.

On the other hand, Schindler et al. [511] pointed out that their equations with the
matrices (5.24) are invariant under a combined parity (q, < q) and time-reversal
(t < —t) transformation. This immediately connects the “oscillatory damped sys-
tems” in the sense of [174] with the fundamental T -symmetry.

The notion of T -symmetry entered modern physics mainly from the side of quan-
tum mechanics. Parametric families of non-Hermitian Hamiltonians having both parity
() and time-reversal (7)) symmetry possess pure real spectrum in some regions of
the parameter space, which questions the need for the Hermiticity axiom in quantum
theory [46,47,353]. First experimental evidence of # 7 -symmetry came, however,
from classical optics [507], where the properly designed imaginary part of the linear
refractive index yields a gain and loss inhomogeneous in space.! The recently de-
signed experiment with 7 -symmetric LRC circuits can be regarded as an analogue
modeling of the optical systems [511]. Additional losses naturally arising in real elec-
tric circuits could be used to investigate the departure from the ideal J 7 -symmetric
system considered in [511] and thus experimentally observe the paradoxical behavior
of the instability threshold of a potential system with the general indefinite damping
matrix pointed out in [175].

In the case when m = 2, however, the connection between the domain of marginal
stability of the oscillatory damped system and the domain of asymptotic stability of a
general indefinitely damped system can be seen explicitly [303,305]. Indeed, assuming
M = Iin equation (5.9) and denoting by ¥ = §, — §; the difference between the
eigenvalues §; and &, of D, we find

1
detD = 1 ((tD)* —Y?). (5.26)
Given K > 0, let D 254 be a matrix satisfying the equalities

trtDpg =0, tKDgpgq =0. 5.27)

L' Cf. the placement of dampers/actuators in engineering problems of vibration control [122].



Section 5.2 Damped potential systems 157

Then, according to equation (5.8)2the coefficients of the characteristic polynomial at

A and A3 vanish, detDpg = — YﬁT < 0, and the eigenvalues of the operator IA> +

Dp7A + K can be found explicitly as

K Y3y 1
Wpr = =5 + 2L 2 o\ ((Vpr) = Vpp)?) (Vg = (VE)?), (528)
where

Yir =2 (Vo £ Jki) (5.29)
and x| and k; are the eigenvalues of the matrix K.

AtY? = (Y 57)2 the eigenvalues A p4 experience the nonsemisimple 1 : 1 reso-
nance and originate a double pure imaginary eigenvalue with the Jordan block. Thus,
the values +Y 5 are exceptional points (EPs) of the parameter Y. When Y2 exceeds
Yy 7)2, the eigenvalues become complex with positive and negative real parts, which
means oscillatory instability or flutter. A further increase in Y2 results in the merging
of complex-conjugate eigenvalues into the double real ones at :I:Y}'T that then split
into simple real eigenvalues (divergence or static instability).

Therefore, the spectrum of the system (5.9) with the indefinite damping matrix D =
D p+ is Hamiltonian, i.e. the eigenvalues are symmetric with respect to both real and
imaginary axis of the complex plane [174]. The Hamiltonian symmetry of the spectrum
is lost when the matrices D and K do not satisfy the conditions (5.27). In this case the
system (5.9) can be asymptotically stable if and only if trD > 0 and [175,290,305]

(rKD — «1trD) (trKD — k,trD)

Y? > (rD)* + 4 ) 5.30
> (tD)” + D(rKD — rKuD) (5-30)

Assuming equality in equation (5.30), we resolve it with respect to trKD and write
the threshold of asymptotic stability in the form

e 2
(Yor) + (Y37)
16

+ % |:Y2—(trD)2:i: \/(Yz—(trD)z - (Yﬁ;’f)z) (Y2—(trD)2 B (Y;’r'f)z)}'

trKD =

trD (5.31)

In the (trD, trKD, Y')-space, two sheets of the surface (5.31), corresponding to differ-
ent signs before the square root, intersect each other along an interval of the Y axis,
Figure 5.3 (a). When

Y2 = (Y57) + (@D)?, (5.32)
the two sheets are connected along a space curve that projects into a line
wKD = — (3(Yp7)" + (¥£5)"). (5.33)

lying in the (trD, trKD)-plane. According to equation (5.32) the space curve lying on
the surface (5.31) passes through the point ¥ = Y5, when trD = 0. Therefore,



158 Chapter 5 Influence of structure of forces on stability

the interval of self-intersection is determined by the inequality Y2 < (¥ J;T)z, which
contains the interval of marginal stability Y2 < (Y:/;T)z of the oscillatory damped
system, Figure 5.3 (a). Retaining only the terms of order O(trD) in equation (5.31),
we obtain a linear approximation to the intersecting sheets at the points of the interval
Y? < (Y55)* of the Y -axis

akp = 2 [(ns# H(0g) 420222, (2= () (2 - 0 }

(5.34)

Near the line (5.33) in the neighborhood of the exceptional point (trD = 0, trKD =
0,Y = Y54 ) the linear approximation (5.34) yields a simple estimate of the instability
threshold 2
(320KD — 2 (3(Y 54 )> + (Y25)?) D)
Yo7 [(Ypq)? = (Y37)?] (uD)?

Note that the equation (5.35) is in the form ¥ = X?2/Z?, which is canonical for
the Whitney umbrella surface [17]. Therefore, the surface (5.31) contains the Whitney
umbrella singularity at the exceptional point (0,0, Y 5) of the (trD, KD, Y )-space,
which is a generic singularity of codimension 3 on the boundary of asymptotic sta-
bility of a general family of real matrices [17] that is associated with the double pure
imaginary eigenvalue with the Jordan block [81,232,354].

A pocket of the singular surface (5.31) selected by the condition trD > 0 bounds
the domain of asymptotic stability of the indefinitely damped system with m = 2
degrees of freedom. The part of the plane (5.33) in the (trD, trKD, Y')-space under the
constraints trD > O and ¥ < Y5 constitutes the tangent cone to the stability domain
at the EP [375]. This tangent cone touching the stability boundary at the EP is shown in
black in Figure 5.3 (a). It separates the stability pocket into the compartments marked
by the letters ‘g’ and ‘r’ in Figure 5.3 (a). This subdivision controls the eigenvalue
movement in the complex plane [288].

We first observe that the upper bound to the tangent cone, i.e. the ray specified by the
expressions (5.33), Y = Y 54, and trD > 0, consists of the exceptional points. Indeed,
the spectrum of the indefinitely damped system with m = 2 degrees of freedom at the
points of the ray shown as a white dashed line in Figure 5.3 (a) consists of a pair of
double complex-conjugate eigenvalues

1 i i
The pair (5.36) lives in the complex plane on the circle
4+ \2 — \2
(Y!PT) B (Y,‘PT)
16 ’

When Y increases within the black tangent cone in Figure 5.3 (a), trD and trKD fixed,
two simple complex eigenvalues A(Y) are attracted to an exceptional point on the

Y~ Ypp — (5.35)

P (Y5,)" — @D)* (5.36)

(Red)? + (ImA)? =

(5.37)
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Figure 5.3. When x; = 1 and k, = 4: (a) In the half-space trD > 0 of the (trD, trKD, Y)-
space, where Y = §; — §,, a part of the surface (5.31) with the Whitney umbrella singularity
at the exceptional point (0,0, Y54 ) bounds the domain of asymptotic stability of the system
(5.9) with m = 2 degrees of freedom. The tangent cone {trKD = trD(trK — +/detK), ¥ <
Y5, trD > 0} to the stability domain at (0,0, Y5) is shown in black. At the points of the
(dashed) EP-line {trKD = trD(trK — +/detK), ¥ = Y} the eigenvalues of the indefinitely
damped system are double nonsemisimple. (b) Movement of eigenvalues of the indefinitely
damped system (5.9) when Y varies from 0 to 8 and (black) trD = 1 and rKD = 3, (dark
gray, g) trD = 1 and trKD = 1.1, and (light gray, r) trD = 1 and rKD = 3.5. It illustrates
how penetrating the tangent cone yields exchange of instability between modes.

circle (5.37) that is shown in black in Figure 5.3 (b). They merge at an EP into a double
eigenvalue with negative real part when ¥ = Y5, After its subsequent splitting,
the newborn simple eigenvalues evolve along the circle (5.37) in opposite directions,
Figure 5.3 (b). At the instability threshold (5.32) the eigenvalues are

h= =0~ () A=t = L g~ (v, -4y

(5.38)
When Y exceeds the threshold (5.32), the first pair of eigenvalues moves in the com-
plex plane to the right of the imaginary axis, causing instability.

Choosing the values of trD and trKD that do not belong to the tangent cone de-
stroys the perfect collision of eigenvalues on the circle (5.37), as demonstrated by the
dark gray (g) and light gray (r) eigencurves in Figure 5.3 (b) corresponding to the pa-
rameters taken, respectively, from the ‘g’ or ‘r’ compartment of the stability domain
shown in Figure 5.3 (a). When the parameters are in the g-area selected by the con-
dition rKD < 4D (3 (Y_ )2 + (Y ;’FT)Z>’ the eigenvalues do not interact and pass

16 PT
in close vicinity of the EP in such a manner that the mode with the higher fre%uency

destabilizes the system, Figure 5.3 (b). When trKD > % (3 (YJJ;T)2 + (Y;;g.) ) the
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black eigencurves unfold into two light gray ones. In this case the instability transfers
to the mode with the lower frequency.

To illustrate our geometrical considerations, consider system (5.9) with M = I and
the following matrices of potential forces and indefinite damping

(10 11 YT

K_(o 4)’ Db_g(./u 2 )

11 A 1 29 /929
Dr_g(m s ) Dg_%(m ! ) (5.39)

The eigenvalues of the matrix K are k; = 1 and x; = 4. The damping matrices are
isospectral, i.e. all the three indefinite damping matrices have as eigenvalues

§1 = %(1—¢§) <0, &= %(1+ﬁ)>o. (5.40)
Then, trDy, = trDg = trD; = 1. However, ttKD, = 3, rtKD, = 3.5, and tKD, =
1.1. Therefore, Dy, corresponds to the black tangent cone in Figure 5.3 (a), D to the
g-compartment of the stability domain, and Dy to the r-one.
Calculating the eigenvalues A of the operator IL? + DA + K with the three damping
matrices and the matrix K from equation (5.39), we find

1 7
M=—3 :l:i%, A8 = +i 2,
A8~ —0.672 £i0.889, A§ A 0.172 £ 1786,

AT A —0.548 £ i1.489, AL~ 0.048 £ i 1.260. (5.41)

Thus, the system (5.9) with the matrix Dy, is exactly at the stability boundary that
according to equation (5.32) corresponds to Y = /5. At the same value ¥ = /5,
the matrix Dy destabilizes the mode with the higher frequency, whereas the matrix D,
makes the mode with the lower frequency unstable, cf. Figure 5.3 (b).

Concluding, we quote from Freitas et al. [175] who noticed that the dependence of
the spectrum of the indefinitely damped potential system on the spectra of K and D
“is very nontrivial”. We have just demonstrated that these peculiarities are essentially
described by the properties of the stability boundary in the vicinity of the exceptional
point and in particular by the tangent cone to the stability domain at the EP.

5.3 Undamped gyroscopic systems

Consider the undamped gyroscopic system (5.3) and assume that M > 0. Theo-
rems 3.8 and 3.12 imply that when v(K) is odd, there exists a positive real eigenvalue
(divergence instability). When v(K) is even, the undamped gyroscopic system can be
either stable (gyroscopic stabilization) or unstable [127,330,573,613]. In particular, if
the m x m matrix K is negative definite, i.e. the potential energy has a maximum, then
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for odd m the system (5.3) is unstable, while for even m the gyroscopic stabilization
is possible [98]. Hence, when det K < 0, the system (5.3) is unstable; it is stable when
K > 0[437].

5.3.1 Extension of Rayleigh’s theorem

It follows from Theorem 3.9 that the gyroscopic system (5.3) with M > 0 and K non-
degenerate has (s + 7 (K))/2 eigenfrequencies corresponding to pairs of complex-
conjugate pure imaginary eigenvalues with positive Krein signature and (s — 7 (K))/2
eigenfrequencies corresponding to pairs of complex-conjugate pure imaginary eigen-
values with negative Krein signature. According to equation (3.43) the former increase
while the latter decrease when M decreases or K increases [613]. Thus Rayleigh’s
theorem (Theorem 5.2) can be extended to the gyroscopic system (5.3) only when the
number of its frequencies is equal to the number of frequencies of the corresponding
potential system when there are no gyroscopic forces acting [613]. This condition is
certainly satisfied if the system is statically stable K > 0,s = 7(K) = m and also if
the Poincaré instability degree is equal to one, i.e. if v(K) = 1 ands = n(K) = m—1
[613].

Theorem 5.10 (V.F. Zhuravlev, 1976 [617]). When the rigidity of the system
(5.3) with M > 0 and K > 0 is increased, then all its natural frequencies can
only increase.

5.3.2 Ciriteria of gyroscopic stabilization

In the case when the gyroscopic stabilization is possible, it is practically important to
determine the conditions for its onset in terms of the matrices of the gyroscopic system
(5.3).

Theorem 5.11 (K. Huseyin, P. Hagedorn and W. Teschner, 1983 [98,237,325]).
If KG = GK, the gyroscopic system (5.3) with m even, M =1, and K < 0, is
stable if and only if 4K — G2 > 0. If 4K — G? < 0, the system is unstable.

Another relatively simple sufficient condition for the system (5.3) with m even,
M =L and K < 0 to be gyroscopically stabilized is 2K — G> + 2« > 0, where « is
the smallest eigenvalue of the matrix K [98].
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In rotor dynamics, a specific gyroscopic system frequently originates
M 0 X 0 —-M X
() () (k) ()
+(W11—92M W12 )(X)_O
w7, Wi — QM y ’

" matrix M = M7 > 0 and the real m x m matrix W =

where the real % X

2
( g'r' gg ) is symmetric but not necessarily positive definite; > 0 has the meaning
12

of the rotation speed [238,239,582]. For example, the equations (1.1) of the Brouwer
particle in a rotating vessel is a particular case of (5.42).

As it was established by Veselic [582], at large 2 the gyroscopic system (5.42)
behaves like an axially symmetric system whose stiffness is obtained by an averaging
of the original asymmetric stiffness around the rotation axis. The positive definiteness
of the effective stiffness matrix

V= %(w — GWG) (5.43)

implies the Lyapunov stability of (5.42) for 2 large enough; indefiniteness of V yields
the instability.

Theorem 5.12 (K. Veselic, 1995 [582]). Let the effective stiffness matrix (5.43)
be positive definite. Then, the system (5.42) is stable at Q2 > ¢, where Q2 = Qg
is the largest root of the equation

wlw- (¥ ) -0

5.4 Damped gyroscopic systems
Assuming N = 0 in equation (5.1) we arrive at the gyroscopic system with damping
Mx+D+Gx+Kx=0. (5.44)

With the block matrices

0 I 00
A:(—M—lK —M—I(D+G))’ Q=(o D) (545)

and L(1) = MA? + (D + G)A + K, the statement of Theorem 5.3 by Wimmer is valid
for the damped gyroscopic system (5.44) [348,525,600]. In particular, if D > 0 and
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M and K nonsingular, then v(L(1)) = 7(M) + 7 (K), and 7 (L(1)) = v(M) + v(K).
This result contains several classical stability theorems associated with the names of
Kelvin, Tait, Chetaev, and Zajac.

5.4.1 Kelvin-Tait—Chetaev theorem

Theorem 5.13 (W. Kelvin and P. G. Tait, 1879; N. G. Chetaev, 1961 [127,573,
608]). Stability of the solutions of equation (5.44) with M > 0, D > 0 and K
nondegenerate is the same as the stability of the solutions of the corresponding
undamped potential system (5.2).

In particular, if all of the eigenvalues of the matrix K are positive (negative), the
system (5.44) is asymptotically stable (unstable) [608].

Theorem 5.14 (E. E. Zajac, 1964 [525,608]). If M > 0 and D > O, then the
number of eigenvalues with positive real parts of the system (5.44), is equal to
the number of negative eigenvalues of the matrix K.

For example, although the equilibrium of the potential system (5.2) with the even
Poincaré instability degree v(K) can be stabilized by the gyroscopic forces, this gyro-
scopic stabilization is destroyed when dissipative forces with full dissipation (D > 0)
are added, no matter how weak they are. This effect is a classical example of dissipa-
tion-induced instabilities [74,333].

Following Zevin [613], let us consider a gyroscopic system with small dissipative
perturbation, i.e.,

Mi + (D + G)x + Kx = 0, (5.46)

where M > 0, D > 0, and detK # 0 and ¢ > 0 is a small parameter. Let A = iw be
a simple eigenvalue of the operator MA? + GA + K with the eigenvector u. Let A(¢)
be a perturbed eigenvalue such that A(0) = iw. Then,

dA , @ Du

— = -0, (5.47)

de |,y ! (Mw? + K)u
see also [289, 291, 312]. The denominator in equation (5.47) is proportional to the
energy of the mode with the frequency w, the sign of which for @ > 0 corresponds
to the Krein signature of the eigenvalue i w [613]. Therefore, the eigenvalues i @ with
the positive Krein signature get negative real increments while those with the negative
Krein signature move to the right half-plane of the complex plane [74,391,394,613].
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In the gyroscopically stabilized statically unstable system the number v(K) is even
and all eigenvalues are pure imaginary which implies the stability degree s = m. Let
for simplicity all these eigenvalues be simple. Then, by Theorem 3.9, (m + 7(K))/2
positive pure imaginary eigenvalues (and their complex conjugates) have positive
Krein signature while the remaining (m — 7(K))/2 = v(K)/2 positive pure imag-
inary eigenvalues (with their complex conjugates) have negative Krein signature. By
formula (5.47), it is the v(K)/2 pairs of complex-conjugate pure imaginary eigenval-
ues with the negative Krein signature that are moved by the full dissipation to the open
right half-plane of the complex plane and destroy the gyroscopic stabilization [613].
The total number of eigenvalues with the positive real parts is thus v(K) /2+v(K)/2 =
v(K) in agreement with Theorem 5.14.

5.5 Circulatory systems with and without
velocity-dependent forces

Consider the circulatory system (5.4) and set M = 1. After separating time with the
substitution x = uexp(At) we come to the eigenvalue problem

M +K+Nu=0, (5.48)
where the eigenvalues A are the roots of the characteristic polynomial
pA) =detA* + K+ N) = apd™ + aiA?" 2+ a2 4.0 (5.49)

Assuming & = A2 in equation (5.49) for the reduced polynomial p(u) of order m, we
write the 2m X 2m discriminant matrix [187]

ap aj ar as R 0 0 0
0 mag (m—1a; (m—2a; -+ am—1 0 0 0
0 ap aj ap v am—1 am O 0
S OO R FINCES
0 0 0 0 ap a - am
0 O 0 0 0 mag -+ Am—
The sequence
AL Ay A, (5.51)

where A; is the determinant of the submatrix of the discriminant matrix (5.50) formed
by the first 2j rows and 2 columns, is called a discriminant sequence of the polyno-
mial p(u).

It is well known that the real polynomial p (i) has only real roots if and only if the
elements of the discriminant sequence are all nonnegative: A; >0, j = 1,2,...,m
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[187]. Otherwise, there exists ; with Im ;£ 0 which yields the existence of a complex
root A of the polynomial (5.49) with ReA > 0 (flutter instability). Furthermore, if p(u)
has only real roots, then they are negative if and only if its coefficients are either all
nonpositive or all nonnegative [187].

Theorem 5.15 (P. Gallina, 2003 [187]). A necessary and sufficient condition for
all the eigenvalues A of the eigenvalue problem (5.48) of the undamped circula-
tory system (5.4) to be pure imaginary is that the elements of the discriminant
sequence (5.51) corresponding to the discriminant matrix (5.50) are all nonneg-
ative and that the coefficients of the polynomial (5.49) are either all nonpositive
or all nonnegative.

We remark that the Gallina criterion guarantees only spectral stability of the circu-
latory system but not the Lyapunov stability, because among the pure imaginary roots
of the polynomial (5.49) there can be multiple ones that correspond to the multiple
eigenvalues of the eigenvalue problem (5.48) with the nontrivial Jordan block. The
latter means instability because of the secular terms in the solution with polynomial
time dependence.

On the other hand, violation of the conditions of Theorem 5.15 guarantees instabil-
ity, either flutter (Ag < O for some s € {1,2,...,m}) or divergence (all Ay > 0 and
ajaj < 0forsomei # j,i,j € {1,2,...,m}) [187]. Note that these conclusions
are valid in fact for any system with the real characteristic polynomial containing only
even powers of the spectral parameter, including potential, undamped gyroscopic, and
oscillatory damped systems, see e.g. [3].

5.5.1 Merkin’s theorem and Bulatovic’s flutter condition

Theorem 5.16 (D.R. Merkin, 1956 [422,423]). Perturbation by arbitrary lin-
ear circulatory forces of a stable pure potential system with eigenfrequencies
coinciding into one with the algebraic multiplicity equal to the dimension of the
system destroys the stability of the equilibrium regardless of the form of the non-
linear terms.

We will prove Merkin’s theorem for the linear circulatory system (5.4) with M = 1.
Expressing the coefficients of the polynomial (5.49) by means of the Leverrier—Barnett
algorithm given by Theorem 5.1, we find

1
p() = 22" + K22 4 o (K)? — oK? — aN?) A e (55)
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Checking the conditions of the Gallina criterion, we observe that the first element of
the discriminant sequence is A; = m > 0, whereas the second one gives the following
sufficient condition for flutter instability

aé((a% —2apag)m — a%) < 0. (5.53)
Substituting the coefficients from (5.52) into the inequality (5.53), we get
1
rK? 4+ t'N? < — («K)?. (5.54)
m

Recall that the Frobenius norm of a matrix is defined as ||A||> = tr(AT A) [548].

Theorem 5.17 (R. M. Bulatovic, 2011 [100]). If
1

INJI? > |K|* = — (uK)? (5.55)
m

the circulatory system (5.4) with M = 1 is unstable by flutter.

Note that for m = 2 this inequality is a necessary and sufficient condition for the
onset of flutter instability [26,290]. On the other hand, when the matrix K > 0 has
a single semisimple eigenvalue of algebraic multiplicity m, then the right side of the
inequality (5.55) vanishes which means instability. This is a statement of Theorem 5.16
for a linear circulatory system. Other stability criteria for circulatory systems can be
found in the articles [4,5,65,257,342,575,612] and monographs [239,369,423,437].

5.5.2 Bottema-Lakhadanov-Karapetyan theorem

Consider a circulatory system with the gyroscopic forces
x+Gx+(K+N)x=0. (5.56)

The following analogue of Merkin’s theorem is known:

Theorem 5.18 (V.M. Lakhadanov, 1975 [342]). If K = kI, where « is an ar-
bitrary constant, and matrices G and N are commutative, then system (5.56) is
unstable.

With the use of the Leverrier—Barnett algorithm given by Theorem 5.1 we find
that the coefficient of the characteristic polynomial of the system (5.56) at A*"~! is
trG = 0 while that at A3 is equal to —trNG and in general does not vanish. This
observation yields a sufficient condition for instability:
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Theorem 5.19 (V. M. Lakhadanov, A. V. Karapetyan, 1975 [257,342]). The sys-
tem (5.56) is not asymptotically stable. It is unstable if

NG # 0. (5.57)

In the early work of Bottema [80] Theorem 5.19 was established in the particular
cases of m = 2 and m = 3 degrees of freedom. Note that in the case of m = 2, the si-
multaneous action of circulatory and gyroscopic forces always destabilizes a potential
system. If m > 2, the system (5.56) is generically unstable; it can be Lyapunov stable
in the set of measure zero if r{NG = 0.

The system (5.56) can frequently be interpreted as a result of a small perturba-
tion of a gyroscopic system (5.3) by circulatory forces. The Bottema—Lakhadanov—
Karapetyan theorem demonstrates that, similar to the destabilizing effect of full dissi-
pation on gyroscopic stabilization, the nonconservative positional forces generically
destroy the marginal stability of gyroscopic systems. This conclusion is practically
important in a number of engineering applications, such as the acoustics of friction
[6,538,539], friction-induced instabilities in rotor dynamics [123,268,456,574,604],
and electromagnetic tethered satellite systems [41,44], to name a few.

In this respect a natural question arises. From Section 5.4.1 we know that full dis-
sipation shifts pure imaginary eigenvalues with the negative Krein signature of the
gyroscopically stabilized system to the right in the complex plane. Does the Krein sig-
nature govern the destabilizing effect of circulatory forces? What will happen to the
stability of the gyroscopically stabilized system when both full dissipation and cir-
culatory forces are added? The answer to these intriguing questions will be found in
Chapter 6.

5.5.3 Stabilizing and destabilizing damping configurations

In 1952 Ziegler [622] showed that full dissipation can destabilize the circulatory sys-
tem (5.4). Indeed, in the equations of motion of Ziegler’s pendulum

mil? + myl? myl? @1 di+dy —dy @1
( myl? myl? @ + —dy ds %3) (>:58)

+(—Pl—|—2€ Pl—c)(gol)zo,
—c c )\ e

the damping matrix is positive definite if the coefficients of the viscous damping are
positive: d; > 0andd, > 0. When d; = 0 and d, = 0, the system (5.58) is marginally
stable when P < P,, where [302]

_Amaer + (vmic: — 4/m2c1)2 2¢,

u - =

211/}12 T

(5.59)
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With dissipation, asymptotic stability takes place when P < P;, where [302]

_ 4mi(d5ef +dic3) 4+ didaBma(my 4 2ma)e3 + (cima —mic2)®) | 1dida

) 2myl(dmady + dimy + midy)(c1da + dic2) 2myl3’
(5.60)

Py

For almost every ratio 8 := d,/d = d~1/c§2, we have
lim Py(d, = edy,dr = ed>) < Py (5.61)
e—0

with the exception of § = By, where

ﬂo _ Cl/mmm —(m1 +4le)4/6162

(5.62)
my.\/c1C2 — Ccp/mim;
When d1 = ﬂodz,
P; =P, + Po &5 (5.63)
2 I’)’lzl?’

and Py tends to P, when d, — 0.

The inequality (5.61) shows that the full dissipation of order O(¢) generically makes
the interval of marginal stability of Ziegler’s pendulum smaller by the amount of order
O(1). This discontinuous drop of the stability threshold under the action of infinites-
imally small dissipation is known as the Ziegler (or Ziegler-Bottema) destabilization
paradox [312]. On the other hand, equation (5.63) indicates the existence of damping
distributions that (if 89 > 0) make the system stable at P < P, and asymptotically
stable on a larger interval P < P,;. Furthermore, the latter tends to the former in the
limit of vanishing dissipation.

In order to find the stabilizing damping configurations in the general case, we con-
sider the system

Mx + eVx + Px =0, (5.64)

where M = M7 > Oisareal m x m matrix, V. = G + D is a nonsymmetric matrix
of velocity-dependent forces and P = K + N is a nonsymmetric matrix of positional
forces [281].

Theorem 5.20 (J. A. Walker, 1973 [281, 589]). Velocity-dependent forces with

the matrix
m—1

V=> ¢,MM 'P)?, ¢,>0 (5.65)
p=0
make the circulatory system Mx + Px = 0 asymptotically stable at ¢ > 0, if
at ¢ = 0 it is stable or situated on the boundary between stability and flutter
domains.

For example, for m = 2 the Walker matrices have the form coM + ¢, P.
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The Walker matrices (5.65) constitute a rather narrow subset of the set of all possible
stabilizing velocity-dependent perturbations €V that was found for the system (5.64)
in the general case by Kirillov and Seyranian in [281].

To illustrate this, let us for simplicity set m = 2, assume that M > 0, the matrices
P and V are not degenerate, and introduce the adjugate matrices

V*:=adjV =V~ ldetV, P*:=adjP =P !detP.

Then, as was established in [281,285,286], the linear variations €V are stabilizing, if
V satisfies the conditions

trP*V = a)gtrV*M, trV*M > 0, detV > 0, (5.66)

where w3 = (rMtrP — ttMP) /(2 det M).

The conditions (5.66) define nothing else but the tangent cone to the asymptotic sta-
bility domain that is given by the Routh—Hurwitz criterion written for the characteristic
polynomial of the system (5.64) with e = 1:

trP*VirV*Mdet V > det M(tP*V — w2trV*M)?,  t«'V*M > 0, detV > 0.

(5.67)
In the (trV*M, trP*V, det V/ det M)-space the domain of asymptotic stability has the
Whitney umbrella singularity at the origin corresponding to the nonperturbed circula-
tory system that has a pair of double eigenvalues i wy with the Jordan block — the fact
established by Bottema in 1956 [81]. The tangent cone (5.66) (hatched in Figure 5.4)
contains all linear perturbations £V leading to the asymptotic stability domain (5.67).
On the other hand, if we look for a symmetric Walker matrix of velocity-dependent
forces, it can only have the form V = ¢oM. Such matrices satisfy the equation

det V (trV*M )2

= (5.68)
detM 2detM

detV

trP'V

trP'V=c? trv'M

Figure 5.4. The asymptotic stability domain (5.67), (hatched) the tangent cone (5.66) at the
Whitney umbrella singular point, and (red curve) the set (5.68) of symmetric Walker’s matrices
V= C()M.
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which defines a parabolic curve (shown in bold black in Figure 5.4) that belongs to
the tangent cone (5.66). Note that Walker obtained his result with the use of the direct
Lyapunov method, while the tangent cone to the domain of asymptotic stability was
computed in [281] via perturbation of multiple eigenvalues.

Throughout this chapter, we have had the opportunity to ascertain that mechanisms
of destabilization and stabilization of nonconservative systems involve both the sin-
gularities of the stability boundary and that of the bifurcation diagrams situated inside
the domain of asymptotic stability. In the next chapter the perturbation theory of multi-
ple eigenvalues will be used for uncovering the connections between the singularities
of the stability boundary, bifurcation diagrams, Krein signature of eigenvalues, and
dissipation-induced instabilities. [332,333].
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Dissipation-induced instabilities

Unfortunately, it is quite common for an eigenvalue
which is moving steadily towards a positive growth
rate to suffer a sudden change of direction and sub-
sequently fail to become unstable; similarly, it hap-
pens that modes which initially become more stable
as [the Reynolds number] increases change direc-
tion and subsequently achieve instability. It is be-
lieved that these changes of direction are due to the
nearby presence of multiple-eigenvalue points.

C. A. Jones [246]

6.1 Crandall’s gyropendulum

Crandall’s gyropendulum [139] is an axisymmetric rigid body pivoted at a point O
on the symmetry axis as shown in Figure 6.1 (a). When the axial spin €2 is absent, the
upright position is statically unstable. When € ## 0, the body becomes a gyroscopic
pendulum. Tts primary parameters are its mass m, the distance L between the mass
center and the pivot point, the axial moment of inertia /,, and the diametral moment
of inertia /; about the pivot point. The gravity acceleration is denoted by g.

It is assumed that a drag force proportional to the linear velocity of the center of
mass of the gyropendulum acts at the center of mass to oppose that velocity (station-
ary damping with the coefficient by). Additionally, it is assumed that a rigid sphere
concentric with the pendulum tip O, is attached to the pendulum and rubs against a
fixed rub plate. The gyropendulum is supported without friction at O, while a viscous
friction force acts between the larger sphere and the rub plate, being responsible for
the rotating damping with the coefficient b,. The linearized equations of motion for
the gyropendulum in the vicinity of the vertical equilibrium position derived in [139]
have the form of the general nonconservative system (5.1) with the matrices G, D, K,

and N specified by the expressions
_ 0 nQ o+p O
G_(—nQ 0)’ D ( 0 O—I—p)’

P Q
K=( o _Oaz), N:(_gQ p ) ©.1)
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b) c)

o Im L Asymptotic
stability
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-1
-2
Re L
-2 0 2

Figure 6.1. (a) Crandall’s gyropendulum. For « = 1 and n = 1.5 the panel (b) shows the
movement of eigenvalues of the gyropendulum with p = 0 and (black lines) o = 0 or (light
gray lines) ¢ = 1/3 when the angular velocity decreases from 2 = 3 to zero; the panel (c)
shows in the (p, 0, 2)-space the domain of gyroscopic stabilization with the Whitney umbrella
singularity at (0, 0, Q,) where 2, = 2a/1.

The system depends on the spin €2 and four parameters

1 _ by b, ,  mglL

(6.2)

TP T T
where « is the nonspinning pendulum frequency and 7 is responsible for the shape
of the gyropendulum: for n < 1 the pendulum is prolate, and for n > 1 it is oblate.
Parameters o and p correspond to the stationary and rotating damping, respectively.
We note that the stationary damping contributes only to the matrix D while the rotat-
ing damping is responsible also for the appearance of the nonconservative positional
forces described by the skew-symmetric matrix N. Thus, Crandall’s gyropendulum
can be treated as a conservative gyroscopic system perturbed by weak damping and
circulatory forces.

6.1.1 Conservative gyroscopic stabilization and its destruction
by stationary damping

Since the number of degrees of freedom of Crandall’s gyropendulum is even (m = 2)
and K < 0, then it can be stabilized by the gyroscopic forces at sufficiently large
absolute values of 2 when 0 = p = 0. Indeed, the gyroscopic stabilization in the
conservative case happens at Q2 > Q,2, where

2
Q=
N

(6.3)
is higher for the prolate pendulum (1 < 1) in comparison with the oblate one (n > 1)
[508]. At the points of the stability boundary, the spectrum of the gyropendulum has a
pair of double pure imaginary eigenvalues =i w( with the Jordan block, where wy = «
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[139,289]. When 2 > 0 decreases, the pure imaginary eigenvalues move toward each
other, collide at 2 = €2, and then diverge in order to continue the motion along the
circle

(ImA)? + (Rer)? = o, (6.4)

shown in black in Figure 6.1 (b). This linear Hamiltonian—Hopf bifurcation (Krein
collision) accompanies the loss of the conservative gyroscopic stabilization.

In the case when only stationary damping is acting (p = 0,0 # 0), the dissipation is
full. Then, in accordance with the Kelvin—Tait—Chetaev and Zajac theorems described
in Section 5.4.1 the number of eigenvalues in the open right half-plane of the complex
plane at any €2 is equal to the number of negative eigenvalues of the matrix K, i.e.
two. This implies that the Krein collision of the conservative case is replaced by an
imperfect merging of modes [226] shown in light gray in Figure 6.1 (b). The eigen-
value paths are bent due to the nearby presence of the double eigenvalue i « that exists
ato =0and p =0at Q = Q.

Note that the full dissipation alone destabilizes the mode with the lower frequency
and stabilizes that with the higher frequency. From the Hamiltonian representation of
the gyroscopic system with the Hamiltonian (3.56) applied to the equations of Cran-
dall’s gyropendulum it follows that the eigenvalues i @ with the higher frequency w
have positive energy in the sense of the definition (3.57), while the energy of those
with the lower frequency is negative. Therefore, it is the negative energy modes that
are destabilized by the stationary damping, which agrees with the formula (5.47).

6.1.2 Singular threshold of the nonconservative gyroscopic stabilization

Writing the Liénard—Chipart conditions (2.59) for the characteristic polynomial of the
gyropendulum when both the stationary and rotating damping forces are acting, we
find the inequalities defining its asymptotic stability domain

o+ p>0, (6.5)

Q% 4 (0 + p)* — 20 > 0, (6.6)

2.2
Q2> M. 6.7)
onp + np* — p?

After transformation of its right-hand side, the inequality (6.7) yields
1o (on+p(n-2) _
pn* on+p(n—1)

Hence, the asymptotic stability domain is completely determined by the conditions
(6.5) and (6.7), which can be written in the form

Q%> Q% + (6.8)

Q>Qf(p.0). Q<Q5,(p.0). 0+p>0, (6.9)

r
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where the critical values of the spin €2 as a function of the two damping parameters
are

(0 +p)
V=02 + pP1 + prjo

Equations (6.10) describe two surfaces in the space of the parameters p, o, and 2.
Both surfaces have the Whitney umbrella singularity at the points (0,0, ££5,). The
surface .(p, o) is shown in Figure 6.1 (a) for = 1 and n = 1.5. The inequality
(6.5) selects the stable pocket of the Whitney umbrella.

As follows from the expressions (6.8) and (6.10), er > Qrand Q,, < —Q),ie.
the damping and nonconservative positional forces generically increase the threshold
of gyroscopic stabilization. The critical angular velocities coincide (Qgcr = :I:QS’ )
only at the specific ratios of the coefficients of the stationary and rotating damping

[139,289]

QF(p.0) = £ (6.10)

b_szgzz__”:&_. (6.11)
by p n wo
It turns out that the rotating damping (and thus circulatory forces) can compensate the
dissipation-induced instability caused by the stationary damping although this happens
at the cost of generally higher angular velocities at the onset of the nonconservative

gyroscopic stabilization.

6.1.3 Imperfect Krein collision and exchange of instability between
negative and positive energy modes

How does the simultaneous action of both types of damping, i.e. that of full dissipation
and circulatory forces, influence the pure imaginary eigenvalues of the conservative
Crandall’s gyropendulum in dependence on their Krein signature or the energy of the
associated vibration mode? To clarify this issue, let us proceed similarly to as we did
in Section 2.6.2 and find the set of double complex eigenvalues (EP-set) inside the
domain of asymptotic stability:

2 _ 2 212 2
{o:—”p, Q=Qpp = #ﬂ’} (6.12)
n n

The EP-set belongs to the tangent cone to the asymptotic stability domain at the sin-
gular point (0, 0, 27)
2—-1
o=——>p, 04+p>0, Q2>Q;. (6.13)
n

The double complex eigenvalues at the EP-set are

2
2Ep=-Lxifr+ (6.14)
nT o\ T
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a) b)
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Figure 6.2. Fora = 1 and n = 1.5 the movement of eigenvalues in the complex plane for (thin
black lines) p = 0 and 0 = 0, (thick black lines) p = 1 and 0 = 1/3, (light gray lines) p = 1
and 0 = 2/3, and (dark gray lines) p = 1 and 0 = 0 when the angular velocity decreases
from 2 = 3 to zero. (a) Destabilization of negative energy modes when o/p > (n — 2)/n.

(b) Destabilization of positive energy modes when o/p < (n — 2)/n. Dashed line marks the
hyperbola of double eigenvalues (6.15).

and they live in the complex plane on the hyperbola
(ImA)? — (ReA)? = o?, (6.15)

shown by the dashed lines in Figure 6.2. When p = 0 and 0 = 0, the hyperbola (6.15)
and the circle (6.4) have two common points that correspond to the double eigenvalues
+io.

Remarkably, when p # 0 and 0 # O related as 0 = 2_7" p are fixed and thus 2
varies along a vertical line inside the tangent cone, the complex eigenvalues move in
the complex plane along the line ReA = —p/n when Q > QEgp. At Q = Qgp
they collide into the double complex eigenvalues Af p that bifurcate with the further
decrease in €2 into a quadruplet of simple eigenvalues that evolve along the circle

2 2
mA2 + (ReA + 3) =42, (6.16)
N n?

shown by the thick black lines in Figure 6.2. The circle (6.16) and the hyperbola (6.15)
intersect exactly at the double eigenvalues (6.14). The intersection points evolve along
the hyperbola (6.15) when p and o increase along the line 0 = 1 p. However, the
frequency of the unstable mode at the threshold of instability remains the same as in
the conservative case: @ = «.

When o # 2_7” p, then with the variation of 2 the eigenvalues in the complex plane
pass in close vicinity of each other without merging. This avoided crossing happens
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near the location of a double eigenvalue corresponding to parameters p, o, and €2
from the EP-set (6.12). The pattern of the avoided crossing depends on the sign of the
quantity o — Z_T” p.

Ifo > =2 p, then at the fixed o and p the decrease in €2 is accompanied by the
destabilization of the mode with the lower frequency (w < «) and stabilization of
the mode with the higher frequency (w > «), Figure 6.2 (a). If 0 < Z_T"p, then the
higher mode is destabilized and the lower one is stabilized by the combined action of
the stationary and rotating damping, Figure 6.2 (b).

The light gray and dark gray eigenvalue trajectories in Figure 6.2 can be interpreted
as the locations of eigenvalues that at a given €2 are shifted from the imaginary axis by
the dissipative and circulatory perturbation. Then, at o > 2_7" pand Q > Qj, (p,0)

both negative and positive energy modes are stabilized, whereas at @ < Q1. (p,0)
the negative energy modes are destabilized. On the other hand, at 0 < 2_7'7,0 and

Q < Q. (p,0) the positive energy modes are destabilized, while at @ > Q7. (p,0)
both negative and positive energy modes are stabilized.

Therefore, it is the penetration of the tangent cone to the domain of asymptotic sta-
bility at the Whitney umbrella singularity that governs the bifurcation of the pattern
of imperfect merging of modes and thus the transfer of instability between the modes
of negative and positive energy. Samantaray et al. pointed out in [508] that exactly
at the stability boundary, the work done by the nonpotential positional forces coming
from the rotating damping is equal to the energy loss due to full dissipation coming
from both the stationary and the rotating damping. The negative energy mode corre-
sponds to the slow precession and the positive energy mode is the fast precession of
the gyropendulum. When the parameters leave the stability domain at o > Z_T"p, the
slow precession is destabilized by the full dissipation [552]. If the stability boundary
is penetrated at 0 < Z_T" p, the fast precession is destabilized by the rotating damp-
ing that imports energy from a hypothetical driving system that would maintain €2
constant at the threshold of the nonconservative gyroscopic stabilization [508]. The
distinction between the two physical mechanisms of stability loss has a clear geomet-
rical meaning: the tangent cone to the domain of asymptotic stability at the singular
point.

6.2 Gyroscopic stabilization of nonconservative systems

We see that in the presence of circulatory forces the number of scenarios of dissipation-
induced instabilities increases with respect to the classical Kelvin—Tait—Chetaev the-
orem discussed in Section 5.4.1. Not only negative energy modes can be destabilized
but also the modes of positive energy that traditionally are considered to be not suscep-
tible to dissipation-induced instabilities. That is why recently damping and circulatory
forces were recognized as the two fundamental nonconservative forces [332].
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We consider a linear mechanical system (5.1) with m degrees of freedom
X+ (@D+QEx+ (K+vN)x =0, (6.17)

that depends on the parameters &, €2, and v, of the damping, gyroscopic and noncon-
servative positional forces. Recall that m is even and K <0.

Seeking for the solutions to equation (6.17) in the form x ~ uexp(At), we arrive at
the eigenvalue problem for a matrix polynomial

LM)u:= A* 4+ 6D + QG)A + K + vN)u = 0. (6.18)

Our goal is to confirm the observations made in the study of Crandall’s gyropendulum
in the case of the general nonconservative system (6.17).

When applied separately, dissipative and nonconservative positional forces destroy
gyroscopic stabilization, see Theorems 5.13 and 5.19. However, a combination of
these forces can make the system (6.17) asymptotically stable, as we have seen in
the example of Crandall’s gyropendulum. Below we will demonstrate that the pecu-
liarities of the choice of such a combination are associated with the Whitney umbrella
singularity existing on the boundary of the gyroscopic stabilization domain of the non-
conservative system (6.17).

6.2.1 The case of m = 2 degrees of freedom

When m = 2, then without loss of generality we can take

0 -1
G=N=(1 0). (6.19)

Then, the Leverrier—Barnett algorithm [36] applied to L(1) results in the characteristic
polynomial (1) = A* 4+ 1A% + ¢2A% + g3A + g4 with the coefficients

g1 = 8trD, q = trK + §*detD + Q2,

¢3 = §(rKtrD — trKD) + 2Qv, ¢4 = detK + v (6.20)

When the damping and nonconservative positional forces are absent, i.e. § = 0
and v = 0, the equation (6.17) describes a conservative gyroscopic system. Then,
equation (6.17) can be transformed to the form z = Az, where the matrix A obeys the
Hamiltonian symmetry, JAJ = AT, and

1
— 2 — — .

I is a unit 2 x 2 matrix, see Section 3.3.7.
Resolving the equation g(A) = 0 with respect to A in the assumption that § = 0
and v = 0, we find that A = +iw+ (2), where [290]

2
0L(Q) = |0} + % (\/522 3+ /- Q%) ,/% ~1. (6.22)
2
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Figure 6.3. For k; = —1,x; = —4, tD = 3, r{tKD = —6, and detD = 1: movement of

eigenvalues (a) in the (ReA,ImA, ©2)-space and (b) in the complex plane when Q decreases
from 10 to 0 and (black) § = 0 and v = 0, (light gray, r) § = 1 and v = 0, and (dark gray, g)
6§ =0and v = 1[305].

1

The frequency wo = 5 /23 — Q% is defined via the critical values of the gyroscopic

parameter, €21, such that

0<.J/—Kr— /K1 = Q1 <Qp:= /K1 + /K2, (6.23)

where k; < k1 < 0 are eigenvalues of the matrix of potential forces K.

Since K < 0, the potential system without gyroscopic forces (2 = 0) is statically
unstable, which corresponds to the two real positive eigenvalues A and to their nega-
tive counterparts. With the increase in €2, the real eigenvalues of the same sign move
along the real axis in the complex plane towards each other until they merge at the
exceptional point at 2 = € into the double real ones A = £awy. Increasing 2 further
yields splitting of the double real eigenvalues into complex-conjugate pairs that start
moving along the circle

(Red)? + (ImA)? = w} (6.24)

until they collide at 2 = €25, see the black curves in Figure 6.3 (b). When Q > Q, >
0, the gyroscopic system without damping and nonconservative positional forces is
stable with four simple pure imaginary eigenvalues A = +iw4(2), where the fre-
quencies 0 < w—_(R2) < w4 () are given by equation (6.22).

The Krein signature associated with each of the pure imaginary eigenvalues A =
+iw4 (2) of the conservative gyroscopically stabilized system is

k(iwt) := sign(iWZ;Jwi), (6.25)

where w are the eigenvectors of the matrix A given by equation (6.21) at the eigenval-
ues i w4 (€2). Calculating the eigenvectors and substituting them into equation (6.25),
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we find

iWESWy = +F T (Q)o+(Q)/Q2 — Q3,/Q2 - Q3, (6.26)
where [305]

- (VE - F /-0’

2(Q22ky; + k%2) ’
and k1 and k1, are the entries of the matrix K. When Q > 5, the sign of the right-
hand side of equation (6.26) depends only on the sign of the functions F* () and
F~(R2). In the limit @ — oo we have FT(Q) ~ 527 > 0 and thus k(fwy) = +1
as 2 — oo. Since the eigenvalues remain simple and pure imaginary on the whole
interval Q € (23, 00) and the Krein signature is an invariant of an eigenvalue, we
have x (iw+(2)) = %1 for all 2 € (23, 00). Note that k (—iw+) = —k(iw+), since
wi(—iws) = Wi(iws) [603].

Therefore, the lower eigenfrequency, w—, of the conservative gyroscopic system
under study acquires negative Krein signature whereas the higher eigenfrequency, w4,
has a positive Krein signature when €2 is within the interval of gyroscopic stabilization,
Q > Qy > 0. According to equation (3.57) the signature coincides with the sign
of the energy of a mode with a given eigenfrequency w+ > 0. Passing through a
nonsemisimple 1 : 1 resonance at 2 = €2, when 2 is decreasing, is thus accompanied
by the Krein collision of the two eigenvalues, one with positive and the other with
negative energy sign (Krein signature), see black curves in Figure 6.3.

How do the damping and nonconservative positional forces affect the pure imagi-
nary eigenvalues i w4 (€2) of the gyroscopically stabilized conservative system? Does
the Krein signature of the eigenvalues play a part?

The answer follows from the Taylor expansions of the eigenvalues of the perturbed
gyroscopic system with respect to the parameters § and v. Indeed, if iwy(R2) is a
simple root of the characteristic polynomial g(A) at § = 0 and v = 0, then the first
order correction to this root is [292]

FT(Q) = (6.27)

0sq(§2) _ 0vg(2)
92q(2)  9;9(R)

where the derivatives are taken at § = 0 and v = 0. Taking into account that

20 — 205 + Q- Q3 = F,/Q2-Q}/Q7 - Q3, (6.29)

A6, 2,v) =iws(R)—6 + 0(8,v), (6.28)

from equation (6.28) we obtain in the linear approximation [305]

A6, Q2,v) =iws(Q) (6.30)
Q (3.(R) — wd)trD + 2Q0 74

:t 9
RNy e s W P o Y ER o

where [290]
_ KD + (23 — wj) uD

V= 2Q,

(6.31)
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Therefore, when Q2 > Q5 > 0, the nonconservative positional forces with v > 0
stabilize the negative energy mode, i o—(2), but destabilize the mode with the
positive Krein signature, i w4 (S2), see dark gray curves in Figure 6.3 (b).

The effect of damping forces depends on the structure of both the damping matrix
D and the matrix K of potential forces.

When Q > Q, > 0, the damping forces with § > 0 destabilize the negative
energy mode, i w—(S2), and stabilize the positive energy mode, i w4 (R2), if

(4): (0L (Q)—wd)uD +2Q,yx > 0. (6.32)

If
(B):  (0i(Q)—oj)trD 4+ 2Q,yx < 0, (6.33)

damping stabilizes the negative energy mode of the gyroscopically stabilized con-
servative system under study; it can destabilize the positive energy mode when
Qr < Q < Q¢r < .

An example of matrices K and D that fulfill the condition (6.32) is given by

—1 21
(3 %) = (21), 63

Then, Q = 1, Q2 = 3, wp = /2, and y« = 5/2. The eigenvalues of the matrix Dy,
are 815, = (3 £ 4/5)/2 > 0. The light gray (r) curves in Figure 6.3 (b) show the effect
of the full dissipation with the positive definite matrix Dy, .

The destabilizing effect of damping forces with full dissipation on the negative en-
ergy modes of a stable Hamiltonian system is well known [74,391,395,613]. In hy-
drodynamics this phenomenon manifests itself in connection, e.g., with the Kelvin—
Helmholtz instability [168, 462], stability of a boundary layer over a flexible sur-
face [112,349], and Benjamin—Feir instability [90].

An interesting fact following from equation (6.32) is that the same effect can be
produced by indefinite damping too. Indeed, taking, e.g., D = D4, with

Dy, = ( ; f ) (6.35)

and K = K4 as in the above example, we find that the eigenvalues of D4, are §; = —1
and § = 3, and yx = 3/2. Hence, with K = K4 and D = Dy,, the inequality (6.32)
is fulfilled for all €2 > €2, = 3. The light gray (r) curves in Figure 6.4 (a) show how the
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Figure 6.4. (a) Fork; = —1,k; = —4, trD = 2, trKD = —5, and detD = —3 and (b) for
k1 = —1,kp = =3, tD = 2, rKD = —16, and detD = —35: movement of eigenvalues in
the complex plane when €2 decreases from 10 to 0 and (black) § = 0 and v = 0, (light gray,
r)8 = land v = 0, and (dark gray, g) § =0and v = 1.

positive energy modes are stabilized and the negative energy modes are destabilized
by the indefinite damping matrix D4, .

However, indefinite damping can act inversely in comparison with the just described
effect, by stabilizing the negative energy mode and destabilizing the positive energy
mode for Q2 sufficiently close to €2, see light gray (r) curves in Figure 6.4 (b). They
are plotted for the matrices

-2 1 1 —6
ko= (77 ) oa=(_ 7).

with which the inequality (6.33) is satisfied in case of w—_(2) for all 2 > €2, and in
case of w4 (2) for 2y < Q < Q¢p < 00.

As established in [293,294], destabilization of the positive energy modes of a Hamil-
tonian system by indefinite damping or nonconservative positional forces is a basic
mechanism leading to the onset of oscillatory instabilities induced by friction applied
to rotating or moving continua [340] such as the singing wine glass [6,541] or a squeal-
ing disk brake [268], see Chapter 10 in this book for more mechanical examples and
Chapter 9 for an example of a similar effect in magnetohydrodynamics.

From equation (6.30) a linear approximation follows to the boundary of the domain
of asymptotic stability in the (3, v, £2)-space

2 trD (0} (Q) — o)
V= 6[)&‘*‘79—2}5

(6.36)

(6.37)

In the vicinity of 2 = €;, we have a)i(Q) —w} ~ Fwy/2922(2 — Q). Taking
this into account in equation (6.37), we find a simple approximation to the gyroscopic
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Figure 6.5. For k1 = —1, k; = —4, trD = 3, trKD = —6, and detD = 1: (a) The boundary
of the domain of asymptotic stability with the Whitney umbrella singularity at the exceptional
point (0,0, 2, = 3) in the (8, v, 2)-space and (black) the switching surface (6.44); (b) move-
ment of eigenvalues in the complex plane when €2 decreases from 10 to 0 and (black) § = 0
and v = 0, (light gray, r) § = 0.3 and v = 0.6, and (dark gray, g) § = 0.3 and v = 0.9.

parameter €2 near the exceptional point (0,0, €2,) at the threshold of the gyroscopic
stabilization (for trD # 0) [290,291]

Q=+ Qzﬁ (g - y*)2 +o ((g _ y*>2) . (6.38)

Again, we obtained an equation which is in the familiar canonical form for the Whit-
ney umbrella surface: ¥ = X 2/ Z2. Hence, at the exceptional point (0,0, 2,), the
boundary of the domain of gyroscopic stabilization in the presence of damping and
nonconservative forces has the Whitney umbrella singularity, see Figure 6.5 (a). In
the first approximation with respect to § and v the stability boundary is a ruled sur-
face, i.e. a set of points swept by moving straight lines given by equation (6.37) that
all intersect orthogonally the Q2-axis. At Q2 = 2, the lines degenerate and merge into
one

V = y46. (6.39)

In the (8, v, 2)-space, a part of the plane (6.39) limited by the inequalities 2 > 2,
and § > O constitutes a tangent cone [375] to the domain of gyroscopic stabilization
at the exceptional point (0, 0, £27).

In the vicinity of the exceptional point, it is the tangent cone to the stability domain
that determines the transfer of instability from the negative energy modes to the pos-
itive energy modes. Indeed, as was shown in [287,288], perturbation of the double
eigenvalue i wg at the EP yields the following approximation to the trajectories of the
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perturbed simple eigenvalues in the complex plane
(ImA — wy — Red —a/2)? — (ImA — wy + ReA + a/2)* = 2d, (6.40)

where a := —wy(h, p), d := wo(f, p), the angular brackets denote the scalar product
in R? of the vector of parameters p/ = (8, v) and the real vectors f7 = (f, f,) and
h” = (hg, h,) with the components that are expressed by means of the derivatives of
the characteristic polynomial ¢(A) as [292]

29 2 200(iw0) ' pq — 3, g . 1digq
fsi=— agsq, hy := — Py -Ps , 0= la)o—aé‘— (6.41)
iwg 954 o 24 30349

and should be evaluated at the EP. Then,
Q) Q- QoYx — a)gtrD Q)
=1, = —" ., =—= hyg=—""""" " h,=——2, (642
o fs 20§ Voo Sy 203 2w3 Y 2w3 642
and finally [305]
trD Q>
a=—2_G, d=—(y«6—v). (6.43)
2 20)()

Therefore, in close vicinity of the EP, the movement of the perturbed eigenvalues
in the complex plane is well approximated by the branches of a hyperbola (6.40),
which are shifted off the imaginary axis to the left by a quantity §trD /4. It is clear that
when y«6 — v > 0, i.e. when ‘dissipation prevails’, the eigenvalue with the lower fre-
quency (negative energy mode) becomes unstable, see the r-curves in Figure 6.5 (b). If
y«6—v < 0, which happens either when ‘nonconservative positional forces prevail’ in
the perturbation or when specific forms of indefinite damping are used, the instability
transfers to the mode with the higher frequency (positive energy mode), see g-curves
in Figure 6.5 (b). Hence, the tangent cone to the stability domain in the (6, v, £2)-space
at the EP gives a linear approximation to a surface (shown in black in Figure 6.5 (a))
that subdivides the stability domain into two compartments (marked by dark gray (g)
and light gray (r) level curves in Figure 6.5 (a)) that correspond to destabilization of
either negative energy modes (r) or positive energy modes (g) of the stable gyroscopic
system,! Figure 6.5 (b).

The full stability boundary determined by the equation ¢1¢2q3 — q%% — q% = 0 fol-
lowing from the Routh—Hurwitz conditions applied to the polynomial g (1), is shown
in Figure 6.5 (a). It is a quadratic equation in v that yields two sheets of the stabil-
ity boundary that are connected to each other when the discriminant of the quadratic
equation vanishes. This yields an equation of the surface

§*trD detD + 4Q,y4 + t'D(Q? — Q3)
52(trD)? + 4Q2

that is shown in black in Figure 6.5 (a). The linear approximation to this surface at the

EP is the plane (6.39) that contains a tangent cone to the stability domain.

v =6Q

(6.44)

' Cf. the eigencurves of fast and slow precession of Crandall’s gyropendulum in Fig 6.2.
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When the parameters are in the g-compartment of the stability domain with respect
to this surface, the eigenvalue with the higher frequency has a larger negative real
part whereas inside the r-compartment it is the eigenvalue with the lower frequency
that is less stable. Consequently, when parameters are varied in such a manner that the
stability boundary is penetrated from the g-side, the higher frequency mode is unstable.
If this happens from the r-side, then the lower frequency mode is destabilized.

Therefore, the Krein signature of pure imaginary eigenvalues of the stable gyro-
scopic (Hamiltonian) system manifests itself even inside the parameter region of the
dissipative system. In the first approximation, it is the tangent cone to the stability
boundary at the EP associated with the Whitney umbrella singularity that separates
the parameter sets destabilizing either negative or positive energy modes. The for-
mer are made unstable either by full dissipation or by a specific indefinite damping
prescribed by equation (6.32) while the latter needs either nonconservative positional
forces or another specific type of indefinite damping determined by equation (6.33),
in order to be unstable.

6.2.2 The case of arbitrary even m

Let in equation (6.17) m be an arbitrary even number. In the presence of only poten-
tial forces with the matrix K < 0, the trivial solution to equation (6.17) is statically
unstable. In the absence of nonconservative forces (§ = v = 0) the statically unsta-
ble potential system becomes Lyapunov stable due to the action of gyroscopic forces
provided that det G # 0 and the absolute value of the gyroscopic parameter is suf-
ficiently large (|2| > 2, > 0) [34,325]. In the generic case, all the eigenvalues of
the matrix polynomial IN> + AQG + K are pure imaginary and simple. At @ = Q,
there exists a pair of double pure imaginary eigenvalues A = +iwg with the Jordan
chain of length 2, while the remaining eigenvalues are simple and lie on the imaginary
axis [34,394]. For m = 2 the exact value of the gyroscopic parameter €2, is given by
equation (6.23). Determining €2, at m > 2 is a more complicated problem [34, 326].

The Jordan chain at the eigenvalue i wy consists of the eigenvector uy and an asso-
ciated vector u; that satisfy the equations [74,291]

(—Iw§ + i 092G + K)ug = 0, (6.45)
(—Iwf + ioR2G 4+ K)uy = —(2iwpl + Q2G)uy. (6.46)

The eigenvector ug satisfies the orthogonality condition
a1 2iwol + 22G)ug = 0. (6.47)

Equation (6.45) and the orthogonality condition (6.47) yield the Rayleigh quotient for

the critical frequency:
ﬁg Kll()

l_lg ugp

W} =— > 0. (6.48)
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In the neighborhood of 2 = 2, the double eigenvalue and the corresponding eigen-
vector vary according to the formulas [291,518]

Iwo(Q) =iwygTiny/2— Q4+ 0(2 —Qy), (6.49)
w(RQ) =u ipu /2 — Q2+ 0(Q — Q»), (6.50)
where 12 is a real number given by
=T
Mz _ 2w8u0 ug 6.51)

Qz(a)gﬁlTul — ﬁlTKlll — l.a)()Qzl_lTGul — 1_10Tu0)

For m = 2 and det G = 1 the double eigenvalue iwy = iv/detK for Q@ = Q,,
defined by equation (6.23), has a Jordan chain consisting of an eigenvector uy and an
associated vector u;

w = C iwo2 + k12 - C 0
0= W=k ) T @@ —ky \ iwo(ka — ki1) — Qakia (6’ )

where C is an arbitrary constant. The vector u; is defined up to a term proportional to
uy. Substituting the eigen- and associated vectors into equation (6.51) and taking into
account the orthogonality condition (6.47), we find

s (o5 —ki)(wg —kan) _ Qo

2.0 6.53
2 Qi+ ik 2~ (653)

The coefficient u = /2,/2 is real-valued and, according to formula (6.49), for
Q > Q, the double eigenvalue splits into two simple pure imaginary ones (gyroscopic
stabilization). The gyroscopic stabilization of a statically unstable potential system for
arbitrary even m follows the same scenario.

Let us study the influence of dissipative and nonconservative positional forces on
gyroscopic stabilization. First, we note that in practice the most interesting situation
is when these forces in the system (6.17) are small as compared with the gyroscopic
ones: § ~ v K Q ~ . The critical gyroscopic parameter 2., (8, v) on the boundary
of the gyroscopic stabilization domain of the nonconservative system is a function of
the parameters corresponding to the dissipative and circulatory forces and may dif-
fer significantly from €2,. Moreover, stability is sensitive to choice of perturbation,
while the balance of forces leading to asymptotic stability is not obvious. This is why
the effect of small dissipative and nonconservative positional forces on the stability
of gyroscopic systems is considered paradoxical [139], although the destabilization
paradox is also connected with physical paradoxes, such as the inversion of the tippe
top equilibrium and the tendency of Jellet’s egg to spin about its longest axis [83, 84].

To estimate Q., (8, V), we note that, when the potential system gyroscopically sta-
bilized for 2 > 2, is perturbed by small dissipative and circulatory forces, a simple
eigenvalue i w(£2) with the eigenvector u(£2) takes the increment [291]:
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o*a! Dus — i wu! Nuv
A=iw— +0(8,v). (6.54)
al Ku + w?2ul u ©6,v)

Since D and K are real symmetric matrices and N is skew-symmetric, this increment
is real-valued. When v = 0, the formula (6.54) is reduced to equation (5.47), where M
is the identity matrix. Taking into account that the denominator in equation (6.54) is
1/ Ku+ o’ u = iow! Jw, wherew = (u”, iwu? —QuT G/2)7 is an eigenvector
of the matrix A of equation (6.21) at i w, we rewrite equation (6.54) as

—T ._T
u’ Du iu’ Nu

A=iw—w S+ w v+ o0(s,v). 6.55
iw!l Jw iw!l Jw 6.v) ¢ )

The sign of the denominator in equation (6.55) is exactly the Krein signature of the
eigenvalue iw in the sense of Definition 3.5, whereas the sign of the denominator
in equation (6.54) is the sign of energy, which coincides with the Krein signature if
w > 0.

Therefore, full dissipation with D > 0 destabilizes negative energy modes and
stabilizes positive energy modes. If i ! Nu > 0, the negative energy modes are
stabilized and positive energy modes are destabilized by the circulatory forces
and vice-versa.

In the first approximation in § and v a simple eigenvalue i w(£2) remains on the
imaginary axis if

v = y(R)4, (6.56)
where -
. u' (2)Du(R2)
y(Q) = lw(Q)_uiT(Q)Nu(Q)' (6.57)

For a fixed €2 > €2, expressions (6.56) and (6.57) define at the origin in the plane of
8 and v a tangent line to the boundary of the domain where the increment of i w(£2) is
negative. In the generic case, a linear approximation to the boundary of the intersection
of all such domains corresponding to the various simple eigenvalues of the unperturbed
gyroscopic system is specified by only two straight lines of the form (6.56).

It follows from expansions (6.49) and (6.50), that, in the neighborhood of 2 = €2,
all the simple eigenvalues i w(£2), that remain simple at 2 = €25, and also the corre-
sponding eigenvectors u(€2) vary slowly with €2 in comparison with the pair of eigen-
values that coincide with each other at 2 = 5. Clearly, the behavior of these two
eigenvalues is also of key importance for the stability of the gyroscopic system under
small nonconservative perturbations. For this reason, the critical gyroscopic parameter
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on the boundary of the stability domain of the system (6.17), is estimated by plugging
expansions (6.49) and (6.50) into formula (6.57), which yields:

di F pdavAQ + O(AQ)

Q) =—(wy £ uvAQ+ 0(Q2 —Q ,  (6.58)
y(R2) (wo £ ( 2))n1:|:,un2 AG 1 0(AD)
where AQ2 = Q — Q5. The coefficients d;, d», n, and n, are real:
dy =Re(@ Duy), dp = Im(@l Du; — @/ Duy),
ny = Im@@. Nug), n, = Re(@} Nu; — @l Nuy). (6.59)
Formula (6.58) implies that, for |y — y«| < 1, where
=T
. uy Du
Y = y(Q) = —iwo———, (6.60)
uy Nug
the new critical value of the gyroscopic parameter is given by
ni(y — s’
Q =Q + 1 :
er) 2T 2 (wods — yana — dy )2
which, after substituting y = v/§ becomes
2 _ $ 2
Qer(8,) = Qs + niv = y«d) > Q. 6.61)

w?(wody — ysny — dy)?8?

In the (8, v, Q2)-space the graph of Q.(§,v) under the condition (u/ny)(wody —
ysiy — d1)§ > 0 encloses a domain where two eigenvalues of the unperturbed gyro-
scopic system that coincide at 2 = 2, take a negative real increment due to a non-
conservative perturbation. At m = 2, and for m > 2 under the assumption that, when
parameters are chosen from this domain, the remaining pure imaginary eigenvalues of
the unperturbed system are shifted to the left half of the complex plane, equation (6.61)
is an approximation to the boundary of the asymptotic stability domain of the noncon-
servative gyroscopic system (6.17) in the neighborhood of (0, 0, 2,) in the parameter
space. Moreover, formula (6.61) gives a simple estimate for Q., (8, v).

Equation (6.61) has the form canonical for a surface with the Whitney umbrella
singularity that typically arises on the boundary of the asymptotic stability domain
of a three-parameter family of real matrices [17,232,354]. That is why Q.,(6,v) in
equation (6.61) is not differentiable at zero and depends only on the ratio y = v/é.
Thus, the limit Q., (8, v) at zero is indeterminate and depends on the direction spec-
ified by y. For all directions y # ys the limiting value satisfies Q.,(y) > 2. This
means that the critical gyroscopic parameter varies discontinuously under infinitesimal
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variations in § and v which we know as the Ziegler-Bottema destabilization paradox
that was observed in both gyroscopic systems with small dissipative and circulatory
forces [139,232] and in circulatory systems with small dissipative and gyroscopic
forces [81,622].

The formulas (6.60) and (6.61) can be reduced to the equations (6.31) and (6.38).
Indeed, for m = 2 and det G = 1 the computation of y, by formula (6.60) with the use
of the eigenvector (6.52) yields formula (6.31). Substituting the eigen- and associated
vectors (6.52) into equations (6.59), yields

wd (ki — k»n) + kb,
a)% — k22

ny =205 —ki1), ny=—-2Q

dy =2y« (0f — k11),

o _ (diokiz — don(0f — ki) (ko — ki1) + diokin3
260() a)(z) - k22 '

(6.62)

Taking into account SZ% = trK + 2a)g, and using relations (6.62), we calculate the
expression in the denominator of equation (6.61)

wodr — Yxhoy — d = —2a)§(wg — kll)tI‘D. (6.63)

Plugging equations (6.53), (6.62) and (6.63) into equation (6.61), we reproduce, for
trD # 0 the formula (6.38) where y. is given by equation (6.31). The condition
(n/n))(wody — y«ny — d1)d = SwotrD/ /22, > 0 singles out a stable pocket of
the stability domain approximated by equation (6.38).

6.3 Near-Hamiltonian systems

Consider a system of differential equations of the form [125,429]

d
d_’; = (7' - D)Hx, (6.64)

where x € R J is a canonical symplectic matrix (3.20), and D and H are real
symmetric 2k x 2k matrices. The matrix D is assumed to be positive semidefinite
(D = 0). When D = 0, the system (6.64) is reduced to the Hamiltonian system
(3.21). The system of the form (6.64)

d
d_)t( = (J_1 —eD)Hx, (6.65)

where ¢ > 0 is a small parameter, is called the near-Hamiltonian system [74].



Section 6.3 Near-Hamiltonian systems 189

Theorem 6.1 (S.-J. Chern, 2002 [125]). For the system (6.64) with D > 0
v(@'=D)H) < zH), = (J~'-D)H) < v(H). (6.66)
Furthermore, if § (7' — D)H) = 0, then

V(@' =D)H) =7 ), = (@~'-D)H)=v(H). (6.67)

Let A(¢) be a simple eigenvalue of the operator (J~! —D)H and u(e) its eigenvector
such that 1(0) = iwp is a simple eigenvalue too with the eigenvector u(0) = uy.
Then [584],

Ae) =iwg + st(SO) + o(e),
where [125,394]
dA(0) 9,/ HDHuy 1 @/ HDHuy
de T TwHu oo imgldu (©69

Assuming that dy/ HDHu, > 0 (which happens, e.g., when D > 0 [394]), we con-
clude that in the first-order in & approximation the pure imaginary eigenvalue with
wo > 0 and positive Krein signature « (i wp) := sign (id’ Jug) acquires a negative
real increment (asymptotic stability). If k (i wp) < 0, the eigenvalue moves to the open
right half-plane of the complex plane (instability). In [391] MacKay pointed out that
—ﬁOTHDHuO in equation (6.68) is nothing other than one half of the rate of change
of energy due to the perturbation, averaged over an oscillation cycle, whereas the de-
nominator is the energy of the mode with the frequency wy, i.e.

dr0) _ (€) 2

e " 2% + O(&%). (6.69)
Hence, if the energy is drained from the negative (positive) energy mode, it becomes
unstable (stable). MacKay’s formula (6.69) thus quantitatively supports the kinematics
reasoning of Sturrock [552].

Maddocks and Overton [395] initiated the study of multiple eigenvalues of near-
Hamiltonian systems and showed that for an appropriate class of dissipatively per-
turbed Hamiltonian systems, the number of unstable modes of the dynamics linearized
at a nondegenerate equilibrium is determined solely by the index of the equilibrium
regarded as a critical point of the Hamiltonian. They analyzed the movement of the
eigenvalues in the limit of vanishing dissipation without direct application, however, to
the destabilization paradox and approximation of the singular stability boundary. Some
further developments of these ideas can be found in the recent work [231], where the
stability domain near 1 : 1 semisimple resonance of a dissipative system is investigated
and its relation to the ruled surface known as the Pliicker conoid of degree n = 1, is es-
tablished. Bridges [89] raised a question on the effect of nonconservative perturbations
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on positive energy modes of a Hamiltonian system. Therefore, a further development
of the Maddocks and Overton theory in order to take into account non-Hamiltonian
perturbations equivalent to the action of nonconservative positional forces is required.
Important nonlinear and statistical mechanical aspects of the dissipation-induced in-
stabilities in Hamiltonian systems are discussed in [74, 152], and [73].

6.4 Gyroscopic and circulatory systems as limits
of dissipative systems

Finally, on the example of the general nonconservative system (6.17) with m = 2
degrees of freedom we would like to demonstrate how the stable ‘ideal’ gyroscopic
and circulatory systems co-exist at different singularities of the same boundary of the
domain of asymptotic stability of a dissipative system.

In the absence of damping and gyroscopic forces (§ = Q2 = 0) the system (6.17)
is circulatory, with the matrix N specified by equation (6.19), and its characteristic
polynomial ¢ (A) has four roots £A 4, £A_, where

1 1
Ay = \/—EtrK + 5\/(trK)2 — 4(detK + 1v?). (6.70)

The eigenvalues (6.70) can be real, complex or pure imaginary implying instability or
marginal stability in accordance with the following statement.

Theorem 6.2 (O.N. Kirillov, 2007 [290]). If rtK > 0 and detK < 0, the cir-
culatory system with two degrees of freedom originated from equation (6.17) at
Q = 0and § = 0 is stable for vg* < v < sz, unstable by divergence for
v2 < v,2, and unstable by flutter for v? > vfz, where vy and vy are

1
0<v—detK =:vg < vy := 5\/(trK)2—4detK. (6.71)
IfuK > 0 and detK > 0, the circulatory system is stable for v? < Vf2 and
unstable by flutter for v > vfz. If trK < 0, the system is unstable.

For K, having two equal eigenvalues, vy = 0 and the circulatory system is unstable
in agreement with Merkin’s theorem (Theorem 5.16).

Stability diagrams and motion of eigenvalues in the complex plane for v increasing
from zero are presented in Figure 6.6. When trK > 0 and det K < 0 there are two real
and two pure imaginary eigenvalues at v = 0, and the system is statically unstable,
see Figure 6.6 (a). With the increase of v both the imaginary and real eigenvalues are
moving to the origin, until at v = v, the real pair merges and originates a double zero
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Figure 6.6. Stability diagrams and trajectories of eigenvalues for the increasing parameter
v > 0 for the circulatory system originated from equation (6.17) at 2 = 0 and § = 0 with (a)
trK > 0 and det K < 0 and (b) trK > 0 and det K > 0 [290].

eigenvalue with the Jordan block. At v = v, the system is unstable due to linear time
dependence of a solution corresponding to A = 0. The further increase of v yields
splitting of the double zero eigenvalue into two pure imaginary ones. The imaginary
eigenvalues of the same sign are then moving towards each other until at v = v¢ they
originate a pair of double eigenvalues +iwys with the Jordan block, where

1
wf = EtrK. (6.72)

At v = vy the system is unstable by flutter due to secular terms in its solutions. For
v > vy the flutter instability is caused by two of the four complex eigenvalues lying
on the branches of a hyperbolic curve

ImA% — ReA? = w}. (6.73)

The critical values vy and vy constitute the boundaries between the divergence
and stability domains and between the stability and flutter domains respectively. For
trK > 0 and det K = 0 the divergence domain shrinks to a point v; = 0, and for
trK > 0 and detK > 0 there exist only stability and flutter domains as shown in
Figure 6.6 (b). For negative v the boundaries of the divergence and flutter domains are
v =—vgand v = —vy.

In general, the Jordan chain for the eigenvalue iy consists of an eigenvector ug
and an associated vector u; that satisfy the equations [288]

(—ofI+K+vNug =0, (—o;l+K+v/N)u = —2iwsu. (6.74)

Due to the nonself-adjointness of the matrix operator, the same eigenvalue possesses
the left Jordan chain of generalized eigenvectors vy and v

Vo (—of T+ K+vN) =0, v{ (o I+ K+ N) = 2iwpvg.  (6.75)
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The eigenvalues uy and v are biorthogonal

vluy = 0. (6.76)

In the neighborhood of v = v¢ the double eigenvalue and the corresponding eigen-
vectors vary according to the formulas [288,296]

AW) =iwr £ pu /v =75 +o((v— Vf)%),
u(v) =g £ puy ST=7 + 0((v — vp)?),
V() = vo £ puvi JT=V7 4 0o((v —vp)?), (6.77)

where 12 is a real number given by

T
> vpNu

u2 = (6.78)

2iwpviug

For m = 2 the generalized eigenvectors of the right and left Jordan chains at the
eigenvalue i wy, where the eigenfrequency is given by (6.72) and the critical value vy
is defined by (6.71), are [281]

_ 2k + 2Uf . 2k — 2Vf _ _ 0
uy = ( k22_k11 ), Vo = ( k22—k11 , U] =V = —4iwf . (679)

Substituting (6.79) into equation (6.78) yields the expression

2 _Avplkn—kn) vy
2iwsviu 207

> 0. (6.80)

After plugging the real-valued coefficient p into expansions (6.77) we obtain an ap-
proximation of order |[v — Vf|1/ 2 of the exact eigenvalues A = A(v). This can be
verified by the series expansions of (6.70) about v = vy.

The one-dimensional domain of marginal stability of the circulatory system given
by Theorem 6.2 blows up into a three-dimensional domain of asymptotic stability of
the system (6.17) in the space of the parameters &, 2, and v, which is described by the
Routh and Hurwitz criterion for the polynomial ¢ (A)

$trD > 0, K + 62 det D4+ Q% > 0, detK+v? > 0, (v—v,)(v—v]) <0, (6.81)

where
Qb + VQ2b2 + ac 5

a

vE@G,Q) = (6.82)

The coefficients a, b, and ¢ are

a(8, Q) =4Q% + §*(UD)?, b(8, Q) = 4vsfx + (82 detD + Q*)urD,
c(8,Q) = v ((rD)* — 483) + (w7 trD — 2v7 ) (8> det D + Q*)uD,
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where
2
_ tr(K — w n I)D'

6.83
o7 (6.83)

* -

The first two of the conditions of asymptotic stability (6.81) restrict the region of
variation of parameters 6 and Q2 either to a half-plane §trD > 0, if detD > 0, or to
a region between the line § = 0 and one of the branches of a hyperbola | det D| §% —
Q? = 2w?3, if detD < 0. Provided that § and 2 belong to the described domain, the
asymptotic stability of system (6.17) is determined by the last two of the inequalities
(6.81).

For detK < 0, the domain of asymptotic stability consists of two nonintersecting
parts, bounded by the surfaces v = vE (8, Q) and by the planes v = +vy, separating
it from the divergence domain. For detK > 0, inequality det K 4+ v? > 0 is fulfilled,
and the asymptotic stability domain is contained between the surfaces v = v\, (8, )
and v = v, (8, Q).

The functions vétr (6, 2) defined by expressions (6.82) are singular at the origin due
to the vanishing denominator. Assuming 2 = B4 and calculating a limit of these
functions when § tends to zero, we obtain

4BB« £ D/ (D)2 + 4(B2 — p2)

(uD)? + 482 (€59

vE(B) == limvE = vy
§—0
The functions ng (B) are real-valued if the radicand in (6.84) is nonnegative.

Theorem 6.3 (O.N. Kirillov, 2007 [290]). Let A;1(D) and A,(D) be eigenvalues

of D. Then,
21(D) — A2(D)|

1B = > (6.85)

If D is semidefinite (detD > 0) or indefinite with

kia(dy — di1) — dia(kay — k11))?

0> detD > _ (kia(dp2 —di1) ‘ 12(k22 — k11)) , (6.86)

4vf

then D
tr

1B« < (6.87)

2 kl
and the limits ng (B) are continuous real-valued functions of B. Otherwise, there
exists an interval of discontinuity B> < B2 — (trD)? /4.
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Proof. With the use of the definition of B, (6.83), a series of transformations

uD)> 1 (ki —kn)(di1 —d 2
g2 (trD) - (k11 — ka2)(d11 — d22) +nndi
4 4t 2
_(du+ dn)? (ki1 — k2)? + 4k},)

7

4 4vf
— _detD — (k12(da2 — d11)4—2dlz(k22 —k11))? (6.88)

Yy
yields the expression

2 = (A1(D) —4)t2(D))2 _ (kia(dn — d11)4—2dlz(k22 - k11))2. (6.89)

Vy

For real B, formula (6.88) implies inequality (6.86). The remaining part of the propo-
sition follows from (6.89). |

Inequality (6.89) subdivides the set of indefinite damping matrices into two classes.
We call a 2 x 2 real symmetric matrix D with detD < 0 weakly indefinite if 482 <
(trD)?, and strongly indefinite if 482 > (trD)>.

The calculated vgt (B) are bounded functions of B, nonexceeding the critical values
+vy of the unperturbed circulatory system:

v (B)] < [vg (£B0)| = vy (6.90)
Indeed, let us observe that /L(:)t = v(ﬁt /vy are roots of the quadratic equation
vjzraﬂuz —28Qbovyp — §2co =0, (6.91)

with 52aﬁ :=a(8, B6), by := b(0,0), ¢y := c(0,0). According to the Schur criterion
[62,409] all the roots w of equation (6.91) are inside the closed unit disk if

8%co + vjzcaﬁ = (D)% + 4(B% — B2) + (tD)? > 0,
26Qurbo + v}aﬁ - 5260 =B+ /3*)2 >0,
—28Quybo + viag —8%co = (B — x)* = 0. (6.92)

The first of conditions (6.92) is satisfied for real voi, implying | ;,L(:)t (B)] < 1 with
1 (Bl = lug (—Ba)] = 1.

The limits ng (B) of the critical values of the circulatory parameter vci, (8, 2), effec-
tively depend only on the ratio 8 = /4§, defining the direction of approaching zero
in the (8, 2)-plane. Along the directions § = B, and 8 = —f«, the limits coincide
with the critical flutter loads of the unperturbed circulatory system in such a way that
v (B+) = vy and vy (—f«) = —vy. According to equation (6.90), the limit of the



Section 6.4 Gyroscopic and circulatory systems as limits of dissipative systems 195

nonconservative positional force at the onset of flutter for system (6.17) with dissipa-
tive and gyroscopic forces tending to zero does not exceed the critical flutter load of
the circulatory system, demonstrating a drop in the critical load.

Power series expansions of the functions vé': (B) around B = £« (with the ra-
dius of convergence not exceeding [trD|/2) yield simple estimates of the drops in the
critical load for the two-dimensional system (6.17)

2

me(ﬁ F Bx)? + o((B F Bx)?). (6.93)

vy F i (p) =

Leaving in expansions (6.93) only the second-order terms and then substituting § =
/8, we get an approximation to the boundary of the asymptotic stability domain of
the system (6.17) in the vicinity of the points (0,0, £v¢) in the (8, 2, v)-space. An
extension to the case when the system (6.17) has m degrees of freedom is given by the
following statement.

Theorem 6.4. Let the system (6.17) with m degrees of freedom be stable at v <
vy and let at v = vy its spectrum contain a double eigenvalue i ws with the left
and right Jordan chains of generalized eigenvectors uy, uy and vy, vy, satisfying
equations (6.74) and (6.75). Define the real quantities

d; =Re(vi Duy), d = Im(vl Du; + vI Duy),

g1 = Re(v(T;Guo), g = Im(ngul + vlTGuo), (6.94)
and r
= — . 6.95

Then, in the vicinity of B := Q/8 = B« the limit of the critical flutter load v},
of the near-reversible system with m degrees of freedom as § — 0 is

glz(/3 — ,3*)2

T o((B = B+)?). (6.96)

vy (B) = vr

Proof. Perturbing a simple eigenvalue i w(v) of the stable circulatory system at a fixed
v < vy by small dissipative and gyroscopic forces yields the increment

T T
D G
_Y s Y Uy 065, 9). (6.97)
2vTyu

A=1i —
o 2vTu

Since the eigenvectors u(v) and v(v) can be chosen real, the first-order increment is
real-valued. Therefore, in the first approximation in § and €2, the simple eigenvalue
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iw(v) remains on the imaginary axis if Q2 = B(v)3, where

T
p(v) = —%. (6.98)
Substituting expansions (6.77) into formula (6.98), we obtain
By = =TT + 0 (T T) 6.99)
g1 g vy —v+o( vy =v)
wherefrom expression (6.96) follows, if |8 — B«| < 1. O

With 8 = /6 the formula (6.96) yields an approximation to the critical flutter load
N Bud)?

12(dy + Bxg2)?8%
The coefficients (6.78) and (6.94) calculated with the use of vectors (6.79) are

v (8,Q) = vy (6.100)

dy =2k — ki)tr(K — a)}I)D, g1 = 4(k11 — kn)vy
dr = —8wyr(2d1ok1a + doa(kpa — k11)), g2 = 16wrvy. (6.101)

With (6.101) expression (6.96) is reduced to (6.93).

Using exact expressions for the functions w(v), u(v), and v(v), we obtain better
estimates in the case when m = 2. Substituting the explicit expression for the eigen-
frequency

(V) = a)jzr + v} -2, (6.102)
following from (6.70)—(6.72), into the equation (6.98), which now reads
5 (2v/Be + (a)z(v) _ a)}) tD) —2Qv =0, (6.103)

we obtain

D 2
sz—f|:/3*:|:tr— /1—”—2}5. (6.104)
v 2 Ve

Equation (6.104) is simply formula (6.84) inverted with respect to § = Q/4.

We use the linear approximation (6.104) to study the asymptotic behavior of the
stability domain of the two-dimensional system (6.17) in the vicinity of the origin in
the (8, 2)-plane for various v. It is enough to consider only the case when trK > 0 and
detK > 0, so that —vy < v < vy, because for det K < 0 the region v? < chl < v} is
unstable and should be excluded.

For v2 < 12 the radicand in expression (6.104) is real and nonzero, so that in the
first approximation the domain of asymptotic stability is contained between two lines
intersecting at the origin, see Figure 6.7 (central column). When v approaches the crit-
ical values ivf, the angle becomes more acute until at v = VF Or v = —vy it de-
generates to a single line Q = §8« or Q = —§B« respectively. For B« # 0 these
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Figure 6.7. For various v, bold lines show linear approximations to the boundary of the asymp-
totic stability domain (white) of the system (6.17) in the vicinity of the origin in the plane
(8,K), when trK > 0 and detK > 0, and 482 < (trD)? (upper row) or 482 > (trD)? (lower
row).

lines are not parallel to each other, and due to inequality (6.87) they are never vertical,
see Figure 6.7 (right column). However, the degeneration can be lifted already in the
second-order approximation in §

a)ftrD\/detD + B2 2+ 0().

Q= 88, + (6.105)

If the radicand is positive, equation (6.105) defines two curves touching each other at
the origin, as shown in Figure 6.7 by dashed lines. Inside the cusps |vgtr (0,R2)] > vy.
The evolution of the domain of asymptotic stability in the plane (§, 2), when v goes
from £vs to zero, depends on the structure of the matrix D and is governed by the
sign of the expression 482 — (trD)2. For the negative sign, the angle between the lines
(6.104) is getting wider, tending to 7 as v — 0, see Figure 6.7 (upper left). Otherwise,
the angle reaches a maximum for some v> < v and then shrinks to a single line § = 0
at v = 0, Figure 6.7 (lower left). At v = 0 the Q2-axis corresponds to a marginally
stable gyroscopic system. Since the linear approximation to the asymptotic stability
domain does not contain the Q2-axis at any v # 0, small gyroscopic forces cannot
stabilize a circulatory system in the absence of damping forces (6 = 0), which is in
agreement with the Bottema—Lakhadanov—Karapetyan theorem (Theorem 5.19).
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7 asymptotic
stability

a)

Figure 6.8. The domain of asymptotic stability of the dissipative system (6.17): (a) Pliicker
conoid of degree n = 1 when K > 0 and 482 < (trD)?; two disconnected pockets at (b)
K > 0and 482 > (trD)? and (c) rK > 0 and detK < 0.

Reconstructing with the use of the obtained results the asymptotic stability domain
of system (6.17), we find that it has three typical configurations in the vicinity of the
v-axis in the (8, 2, v)-space, see Figure 6.8. In the case of a positive-definite matrix K
and a semidefinite or a weakly-indefinite matrix D, the addition of small damping and
gyroscopic forces blows the stability interval of a circulatory system v? < v} uptoa

three-dimensional region bounded by the parts of a singular surface v = vcir (6, ),
which belong to the half-space §trD > 0, Figure 6.8 (a). The stability interval of a
circulatory system forms an edge of a dihedral angle. At v = 0 the angle of the in-
tersection reaches its maximum (), creating another edge along the 2-axis, which
corresponds to a conservative statically stable gyroscopic system. While approach-
ing the points vy, the angle of the sector becomes more acute and finally vanishes,
Figure 6.8 (a). The whole surface that has two intervals of self-intersection and two
Whitney umbrella points is known as the Pliicker conoid of degree n = 1 [231]. It is
remarkable that the vertical interval of self-intersection of the Pliicker conoid corre-
sponds to the ‘ideal’ circulatory system whereas the horizontal line of self-intersection
corresponds to the conservative gyroscopic system. We see that both the ideal sys-
tems co-exist at different singularities of one and the same boundary of the domain
of asymptotic stability of a general nonconservative system (6.17). Hence, by varying
parameters of a dissipative system we can obtain in the limiting cases different ‘ideal’
systems such as gyroscopic, circulatory, or even & J -symmetric [303, 305].

When the matrix D approaches the threshold 482 = (trD)?, two smooth parts of the
stability boundary corresponding to negative and positive v come towards each other
until they touch, when D is at the threshold. After D becomes strongly indefinite this
temporary glued configuration collapses into two disconnected pockets of asymptotic
stability, as shown in Figure 6.8 (b). Each of the two pockets has a deadlock of an
edge as well as two edges which meet at the origin and form a singularity known as
the break of an edge [17].

The configuration of the asymptotic stability domain, shown in Figure 6.8 (¢), cor-
responds to an indefinite matrix K with trK > 0 and detK < 0. In this case, the
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condition v? > vi divides the domain of asymptotic stability into two parts, corre-

sponding to positive and negative v. The intervals of the v-axis form edges of dihedral
angles, which end up with the deadlocks at v = +v and with the trihedral angles
at v = Fvy, Figure 6.8 (c). Qualitatively, this configuration does not depend on the
properties of the matrix D.
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Nonself-adjoint boundary eigenvalue problems for
differential operators and operator matrices
dependent on parameters

Normally, the boundary conditions have great
influence on the stability limits.
P. Pedersen [474]

Nonself-adjoint boundary eigenvalue problems for matrix differential operators de-
scribe distributed nonconservative systems with the coupled modes and appear in
structural mechanics, fluid dynamics, magnetohydrodynamics, to name a few.

Practical needs for optimization and rational experiment planning in modern appli-
cations allow both the differential expression and the boundary conditions to depend
analytically on the spectral parameter and smoothly on several physical parameters
(which can be scalar or distributed) [85, 105, 106, 195,307,474].

According to the ideas going back to von Neumann and Wigner [587], in the mul-
tiparameter operator families, eigenvalues with various algebraic and geometric mul-
tiplicities can be generic [18, 130, 569]. In some applications additional symmetries
[146, 147] yield the existence of spectral meshes [208] of eigencurves [63, 64] in
the plane ‘eigenvalue versus parameter’ containing an infinite number of nodes with
multiple eigenvalues. A classical example is the Campbell diagrams in rotor dynam-
ics [109], see also [123,245,370,583] and references therein.

As has been pointed out already by Rellich [495], sensitivity analysis of multiple
eigenvalues is complicated by their nondifferentiability as functions of several param-
eters. Singularities corresponding to multiple eigenvalues [18] are related to such im-
portant effects as the destabilization paradox in near-Hamiltonian and near-reversible
systems [81,90,232,312,333,354], geometric phase [154,397], transfer of instability
between modes in dissipative problems of fluid mechanics [106, 246, 458], reversals
of the geomagnetic field [195, 545], emission of sound by rotating continua interact-
ing with the friction pads [123, 254, 294, 538, 604], material instabilities (flutter) in
elastoplastic flows [59, 60], and other phenomena [518].

An increasing number of multiparameter nonself-adjoint boundary eigenvalue prob-
lems and the need for simple constructive estimates of critical parameters and eigen-
values as well as for verification of numerical codes and discretization schemes [75,
107,249,419] require development of applicable methods, allowing one to track rel-
atively easily and conveniently the changes in simple and multiple eigenvalues and
the corresponding eigenvectors due to variation of the differential expression and es-
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pecially due to transition from one type of boundary condition to another without dis-
cretization of the original distributed problem, see e.g. [85, 195,249,307,474,604].

A systematical study of bifurcation of eigenvalues of a nonself-adjoint linear opera-
tor Lo under the perturbation Ly + €L, where ¢ is a small parameter, dates back to at
least the 1950s. Apparently, Krein was the first who derived a formula for the splitting
of a double eigenvalue with the Jordan block at the Hamiltonian 1 : 1 resonance (the
Krein collision [430]), which was expressed through the generalized eigenvectors of
the double eigenvalue [336,337]. In the 1960s Vishik and Lyusternik [584] and Lidskii
[379] created a perturbation theory for nonsymmetric matrices and nonself-adjoint dif-
ferential operators allowing one to find the perturbation coefficients of eigenvalues and
eigenfunctions in an explicit form by means of the eigenelements of the unperturbed
operator [428]. Classical monographs by Rellich [496], Kato [258], and Baumgir-
tel [37], mostly focussing on the self-adjoint case, contain a detailed treatment of
eigenvalue problems linearly or quadratically dependent on the spectral parameter.

Multiparameter perturbation theory for simple and multiple eigenvalues of matrices
and generalized matrix eigenvalue problems initiated by Sun [560, 561] was contin-
ued, e.g., in recent works [270,517,518]. Gohberg, Lancaster and Rodman [201], Naj-
man [441], Langer and Najman [352], Hryniv and Lancaster [233], Lancaster, Markus,
and Zhou [347], and Kirillov [288] studied perturbation of eigenelements in one- and
multiparameter families of analytic matrix functions. Recently, eigenvalue series of
holomorphic matrix operators were derived by Chen et al. [124] to provide efficient
computational solutions to a class of stability problems relevant to control systems
with time delay. Explicit recursive formulas to compute all the Puiseux series coeffi-
cients for the perturbed multiple eigenvalues with the Jordan block from the deriva-
tives of an analytic one-parameter matrix family were obtained by Welters [593]. Dif-
ferential equations allowing for the individual tracking of an eigenvalue and eigenvec-
tor of a parameterized matrix family were derived by Kalaba et al. [251,252]. Kollar
developed a homotopy method for counting stable and unstable eigenvalues of non-
linear matrix pencils [318].

Sensitivity analysis of double semisimple and nonderogatory eigenvalues of differ-
ential operators dependent on parameters was used in 1984 by DiPrima and Hall [155]
for the study of oscillatory and nonoscillatory instability in the cylindrical Couette—
Taylor flow.! In 1986 Busse and Or perturbed a nonself-adjoint boundary eigenvalue
problem to study the effect of the boundary conditions (the wall curvature) on the bi-
furcation of the basic mode of the thermal convection in a rotating annulus [106,458].
Sensitivity analysis of the critical parameters at the onset of flutter in nonconservative
problems of solid mechanics was discussed in 1983 by Pedersen and Seyranian [473].

! More precisely, they showed the existence of complex higher eigenvalues in the spectrum of the cylin-
drical Couette—Taylor flow where the first unstable eigenvalue has imaginary part equal to zero. This
is a weak form of the principle of exchange of stabilities [145, 183]. Its strong form requires that all
nondecaying disturbances be nonoscillatory in time [223].
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Recently, Kirillov and Seyranian derived explicit formulae for bifurcation of mul-
tiple eigenvalues and eigenvectors of two-point nonself-adjoint boundary eigenvalue
problems with scalar differential expression and boundary conditions, which depend
analytically on the spectral parameter and smoothly on a vector of physical parameters,
and applied them to the sensitivity analysis of distributed nonconservative problems
prone to dissipation-induced instabilities [273,277,280,282,284]. An extension to the
case of intermediate boundary conditions with an application to the problem of the
onset of friction-induced oscillations in the moving beam and rotating disk was con-
sidered in [538,539]. In [208,298,307] this technique was applied to the study of an
MHD «2-dynamo.

In this chapter following [298] we develop this approach further and consider bound-
ary eigenvalue problems for linear nonself-adjoint m-th order N x N matrix differ-
ential operators on the interval [0, 1] > x. The coefficient matrices in the differential
expression and the matrix boundary conditions are assumed to depend analytically on
the spectral parameter A and on a vector of real physical parameters p. The matrix for-
mulation of the boundary conditions is chosen for the convenience of its implementa-
tion in computer algebra systems for an automatic derivation of the adjoint eigenvalue
problem and perturbed eigenvalues and eigenvectors, which is especially helpful when
the order of the derivatives in the differential expression is high, see e.g. [204].

Based on the eigenelements of the unperturbed problem, explicit formulae are de-
rived describing bifurcation of the semisimple multiple eigenvalues (diabolical points)
as well as nonderogatory eigenvalues (branch points, exceptional points) under small
variation of the parameters both in the differential expression and in the boundary con-
ditions. Finally, the general technique is applied to the investigation of the onset of the
oscillatory instability in a rotating string as well as in an extended Beck’s column with
and without elastic foundation.

7.1 Adjoint boundary eigenvalue problems

Following [277, 280, 282, 284, 298, 421, 442] we consider the boundary eigenvalue
problem
LA, ppu=0, Up(A,pu=0, k=1,...,m, (7.1)

with u(x) € CN ® C ™0, 1]. The differential expression Lu of the operator is

m
Lu= )Y 1;x)7 7u Lix)eCVNocmDo1], detlo(x)] #0, (7.2)
j=0
and the boundary forms Uy u are

m—1 m—1
Upn= Y Au(x =0)+ > Brjul(x = 1), Ay By; e CVN (73
j=0 j=0
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Introducing the block matrix U := [, B] € C"N*2mN and the vector

ul = (uT(O), uP7(0),..., 0™ DT ©0),ul (1),uPT(1),... ,u;m—”T(l)) e CmN
(7.4)
the boundary conditions can be compactly rewritten as [280,282,298]

Uu = [, Blu =0, (7.5)

where 2 = (Ag;)|,._, € CmN>mN and B = (Bkj)|x=l e CmN>mN Tt is assumed
that the matrices 1;, %, and B are analytic functions of the complex spectral parameter
A and of the real vector of physical parameters p € R”.

Given a vector p = po, the eigenvalue A, to which the eigenvector uy corresponds,
is aroot of the characteristic equation obtained after substitution of the general solution
to equation Lu = 0 into the boundary conditions (7.5) [442].

Let us introduce a scalar product (u,v) := fol v*udx, where the asterisk denotes
complex-conjugate transpose (v* := V1) [442]. Taking the scalar product of Lu and a
vector-function v and integrating it by parts yields the Lagrange formula for the case
of operator matrices (cf. [298,421,442])

Qu,v) := (Lu,v) — (u,LTv) = v*£u, (7.6)

with the adjoint differential expression [421,442]

Liv:= > (=197~ (I;v). (1.7)
qg=0

the vector v that is defined as

o = (vT(O),vg)T(O), o VmOT () VT (1), vIDT (1), .. ,v;m—UT(l)) e ¢2mN

(7.8)
and the block matrix &£ := (I;;)
loo lor - lom—2 lom—1
20 0 Lio Ly - Lima O
iz( 0 8(1))’ L) =1 S L] a9
Lu—o0 bu—21 -+ O 0
Li—10 0 0 0

where the N x N matrices 1;; are [298,421,442]

m—1—j

Lji= Y (=DFME T, g
k=i

k!
— . itj=m-1 N k=i=0
ME =3 (k—i)li! (7.10)

ij
0, i+j>m—1 U k<i.
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Extend the original matrix U (cf. equation (7.5)) to a square matrix U, which is made
nondegenerate in a neighborhood of the point p = po and the eigenvalue A = A¢ by
an appropriate choice of the auxiliary matrices 21(/\ p) and EB()& pP)

—[,B] — U:= ( % % ) e CYnN>2mN = 0 .= (A, D], det(U) # 0.
(7.11)
For the adjoint boundary conditions Bv = [€, D]v = 0 a similar process yields
cC 9 2mN x2mN I T
B =[CD]—>V:= g3 eC , B :=[C 3], det(V)#DO0.
(7.12)
Then, the form (u, v) in equation (7.6) can be represented as [442]
Q(u,v) = (Bv)*Uu — (Vv)*Uu, (7.13)
so that without loss in generality we can assume [280,282,298]
£ = T*U - T*U. (7.14)

Hence, we obtain the formula for calculation of the matrix ¥ of the adjoint boundary
conditions and the auxiliary matrix 8

B e [ —L0) 0 A B\
[%} _xul_( 0 2(1))('&? %) ’ (.15

which exactly reproduces and extends the corresponding result of [280, 282, 298].
Differentiating the equation (7.14) we find

he =Y (1[5 0) BT - (2T) su]. e

The boundary eigenvalue problem
L', p)jv=0, BQA,p)v=0 (7.17)

is referred to as adjoint to the boundary eigenvalue problem (7.1). We say that (7.1) is
a self-adjoint boundary eigenvalue problem if the problems given by equations (7.1)
and (7.17) coincide, and nonself-adjoint otherwise [421,442].

7.2 Perturbation of eigenvalues

Assume that in the neighborhood of the point p = pg the spectrum of the boundary
eigenvalue problem (7.1) is discrete. Denote Lo = L(Ag, pg) and Uy = U (A, po). Let
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us consider an analytic perturbation of parameters in the form p = p(g) where p(0) =
po and ¢ is a small real number. Then, as in the case of analytic matrix functions [233,
288,347,352], the Taylor decomposition of the differential operator matrix L(A, p(g))
and the matrix of the boundary conditions U (A, p(¢)) are [277,280,282,298]

L% p(e) = Z A=Al AO) & Lrs, Ude) = Z A=Al AO)r U, (1.18)

r,s=0 r,s=0

with Log = Lg, Ugo = Uy, and

d d
Lo=0L Ug=dU; Ly _Z L0y, L Upt = Z L 39,0

d2 dp; d
L,2=ZZ p’aka,,JLjL Z P 8, 9p, L

de2 de de
j=1
U=~ defa’a,,ju +3 ‘ff"fip’a’apjap, (7.19)
Jit=1

where the derivatives with respect to ¢ are evaluated at ¢ = 0 and partial deriva-
tives are evaluated at p=pg, A=A¢. We assume that the perturbation is regular in the
sense that it does not contain derivatives higher than those in the differential expres-
sion and the boundary conditions of the unperturbed problem. Our aim is to derive
explicit expressions for the leading terms in the expansions for multiple-semisimple
and nonderogatory [428] eigenvalues and for the corresponding eigenvectors.

7.2.1 Semisimple eigenvalues

Let at the point p = pg the spectrum contain a semisimple p-fold eigenvalue Ao with
w linearly independent eigenvectors ug(x), ui(x),...,u,—1(x). Then, the perturbed
eigenvalue A(g) and the eigenvector u(e) are represented as Taylor series in & [155,
233,277,347,561,584]

/\=/\0+8)t]+82)kz+"', u=b0+8b1+82b2+'-'. (7.20)

For the sake of brevity we do not concern ourselves here with the existence and conver-
gence of expansions (7.20) that can be treated by the methods described in, e.g. [584].

Substituting expansions (7.18) and (7.20) into equation (7.1) and collecting the
terms with the same powers of ¢ we derive the boundary value problems

Lobyp = 0, Upby =0, (7.21)

Lob; + (A1L1o + Lo1)bo = 0, Upb; + (A1 U9 + Ug1) by = 0, (7.22)
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The scalar product of (7.22) with the eigenvectors vj, j = 0, 1,..., u—1 of the adjoint
boundary eigenvalue problem

Liv =0, Byo =0 (7.23)
yields u equations
(Lob1,v;) = — (Loibo, v;) — A1(Ligbo, vj). (7.24)

With the use of the Lagrange formula (7.6), (7.14) and the boundary conditions (7.22),
the left-hand side of equation (7.24) takes the form

(Loby.vj) = (Bov;)* (o1 + A1 Ui bo). (7.25)
Together equations (7.24) and (7.25) result in the expression
A1((L1obo, v;) + (Bov;)*Uigbo) = —(Loibo, vj) — (Bov;)*Ugiby.  (7.26)
Assuming in the equations (7.26) the vector bg(x) as a linear combination
bo(x) = couo(x) + crup(x) + -+ + ¢cp—ruu—1(x), (7.27)

and taking into account that

by = coug + cyuy + -+ 4+ cp—1uy—1, (7.28)

where ¢! = (co,c1,...,cu—1), we arrive at the matrix eigenvalue problem (cf. [155,
347))

—Fc = 1, Ge. (7.29)

The entries of the ; x pu matrices F and G are defined by the expressions

Fij = Loy, vi) + v} BGUomj, Gy = (Luow;.vi) + of B Usgm;. (7.30)

Therefore, in the first approximation the splitting of the semisimple eigenvalue
due to variation of parameters p(¢) is A = Ao+l +o0(g), where the coefficients
A1 are generically u distinct roots of the p-th order polynomial

det(F + 1,G) = 0. (7.31)
When o = 1 the equation (7.31) describes perturbation of a simple eigenvalue

. (Loiug, vo) + 5B Uor1tg

A=Ay — —
(Liouo, vo) + U(’)k%g U0 1ug

+ o(e). (7.32)

The formulas (7.30), (7.31), and (7.32) generalize the corresponding results of the
works [155,277,347,561] to the case of the multiparameter nonself-adjoint boundary
eigenvalue problems for operator matrices.
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7.2.2 Multiple eigenvalues with the Keldysh chain

Let at the point p = pg the spectrum contain a p-fold eigenvalue Ao with the Keldysh
chain of length p, consisting of the eigenvector ug(x) and the associated vectors
u;(x),...,uy,—1(x) that solve the boundary value problems [421,442]

Lollo = 0, u()llo = O, (7.33)

j j
1
Lou; = — Z S 03Ty, Ugu; = -3 05U . (7.34)

r= 1 r=1

The eigenvalue A is referred to as nonderogatory in [428].

Consider vector functions vo(x), vi(x), ..., vu—1(x). Let us take the scalar product
of the differential equation (7.33) and the vector function v;—i(x). For each j =
1,..., u — 2 we take the scalar product of the equation (7.34) and the vector function
V;—1—j (x). Summation of the results yields the expression

n—1 j

ZZ (L), V1) = 0. (7.35)

j=0r= 0

Applying the Lagrange identity (7.6) and taking into account the relations (7.14) and
(7.16), we transform equation (7.35) to the form

pn—l J 1
Z (uﬂ_l_j,z ESELTVJ-_,)

j=0 r=0
u—1 pu—1-k J
1 o
3 [Zo(ﬁagmj_,) } Aok = 0. (1.36)
r=

Equation (7.36) is satisfied in the case when the vector functions vo(x), vi(x), ...,
vu—1(x) originate the Keldysh chain of the adjoint boundary value problem, corre-
sponding to the u-fold eigenvalue Ao [280, 282]

Livo = 0, Bovp = 0, (7.37)

J
1
Livj = _Z _arL Vj—r, Bov; = _2 05 B . (7.38)
r=
Taking the scalar product of equation (7.34) and the vector vop and employing the
expressions (7.6) and (7.14) we arrive at the orthogonality conditions

J

2

r=1

|~

(03 Ly . v0) + op e, | =0, j=1,...,u—1 (739

\
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When p = 2, the conditions (7.39) are reduced to the unique one
(93 Lug, vo) + Ug%g 9, Uy = 0. (7.40)

Since the double eigenvalues with the geometric multiplicity 1 frequently corre-
spond to the threshold of oscillatory instability (flutter), the orthogonality condition
(7.40) can serve as an indicator of the flutter boundary, e.g. in circulatory systems
[277,473, 474]. Such a flutter condition® that could be easily verified is especially
important in aeroelasticity where this was first emphasized by Plaut [479] who, how-
ever, did not take into account a possibility of variation of the boundary conditions.
Plaut’s derivation was based on the idea that the first derivative of the nonconservative
load with respect to the spectral parameter A becomes zero at the onset of flutter. In
our approach, the flutter condition (7.40) is just a consequence of the existence of the
Keldysh chain of length 2 at a double eigenvalue 1. Hence, this condition is satisfied
at the flutter boundary of a multiparameter circulatory system and applies to a much
wider class of the nonself-adjoint boundary eigenvalue problems with the boundary
conditions containing both the spectral parameter A and the physical parameters p, see
e.g. [307,473,474,604].

Substituting into equations (7.1) the Newton—Puiseux series for the perturbed eigen-
value A(¢) and eigenvector u(e) [155,277,584]

A=Xo+ M 4] u=wo+weH 4, (7.41)

where wy = uy, taking into account expansions (7.18) and (7.41), and collecting terms
with the same powers of ¢, yields u© — 1 boundary value problems serving for deter-

mining the functions w,, r = 1,2,...,u— 1
r—1 ,r—j 1
Low, = —Z( Lo D e ---Aa(,)w,-, (7.42)
j=0 o=l lotlo=r—j
r—1r—j
oo, = -3 Y ( T ) Ugou, (7.43)
j=00=1 Ma|s=r—j
where |o|¢ = a1+ ... +ag and «, . .., oy are positive integers. For the existence

and convergence of expansions (7.41) one can consult the work [584].
The vector function w, (x) is a solution of the boundary value problem

u=1  u—j
1
Low, = —Lowo— Y _ ( Z —Loo Y e ---A%)wj, (7.44)

j=0

2 An inverse to the quantity in the left-hand side of equation (7.40) is known also as a condition number
of an eigenvalue [7].
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u—1p—j

1
Ugw,, = —Ugwg— D Y ( Y e ---A%);uoomj. (7.45)

J=00=1 *a|o=p—j
Comparing equations (7.44) and (7.45) with the expressions (7.34) we find the first
u — 1 functions w, in the expansions (7.41)

Zuj D Aay- ey (7.46)

=1 Ja|j=r

With the vectors (7.46) we transform the equatlons (7.44) and (7.45) into

Low,, = —Lojup — Af’ Z AL ,+ZL0u, > Aay o hey (147

|a‘j_

Upwy, = —Ujng — Af' Z—a’uuu r+ Zuou, Z Ay Ay (148)
‘a‘j
Applying the expression following from the Lagrange formula
"

~ 1 .~
(Lowy, vo) = 03 ByUoing + A{ Y 05 B3 Urouu—r
r=1""
- Z o3 BEUow; Y Aay ... Aay (7.49)
Jj=1 lolj=pe

and taking into account the equations for the adjoint Keldysh chain (7.37) and (7.38)
yields the coefficient A; in (7.41).

Hence, the splitting of the u-fold nonderogatory eigenvalue Ao due to pertur-
bation of the parameters p = p(e) is described by the following expression,
generalizing the results of the works [155,277,280,282]

(Lo1uo, vo) + 1§ %*uoﬂlo

1
+o(s¥). (7.50)
/;‘L 177 ((LYOuM rsV0)+ UO%OUrOuM r)

A=AQ+”—

For p = 1 equation (7.50) is reduced to equation (7.32) for a simple eigenvalue.

7.2.3 Higher order perturbation terms for double nonderogatory
eigenvalues

For a double (1 = 2) nonderogatory eigenvalue we will derive the next order pertur-
bation term with respect to that given by equation (7.50). With the expansions (7.18)
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and (7.41) the eigenvalue problem (7.1) yields the following equations and boundary
conditions for the functions wi, wy, and w3

Low; = —A1Ljoup, Upw; = —A;Ujpuy, (7.51)
AZ
Lows = —A1Liow; — AsLjouo — Lojug — ngouo,
A2
Uowr = —A Ujow; — AU jou — Upiug — 51120110, (7.52)

AZ
Lows =—A1Ljows — (Lm + AyLg0 + Z—}Lzo) Wi
13
- (MLM + AsLyg + A1 AL + 3—:L30) o,

)L2
Upwz = —AUjpwy — (1101 + AUy + 2—:1120)U01

l3
—(/\11111 + AU + A AUy + 3—:1130)110. (7.53)
From equations (7.51) it follows that the function w; is
w; = Aju; + yuy, (7.54)
where y is an arbitrary constant. The coefficient A follows from equation (7.50) as
2= Lo, ¥o) + 055 Morto . (7.55)

S L ((Lrowa—r, vo) + vEBEUrus—r)
Evaluating the scalar product of equation (7.53) and the vector v( and then using
the Lagrange formula (7.6) and the expression (7.54), we obtain

2
V%((LZOUO,VO) + (Bowo) *Unoug) + A, ((Liow2, vo) + (%ovo)*umwz)
+ ¥ ((Lorug, vo) + (Bovo) *Ujug)
+ /\1((Lo1u1 + Lijug, vo) + (Tovg)* (Uopu; + U;jup))
+ /h(( Loou; + ! L30110,V0) + (Bovo)* ( u20111 + ! u3ouo))
2! 3! 3!
+ A2 ((Liou; + Logug, vo) + (Bowg)* (ulolll + Usoup)) = 0. (7.56)

The scalar product of equation (7.52) and the vector v, after taking into account the
Lagrange formula (7.6) and expressions (7.14) and (7.16) yields

(Liowa, Vo) + (Bovg)*Ujowy =
— (Voo + Q]( )16) Ugw, + A2 1(Liour, vy)
+ yAi1(Lioug, vi) + (Lotug, vi) + A2 (Ligug, vi) + —(Lzouo,Vl) (7.57)
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In addition, we have the identity
(Liouo, vi) + (Bowy + %%)VO)*UIOUO = (Lious, vo) + (Bovo)*Ujou;  (7.58)

that follows from equations (7.33) and (7.34) and equations (7.37) and (7.38).
Using relations (7.55), (7.57) and (7.58) we deduce from equation (7.56) that

(Lorug, vi) + (Lorui, vo) + (Lirug, vo)

Ay =~ 2 1 * Oy *
23 v A (@rour—r, vo) + 0FBEUouz—r)
0By Uonuo + 0Ty Uonws + vf (B*Un)§ue + 430 759
223:1 ,%((LrOUZ—r,VO) + 13 SIS()ur0112—r) , .
where
1 1 1
0 = (Lijpuy, vy) + 2 (Looug, vi) + o (Laouy, vo) + 3 (L3ouo, vo) (7.60)

+ (%in + %gl)vo)* (u10u1+2i!u20u0) +(%0U0)* (zl!u2ou1+%1/130u0) .

7.2.4 Degenerate splitting of double nonderogatory eigenvalues

Generally, bifurcation of an eigenvalue Ay with the algebraic multiplicity u = 2 and
geometric multiplicity 1 is described by equation (7.50). Let us study the case when
equation (7.50) degenerates, i.e. when

(Lorug, vo) + v BEUgiup = 0. (7.61)

The degeneracy condition (7.61) is equivalent to the vanishing coefficient A; in the
expansions (7.41). Substituting them together with equations (7.18) into the eigenvalue
problem (7.1) yields the boundary value problems

L()Wl = 0, qul = O, (762)
Lowy = —AsLjoug — Lojug, Upwr = —AxUjoug — Uprup, (7.63)

1
Lows = —A3Ljow; — A Liowy — Loywa — AsLyjjug — /\%ELzouo — A4Lioup — Looup,
(7.64)
Uowy = —A3Ujow; — AU owp —Ugwr — AU g — 12 uzouo A4l oug—Ugouo.
(7.65)

Solving equations (7.62) and (7.63), we obtain
wi; = Buy, wr = Au; + yuy + Wy, (7.66)

where 8 and y are arbitrary constants, the function w; is a solution of the boundary
value problem
Lows = —Lojug, Uy = —Ugrug (7.67)

and ©7 = W7 (0), w27 (0),..., w2 DT 0), wT (1), w8 (1),..., %% DT (1)
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The scalar product of equation (7.63) and the function v; after taking into account
the Lagrange formula (7.6) and expressions (7.14) and (10.19), yields

~ ~ ~ *
(Liow2, vo) + (Bovg)*Ujpw, = — (%0U1+%%1)U0) Upw,
+ A2(Liouog, vi) + (Lotug, vi).  (7.68)

Similarly, taking the scalar product of equation (7.64) and the function vy, then using
the Lagrange formula (7.6), the orthogonality condition (7.40), the boundary condi-
tions (7.65), and the expressions (7.37) and (7.66), we obtain

A2 ((Liowa, vo) + (Bovo)*Ujows) + (Loiwa, vo) + (Bovg) *Uogiwy  (7.69)
+(Lozuo, vo) + (Bovo)* U219 + A2 ((Li1ug, vo) + (Bowe) *Uiiug)
1 ~
+§l§ ((Laoug, vo)+(Bovg) *Upoug) = 0.

After substituting the expression (7.68) into equation (7.69) and using the identity
(7.58) as well as the degeneration condition (7.61), the boundary conditions (7.63),
and expressions (7.66), the equation (7.69) takes the form

(Lorug, vi)+(Lojuy, vo)+(Lijug, vo)
S L (Lrowa—r, vo) + 05 BEUrouz—y)
— —~ —~ —~ k
UT%gu()]ll() + n@"‘l]{;llmul + n(’ﬂl(’;uuuo + (%%%30) Uy
Zf:l # ((Lyrour—r, vo) + Ué‘%ﬁurouz—r)
(Loaug, vo) + (Lorwa, vo) + (Tovo)* (Ugauig+Ug; i2) _
Yo L (Lrowr—r, vo) + 05 BEUrouz—r)

A3+ A (7.70)

+ A2

0.

When the boundary conditions do not depend on the parameters or the operator L
is a matrix, the formula (7.70) is simplified [285,288]

(Lorug, vi)+(Loruy, vo)+(Litug, vo) . (Loug, vo) + (LoiWa, vo)
(Liouy, vo)+ 3 (Loouo, vo) (Liouy, vo)+35 (Laouo, vo) .71)
Thus, the expansion A = Ay + €Ay + o(e) with the quadratic equation (7.70),
generalizing the results of the works [277, 282], describes unfolding of the double
eigenvalue in the degenerate case (7.61).

A3+ A
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7.3 Example: a rotating circular string with an elastic
restraint

Consider a circular string of displacement W (y, t), radius r, and mass per unit length
p that rotates with the speed y and passes at ¥ = 0 through a massless eyelet sup-
ported by the spring with the stiffness K, as shown in Figure 7.1 (a). Introducing the
nondimensional variables and parameters

P w K
t=" 00 w=", Q=VV\/£, k=", <p=£, (7.72)
r\p r P P 2
and assuming w(p,t) = u(p)exp(At) we arrive at the nonself-adjoint boundary
eigenvalue problem for a matrix (N = 2,m = 1) differential operator [604]
Lu:=lpdpu+1liu=0, Uu:=[A BJu=0, (7.73)
where
1 0 0 1
o= ( 0 1-Q2 ) L=~ ( 4n222 4w QA ) .79

1 0 10
21:( . ) %:—( ) (7.75)
2zk 01

The parameters €2 and k expressing the speed of rotation and the stiffness coefficient
of the support of the eyelet are contained both in the differential expression and in the
boundary conditions.

Withu = C(1, %)T exp(%) + Cy(1, —%)T exp(—%ﬂ"’é) assumed as a so-
lution to the equation Lu = 0, the characteristic equation follows from the boundary

conditions [2, B]Ju = 0

A TA

27
k sinh —~2_ _ 4 sin (7.76)

. o
1—Q2 -2 i)

Figure 7.1. (a) A rotating circular string passing through an elastically supported eyelet and
(b) first 30 modes of its spectral mesh [293,298].



214 Chapter 7 Nonself-adjoint boundary eigenvalue problems

and the relation between the coefficients C; and C; of the eigenvector u
_2Am _2Am
(1—e 2)C+ (1 —e @+)C, =0. (7.77)

For the unconstrained rotating string with k = 0, the eigenvectors v and u of the
adjoint problems corresponding to purely imaginary eigenvalue A and A coincide. The
eigenvalues A,ﬂf =in(l £ Q), n € Z, form the spectral mesh in the plane (2, ImA),
see Figure 7.1 (b) and Figure 7.2 (a). The lines

. S .
Ay =in(l1+eQ), A;, =im(l +35RQ), (7.78)
a) b)
Im ] Im 2]
2] o]
0 0

‘05 0 05 Q 05 0 05 Q
d) c)
Im A Im A
24 2
0 0

] | e —

‘05 0 05 Q 05 0 05 O
Figure 7.2. In the subcritical range |2| < 1 the eigencurves of the rotating circular string form
(a) a spectral mesh when the stiffness constraint is absent (k = 0). (b) The mesh deforms into

separated eigencurves when k # 0 (k = 5). (c) The eigencurves tend to the parabolas (7.81)
when the eyelet is rigid (k — 00). (d) Combined view.
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where &, = =+, intersect each other at the node (22%,, A28 ) with?

nm>
n—m inm(81 —el)
Ui = mé§ —ne’ n = m§ —ne 7.7

where the double eigenvalue )Lf,‘in has two orthogonal eigenvectors

1 —; 1 —;
e _ ie2nng s _ i82nme
U = ( —ig2mn )e » U T ( —i82mm )e ‘ (7.30)

For a rigid eyelet k — oo and the roots of equation (7.76) determine parabolic

eigencurves [476] | )

Q
An(R2) =in 5 nez (7.81)

that are presented in Figure 7.2 (c). When k € [0, co) interpolates between the two lim-
iting cases, the spectral mesh in the subcritical speed range is deformed into parabolas
(7.81) in such a manner that at every k the eigencurves pass through the loci of the
nodes of the spectral mesh,* see Figure 7.2 (b, d).

Using the formulas (7.30) and (7.31) for semisimple eigenvalues with the eigenele-
ments (7.79) and (7.80) we find an asymptotic expression for the eigenvalues orig-
inated after the splitting of the double eigenvalues AZS, at the nodes of the spectral
mesh in the subcritical region |Q2] < 1 (¢ = —, § = +,andm > n > 0, i.e. at
the light gray-light gray or dark gray—dark gray crossings marked by white circles in
Figure 7.1 (b)) due to interaction of the rotating string with the external spring

<5 m—-n n+m ) k2 m—n m-+n 2
A=A, +i 5 AQ +l8nnmkil\/16n2nm + (8nmnk_ 5 AQ

(7.82)

In the supercritical region |2| > 1 (¢ = —, 6 = 4+,and m > 0, n < 0, i.e. at the light
gray—dark gray crossings marked by the black circles in Figure 7.1 (b)), we have

e, mAn] |n| —m k2 |n| —m m+In|,\?

A= A+ 2 AR +i 87r|n|mk * \/16n2|n|m B ( 2 AR = 8nm|n|k) '

(7.83)

Therefore, at |2| < 1 the spectral mesh collapses into separated eigencurves demon-
strating avoided crossings; for |€2| > 1 the eigenvalue branches overlap forming the
bubbles of instability with eigenvalues having positive real parts, see Figure 7.3 (a).

3 When |m| # |n| the first of equalities (7.79) is, in fact, a necessary condition for a combination

parametric resonance of either summation or difference type [110]. Note that in case of a rotating
string the former could happen only in the supercritical speed range |2| > 1 while the latter only
when |Q2| < 1; |2] = 1 corresponds therefore to the principal parametric resonance [110].

Similar homotopic deformation of eigencurves when boundary conditions are varied demonstrates the
model of MHD kinematic mean field ozz-dynamo [208,209,298]; see Chapter 9.
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Figure 7.3. (a) Deformation of the spectral mesh (gray lines) of the rotating string interacting
with the external spring with k = 2; (b) linear approximation to the corresponding tongues of
the oscillatory instability (or, equivalently, summation type combination resonance [110]); (c)
comparing numerically calculated eigenvalue curves (full lines) with the approximation (7.87)
(dashed lines) for k = 0.1 [298].

From equation (7.83) a linear approximation follows to the boundary of the do-
mains of supercritical flutter instability in the plane (€2, k) (gray resonance tongues
in Figure 7.3 (b)):

(7.84)

4x|n|m(ln| —m) |n| +m
k= Q- .

(V|n| £ /m)? In| —m
The (conical, cf. Section 3.3.3) stability boundary consists of exceptional points
(EPs) at which there exist double purely imaginary eigenvalues with the Keldysh
chain. Their approximate locations in the (£2,ImA)-plane follow from the expres-
sions (7.83) and (7.84). For the resonance tongue, originated at the diabolical point

(2 = 3,ImA = 4), the approximation to the loci of the EPs are

3422 5432
Qi::3+——§f£%, Ai=i(4+——§fck). (7.85)

For small values of k the coordinates (7.85) are very close to those found from the nu-
merical solution of the characteristic equation (7.76), as is illustrated by Figure 7.3 (c).

The double eigenvalue AT at @ = Q7 has an eigenvector ug = (o1, u0)’ and
an associated vector u; = (un,ulz)T. Given k, the eigenvalue AT splits with the
variation of €2 in accordance with equation (7.50), which now reads as

ot s (1-Q+?%) fol U2 (QF dpuor+2m A ugr)d+27k QF U2 (0)uo1 (0)
B —20(1-2%%) [ Too@aAtur + Qtup + wug)dy

(Q-Q1).

(7.86)

With the vectors ug and u; and the left eigenvector vo = (vor, U02)T evaluated at
k = 0.1 at the EP (21, ImA ™), the formula (7.86) yields

A =A% £/-0.004349(2 — Q). (7.87)
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In Figure 7.3 (c) the dashed lines correspond to approximation (7.87) and the full lines
show the numerical solution of equation (7.76) which on this scale is undistinguishable
from the approximation (7.83). The deformation patterns of the spectral mesh and first-
order approximations of the instability tongues obtained by the perturbation technique
are in good qualitative and quantitative agreement with the numerical calculations of
Yang and Hutton [604].

7.4 Example: the Herrmann—-Smith paradox

In 1958, a problem was posed by Dzhanelidze [163] on the stability of a cantilever col-
umn compressed at the free end by a force inclined at a certain angle to the tangent of
the elastic line (a partially follower force). It was shown that, depending on the values
of the problem’s parameters, this nonconservative system is prone to both nonoscil-
latory (divergence) and oscillatory (flutter) instability. Kordas and Zyczkowski [321]
have thoroughly analyzed the boundaries of stability and instability domains in this
problem. Furthermore, Smith and Herrmann [535] have generalized the problem by
assuming the column to be attached to the Winkler elastic foundation. They found
that the critical load causing flutter does not depend on the magnitude of the modulus
of the uniform elastic foundation. This effect, known as the Herrmann—Smith para-
dox, has stimulated considerable interest among researchers in applied mechanics, see
e.g. [40,550] and references therein.

7.4.1 Formulation of the problem

Following [276] we consider a uniform elastic cantilever column of length L attached
to a Winkler elastic foundation having a constant modulus of elasticity y as shown in
Figure 7.4 (a). It is assumed that the free end of the column is loaded by a noncon-
servative force P whose direction is determined by the parameter 1. The case n = 1
implies that the column is loaded by a purely tangential follower force (Beck’s prob-
lem [39,113]). If n = 0, then the force P is potential (conservative).

Small transverse in-plane vibrations of the column are described by the partial dif-
ferential equation with the boundary conditions

8iy(x, 7) + qaiy(x, )+ ky(x,7) + 83y(x, 7)=0 (7.88)
y0,7) =0, y©0,7) =0, y@1,0) =0, yP1,1) + (1 =gy (1,7) =0,

where the dimensionless variables and parameters are

X Y El PL>  yL*

= —, = —, =1 I == 5 — >
x Y t 1= Fr “TEI

, 7.89
L L pAL (7.89)

and ¢ denotes time, p the material density, A the cross-sectional area, E the Young
modulus, and / the moment of inertia of the cross-section.
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i ”%(J') 0.4 i
X P {&®
i n,=1
n=0.9
n 0=O.8
% n=0.7
n=0.6
a n0=0.5
0 Y

o 05  x 1
Figure 7.4. (a) A cantilevered column on a Winkler elastic foundation that is loaded by a

partially follower force at the free end. (b) The gradient g(x) of the critical flutter load with
respect to the distributed modulus of the elastic foundation x (x) [276].

Isolating time by y(x,7) = u(x)exp(i /A7) yields the eigenvalue problem for a
scalar (N = 1) differential operator of order m = 4

Lu := loaiu + llaiu + lzaiu + [30xu + l4u =0, Uu:=[A, Blu =0, (7.90)

where lp = 1,11 =0,1,=¢q,l13=0,l4 =k — A, and

1000 0 0 00
0100 0 0 00
A=loooo0 | ®=[o o 10 (7.91)
0000 0 1—n)g 0 1

with u” = (u(0),u’(0),uP (0), u (0), u(1), u’ (1),uP (1), u(1)). Then, ac-
cording to equation (7.9)

0¢g 01
| —¢ 0 -1 0
L(x) = 01 00 (7.92)
-1 0 00
Choosing
0010 0000O0
= 0001 = 0000O0
A= 0000} b= 1000 (7.93)
0000 0100
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and then using the formula (7.15), we find that

0O 0 O
0O 0 O
0 0 —¢q
0 ¢gn O
-1 00
0 00
0 01
0 —-10

B =

=1
|
o o
coo

(7.94)

oo~ OO OO
coocoo —moo o

0 O 0

Then, according to equations (7.17) the adjoint eigenvalue problem is
v 4+ qdiv 4+ kv = Av, (7.95)
v(0) =0, vP0) =0, v@(1) +ngv(1) =0, v 1) +qv¥ =0.  (7.96)
Substituting the general solution of the differential equation (7.90)
u(x) = Cjcosh(ax) + C, sinh(ax) + C; cos(bx) + Cysin(bx), (7.97)

with

R USRS SRS S U ¢
a—\/ 2+ 4+A K, b_\/2+ 4+)t K, K#/\+4,(7'98)

into the boundary conditions (7.90), we obtain the condition for the existence of a
nontrivial solution u(x) to the eigenvalue problem (7.90)

AA—k,n,q)=0, (7.99)

where [273,276]
A= Q2 —k) + (1 = 1)g>) (1 + cosh(a) cos(b)) + q(2n — 1)(g + ab sinh(a) sin(b)).
(7.100)

Eigenvalues A are the roots of the characteristic equation (7.99). The eigenfunction

at the eigenvalue A = A( and the corresponding eigenfunction of the adjoint problem
are, respectively

up(x) = cosh(ax) —cos(bx) + F(asin(bx) — b sinh(ax)), (7.101)
vo(x) = cosh(ax) — cos(bx) + G(a sin(bx) — b sinh(ax)), (7.102)
where the coefficients F and G depend on the parameters 1 and g [276]

_ a® cosh(a)+b? cos(b) . (a®>+nq) cosh(a)+(b*>*—nq) cos(b)
" ab(a sinh(a)+b sin(b))’ ~ b(a’+ngq) sinh(a)+a(b>—nq) sin(b)’

(7.103)
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Solution to the boundary value problem (7.88) is marginally stable if and only if
all the eigenvalues A of the eigenvalue problem (7.90) are positive and semisimple.
If for all A € R some of them are negative, then the system is statically unstable
(divergence). The existence of at least one A € C implies flutter [277].

Given n = 59 and ¢ = ¢qo and in the assumption that A € R, the zeros of the
function A(A — k) differ from the zeros of A(A) by the quantity « only, whereas their
multiplicities do not change. Since the flutter boundary is defined by the multiple real-
valued eigenvalues, the point (k, 19, go) belongs to the flutter boundary for arbitrary «,
if (0, no, go) is located at this boundary. In contrast, the boundary between the stability
and divergence domains determined by zero eigenvalues has to change when x # 0
because the eigenvalue Ay = 0 takes a nonzero increment equal to .

7.4.2 Stationary flutter domain and mobile divergence region

Putting A = 0 into equation (7.99), we find the divergence boundary

raq — ri(g* — 2«)
2rq — r1g?

n(q,«) = (7.104)
where r; = 1 + cosh(a) cos(d) and r, = g + ab sinh(a) sin(b).

The function 7(g,0) attains its maximum 7, = 1/2 at g« = (2j + 1)>7? when
j = 0,1,..., whereas 7(q,0) — —oo at the points g« = (2j)>m2. For arbitrary
k > 0, the function n(g), (¢ > 0) defined in (7.104) represents a smooth curve of zero
eigenvalues in the (7, ¢)-plane. The maximum, 74, and its coordinate, ¢+, therefore
depend on «.

Numerical solution to the equation Z—Z = 0 at different values of « yields the func-
tion ¢« (k) and by equation (7.104) the function 7« (x). These functions determine the
trajectory of the point px = (1«, ¢« ) corresponding to each maximum of the function
n(g) in the (1, g)-plane when « varies. It can be shown that all these trajectories be-
long to the half-plane n < 1/2. Therefore, when n > 1/2, the divergence instability
is impossible for any « > 0 [276].

In Figure 7.5 stability diagrams are plotted when n € [0,1] and ¢ € [0, 150].
Within this range of parameters, there exist two curves corresponding to the double
real-valued eigenvalues. These curves bounding the flutter domain are invariable with
respect to the change of «.

At relatively small «, there also exist two curves of zero eigenvalues. The part of
the lower curve corresponding to the vanishing first eigenvalue forms the boundary
between the stability and divergence domains, see Figure 7.5.

At k = 0 there exists a point pg ~ (0.354313302, 17.06957477) where the spec-
trum of the column has the double zero eigenvalue (0 in the notation proposed by
Arnold [17]). At po the divergence and flutter boundaries have a common tangent,
Figure 7.5. With « increasing, the flutter boundary preserves its form whereas the dou-
ble real-valued eigenvalues linearly change. As a consequence, the singular point 02
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Figure 7.5. Stability diagrams in the (7, ¢)-plane when the elasticity modulus of the foundation
k takes values from (the lower left corner) O to (the upper right corner) 15000. The divergence
domain (light gray) is shifted up with the increase in « in such a way that the line of simple
zero eigenvalues that separates stability and divergence domains has always a tangent point
with the stationary flutter boundary [276].
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moves up the stationary flutter boundary, carrying the curves of zero eigenvalues and
the divergence domain itself along with it. The described process is shown in Fig-
ure 7.5 for k € [0, 15000]. When « > 3000, only the lowest curve of zero eigenvalues
remains within the range n € [0, 1] and ¢ € [0, 150]. At k = 15000, the divergence
domain almost completely disappears, opening a vast stability domain in the (7, q)-
plane, Figure 7.5.

7.4.3 Sensitivity of the critical flutter load to the redistribution
of the elasticity modulus

When the modulus of the elastic foundation is uniformly distributed along the column,
then k = const . The results of the numerical calculations shown in Figure 7.5 evidence
that increasing or decreasing « does not affect the flutter domain. Nevertheless, this
situation can be changed when the modulus x = x(x) is distributed along the column
nonuniformly.
Let us introduce a small inhomogeneity into the uniform distribution of the elasticity
modulus as
K(x) = ko + Sk (x), (7.105)

where ko = const, 5k (x) = ee,(x) and & > 0 is a small parameter. Then the critical
parameters 7 and ¢gg at the flutter boundary take the increments

n=nmno+eey+o(e), q=qo+eeq+o(e). (7.106)

At the flutter threshold the double real eigenvalue Aq exists with the Keldysh chain
of length 2. The chain consists of the eigenfunction ©¢ and the associated function u.
The functions u( and u as well as the corresponding eigenfunction vy and associated
function v; of the adjoint problem can be chosen real-valued. The eigenfunctions u
and vg are orthogonal: (ug, vg) = fol ugvodx = 0.

With the variations (7.105) and (7.106), the differential expression (7.90), and the
matrices of the boundary conditions (7.91) and (7.94), the formula (7.50) describing
splitting of the eigenvalue Ao with the algebraic multiplicity . = 2 takes the form

A=A+ (6K (X)uo, vo) |, qotto’ (Do) +(u0”, vo)—(1=m0)ud’(WTo(1)
o) T o) o)

bl

(7.107)

where Anp =n—rno, Aqg =q —qgoand’ = 0.

According to equation (7.107), the splitting yields either two simple eigenvalues
(stability or divergence depending on the sign of A¢), if the radicand in equation (7.107)
is positive, or the complex-conjugate pair (flutter) if the radicand is negative. The
vanishing radicand in equation (7.107) determines a linear approximation to the flutter

poundary (0. vo) + qorte’(1)To(1) A7
(10", vo) — (1 = no)uo’ (1)vo(1)

Ag = (7.108)
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On the other hand, equation (7.108) is a linear part of the increment of the critical
flutter load g when 7 is changed and the elasticity modulus « (x) is re-arranged along
the column. Note that when the modulus is changed uniformly (6k = const), then
by the orthogonality condition (ug, vg) = 0 we have (xug, vg) = Sk (ug, vg) = 0.
Consequently, the flutter load indeed does not depend on the modulus « of the uniform
elastic foundation [535].

Introducing the function of the gradient of the critical flutter load with respect to the
distribution of the modulus « (x)

€)= = AT 7109
we finally express equation (7.108) as
Ag = /01 g(x)éx(x)dx + %An, (7.110)
where
dq —qoup(1)vo(1) (7.111)

an  (uo”,vo) — (1 = no)uo/(1)vo(1)’

Let ko = const, 9o = 1, and g9 ~ 20.05095361. This choice corresponds to
the column loaded by a purely tangential follower force at the flutter threshold [113].
Substituting into equation (7.109) the eigenfunctions (7.101) and (7.102) evaluated at
these values of the parameters, we find the gradient function g(x). In Figure 7.4 (b) it
is seen that the gradient is an oscillating function. In particular, at ng = 1, the column’s
free end is the most sensitive part with respect to re-distribution of the modulus « [474].

When An = 0 and the modulus « is distributed in the gradient direction, i.e.
Sk (x) = yg(x), equation (7.110) yields [276]

1
q=qo+y / g2(x)dx ~ qo + y - 0.007085923. (7.112)
0

Therefore, already a small inhomogeneity in the distribution of the modulus of the
elastic foundation along the column can both increase (y > 0) and decrease (y < 0)
the critical flutter load, which resolves the Herrmann—Smith paradox.

7.5 Example: Beck’s column loaded by a partially
follower force

In the absence of the Winkler elastic foundation, i.e. when x = 0, the Herrmann—
Smith problem is reduced to the question of stability of the cantilevered column under
the action of a partially follower force, which is frequently referred to as the extended
Beck’s problem [163,321]. Recall that the parameter n € [0, 1] measures the degree
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of the nonconservativeness of the load. If n = 0, then the force P is potential (con-
servative). The case n = 1 corresponding to the purely tangential follower force is
known as Beck’s problem [113], see Figure 7.4 (a). Note that the force P can be real-
ized experimentally to good approximation as the jet thrust of a small, powerful solid
propellant rocket motor mounted at the free end of the column [556]. Experiments on
the stability of such columns were carried out by Sugiyama et al. [356,554,557-559].

The numerically calculated stability diagram of the extended Beck’s problem is
shown in Figure 7.6 (a) and in another scale in the lower left panel of Figure 7.5. At
k = 0 the expression for the line of zero eigenvalues (7.104) is simplified to

cos(,/q)
cos(iﬂ) — (7.113)

A part of the curve (7.113) forms the boundary between the stability and divergence
domains in the (7, g)-plane. The smooth parts of the flutter boundary consist of such
points (7, q) that A(n,q) is a double real eigenvalue with the Keldysh chain. Calcu-
lation of the roots A of the characteristic equation §(1,¢,A) = 0, where A is given
by equation (7.100) for different values of the load parameter ¢ (at a fixed value of
the parameter 1) gives approximately the point where two simple eigenvalues form
a double one. Finding such points for different values of the parameter n we get the
curve of double real eigenvalues.

The curves found subdivide the plane of the parameters (7, ¢) into stability, flutter,
and divergence domains, Figure 7.6 (a). Note that the boundary of the stability domain
has a singular point B. The divergence boundary has a point A with the vertical tan-
gent. The point C in Figure 7.6 (a) corresponds to the pure tangential follower force
(n=1.

In the following we will study sensitivity of the eigenvalues at the points 4, B,
and C. The coordinates of the first point (79 = 0.5,¢0 = 7*) follow from equa-
tion (7.113). To find the point B, we solve numerically the system of equations A(k =
0,7,g,A =0) =0and d)A(k = 0,n,9,A = 0) = 0 that locate a double zero root
of the characteristic equation. In order to find the coordinates of the point C atn = 1,
we use the fact that the divergence boundary of the Herrmann—Smith problem has a
common point with the flutter boundary at every «; see Figure 7.5. Then we solve nu-
merically a system consisting of the equation 7(q, x) = 1, where the function 7(q, k)
is defined by equation (7.104), and the equation d; A(n = n(q,k),q,k,A = 0) = 0;
the result is a value of ¢ at the point C and the value of k = —A, where A is the double
eigenvalue at C. Finally,

n(gq) =

A: 1o =0.5, qo = 7% ~ 9.869604401, Ao =0 (7.114)
B: 1o~ 0354313302, ¢ ~ 17.06957477, Ao =0
C: no=1, qo ~ 20.05095361, Ao ~ 121.3425101.
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7.5.1 The stability-divergence boundary (point A4 )

At the point A on the boundary between the stability and divergence domains the
spectrum of the extended Beck’s problem contains a simple eigenvalue Ao = 0. Due
to variation of parameters, a simple eigenvalue changes according to equation (7.32).
With the differential expression (7.90) (where « = 0) and the matrices of the boundary
conditions (7.91) and (7.94) the equation (7.32) can be written as A = Ao + (g, e) +
o(g), where

o = (qoug(l)vom I ugvodx—a—no)ua(l)ﬁo(l))

fol uoﬁodx ’ fol uoﬁodx

(7.115)

the angular brackets denote scalar product of real vectors in R2, and el = (en, eq)
\yith ey = %(O) and e; = %(0). The eigenfunctions u( and vy at the simple zero
eigenvalue are [277]

ug = sin(b) — xb cos(b) — sin(b) cos(bx) + cos(b) sin(bx), (7.116)
vo = 1 —cos(bx), b= ./q. (7.117)
These eigenfunctions evaluated at the point A with the coordinates 9 = 0.5 and

go = n? are presented in Figure 7.6 (b). Substituting them into equation (7.115), we

get the normal vector to the divergence boundary
g ~ (78.95683520,0).

Hence, the divergence boundary has the vertical tangent at the point A, Figure 7.6 (a).
Indeed, variation of the parameters Ap = (1 — 19, 0) changes the zero eigenvalue in

a) b)
P] N
201 Ug(X)
2,
101 Divergence A
1 Y, (x),
Stability
o ‘T] o: - 00 ‘X
0 0.5 1 0 0.5 1

Figure 7.6. (a) Stability diagram of the extended Beck’s problem. (b) The eigenfunctions
(7.116) and (7.117) of the simple eigenvalue Aq = 0 at the point A [277].
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the first-order approximation as
A & 78.95683520(n — no). (7.118)

For n—no < 0 the eigenvalue Ao = 0 becomes negative. Therefore, the point pg+ Ap
is inside the divergence domain, Figure 7.6 (a). If n — 9 > 0 we come to the stability
domain, see Table 7.1. Therefore, the equation n = 1y = 0.5 is a linear approximation
of the boundary between the stability and divergence domains at the point A.

Table 7.1. Variation of the simple zero eigenvalue near the point A (up to the 10th digit).

(An, Aq) A: equation (7.118) A: equation (7.99)
(107,0) 0.007895683 0.007894976
(=107%,0) —0.007895683 —0.007896390

7.5.2 The flutter threshold of Beck’s column (point C)

Consider a point pg = (70, ¢o) of the flutter boundary, where the spectrum of the
extended Beck’s problem contains a double eigenvalue A with the Keldysh chain of
length 2. Bifurcation of this eigenvalue is described by equation (7.50).

Substituting the differential expression (7.90) and the matrices of the boundary con-
ditions (7.91) and (7.94) into equation (7.50), we write it as A = Ao £ /&(f,e) +
0(e'/?), where

(T — (qou{)(l)ﬁo(l) fol u{)/iodx—(l—no)u{)(l)ﬁo(l)).

fol u vodx fol U Vodx

(7.119)

To evaluate the vector f it is essential to know the eigenfunctions ug, vg as well as
the associated functions u, v| at the double eigenvalue Ag. The first pair of functions
is given by the equations (7.101) and (7.102). The associated function u is a solution
of the boundary value problem (7.34), where we should put # = 2 and j = 1 and
take into account the differential expression (7.90) and the matrices of the boundary
conditions (7.91) and (7.94).

A particular solution of the ordinary linear differential equation with constant coeffi-
cients 8§u1 —|—q08§cu1 —Aou1 = ugp, where the right-hand side is the linear combination
of trigonometric and hyperbolic functions (7.101), has the form

i) = x(C; sin(bx) 4+ C; cos(bx) + Cs sinh(ax) 4+ C4 cosh(ax)).

Substitution of 11 into the equation of the Keldysh chain (7.34) allows one to determine
the coefficients Cy, ..., C4. After these coefficients are found, one tries solution of the
boundary value problem (7.34) in the form

uy = uy + Dysin(bx) + Dy cos(bx) + Dssinh(ax) + D4 cosh(ax).
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The unknown constants D1, ..., D4 can be found from the boundary conditions (7.34),
which yield the associated function u

a sin(bx) + b sinh(ax) + F(a?cos(bx) — b* cosh(ax))
2ab(a® + b?) o
A sinh(ax) — By sin(bx)
2ab(a? + b?)(a sinh(a) + b sin(h))?’

where F is determined by equation (7.103) while the coefficients A; and B; are

up(x) =

(7.120)

A= % (sin(b)(b2 cos(b) — a® cosh(a)) + 2ab cos(b) sinh(a)) +bT,

B, = % (sinh(a)(b2 cos(b) — a’ cosh(a)) — 2ab cosh(a) sin(b)) +aT,
T = (a® + b*)(1 + cosh(a) cos(b)). (7.121)
Similarly, solving the boundary value problem (7.37), (7.38) with the differential
expression (7.90) and the matrices (7.94) yields
a sin(bx) + b sinh(ax)+G(a> cos(bx)—b? cosh(ax))
X
2ab(a* + b?)
+ Aj sinh(ax) — B; sin(bx)
2ab(a? + b%)(b(a’+nq) sinh(a)+a(b?—nq) sin(h))?’

where the coefficient G is defined in equation (7.103) and the coefficients 4,, B, are

vy(x) =

(7.122)

Az = gsin(b)[[-a*b? + n((a® + b*)? — ng*)] cosh(a) + cos(b) (6> — ng)]
+ b(a® + b?)[a’b? + n’q* + (a*b* + n(1 — n)g?) cos(b) cosh(a)]
+ 2qab3(l — 2n) sinh(a) cos(b),
By =g sinh(a)[[a*b? — n((a® + b*)* — ng*)] cos(b) — cosh(a)(a® + ng)’]
+ a(a® + b?)[a’b? + n*q* + (@*b* + n(1 — n)g?) cos(b) cosh(a)]
— 2gba’(1 — 2n) sin(b) cosh(a). (7.123)

Note that despite the eigenfunctions u, v being defined up to arbitrary multipliers
and associated functions u;, v; being defined up to the addends Cjugy and C,vy, re-
spectively, the vector f does not depend on these uncertainties [277].

Let pg be the point C in Figure 7.6 (a), corresponding to the double eigenvalue
Ao &~ 121.3425101. This point is known as a flutter threshold for a column subjected
to a purely tangential follower force [39, 113]. Substituting the values of A¢, 19 and g
given by equation (7.114) into equations (7.120)—(7.123) we obtain the functions® ug,
vg, U1, v1 shown in Figure 7.7 (a).

5 Notice that at n = 1 the eigenfunction vg is the vibrational mode at the flutter threshold of a column
loaded by a force with a fixed line of action (Reut’s column), see [75,287,361] for the theory and
[356,555] for the experiments.
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Figure 7.7. The eigenfunctions, associated functions and functions W, (x) at the point C (row
(a)) and B (row (b)) [277].

With the use of these functions the equation (7.119) gives the normal vector to the
flutter boundary at the point C

T ~ (35450.7004, —2295.669253).

Let us look at the splitting of the double eigenvalue A¢ due to change of the parameters
in a direction e in the (7, g)-plane. Consider for example the vertical direction: e =
(0, 1). Thus, when Ap” =(0, ¢ — qo), equation (7.50) yields

A & 121.3425101 £ 47.91314280./q0 — q. (7.124)
For the variation Ap? = (1 — 10, 0) corresponding to e = (1,0) we have
A & 121.3425101 £+ 188.2835638./1 — no. (7.125)

The results of probing a small neighborhood of the point C in different direc-
tions are summarized in Table 7.2. Thus, for example, for ¢ = g¢ + 0.00002, i.e.
when the new point is situated above the initial point pg, the splitting yields A ~
121.3425101 + 70.214274088, and thus the point pg + Ap belongs to the flutter do-
main, Figure 7.6 (a). The characteristic equation (7.99) gives for the same values of
parameters two complex-conjugate eigenvalues, which differ from those found with
the use of (7.124) only in the sixth digit, Table 7.2.
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Table 7.2. Splitting of the double eigenvalue near the point C (up to the 10th digit).

(An, Aq) A: equations (7.124), (7.125), (7.130). A: equation (7.99)
0, 2:107%) 121.3425101470.214274088 121.34237904i0.214274069
0,=2-107) 121.1282360 121.1283671
121.5567842 121.5569153
( 2:1073,0) 122.1845398 122.1885157
120.5004804 120.5044440
(=2-1073,0) 121.3425101470.842029695 121.33854034:0.842023527
2-10 e, 120.7553885 120.7576667
121.5408235 121.5385351

The degeneration condition (7.61) defines the vector ex ~ (—1,—15.44242506)
tangent to the flutter boundary at the point C. The double eigenvalue Aq splits in the
tangent direction in accordance with equation (7.70) as

A=2Ao— —8 + = ,/al 4das + o(s), (7.126)
where
o1 = o T+ Tt dx = (eFmo + efqo) @ (Dup(1) + To(Duy (1))
! fo uov1dx
b Jo Towhdx — (e3n0 + e} qo)To(1) (1) — efexTo(up(1) 7127
fo uovdx ’ ’

and ' = 0. The functions ug, vy, u|, vy are determined by the equations (7.101),
(7.102) and (7.120), (7.122). The function w,(x), Figure 7.7 (a), is a solution to the
boundary value problem (7.67)
R bsin(bx) — a sinh(ax) + Fab(cos(bx) + cosh(ax)) ,
wz(X) - 2((12 + bz) € x
Az sin(bx) - B; s1nh(a.x) et (7.128)
2ab(a? + b?)(b sin(b) + a sinh(a))?

The coefficient F is determined by equation (7.103). For A3 and B3 we have

Az = —a(a® + b*)(q + ab sin(b) sinh(a)) — 2a> cosh(a)(a sinh(a) + b sin(b))
+ 2a”b(b sinh(a) cos(b) — a cosh(a) sin(b)),

B3 = —b(a® + b*)(q + ab sin(b) sinh(a)) + 2b> cos(b)(a sinh(a) + b sin(b))
+2b%a (b sinh(a) cos(b) — a cosh(a) sin(b)). (7.129)

With the use of the eigenfunctions, associated functions and the function w,, we find
from equations (7.127) the coefficients a; ~ 194.5367520 and a; ~ —28627.5496.
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With these coefficients equation (7.126) yields approximate expressions for the two
simple eigenvalues which originate from the splitting of the double A in the tangent
direction to the stability boundary

A1 & 121.3425101-292.4316068s, A, ~ 121.3425101+97.89485480¢. (7.130)

For example, take ¢ = 0.002; then the double eigenvalue Ag splits into two positive
eigenvalues, Tab. 7.2. This means that the tangent vector e, ~ (—1,—15.44242506)
lies in the stability domain, whence it follows that the flutter domain is convex at
the point C, see Figure 7.6 (a). At the same values of the parameters the characteristic
equation has very close solutions (Tab. 7.2) showing thereby that the equations (7.130)
well approximate the numerically computed eigenvalues.

7.5.3 The singularity 0> on the stability boundary (point B)

Recall that at the points of the boundary between the flutter and stability domains the
spectrum of the extended Beck’s problem contains positive double eigenvalues while
at the points of the boundary between the flutter and divergence domains double eigen-
values are negative. Thus, the double eigenvalue becomes double zero at such a point
of the flutter boundary that at the same time belongs to the curve of zero eigenval-
ues (7.113). Since the orthogonality condition fol upvpdx = 0 must be true at the
points of the flutter boundary, this integral evaluated at the points of the curve (7.113)
vanishes only at the point B, corresponding to the double zero eigenvalue. Following
Arnold [17] we denote this singularity by the symbol 02, where the upper index means
the length of the Keldysh chain corresponding to the double zero eigenvalue.

Integrating the product of the eigenfunctions given by equations (7.116) and (7.117)
over the range [0, 1] we come to the transcendental equation for the critical load g at
the point B

g0 = (V@ — 2sin(\/g0) (vao(1 + 2cos(,/q0)) — 4sin(y@).  (7.131)

The minimal element of the set of solutions of equation (7.131) at gg > 0 is qp ~
17.06957477. Substituting this solution into equation (7.113), we find the correspond-
ing value of the second parameter 7y ~ 0.354313302 [277,321].

Solving the boundary value problem (7.34) at u = 2, j = 1, and A9 = 0, we find
the associated functions of the Keldysh chain at the double zero eigenvalue

_cot(b) 4 1, cot(b)(cos(bx) — 1) + sin(bx)
M= Tt T 203 ¥
(bx —sin(bx))(b + 2b cos(b) — 2 sin(h))
+ 2 S G) , (7.132)
_x+x2+x_—l in(bx)+ b? cos(b)—sin?(b) (sin(bx)—bx)
U= o T ST G cos(b)—sin(hy) )

where b = /qo.
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Table 7.3. Splitting of the double zero near the singular point B (up to the 10th digit).

(An, Aq) A: equations (7.134),(7.135) A: equation (7.99)
0, 1074 +i0.320078036 —0.001511883440.320075851
0,—107% 0.320078036 0.321592103
—0.320078036 —0.318568338
( 1074,0) +i1.558486892 0.0266874424i1.558232905
(=107%,0) 1.558486892 1.532051701
—1.558486892 —1.585430038
—107%e, —0.012075314 —0.012075428
—0.000431083 —0.000431085
10 %, 0.012075314 0.012075200
0.000431083 0.000431081

Substituting eigenfunctions (7.116), (7.117) and the associated functions (7.132)
into expression (7.119), we find the normal vector to the flutter boundary at the singular
point B

7 ~ (—24288.81395, —1024.499494). (7.133)

Knowing the normal vector allows us to study the neighborhood of the point B in any
direction e such that (f, e) # 0. In particular, for two orthogonal directions e = (1, 0)
and e = (0, 1), we find, respectively

A~ £155.8486892,/n0 — 1, A ~ £32.00780364./q0 —q. (7.134)

In the typical situation, the double zero eigenvalue splits either into a complex-
conjugate pair or into two real eigenvalues, one of which is negative, Table 7.3. Thus,
the normal vector f at the point B is directed into the divergence domain. The in-
equality (f,e) > 0 defines the tangent cone to this domain, and (f,e) < 0 defines the
tangent cone to the flutter domain, Figure 7.6 (a). Only the curves emitted in the tan-
gent direction to the boundary can reach the stability domain from the singular point
B (0?).

Using the degeneration condition (f,e+) = 0 we find the tangent vector el ~
(1,—23.70798041). To examine whether this vector points to the stability domain
we should consider bifurcation of a double zero eigenvalue in the degenerate case.
Substituting into equation (7.127) the eigenfunctions (7.116) and (7.117), associated
functions (7.132) and the function W, (7.128) that at ¢ = 0 reduces to

R cot(b)(cos(bx) — 1) + sin(bx) bx — sin(bx)
by = €3 x 2b T s2) 2= Vo

we find the coefficients of the equation (7.126)

aj; ~ 1250.639809, a> ~ 52054.68890,
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which yields
A1 &~ 1207.531459¢, A, ~ 43.10835008¢. (7.135)

Equation (7.135) implies that the double zero eigenvalue splits into two positive
simple eigenvalues (stability) only if the parameters change in the direction specified
by the vector ez: ~ (1,—23.70798041), Table 7.3. Changing the parameters in the op-
posite direction leads to the splitting of the double zero eigenvalue into two negative
simple ones, which means static instability (divergence). Note that the approximate
expressions for the eigenvalues are in good agreement with the solutions of the char-
acteristic equation (7.99), see Table 7.3.

The examples considered demonstrate that the developed perturbative approach to
multiparameter nonself-adjoint boundary eigenvalue problems for operator matrices is
convenient for implementation in computer algebra systems for an automatic calcula-
tion of the adjoint differential expression and boundary conditions as well as the coef-
ficients in the perturbation series for simple and multiple eigenvalues and their eigen-
vectors. The approach is efficient in applications requiring frequent switches from one
set of boundary conditions to another. In the next section we will demonstrate this by
applying the developed method to a difficult problem of the analytical description of
the influence of small dissipation on the stability of Beck’s column and its generaliza-
tion to a wide class of continuous nonconservative systems with damping.



Chapter 8

The destabilization paradox in continuous
circulatory systems

The greatest theoretical interest is evidently
centered in the unique effect of damping in
the presence of pseudo-gyroscopic forces, and
in particular, in the differences in the results
for systems with slight damping which then
becomes zero and systems in which damping
is absent from the start ... These interesting
aspects require further study ... for obtain-
ing further, more definite, results.

V. V. Bolotin [75]

In 1952, Ziegler [622] when investigating the stability of a double pendulum subjected
to a follower load, reached the unexpected conclusion that the flutter threshold of the
nonconservative system with negligibly small damping is significantly lower than it
is in the ideal (undamped) case. In 1956, Bottema [81] was the first who understood
the Ziegler effect as a structural instability (in the sense of dynamical systems the-
ory) by linking it to the Whitney umbrella singularity that (as was established in 1971
by Arnold [17]) generically exists on the boundary of the domain of the asymptotic
stability of a general finite-dimensional dissipative system depending on at least three
parameters.

This phenomenon, which we now know as the Ziegler—Bottema destabilization
paradox, was subsequently observed in many nonconservative systems of solid and
fluid mechanics, both finite-dimensional and continuous [312]. The well-known ex-
amples of the destabilization paradox in continuous systems of fluid dynamics are
the enlargement of the domain of baroclinic instability due to friction in the Ekman
boundary layer observed by Holopainen in 1961 and described by Romea in 1977
[228,334,501,563], and the enhancement of the modulational instability of the Stokes
waves with dissipation found by Bridges and Dias in 2007 [90,303]. The destabilizing
effect of damping is important in nonconservative problems of fluid-structure interac-
tion such as aircraft flutter [452] and stability of pipes conveying fluids [85,513,556],
as well as in solid mechanics, e.g., in the dynamics of large space structures [224] and
in the optimization of slender structures with respect to stability criteria [355].

The analytical description of the destabilization paradox was recognized as one of
the main theoretical challenges in nonconservative stability theory [75]. However, de-
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spite the large number of publications, the problems arising from the destabilization
paradox still await a general solution.'

As a canonical example of a continuous circulatory system possessing the desta-
bilization paradox, let us consider transverse vibrations of a uniform Beck’s column
with internal (Kelvin—Voigt type) and external (viscous) damping [14,77,556]. In di-
mensionless variables (7.89), the equation of motion and the boundary conditions for
small amplitude vibrations of the column that is clamped at x = 0 and free at x = 1
(Figure 7.4 (a)) are

0%y +qd2y + ki030:y + kadey + 02y =0,
y(0,7) =0, 0xy(0,7) =0,
Z2y(1,7) + k1029 y(1,7) =0, By(l,7) +k130.y(1,7) =0. (8.1)

The coefficient of internal damping k; = 7~/ % characterizes the viscoelastic
02L2
VEIpA

represents the resistance of the medium [76, 77]. Remember that p is the material

density of the column, A the cross-sectional area, E the Young modulus, / the moment

of inertia of the cross-section, L the length of the column, ¢ the coefficient of dynamic

viscoelastic resistance, and ¢, the coefficient of external viscous damping [556].
Assuming y(x, ) = u(x)exp At, we arrive at the eigenvalue problem

(14 k)3 u + qd2u + (A2 + Aky)u = 0,
u©0) =0, uP©O =0 uPm=0 uPa)=0, (8.2)

properties of the material whereas the coefficient of external damping k, =

where A is an eigenvalue, u(x) is an eigenfunction, and x € [0, 1].

The trivial solution to the system (8.1) is asymptotically stable if all the eigenval-
ues A of the nonself-adjoint boundary eigenvalue problem (8.2) have negative real
parts. It is unstable if there is at least one eigenvalue in the right half of the complex
plane (ReA > 0) or a multiple pure imaginary eigenvalue with the Keldysh chain. The
critical load g (k1, k»), characterizing the transition from the asymptotic stability to

' Ttis worth noticing that in his book [75] Bolotin states: “We have here a situation which is very similar
to that in the theory of stability of laminar flow (the paradoxical difference between the parameters of
“viscous” and “nonviscous” instability).” However, as was correctly remarked by Swaters [563] with
respect to baroclinic instability: “It is important to appreciate that the discontinuous behavior of the
zero dissipation limit of the marginal stability boundary when an Ekman layer is present cannot be
dismissed as akin to the well-known property that solutions to the Orr—Sommerfeld equation need not
necessarily reduce to solutions to the Rayleigh stability equation in the infinite Reynolds number limit”
[162,388]. The point is that [334, 563] “the infinite Reynolds number limit of the Orr—Sommerfeld
equation is singular in the sense that the order of the differential equation changes from fourth order
to second order so that the mathematical properties of the allowed solutions cannot be expected to
depend continuously as the Reynolds number increases without limit.” This is not the case for either
the problems of solid mechanics discussed by Bolotin or for baroclinic instability and modulational
instability because the zero dissipation limit does not reduce the order of derivatives in the differential
expression or boundary conditions.
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instability is determined by the condition that the real part of one or more eigenvalues
should vanish (ReA = 0) while the remaining eigenvalues have negative real parts
(ReA < 0).

If the damping parameters in equation (8.1) are equated to zero, a circulatory system
results. A circulatory system is marginally stable if all its eigenvalues are pure imagi-
nary and semisimple, i.e. the algebraic multiplicity of each eigenvalue is identical with
the number of its eigenfunctions [280,284,521]. Consequently, as the load parameter g
is increased from zero, the eigenvalues of the ideal (undamped) Beck’s column move
along the imaginary axis (marginal stability) and at some value of ¢ = go two of them
merge into a double eigenvalue i g, which then splits into a pair of complex-conjugate
eigenvalues (flutter) [77]. The double eigenvalue i wy has a Keldysh chain of length
2, consisting of the eigenfunction u( and associated function u. The functions of the
Keldysh chain are solutions to the following boundary value problems [14]

Biuo + qoa§u0 - a)guo =0,
wo(0) =0, ) =0, w1 =0, uP)=o0;

Biul + qoaiul — a)(z)ul = —2iwolUg,
w10 =0, PO =0, uPm=0 P =0 (8.3)

At g = qo only one eigenfunction corresponds to the algebraically double eigen-
value Ao = iwp, which yields a secular term of the form (u;(x) + fuo(x))e’®7 in
the general solution to the boundary value problem (8.1). If at ¢ = g all other eigen-
values are pure imaginary and semisimple, then this value of the load parameter is the
boundary between the domains of stability and oscillatory instability [280,284,521].

The vertical equilibrium position of the Beck’s column considered without damp-
ing (k; = 0, k, = 0) is marginally stable for 0 < g < g¢ & 20.05 [113]. If allowance
is made for arbitrary small internal damping (k;— +0,k, = 0) the interval of the
asymptotic stability shrinks to 0 < g < g.r &~ 10.94 < gqo. This is a manifestation of
the Ziegler—Bottema destabilization paradox: in the limit of vanishing internal damp-
ing the critical load falls abruptly. Similarly, there is a drop in the frequency of the
unstable mode at the flutter threshold from wg ~ 11.02 to w., & 5.40. These effects
are shown in Figure 8.1 for k| # 0 and k; = 0. The external damping (k, > 0) that is
proportional to the mass distribution, which is uniform in the Beck’s column, inhibits
the destabilizing effect of the internal damping [14, 76, 77]. Other forms of external
damping that are not proportional to the mass distribution of the structure can also
have a destabilizing effect in the Beck’s problem [466,615].

The fact that different models of damping could lead either to a collapse of the
marginal stability boundary associated with the zero dissipation limit of a dissipa-
tive system to the instability threshold of the undamped system or to a discontinuous
change of the stability boundary was observed in fluid mechanics too [90, 563]. This
raises a question, which limiting scenario is generic? For example, “the answer would
seem to be that the generic situation is that the stability boundary associated with the
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Figure 8.1. Schematic movement of eigenvalues (thin lines) of the ideal Beck’s column and
(bold lines) of Beck’s column in the presence of the internal damping (k; > 0) that illustrates
the destabilization paradox: (a) growth rates as functions of the load parameter g and the drop
in the critical flutter load; (b) movement of eigenvalues in the complex plane and the drop in
the frequency of the unstable mode.

zero dissipation limit of a dissipative baroclinic instability theory does not collapse to
the inviscid result” [563]. This general question applies to continuous nonconservative
problems of solid mechanics, e.g. to the damped Beck’s column, as well.

We note that typically the destabilization paradox was studied only in particular con-
tinuous nonconservative systems of solid and fluid mechanics with the use of numer-
ical and semianalytical methods. In the following, we investigate the effect of small
dissipation on the stability of a rather broad class of continuous circulatory systems
that includes the problem (8.1) as a special case. Using the perturbation theory de-
veloped in Chapter 7 we will find an explicit analytical approximation both to the
eigencurves and to the critical flutter load as a function of damping parameters and
give a geometrical interpretation to the destabilization paradox that generalizes the re-
sult of Bottema [81] to the infinite-dimensional case. Finally, we will re-consider the
dissipation-induced destabilization of Beck’s column under different forms of dissi-
pative perturbations.

8.1 Movement of eigenvalues under a velocity-dependent
perturbation

Stability analysis of continuous circulatory systems with dissipation in many cases is
reduced to the study of a nonconservative system, described by a linear partial differ-
ential equation with the boundary conditions

M®y(x,t) + Dd;y(x,t) + Py(x,t) =0,
UKoty + UKoy +Uky =0, (8.4)
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where

m m m
My =3 "1Mx)a7 7y, Dy=> 1Py, Py=>Y 1Fx)7/y.

j=0 Jj=0 7=0
(8.5)
and
m—1 _ m—1 )
Uy =Y AMyDx =0+ BMyD(x =1),
j=0 =0
m—1 ) m—1 )
Upy =Y A2yP(x=0)+ Y BoyP(x =1),
j=0 j=0
m—1 . m—1 )
Upy =Y AfyPx =0+ Y By (x =1). (8.6)
j=0 j=0

8.1.1 Generalized boundary eigenvalue problem

Separating time with the substitution y(x,7) = u(x)e*!, we arrive at the boundary
eigenvalue problem (7.1) for a scalar (N = 1) differential operator of order m, which
takes the form? [280,282]

LA, q,%u:= P(q)u + ADK)u + A>Mu = 0,
U, g, k)u:=Up(q)u + AUpk)u + A2 Upu = 0. (8.7)

The coefficients of the differential operators P, D, and M of order m and the elements
of the m x 2m matrices Up, Up, and U, are assumed to be real.

Let p/ = (kT,q) be an n-dimensional vector of real parameters. The operator
P (q) and the matrix Up (g) are smooth functions of the real ‘loading’ parameter g >
0. The elements of the differential operator D (k) and the matrix Up (k), containing
derivatives of the order of at most m and m — 1, respectively, are smooth functions
of the vector of real ‘dissipation’ parameters kT = (ki1,...,kn—1). Moreover, it is
assumed that if k = 0 then D(0) = 0 and Up(0) = 0. The operator M and the
matrix Uy, are parameter independent. Thus, the perturbation of the system by small
dissipative forces (||k| < 1) is regular [584].

It is assumed that the unperturbed ‘ideal’ boundary eigenvalue problem

P(Qu+A>Mu =0, Up(g)u+AUyu=0 (8.8)

2 Higher than second-order operator polynomials in the spectral parameter A can also appear in noncon-
servative dissipative stability problems, e.g. in aeroelasticity, where hereditary damping is described
by means of fractional derivatives with respect to time [317]. Although the methods of Chapter 7 allow
efficient treatment of such generalized eigenvalue problems, here we restrict our consideration to the
quadratic operator polynomials in A.
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considered over an interval 0 < ¢ < ¢o has a discrete spectrum consisting of sim-
ple pure imaginary eigenvalues A = iw, and consequently the trivial solution to the
system (8.4) is marginally stable when k = 0.

We further assume that at ¢ = g there exists a pair of double eigenvalues +i wy,
wo > 0 with a Keldysh chain of length 2 whereas other eigenvalues *iwy j, wp ; > 0
are pure imaginary and simple, which implies instability because of the secular terms
in the solution of the undamped system (8.4) corresponding to the double eigenvalue.
Consequently, at ¢ = ¢o when there are no velocity-dependent forces (k=0), the
nonconservative system is on the boundary between the domains of stability and flutter
[273,277,298].

The eigenfunction u( and the associated eigenfunction u at i wg satisfy equations
(7.33) and (7.34), which are now

Louo = P(qo)u() — C()(%Muo = 0, llou() = uP((]o)u() - a)guMu() = 0;
P(qo)u; — a)éMul = 2iwgMug, Up(qo)u; — a)guMul = 2iwoUpruy.
(8.9)

The reality of the coefficients of the differential expressions and matrices of the bound-
ary conditions in equations (8.9) implies that the eigenfunction u( can be chosen real.
Then the associated eigenfunction u; will be pure imaginary.

Since the differential expression Lu is a polynomial in the spectral parameter A, the
matrix £(x), defined by the formula (7.9), has the form

L(x) = A2M(x) + AD(x,k) + B(x, q). (8.10)

The components of the matrices M, O, and P consist of the coefficients of the oper-
ators M, D and P and their derivatives with respect to x, respectively. Choosing a
real matrix U of order mx2m, we use the equation (7.15) to find matrices ¥ and B of
order mx2m, defining the boundary conditions of the adjoint eigenvalue problem.

The eigenfunction vy and associated eigenfunction v; of the complex-conjugate
eigenvalue —i wy satisfy the equations and boundary conditions that follow from equa-
tions (7.37) and (7.38)

PT(qo)vo — a)gMTvo =0, BVoyy =0,

PT(qO)Ul —a)gMTv] = 2ia)0MTvo, 5801’)1 = —%Uo (811)
Since the matrices Uy and U, are real and the matrix polynomial £(x), defined by
equanon (8.10) has real coefficients, it follows by formula ,(7 15) that the matnces
B, and B are also real, and the matrices a—(ko,po) and 2 7 B (X0, po), where po =
0,...,0,q0), are pure imaginary. Consequently, the function vy may be assumed to

be real and v; may be assumed to be pure imaginary.
Since the functions ug, vg are defined up to arbitrary factors, and 1 and v up to the
terms Ciug and Cvyg, respectively, where C; and C; are arbitrary constants, we can
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choose real functions u( and vg and pure imaginary functions u; and v; that satisfy
the normalization and orthogonality conditions [280,282]

2i wy ((Mul, vo) + U(T%SHMW) =1,
2iwo(Muy,v1) + (Mug, v1) + (Muy, vo)

~ ~ * ~
+ (Q]ovl + Vg)no) Qiwplpgy + Upging) + 03 BiUpuy = 0. (8.12)

8.1.2 Variation of parameters that is transversal to the stability

boundary
Let us vary the parameters in the (ky, ...,k, — 1, g)-space along a smooth curve p(g)
that is issued from the point pg = (0,...,0,90). In the case of the general position,

the perturbed double nonsemisimple eigenvalue is determined by the Newton—Puiseux
series (7.41) with k = 2.

Substituting the operator L, defined by equation (8.7) into equations (7.55) and
(7.59) and using the conditions (8.12), we obtain the coefficients A and A,

dk\ ~d dk\  ~d
x%:-mo<f,%>— d—qs, 2/\2=—<f—woh,£>—ihd—z, (8.13)

where the derivatives are evaluated at ¢ = 0 and the angular brackets denote the scalar
product of real vectors in R”~!. The components of the vector f € R”~! and the real
scalar f are _

fr = (0k, Duo, vo) + 5B, Upuo,

7: (dg Puo, vo) + ng‘%gaqupuo, (8.14)
whereas the components of the vector h € R”~! and the real scalar 1 are
ih, = (akrDul, vo) + (BkrDuo, v1)
+ n’f%gakru,)uo + ng%gak,u,)ul + vy (%gl))*ak,u,)uo,
ih= (9g Pur, vo) + (dg Puo, v1)

=aQ))

~ ~ *
+ 0r B, Upug + vE T, Upn + v (23i ) dlpug.  (8.15)

Consequently, the splitting of the double eigenvalue iwy due to variation of the
parameters k = (ky,...,k,—1) and ¢q is described by the formula

, ‘ ~ 1 ~
A=iw+ \/—lwo(f,k) — f(g—q0) — 5(<f—woh,k) +ih(g —qo)) + o (Ip—Ppol),
(8.16)

which is valid when the radicand does not vanish [282,285, 288].
If k = 0, the double eigenvalue splits into two simple pure imaginary eigenvalues

(stability), provided that 7(q—q0) > (. Hence, from the assumption that the system
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is stable at ¢ < qo, and unstable at g > ¢ it follows that 7 < 0. The case ?:0 is
degenerate and will not be considered here.

For a sufficiently small variation of the parameters k and ¢, the double eigenvalue
i wg generally splits into a complex-conjugate pair of eigenvalues, one of which has a
positive real part (flutter). Nevertheless, if (f, k) = 0 and (h,k) < 0, thenatg < go the
square root in equation (8.16) is pure imaginary and the double eigenvalue i wy (and
also —iwyp) splits into two simple eigenvalues with negative real parts (asymptotic
stability).

Asymptotic stability of the system (8.4) under perturbation of parameters also de-
pends on the behavior of simple pure imaginary eigenvalues £iwq . Choosing the
real eigenfunctions uq s, and vg s of the eigenvalue i wo s that satisfy the normalization
conditions

2005 (Mg s, vo5) + 05 BiUpuos) = 1, 8.17)
by equation (7.32), we find the increments to simple eigenvalues
A = FiwosFigs(q —qo) — wos(gs. k) +o(lp—pol>), s=1,2... (8.18)

The real quantity g, and the components of the real vector gz € R”~! are
g;s :(aqP”O,s, UO,S) + Uék,s%g 8unuO,s,
8s;r = (akr Duos, vos) + US,S%(); 8kr Upug,s. (8.19)

Therefore Reds < 0, if (gg, k) > 0.

We see from equations (8.16) and (8.18) that the system (8.4) is asymptotically
stable for sufficiently small linear variations of the parameters k, and ¢, provided the
following conditions hold simultaneously

(fv k) = 0’ q < CIO, (h’ k) < 07 (gs’k) > O’ § = 1527 oo (820)

The set determined by equation (8.20) is tangent to the boundary of asymptotic sta-
bility. The variations of the parameters such that (f,k) # 0 are fransversal to the
stability boundary at the point p = pg. According to equation (8.16) they lead to the
flutter domain.

8.1.3 Variation of parameters that is tangential to the stability
boundary

The conditions (8.20) demonstrate that the set of directions leading from the point pg
to the domain of asymptotic stability is of dimension n — 1 in the (ky,...,kn,—1,9)-
space of parameters. This set forms a (degenerate) tangent cone [374,375,518] to the
domain of asymptotic stability at pg. Thus, starting from the point pg, one can reach
other points of the asymptotic stability domain only along the curves that are tangent
to the plane (f, k) = 0 at po:

2 2 2
p(e) = ( ;0 ) + € ( dkéds ) + % ( 225222 ) + 0(£?) (8.21)
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where

dk
<f, E> =0. (8.22)

The curve (8.21) is orthogonal to the ¢ axis in the (k1, ..., k,—1,q)-space because of
the assumption that dq/de = 0. Therefore, the coefficient A; determined by the first
of equations (8.13) vanishes along the curve.

Consequently, the double eigenvalue iwq in this degenerate case splits into two
simple eigenvalues that depend linearly on ¢ [584]

A =iwy+ A + o(e), (8.23)

where A, is a root of the quadratic equation (7.70), which, for an operator L with
boundary conditions given by (8.7) and eigenfunctions and associated eigenfunctions
satisfying equations (8.9), (8.11), and (8.12), takes the form?

dk 1~d?%q dk dk
A2 — Xrwo(h, — it SRS ¥ ¥ Dt
2 2w0< ’de>+(2fd62+w0< de’d6>)

DU P D PPLL LN B (8.24)
@0 2\ 7 de? de’ del) '

The real vectors f, h and the coefficient 7 in equation (8.24) are defined by equa-
tions (8.14) and (8.15), the real matrix H has the components

1 l =
Hrg = 5 (9%, 9k, Do, vo) + 505853k, Ik, Up o, (8.25)

and the real matrix G is defined by the expression

dk dk\ ' dk, A oo .
<GE, %> = Z Te ((akerz, vo) + vy’B, 8krupn’)2) s (8.26)

r=1

where 0, is a solution to the boundary value problem

n—1 dk
P(q())lf)z — a)ngf)z = Z dgr akr Duo,
r=1
n—1 dk
Up (go) iy — wjUpy by = Z dgr dk, Up1g (8.27)

r=1

that exists owing to the validity of the solvability condition (8.22).

3 Note that a similar equation was obtained in 1989 by Banichuk et al. [32, 33] who were apparently
the first to propose probing the parameter space along the curves tangent to the stability boundary
for a quantitative description of the Ziegler—Bottema destabilization paradox in one-parameter finite-
dimensional circulatory systems.
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8.1.4 Transfer of instability between modes

With expressions (8.21)—(8.23), the quadratic equation (8.24) transforms into

(A —i0)” —wo (b k) —iwp) + 7 (¢ — o) + w3 (G k) +iwp (£.k) + (Hk,k)) = 0

(8.28)
Assuming A = ReA + iImA in equation (8.28) and separating the real and imaginary
parts, we find the following expressions [282,285,288]

(ImA — wp + Red + ¢/2)> — (ImA — wy — Red —¢/2)> = —2e,  (8.29)

c\4 c? c\2 e?

(Re/\ n E) i (d_Z) (Re)& + 5) = (8.30)
C2 €2

(ImA — wp)* — (d = I) (ImA — wp)? = - (8.31)

where
¢ =—wo(hk), d = f(q—qo)+wi(Gkk), e=aw((f,k) + (Hk k). (8.32)

Letk = 0, i.e. the system (8.4), be circulatory. Then, by equation (8.32), we have
¢ =0,d = f(q —qo0), e = 0. Hence, equations (8.30) and (8.31) become

q <qo: ReA =0, ImA = wy + \/?(q —q0), (8.33)
q > qo: Red = :I:V—?(q —qo), ImA = wy. (8.34)

Since we assumed that 7 < 0, as the load parameter g is increased, the two pure
imaginary eigenvalues move along the imaginary axis, coalesce at ¢ = gg and form a
pair of double eigenvalues (flutter boundary). Then the double eigenvalue splits into
two simple ones that move apart in directions perpendicular to the imaginary axis.
The trajectories of the eigenvalues of the circulatory system that pass through the 1:1
nonsemisimple resonance as the parameter g varies, are shown in Figure 8.2 by thin
lines.

If k#£0 and e##0, the velocity-dependent forces [459, 460] disturb the coalescent
at the 1:1 resonance modes by displacing and splitting the trajectories of the eigen-
values, as shown in Figure 8.2 (a) by the bold black lines. This qualitative effect (the
imperfect merging of modes [226]), known in the literature only from numerical solu-
tions of particular problems, see e.g. [14,75-77,501], is described here analytically by
equations (8.29)—(8.31) for a sufficiently broad class of continuous nonconservative
systems described by equation (8.4).

Indeed, given the vector k # O such that ¢ # 0 and e # 0, as the parameter ¢
varies, the perturbed eigenvalues move in the complex plane along the branches of the
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Figure 8.2. The eigenvalues in the 1 : 1 nonsemisimple resonance (thin lines) and its dissipa-
tive unfolding (bold lines) when (a) e := wq ({f,k) + (Hk,k)) # 0 and (b) when ¢ = 0. In
the former case, the sign of e determines which of the two modes involved in the resonance
becomes unstable in the presence of the velocity-dependent perturbation (transfer of instability
between modes).

hyperbola (8.29) that has two asymptotes, ReA = —c/2 and ImA = wy, where ¢ and
e are defined by equation (8.32). If ¢ > 0, then one of the two eigenvalues remains
in the left half of the complex plane, whereas the other crosses the imaginary axis and
enters the right half at ¢ = ¢, (k) becoming A = A.,, where

Redo, =0, Imhe, = wp— <. (8.35)
C

Therefore, when e > 0 the mode with the frequency that is lower than wy is unstable by
flutter (cf. the solid black line in the far right panel of Figure 8.2 (a)) whereas fore < 0
the unstable mode is that whose frequency exceeds wgy (shown by the dashed black
line in the far right panel of Figure 8.2 (a)). The quantity e thus governs the transfer
of instability between modes that frequently occurs in nonconservative systems with
dissipation [75,157,246,518].

8.1.5 Drop in the critical frequency

Taking into account equation (8.32) we write an explicit expression for the critical
frequency at the flutter threshold as a function of the parameters of dissipation

(f.k)+(Hk, k)

wer (k) :=ImAcr (k) = wo + (, k)

(8.36)
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Assuming k = GE, where the vector k is fixed and € > 0 is a small parameter, we find
that the critical frequency exhibits a finite drop/jump when € — 0:

Aw = wg — eh_r)% wer(€k) = — h,f) (8.37)

this does not happen only if e = 0. In this case, by equations (8.30) and (8.31)

h, k -

g <qgx: Red= w()( ’2 >, ImA = wy =/ f (g —gx), (8.38)
h, k ~

q=qs: Red= (UO( > i +/—/f(@ —¢q+), ImA = wy, (8.39)

meaning that the complex eigenvalues A with ReA = —c/2 merge at ¢ = ¢x,
(h,k)* — 4(Gk, k)
=qo+ w2 ~ , (8.40)
4+ = 4o 0 47
see Figure 8.2 (b). When the parameter ¢ is increased further, the double complex
eigenvalue A, = —c /2 +iwy splits into two simple eigenvalues, one of which crosses
the imaginary axis at ¢ = ¢, (k), where
2
qer(&) = qo — 7(Gk, k). (8.41)

Thus, we arrive at the conclusion that in the case when e = 0, small velocity-
dependent forces only displace the picture of bifurcation of eigenvalues at the 1:1
nonsemisimple resonance from the imaginary axis, as shown in Figure 8.2 (b) for ¢ >
0. As in the case e # 0, both eigenvalues are in the left half-plane if

q <4qcr(k), (hk)<O. (8.42)

The critical load (8.41) smoothly depends on the vector k and tends to go when k
vanishes. Depending on the sign of the quadratic form (Gk, k), the critical load can
both increase or decrease with the increase in the magnitude of the velocity-dependent
(damping) forces, when e = 0.

8.2 Singular threshold of the flutter instability

In general, the value of the parameter ¢, at which one of the eigenvalues of the per-
turbed 1:1 resonance crosses the imaginary axis, is obtained from equation (8.30) by
assuming that ReA = 0. This yields a relation dc?> = e?, which, given the explicit
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expressions (8.32) for ¢, d, and e, becomes [278,280,285,288]

_ (el +HKK)® o
ger(k) = qo + 7(h, k)2 7 (Gk, k). (8.43)

Thus, both perturbed eigenvalues are situated in the left half of the complex plane
when the conditions (8.42) are fulfilled.*

Since by assumption f < 0, it follows from equation (8.43) that the critical load
of the system perturbed by the velocity-dependent forces is such that g, (k) < qo,
provided that (Gk, k) < 0. However, if (Gk, k) > O there is a region of the parameter
space in which, given a variation of the parameter vector k, defined by the second
inequality of (8.42) and the condition

((f,k) + (Hk, k))> — 03 (Gk, k) (h,k)? < 0, (8.44)

the critical load of the perturbed system exceeds that of the ideal one: g.r(k)>qo.

8.2.1 Drop in the critical flutter load

Let us confine ourselves to the case when
{k:{f,k) =0,(h,k) <0} C{k: (g5, k) >0,s =1,2,...}, (8.45)

implying that all simple eigenvalues £iwq s for a small perturbation of the parame-
ters ¢ and k move into the left half of the complex plane. Therefore, the stability of
the system (8.4) depends only on the behavior of the double eigenvalues 4-i wy under
the perturbation. Consequently, the surface g, (ky, ..., kn—1), which is approximated
by equation (8.43) under the restriction imposed by the second inequality of equa-
tion (8.42), is the boundary of the asymptotic stability domain in a small neighborhood
of the point pg; = (0,...,0,q0).

The function g.,(k), defined by equation (8.43), is the sum of rational and poly-
nomial parts. Both the numerator and denominator of the rational part contain lin-
ear forms in the vector k. Thus, the function g.,(k) has a singularity at the point
k = 0, and the critical load, as a function of n — 1 variables, does not have a limit
as kT = (ki,...,kn—1) — 0. This fact was known for the critical load of Ziegler’s
pendulum [615] and has proved to be valid for arbitrary linear nonconservative sys-
tems with a finite number of degrees of freedom in [285,287,288].

Nevertheless, the homogeneity of the numerator and denominator of the rational part
of g.r (k) guarantees the existence of a limit hm qer (ek) for any direction k, such that

4 The necessary and sufficient conditions (8.42) and (8.43) for all roots of the complex polynomial (8.28)
to have negative real parts may also be obtained from Bilharz’s criterion [62], which is an analogue
for the Routh—Hurwitz criterion for complex polynomials.
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(h,i) # 0. Substituting k = €k in equation (8.43), we obtain an explicit expression
approximating the drop in the critical flutter load caused by the infinitesimally small
velocity-dependent (e.g. damping) forces [278]:

Aq;ﬂ_g%%&mz_: — (8.46)

This formula gives a constructive answer to Swaters’ question [563]: the drop in the
flutter threshold in a zero dissipation limit is a generic phenomenon because it takes
place for almost every combination of damping parameters specified by the vector k.

8.2.2 The ‘“no drop” condition and the tangent cone to the domain of
asymptotic stability

The finite drop in the critical load (8.43) does not occur (Ag = 0) in the degenerate
case: (f,k) = 0. For a two-dimensional vector kT = (k{, k») this condition yields the
following ratio of the parameters k; and k»

ki_ 1

ki i
at which small velocity-dependent forces do not reduce the critical flutter load. The
quantities f; and f, are defined by the first of equations (8.14). Note that the strong
dependence of the critical flutter load on the ratio of the damping parameters was
observed already by Smith [534] in rotor dynamics and then by Bolotin in structural
mechanics [75].

The function ¢, (k), defined by equation (8.43) under the constraint (8.42), defines
the boundary between the domains of the asymptotic stability and flutter of the sys-
tem (8.4) in the n-dimensional space of the parameters k and g. The level sets of the
function ¢, (k) are the boundaries of the stability domain in the (k, ..., k,—1)-space.
The level set g.r = qo, Where g is the critical value of the parameter ¢ in the ideal
system, is given by the equation

(£,k) = +wo(h, k) v/{(Gk, k) — (Hk, k). (8.48)

This equation has real solutions if (Gk, k) > 0. In that case the set (8.48) bounds the
domain of variation of the vector of parameters k, in which g., (k) > qo. If the matrix
G is negative-definite, then (Gk, k) < 0, and equation (8.48) has a unique real solution
k = 0, implying a decrease in the critical flutter load (destabilization) for any small
k #0.

Letk? = (k, k). Then the boundary of the stability domain, described by the func-
tion q.r(k1, k2), is a surface in the three-dimensional (ky, k>, ¢)-space. To understand

i,j =12, (8.47)
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the structure of this surface, we shall find asymptotic formulae for the level curves of
the function ¢ (k1, k) in the neighborhood of the origin in the (k1, k»)-plane for g.,
close to qp.

We first approximate the level curves when g., < qo. Assuming k; = B;k;+o(k;),
where B; is an unknown coefficient, we find from equation (8.43) that

fi £ hj \/7(61” —q0) .
ki =— - ki +o(kj), i.j=12. (8.49)
Ji £ h; vV f(ger —q0)

Since by assumption 7 < 0, at g, < go the boundary of the asymptotic stability
domain in the (k, k;)-plane is approximated by the two straight lines intersecting at
the origin, as shown in Figure 8.3 (a). Note that only the parts of the lines that belong
to the half-plane (h,k) < 0, bound the domain of the asymptotic stability (hatched).

a) c)
kz { /I ,I
/ 1
/ 1
/ / K
// II //
/ 1 ’ o
/ // // - -
// // . P - -
/ /II///// ’ —”—”’
/ K -
0
qcr< q0 qcr> qO

Figure 8.3. Cross-sections of the singular surface (8.43) in the vicinity of the origin at dif-
ferent levels of g., in the (ki, k»)-plane. The diagonal dashed line in the panel (b) marks the
projection of the tangent cone to the three-dimensional domain of the asymptotic stability at
its singular point.

It follows from equation (8.49) that, as ¢., increases, the angle between the lines
bounding the asymptotic stability domain decreases, vanishing at g., = ¢o. In that
case the equations of the first-order approximation (8.49) define only the ratio of the
parameters k1 and k», as in equation (8.47). Substituting k; = —(f;/fi)k; + yjk} +
o(ka.), where y; is an unknown coefficient, into equation (8.48) and collecting terms
with the similar powers of k;, we find a second-order approximation to the level curve

der = qo:
k= Dg (TR + wo(hi f; — hy /i) VET GE
P = J

Ji 1

~ Hy —Hpp A G»n -G
H 5 G ’
( —H21 H11 ) ( —G21 Gll )

k7 + o(k}), (8.50)

where
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and H;g, G5 (r,s = 1,2) are the components of the matrices H and G, determined
by equations (8.25) and (8.26).

Equation (8.50) describes two curves that touch each other at the origin in the
(k1, k2)-plane, forming a degenerate singularity known as a cuspidal point [17]. Gen-
erally, the straight line k; = —(f;/fi)k; is not always situated within the stability
domain. However, in the case when the operator D (k) and the matrix Up (k) is a lin-
ear function of the parameters, it will always be in the asymptotic stability domain,
see Figure 8.3 (b), because the matrix H, whose elements are the second derivatives
of D(k) and Up (k) with respect to the parameters k1 and k»,, vanishes.

To study the level curves at g > qo, we rewrite equation (8.43) as follows:

(£,K) + (Hk,K) = +(b,K) /7 (qer — q0) + 03 (GkK) (8.51)

If (Gk, k) > 0, the real solutions of equation (8.51) exist provided that

1| == V/(k.k) > =S Ger =40) (8.52)

0§ (Ge, e)

where e = k/| k||. The condition (8.52) means that the level curves g, > ¢o do not
pass through the origin, as shown in Figure 8.3 (c).

Thus, having analyzed the level curves of the function g, (k1, k2), one can state that
the boundary of the asymptotic stability domain given by equation (8.43), in the neigh-
borhood of the point (0, 0, go) in the (k1, k2, ¢)-space is a surface with self-intersection
along the g-axis and a singular point at ¢ = ¢go and k1, = 0. This is the Whitney
umbrella singularity, because equation (8.43) is equivalent to cd? = e, i.e. to the
defining equation for the Whitney umbrella surface [17,231]. The second condition
of (8.42) cuts off half of the umbrella. The remaining pocket bounds the asymptotic
stability domain.

We know that the Whitney umbrella is a singularity of general position of the bound-
ary of the domain of asymptotic stability of three-parameter finite-dimensional dissi-
pative nonconservative systems, corresponding to a pure imaginary eigenvalue with
algebraic multiplicity 2 and geometric multiplicity 1 [17]. In mechanical applications,
this singularity was first found in 1956 on the stability boundary of Ziegler’s pen-
dulum by Bottema [80, 81]. We have established that the Whitney umbrella is also
a generic singularity of the boundary of the asymptotic stability domain in continu-
ous nonconservative systems of type (8.4) that depend on three parameters. The set
{k:(f,k) =0, (h,k) <0, g < qo} is thus a tangent cone to the singular domain of
asymptotic stability at the exceptional point (0,0, gp). According to equation (8.29),
at small k| and kj, it is the penetration of the plane (8.47) that yields transition of
instability between modes shown in Figure 8.2 (a).

Therefore, by means of approximations (8.29)—(8.31) and (8.43), we have estab-
lished a direct link between the singular geometry of the domain of asymptotic sta-
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bility and the peculiar movement of eigenvalues of a circulatory system perturbed by
small velocity-dependent forces.

8.3 Example: dissipation-induced instability of Beck’s
column

Let us return to the problem (8.1) of transverse vibrations in a viscous medium of a
cantilever rod made of a viscoelastic Kelvin—Voigt material, loaded at its free end by
a tangential follower force g [14,77]. In dimensionless variables, the stability problem
reduces to investigation of the eigenvalue problem (8.2), which can be represented in
the form (8.7) with the operators

P:=03t44qd:, D:=kot+k, M:=1 (8.53)
and the matrix of the boundary conditions
10000O00O00O0
01 00O0O0O00O0
U=Ur:=1060000010 (8.54)
0000O0O0OO0T1
By formula (7.9), we have £(x) = £p(x) + ALp(x), where
0 g 0 1 0O 0 0 ki
| —¢ 0 =10 _ 0 0 —k O
-1 0 0 O -k 0O 0 O
Then, choosing the matrix ﬁ in the form
000O01O0O00O0
~ 000O0O0O1O00O0
u_00100000 (8.56)
0001O0O0O00O0
from equation (7.15) we obtain
0 0 000 —q 0 —1-k1A
= 0 0_00q01+k1)k 0
N 0 1+kiA 000 0 0 0 ’
—1-k1A 0 000 O 0 0
0 —q 0 B —1-k1A 0 0 00
%:q01+klk 0 0 0_00
0 0 0 0 0 1+k4A 0 0
0 0 0 0 —1-k1A 0 00

(8.57)
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Hence, by equation (7.17) the eigenvalue problem that is adjoint to (8.2) is

(1 +kiD)dto + qd2v + (A + kakyv = 0, (8.58)
v(©0) =0, v =0,
1+ kw1 +qv() =0, (1 +kM)Pa) + g =o.

8.3.1 Beck’s column without damping

When there is no damping, i.e. k; = 0 and k, = 0, the natural frequencies, w, of the
system (8.2), are defined by the characteristic equation (7.99) where one should put
k =0,7=1and A = w?. It is well known that the undamped Beck’s column is
marginally stable at the magnitudes of the follower force in the interval 0 < ¢ < qq,
where go =~ 20.05095361 [39,113].

When g = qq, the spectrum of the undamped Beck’s column is discrete [14]. It
consists of a pair of double pure imaginary eigenvalues +iwg (wp & 11.01555764)
and simple pure imaginary eigenvalues iwps, s = 1,2, ..., the sequence of simple
frequencies being

wo1 ~ 53.70722261,
woa A~ 112.3934991,
wo3 ~ 191.0562906,

%

%

Wos—00 ~ 2857+ O(5). (8.59)

The asymptotic behavior of the eigenvalues (8.59) was obtained in [14].

The double eigenvalue iwy has a Keldysh chain of length 2, consisting of the
eigenfunction u( and associated eigenfunction u;, which satisfy the equations with
boundary conditions (8.3). The eigenfunction and associated function of the complex-
conjugate eigenvalue —iwq are solutions to the equations and boundary conditions
obtained from equations (8.11) and (8.58):

3o + qodivo — wdvy = 0, (8.60)
_ M) — @ _ ©) M1y —
vo(0) =0, wox (0) =0, wvox (D+qovo(l) =0, wox (1)+qovox’ (1) =0,

aivl + quivl — a)gvl = 2iwyvg,

v1(0) =0, vlgcl)(O) =0, vlg)(l)+qov1(l)=0, v1§3)(1)+q0v1§1)(1) =0.

The eigenfunctions ug, vg are defined by equations (7.101)—(7.103) and (7.98), where

one should put k = 0 and A = w3.
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Solving the second boundary value problem (8.3) we find the associated function
Ui

a sin(bx) + b sinh(ax) + F(a® cos(bx) — b? cosh(ax))
X

=-2i
u1(x) = —Ziwo 2ab(a® + b?)
i Ay sinh(ax)'— By sin(bx.) . 8.61)
2ab(a? + b?)(a sinh(a) + b sin(h))?
The second boundary value problem (8.60) yields the associated function v
() = 2i a sin(bx) + b sinh(ax) + G(a? cos(bx) — b* cosh(ax))
vi(x) =2iw X
: 0 2ab(a? + b?)
Aj sinh — By sin(b

iy 2 sinh(ax) 2 sin(bx) (8.62)

2ab(a? + b?) (b3 sinh(a) + a3 sin(h))?

The coefficients A1, B; and A,, B, are defined by equations (7.121) and (7.123), and
the quantities a and b by equation (7.98) where k = 0,7 = 1, and A = w?.

In the following we will use the eigenfunctions and associated functions that are
evaluated at k; = 0, k, = 0, and g = g to derive an approximation to the boundary
of the asymptotic stability domain of the dissipatively perturbed Beck’s column, i.e.
when k; # 0 and &k, # 0.

8.3.2 Beck’s column with Kelvin—Voigt and viscous damping

We first investigate the effect of small internal damping (k; # 0) and external damp-
ing (k2 # 0) on the simple eigenvalues £iwgs (s = 1,2,...). The behavior of the
simple eigenvalues as the parameters are varied® is described by equations (8.18). The
increment in the real part of the perturbed pure imaginary simple eigenvalues £iwo ¢
is determined by the vectors gy defined by equation (8.19). Subjecting the eigenfunc-
tions of the simple eigenvalues to the normalization conditions (8.17) that with the
operators (8.53) and the matrices (8.54) and (8.57) take the form

2wo,s(Mugs, vo,s) = 2wo,5(Uo,s» Vo,s) = 1, (8.63)

we find that

&s,1 := (8k1Du0,s, UO,s) = (u0,s§c4), Vos),  gs2i= (8k2Du0,s, UO,s) = (Uo,s5 V0.s) »
(8.64)

and, consequently

1
T
g = ((”0,s§c4)’vo,s), 2wo,s)' (8.65)

5 Similar formulas for the dissipative perturbation of simple eigenvalues of a pipe conveying fluid were
derived in [85].
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As s — oo the eigenfrequencies wp s have the asymptotic behavior expressed by
equation (8.59), which yields the following asymptotic formulas for the corresponding
eigenfunctions [14]:

Uos ~ M + O(S_z), Vo,s ™~
¥4

Using the eigenfrequencies (8.59) and eigenfunctions (7.101)—(7.103) and (8.66),
we evaluate the vectors gg given by equation (8.65)

SINGTY) | o(52). (8.66)

g ~ (35.44204292,0.009309734),
gl ~ (65.03341903,0.004448655),
gl ~ (104.5361973,0.002617029),

.
gsT ~3 (s2n2 +o(s?), st + o(s_z)) , §— 00. (8.67)

By conditions (8.20), all the simple eigenvalues are displaced under the action of
small damping into the left half-plane of the complex plane, if all the scalar products
(g5, k) >0(s =1,2,...), where kT = (k1, k7). The first five boundaries determined
by this infinite set of inequalities are shown in Figure 8.4 (a). With the increase of the
mode number, s, the boundaries tend to the vertical k;-axis, confirming the asymp-
totic law (8.67). Therefore, the intersection of the infinite number of the half-planes
(gs,k) > 0 is determined by the vector g; and the limit g5, only, i.e. just by the
two conditions

ky X —3806.98737%,, ki > 0. (8.68)

All o, get negative
real increments

00001 0  0.0001

Figure 8.4. (a) Linear approximations to stability boundaries corresponding to simple eigen-
values £iwy s tend to the k; axis in the (ki, k»)-plane as s — oo. (b) Approximation (8.76) in
the (k1, k2, ¢)-space to the singular surface determining the stability boundary associated with
the splitting of the double nonderogatory eigenvalues £iw,. At the point (0, 0, go) the surface
possesses the Whitney umbrella singularity.
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Further limitations on the variation of parameters follow from the behavior of the
double eigenvalue i wg. Subjecting the eigenfunctions and associated functions of the
double eigenvalue to orthogonality and normalization conditions (8.12) that simplify
to the following form

2iwo(ur,v1) + (U1,v0) + (o, v1) =0, 2iwo(u1,vo) =1, (8.69)

and then substituting the differential operators (8.53) and the matrices (8.54) and (8.57)
into equations (8.14) and (8.15), we obtain

fi 1= (0k, Duo, vo) = o, v0).  fo := (k, Do, vo) = (uo,vo) = 0,
f 1= (34 Puo, vo) = (o, vo),
Iy :=—i (9, Dur, vo) — i (9, Dug, v1) = =i (1Y, v0) =i (o, v1),

hyi=—i (BkzDul,vo) —1 (8k2Duo,v1) = —2i (u1,vg) = —a)o_l,

=i (3gPur,v0) — i (8g Puo,v1) = =i 1P, v0) — i@, v1).  (8.70)
Consequently,
7 = ((u0§c4), vo),O) , hT =— (i(uoﬁf),v]) +in W, vo),wo_l) . (8.71)

From the last formula of (8.71) and from the expressions (8.29) and (8.32) it imme-
diately follows that the contribution of a small external damping with the coefficient k;
to the increment of the real part of the perturbed double eigenvalue is exactly —k;/2,
in agreement with [77].

Evaluating the scalar products in equation (8.71) at g = go and w = wy, we finally
obtain

7 ~ —4729730023, f ~ ( 94.83559733 ) C ha— ( 14.33730669 ) .

0 0.090780696
(8.72)
The matrix H = 0 according to equation (8.25), because the operators defined by
equation (8.53) depend linearly on the parameters. To evaluate the matrix G with the
help of equation (8.26), one has to solve the boundary value problem (8.27), which
now has the form

4.5 25 2~ dk
Iy + g3 W2 — Wy = ‘72 uo,

2(0) =0, BP0 =0, wPW) =0 BP0 =0 (873

Comparing the boundary value problems (8.73) and (8.3), we deduce that W, =

—% 2:.2)0 . Taking this expression into consideration in equation (8.26), we obtain

i 0 @)\ _ i TR
4('00 (ulx ’ UO) 2(”19 UO) 4(()() (ulx ’ UO) -1 Cl)o
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After evaluation of the scalar products, equation (8.74) gives

0 0.247048251
G~ ( 0.247048251 0.002060283 ) ' (8.75)

With the quantities (8.72) and (8.75), the formula (8.43) yields an approximation to
the critical flutter load as a function of the dissipation parameters
1901.544163k?
(14.33730669k1 + 0.090780696k)?
+ 12.67618014k 1k, + 0.0528571391{%. (8.76)

Ger(ki, ko) ~ qo —

The necessary condition for stability (h,k) < 0 now becomes
ky Z —157.9334283k;. (8.77)

The part of the critical surface (8.76) selected by the condition (8.77) is plotted in
Figure 8.4 (b).

Combining the stability conditions corresponding to both simple and double eigen-
values, we conclude that the viscoelastic Beck’s column in a viscous medium is asymp-
totically stable in the neighborhood of the point

ki =0, ka=0, ¢q=qo,
provided that the following three conditions hold
q <{qcr(ki, k), ki >0, kyz —157.9334283k. (8.78)

Gray areas in Figure 8.5 show sections of the asymptotic stability domain (8.78) in the
(k1, ko)-plane of the damping parameters at different levels of g..

It is clear from Figures 8.4 and 8.5 that there is an asymptotic stability domain in the
(k1, k2, q)-space with the Whitney umbrella singularity at the point (0, 0, gp). When

a) b) c)
ke]l ka]j ¢ kel| |

Asymptotic stability ] Asymptotic stability ] Asymptotic stability

Flutter ] Flutter ] Flutter

0 0.1 ki 0.2 0 0.1 k; 0.2

Figure 8.5. (Black solid lines) cross-sections of the surface (8.76) and (gray areas) the approx-
imation (8.78) to the domain of asymptotic stability in the (k,, k»)-plane corresponding to (a)
der = qo— 5, (b) ger = qo, and (¢) ger = qo + 0.5.
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a) b)
20 ey
%er{ 10
w0 {[THess T 1
5,
oH—-——"— = 0 —
0 0.1 B 02 0 0.1 B 02

Figure 8.6. Drop in (a) the critical flutter load and (b) frequency in the limit of vanishing
dissipation when 8 = k/k, is maintained constant, as a function of 8 [282].

ger 18 close to gg, this domain is strongly stretched along the axis, corresponding to
the coefficient of external damping k,. Moreover, given any small amount of internal
damping k1, the coefficient of external damping k, exists for which g (k1,k2) > qo
and the system with damping is asymptotically stable, cf. e.g. the stability diagram
of the finite dimensional analogue of the Beck’s problem with damping studied by
Plaut [312,480].

Expressions approximating the drop in the critical flutter load and frequency follow
from equations (8.37), (8.46), and (8.72)

1901.544163 82 A 94.835597338
A , W~ )
(14.337306698 + 0.090780696)2 14.337306698 + 0.09078(()?9769)

Aq

where 8 = ki/k;. The solid curves in Figure 8.6 represent the limiting values of the
critical flutter load and frequency as functions of the ratio 8, as evaluated from formu-
lae (8.79). The results are in good agreement with the previous, numerically evaluated,
data [14]. The accuracy of the approximations (8.79) is best in the neighborhood of
B = 0. Nevertheless, the limits of the critical load and frequency atk, = Oandk; — 0
are ¢¢r ~ 10.80032458 and w., ~ 4.400954260, respectively, which are close to the
values g ~ 10.94 and w., & 5.40, obtained numerically in [14].

8.3.3 Viscoelastic Beck’s column with a dash-pot

In 1987, Panovko and Sorokin [466] and then in 1994 Zhinzher [615] considered a
Beck’s column made of viscoelastic Kelvin—Voigt material with the damping coef-
ficient k1. They neglected the damping due to resistance of the medium (k, = 0)
and assumed that instead a dash-pot with the damping coefficient k3 is attached to the
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a) b) c)

Figure 8.7. (a) The viscoelastic Beck’s column with the dash-pot [466, 615]. (b) Approxi-
mation (8.93) in the (ki, k3, ¢)-space to the singular surface determining the stability bound-
ary associated with the splitting of the double nonderogatory eigenvalues +iwy. At the point
(0,0, go) the surface possesses the Whitney umbrella singularity [278,279]. (c) Cross-sections
of the approximation (8.93) showing that the ‘petal’ of asymptotic stability shrinks to a point
at the origin when g., — qo.

free end of the column, Figure 8.7 (a). This results in the following nonself-adjoint
boundary eigenvalue problem

(1 + ki A)d%tu + qd2u + A%u = 0, (8.80)
w(©0 =0, uP0) =0, uP)y=0 1 +kuP)=kru)=o0.

We denote k7 = (ki, k3). In the problem (8.80) the physical (k) and spectral (1) pa-
rameters are both in the differential expression and in the boundary conditions. We will
show that our perturbation theory can be efficiently applied to treat this complication.

First we note that the problem (8.80) is of the form (8.7), where the operators P,
D, and M are given by equation (8.53) with k, = 0, the matrix Uy; = 0, Up is
determined by equation (8.54), and

o O O
o O O

Up = (8.81)

= el
(=N oo}
=N el
= el
(=N ool
oS O OO

|
e
x~

3 1

With the matrices (8.55) and (8.56) by formula (7.15), we find

0 0 00 ksA —g 0 —1—k
% — 0 0 00 g 0 l+kAi 0
0 l+kA 00 0 O 0 0 ’
—l—kiA 0 00 0 O 0 0
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0—q 0 —1-kiA 0 0 00

F_|a 0 l+ka 0 0 0 00 (8.82)
0 0 0 0 0 14+kA 00
0 0 0 0 -1 0 00

With the eigenfunctions (7.101) and (7.102) at the simple eigenvalues of the ideal
(undamped) Beck’s problem that satisfy the orthogonality and normalization condi-
tions (8.63), we find the vector g determining the linear approximation to the domain
where a simple eigenvalue i wg s acquires negative real part:

— (“O,s§c4), UO,s) 8.83
B (uo,s(l)ﬁo,s(l) ' (559

Evaluating at ¢ = go =~ 20.05095361 the vectors (8.83) corresponding to the eigen-
values (8.59) yields

gl ~ (35.44204292, 0.043193894),
g7 ~ (65.03341903, 0.019193683),
gl ~ (104.5361973, 0.010961677),

&l ~ 3 (7 o), o). (8:84)

Therefore, linear approximation to the domain in the (k1, k3)-plane, where all simple
pure imaginary eigenvalues of the ideal Beck’s problem have negative real part under
the dissipative perturbation, is

ki >0, ks Z —820.5336357k;. (8.85)

On the other hand, with the eigenvectors and associated vectors of the double eigen-

value i wg of the ideal problem that satisfy the conditions (8.69), we find the vectors f,
g, and the coefficient f determined by equations (8.14) and (8.15):

_ i) + il v ) [ —14.33730669
iur (1)vo(1) + iug(1)v1(1) —0.134073064 )

o [ @ofw) ) (9483559733
~\ wo(ywo(n) | T\ 1563105909 )°
~= uO 3v0 X — -7 7 . ( .
@ yg) ~ —4.729730023 8.86)

The matrix H = 0 according to equation (8.25), because the operators defined by
equations (8.53), (8.54), and (8.81) depend linearly on the parameters. The function
W, determining the matrix G in equation (8.26) follows from the boundary value prob-

lem (8.27) that in case of the dash-pot damping takes the form
941 + god2 by — wiby = Lrdtug, (8.87)

(00 =0, WP0)=0, WHP1) =0, WKWP1) =—-LKuy).
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Then,
dk dk d k dks
G —— (@412, v0) — P (Dvo (D) + =2 (Dvo(1).  (8.88)
de de de de
Solution to the boundary value problem (8.87) exists because of the solvability con-
dition (uo @ 2 00) 7t dkl + uo(l)vo(l)dk’ = 0, and has the form

dky Fab(b?cos(bx) — a’®cosh(ax)) + b3 sin(hx) + a* sinh(ax)
— X
de 2(a? + b?)

dky (a®> — b*)Fbsinh(ax) dk; As(cos(bx) — cosh(ax))

de 2(a* + b?) de 2(a? + b?)(a? cosh(a) + b2 cos(b))’
where the coefficients F', a, and b are determined by the equations (7.103) and (7.98)
withn = 1,k = 0, A = wj, and ¢ = ¢o. The coefficient Aj is

A3 = Fab(2b?sin(b) + a(a® + b?) sinh(a) + b* cos(b) + a* cosh(a))

—2b* cos(b) — 2a* cosh(a) + b° sin(b) — a° sinh(a). (8.90)

Wa(x) = (8.89)

Therefore, the matrix G evaluated at g = g, is

—53.33393310 4.848259906
G~ ( 4.848259906 0 ) 850

Proceeding as in the previous example we conclude that the domain of asymptotic
stability of the viscoelastic Beck’s column with the dash-pot is described by the con-
ditions

ki >0, k3 Z —106.9365181k;, q < qcr(ki,k3), (8.92)
where the critical flutter load is approximated by the expression [278,279]

(43.60669860k| + 0.718737375ks3)?
(14.33730669k + 0.134073064k3)?

- 1368.2965591(12 + 248.7668530k k3. (8.93)

Ger(k1,k3) ~ qo —

The stability domain described by conditions (8.92) is shown in Figure 8.7 (b). The
critical load as a function of damping parameters has the Whitney umbrella singu-
larity at the origin. According to equation (8.93) the critical load decreases for any
combination of damping parameters k; and k3 in the vicinity of the origin, contrary
to the resistance of a medium (k;) that can increase the critical load, no matter how
small k; is. When ¢, < qo is close to g, the asymptotic stability is confined inside
a closed ‘petal’ in the (k1, k3)-plane as Figure 8.7 (¢c) demonstrates. It grows with the
decrease of g.r. When ¢g.» — ¢o, the petal shrinks to a point in the (k1, k3)-plane.
A further increase in the critical load yields an unstable region surrounding the ori-
gin. Note that the same qualitative behavior is demonstrated by the flutter threshold
in the two-degrees-of-freedom models of the analogous physical systems: Ziegler’s
pendulum with a dash-pot [615] and Reut’s pendulum with a dash-pot [553,555].
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8.3.4 Ziegler’s pendulum with a dash-pot

Consider, for example, stability of the vertical equilibrium position of the two-link
pendulum that is connected to a firm basement by a revolute joint and is loaded at its
free end by a follower force, P, Figure 8.8 (a). The links have equal length, /. A mass,
m, is attached to the free end of the pendulum. Another mass, 2m, is concentrated at
the joint, connecting the two links. At both joints the elastic torques are acting with
the stiffness coefficient, ¢. The coefficient of viscous damping is b; at the lower joint
and b4 at the upper one. This is the classical Ziegler’s pendulum [622]. In addition,
a dash-pot with the damping coefficient, b3, is attached to the pendulum at its free
end [615], see Figure 8.8 (a).

b) °)
—
ki
qcr: >>>>>
] 0
2.05
2] -0.05
] -0
Asymptotic ks
1.95 4 stability . 0.1
01 0 0.4 k, 08

Figure 8.8. (a) Ziegler’s pendulum with a dash-pot [615]. (b) Singular boundary of the domain
of asymptotic stability. (c) Contours of the stability boundary shrinking to a point when g., —

Qo =7— 2

Small oscillations of the pendulum about the equilibrium are described by the linear
equation 2 J
y y
M— +D— +Py=0. 8.94
az " Par T 854

After introduction of dimensionless parameters and separation of time, y =
uexp(At), equation (8.94) yields the eigenvalue problem for a matrix polynomial

(A*M 4+ AD + P)u =0, (8.95)
where the mass, damping, and stiffness matrices have the form [615,622]
(31 kst ki + ks k3—k _(2—q9 qg—1
M_(l 1)’ D_( ks — ki ks+ky )’ P = -1 1)’
(8.96)

and

Pl bi34 t c
= —, k = i N = - . 897
1= 134 =7 T l‘/m (8.97)
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Assuming here that k4 = k;, we find from the Routh—-Hurwitz stability conditions
that Ziegler’s pendulum with the dash-pot is asymptotically stable if and only if 7k; +
2k3 > 0and ¢ < gcr(ky,k3), where

37 5 lky 1ky 20 1
ki, k3) = —ksky + —k? 4+ - — + ——= + — 4 —k? 8.98
Ger(k1,k3) 2831+143+2k3+7k1+7+41 (8.98)
Tk 42k 4k, 4 20k 20 4
+— = k2 4 10ksk—16+—+25k3+—+— + —.
28 \/1 k3+ 3R] +k%+ 3+ kl +k3k1+k%

The domain of asymptotic stability bounded by the surface ¢ = g, (k1, k3) is shown
in Figure 8.8 (b). One can see that the critical flutter value attains its maximum g =
go = 7/2 — /2 at k; = 0 and k3 = 0, which corresponds to the ideal (undamped)
system.

The critical load (8.98) is a strictly decreasing function of the damping parameters
in a neighborhood of the origin. This means that in this domain small damping always
destabilizes the pendulum, whatever the combination of the damping parameters is.
The level curves of the surface (8.98) shown for different g, < q¢ in Figure 8.8 (c)
evidence that for ¢, tending to gg, the domain of asymptotic stability, confined in the
petal-like regions in the (k1, k3)-plane, shrinks to the exceptional point (0, 0, go) in the
(ky1, k3, q)-space.

Comparing the approximation to the stability domain of Beck’s column with the
dash-pot shown in Figure 8.7 (b, c) with the exact stability domain of Ziegler’s pendu-
lum presented in Figure 8.8 (b, c), we see that both the continuous and finite-dimen-
sional models possess qualitatively the same destabilizing effect of external damping
in the dash-pot. In the next section we will demonstrate that the method developed for
the analysis of the dissipation-induced instabilities in continuous systems is directly
applicable to finite-dimensional systems.

8.4 Application to finite-dimensional systems

All the results of this chapter remain valid in the case when the operator L in the
eigenvalue problem (8.7) is a matrix polynomial, such as (8.95) that corresponds to
the equation (8.94), where the matrices can be of arbitrary dimension, say m. In this
case, one should simply omit the terms describing the contribution of the boundary
conditions in the perturbation formulas for eigenvalues and eigenvectors and under-
stand the scalar product (.,.) as that in the complex vector space.
Let us calculate, for example, the approximation to the drop in the critical flutter
load in the finite-dimensional circulatory system
d’y dy

— + kD

772 7 +P@)y=0 (8.99)



Section 8.4 Application to finite-dimensional systems 261

in the classical formulation, when M is the identity matrix, the operator of velocity-
dependent forces has the form kD, k is a scalar parameter and D is a constant matrix
[75,159,369,589]. "

Calculating the vectors f, h, and the scalar f by equations (8.14) and (8.15), we
derive from equation (8.46) that [288]

. 1 Duy, v
Aq :=qo — lim gcr (k) = ( (Do, vo)
k—0

(Pyug, vo) \ (Duy, vp) + (Dug, vy)

where P; = dP/dgq, and the derivative is evaluated at g=gq.

In a particular case when system (8.99) has m = 2 degrees of freedom, the eigen-
vectors and associated vectors of the double eigenvalue i wg in equation (8.100) can
be expressed in terms of the entries p;;, i, j = 1,2, of the matrix Py = P(qo):

_ 1 2p12 ) L pu—pn )
110 - ’ VO - 5 b
4piatrtPo \ P22 — p1i 2 2p12

—l A 2trP() —2p12 ) . ( 1 )
ww=—-— , Vi = —i+/2trP , 8.101
! 4p1,(trPy)? ( 3pn+pn ! °\ o ( )

2
) , (8.100)

where trPy = 2a)(2) and pys # 0. Then,®

2trPo P —trPytrP 2trPoD—trPotrD
(Prug, vo) = =55 =, (Dug,vo) = =35,
(Duy, vo) + (Dug, v;) = i 2PDSuPoD /4P (8.102)

4({1‘P0)2
With the quantities (8.102), equation (8.100) yields [286]

B —2(trPg)? 2trPoD — trPotrD |2
~ 2trPyP; — trPotrP; \ 2trPoD—3trPotrD )

Agq (8.103)

where Py = P(qo), P1 = dP/dq|4=4,.- According to equation (8.103), Ag = O for
the matrices D satisfying the condition trPyD = a)gtrD. In the vicinity of this set we
can simplify the denominator of equation (8.103) to obtain [296,312]

-1 (trPoD — w3trD

Ag =
1 trPoP; — wjtrP, trD

2
) , D #0. (8.104)

8.4.1 The destabilization paradox in Ziegler’s pendulum

Consider Ziegler’s pendulum without a dash-pot but with different coefficients of vis-
cous damping in the joints [622]. Its small oscillations about the vertical equilibrium
position are described by equation (8.94) with the matrices (8.96), where k3 = 0 and
ka # k.

6 The case p2 = 0 is considered in the same way and gives the same results.
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If the damping is absent (k; 4 = 0), the system is marginally stable atg < go, where
the critical load g¢ corresponds to the double eigenvalues +iwg, and [622]

wo=2""4 ¢o= % - V2. (8.105)
The dissipative system (k1 4 # 0) is asymptotically stable if and only if

q <qer(ki k), ki > —ka, (8.106)
where [222]

_G2) Ri—(45VDk)? 1
2 (kitka)(ki+6kg) 27 0F

The domain of asymptotic stability determined by equations (8.106) and (8.107) is
shown in Figure 8.9 (a). It appeared first in the work [520].

ger(ki,ks) = qo (8.107)

a) b)
-0.5! 57
g -0 ol %
e
3 |
\ 34
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0 k4 1 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5

Figure 8.9. (a) The domain of asymptotic stability (8.106), (8.107) of Ziegler’s pendulum. (b,
c¢) The level curves of the function g.,(k;, k4): (solid lines) exact solution (8.107), (dashed
lines) approximation (8.110), (dotted lines) equation (8.112) [288].

If we assume k| = k4 in equation (8.107) and consider a limit of g, (k4) as k4 goes
to zero, then we obtain

Ger = lim gep(ky) = 4 ~ 1.46 < qo = T V2 &~ 2.09. (8.108)
k4—0 28 2

Inequality (8.108) established by Ziegler in 1952 shows that the critical load of the
pendulum with equal damping coefficients decreases in a discontinuous manner due
to infinitesimally small dissipation. This inequality constitutes the Ziegler—Bottema
destabilization paradox [81,312,622].

Now we apply the theory developed in this chapter to approximate the stability
domain. First, we find the right and left Keldysh chains of the double eigenvalue 1y =
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i wyp at the critical load gq:

=(3578). wom(5).

3J2+2
-l (244 _iwg [ 10-842
VO_E( -7 ) Ve E( 19ﬁ—36)' (8.109)

The vectors satisfy conditions (8.12). Then, from equations (8.14), (8.15), and (8.26),
we find that H=0, f = —1/4, and [288]

) e (118) e )

With these vectors and matrices, the approximation of the function g, (k1, k2) (8.43)
and of the second of inequalities (8.42), takes the form

(k1 — (4 + 57/2)ks)?
er(ki, ks) = qo — 223 — 24/2)?
q ( 1 4) q0 \/_( \/—) (kl_(4_5\/§)k4)2
7 1 1
+2ﬁ((2_ﬁ)k‘%+(§_1ﬁ)klk4)’ (8.110)
ki > (4 — 53/2)ks. (8.111)

Equation (8.110) and inequality (8.111) approximate the boundary of the asymptotic
stability domain given by equations (8.106) and (8.107) in the vicinity of the point
(k1 = 0,ks = 0,9 = qo). The level curves of this boundary in the plane of the
damping parameters k; and k4 given by equations (8.107) and (8.110) are shown in
Figure 8.9 (b, c) by solid and dashed lines, respectively. Figure 8.9 (b) demonstrates
that both the exact function g (k, k4) and its approximation are symmetrical with
respect to the origin of the (k1, k4)-plane. Inequalities (8.106) and (8.110) determine
which half of the surface g, (k1, k4) bounds the domain of asymptotic stability. We
see that equation (8.110) approximates the exact stability boundary (8.107) with good
accuracy even when the variation of the parameters k1, k4, and g is large.

The level curves corresponding to g, = ¢o can be approximated as well by formula
(8.50):

ki = ki(4 +542) + kf\/50(133 +944/2) + O(k3). (8.112)

Approximation (8.112) is shown in Figure 8.9 (c) by the dotted lines. We see that equa-
tion (8.110) gives a more accurate approximation of the level curve at g., = o than
equation (8.112) because the latter contains only second-order terms with respect to k4.
Note that asymptotic expression (8.112) appeared first in [520] from the analysis of the
Routh—Hurwitz inequalities. We obtained exactly the same result analyzing splitting
of the double eigenvalue of the circulatory system under dissipative perturbation.

Let us now find how the critical load of Ziegler’s pendulum drops at various ratios
of the damping coefficients. Assume k| = § cosa, k4 = §sin« in equations (8.107)
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Figure 8.10. The critical load g, (8 cos &, § sin ) and its limit as §—0 for Ziegler’s pendulum:
Bold lines — exact solutions, thin lines — the approximations [288].

and (8.110) and plot the critical value ¢g.,(8) and its approximation as functions of
the parameter § for different values of the parameter «, as shown in Figure 8.10 (a).
Consider a limit of g., (8 cos«, § sina) as § goes to zero:

~ (3-2V2)  (cosa—(4+5/2) sina)?

- _ . 8.113
der(@) = qo ) (cos a+ sina)(cos o +6 sin &) ( .
Transforming equation (8.110) in the same way, we get
. 2
_ cosa—(4+54/2) sma)
o) = d0—2/3(3—2.J/7)? . 8.114
Ger(®) = qo \/_( \/—) (COS(X—(4_5‘/§) sin o0 ( )

The function (8.113) and its approximation (8.114) are shown in Figure 8.10 (b).
Note that the limit of the critical load smoothly depends on the direction in the plane of
the damping parameters determined by the angle o and never exceeds go: Gcr (@) < qo.
Therefore, the limit of the function g.r(ky,k4) when k| and k4 tend to zero is not
defined, as was first noted in [615].

Therefore, an infinitesimally small dissipation generically destabilizes the circula-
tory system, and Aq := ¢o — Gcr (o) measures a drop in the critical flutter load for
the different directions «. Only for a unique combination of the damping parameters,
ki = (4+5+/2)k4 (corresponding to o ~ 0.09), does a small dissipation stabilize the
pendulum. In this case, the exact equation (8.113) as well as its approximation (8.114)
take the form

2
qer(ka) = qo + %“(4 + 54/2). (8.115)
Therefore, while tending the damping parameters to zero one can reach gy only by
maintaining the ratio k1/ k4 = (4 + 5/2).
Finally, we obtain the approximate expressions describing the trajectories of the
eigenvalues of Ziegler’s pendulum and compare the approximations with the numeri-
cal solution of the characteristic equation. Substituting the vectors and matrices given
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by equation (8.110) into expressions (8.32), we find

o= 2 e kya-s ).
1 7 11
d= Z(‘]O_q) + w(% ((Z_\/E) k4%+ (E—Zﬁ) k1k4) s
e =w01_8ﬁ(k1—k4(4+5«/§)). (8.116)

The real and imaginary parts of the eigenvalues as functions of parameters are de-
termined by equations (8.30) and (8.31) with the coefficients ¢, d, and e given by
equation (8.116). The function ReA(q) is shown in Figure 8.11 (a) at different values
of k| under the assumption that k4 = k. Since k#(4+5+/2)k4 the small damping
destabilizes the pendulum. In this case the eigenvalues move in the complex plane
along the branches of the hyperbola given by equation (8.29), which takes here the
form

V2+1

(Im)t—a)o+Re/\+T(k1—k4(4—5ﬁ)))2
— (Imk—wO—ReA—ff—;—l(kl—k4(4—5 V2)))?
=wy */Z_l (k1—k4(4+5+/2)). (8.117)

The approximations of the eigenvalue trajectories shown in Figure 8.11 by the
dashed lines give a correct qualitative picture of the behavior of the eigenvalues in
good agreement with the exact solutions of the characteristic equation for small vari-
ations of the parameters. However, the critical load g, (k1, k4) is approximated with
good accuracy even for large deviations of the damping parameters.

0.5 -05 0 0.5

Figure 8.11. Movement of eigenvalues of the Ziegler’s pendulum calculated numerically
(solid lines) and their approximations by equations (8.30), (8.116), and (8.117) (dashed lines)
for ky/ k) = 1[288].



Chapter 9

The MHD kinematic mean field «>-dynamo

Although eigencurves have been used in a
variety of ways for about a century, they seem
comparatively underdeveloped in their own
right.

P. Binding and H. Volkmer [64]

Motions of an electrically conducting medium (plasma or liquid metal) can produce
a magnetic field. Electric currents and fields that are generated by the moving fluid
amplify the existing magnetic field and maintain it against resistive decay. The pro-
cess of conversion of mechanical energy into magnetic energy is called dynamo. The
magnetohydrodynamics (MHD) dynamo is the main mechanism that creates magnetic
fields of stars and planets [199,359].

9.1 Eigenvalue problem for a?>-dynamo

The motion of a conducting fluid in a magnetic field is described by the MHD equa-
tions that basically couple the Navier—Stokes equations of a viscous fluid to the in-
duction equation for a magnetic field [199]. This set of nonlinear partial differential
equations with boundary conditions requires as a rule computationally expensive nu-
merical simulations [197, 198]. Nevertheless, the dynamo action can be understood
already by means of simplified models of the kinematic dynamo theory based on the
assumption that the velocity field of the fluid, v, is prescribed and not affected by the
magnetic field, B.

In the kinematic regime, the time evolution of the magnetic field is reduced to the
linear induction equation

3;B = V x (v x B) + nV’B, 9.1)

where V-B = 0and n = (uoo) ! is the magnetic diffusivity, o = const the electrical
conductivity of the fluid, and p( the magnetic permeability of free space. Although a
number of flows are known that make the kinematic dynamo (9.1) work, see e.g. [188],
it is a hard problem to find such a flow configuration [247].
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In 1966, in order to further simplify the model (9.1), Steenbeck,! Krause, and Rédler
[331,543] proposed to split the magnetic field and the flow as

B=B+B, v=v+V (9.2)

into mean and fluctuating components, respectively. Then, averaging the induction
equation (9.1) by applying the Reynolds averaging rules yields

3;B=Vx(FxB)+VxE&+nV?B, 9.3)

where & = v’ x B’ is the mean electromotive force due to fluctuations [247]. For its
occurrence, known as the a-effect, the small scale (convective or turbulent) motions of
the fluid must on average be nonmirrorsymmetric, e.g. helical. Such a chirality of the
medium naturally occurs due to Coriolis force when it moves in a rotating body [489]
or can be created artificially by impellers [545].

Subtracting the mean field equation (9.3) from the original one (9.1) gives an equa-
tion for the evolution of B’ that suggests that this field is generated by the interaction
of the turbulent v/ with the mean magnetic field B. Therefore,

&i = aijBj + Bijr0x, Bj + -+, 9.4)

where the tensors a;; and b;;; depend on the velocity fields v/ and V. Assuming further
that a;; and b;;i are isotropic, i.e. a;; = a(r)d;; and b;jr = —pe;jx, where f =
const, and that the mean flow is vanishing (v = 0), we arrive at the equations of the
MHD kinematic mean field a>-dynamo

9;B =V xaB + nrV°B, 9.5)

where n = B + n is the turbulent diffusivity [195,247,489].
In spherical geometry (r, 8, ¢), we can specify B by two independent scalar fields
— toroidal (7") and poloidal (P) as [247]

B=Br+Bp, Br=VxTr, Bp=VxVxPr. (9.6)

Then, assuming that @ = «(r) is a smooth function of the radial coordinate only, from
equation (9.5), we obtain [207,331]

;P =aT +npV>P,
1

3T =—aV*P — —(3,a)(d,rP) + nrV>T. 9.7)
r

Thus, the distributed spherically symmetric helicity parameter «(7) couples the evo-
lution equations for the poloidal (~ axial) and toroidal (~ azimuthal) components of

I Max Steenbeck (1904-1981) — a German physicist, one of the inventors of the betatron [489], in
which electrons are accelerated by the electric curl forces (circulatory forces) [55] generated by a
time-dependent magnetic field.
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the field which can yield their mutual amplification. This double a-effect is reflected
in the name of a2-dynamo [247].

Expanding the poloidal and toroidal components in spherical harmonics as P ~
erint p(.m.n) (MY (0,9)and T ~ ell-"tT(l’m’")(r)Yl’” (0, ¢), finally yields the sys-
tem of equations [207,211]

8%_%"’2‘& a(r) (u1 ) =/\(ul ) 9.8)
~3ra(r)dy + o)) g2 LD J uz )’
where u; = rpUmn y, = ppUmn) ) — Aln, and the variables r and ¢ are

re-scaled so that 7 = 1 and r € (0, 1]. The equations (9.8) are equipped with the
boundary conditions [307]

(B + 1= Bur(1) + pu; V(1) =0, uy(1) =0. 9.9)

The homotopy parameter 8 € [0, 1] interpolates between the Dirichlet (8 = 0)
boundary conditions, corresponding to an infinitely conducting exterior, and Robin-
type (8 = 1) boundary conditions, corresponding to a nonconducting exterior of the
dynamo region [331]. Although the latter are more relevant for the use in applications
[195], the former allow for an almost completely analytical treatment of the problem
and in this way provide immediate deep insights into underlying structures and effects
[208].

The eigenvalues, A, of the problem (9.8) with the boundary conditions (9.9) indicate
stability or instability that is determined by the result of a competition between the
resistive dissipation and the «-effect due to vortical motions of the fluid, i.e. in fact by
the spatial profile of a(r). Existence of at least one eigenvalue with ReA > 0 means
instability, i.e. dynamo, which can be either oscillatory (ImA # 0) or nonoscillatory
(ImA = 0).

It is known that when spatial distribution of the helicity parameter is uniform, i.e.
a(r) = ap = const, the principle of exchange of stabilities [145, 183] holds: at
some threshold value og > O the first unstable eigenvalue has imaginary part equal
to zero. Hence, the a?>-dynamo is nonoscillatory when Vo = 0 [331]. Some nonuni-
formly distributed helicity parameters can, however, produce complex eigenvalues
with positive real part and, in particular, make the leading unstable mode oscillatory,
see e.g. [195,211] where successful helicity distributions were suggested by numerical
optimization to have the form

a(r) =ao f(r) (9.10)

with oy = const and f(r) the algebraic or trigonometric polynomial.

With the distributions (9.10) the following situation typically occurs that is schemat-
ically illustrated by Figure 9.1(a). For a given f(r) = f4(r) the growth rates
Reld ;s (ap) of the two lowest eigenvalues, which are real, meet at some value of «q
(exceptional point) where a double real eigenvalue with the Keldysh chain of length 2
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Figure 9.1. (a) Typical behavior of the growth rates of the eigenmodes of the a>-dynamo
with the nonuniform profile of «(r) [195, 547]. (b) A scheme of the corresponding stability
diagram with the 0% singularity, with white color encoding the asymptotic stability, dark gray
the oscillatory dynamo (flutter), and light gray the nonoscillatory dynamo (divergence).

is originated. The double eigenvalue splits into two complex eigenvalues with the fur-
ther increase of «. The eigencurve Rel;(«p) has a maximum as a function of o
when A; > 0. The dynamo is nonoscillatory. Slightly changing f(r) one obtains
f(r) = fp(r) such that the eigencurves behave similar to the case 4 except that the
maximum is associated now with the simple eigenvalue A; = 0 and the instability
threshold jumps to the oscillating branch. When f(r) = fc (r), the maximum corre-
sponds to a simple real eigenvalue A; < 0 so that the first unstable eigenvalue is of an
oscillatory mode.

In the (f, op)-space the described behavior of the growth rates suggests the stabil-
ity diagram that is schematically shown as a planar one in Figure 9.1 (b). It consists
of two sheets, one corresponding to the spectra where the first eigenvalue is simple
and vanishing (A = 0) and another one corresponding to the spectra where the first
eigenvalue is pure imaginary (A = +iw). The two sheets transversally intersect at a
set that corresponds to a spectrum with the double zero eigenvalue with the Keldysh
chain of length 2 (0% in terminology of Arnold [17]). The first sheet separates the do-
mains of asymptotic stability and nonoscillatory dynamo (divergence). It is curved in
such a manner that it has a vertical tangent at / = fp. The second sheet separates the
domains of asymptotic stability and oscillatory dynamo (flutter). Note that in finite-
dimensional dissipative systems depending on at least two scalar parameters, the 0>
singularity is generic [17,518].

The parameter regimes near the 0 singularity shown in Figure 9.1 (b) were em-
ployed by Stefani and Gerbeth [547] in order to construct a nonlinear model based on
the kinematic a?>-dynamo equations, demonstrating reversals of polarity? of the dipole

2 Polarity reversals of the Earth’s magnetic field have fascinated geophysicists since their discovery
about a century ago. While the last reversal occurred approximately 780000 years ago, the mean
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component of the magnetic field generated by the a>-dynamo. The singular geometry
of the stability boundary appears to be responsible for the self-tuning mechanism of
field reversals discussed in [547]. The importance of the specific interplay between os-
cillatory and nonoscillatory modes for the reversal mechanism had been emphasized
by Sarson and Jones [509]. A particular problem of this nonlinear model in which ex-
ceptional points are involved, is how to describe a class of functions «(r) that robustly
produce either oscillatory or nonoscillatory dynamos. The problem is complicated by
strong sensitivity of the destabilizing properties of «(r) to the choice of boundary
conditions.

In this context it is worthwhile to note that important features of dynamos are most
easily understandable when treated with idealized (i.e. perfectly conducting) boundary
conditions. This was the case for explaining the famous eigenvalue symmetry between
dipole and quadrupole modes as was done by Proctor in 1977 [487]. Standing in this
tradition, in the present chapter we obtain analytically the destabilizing spatial profiles
a(r) in case of physically realistic boundary conditions (8 = 1) via a homotopic
deformation of eigencurves of the problem with idealistic boundary conditions (8 =
0) [208,307].

9.2 Uniform a-profiles generate only nonoscillatory
dynamos

We rewrite the boundary eigenvalue problem of the a>-dynamo given by equations
(9.8) and (9.9) in the matrix form (7.1) with N = 2 and m = 2, convenient for the
implementation of the perturbation theory developed in Chapter 7:

Lu:=1po2u+j0yu+Lu=0, Uu:= [, Blu = 0. 9.11)

The matrices in the differential expression L are

1 0
10 - ( _a(x) 1 )9 11 - 8x107

_ld+n
12=< o~ A alx) ) 9.12)

a(x)l4D LD,

reversal rate is about 4 per Myr [307]. The nature of reversals is quite complex and there is little hope
to understand all their details within a simple model. Recent computer simulations of the geodynamo
have progressed much since the first fully coupled 3D simulations of a reversal by Glatzmaier and
Roberts in 1995 [198]. Polarity reversals were observed in one of the recent liquid sodium dynamo
experiments [545]. Nevertheless, apparently only kinematic mean field dynamo models are so far
available to provide detailed matches with observations of at least solar magnetism.
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and U := [A, B] € C**? in the boundary conditions, consists of the blocks

1000 0 000
0100 0 000

A=loooo | ®=|p+1-p0po0 ©.13)
0000 0 100

The vector function u € H = L(0,1) & L»(0,1) lives in the Hilbert space
(#, (.,.)) with inner product (u,v) = fol v udx, where the overbar denotes com-
plex conjugation, and the boundary vector u is given as

ul = (uT(O),aqu(O),uT(l),8qu(1)) e C. (9.14)

We assume that a(x) := oy + yAa(x), where ag = const, y is a scalar param-
eter, and Aa(x) is a smooth real function C2(0,1) > Aa(x) : (0,1) — R. The
helicity parameter can also be represented in the form (9.10) as a(x) = o f(x) with
flx) =1+ ;’—OAa(x). For a fixed Aa/(x) the differential expression L depends on
the parameters oy and y, while 8 interpolates between idealized (8 = 0) boundary
conditions, corresponding to an infinitely conducting exterior, and physically realistic
ones (8 = 1) corresponding to a nonconducting exterior of the dynamo region [307].

9.2.1 Conducting exterior: self-adjointness in a Krein space

The spectral problem (9.11) is not self-adjoint in a Hilbert space, but in the case of
idealized boundary conditions (8 = 0) the fundamental symmetry of the differential
expression [207,208]

Lo:=L( =0)=JL{J, J= ((1) (1)) (9.15)

makes Ly self-adjoint in a Krein space (X, [.,.]) [202,203] with indefinite inner prod-
uct [.,.] = J.,.):

[Lou,v] = [u,Lov], uwve XK. (9.16)

For  # 0 the operator Ly is not self-adjoint even in a Krein space. The matrix 8 of

the boundary conditions and auxiliary matrix 2T for the adjoint differential expression
Liv = 1392v — 170, v + I}v follow from the formula (7.15) where the 4 x 4 matrices

A and B are chosen as

~ 01 = 00 10
a=(01). ®=(00) 1=(). en
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9.2.2 Basis properties of eigenfunctions

For constant ¢ —profiles «(x) = a9 = const, x € [0, 1), the operator matrix L takes
the simpler form [208]

-1 0 0 ao
@y
L _(ao _1)®A,+(O 0)@1, (9.18)

where [ is the identity and

I+ 1)

x2

A= =02 + . (9.19)

Then, the two-component eigenfunctions u(x) can be derived in the form [208]
C
Un(x) = ( C; ) ® un(x) € C>® L,(0,1), (9.20)

where Cy, C; € C are constants to be determined and u,, are the eigenfunctions of the
operator A;

Ajuy = ppip, u(x \(0)=u(x=1)=0. 9.21)
These eigenfunctions u, are Riccati-Bessel functions [208]
V2
Un(x) = Npx2 011 (Jpnx), Npi= —Y= (9.22)
" MR " i3 (Von)|
that are orthonormalized as
(Umsun) = Smn, lunll = 1. (9.23)

Hence, the spectrum of the operator A; consists of simple real eigenvalues p, > 0 —
the squares of Bessel function zeros

Nt =0, 0< P <P <. (9.24)

Spectrum and eigenvectors of Lg® follow from equations (9.18) and (9.20) as

AE=2F () =—pntaoy/om €R, neZt (9.25)
and
+ 1 2
ul =(im)uneR ® L»(0,1), (9.26)

and correspond to Krein space states of positive and negative type

[k uf] = £2./008mn, [uiul]1=0, uwfeXicX. (9.27)



Section 9.2 Uniform «-profiles generate only nonoscillatory dynamos 273

9.2.3 Spectral mesh of eigencurves

The branches /\,jf of the spectrum (9.25) are real-valued linear functions of the parame-
ter g with signature-defined slopes & ,/p, and form forall/ = 0, 1,2, ... a mesh-like
structure in the («p, Red)-plane, as depicted in Figure 9.2 (a).

In order to calculate the intersection points of the spectral branches (the nodes of
the spectral mesh), we introduce the following convenient notation

AZ=—Pn + £Q0A/Pn » e==£

1
uy = ( - ) tn (9.28)

which allows us to treat in a unified way positive and negative Krein space states,
marked in Figure 9.2 (a) by light and dark gray colors, respectively.
Two branches A% , A2 with n # m intersect at a point (g, Ap) when

m>’*n
Ae = A3,
—Pn + €0 /Pn = —pm + 80 /Pm
wy = —La=Pm (9.29)
0 e/Pn—8/om

ay =0 = &/pn +8./0m
and hence
A =A% = A = £8./Pnpm - (9.30)

equations (9.29) and (9.30) imply that spectral branches of different type § # ¢ inter-
sect for both signs of g at A < 0. In contrast, intersections at Aj > 0 are induced by

a) b)
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Figure 9.2. For a(x) = ap = const and [ = 0: (a) Eigencurves of the eigenvalue prob-
lem (9.11), corresponding to the perfectly conducting surrounding (8 = 0, spectral mesh of
light and dark gray straight lines) and to the insulating surrounding (8 = 1, separated black
parabolic branches). (b) Numerically calculated homotopic deformation of the spectral mesh
into the parabolic eigencurves for 8 € [0, 1] [209].
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spectral branches of positive type (light gray lines in Figure 9.2 (a)) when og > 0, and
by spectral branches of negative type (dark gray lines in Figure 9.2 (a)) when g < 0.

According to equation (9.26) the double eigenvalue Aj possesses the two distinct
eigenvectors ug and ud:

1 1
uf,z(g pn)u,,, ufnz((gm)um. (9.31)

Consequently, the intersection points given by equation (9.29) correspond to double
eigenvalues (9.30) with two linearly independent eigenvectors (9.31), i.e. they are
semisimple eigenvalues (diabolical points, DPs, [270]) of algebraic and geometric
multiplicity two [155,298,428].

Spectral meshes for neighboring mode numbers / and / + 1 have only slightly dif-
ferent slopes of their branches and behave qualitatively similar under perturbations,
cf. Figure 9.2 (a) and Figure 9.3 (a). Therefore, basic spectral structures for [ = 1,2
dipole and quadrupole modes can be illustrated by the simpler but less physical [ = 0
monopole modes given by trigonometric functions.

9.2.4 Deformation of the spectral mesh via transition from conducting
to insulating surrounding

When [ = 0, the eigenelements (9.28) of the spectral mesh simplify [208]

Ay = —(7n)? + eagmn, /\fn = —(7m)* + Sagmrm, €8 =+, (9.32)

e 1 . 5 1 .
u, = (87171 sin(nrwx), u, = Sm sin(mm x). (9.33)

The eigencurves (9.32) intersect and originate a double semisimple eigenvalue with
two linearly independent eigenvectors (9.33) at the node (a, Ay), where

A = edn’*nm, «af =emn +Sum. (9.34)

For the (I = 0)—mesh, depicted as dark and light gray lines in Figure 9.2, the
diabolical crossings of the (¢n)-th and (sn+ j )-th modes with the same fixed | j| € ZT
are located on a parabolic curve [208]

AMag) = % (g — 7 %) (9.35)

where ap = o} = 7 (2ne + j) and A} = M) = 72n(n + &f).

Eigencurves of different Krein signature § # ¢ intersect for both signs of o at
Ay < 0O (the resulting Krein signature of the double eigenvalue is thus mixed [390,
603]), whereas intersections at Aj > 0 are induced by spectral branches of coinciding
signatures: for ¢ = § = + atap > 0, and for e = § = — at g < 0 (Ay has definite
Krein signature [390, 603]).
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For constant o(x) = «p, the spectrum remains purely real on the full homotopic
family B € [0, 1] and passes smoothly in the (9, ReA)-plane from the spectral mesh
at 8 = 0 to nonintersecting branches of simple real eigenvalues at § = 1, see Fig-
ure 9.2 (b). In the monopole case / = 0 the full spectral homotopy is described by the
characteristic equation [209]

(1—,6)\/058—74/\ [cos (\/m) — Cos (010)] +2BA sin (\/058—74/\) =0. (9.36)

For the idealized boundary conditions ( = 0) equation (9.36) yields the spectral
mesh (9.32) whereas for physically realistic boundary conditions (8 = 1) it leads to
a spectrum consisting of the countably infinite set of parabolas

As(ao) = %(azé — %5, (9.37)

which are shown as black curves in Figure 9.2 (a). The parabolic eigencurve (9.37)
passes exactly through the nodes of the spectral mesh (9.32), located on the curve
(9.35) with j = s. Moreover, when B takes values between § = O and § = 1,
the spectral mesh unfolds into eigencurves that always pass through the loci of the
diabolical points at the intersections of the spectral mesh at 8 = 0, see Figure 9.2 (b).
The loci of the DPs are fixed points of the homotopy Vg € [0, 1], which indicates that
they are ‘deeply imprinted’ in the boundary eigenvalue problem?® (9.11).

It is remarkable that for any 8 € [0, 1], all the eigenvalues are real and negative
until at af” = mn the first (n = 1) eigenvalue vanishes, becoming positive with the
further increase of og. We see that at g < «f” the a?-dynamo is a heavily damped
[34,99] dissipative system that is unstable by divergence at oy > o when the or-effect
produced by the vortical motions of the electrically conducting fluid is intense enough.
Thus, when «/(x) is a uniformly distributed helicity parameter, the eigenvalues remain
real under variation of the parameter § in the boundary conditions, and the monopole
(I = 0) modes of the a>-dynamo are always nonoscillatory. This result persists at
[ # 0too [331].

9.3 Nonhomogeneous «a-profiles and the conducting
exterior

Complex eigenvalues in the eigenvalue problem (9.11) can be produced by nonuni-
form spatial distributions of the helicity parameter a(x) = a9 + yAa(x), as Fig-
ure 9.3 (b) demonstrates for the dipole mode / = 1 and w(x) = oy + 2.5 cos(67x)
when the exterior is conducting (8 = 0). We see that in the spectral mesh shown in
Figure 9.3 (a) for «(x) = a9 = const the nodes unfold under the cosine perturbation
either into rings of complex eigenvalues (black lines in Figure 9.3 (b)) when A < 0,

3 Cf. the same homotopic deformation effect in the eigenvalue problem associated with the rotating
circular string with an elastic restraint [476,510] discussed in Section 7.3.
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Figure 9.3. For/ = 1 and B = 0: (a) Eigencurves A5 (g > 0) are straight lines intersecting
at semisimple degeneration points (diabolical points) of algebraic and geometric multiplicity
two. (b) Numerically calculated deformation of the spectral mesh with unfolding of diabolical
points for the nonuniformly distributed helicity parameter a(x) = a9 + 2.5 cos(6r x) [208].

or veer away forming avoided crossings when Aj > 0. Note that the deformations of
the mesh spread over a broad parabola-like region with the pronounced maximum of
the effect localized along one of the parabolic curves (9.35). With distance from such a
resonant parabola the effect of the nonuniform perturbation of the a-profile vanishes.

Another important observation is that complex eigenvalues are produced only by
eigencurve crossings with the mixed Krein signature (¢ # §). The eigencurve cross-
ings with the definite Krein signature yield real eigenvalues, Figure 9.3 (b). This hap-
pens in the situation when the «-profile loses its uniformity but the boundary condi-
tions are not perturbed (8 = 0), i.e. when the operator L of the ar>-dynamo remains
self-adjoint in a Krein space under perturbation of a-profile, cf. equation (9.15). In the
following, we will demonstrate this explicitly by means of the sensitivity analysis of
Chapter 7.

9.3.1 [ > 0: definite Krein signature prohibits formation of complex
eigenvalues

Let us assume that the operator Ly in equation (9.18) has at g = & a semisimple
double eigenvalue Ay with eigenvectors u’, and ufn determined by equations (9.30)
and (9.31). Consider a perturbation of the «-profile of the form

a(x) = oy + yAa(x). (9.38)

Then, the perturbed operator is given by

0 Aa(x)
o __ %) . %)
0 =L’ +v ( Aa(x)A; — Ao’ (x)0y 0 ) = Lo" + v ©:39)
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and the eigenvalue problem (9.11) can be expanded in terms of the small parameter y
as [155,208,298]

(LY + yL)(ug +yu +..) = Ay +yAr +..)@y +yu; +...).  (9.40)

Here, u}) is an eigenvector of the unperturbed operator L3° at the eigenvalue A} and,
hence, has to be a linear combination of u;, and u‘fn

w) = cjué 4 cpul, € span(uf,,ufn) c XK. (9.41)
Comparing the coefficients at the same powers of y yields up to first order in y
L uy = Aguy , (9.42)

Lgou1 + Llllz)} = )tglll + /\1118 . (9.43)

The first of these equations is satisfied identically, whereas the second one can be most
conveniently analyzed by projecting it with the help of the Krein space inner product
[.,.] onto the two-dimensional subspace* span(ufl, u‘fn Cc K

[Liud,ud] = A [u), vé],  [Liug,ud] = A[u), ud]. (9.44)

Using (9.41) in (9.44) yields a closed system of defining equations for the first-order
spectral perturbation A and the coefficients ¢ and ¢; [155,208]

[Liuy,up] — Ay [uy, ug] [Liud,, ug] €
=0, (9.45)
[Liut,ud,] [Liud,, ud,] — Aq[us,, ud,] &)

i.e. in first-order approximation the perturbation yL; defines the spectral shift A; and
lifts the directional degeneration (9.41) of the zeroth order eigenvectors uy by fixing
two rays in the subspace span(u;,, u‘fn) C K, seee.g. [270,517].

In our subsequent considerations of the system (9.45) we will need different explicit
representations of the matrix elements containing L;. Partial integration and substitu-
tion of the relation 82u, = [—pp + (I + 1)/x?]u, give these representations as [208]

1
[Liud,ul] =/0 A [(om+E8 /Pr ) tmttn +itptin +uipu, | dx  (9.46)

1 [(I+1) ,
= Aa | | €8/ pnpm~+ 2 UmUn+Uu, i, | dx (9.47)
0
1
= 20mpn)* [ Ba)gha(rdx, mnezt, @49

4 The terms containing u; cancel due to the self-adjointness (9.15) of the operator L§° and equa-
tions (9.41), (9.42).
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where the functions gfnn (x) can be naturally interpreted as components of a perturba-
tion gradient in the Krein space K

(enm/PrPmx* + 12 4+ DI 1412 /o) J141/2(x /Pn)
X(Pnpm)]/4Jl—l/2(\/Pn)Jl—l/Z(\/ om)

N X /Pm I 1-172(xX /Pm) — 11 41/2(X \/Pm)
X (Pnpm) 4 J1—112(JPn) J1=1/2(/Pm)

X (X /PnJ1-172(x /Pr) — 11 4172(x/Pn)) - (9.49)

We note that they are symmetric gfn n = g,ﬂ - Representation (9.48) may prove es-
pecially useful for the optimization of a-profiles with respect to given constraints or
experimental requirements [195]. The symmetry properties of equation (9.47) and its
implication

ginn(x) =

[Liuy, )] = [Liu, u,] (9.50)

are a natural consequence of the Krein space self-adjointness of the perturbation op-

erator L; and the real-valuedness of the eigenvectors u, ufn.

From (9.45) and (9.50) we obtain the following defining equation for A

2 [Liug, u)] [Llu‘gm,ufn] [Lluz,ui][Llufn,ufn] — [Lluz,u‘fn]2 —0
1 1 [uE, uf] [, | [ut, ut|[ud,, ud ] -
n>-n m> " m n>-n m> m
(9.51)
which with the Krein space norm (9.27) reduces to
PERRpY LA B TS A LA A LT e LA R
: 2e./pn 28./Pm 4¢8 \/Pnom
(9.52)

The unfolding of the diabolical points is accompanied by a fixing of the directions
of the zeroth order eigenvectors ug € span(u’, u‘fn) C K [270]. Using A 4+ in (9.45)
one finds these directions as rays uy , = cj+uy + cz,iufn, where

Cl+ [L1u8 u® _ [Llufn,ufn] - [ufn,ufn]kl,i

m> n]

e ) — Lo ] o
The quadratic equation (9.52) is of the type A? — Aj(a; + a2) + aja; — e8b* /4 =
0, aj,az,b € R, and its solutions A + = (a; +a» = \/(al —a)? + &8b2)/2 are
real-valued for ¢ = § and complex for e # § N (a;—as)*> < b>. We see that they show
the typical Krein space behavior [390]: Intersections of eigencurves corresponding to
Krein-space states of the same type (¢ = §) induce no real-to-complex transitions
in the spectrum (veering or avoided crossing [370, 583]). In contrast, intersections of
spectral branches corresponding to states of different types (¢ # §) may in general be
accompanied by real-to-complex transitions (bubbles of instability [390,392]).
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In terms of the gradient functions g,lnn (x) the defining equation (9.52) for the first-
order spectral perturbations A; reduces to

1
A=A /0 Aa (eg,lm + ngnm) dx

1 1 1 2
+&d [(/ Aozg,lmdx) (/ Aagfnmdx) - (/ Aag,lnndx) :| =0 (954
0 0 0

with solutions

1 1
At = 5/ Aa(eg,lm + 8g£nm)dx
0

1 1 2 1 2
+ 5 \/|:/ Aa (egh, —88hm) dx:| + 4&é [/ Aaginndx] . (9.59)
0 0

From equation (9.55) we see that when 6 < O the ‘diagonal’ terms

1
/0 Aa(gh, + &hym)dx (9.56)

prevent the imaginary offset of an eigenvalue whereas the ‘off-diagonal’ terms

1 2
[ / Aaginndx} (9.57)
0

enhance possible transitions to complex eigenvalues, which thus occur for

1 1 2 1 2
e£d8 N (5/ (g,ﬂn + gfnm)Aadx) < (/ gf,mAadx) . (9.58)
0 0

Condition (9.58) yields an explicit classification criterion for ¢ —profile perturbations
with respect to their capability to induce complex eigenvalues. It is an efficient search
tool for concrete o (x)-profiles — and transforms in this way some general observations
made in [207] into a technique of direct applicability.

The functions g’ (x) for / = 1 and different values of 1, m and 8 are shown
in Figure 9.4. The ‘diagonal’ functions with m = n are always nonnegative and the
graphs of any two of them, g} (x), g}, (x) with m # n intersect only marginally,
Figure 9.4 (c). Their differences g (x) — gJ,,,(x) are oscillating but mainly sign-
preserving functions so that they act as an averaging integration kernel, Figure 9.4 (d).
In contrast, the ‘off-diagonal’ functions g,llm (x) withm # n show strong sign changes
and in this way they act as filter kernel, Figure 9.4 (a,b). The subtle interplay of the
‘offset’ and ‘oscillation filter’ functions is crucial for the a-profile to act as a generator
of complex eigenvalues [208].
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a) b)
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Figure 9.4. Functions g,ﬂm(x) for/ = 1and (a,b)n = 1, m = 2,3 in the cases (a) ¢§ = 1
and (b) ¢§ = —1 and (¢) for/ = 1 and n = m. (d) Gradient function differences g,'l R () —
g (x)forn =2,...,6[208].

9.3.2 [ = 0: oscillating solutions from the repeated decaying modes
with mixed Krein signature

In this section, following the work [208] we consider the rather idealized case of zero
spherical harmonics, / = 0, which in analogy to quantum scattering theory can be
interpreted as s-wave sector. Due to its symmetry contents, this sector does not play a
significant role in physical dynamos [207,331]. Nevertheless, the study of such ideal-
ized models will turn out very instructive from a technical point of view. Due to their
simpler structure they will allow for a detailed analytical handling and a transparent
demonstration of some of the essential mathematical features of the dynamo models.
In this way, they will provide some basic intuitive insight into the dynamo-related
specifics of the unfolding of diabolical points. In the more realistic (! > 1)-sectors,
these specifics re-appear in a similar but more complicated way. Subsequently, we
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perform an analytical study of the local unfolding of the diabolical points (along the
lines of Section 9.3.1) that we supplement by numerical results on the deformation of
the spectral mesh.

Let [ = 0. Then the differential expression of the operator 4;—, reads simply
Aj—¢ = —3% and A;— has orthonormalized eigenfunctions uy (x), u, (0) = u, (1) =
0 and eigenvalues p;,

U, = /2sin(nmwx), on = (7n)*. (9.59)

The eigenvalues of the matrix differential operator Li° are given by equation (9.32)
and the corresponding eigenvectors (9.33) yield Krein space inner products

[, ul ] = 27 n8.58mn (9.60)
and perturbation terms
[LluﬁvuZ] = 27%mn /01 Aa(x)cos [(§m —en)mx]dx. (9.61)
According to equations (9.30), the diabolical points are located at points
af = w(en +38m) =M, A} = eSa’mn (9.62)

and form a periodic vertical line structure in the (g, ReA)-plane. Note that in the (/ >
1)-sectors (for fixed [ > 1), this line structure is approached asymptotically in the
|m|, |n| — oo limit [208].

In order to simplity notations, we pass from double-indexed eigenvalues AS and
states u§ € K, C K+ & K_ C K with (n,6) € Zt x Zy ~ Z* = 7 — {0} to
eigenvalues A, and normalized states v,, depending only on the single state number
ne:

Ay for neZ* 12 1/4 wie Ky for neZt
An_{)tlzl for neZ™ 27 P Vn_{u|:I|GJC— for neZ~ (9.63)
with obvious implication
[V, Vin]l = €n 6um,> &n :=sign(n). (9.64)

Inspection of the defining equation (9.51) for the first-order spectral perturbations
A shows that this equation is invariant with respect to a re-scaling of u, ufn. Passing
to the single-index notation (9.63) yields

1

Vrln

with the following convenient representation of the perturbation terms (9.61)

1
[Livay ), vn] = /|In(n + ])|/ Aa(x)cos(jrx)dx . (9.66)
0

An = _(7[”)2 +aomn, vyp(x) =

( ﬂln )sin(n|n|x), nezZ* (9.65)
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This reduces the defining equation (9.52) for the spectral perturbation at the (1,7 +
J) node of the spectral mesh (the intersection point of the A, and A, 4 ; branches of
the spectrum) with coordinates

af =@+ j)=:aM, A} =n’n(n+j) (9.67)

to

1
A= mQ2n + ) / Aa(x)dx (9.68)
0

1 2 1 2
+7*n(n + ) |:(/ Aa(x)dx) — (/ Aa(x) cos(jnx)dx) ] =0
0 0

with solutions

1
Mg = %(2n + ) / Aa(x)dx (9.69)
0

2 2
+ %\/j2 (/o] Aoz(x)dx) +4n(n + j) (/01 Aa(x) cos(jnx)dx) .

We observe that the strength of the complex-valued unfolding of a diabolical point
at a node with n(n + j) < 0Ois defined by the relation between its cos(j x)-filtered
perturbation fo Aa(x) cos( jmx)dx (cf. gradient function in Figure (9.4) (b)) and its
average perturbation fo Aa(x)dx (cf. gradient function in Figure (9.4) (c)). A deeper
insight into this peculiar feature of the unfolding process can be gained by expanding
the perturbation Ac/(x) in Fourier components over the interval [0, 1]

Aa(x) = %0 + 3 lag cos(2rkx) + by sin(2kx)] (9.70)
k=1

with coefficients given as ay = 2f01 Aa(x)dx, ap = 2f01 Aa(x) cos(2mkx)dx,

by = 2[01 Aa(x)sin(2rkx)dx. In this way, the integral fol Aa(x) cos(jmx)dx in
(9.66) reduces to components of the type

1
/ cos(jrx)dx =8j0,
0

1
/ cos(2rkx) cos(jrmx)dx = j 2u +0_; 2k)
0

l\)l>—‘

for j = 42k

1
sin2mkx) cos(jmx)dx = _ J 9.71
/0 (2kx) cos(jmx) - szjz o 0 am O
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and we obtain the perturbation terms (9.66) as

LV joval = 5 VIn +1Q; ©.72)

0o .
. 1—(=1)/ 4brk
Qj = aosjo+ kX_:l [ak (8 ok +6_j k) + il (9.73)
The defining equation for the spectral perturbation A; now takes the form
2 T . w’ N2 2
MR=03Cn+ ag+ Zonln + j)@j - 0) = 0 074
and leads to the following very instructive representation for its solutions
71 ,
ha =7 [(Zn + j)ag £ \/jza% +dn(n + j)QJZ.J. (9.75)

The structure of these solutions shows that the unfolding of the diabolical points is
controlled by several, partially competing, effects. Apart from the above mentioned
Krein space related feature of unfolding into real eigenvalues for states of the same
Krein space type (n(n + j) > 0), and the possibility for unfolding into pairwise
complex-conjugate eigenvalues in case of states of opposite type (n(n + j) < 0),
a competition occurs between oscillating perturbations (ag o, bx) and homogeneous
offset-shifts ag. In the case of vanishing offset-shifts (mean perturbations), ag = 0,
any inhomogeneous perturbation with ag,b; # 0 for some k > 1 leads for two
branches with n(n + j) < 0 to a complex unfolding of the diabolical point. The
strength of this complex directed unfolding becomes weaker when the homogeneous
offset perturbation is switched on (ag # 0). There exists a critical offset

G =~ 0 ©.76)
which separates the regions of real-valued and complex-valued unfoldings® (in the
present first-order approximation).

For a% < ag(c) N n(m + j) < 0 a complex-valued unfolding occurs, whereas for
a% > a(z)(c) N n(n + j) < 0 the diabolical point unfolds real-valued. The special
case of a critical (balanced) perturbation a(z) = a(z)(c) N n(n + j) < 0 corresponds to
an eigenvalue degeneration A1 4+ = A;— =: () which, because of equations (9.53)
and (9.63) and ¢| +/c2+ = c1.—/c2—, has coinciding zeroth order rays so that via
appropriate normalization the corresponding vectors v(‘)” 4 and vi _ can be made coin-
ciding vy , =vj_ =: v(‘;( o) This means that the original diabolical point splits into a
pair of exceptional (branch) points at perturbation configurations ag = =%|ag()| with
a Jordan (Keldysh) chain consisting of the single (geometric) eigenvector (ray) v(‘)’(c)

5 We note that for intersecting spectral branches it necessarily holds that j # 0 so that the offset term
apdj o in Q; cancels and the definition (9.76) of the critical offset a(z)(c) is justified.
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supplemented by an associated vector (algebraic eigenvector). This is in agreement
with the unfolding scenario of diabolical points of general-type complex matrices de-
scribed in [270].

Finally, the special case of j = —2n is of interest. It corresponds to the intersection
points located on the (g = 0)-axis of the (g, ReA)-plane, where the operator matrix
is not only self-adjoint in the Krein space X, but also in the Hilbert space #. Due
to the vanishing factor 2n + j, these diabolical points unfold via perturbations with

AL = £(n/2)|n|,/aj _alznl'

9.3.3 [ = 0: Fourier components of «(x) determine the unfolding
pattern of the spectral mesh.

Let us now consider the strength of the unfolding contributions induced by certain
Fourier components. For this purpose, we remember that the diabolical points at nodes
(n,n + j) with the same absolute value of the index j are located on a parabolic curve

1 , w2 .
AL = Z(ag;2 —n%j?) = T(M2 — 2. 9.77)

Due to its special role, we will refer to j € Z as parabola index (M € Z is the index
of the vertical line in the (g, ReA)-plane defined in equations (9.62) and (9.67)). The
explicit structure of Q; following from equation (9.73)

8 00 k P
Q] _ { T k=1 bkm, ] = :I:l,:l:3, (978)

ax(8jok +6_jok), J = 2,4, ..

shows that cosine and sine components of a similar order |ay | ~ |bg | contribute differ-
ently at different nodes of the spectral mesh. It is remarkable that for all DPs with the
same even | j | (parabolas consisting of black points in Figure 9.5 (a)), the splitting of
the corresponding double eigenvalues depends (modulo the pre-factors 4n(n + j), j2)
only on the mean value ag of the perturbation A«/(x) and its |j/2|-th cosine compo-
nent a| /. For n(n + j) < 0 these contributions are competing, whereas for a strictly
real-valued unfolding n(n + j) > 0 they enhance each other, see Figure 9.5 (b). Fur-
thermore, we find from M := 2n 4 j that the even/odd mode properties of j imply
the same properties for M : even (odd) modes affect the unfolding of diabolical points
at even (odd) M only. This is also clearly visible in Figure 9.5 (a).

In the more complicated case of odd parabola indices || the splitting of the dia-
bolical points on the parabola (9.77) (in Figure 9.5 (a) they are marked as points of
the same shape) is governed by the competition between a( and the complete set of
sine components by of the perturbation Aa(x). According to equation (9.78), a dom-
inant role is played by sine harmonics with j? ~ 4k?, i.e. with k+ = (|j| £ 1)/2,
such that a clear resonance pattern occurs, see Figure 9.5 (c). Sine components with
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Figure 9.5. (a) Odd harmonics of a(x) define the unfolding properties only of the white
diabolical points (equally shaped DPs correspond to the same value of |j|), whereas even
harmonics affect only the black DPs. Selective deformation of the spectral mesh with res-
onant unfolding of diabolical points due to perturbation by pure harmonics for y = 5/2
and (b) Aa(x) = cos(8mx), (c) Aa(x) = sin(8xx). (d) The resonant unfolding under
a(x) = 7 4 2.5sin(407 x) in the complex plane [208,306].

j? ~ 4k? are highly enhanced by a small denominator over the other sine compo-
nents and the corresponding harmonics can be regarded as resonant ones. In contrast,
sine contributions with modes away from the resonant k+ = (|j| £ 1)/2 are strongly
inhibited by the denominator 4k — j2 and tend asymptotically to zero for j2 — oo,
as Figure 9.5 (d) illustrates.

A first-order approximation based insight into this asymptotical behavior can be
gained from the positions of the exceptional points (EPs) in the («tg, Red)-plane (the
points where real-to-complex transitions occur). For this purpose, we use a 1D-lattice
type parameterization for o in form of g = a§ + Aoy = 7M + Aoy, M € Z, and
switch to a setting with y = 1. Interpreting A as perturbation of a configuration with
oy = M allows us to relate Aw to the Fourier coefficient ag) = 2Ac and to estimate
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the ap-positions of the EPs A, (M, j) relative to their corresponding diabolical points
located on the line «f = 7M. Via equation (9.76) and n = (M — j)/2 we get for

given Q; ,
[Aae(M, ) = —”("j—t”gf- =3 (1 - %) 02 ©.79)

For diabolical points in the lower (g, ReA)-half-plane, it holds that | j| > |M|+2 and
expression (9.79) is well-defined. In the case of cosine perturbations aj cos(2wkx),
equation (9.78) implies that only a single diabolical point per M = 0, 2, +4, ... un-
folds, Figure 9.5 (b), whereas for sine perturbations by sin(27kx) it leads to a count-
ably infinite number of unfolding diabolical points per M = =£1,43,+5,..., see
Figure 9.5 (c, d).

Substituting equation (9.78) into equation (9.79) one obtains the M2, k> < j? —
oo asymptotics of the EP positions as
4\by |k

nj?’

|Aae(M, j)| ~ (9.80)
i.e. for increasing j? the distance of the EPs from the DPs tends to zero, see Fig-
ure 9.5 (c). Conversely, equation (9.80) may be used to give an estimate for the num-
ber of complex eigenvalues for a given o = wM 4+ Acwyg close to a diabolical point
line at g ~ M, |Aag| < 7 : |j| ~ 2[k|bx|/ (| Aag])]/2, see Figure 9.5 (d).

We arrive at the conclusion that both types of | j |-nodes (even ones and odd ones)
show a similar collective behavior along the parabolic curves (9.77) of fixed j?, re-
sponding on some specific a-perturbation harmonics in a resonant way. Hence, a spe-
cific a-resonance pattern is imprinted in the spectral unfolding picture of the diabolical
points.®

For example, we find for cosine perturbations (depicted in Figure 9.5 (b)) that the
harmonic k = 4 induces a visible unfolding effect only for diabolical points located
strictly on the associated parabola with index j = 2k. This corresponds to the pre-
diction of first-order perturbation theory. However, when the amplitude of the per-
turbation, y, is big enough, the unfolding of other DPs becomes visible too, see Fig-
ure 9.6 (a), which is not caught by the first-order perturbation formulas.

The effect of sine perturbations with mode numbers k = 4,20 is shown in Fig-
ure 9.5 (c,d). As predicted by the resonant condition (9.78), we find a strongly pro-
nounced unfolding of diabolical points located on the parabolas with |j| = 2k £ 1,
that is for | j| = 7 and |j| = 9 (Figure 9.5(c)) and for |j| = 39 and |j| = 41 (Fig-
ure 9.5 (d)). The DPs with |j| = 2k &= m, m > 1 are less affected and the strength of
the unfolding quickly decreases with increasing distance m to the resonant parabolas
in good coincidence with the analytically predicted «-resonance pattern and in accor-
dance with the estimate (9.79) and (9.80).

6 Similar resonant unfolding demonstrates the spectral mesh of a rotating circular string on a partial elas-
tic foundation when the stiffness distribution of the foundation is varied with the angular coordinate,
see e.g. [602].
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With the increase of the strength of the pure harmonic perturbations, the regions
with complex-conjugate spectral contributions grow and shift into the upper (e, ReA)-
plane leading to overcritical oscillatory dynamo regimes (ReA > 0,ImA # 0). An esti-
mate of critical a-profiles, for which such a transition to the upper («g, ReA)-half-plane
starts to occur, can be given within a first-order (linear) perturbative approximation by
assuming ReA (ap) = O for the exceptional point closest to the (ReA = 0)-line. Rela-
tions (9.77) and (9.79) and ReA = Af + ReAd; = Ay + wMay/4 yield this condition
in terms of the Fourier components (Q;) of such a critical a-profile as

Rek—n—z(Mz— 2+ Iy (1——2)1/2|Q-|—0 9.81)
! TTy J2 = '
This relation may be used for testing c-profiles on their capability to produce complex
eigenvalues in the right spectral half-plane (ReA > 0,ImA # 0).

Explicit analytical considerations of the spectrum in the (I > 0)-sector are ob-
structed by the lack of simple transformation rules between Riccati-Bessel functions.
Nevertheless, the strong similarity between the spectral behavior of the s-wave sector
and the (! > 0)-sector suggests to use (! = 0)-mode models as analytic testing ground
for a deeper understanding of structural subtleties of dynamo models — in a similar way
as the spherically symmetric a?>-dynamo is a mathematical idealization compared to
more realistic setups [208].

9.4 Insulating boundary conditions induce unstable
oscillations

We have established that since in the case of conducting boundary conditions (8 = 0)
the operator Ly is self-adjoint in a Krein space both for the uniform and nonuniform
a-profiles, the perturbation «(x) = o + yAa(x) induces complex unfolding only of
negative real double eigenvalues at the diabolical points of the spectral mesh. Such
oscillatory modes are decaying, if y is not large, see Figure 9.5 and Figure 9.6 (a).
In order to break this restriction imposed by the Krein space structure of the bound-
ary eigenvalue problem (9.11) with the Dirichlet boundary conditions and to force
the complex splitting of the growing repeated modes, we need to depart from these
boundary conditions by assuming that 8 # 0.

Figure 9.6 (a) shows in the (¢, y)-plane the zones of the oscillating solutions of the
dynamo problem (9.11) found numerically for 8 = 0 and Ax(x) = cos(2wkx). We
see the regular structure of the tongue-shaped regions shown in dark gray that stem
from the points on the «g-axis with the coordinates g = +2ms, s = 0,1,.... At
small y the tongues are associated with the decaying oscillations of the magnetic field.
The tongues with the index s = 0, 1,...,k — 1 are angle-shaped and thus should be
well described by the linear approximation following from the first-order perturbation
formulas (9.69). The tongues with s > k are degenerate and require taking into account
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Figure 9.6. | = 0, ¢(x) = oy + ycos(4rx): (a) Numerically calculated tongue-shaped
regions in (&g, y)-plane corresponding to the decaying (dark gray) and growing (light gray)
oscillations of the magnetic field for (a) 8 = 0 and (b) 8 = 0.2 [210].

higher-order perturbation terms describing splitting of the negative double eigenvalues
at the nodes of the spectral mesh.

Numerical calculations with 8 # 0 evidence that the dark gray tongues lose their
sharpness and depart from the ¢-axis, Figure 9.6 (b). Surprisingly, in addition a large
domain of growing oscillatory solutions (shown in light gray in Figure 9.6 (b)) origi-
nates without any evident connection to the case 8 = 0. However, a look at the numer-
ically found deformation pattern of eigencurves shown in Figure 9.7 under variation of
the constant ¢-profile into an inhomogeneous one, &(x) = ag + yAa(x), with simul-
taneous variation of the boundary conditions demonstrates that the process of creation
of the eigenvalue branches with ReA > 0,ImA # 0O (important for the magnetic field
reversal mechanism [547]) is governed by a strong resonant correlation between the
Fourier mode number of the inhomogeneous A /(x) and the index () of the parabola
(9.77).

Indeed, in Figure 9.7 the perturbation of the a-profile Aa(x) = cos(2wkx) highly
selectively induces complex eigenvalue segments in the vicinity of DPs (dark and light
gray circles) located on the parabola (9.35) with index j = 2k. We see that in contrast
to the case 8 = 0, simultaneous variation of the a-profile and the boundary parameter
B produces the bubbles of instability not only from the crossings with mixed Krein
signature (dark gray circles) but also from those with definite Krein signature (light
gray circles).

The underlying influence of ‘hidden’ DPs on real-to-complex transitions of the spec-
tral branches can be made transparent by analyzing the unfolding of the DPs [277,298]
at the mesh-nodes (e, Ay) under variation of the parameters g, B, and y, with the
use of the perturbation theory in Chapter 7.
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Figure 9.7. | = 0: (thin lines) spectral mesh (9.32) for y = 0, 8 = 0; (dashed) eigenvalue
parabolas (9.35) for y = 0, 8 = 1; (bold black) eigenvalue branches for § = 0.3, Aa(x) =
cos(2rkx),and () k = 1,y = 2.5, (b) k = 2, y = 3, with resonant overlaps near the
locations of the diabolically crossed modes having (light gray) definite and (dark gray) mixed
Krein signature [307].

9.4.1 [ = 0: complex unfolding of double eigenvalues with definite
Krein signature

Taking into account that the components of the eigenfunction u/ = (u1,u5) of the
eigenvalue problem (9.11) and vI = (v1, vp) of its adjoint are related as vp = u
and v; = u,, where the overbar denotes complex conjugation, we find from equa-
tions (7.30) and (7.31) the asymptotic formula for the perturbed eigenvalues, origi-
nating after the splitting of the double semisimple eigenvalues at the node (o, Ay) of
the spectral mesh, by deforming the constant a-profile into an inhomogeneous one,
a(x) = ag + Aag + yAa(x), fol Aa(x) = 0, with simultaneous variation of the pa-
rameter 8 in boundary conditions. For the (/ = 0)-model this formula reads [298,307]

A =A§-A3ﬂ+“—23Aaoi%JB, 9.82)
where Aag := ag — o, af = m(en + 8m), A} = edn’mn,
D :=((en — §m)Awg)* + mn ((e1 4 81)yA — (=)™t (n 4+ m),BJt)2
— mn ((e1 = 81)yA — (=1)" " (n — m)Bx)’, (9.83)
and 4 := fol Aa(x)cos((en —ém)mx)dx.
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For y = 0 it holds that D > 0, confirming that the eigenvalues remain real under
variation of the parameters oo and B only. If, additionally, oo = «f, then one of
the two simple eigenvalues (9.82) remains fixed under first-order perturbations with
respect to B: A = Ay in full accordance with the fixed point nature of the DP loci under
the B-homotopy shown in Figure 9.2 (b). The sign of the first-order increment of the
other eigenvalue A = Ay — 248 depends on the sign of A and, therefore, directly
on the Krein signature of the modes involved in the crossing (o, Ag). This is in full
agreement with the numerically computed roots of the characteristic equation (9.36)
for the problem (9.11) with a(x) = a9 = const and [ = 0, shown in Figure 9.2 (b).
Therefore, to create complex eigenvalues an additional parameter, y, is necessary.

Equation (9.82) implies that in first-order approximation the domain of oscillatory
solutions with ReA # 0 and ImA 5 0 in the («g, 8, y)-space is bounded by the conical
surfaces D = 0 with apexes at the DPs (¢, 0,0), as shown in Figure 9.8 (a). At the
boundary D = O the eigenvalues are twofold degenerate and nonderogatory, that
is they have Jordan (Keldysh) chains consisting of an eigenvector and an associated
vector. Thus, DPs in the (cg, 8, y)-space unfold into 3D conical surfaces consisting of
exceptional points (EPs).

The inequality D < 0 defines the inner part of the cone D = 0 in the («o, 8, ¥)-
space. The part of the cone corresponding to ReA > 0 (oscillatory dynamo) is selected
by the condition 2A4 (1 — ) + oy Ay > 0. The conical zones develop according to
resonance selection rules similar to those given by equation (9.78) for the case 8 = 0.
For example, if Aa(x) = cos(2rwkx), k € Z, then

1/2, 2k = +(en —34m)

1
A= /0 cos(2rkx) cos((en — dm)mx)dx = { 0, 2k # +(en—38m)

(9.84)
so that in first-order approximation only DPs located on the (j = 2|k|)-parabola
(9.35) show a DP-EP unfolding (cf. numerical results in Figure 9.7). The cone apexes
correspond to 2|k| — 1 DPs with mixed Krein signature (¢6 = —) and countably
infinite DPs with definite Krein signature (¢§ = +). The two groups are shown in
Figure 9.8(b) in dark and light gray, respectively.

The real parts of the perturbed complex eigenvalues are given by ReA = Ay (1—-8)+
o (ao — ) /2 and for fixed o and increasing B they are shifted (for both groups)
away from the original DP positions toward the (ReA = 0)-axis (cf. the numerical
results in Figure 9.7) — an effect which is similar to the self-tuning mechanism of
field-reversals uncovered in [547].

Apart from this similarity, the eigenvalues of the two cone groups show significant
differences. The 2|k| — 1 cones of the first group have a nontrivial intersection with
the plane 8 = 0. In this (ag, y)-plane the zones of decaying oscillatory modes are
y = —y symmetric and defined by the inequality [307]

2 — |k 2
(@ + 27(n — [k))* < VZ [1 — (" Ik: ') ] (9.85)
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Figure 9.8. / = 0, Ax(x) = cos(4mrx): (a) linear approximation of the 3D zones of oscilla-
tory solutions (9.86) and (9.87) and (b) their projection onto the (o, 8)-plane indicating the
influence of the Krein signature of the double eigenvalues at the apexes on the inclination of
the cones [307].

where n = 1,2,...,|k|. For k = 2 there are three primary tongues: 4a3 < y? and
16 (oo = 271)2 < 3y2, in agreement with the numerically found primary zones shown
in Figure 9.6 (a).

The cones of the second group meet the plane 8 = 0 only at the apexes, having
their skirts located in the sectors [8 > 0, y sign (ap) > 0] and [B < 0, y sign (ag) < 0]
(cf. Figure 9.8 (b)). Therefore, in models with 8 = 0 complex eigenvalues occur only
in zones (9.85) in the (g, y)-plane.

The different oscillatory behavior induced by the two cone groups has its origin in
the different Krein-signature defined inclination of the (D < 0)-cones with respect to
the (8 = 0)-plane.

Passing from § = 0 to a parallel (8 # 0)-plane, the (D < 0)-tongues (9.85),
corresponding to A; < 0 deform into cross-sections bounded by hyperbolic curves
(black dashed lines in Figure 9.9 (a))

—4k* (g & 2 (n—|k]))* + nQ2lk|—n)(y + 27 (n—|k|)B)*
> n(2|k|—n)4n* B2k, (9.86)

withn = 1,2,...,|k]|.Sincen < |k|,thelinesy = £2xnfandy = £2x(n—-2|k|)p,
bounding the cross-sections of the 3D cones by the plane oy = £27(n — |k|), always
have slopes of different sign. This allows decaying oscillatory modes for 8 = 0 due
to variation of y only.
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Figure 9.9. [ = 0: Numerically found tongue-shaped zones of oscillatory solutions for
Aa(x) = cos(mkx), k = 2, and Aj < O (dark gray) or A; > O (light gray) and their
approximations (9.86) and (9.87) (dashed lines) (a) in the (ag, y)-plane and (b) the (8, y)-
plane [307].

The (8 # 0)-cross-sections of the cones with (A5 > 0)-apexes have the form of
ellipses (white dashed lines in Figure 9.9 (a))

4k* (o £ 27 (n+k[)* + nQ2lk|+n) (y £ 27 (n+|k|)B)*
< nQ|k|+n)dn®B%k?, (9.87)

wheren = 1,2, .. .. Inthe (8 # 0)-plane the ellipses are located inside the stripe with
boundaries y = («o & 27|k|)B (thin lines in Figure 9.9 (a)), while the hyperbolas lie
outside this stripe. Moreover, since in the plane «f = 2w (n + |k|) the boundary
lines y = +27nP and y = £27(n + 2|k|)B have slopes of the same sign, the y-axis
does not belong to the instability domains, showing that for growing oscillatory modes
the parameters 8 and y have to be taken in a prescribed proportion, see Figure 9.9 (b).

The amplitude y of the inhomogeneous perturbation of the «-profile yAx(x) is lim-
ited both from below and from above in the vicinity of the DPs with the definite Krein
signature. However, numerical calculations indicate that this property can persist on
the whole interval 8 € [0, 1], see Figure 9.9 (b), in agreement with the numerical sim-
ulations of the earlier work [545].

Therefore, using a homotopic family of boundary eigenvalue problems for the mean
field ?-dynamo with helical turbulence parameter o(x) = ag + yAa(x) and homo-
topy parameter 8 € [0, 1], we have shown that the underlying network of diabolical
points for Dirichlet (idealized, 8 = 0) boundary conditions substantially determines
the choreography of eigenvalues and thus the character of the dynamo instability for
Robin (physically realistic, 8 = 1) boundary conditions. In the (¢, 8, y)-space, the
tongue-shaped zones of oscillatory solutions at 8 = 1 end up at the diabolical points
for B = 0. In the vicinity of the diabolical points, the space orientation of the 3D
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tongues, which are cones in first-order approximation, is determined by the Krein sig-
nature of the modes involved in the diabolical crossings at the apexes of the cones.
The Krein space induced geometry of the resonance zones explains the subtleties in
finding a-profiles leading to spectral exceptional points, which are important ingredi-
ents in recent theories of polarity reversals of the geomagnetic field. Although this has
been exemplified for the unphysical monopole (I = 0) mode of a simplified spheri-
cally symmetric a>-dynamo model, the general idea is well generalizable to physical
modes and to more realistic dynamo models.

In the next chapter, we will further explore implications of self-adjointness of gov-
erning operators in a Krein space as well as of breaking this fundamental symmetry for
stability properties and behavior of eigencurves with the example of nonconservative
gyroscopic systems originated in rotor dynamics.



Chapter 10

Campbell diagrams of gyroscopic continua and
subcritical friction-induced flutter

The ringing of a wine glass by a wetted finger
is due to the fall in [the coefficient of friction]
with increasing velocity which occurs at low
sliding speeds before full hydrodynamic lu-
brication sets in.

R.T. Spurr [541]

10.1 Friction-induced vibrations and sound generation

In 1638 Galileo Galilei remarked that “a glass of water may be made to emit a tone
merely by the friction of the finger-tip upon the rim of the glass” [184]. In 1761
Benjamin Franklin designed an “armonica”, where sound was radiated due to vibra-
tion of rotating glass bowls in frictional contact with the moistened fingers of a per-
former [502]. Shortly after Rayleigh [493] qualitatively described the onset of bending
waves in the singing wine glass by friction applied in the circumferential direction and
pointed out the proximity of the main audible frequency of the glass to the one of the
spectrum of its free vibrations, a disk brake had been invented [268]. Nowadays, the
automotive car brake squeal due to vibrations of a rotating annular plate in contact
with the friction pads — in general, a sound with one dominant frequency — is one
of the primary subjects of investigation in the acoustics of friction [6,268,433,463]
because its “reliable reproduction or even prediction ... is still not possible” [461].
The attempts to design a silent brake are still extensively based on the ‘trial-and-error’
method [461]. Among other examples of such audible friction-induced oscillations
we mention high-frequency self-excitation in paper calenders that yields emission of
sound and a wear pattern known as the calender barring [92, 537] and squeaking oc-
curring in ceramic-on-ceramic hip arthroplasty [255].

The author of one of the first theories of brake squeal, Spurr [542], experimentally
observed that a rotating wine glass sang when the dynamic friction coefficient was
a decreasing function of the velocity [541]. Linearizing the system with the negative
friction-velocity gradient produces an eigenvalue problem with an indefinite matrix of
damping forces. Effectively, negatively damped vibration modes may lead to complex
eigenvalues with positive real parts and cause flutter instability [174,175,303,314].

The growth in amplitude will be limited in practice by some nonlinearity. Since
the engineering design is often more concerned with if a brake may squeal and less
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with how loud the brake may squeal, a complex eigenvalue analysis offers a pragmatic
approach used currently by most production work in industry [463].

The fall in the dynamic friction coefficient with increasing velocity is among the
main empirical reasons for disk brake squeal, categorized by Kinkaid et al. [268]. One
more is nonconservative positional (or circulatory) forces [623], which first appeared
in the model by North [454]. The binary flutter in such models happens through the
coalescence of two modes according to the reversible Hopf bifurcation scenario [263,
340, 531, 588]. Inclusion of damping leads to the imperfect merging of modes [226,
288,292] and to the flutter through the dissipative Hopf bifurcation, which is connected
to the reversible one by means of the Whitney umbrella singularity [81,312,354].

The nonconservative positional forces in the models of frictional contact between
a rotating disk and the brake pads were frequently interpreted as tangential follower
forces [268,454,604]. Despite the existing discussion of the very possibility of real-
ization of the pure follower force in practice [167,557,558], its main role is in bringing
the nonpotential terms, which can also be of other origin [588], into the equations of
motion of brake components. The destabilizing role of circulatory forces in gyroscopic
systems, well-known since the works of Bottema [80], Lakhadanov [342], and Kara-
petyan [257], was emphasized recently by Krechetnikov and Marsden [332,333], see
also [84,289-291, 539].

Historically, in the studies of brake squeal, the rotational symmetry of the disk as
well as the gyroscopic effects were frequently ignored. The latter in the assumption
that the low rotor speed range in which squeal tends to occur does not warrant this com-
plication [463]. However, as in the case of a singing wine glass, experiments revealed
the proximity of the squealing frequency and mode shape of brake’s rotor for low ro-
tational speeds to a natural frequency and corresponding mode shape of a stationary
rotor [268,415,433,463]. Since an axially symmetric rotor possesses pairs of identical
frequencies, Chan et al. [118] proposed another mechanism of squeal in the classifi-
cation of Kinkaid et al. [268] based on the splitting of a double eigenfrequency of a
symmetric disk when a friction force was applied. The splitting of a repeated eigen-
value of a potential system by circulatory forces could lead to flutter (recall (Merkin)
Theorem 5.16), equated to brake squeal.

Rotation also causes double eigenfrequencies to split [96]. The newborn pair of
simple eigenvalues corresponds to the forward and backward traveling waves, which
propagate along the circumferential direction [96,248,433,523]. Viewed from the sta-
tionary frame, the frequency of the forward traveling wave appears to increase and that
of the backward traveling wave appears to decrease, as the spin increases [109,433].
Double eigenvalues thus originate again at nonzero angular velocities, forming nodes
of the spectral mesh [208] of the crossed eigencurves in the plane ‘eigenfrequency’
versus ‘angular velocity’ known in rotor dynamics since 1924 as the Campbell dia-
gram [109]. Spectral meshes are characteristic for many rotating symmetric continua
of solid mechanics such as circular strings [510,604], disks [123,242,433,538], rings
and cylindrical and hemispherical shells [96,110,248,523]. A similar mesh-like struc-
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ture of eigencurves can be encountered within studies of vortex rings and tubes [180]
and, as we have seen in Chapter 9, in some models of the MHD dynamo1 [208].

The lowest angular velocity at which the frequency of a backward traveling wave
vanishes to zero, so that the wave remains stationary in the nonrotating frame, is called
critical [242,433]. When the speed of rotation exceeds the critical speed, the backward
wave travels slower than the disk rotation speed and in the stationary frame appears
to be traveling forward (reflected wave [242, 433, 552]). The effective energy of the
reflected wave is negative and that of the forward and backward traveling waves is
positive [390, 392, 552]. Therefore, in the subcritical speed region all the crossings
of the eigencurves correspond to the forward and backward modes of the same Krein
signature, while in the supercritical speed region there exist crossings that are formed
by the modes of opposite Krein signature. According to MacKay’s theory [390], ex-
ploiting the properties of operators that are self-adjoint in a Krein space, the crossings
in the subcritical region veer away into avoided crossings (marginal stability) under
Hamiltonian perturbations like mass and stiffness constraints [242]. In contrast, in the
supercritical region the crossings of the modes of opposite signature turn into the rings
of complex eigenvalues — bubbles of instability [390] — leading to flutter and diver-
gence known also as the ‘mass and stiffness instabilities’ [242].

A supercritical flutter frequently occurs in high speed applications like turbines,
circular saws, and computer storage devices, while the subcritical flutter — either de-
sirable as a source of instability at low speeds as in the case of musical instruments
like the singing wine glass and a glass harmonica, or undesirable as in the case of
the squealing disk and drum brakes — is an elusive phenomenon. Being prohibited by
the limitations imposed on the eigenvalue movement by the Krein space (symplectic)
structure, characteristic of Hamiltonian systems, subcritical flutter can occur, however,
due to non-Hamiltonian perturbations [123,456]. Subcritical flutter was detected by
numerical approaches in modern models of disk brakes that incorporate gyroscopic
and centripetal effects and accommodate more than one squeal mechanism through
splitting the doublet modes of a disk by dissipative and circulatory perturbations com-
ing from the negative friction-velocity gradient and frictional follower load. The mod-
els include both the case when the pointwise or distributed friction pads are rotated
around a stationary disk, affecting a point or a sector of it, and when the disk ro-
tates past the stationary friction pads, see [118,268,293,294,463,538], and references
therein.

In the following, using perturbation theory of multiple eigenvalues of non-self-
adjoint operators from Chapter 7, we show that even if the eigencurves in the sub-
critical region are well separated at the avoided crossings, created by the stiffness

' Note that in the case of an MHD «2-dynamo with constant a-profile we have a spectral mesh of
growth rates because the eigenvalues of a heavily damped system are pure real [34, 100]. In contrast,
in the discussed case of conservative gyroscopic systems with rotational symmetry, the pure imaginary
eigenvalues originate a spectral mesh of eigenfrequencies.
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variation, they can be forced to bend into arches of complex eigenvalues with positive
real parts by indefinite damping and circulatory forces.

Instead of deriving particular operators of dissipative and circulatory forces by ac-
curate modeling the frictional contact and then studying their effect on the spectrum
and stability as was done, e.g. in [538,539], we solve an inverse problem. Assuming
a priori only the existence of distinct squeal frequencies close to the double eigenfre-
quencies of the Campbell diagram of a gyroscopic continuum, we find the structure
of the dissipative and circulatory operators that cause flutter in the subcritical region
near the nodes of the spectral mesh. We describe analytically the movement of eigen-
values and the deformation of the spectral mesh. Using this data, we find explicit an-
alytic approximations to the domain of subcritical flutter in the space of a system’s
parameters.

Finally, we reveal that unfolding the Campbell diagrams is determined by a limited
number of local scenarios for eigenvalues as a function of parameters, which form
stratified manifolds with the shape determined by the Krein signature of eigenvalues of
the unperturbed system [293,294]. This result generalizes the theory of MacKay [390]
to the case of dissipative and circulatory perturbations of a gyroscopic system in the
semisimple 1 : 1 resonance.

10.2 Example. Subcritical flutter of a rotating circular
string

We start with a nonconservative version of the problem of stability of a rotating string
that was discussed in Section 7.3.

Recall that a circular string of displacement W (g, t), radius r, and mass per unit
length p, rotates with the speed y and passes at ¢ = 0 through a massless eyelet
generating now a constant frictional follower force F' on the string, as shown in Fig-
ure 10.1 (a). The circumferential tension P in the string is assumed to be constant; the
stiffness of the spring supporting the eyelet is K and the damping coefficient of the
viscous damper is D; the velocity of the string in the ¢-direction has constant value
yr [604].

This somewhat artificial system contains, however, the fundamental physics of in-
terest, i.e. the interaction of rotating flexible medium with a stationary constraint in
which the inertial, gyroscopic, and centripetal acceleration effects, together with the
stiffness effects of the medium, are in dynamic equilibrium with the (in general, non-
conservative) forces generated by the constraint. Moreover, we note that in the model-
ing of the friction-induced instabilities in brakes various simplified models are widely
used, e.g. Heilig and Wauer approximated the rotating brake disk by a rotating ring
[217].
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Figure 10.1. A rotating circular string and its Campbell diagram constituted by eigencurves
intersecting at the marked by white and black nodes of the spectral mesh. The critical speed is
|©2] = 1. Eigencurves corresponding to eigenvalues of positive (light gray) and negative (dark
gray) Krein signature intersect in supercritical speed range |2| > 1. At |2| < 1 the double
eigenvalues at the crossings have definite Krein signature [298].

With the nondimensional variables and parameters

P w K F D
t:E —, w=—, Q:‘J/r ﬁ, k:_r, Mz_’ d:—
r r P P P ~ pP
(10.1)

the substitution of w(p, ) = u(g) exp(At) into the governing equation and boundary
conditions yields the boundary eigenvalue problem [604]

Lu = Au +2QM0 —(1—Q%u” =0, (10.2)
Ad + k m
u(0) —un) =0, u'(0)—u'2n) = o u(0) + - Qzu/(O), (10.3)

where © = 9. The nonself-adjoint boundary eigenvalue problem (10.2) and (10.3)
depends on the speed of rotation (2) and damping (d), stiffness (k), and friction (u)
coefficients of the constraint.

With the use of the Galerkin method, the boundary eigenvalue problem (10.2) and
(10.3) can be approximated by the 2N + 1-dimensional system of ordinary differential
equations [604], that has the following form

(I 4+ 2QG + SD)A + P + Q2G? + kK 4 vN)u = 0, (10.4)
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where I is the identity, u € C*¥*! and § = d/n,k = k/m,and v = u/m. The
damping matrix D = K, where areal 2N +1) x (2N +1) stiffness matrix K is

I U
210 10
0 00 - 00
K=y . . .. . .| (10.5)
L1010
0 00 00

the matrix of potential forces P = diag (0,1, 1,4,4,...,N 2N 2), and real matrices of
nonconservative positional and gyroscopic forces, N and G, are

00 ¥ ...0NL 000 0 0

oo 1 ---0 N o o0 1-- 0 O

00 0 -0 0 0-10-- 0 0
N=|_ . . . . |- 6G=. . .. . .| (06

o0 1 ---0 N o o0 0-- 0 N

00 0 -0 0 00 0N 0

Both the discrete and continuous eigenvalue problem give the same eigencurves
of the unconstrained string (k = 0,d = 0, u = 0) as a set of straight lines (7.78)
intersecting each other at the points (7.79). The only eigencurve that does not have
crossing points is that of zero eigenvalue (it has zero slope).

The spectral mesh (7.78) in the plane (£2,ImA) is shown in Figure 10.1 (b). Inter-
sections (7.79), corresponding to the forward and backward traveling waves, occur in
the subcritical region (|2| < 1) and are marked in Figure 10.1 (b) by white dots. The
black dots indicate the intersections of the forward and reflected waves taking place
in the supercritical region (|2| > 1).

Perturbing the string by an additional stiffness constraint (k # 0) when damping
and circulatory forces are vanishing yields avoided crossings (marginal stability) in
the subcritical speed range, see Figure 7.2 and Figure 7.3 (a). What is the effect of
dissipation or friction on the spectral mesh and stability? Figure 10.2 based on the
Galerkin approximation (10.4) with N = 2 gives an idea.

It is not surprising that at |2| < 1 damping shifts pure imaginary eigenvalues to the
left in the complex plane.> Quite unexpectedly, the stabilizing effect is not uniform
with regard to Q2! In fact, it is inhibited near the locations of the crossings of the spectral
mesh, where growth rate plots have an elliptical or bell-like shape, Figure 10.2 (a).
These bubbles or peaks of complex eigenvalues submerged under the line ReA = 0
look like latent sources of instability waiting until other forces activate them.

2 In view of the result that full dissipation shifts simple eigenvalues of a Hamiltonian system corre-
sponding to the modes with positive energy to the left in the complex plane [74,90, 127,391].



300 Chapter 10 Campbell diagrams and subcritical friction-induced flutter
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Figure 10.2. Frequencies and growth rates of eigenvalues according to N = 2 - Galerkin
approximation (10.4) of the boundary eigenvalue problem (10.2) and (10.3) (a) when k = 0,
d =03,and u =0; (b)whenk =0,d =0, and u = 0.3.

Circulatory forces due to friction in the eyelet (1 # 0) act in accordance with the
Bottema—Lakhadanov—Karapetyan theorem [80,257,342], by destabilizing the string
at almost all €2, Figure 10.2 (b). By this theorem (see Theorem 5.19), it is sufficient for
the undamped system corresponding to the eigenvalue problem (10.4) to be unstable
that tr(QuG(N — NT)) £ 0. Since

20 Y
QUGN -NT)) = - =H 52
7 s=1

at u # 0 the system can be stable only when Q2 = 0, in full agreement with Fig-
ure 10.2 (b). Again, the effect of friction is nonuniform with respect to 2. It vanishes
for all modes at 2 = 0 and for some modes at the locations of the crossings of the
spectral mesh at 2 # 0, Figure 10.2 (b).

Could the results of the low-order Galerkin numerical predictions be believed? The
resonant reaction of the growth rates of the modes to the proximity to the loci of the
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diabolical points of the spectral mesh suggests perturbative treating of the unfolding
of the double eigenvalues at the 1 : 1 semisimple resonance.

Applying the perturbation theory of Chapter 7 to the boundary eigenvalue problem
(10.2) and (10.3), we find an asymptotic formula for the eigenvalues originated after
the splitting of the double semisimple eigenvalue A5, at the crossing (7.79) of two
eigencurves (7.78) due to interaction of the rotating string with the external loading
system [293,294]:
nn + Sam _ €nn + Emom

2 2

2
g€ oo g€ oo
+ \/( nn ~ mm+€nn_€mm)
4

A=25-

— (from + €a5)fmn + €q), - (10.7)

where ¢,0 = + and m,n € Z — {0}. The coefficients f,°7, are

g0 (27 gl-0 g0 (27 gl -c
200m Jo o up umde + 2955, [T uy upde

Jam = L AQ,
2\/f02” (Aeq,us + Qegus it dg [T (A8G,ug, + QEg,ug, )i, dg o0
while the quantities €9, have the form oo
o — (dAson + K)up (0)ig, (0) + puy (0)iig, (0) (10.9)
217 (g, + Qo )iisde [y (A5G, + Qig,us Vg dy
with AQ = Q — Q%% and
us, = cos(ng) — ¢i sin(ng), us, = cos(my) — oi sin(me). (10.10)

Taking into account expressions (7.79) and (10.10) yields

en+om n+m el+ol .
A=A, +zfAQ +i Sﬂnm(dkfl‘,’n + k) + e i/, (10.11)
where
(en—amAQ+ m—n(d/\w k)i 81—01)2
c= —i
2 8rmn = "M -
L (dkf,‘,’n—{—k—ienu)(dkff,’n—{—k—iomu)‘ (10.12)
1672nm
Formula (10.11) is applicable to any node of the spectral mesh.
For example, at 2 = 0 we have m = n and ¢ = —o, and deduce that the double
eigenvalue i n splits due to action of gyroscopic forces and an external spring as

rminti X ti ey K (10.13)
=in+i— +i/n . )
4mn 1672n2
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Similarly, the effect of damping and gyroscopic forces yields

d\* .., d?
(ReA+E) +n2Q% = == ImA = n, (10.14)

2

d
oo Rel=—— (10.15)

while circulatory and gyroscopic forces lead to the perturbed eigenvalues with

n’Q% — (ImA —n)? =

1
ImA =n + 7 \/2712112{22 + 7nQ/4n?n?Q2 + u?, (10.16)
b

Rel = :I:% \/—2712712522 + 7nQ/4n2n2Q2 + p2. (10.17)

The lower branch of the hyperbola (10.13) passes through the location of the node at

Q = 0and ImA = n, while the upper one intersects the axis Q = OatImA = n + %
in the plane (£2,ImA), see Figure 10.3 (a).

The external damper creates a latent source of subcritical flutter instability exactly

as it is shown in Figure 10.2 (a). Indeed, the bubble of complex eigenvalues (10.14)

Imi ImAi Ima

Q Q Q
0.01 0.02 0.01 0.02 -0.05 0 0.05
a) b) c)
Rer Rer
-0.02 -0.01 0 001 002
Q
-0.01
o -0.021
002 -0.01 0 001 002
-0.031
-0.04

-0.05

Figure 10.3. Deformation of the spectral mesh of the rotating string near the nodes (0, 3),
(0,2), and (0, 1) in the (£2, ImA)-plane caused by the action of the external spring with k = 0.3
(a), damper with d = 0.3 (b), and friction with . = 0.3 (c), respectively.
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together with the adjacent hyperbola (10.15) is under the plane ReA = 0, touching it
at the origin, see Figure 10.3 (b).

The action of gyroscopic forces and external friction deforms the spectral mesh
exactly as the N = 2-Galerkin approximation shows in Figure 10.2 (b). Formal ex-
pansion of equation (10.17) at 2 — oo shows that the real parts of the perturbed

eigenvalues ;
Ik H -2
ReA=+—F ——— Q7), 10.18
= E e T g T (10.18)
are close to the lines &1/ (47), except for the vicinity of the node of the spectral mesh

at Q = 0, where the real parts rapidly tend to zero as

1
Red = :I:Z—\/nnmm + 0(Q%?), (10.19)
g

demonstrating the inhibition of the destabilization effect registered in Figure 10.3 (c).
Expanding expression (10.16) in the vicinity of 2 = 0, we find that

1
Imi =n + 2—\/nnu|52| + 0(Q%?). (10.20)
v

For @ — oo the imaginary parts tend to n(1 £ Q). Thus, at 2 = 0 the double
eigenvalue i n does not split (marginal stability) due to perturbation by friction from the
eyelet so that both the real and imaginary parts of the perturbed eigenvalue branches
show a degenerate crossing,> touching at the node (0, 1), see Figure 10.3 (c).

The competing nonhomogeneous with respect to €2 effects of damping and noncon-
servative positional forces lead us to a conclusion that their combination may choose
the parameters k& and Q2 that are prone to subcritical flutter, very selectively. Indeed,
numerically calculated growth rates of the eigenvalues of the rotating string perturbed
by damping, potential, and nonconservative positional forces, which are shown in Fig-
ure 10.4 (b, e), are positive in the vicinity of the loci of the crossings of the spectral
mesh of the unperturbed string, Figure 10.4 (a, d). Moreover, the corresponding re-
gions of flutter instability in the subcritical speed range (|2| < 1) in the (2, k)-plane
stem exactly from the points (0,0) and (%, 0) corresponding to the nodes (7.79) of
the spectral mesh (7.78) with the eigenvalues Af;™ = i, A3~ = 2i and A5~ = 3i,
respectively.

From the growth rates of perturbed eigenvalues (10.11) found by means of the per-
turbation theory of Chapter 7, applied directly to the boundary eigenvalue problem
(10.2) and (10.3) without its preliminary discretization, it follows that in the first-
order approximation the domain of subcritical flutter originating due to splitting of

the double eigenvalue A%9, = w59 at Q = Q%9 . is

W (n +m)pd
A n2m2 (,LL _ (l—eol)md> (/L + (1—ea)n d)

ne—mao ne—mao

Q0 +k <Q<Q%,. (1021

3 Cf. energy and width plots of the resonances in open quantum systems discussed in [166].
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According to equations (7.79),

1 —el -
peo = MMOLZED) oo _ nTm L e (1022)

nm mo — ne "M mo —ne

Equation (10.21) gives a linear approximation to the boundaries of the regions of sub-
critical flutter that exactly coincides with that following from the Galerkin system
(10.4), as Figure 10.4 (c, f) demonstrates. Formula (10.21) is valid at any node of the

spectral mesh. When 0 = —e¢, it simplifies to
kud
Qe < Q< Q. 10.23
#m ¥ Dt — swgged) (um + e05d) ame (10.29)

Therefore, tongues of flutter instability in the (€2, k)-plane in the subcritical speed
range (|2| < 1) indeed exist. According to equation (10.23) subcritical flutter de-
pends, in particular, on the product of the coefficients of stiffness (k), friction (), and
damping (d) so that simultaneous presence of all three of these factors is necessary
for the instability tongues to originate!* Remarkably, the tongues grow exactly from
the locations of the crossings of the spectral mesh of the nonperturbed string, which
implies combination resonance [110, 118] conditions (10.22) between the eigenfre-
quencies of the nonrotating string and the angular velocity.

We see that the main reason for subcritical flutter instabilities to occur is that non-
Hamiltonian perturbation (equivalently, perturbation breaking self-adjointness of an
operator in a Krein space) yields unstable unfolding of double eigenvalues with the
definite Krein signature — an effect similar to that which we observed already in Chap-
ter 9 in the model of an MHD o?-dynamo when boundary conditions were changing
from conducting to insulating. In the following, we will explore this instability mech-
anism in greater detail by using one of the standard general models of rotor dynam-
ics [238].

10.3 Axially symmetric rotor with anisotropic stator

Linear stability analysis is widely used to predict possible instabilities in the dynam-
ics of rotor systems to which the disk brake can be attributed. The presence of imper-
fections in rotor and stator makes the operator of the linearized equations of motion
nonself-adjoint with time-dependent coefficients. The latter considerably complicates
the stability analysis. Nevertheless, an axially symmetric rotor with an anisotropic sta-
tor as well as an asymmetric rotor with an isotropic stator can easily be described as
an autonomous nonconservative gyroscopic system [194]. Unless the vented disk or

4 Remember that for a wine glass to sing it is necessary to move along its rim a moistened (d) finger
with some pressure (k), which creates a friction force (u).
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a) b) c)
Re ] | k1
1 04 0.6
i -0.021 0.4
l -0.044 0.2q
] 1 n=1
4 1 4 m=2
O L -0.06+————————————————— L
0 0.2 13 04 Q 0 0.2 13 04 Q 0 0.2 13 04 Q
d) e) f)
Im %4 Re 1 | k:
1 ]l 0.6
, 0.004 g
i 0.44
1 0.002
4 1 n=1
1 1 /\ ¥ m=2
L e e o+t > "t 4 -
0 0.2 13 04 Q 0 0.2 13 04 Q 0 0.2 13 04 Q

Figure 10.4. N = 2-Galerkin approximation (10.4) when (a—¢) d = 0.3 and u = 0.3 and
(a,b), additionally, k = 0.3; (d—f) when d = 0.25 and u© = 0.3 and (d, e), additionally,
k = 0.2. The bold black curves mark the excess of the growth rate over the (ReA = 0)-
line that yields subcritical flutter instability in the vicinity of the (n = 1,m = 1), (n =
2,m = 2),and (n = 1,m = 2) nodes of the spectral mesh with ¢ = + and 0 = —.
(c,f) Regions of subcritical flutter instability (or, equivalently, difference type combination
resonance [110, 118]) according to (gray) N = 2-Galerkin approximation and (dashed lines)
perturbation formula (10.21).

the disk with specially manufactured symmetry-breaking pattern [169] is considered,
the model of an axially symmetric rotor with an anisotropic stator is reasonable for the
description of the disk brake as well as other sound-radiating rotating elastic solids of
revolution in frictional contact such as the glass harmonica.

When the stator (brake pad) does not interact with the rotor, the unperturbed system
is assumed to be isotropic with the constant speed of the rotor, €2. It is described by
the equations of a standard nondimensional form [194]

i 0 -G). P o (G +C 0 B

an (8 E )i [(F2) e (T 0o )Jemo. oz
Ehere z € R?" and we assume G = diag(1,2,...,n), P= diag(a)lz, a)zz, e a),%), and
C= diag(cf,c%, ... ,c%).

The spectrum of a perfect rotationally symmetric rotor at standstill has infinitely
many double semisimple eigenvalues +iwg, wg > 0, with two linearly independent
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eigenvectors. Indeed, e.g. for

B3 A = dingohod) ad R=( G0 W)
the restriction RT AR = A imposed by equivariance of the equations of motion with
respect to the action of the circle group implies wf = w% see e.g. [146,440]. The
distribution of the double eigenfrequencies w; as a function of the integer index s
differs for various solids of revolution.’

In the following, we prefer to consider equation (10.24) in the equivalent form that

shows the double eigenvalues explicitly [238]

£ +2QGx + (P + Q*(G*+C)x =0, (10.25)
where x € R P = diag(a)lz, a)lz,a)g,a)g, cee, a),%, a)ﬁ) = PT is the stiffness matrix of
the rotor, C = diag(c%, c%, C%, c%, A c,%, c,%) is the matrix of the centrifugal stiffness,
and G = —GT is the matrix of gyroscopic forces defined as

G = blockdiag(J,2J,...,nJ), J= ( (1) _01 ) . (10.26)

Equations of motion of the symmetric rotor interacting with the anisotropic stator
can be considered as a perturbation of the system (10.25) by elastic, dissipative, and
nonconservative positional (circulatory) forces

£+ (2QG + §D)x + (P + Q%(G* + C) + kK + vN)x = 0. (10.27)

The matrices of the non-Hamiltonian perturbation corresponding to velocity-depen-
dent dissipative forces, D = DT, and nonconservative positional forces, N = —NT,
as well as the matrix K = K7 of the Hamiltonian perturbation that breaks the rota-
tional symmetry, could, in general, depend on the rotational speed €2, although in the
applications considered in this chapter they are always €2-independent. The intensity
of the perturbation is controlled by the factors §, x, and v. For a given structure of the
matrices, stability is determined by a combination of the parameters. When the inten-
sities §, x, and v are fixed, one effects the eigenvalue assignment by modifying the
structure of the corresponding matrices.

5 For example, wg = s corresponds to the doubly degenerate natural frequency fy = 2;—, % of
a circular string of radius r, circumferential tension P, and mass density p per unit length [604].

2_
On the other hand, wy = % is related to the double natural frequency f; = 2;‘;—‘,; ﬁ—; of

a circular ring of mean radius r, density p, Young’s modulus E, uniform cross-section of area A,

and moment of inertia of the cross-section / [110]. The natural frequency, f; = % \/ 12,;(%2_’
of a doubly repeated mode with one nodal circle and s nodal diameters of the clamped-free annular
disk of thickness /, inner radius b, outer radius a, mass per unit volume p, Poisson’s ratio v, and
elastic modulus E corresponds to the nondimensional eigenvalue constant wg, which can be found
numerically for a given Poisson ratio and radius ratio »/a. For v = 0.3 and b/a = 0.1 the first two
constants are w] & 5.2605, and wp &~ 6.0779 [181]. Notice that in experiments squeal noise often
associates with the rotor vibrating modes with nonzero number of nodal diameters [295].
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Neglecting without loss of generality the centrifugal stiffness (C = 0) and sepa-
rating time by the substitution x = uexp(A¢) into equation (10.25), we arrive at the
eigenvalue problem for the matrix operator Ly

Lo(Q)u:= (IA> + 2QGA + P + Q2G*)u = 0. (10.28)
The eigenvalues of the operator Ly are found in the explicit form
A =iws +isQ, Ay = —iws +isQ,
AT =iws—isQ Af = —iwg —isQ, (10.29)

with the overbar denoting complex conjugate. The eigenvectors at A7 and E are
uf = (-i,1,0,0,...,0,007, ..., wf =(0,0,...,0,0,—i, )7, (10.30)

where the imaginary unit holds the (25 — 1)-st position in the vector uy . The eigen-

vectors, corresponding to the eigenvalues A and A, are simply u; = uy

For > 0, simple eigenvalues /\j and A3 correspond to the forward and backward
traveling waves, respectively, that propagate in the circumferential direction of the
rotor. At the angular velocity Q" = w; /s the frequency of the s-th backward traveling
wave vanishes to zero, so that the wave remains stationary in the nonrotating frame.
We assume further in the text that the sequence of the double eigenvalues i wg has
the property ws4+1 — ws > QS", which implies the existence of the minimal critical
speed Q¢ = Q" = w;. When the speed of rotation exceeds the critical speed, some

backward waves, corresponding to the eigenvalues K, travel slower than the disk
rotation speed and appear to be traveling forward (reflected waves).

10.3.1 Sensitivity analysis of the Campbell diagram

Introducing the indices &, B, ¢, 0 = %, we find that the eigencurves A = iaws+iesQ
and Ay = ifw; + iotQ of the Campbell diagram cross each other at Q = Q¢7 with
the origination of the double eigenvalue A5y = iw? with two linearly independent
eigenvectors u§ and uf, where

Qs — owg —,Ba)t’ 05 = oo wgt —ﬁsa)ts.
ot —e&s
Let M be one of the matrices D, K, or N in equation (10.27). In the following, we

decompose the matrix M € R?">?" into n? blocks My, € R?*? [294]

k k k k k
* MSS e MSI *
MmMog— —1 Mpg—
M = « : . « , Mst — 25—1,2t—1 2s—1,2¢ ) (1032)
) : Mas2t—1 Mas 2t
* Mts e Ml‘t *
x % x % %k

(10.31)

ot —é&s

and Ng; = —NT.

ts>

Note that Dy, = DT, K, = K.

iso iso where s,t = 1,2,...,n.
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Consider a general perturbation of the matrix operator of the isotropic rotor Ly (£2) +
AL(S2), where AL(2) = §AD + «K + vN. This yields an eigenvalue problem of the
form (10.4). When the size of the perturbation AL(2) ~ ||AL(2%7)|| and the variation

= |Q — Q¢7| are small, the increment to the eigenvalue A5 = iwi; with the
eigenvectors us and u?, is given by the formula det(R + (A — AsU)Q) = 0, where the
entries of the 2 x 2 matrices Q and R are

050 = 2wt (@5) ug + 2957 (i15)7 Guf, (10.33)

£0 — [2zw @)7Gud + 297 (@5)T G*u ](Q Qs
+iwf] (@) Dugs + ()" Kufx + (1 )TNubv (10.34)

where a,b = s,t. Calculating the coefficients (10.33) and (10.34) with the eigen-

vectors (10.30), we find the real and imaginary parts of the sensitivity of the doublet

Ay = iwg] atthe crossing (10.31)

1 (ImA1 ImBl) |c] — Rec
+ +

Redl = — ,
¢ 8 \ awy Bw; 2

AQ Ky oK R
Imh = wff + == (s +10 Y —= 4 i) o JlelERee 036
8 Wy ﬁ(j)t 2

where ¢ = Rec 4+ iImc with [294,295]

ImA; — ImB
Imc = awldmA; = fosIm 1(ss—tU)AQ
86()50)[
(aa)stth, - ﬁa)ttrKss)(aa)sImBl BwImAy)
32wlw?
B aﬁxReA2trKStJm RethrKs,Iw, (1037)
Swswy
to — SSAQ 4 K,Ba)sttht — awtrK g 2
2 8wswy
(trKstha)2 + (trKstIaa)2 2
af K
16wgw;
_ (¢wsImB —BwdmA;)* + 4a,3wsa),((ReA2)2+(ReBz)2)

64wlw?

(10.35)

Rec =

(10.38)

The coefficients A, A; and B}, B, depend only on those entries of D, K, and N that
belong to the four 2 x 2 blocks (10.32) with the indices s and ¢

Ay = A7 D+ trKgs+£2ivnos—i o5,

Az = ovtrNg Leg +i (SAS] D J oo +xt1K 51 I o),

By = A Dy +ktrK s +02ivngi— o4,

By = ovttNg J oo —i (BAS] trDg Lo +xtrK s 1eo ), (10.39)
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0 0 —
Iw=(g 0), ch,:(g g) (10.40)

Wheno = =+, =s5,and 0 = —¢ = —, then wi} = wy and Q%7 = 0, so that
equations (10.35) and (10.36) are simplified to [293,295]

D T~ Rec K T+ Rec
Rep = _Dssgy Jlel=Ree st I ”Ki,/|°|+ ¢ (1041)
4 2 4wy 2

where

with
2 2
Rec — (e —p2) 5 4 (o1 — p2) 24200 — Vzn%s—l,ZS’
16 16w? 4dw?
Ime — stn2s—l,2s e 2trK Dy — trKsstrDss’ (10.42)
ws 8wy

where (12 and pj; are eigenvalues of matrices Dy and Ky, respectively.

Therefore, we have identified the elements of the perturbing matrices that control
practically important eigenvalue assignment near every particular node (257, 0?7 ) of
the spectral mesh.

10.3.2 MacKay’s eigenvalue cones and instability bubbles

Modification of the stiffness matrix induced by the elastic support interacting with the
rotating continua is typical in models of rotating shafts [524], computer disk drives
[123,456], circular saws [574, 602, 604], car brakes [268, 433, 463], planetary gears
[110], and turbine wheels [109, 194].

Assuming § = 0 and v = 0 in (10.35) and (10.36) we find that the eigenvalues
of the system (10.27) with C = 0 and the stiffness modification kK either are pure
imaginary (ReA = 0) and form a conical surface in the (£2, x,ImA)-space with the

apex at the point (27,0, wsy

K (trKss + trKn) B Q — Q9

2
(Imx - — 3 3 ST (se + m)) =Rec, (10.43)

(O Bw;

see Figure 10.5 (a), or they are complex and in the (€2, x, ReA)-space their real parts
originate a cone (Red)? = —Rec with the apex at the point (2£7, 0, 0), Figure 10.5 (c).
In the (€2, k, ImA)-space the corresponding imaginary parts belong to the plane

K (trKss trK,t) n Q — Q¢

ImA = wff + 3\ o Boo 5 L (se + to), (10.44)
S

which is attached to the cone (10.43) as shown in Figure 10.5 (b).

The existence of eigenvalues with ReA # 0 depends on the sign of o8. It is negative
only if the crossing in the Campbell diagram is formed by the eigencurve of the re-
flected wave and by that of either the forward or backward traveling wave. Otherwise,
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Im 2 Im 2

Figure 10.5. MacKay’s eigenvalue cones [390] and (bold lines) their cross-sections in the
plane k = const (gray): (a) a near-vertically oriented cone ImA (€2, «) in the subcritical range
(ReA = 0); (b) imaginary parts forming a near-horizontally oriented cone (10.43) with the
attached membrane (10.44) and (c) the real parts forming a near-horizontally oriented cone
(ReA)? = —Rec with the attached membrane ReA = 0 in the supercritical range [294], see
also Section 3.3.3.

af = +. Due to the property ws+1 — ws > QS the crossings of the reflected wave
with the forward and backward traveling waves occur only in the supercritical speed
range |2| > Q.. The crossings with ¢ = + are situated in both the super- and
subcritical (|2] < ¢r) ranges. Therefore, the eigenvalues with ReA # 0 originate
only near the supercritical crossings of the eigencurves A¢ and A with 8 = —, when
the parameters in the (€2, k)-plane are in the sector Rec < 0 bounded by the straight
lines Rec = 0:

4(se—t0)(R—Q57

B kor—1pr—1tkor ot kas—12s—1tkasos ) (ekas—120—1+0kas2r)*+(ekas—120 —0kas 21 —1)? ’
Bw; 0w —aBwsw;
(10.45)

Note that applying equation (10.45) to the Galerkin approximation (10.4) of the
boundary eigenvalue problem for a rotating string, where the matrices P, G, and K
are extended by an extra row of zeros from above and an extra column of zeros from
the left, we exactly reproduce equation (7.84).

Since for @8 = — the cones of the real parts (ReAd)> = —Rec are near-horizontally
oriented and extended along the k-axis in the (2, k, Reld)-space, their cross-sections
by the planes k = const are ellipses, as shown in Figure 10.5 (c). As a part of the
ellipse corresponds to the eigenvalues with positive real parts, the ellipse was called
the bubble of instability by MacKay [390,392].

Equation (10.45) is, therefore, a linear approximation to the boundary of the domain
of supercritical instability, which is divergence (or principal parametric resonance) for
Q9 = Q¢ and flutter (or combination parametric resonance) otherwise®. The near-

K

6 By transition to the frame that rotates with speed €2 one can transform the autonomous system (10.27)
toax ! -periodic system [110, 118,297,304,325,522].
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horizontal orientation of the corresponding cones of imaginary parts (10.43) in the
(2, k, ImA)-space explains deformation in the presence of the perturbation «K of the
crossings with ¢f8 = — into the branches of a hyperbola connected by a straight line
in the Campbell diagram, see Figure 10.5 (b).

Near the crossings with «f = + the perturbed eigenvalues are pure imaginary
(stability). The corresponding cones of imaginary parts (10.43) are near-vertically ori-
ented in the (€2, k, ImA)-space, Figure 10.5 (a). In the plane x = const this yields the
avoided crossing [390,392], which is approximated by a hyperbola shown by the bold
lines in Figure 10.5 (a).

The conical singularities of the eigenvalue surfaces in the Hamiltonian systems are
traced back to the works of Hamilton himself, who predicted the effect of conical
refraction of light in birefringent crystals [53, 78, 189]. Later on, the conical singu-
larities of eigenvalue surfaces were found in atomic, nuclear, and molecular physics
[426,568,587] as well as in the material instability problems of continuum mechan-
ics [59, 60]. Nowadays they bear the name of Hamilton’s diabolical points [53, 56].
The existence of two different orientations of eigenvalue cones in the Hamiltonian
systems was established by MacKay in [390]. His result is based on the works of
Williamson [597,598] and Krein [337], who introduced the signature of eigenvalues
known as the symplectic signature in Hamiltonian mechanics [393] and as the Krein
signature in a broader context of the theory of Krein spaces [202,307].

To evaluate the signatures, we reduce equation (10.25) (with C = 0) to y = Ay,

where
—QG 1
A= ( R ) = 120 AT T,

(0 I, _ X
JZ"_(In 0 )’y_(x+sz(;x)' (10.46)

The Hamiltonian symmetry of A implies its self-adjointness in a Krein space with

=T
the indefinite inner product [a,b] = ib J,,a, a,b € C?”. The matrix A has the
eigenvalues A ¥ given by equations (10.29) with the eigenvectors

ll+ u

++ s +- _ s
& = ( Afuf + QGuf ) A A ( Asuy + QGuy ) ’ (10.47)
where the vectors u¥ are determined by expressions (10.30). Since [af *,af*] =
dws > 0 and [af ~,af "] = 4w, > 0, the eigenvalues A and A5 of the forward and
backward traveling waves acquire positive Krein signature [431]. The eigenvalues
A and A} of the reflected waves with [a;+,a; ] = —4ws; < 0 and [a;~,a; ] =
—4ws < 0, have the opposite, negative Krein signature [390,393]. The signature of an
eigenvalue in the Campbell diagram coincides with the sign of the double eigenvalue
at 2 = 0, from which it is branched, and does not change with the variation of 2.
This implies ¢ = + and near-vertically oriented cones of imaginary parts (10.43)

at the crossings of eigenvalue branches with the double eigenvalues having definite



312 Chapter 10 Campbell diagrams and subcritical friction-induced flutter

signature, and ¢ = — and near-horizontally oriented cones of imaginary parts (10.43)
at the crossings with the double eigenvalues having mixed signature [390, 603].

The Krein signature coincides with the sign of the second derivative of the en-
ergy, which is a nondegenerate definite quadratic form on the real invariant space
associated to a complex-conjugate pair of simple pure imaginary nonzero eigenval-
ues [390]. Interaction of waves with positive and negative energy is a well-known
mechanism of instability in fluids, plasmas, and spatio-temporal composites (dynamic
materials) [90,108,111,112,115,168,386,390,430,551]; in rotor dynamics this yields
flutter and divergence in the supercritical speed range [433].

Therefore, in the case when anisotropy of the stator is caused by stiffness modifi-
cation only, the unfolding of the Campbell diagram is completely described by one-
parameter slices of the two-parameter MacKay eigenvalue cones. Since there are only
two possible spatial orientations of the cones, corresponding to either definite or mixed
Krein signatures, all one has to do to predict the unfolding of the Campbell diagram
into avoided crossings or into bubbles of instability is to calculate the signatures of
the appropriate eigenvalues of the isotropic rotor [390]. In the following, we develop
MacKay’s theory further and show that even in the presence of non-Hamiltonian per-
turbations, many of the observed peculiarities of the perturbed Campbell diagrams and
growth rate plots are in fact one-parameter slices of eigenvalue surfaces near a limited
number of other singularities whose type is dictated by the definiteness or indefinite-
ness of the Krein signature of the double semisimple eigenvalues at the crossings of
the unperturbed Campbell diagram.

10.3.3 Double-coffee-filter singularity near the crossings with definite
Krein signature

Understanding general rules of unfolding Campbell diagrams of weakly anisotropic
rotor systems in the presence of dissipative and nonconservative perturbations is im-
portant for linear stability analysis and for interpretation of numerical data in both low-
and high-speed applications [194]. In the latter, supercritical flutter and divergence in-
stabilities are easily excited near the crossings with the mixed Krein signature just
by Hamiltonian perturbations like stiffness modification. In low-speed applications,
unfolding the Campbell diagram is directly related to the onset of friction-induced os-
cillations in brakes, clutches, paper calenders, and even in musical instruments like the
glass harmonica [6,92,123,502,537,538,541]. In contrast to the supercritical instabili-
ties, excitation of the subcritical flutter near the crossings with definite Krein signature
by Hamiltonian perturbations only, is impossible. In this case the non-Hamiltonian
dissipative and circulatory forces are necessary for destabilization.

In general, dissipative, §D, and nonconservative positional, vIN, perturbations un-
fold MacKay’s eigenvalue cones (10.43) and (ReA)> = —Rec into the surfaces
ImA (2, k) and ReA (2, k) described by formulas (10.35) and (10.36). The new eigen-
value surfaces have singularities at the exceptional points [52,260]. The latter corre-
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spond to the double eigenvalues with the Jordan chain born from the parent semisimple
double eigenvalue i %] at @ = Q£7. In some works, numerical methods were devel-
oped to find the coordinates of these singularities [243,246]. Perturbing Hamilton’s
diabolical points is another efficient way to locate the exceptional points [270]. Indeed,

condition ¢ = 0 yields their approximate loci in the (€2, k)-plane

dwsw: U — BostrtK s + awitrtKgs [N |N
+ t tt t +
Qpp =l + i 4a)sa):(ta—ss) - D “EPT * D’ (10.48)

where [294]

U— ReAxtrK; J oo — RethrKstIsa, (10.49)
awgImB; — Bw,ImA;

D=U*+ af [(trKssta)2 n (trKstIac )2] ,
2/ wsw; 2/ wsw;
N (aa)sImBl — ,Bw,ImAl)z ap [( ReA, )2 +( ReB, )2]
4wgwy 2 Joso; 2 Joswr '
The crossings with definite Krein signature (¢ = +) always produce a pair of excep-
tional points. For example, for pure circulatory (§ = 0) and pure dissipative (v = 0)

perturbation of the doublets at Q = Qj;_ = 0, formulas (10.48) read (cf. equa-
tion (10.42))

2Vn25—12s
Qi = O, K':t = : ;
EPn EPn ™7 b (Kss) — p2(Kys)

p1(Dss) — pa(Dss) +
4= +4 1 s Kgpa = 0, (10.50)

+
S-ZEP

where p;2(Kjs) are the eigenvalues of the block K of the matrix K and p12(Dyy)
are those of the block Dgg of D. In the case of the mixed Krein signature (¢ = —),
two exceptional points exist when N/ D > 0 and do not exist otherwise.

The strong influence of exceptional points on stability and their relation to the
Ziegler—Bottema destabilization paradox due to small damping is well recognized [81,
232,312,354,518]. In numerous applications in rotor dynamics [123,294,456,538,604]
as well as in hydrodynamics [458], the theory of absolute and convective instabil-
ity [235,506], crystal optics [52], acoustics [527], and microwave physics [154], the
generalized crossing scenario in the vicinity of the exceptional points has been ob-
served (visible also in Figure 10.2) when at the same values of the parameters the
imaginary parts of the eigenvalues cross, whereas the real parts do not and vice-versa.
In our setting, the conditions for coincidence of imaginary parts of the eigenvalues
(10.35) and (10.36) are Imc = 0 and Rec < 0 and those for coincidence of the real
parts are Imc = 0 and Rec > 0. Both real and imaginary parts of the eigenvalues
coincide only at the two exceptional points (Q}LZ P,KE p)and (Qgp, kg p). The seg-
ment of the line Imc¢ = 0 connecting the exceptional points is the projection of the
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Figure 10.6. (a) The ‘double-coffee-filter’ surface ImA(£2, k) with the exceptional points
(open circles) and branch cut (bold lines) originated from MacKay’s cone (dashed lines) due
to mixed dissipative and circulatory perturbation at any crossing with definite Krein signature;
(b) the corresponding ‘viaduct’ ReA(£2, k) [294].

branch cut of a singular eigenvalue surface ImA (€2, ). The adjacent parts of the line
correspond to the branch cuts of the singular eigenvalue surface ReA(£2, ). Since
simultaneous intersection of the different segments of the line Imc = 0 in the (€2, k)-
plane is not possible, one observes the generalized crossing scenario [260,270] in the
planes (£2,ImA) and (€2,ReA) or (k,ImA) and (x, Rel).

For example, in the case of pure circulatory perturbation the real parts of the eigen-
values developing near the doublet modes at 2 = Q;"S_ = 0 cross each other in the
(2, Red)-plane at the points of the branch cuts x> > (lcjflE P,n)2

2V8n25—1 25

(p1(Kss) — p2(Kss)) /62 — (szgtp,n)z

Red = + Q + 0(QY), (10.51)

whereas for k% < (K:Et P,n)2 they avoid crossing

p1(Kss) — p2(Kss)

Red = +
© 4wy

(K pp)? — K24 0(2%). (10.52)

At the exceptional points k = lcht p » the eigenvalue branches touch each other

| [Zvsiges
Red = :I:E‘/MQ + 0(Q¥?). (10.53)
Ws

The degenerate crossing (10.53) of the real parts has been observed in the model of a
rotating circular string, cf. equation (10.19).

Pure dissipative perturbation of the doublets at @ = Q= = 0 yields crossings of
the real parts at the branch cuts Q% > (Qf P d)2 in the (ReA, k)-plane and veering of
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the imaginary parts

ImA = wy £5,/Q2— (L, )2+ O(k),

§trD
Red = — r4”:|: 14

Sk + 0(k3), (10.54)

16505 /Q% = (% p 4)?

where y = 2trK Dy — trKstrDyy. At the branch cut Q2 < (QiEP d)2 the imaginary
parts cross and the real parts avoid crossing

trK
ImA = ws + L Pk + Y

405 6sws (@, )P — Q2
5trDss + 2
Red = — 1 :l:s,/(QEP’d)Z—QZ—F O(k~). (10.55)

At Q2 = Q:ILE P.d the crossings of both real and imaginary parts are degenerate

SuDyy 1
ReA =205 4 2 [ s V4 0,
4 4 ws
| oK
A = g + = =8k L+ 2255 4 0(3?). (10.56)
4 Wy dwg

The evolving eigenvalue branches reconstruct the eigenvalue surfaces shown in
Figure 10.6. In the one-parameter slices of the surfaces the transformation of the
eigenvalue branches from the crossing to the avoided crossing due to variation of pa-
rameters €2 and k occurs after the passage through the exceptional points, where the
branches touch each other and the eigenvalue surfaces have the Whitney umbrella sin-
gularities. The surface of the imaginary parts shown in Figure 10.6 (a) is formed by
two Whitney umbrellas with the handles (branch cuts) glued together when they are
oriented toward each other. This singular surface is known in the physical literature on
wave propagation in absorptive and chiral media as the double-coffee-filter [52,260].
The viaduct [294] singular surface of the real parts results from gluing the roofs of two
Whitney’s umbrellas when their handles are oriented outwards, Figure 10.6 (b). The
double-coffee-filter singularity is a result of the deformation of MacKay’s eigenvalue
cone (shown by the dashed lines in Figure 10.6 (a)) by dissipative and nonconserva-
tive positional perturbations. The perturbations foliate the plane ReA = 0 into the
viaduct which has self-intersections along two branch cuts and an ellipse-shaped arch
between the two exceptional points, Figure 10.6 (b). Both types of singular surfaces
appear when non-Hermitian perturbation of Hermitian matrices is considered [270].

Sk + O(k?),
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Therefore, in a weakly non-Hamiltonian system (10.27) the fundamental quali-
tative effect of the splitting of the doublets with definite Krein signature is the
origination of the double-coffee-filter of the imaginary parts and the viaduct of
the real parts. Structural modification of the matrices of dissipative and noncon-
servative positional forces generically does not change the type of the surfaces,
preserving the exceptional points and the branch cuts.

10.3.4 Unfolding MacKay’s cones with mixed Krein signature

The definite Krein signature (¢ = +) implies D > 0 and N > 0 and thus uniquely
determines the type of singular surface for the real and imaginary parts of the perturbed
eigenvalues. The case of the mixed Krein signature (¢ = —) possesses several sce-
narios for the unfolding of MacKay’s cones by non-Hamiltonian perturbation, because
D and N can have different signs.

When D > 0 and N > 0, the imaginary parts of the eigenvalues form the double-
coffee-filter singular surface whereas the real parts originate the viaduct; see Fig-
ure 10.6. For negative D and negative N, the type of surfaces is interchanged: the
imaginary parts form the viaduct and the real parts originate the double-coffee-filter
singular surface; see Figure 10.7 (a).

a) Ima b) ImA

Figure 10.7. Mixed Krein signature (¢f = —): (a) The viaduct ImA(£2, x) and the double-
coffee-filter ReA(S2,x) for D < 0 and N < 0; (b) the surfaces ImA (L2, k) crossed along the
branch cut (bold line) and the separated surfaces ReA (€2, ) for D < 0, N > 0; (c) separated
surfaces of imaginary parts and crossed surfaces of real parts for D > 0, N < 0 [294].
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Exceptional points are not created for negative values of N/D. In this case the
eigenvalue surfaces either intersect each other along the branch cut, which projects
into the line Im¢ = 0 in the (2, k)-plane, or do not cross at all. When N > 0, the
surfaces of the imaginary parts ImA (€2, «) cross and the surfaces ReA(2,«) avoid
crossing, Figure 10.7 (b). For N < 0 the surfaces of the imaginary parts are separated
and that of the real parts cross, Figure 10.7 (c).

10.3.5 Indefinite damping as a reason for subcritical flutter

When typical unfolding of MacKay’s cones and thus the singular geometry of the
surfaces of the growth rates is established, we can determine the typical configuration
of stability diagrams associated with the splitting of a given double eigenvalue of the
Campbell diagram. For brevity we focus our efforts on the crossings at 2 = 0, using
the expressions (10.41) and (10.42).

Stability conditions, following from equations (10.41) and (10.42) under the re-
quirement ReA < 0, are 6trDgg > 0 and B > 0, where

B = (2Qs(8°w; (trDys)*—4v2n3,_ 5.)+4Bo(p1 Kgs)—p2(Kss))Skvn25—1 25)°
- 82(trDss)2(52w§(trDss)2 - 41)2”%5‘_1’25‘)(1)2”%5‘_1’25‘ - 820)3 det Dss)
+ 82(trDs)*(A8%w; — 73 o5 (01 (Kys) — p2(Kiss)) K> (10.57)

The coefficient A can be represented in the two equivalent forms:

A =detDgs(p; (Kss) — Pz(Kss))2
+ (das—1.25 (kas—125—1 — ka5 25) — kas—125(das—125—1 — das25))*

_ ((trDss)2 - IGﬁ%)(pl(Kss) - ;OZ(Kss))2

2 , (10.58)
where
B = 2trK gDy —trKsstrDss. (10.59)
4(p1(Kss) — p2(Kss))
Assuming v = 0, the expression B = 0 is simplified to
K2 A + 5*Q%QuwstrDyg)? = — det Dyg (wstrDyg )52, (10.60)

For the definite submatrix Dsg we have A > 0 because det Dg¢ > 0. Consequently,
for 6Dgg > O the stability conditions

StrDgs > 0,  k2A + s°Q%(QwstrDyy)? > — det Dy (wgtrDyy)282 (10.61)

are always fulfilled, which means that both eigenvalues born in the unfolding of the
diabolical point have negative real parts, implying asymptotic stability of the corre-
sponding modes.
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Figure 10.8. Domain of subcritical flutter associated with the double eigenvalue i ws at 2 = 0
for the indefinite submatrix Dy in the absence of circulatory forces when (a) A > 0,(b) A = 0,
and (c) A4 < 0[297].
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However, an indefinite submatrix Dy of the damping matrix D has det Dgy < 0. In
this case, the inequalities (10.61) indicate that in the (€2, x, §)-space the flutter instabil-
ity domain is inside the conical surface extended (when A > 0) along the §-axis. The
stability domain is adjacent to the cone’s skirt selected by the condition §trDgg > 0,
see Figure 10.8 (a). The conical domain is stretched along the k-axis when A tends to
zero and is transformed into a dihedral angle when A = 0, as shown in Figure 10.8 (b).

With the further decrease in A4, the dihedral angle is again wrapped into the coni-
cal surface which is then extended along the £2-axis, Figure 10.8 (c). The domain of
asymptotic stability is inside the half of the cone selected by the inequality §trDgs > 0.
Note that the threshold A = 0, separating the indefinite damping matrices, coincides
with that found in [290] from the criteria of Routh and Hurwitz for a general two-
dimensional nonconservative gyroscopic system with dissipation.

In the (€2, k)-plane for a fixed 6 > O the instability domain has, respectively, the
form of an ellipse, Figure 10.8 (a), a stripe, Figure 10.8 (b), or a region contained
between the branches of a hyperbola, Figure 10.8 (c). The latter picture shows that
even considerable stiffness modification separating the eigenvalue branches of the un-
damped system cannot always prevent the development of flutter instability in the
presence of indefinite damping (Figure 10.9 (a, b)), which originates, e.g., at the fric-
tional contact when the friction-velocity gradient is negative [340,541].
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Im A

Re A
02 0.1 0 0.1

Figure 10.9. Numerically calculated eigencurves (bold lines) and their approximations (10.41)
and (10.42) (dashed lines) for an indefinite damping matrix Dgg with dps—125—1 = —1,das2s =
2, and d2s—l,2s = 0 when Wy = 1, k2s—1,23—1 = 1, k2s,2s = 2, k2s—l,2s =1 (1e A= —1) and
v=0,k =0.2,and § = 0.3.

Indeed, with the variation of the speed €2, the eigenvalues (10.41) move along the
branches of the hyperbola in the complex plane (see Figure 10.9 (¢))

trD trK I
Red + 255 ImA — ws — ) = -2 (10.62)
4 4wy 2

When Imc = 0 strong modal resonance occurs with the coupling of eigenvalues at
Red = —trD%S and ImA = w; + LZIC{USF k. This new double eigenvalue has only one
eigenvector and strongly influences the eigenvalue trajectories for small values of «
and § when Imc # 0 and is known to be a precursor to flutter instability, e.g., in
hydrodynamics [246] and in electrical circuits [157].

The branch crossing the imaginary axis from left to right is determined by the sign
of Imc. Assuming ReA = 0 in equation (10.62), we find the eigenfrequency of the

mode at the onset of self-excited vibrations to be close to wg

trKstrDgs — trK Dy
2wstrDgg '

Wer = w5 + K (10.63)

Bifurcation of the stability diagrams with the change of entries to matrices D and
K shows a way to explain the famous unsatisfactory reproducibility of experiments
with the squealing disk brakes [461]. Indeed, some parameters like rotational speed
and pressure on the brake pads can be regulated precisely, while the topography of
the pads’ surface as well as the material properties of the pads unavoidably undergo
uncontrollable changes from one run of the experiment to the next. As a consequence,
the very same values of stiffness parameter « and rotational speed €2, which yield
flutter instability (squeal) for A < 0, Figure 10.8 (c), make the system stable (brake
quiet) for A > 0 owing to the qualitative change of the stability diagram with the
change in the structure of matrices D and K, Figure 10.8 (a). This effect becomes even
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more pronounced in the presence of nonconservative positional forces, because, as we
show in the following, the conical stability boundaries are not structurally stable under
small circulatory perturbation, vN.

10.3.6 Destabilizing role of circulatory forces

For the fixed parameters § % 0 and v # 0 the equation B = 0 generically describes
either an ellipse or a hyperbola in the (€2, k)-plane, Figure 10.10 (b, d).

In the case of indefinite damping matrix Dgg with A > 0 and § large enough, the
domain of subcritical flutter is inside the ellipse B = 0, and the domain of asymp-
totic stability is outside the ellipse similarly to the system without nonconservative

A>0 A>0
)

a)

A<0 A<0
c) d) K
flutter
01 *
Q
0

Figure 10.10. Unfolding the conical boundary of subcritical flutter created by the indefinite
matrix Dy (dashed lines) by the perturbation vIN into a couple of Whitney’s umbrellas with
their level curves at § > 0 when (a,b) A > 0 and (c,d) 4 < 0.
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positional forces, whose stability diagram is shown in Figure 10.8 (a). With the de-
crease in § at the fixed v # O the ellipse is rotating around the origin in the (2, k)-
plane and simultaneously it is stretching along one of its main axes. At the threshold
ASw? = Vz”%s—ms (p1(Kss) — p2(Kss))? the ellipse is transformed into two parallel
lines, which with the further decrease in § are bent into two branches of hyperbola B =
0. Then, the flutter instability domain lies between the two branches, Figure 10.10 (b).
When § tends to zero, the hyperbolic branches are shrunk to the union of the intervals
(—00,Kg p 1] U[KE p.n» 00) of the k-axis, where the critical values KfE': p pare defined
by equation (10.50). The exceptional points (2 = 0,k = K?,:: P 8 = 0) are shown as
open circles in Figure 10.10.

In the vicinity of the EPs, the expression B = 0 yields a linear approximation to
the stability boundary

4Bok £ trDgg /K2 — (kKL )2
Q= 2 EPR” 5 4 o(3). (10.64)

+
4 Epn

Thus, in the (€2, §)-plane the domain of asymptotic stability is bounded in the first-
order approximation by the two straight lines (10.64). When « goes to Kjf p.n» the
slopes of both lines €2/§ tend to the value /8 = £ 8., where B, is defined by equa-
tion (10.59). Extracting « from the equation (10.64) we find another representation for
the stability boundary near exceptional points

42/9fo 0Dy (@9~ 2+ (1B,

K=KEpn y)
4p3 — (‘—“3”)
Q/8 F Bo\*
+
~ 1+8 —— s 10.65
KEPJ’I |: + ( trDss ) ( )

which has a canonical form for Whitney’s umbrella Z = X2/Y? [17].

Therefore, we explicitly demonstrated that the conical boundary of the domain of
subcritical flutter, existing for indefinite Dgg and A > 0 (Figure 10.8 (a)), is struc-
turally unstable under the circulatory perturbation, vIN.

With increasing v from zero, the cone opens up and simultaneously the plane § = 0
foliates into two sheets intersecting along the branch cuts (:I:oo, Ki,:t P n] on the «-axis,
which are marked by bold lines in Figure 10.10. The new surface has a couple of
Whitney’s umbrella singularities at the exceptional points (0, Kf P 0).

The domain of asymptotic stability, which for v = 0 was adjacent to the conical
domain of subcritical flutter, is now wrapped into the pockets of the two Whitney’s
umbrellas, selected by the inequality §trDgg > 0.

With the increase in § the stability boundary gradually tends to the conical surface
with the flutter instability inside it, Figure 10.10 (a).
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Inclusion of the nonconservative forces qualitatively changes the stability diagram
in the (2, x)-plane transforming the elliptic flutter domain to a larger one located be-
tween the hyperbolic branches, Figure 10.10 (b). For v = 0 and 6 = 0 the (2, )-plane
is stable, while for v #% 0 and § — 0 the stability domain dramatically shrinks to the
branch cuts (400, Kf P’n]. Consequently, under small perturbation vN a point in the
(€2, k)-plane, which was in the stability domain for v = 0, can suddenly find itself in
the instability region when v # 0, similarly to the scenario described in the previous
section.

When Dy is indefinite and A < 0, the conical stability boundary of Figure 10.8 (c)
unfolds into two surfaces with Whitney’s umbrella singularities at the exceptional
points (0, K%: P 0) as shown in Figure 10.10 (¢). The local approximations to the sur-
faces near the singularities are given by the same equation (10.64), where S8, has a
value different from the case when A > 0. For v = 0 and § # 0, the stability domain
in the (€2, k)-plane is inside the two hyperbolic regions extended along the 2-axis, as
shown in Figure 10.8 (c). When v # 0, with the decrease of § the stability domain ro-
tates around the origin until it is completely reoriented and shrunk into the branch cuts
(Fo0, K]:Et P,n] extended along the k-axis, Figure 10.10 (d). Due to such a reorientation
one can again observe sudden stabilization/destabilization at the very same values of
Q and « when v is slightly changed.

In the absence of damping (§ = 0) the gyroscopic system with the potential and
nonconservative positional forces cannot be asymptotically stable in accordance with
the Bottema—Lakhadanov—Karapetyan theorem [80, 257, 342]. It is unstable almost
everywhere in the space of the parameters and can be only marginally stable at the
points of the branch cut, which is a set of measure zero. Introduction of damping into
the gyroscopic system with nonconservative positional forces leads to the origination
of zones of asymptotic stability, either intersecting with the «-axis, Figure 10.10 (b),
or not, Figure 10.10 (d).

Finally, it is instructive to find the stability diagram in the case when the damp-
ing submatrix Dy is positive definite and v # 0. The result is presented in Fig-
ure 10.11 (a). In contrast to the case when Dy is indefinite, at v = 0 and § > O the
eigenvalues born in the unfolding of the diabolical point have nonpositive real parts,
hence the points of the (€2, k)-plane in the (€2, k, §)-space correspond to marginal sta-
bility. When, however, we put additionally v # 0, the (£2, x)-plane in the vicinity of
the origin foliates into the viaduct singular surface, Figure 10.11 (a). Its part, selected
by the constraint § > 0 separates the regions of subcritical flutter and asymptotic sta-
bility. Unlike the case of indefinite Dy, there is an upper bound for the variation of
8, above which both eigenvalues have negative real parts. In the vicinity of the excep-
tional points the stability diagram has a typical form for a circulatory system perturbed
by dissipative and gyroscopic forces with the Whitney umbrella singularity [288].
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a) b)
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0« 0

Figure 10.11. When v # 0, Dy > 0 and thus A > 0, the boundary between the domains
of subcritical flutter and asymptotic stability is a part of the viaduct surface selected by the
condition § > 0. In contrast to the case when Dy, is indefinite, a system unstable at small «
and €2 can be stabilized by large enough values of §.

10.4 Example: eigenvalue surfaces of the rotating circular
string

We return to the problem of stability of a rotating circular string that is loaded by
potential, damping, and nonconservative forces at a point in space, through which it
passes, see Figure 10.1 (a).

Recall that ford = 0, k = 0, and u = 0 the eigenvalue problem (10.2), (10.3)
has the eigenvalues A, = in(l + ¢Q), Afn = im(l 4+ §Q), where ¢,6 = + and
n,m € Z —{0}. In the (€2, ImA)-plane the branches intersect at the nodes (2259, w55,
with QP9 and w5, defined by equation (7.79) Intersections of the eigencurve with
n = 1 and ¢ = + and those with m > 0 and § = — in the subcritical range (|2| < 1)
are marked in Figure 10.12 (a) by black filled circles.

Taking into account that 0 = —e¢ at all the crossings, excluding (2;°_, =
+1,w;°, = 0) where 0 = ¢, from equations (10.11) and (10.12) we find approx-
imation to the real and imaginary parts of the perturbed nonzero double eigenval-

ues [293,294]

Rek:_dn"'mwmi M
8anm "™ 2

- R
ImA = % + & zmA§2+Z;;mm1ki,/|c|—; =, (10.66)
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Figure 10.12. (a) The Campbell diagram of the unperturbed rotating string with the filled
circles marking the nodes with n = 1; (b) distribution (10.69) of the exceptional points (open
circles) in the subcritical speed range in the (2, k)-plane when 1 = 0.3 and d = 0.3; (¢) pro-
jections of the branch cuts (10.70) of the double-coffee-filters ImA (2, k) and the exceptional
points for n = 1; (d) projections of the branch cuts (10.70) of the viaducts ReA (€2, k) and the
exceptional points for n = 1. Black filled circles show locations of the diabolical points.

where AQ = Q — Q59 , and for the complex coefficient ¢ we have
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Setting Rec = 0 and Im¢ = 0 we find the coordinates of the projections of the
exceptional points of the surfaces ReA (€2, k) and ImA (€2, k) onto the (€2, k)-plane

P (m 4 n)d?wtS*
8enm \fnm(uinm + d*wiS,?)
dwss 2epnm —d(m —n)wss,

2/nm(uPnm + d?ws,*

Qpp =95, £

kEP::l:

(10.69)

As in equations (10.48), the existence of the exceptional points (10.69) depends on
the Krein signature of the intersecting branches, i.e. on the sign of nm, where n,m €
Z — {0}. In the case of the rotating string, all the crossings in the subcritical speed
range (|$2| < 1) have definite Krein signature (nm > 0). For those in the supercritical
speed range (|2] > 1) it is mixed with nm < 0. In the (€2, ¥)-plane the exceptional
points are situated on the lines Imc¢ = 0:

2enmp — dwy%, (m —n)
dwfg,(m? + n?)

k =2me(n + m) AQ. (10.70)
Note that only exceptional points originated after the perturbation of the doublets with
Q;F~ = 0 by pure damping (1 = 0) are situated on the Q-axis because kgp = 0.
That is why damping creates a perfect bubble of instability in the (€2, ReA)-plane for
the double eigenvalues with m = n and imperfect bell-shaped ones for those with
m # n [293,604].

In Figure 10.12 (b) we show the exceptional points (10.69) of the string passing
through the eyelet with the damping coefficient d = 0.3 and the friction coefficient
i = 0.3. The exceptional points in the (€2, x)-plane are distributed over a large area,
which preserves its form independently of the number of points involved. In compar-
ison with numerical methods, our perturbation approach gives efficient explicit and
interpretable expressions for the distribution of exceptional points, for the branch cuts,
and for the very eigenvalue surfaces.

In Figure 10.12 (c) we plot the exceptional points originated after the splitting of
the diabolical points with » = 1 and ¢ = 1 together with the projections of the branch
cuts (10.70) of the double-coffee-filters ImA (€2, k), which are shown by the bold lines.
The corresponding projections of the branch cuts (10.70) of the viaducts ReA(2, k)
are presented in Figure 10.12 (d).

Approximations (10.66) to the eigenvalue surfaces of a string with 4 = 0.3 and
d = 0.3 are presented in Figure 10.13 forn = 1, m = 2,¢ = 4+, and § = —.
Since the corresponding diabolical point is in the subcritical range, the Krein signature
of the double semisimple eigenvalue is definite. Then, the eigenfrequencies of the
perturbed string originated after the splitting of the double eigenvalue Af’z_ form the
double-coffee-filter singular surface, Figure 10.13 (a). The corresponding growth rates
constitute the viaduct singular surface that is almost completely submerged under the
(ReA = 0)-plane (shown in black in Figure 10.13 (b)). The excess of the surface of the
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Figure 10.13. For d = 0.3 and u = 0.3: (a) the double-coffee-filter ImA (€2, k) in the vicinity
of the crossing (n = 1,m = 2); (b) the corresponding viaduct ReA(2, k).

growth rates above the (ReA = 0)-plane means flutter in the subcritical speed range.
The cross-section of the viaduct by this plane yields the linear approximation (10.21)
to the instability tongue, cf. Figure 10.4 (c) and Figure 10.13 (b).

In Figure 10.14 we show in the complex plane the parent diabolical points (open
boxes) and the corresponding exceptional points (open circles) whose locations are

d 2 d 2d —
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Figure 10.14. Exceptional points (open circles) with the parent diabolical points (open boxes)
withn = l,e = landm = 1,2,3, 6 = —1 in the complex plane when d = 0.3, u = 0.3,
and k = 0.3. The trajectories A(£2) when 2 decreases from 1 to 0, calculated (a) by formula
(10.66) and (b) by N = 3-Galerkin approximation (10.4). Growth rates are positive (flutter)
near the double eigenfrequencies w;5~ and w5~ of the string at rest.



Section 10.5 How to play a disk brake? 327

In the engineering literature it was observed that the spectral exceptional points
(strong modal resonances [157]) in the left half of the complex plane are precursors
to flutter instability because of their strong influence on the movement of eigenvalues
in the complex plane, see also [530]. In hydrodynamics it is believed that the sudden
changes of direction of the movement of eigenvalues are “due to the nearby presence
of multiple-eigenvalue points” [246]. Similar effects were observed in magnetohydro-
dynamics [309] and laser physics [380].

Figure 10.14 demonstrates the approximation of the ‘dynamics’ of eigenvalues in
the vicinity of exceptional points, calculated by the formulas (10.66), which is in good
qualitative and quantitative agreement with the numerical calculations based on the
N = 3-Galerkin approximation (10.4). When €2 decreases from 1 to 0, the eigenvalues
move in the left part of the complex plane until they pass nearby the locations of the
exceptional points originated after the splitting of the double semisimple eigenvalues
iwf;, iwt ™, and i a)ﬁ_g_. Then, in each pair of interacting eigenvalues one suddenly
turns to the right and approaches the imaginary axis in the vicinity of the frequencies
o™, b, or i, respectively, of the string at rest, Figure 10.14. More precisely,
according to the formulas (10.66), the critical frequency at the onset (ReA = 0) of
subcritical flutter instability of the rotating string is either w¢, | = wf9, or

m+n p(p —2e8255,d)
dn (un — eofS,d)(um + ewS,d)

wern = 0% +k (10.72)

Formula (10.72) explicitly confirms the proximity of the audible frequency of fric-
tion-induced vibrations to the frequency of free vibrations of a solid of revolution ob-
served in experiments. The critical frequency w,, » can acquire both higher and lower
values than w;% , being however close to it when k is small. On the contrary, since
the nonconservative parameters (1 and d are both in the numerator and denominator
of the formula (10.72), their ratio can take large values even when these parameters

are vanishing, which may enhance the deviation of the unstable frequency from w;9,.

10.5 How to play a disk brake?

Supporting an attractive thesis by Mottershead and Chan [432] that subcritical “flut-
ter instabilities in brake systems occur primarily as a result of symmetry [breaking];
the frictional mechanism which has been the subject of much research over the past
forty years is of secondary importance,” the sensitivity analysis of the present chapter
demonstrates how the nodes of the spectral mesh, situated in the subcritical range, may
serve as a ‘keyboard’ of a rotating elastic solid of revolution.
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Frictional contact is a source of non-Hamiltonian and symmetry-breaking pertur-
bations. In the vicinity of the ‘keys’ of the ‘keyboard’ damping creates eigenvalue
bubbles, which are dangerous by virtue of their ability to get positive real parts in the
presence of nonconservative positional forces, or even without them if the damping
matrix is indefinite. The activated bubbles of instability cause subcritical flutter of a
rotating structure, forcing it to vibrate at a frequency close to the double frequency of
the node and at the angular velocity close to that of the node.

Selection of the unstable modes that cause self-excited vibrations in the subcritical
speed range is governed by the exceptional points at the corners of the singular eigen-
value surfaces, ‘double-coffee-filter’ and ‘viaduct’, that are sharply associated with
the crossings of the unperturbed Campbell diagram with definite Krein signature.

Generically, the structure of the perturbing matrices determines only the details of
the geometry of the surfaces, such as the coordinates of the exceptional points and
the spacial orientation of the branch cuts. It does not yield the qualitative changes
irrespective of whether dissipative and circulatory perturbations are applied separately
or in a mixture. The two eigenvalue surfaces found unite seemingly different problems
on friction-induced instabilities in rotating elastic continua, because their existence
does not depend on the specific model of the rotor-stator interaction and is dictated by
the Krein signature of the eigenvalues of the isotropic rotor and by the nonconservative
nature of the forces originated at the frictional contact.

The double-coffee-filter singularity and its viaduct companion are true symbols
of instabilities causing the wine glass to sing and the brake to squeal that connect
these phenomena of wave propagation in rotating continua with the physics of non-
Hermitian singularities associated with wave propagation in stationary absorptive and
chiral media [52], which we will consider in detail in the next chapter.



Chapter 11

Non-Hermitian perturbation of Hermitian
matrices with physical applications

By the various sections of this solid, in sev-
eral positions . .. divers new lines must arise,
in a great variety, different from those aris-
ing from the section of a cone. Some of which
. might be of good use in the building of

ships.
John Wallis, Cono-cuneus [591]

In 1662 Peter Pett (1610-1672), Commissioner of the Navy and son of a King’s Master
Shipwright, in an attempt to produce ship hulls of least resistance, visited a famous Ox-
ford mathematician John Wallis! (1616—1703). Wallis was asked for help with respect
to a specific geometric solid that Pett intended to use in shaping a new shipwright’s tool
for laying off vessels [402]. The so-called shipwright’s circular wedge was thought to
consist of progressively curved strips of wood, which could then be disassembled,
much like a half hull. What mathematical law should determine the variation of the
curvature?

Wallis proposed to model ship hulls using a universal ruled surface generated by a
line (imagine a plank of wood) moving on two directors, one of which is rectilinear
and perpendicular to all generators (imagine a bow of a ship as a simple upright line
meeting a level keel at the bottom in a right angle), and the other (situated midship)
is a circle perpendicular to the plane which contains its center and the other director,
Figure 11.1 (left). Extending the basic conoid shape through the vertical (bow) line
into its reflection [402], Wallis found the equation of the surface to be

c?x? = y*(a? - 2%, (11.1)

where a is the radius of the circular director and ¢ the distance of its center on the
y-axis from the origin in the (x, y, z)-space. The rectilinear director on the z-axis,
and the line at infinity perpendicular to the latter are self-intersections of the surface,
Figure 11.1 (right). In the 21st century, ‘a great variety of lines’ in the cross-sections
of the conical wedge of Wallis* determine peculiar crossings and avoided crossings of
eigenvalues in non-Hermitian problems of fluid dynamics [246,458], optics [52, 154],
and atomic physics [260,365,426], to name a few.

1 We recall for example the Wallis product (1655) 1 % . % . % . g cee = ”

2 The coffee-shop culture of our days quickly associated it with the double -coffee-filter [260].
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Figure 11.1. The conical wedge of Wallis (1684) witha = 1 and ¢ = 1: (left) its quarter part,
which is one of the classical shapes in naval architecture and (right) the full surface given by
equation (11.1) known also as the double-coffee-filter [260].

Non-Hermitian Hamiltonians and matrices usually appear in physics when dissi-
pative and other nonconservative effects are taken into account. For example, in hy-
drodynamics in buoyancy-driven thermal Rossby waves that commonly occur in geo-
physical flows, a phase shift in the periodic direction between the temperature and the
velocity eddies produces a non-Hermitian governing operator [105, 106, 458]. Other
known examples are complex refractive indices in optics and complex potentials de-
scribing scattering of electrons, X-rays or microwaves [154]. Non-Hermitian opera-
tors, which can be viewed as a perturbation of Hermitian ones, generate new physical
effects, especially in the case of coalescence (coupling) of eigenvalues [51,426].

Since the papers by von Neumann and Wigner (1929) [587] and Teller (1937) [568]
it is known that the energy surfaces in quantum physics may cross, forming two sheets
of a double cone resembling a children’s toy ‘diabolo’ [426]. The vertex of the cone
is therefore a diabolical point (DP) [56]. This kind of crossing is typical in systems
described by real symmetric Hamiltonians with at least two parameters and Hermitian
Hamiltonians depending on three or more parameters [130,569]. DP corresponds to a
double semisimple eigenvalue [270].

Historically, the first nontrivial physical effect associated with DPs is Hamilton’s
conical refraction in birefringent crystals [53]. Within such crystals of the lowest pos-
sible optical symmetry, two light waves of different polarization propagate in almost
every direction with different phase velocities, which yields an easily observable dou-
ble refraction [78]. In 1832 Hamilton discovered a limited number of directions of
wave propagation where the velocities coincide.

The phase velocities and polarizations are associated with the eigenvalues and eigen-
vectors of a real symmetric matrix depending on the components of the wave vector.
The coincidence of the phase velocities occurs exactly at a diabolical point where the
eigenvalue is double-semisimple with two linearly independent eigenvectors. Then,
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any linear combination of these eigenvectors (polarizations) is an eigenvector of the
doublet too [270]. An immediate consequence of this freedom is that the light rays
associated with one of the wave vectors (optic axes) specified by Hamilton are infinite
in number and travel in all of the directions of a cone.

Compared to double refraction, conical refraction is a rare (nongeneric) phenome-
non. It is not surprising then, that the latter appeared first as a theoretical prediction.
Imagine how fascinating for the contemporaries it was that soon thereafter Lloyd?
managed to observe the effect in a series of refined experiments [53,78]. As an example
we quote the reaction of Pliicker to internal conical refraction documented in 1839
[189]:

No experiment in physics has made such an impression on my spirit as that of
conical refraction. A ray of light entering a crystal and emerging in the shape of
a cone of light: something fabulous without precedent. Mr. Hamilton announced
it in the form of a wave which was the result of long and abstract calculations.
I confess that I thought it impossible to see verified by experiment such an ex-
traordinary result preceded only by a theory recently created by the genius of
Mr. Fresnel. But since Mr. Lloyd has demonstrated that the experiments are in
full concordance with the predictions by Mr. Hamilton, all prejudice against a
theory so marvelously confirmed must vanish.

Later on, conical refraction was found in hydromagnetics [385,578] and discussed
together with diabolical points in the more general context of geometrical optics ap-
proximation of solutions of hyperbolic partial differential equations, see e.g. [104,130,
189].

In modern non-Hermitian problems of quantum physics, crystal optics, physical
chemistry, acoustics, hydro- and magnetohydrodynamics it is important to know how
diabolical points of a Hermitian Hamiltonian unfold under arbitrary complex perturba-
tion forming topological singularities of eigenvalue surfaces such as a double-coffee-
filter with two exceptional points (EP), where both a pair of eigenvalues and their
eigenvectors coalesce forming a double eigenvalue with the Jordan block [51,52,154,
155,235,246,260,426,506,527]. Both the DP and EP cases were observed in experi-
ments, related in particular to the topics of the geometrical phase and & 7 -symmetry,
see for instance [154,418,426,507,511] and references therein.

Motivated by these applications, we start this chapter with the study of coupling of
eigenvalues of complex matrices of arbitrary dimension in the general setting of the
work [517]. We describe typical (generic) movements of eigenvalues and eigencurves
as cross-sections of eigensurfaces.

Then, following the theory developed in [269,270], we consider a complex perturba-
tion of multiparameter families of real symmetric and Hermitian matrices. In the case
of real symmetric matrices we study unfolding of the conical singularities of eigen-
surfaces at a diabolical point under real and complex perturbations into new singular
surfaces such as the conical wedge of Wallis.

3 Humphrey Lloyd (1800-1881) — an Irish physicist.
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As a physical application, singularities of the dispersion surfaces in crystal optics
are studied. Asymptotic formulas for the metamorphoses of these surfaces depending
on properties of a crystal are established and discussed in detail. Singular axes for gen-
eral crystals with weak absorption and chirality are found. An explicit condition dis-
tinguishing the absorbtion-dominated and chirality-dominated crystals is established
in terms of components of the inverse dielectric tensor. Numerical examples illustrate
the general theory.

Finally, we turn to the question of approximate computation of the geometric phase
along a path surrounding either DP or EP-set in the parameter space by means of the
perturbation of eigenvectors at the degeneracies. In contrast to many existing studies
of the Berry phase, we present a formalism suitable for the complex matrix families
of arbitrary dimension and with arbitrary number of parameters [397, 398]. Recent
experiments with dissipative microwave cavities are discussed that have confirmed
some of the predictions of the theory [154].

11.1 Eigenvalue movement through a 1 : 1 resonance in
complex matrices

Following [517] let us consider the eigenvalue problem
Au=\u (11.2)

for an m x m complex matrix A (p) smoothly depending on a vector of real parameters

= (p1,-.., Pn)- Assume that, at p = pg, a 1 : 1 resonance occurs, i.e. the matrix
Ay = A(po) has an eigenvalue Ay of multiplicity 2 as a root of the characteristic
equation det(Ag — Agl) = 0; I is the identity matrix. The doublet has either one or
two linearly independent eigenvectors u, determining its geometric multiplicity. The
eigenvalue problem adjoint to (11.2) is

Afv =y, (11.3)
—T

where AT = A __is the adjoint matrix operator (Hermitian transpose) with the spectral
parameter n = A.

Consider a smooth perturbation of parameters in the form p = p(¢), where p(0) =
Po and ¢ is a small real number [517]. Then,

1
A(p(e)) = Ag + A + 582A2 +0(e%), Ag = A(po),

dA d IA d? " A dp; dp;
A]ZZ api _Z Pt api ap;

114
ap; de’ d82 ap,ap, de de’ (11.4)

i=1
Generally, the perturbation transforms the doublet Ao into a pair of simple eigenvalues.

A concrete scenario of such a transition depends on the geometric multiplicity of A
[258,428,548,584].
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11.1.1 Diabolical point (DP): passing of eigenvalues

Let Ag have two linearly independent eigenvectors u; and uy. The semisimple 1 : 1 res-
onance is frequently called the diabolical point [56]. Let v; and v, be the eigenvectors
of the eigenvalue n = A of the adjoint problem (11.3) and satisfy the normalization
conditions

(u,v)) = (a2, v2) = 1, (u,v2) = (w,vy) =0, (11.5)

where (u,v) = Z:‘l:l u;v; denotes the Hermitian inner product. Conditions (11.5)
define the unique vectors v and v, for given u; and up [155,517].

For nonzero small ¢, the two eigenvalues A and A_ resulting from the bifurcation
of Ag and the corresponding eigenvectors uy are given by

Ar =Ao+ pre+o0(e), usr =axu; + fruy +o(1). (11.6)

The coefficients (4, a4, and B4 are found from the eigenvalue problem for a 2 x 2
nonsymmetric matrix similar to that derived in 1984 by DiPrima and Hall in their study
of stability of the Couette—Taylor flow [155]

(Ajug,vy) (Ajug,vy) ( ot ) _ (Oli ) (11.7)
(Ajug,v2) (Aju,vy) B+ ) Ha B+ )’ ’

Solving the characteristic equation for (11.7), we find [517]

_ A, vi) + (Aju, vy)
2

" \/((Aluhvl) —4(A1112,V2))2

As the parameter vector passes the diabolical point pg along the curve p(g) in pa-
rameter space, the eigenvalues A4+ and A_ change smoothly and pass through each
other at A¢ in such a manner that their eigencurves touch the same plane at the DP, see
Figure 11.2 (a). The corresponding eigenvectors u4+ and u— remain different (linearly
independent) at all values of ¢ including the point pp. By means of eigenvectors, the
eigenvalues A 1 are well distinguished during passing through the semisimple 1 : 1 res-
onance. The eigenvalues A4 and the eigenvectors ut are however nondifferentiable
functions of multiple parameters at pg in the sense of Frechét [258, 548].

Introducing a complex vector f;; = ( i}" e i;?) with the components

[t

+ (Ajug, v2)(Ajup, vy).  (11.8)

0A
k
7k = (a}Tkui,v,-), (11.9)
where the derivative is taken at pg, from equation (11.8) we find
ReAdt = ReAg + Re (fj; + £5, Ap)/2 + +/(|c]| + Rec)/2, (11.10)

ImAg =ImAg + Im (f;; + £55, Ap)/2 + /(Jc| —Rec)/2, (11.11)
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Figure 11.2. Eigenvalue movement of a complex matrix through a 1 : 1 resonance which is
(a) semisimple (passing, DP), (b) nonsemisimple (splitting, EP) [146].

with Ap = p — po, and
¢ = (fu — f22, Ap)*/4 + (fi2, Ap) (fa1, Ap). (11.12)

The inner products of vectors here are given by (a,b) = Z?:] a;b;. Note that we
use different notation for the inner product to distinguish between the linear complex
space C™ (round brackets) and linear real space R” (angular brackets). In expressions
(11.10) and (11.11) the higher order terms o(||Ap||) and o(|| Ap||?) are omitted before
and under the square root.

In order that A( be algebraically double under perturbation of parameters, i.e. A+ =
A_, the two independent equations must simultaneously be fulfilled

Rec =0, Imc =0. (11.13)

Generally this double eigenvalue Ay = A_ possesses a single eigenvector uy = u_,
i.e. the 1 : 1 resonance is no longer semisimple.

The doublet that survived perturbation has two eigenvectors only when the matrix
in the left-hand side of the system (11.7) is proportional to the identity matrix. This
yields the four constraints

(fi1, Ap) = (f22, Ap), (fi2, Ap) = (£, Ap) =0, (11.14)

which imply (11.13) and represent six independent equations taken for real and imag-
inary parts. Thus, a semisimple 1 : 1 resonance is a rare phenomenon of codimension
6 in systems described by general complex matrices, which requires six parameters
for complete qualitative description [517].

11.1.2 Exceptional point (EP): splitting of eigenvalues

Let at pp a double eigenvalue A possess a single eigenvector ug. This nonsemisimple
1 : 1 resonance corresponds to the exceptional point. The second vector of the invari-
ant subspace corresponding to A¢ is a generalized eigenvector u; determined by the
equation

Aoul = A()lll + up. (1115)
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An eigenvector vo and an associated vector v; of AT are determined by
Alvo=Zovo, Alvi=Zovi+vo, ,vo)=1, (u,v)=0, (11.16)

where the normalization conditions determine v and v; uniquely for a given u;. The
double eigenvalue A splits into two eigenvalues A with the eigenvectors ui

Ax = Ao £ 1€ + poe + o(e),
s =up +upJ/pie + (powr + G (wiay — Ajw))e +o(e),  (11.17)

where G = Ay — Aol + VOVT and the coefficients | and pu; are [517]
m1 = (Ajug,vo), 2u2 = (Ajug,vy) + (Ajug, vo). (11.18)

With a variation of ¢ from negative to positive values, the two eigenvalues A4
approach, collide with infinite speed (the derivative with respect to ¢ tends to infin-
ity [458]) at A¢, and diverge in the perpendicular direction, see Figure 11.2 (b). The
eigenvectors interact too. At ¢ = 0, they merge to uy up to a scalar complex fac-
tor. Since the condition ; = 0 leads to degeneration of both the eigenvalues and
the eigenvectors at the EP, this degeneracy has codimension 2 for general complex
matrices.

An exciting feature of the movement of eigenvalues through the nonsemisimple
1 : 1 resonance is that the two eigenvalues cannot be distinguished after the interaction.
Indeed, there is no natural rule telling how the eigenvalues before coupling correspond
to those after coupling [517].

11.2 Eigensurfaces associated with DPs

Although diabolical points in general families of complex matrices have codimension
6, additional symmetries or degeneracies may force them to take place in systems
dependent on a smaller number of parameters [147]. Already in 1929, von Neumann
and Wigner demonstrated that the codimension of the semisimple 1 : 1 resonance
decreases to 3 in the case of Hermitian matrices and to 2 in the real symmetric case
[587].

A family of Hermitian matrices A (p) has real eigenvalues that are either simple or
semisimple. If A is a double eigenvalue of Ay = A(pg) at some point py, one should
take vi = uy and v, = w, in equation (11.7), where the eigenvectors u; and up of g
at po satisfy the normalization conditions

(uj,u)) = (wp,w) =1, (u,w)=0. (11.19)

SincE: the matrix A is Hermitian, the vectors f;; and f5, are real and the vectors
fio = f5, are complex conjugate in the asymptotic formulas (11.10) and (11.11) for
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A4+ In the case of real symmetric matrices A = AT the vectors £, £, and fj, = £,
are real. The asymptotic expression for the eigenvectors corresponding to A4 takes
the form [269,270]

ot (fi2, Ap) Az — Ao — (fn, Ap)

Br Ai—ro— (LA . A '
B+ + — Ao — (f11, Ap) (£21, Ap) (11.20)

Expressions (11.20) provide zero order terms for the eigenvectors u4 under perturba-
tion of the parameter vector in the Hermitian matrix family A(p).

ut = otu; + fru,

11.2.1 Complex perturbation of a Hermitian matrix family

Now, consider an arbitrary complex perturbation of the Hermitian family: A(p) +
AA(p), see e.g. Kahan [250]. Such perturbations appear due to nonconservative ef-
fects breaking symmetry of the initial system [52]. We assume that the size of the
non-Hermitian perturbation AA(p) ~ ¢ is small, where ¢ = || AA(po)|| is the Frobe-
nius norm of the perturbation at the diabolic point. The eigenvalues A for small Ap

and small ¢ are described by the asymptotic formula [269,270]
(fi1 + £2,Ap) | en1+em

Ar=2A 11.21
+=A0+ > + > ( )

fi1 — £, Ap) + €11 — £22)?
i\/((11 2 Pi 11— 2) + ({fi2, Ap) + €12)({f21, Ap) + &21).

The quantities ¢;; are small complex numbers of order & given by the expression

sij = (AA(po)ui,Uj). (11.22)

A small variation of the matrix family leads to the following correction of the asymp-
totic expression for the eigenvectors

uy =aiu + fLu,

af _ (fi2, Ap) + €12 _ At — Ao~ (B2, Ap) —em (11.23)

B& A+ —Ao— (i1, Ap) —en (f21, Ap) + 21 ' '
The ratios of, /B = af /B at the point of coincident eigenvalues A+ = A_. Hence,
the eigenvectors u+ = u— coincide, and the point of eigenvalue coupling of the per-
turbed system becomes an exceptional point. For some specific perturbations AA(p),
the coupling point may remain diabolic under the conditions

(fio, Ap)+e12 =0, (f21, Ap)+e21 =0, (fi1—f, Ap)+e11—e2 =0, (11.24)

when both ratios in (11.23) become undetermined.

The asymptotic description of unfolding the diabolical point by perturbing the Her-
mitian family requires only the value of AA(p) taken at the coupling point pg. De-
pendence of the perturbation A A on the vector p near the point pg is not so important,
since it influences higher order terms.
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11.2.2 DP in the spectrum of real symmetric matrices

When A(p) is a family of real symmetric matrices, the asymptotic formula (11.10)
describes a surface in (py, p2,. .., pn, A)-space, consisting of two sheets A4 (p) and
A—(p) connected at the points specified by the equations

1
At = Ao+ §<f11 + £, Ap), (fi1 — £, Ap) =0, (fi2,Ap) =0, (11.25)

where A4+ = A_. In the p space the last two of equations (11.25) define a plane of
dimension n — 2. Thus, a double semisimple eigenvalue has codimension 2 in an n-
parameter family of real symmetric matrices [587].

For the two-parameter matrix A(p;, p») equation (11.10) defines a cone with the
vertex at the diabolical point (pg, Ag) in (p1, p2, A)-space, Figure 11.3.

P

Figure 11.3. DP in a two-parameter family of real symmetric matrices [270].

11.2.3 How a DP unfolds into the conical wedge of Wallis

Let us consider a perturbation A(p) + AA(p) of the real symmetric family A(p) in
the vicinity of the diabolical point pg, where AA(p) is a complex matrix with the
small norm ¢ = ||AA(po)||. Splitting of the double eigenvalue Ay due to a change of
the vector of parameters Ap and a small complex perturbation AA is described by
equation (11.21), which acquires the form

Ar=A+ute, c=x+6>+0+n’ -2 (11.26)
In equation (11.26) the quantities A}, x, and y are real:
1 1
Ay = Ao+ §<f” +1f»,Ap), x = E(f” —fn,Ap), y = (fi2, Ap), (11.27)
while the small coefficients u, &, 1, and ¢ are complex:

1 1 1 1
n= 5(811 +e2), &= 5(811—822), n= 5(8124-821), ¢ = 5(812—821)- (11.28)
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Separating real and imaginary parts in equation (11.26), we find

Re?(A — Ay — p) — Im*(A — A — j1) = Rec,

2Re(A — Ay — w)Im(A — A — ) = Ime, (11.29)

where
Rec = (Im*¢—Im?—Im?n—Re??)+(x+Reé)>+(y+Ren)?, (11.30)
Imc = 2((x+Reé)Imé + (y+Ren)Imn — RelImd). (11.31)

equations (11.29) yield the real and imaginary parts of the perturbed eigenvalues

Reds = A} + Rep + \/ (Rec + VReZe + Imc ) /2, (11.32)

Iy = Tmpt + \/ (~Rec + VR FTe ) /2, (11.33)

which are hypersurfaces in (p1, p2,..., pn,ReA) and (p1, pa2, ..., pn,ImA)-spaces.
Two sheets of the surface (11.32) are connected (i.e. ReA+ = ReA_) when

Rec <0, Imc =0, ReAly = Aj + Rep, (11.34)
while the sheets ImA 4+ (p) and ImA_(p) are glued at the set of points satisfying
Rec >0, Imc =0, ImA+ = Impu. (11.35)

Near the intersections (11.34) and (11.35) the approximations are valid

Ime [ —1
Redt =A,+Reu + — ,/——, Rec <0,
EAL otReu > Rec ec

Imc 1
Imly =Impu £ —/ —, Rec > 0. (11.36)
2 Y Rec
The eigenvalue remains double under the perturbation of parameters when ¢ = 0,
which yields two equations Rec = 0 and Im¢ = 0. Two cases are distinguished

according to the sign of the quantity
D = Im*£+Im?*y—Im?¢. (11.37)

If D > 0, then the equations Rec = 0 and Imc¢ = 0 with expressions (11.30), (11.31)
yield two solutions (x4, y4) and (xp, yp), where

_ Im&Re{Im¢ + Imy V (Im2§ +Im2n+Re2Z) D
N Im?£+Im?p

Xab Ret, (11.38)

ImnRe¢Im¢ F Imé /(Im2E +Im2n+Re2¢) D
Im2¢+Im?n

Vap = Ren. (11.39)
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These two solutions determine the points in parameter space where double eigenvalues
appear. When D = 0, the two solutions coincide. For D < 0, the equations Rec = 0
and Imc¢ = 0 have no real solutions. In the latter case, the eigenvalues A4+ and A_
separate for all Ap.

Note that the quantities Im¢ and Im7 are expressed by means of the anti-Hermitian

part AAy = (AA — MT)/z of the matrix AA as
_ (AAN(po)ur, 1) — (AAN (Po)ur, u2)

Imé (11.40)
2i
AA AA
Iy = (AAN (po)ui, up) f( N(PO)“Z,UI)’ (11.41)
2i
while Im¢ depends on the Hermitian part AAg = (AA + ET) /2 as
AA —(AA
Im¢ = (AAg (po)ui, wp) .( H (Po)u2. W) (11.42)

2i

If D > 0, one can say that the influence of the anti-Hermitian part of the perturba-
tion AA is stronger than that of the Hermitian part. If the Hermitian part prevails in
the perturbation AA, we have D < 0. In particular, D = —Im?¢ < 0 for a purely
Hermitian perturbation AA.

Let p? = (p1, p2) and D < 0. Then, the eigensheets ReA 1 (p) and ReA_(p) are
separate, see Figure 11.4 (a). Indeed, for D < —Re?{ the inequality Rec > 0 holds for
all variations of parameters, see equation (11.30). When —Re?¢ < D < 0 the equation
Rec = 0 with expressions (11.27) define an ellipse in the plane of parameters (p;, p2).
Inside the ellipse we have Rec < 0 and outside Rec > 0. Equation Im¢ = 0 defines
a line in the same plane. The line and the ellipse have no common points for D < 0
since there are no real solutions of the equation ¢ = 0. Hence, for D < 0 conditions
(11.34) are not fulfilled and the real parts of the eigenvalues avoid crossing. As the
size of the complex perturbation decreases (¢ — 0), the two sheets come closer and
touch each other at the point (pg, o) for ¢ = 0 forming the diabolic singularity. The
sheets ImA 4 (p) and ImA_(p) of the surface (11.33) intersect along the line

Imc/2 = (x+Reé)Imé + (y+Ren)Imny — Re¢Im¢ = 0, ImAyL = Imu, (11.43)

that follows from equations (11.35). According to equations (11.36) the angle of in-
tersection of the imaginary eigensheets is small of order ¢ and vanishes as & — 0.

In the case when D > 0, the line Imc¢ = 0 and the ellipse Rec = 0 have common
points p, and pp where the eigenvalues couple. Coordinates of these points found
from the equations (11.27) are

_2f122xa,b +(f121 _f222)J’a,b 2f112xa,b_(f111 —lez)Ya,b )
A=) - AU =55)" AAUA—3)— 1B —lez()l 1 ;4)

paT,b=pg+(
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Re a) D<O

Figure 11.4. Unfolding the diabolical singularity in the case when in the complex perturbation
(a) the Hermitian part prevails (separated eigensurfaces for the real parts and intersecting ones
for the imaginary parts of the perturbed eigenvalues) and (b) the anti-Hermitian part prevails
(the double-coffee-filter [260] for the real parts and the viaduct [294, 506] for the imaginary
parts) [270].

where x,p, and y,; are defined by expressions (11.38) and (11.39). Here we have
assumed that the vectors f}; — f5; and f}, are linearly independent. The points p, and
p» coincide at D = 0. According to conditions (11.34) the real eigensheets ReA 4 (p)
and ReA_(p) are glued in the interval [pg, pp] of the line

Imc/2 = (x+Re&)Imé+(y+Ren)Imn—RelIm¢ = 0, ReAy = Aj+Rep. (11.45)

The surface of real eigenvalues (11.32) easily reduces to the canonical form (11.1)
of the conical wedge of Wallis, cf. Figure 11.1 and Figure 11.4 (b). In modern physical
language, however, the term double-coffee-filter is more popular [260].

From conditions (11.35) it follows that the imaginary eigensheets ImA 4 (p) and
ImA_(p) are connected along the straight line (11.43) where the interval [pg, pp] is
excluded, forming the viaduct singular surface [294,506], see Figure 11.4 (b). Accord-
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ing to equations (11.36), the angle of intersection of the imaginary eigensheets tends
to 7 as the points p, and p are approached, since Rec goes to zero. At far distances
from the interval [p,, pp] this angle becomes small of order . With the decrease of the
size of complex perturbation ¢ the interval shrinks and the angle of intersection goes to
zero. At ¢ = 0 the imaginary parts of the eigenvalues coincide: ImA = ImA_ = 0.
Note that in crystal optics and acoustics the interval [p,, pp] is referred to as a branch
cut, and the points pg, pp are called singular axes, see [52,527]. According to equa-
tion (11.23), the double eigenvalues at p, and p; possess only one eigenvector and,
hence, they are exceptional points (EPs).

11.2.4 Inflating the diabolical point into an exceptional ring

Let AA(p) be a real nonsymmetric matrix. Then wu, &, n, £, and hence,
c=@+E+(+n’ - (11.46)

are real too. According to equation (11.26), the eigenvalues A 1 are complex conjugate
if ¢ < 0 and real if ¢ > 0. The eigenvalues couple for ¢ = 0 forming a set consisting
of exceptional points with double real eigenvalues.

Consider a system depending on a vector of two parameters p = (pi, p2)7 . Then
equation ¢ = 0 with expressions (11.27) and (11.46) define an ellipse in parameter
plane; ¢ < O inside the ellipse and ¢ > 0 outside. Real parts of the eigenvalues are
given by the equations

¢>0: ReA—Ag— )’ —(x + &)’ (y + n)’= -, (11.47)
c<0:Red =A\+ p. (11.48)

Equation (11.47) defines a hyperboloid in the space (p1, p»,Rel). Real parts of the
eigenvalues A1 coincide at the disk determined by equation (11.48), see Figure 11.5

Figure 11.5. A real nonsymmetric perturbation of the diabolical point [270].
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(left). Imaginary parts of the eigenvalues are

¢c>0:ImA =0, (11.49)
c<0:Im*A + (x + 6+ + 1) =% (11.50)

The imaginary parts are both zero at the points of the plane (11.49) surrounding the
ellipsoid (11.50) (‘a bubble’) in the space (pi, p2, ImA), see Figure 11.5 (right). The
eigenvalues couple at the points of the elliptic ring

Ae =+ pm, (x+E*+( +n)? =10, (11.51)

consisting of exceptional points (shown by a bold black line in Figure 11.5). When AA
is a real symmetric matrix, the radius of the exceptional ring ¢ = 0. Similar inflation
of the diabolical point into an exceptional ring generically happens when a Hermitian
matrix is perturbed by a complex one, for details see [269,270].

Finally, we describe deformation of the surfaces (11.47), (11.48) and (11.49),
(11.50) as the real perturbation becomes complex. If ImAA is such that D < 0, the
parts of the hyperboloid (11.47) connected by the disk (11.48) are separated into the
two smooth surfaces described by the equation (11.32). On the other hand, the ellip-
soid (11.50) surrounded by the plane (11.49) is foliated into two sheets crossing each
other along the line Imc = 0, see Figure 11.4 (a). Recall that the line Imc = 0 does not
intersect the ellipse Rec = 0. When D > 0, the disk (11.48) foliates into two sheets
crossing along the interval [pg, pp], Where the points p, and pj, are given by expres-
sion (11.44). As ImAA increases, the angle of intersection of real eigensheets grows.
In this manner the purely imaginary perturbation deforms the hyperboloid (11.47) into
the double-coffee-filter (11.32), see Figure 11.4 (b). The ellipsoid (11.50) surrounded
by the plane (11.49) is transformed into two smooth sheets intersecting along the line
Imc = 0, where the interval [pg, pp] is excluded. The angle of intersection grows as
the size of ImAA increases.

11.2.5 Example: flutter instability in granular flow

The unfolding of the conical eigenvalue surface shown in Figure 11.5 naturally arises
in the problem of the flutter instability (flutter ill-posedness) in granular flow that
was modeled by An and Schaeffer [9] as an elastoplastic continuum in two space
dimensions. Writing the governing partial differential equations for the density, ve-
locity, and the Cauchy stress tensor, supplementing them with an elastoplastic con-
stitutive law in the assumption of the associative flow rule, objective stress rate, and
a smooth, isotropic yield surface, and considering the anisotropic hardening as small
perturbation, yields a quasilinear system of six equations for six scalar unknowns.
Looking for a solution to the governing PDEs as a plane wave with the wavevector
k = (k1,k2)T and the frequency o yields an eigenvalue problem for the acoustic
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tensor A(s,k,¢e,B,t) = Ag + €A, where

ae (2—s1+ﬂ2)k2+(1+r)k2 (1+s1+32— )kk2

(1 +s158 + r) kiks (2 sUHB)Y ) B+1-0k? )
T g2\ U =Bk - (L + PR =201+ Bk, S

¢ is a small parameter, 2t the difference between the principal stresses, s the inverse
hardening modulus with s = 0 and s = 1 corresponding to the elastic and plastic
limits, respectively, and the parameter 8 € (0, 1) specifies the angle of internal friction
[9]. Eigenvalues of the acoustic tensor are squared eigenfrequencies w?. When & =
0,7t = 0,and s € [0, 1], the acoustic tensor is a real symmetric matrix with the
real nonnegative eigenvalues [9]. Nonzero parameters € and 7 introduce a real non-
symmetric perturbation to the real symmetric matrix family.

In the assumption that k; = k cos 6 and k, = k sin 6 and at the fixed parameters t,
B, k, and ¢ the acoustic tensor is a function of the softening s and the propagation angle
0 only: A = A(s, 6). The eigenvalues of the two-parameter matrix family normalized
by k? can thus be plotted in the three dimensional space. Figure 11.6(a) demonstrates
the typical conical intersection at ¢ = 0 that unfolds into a hyperboloid of one sheet
at & = (0.2 shown in Figure 11.6(b). The top view of the hyperboloid in Figure 11.6(c)
makes visible its central opening corresponding to a region of complex wave speeds
(flutter), cf. Figure 11.5.

Flutter

0 0.2 04 0.6

Figure 11.6. Squared wave speed ¢ := w/k atk = 1, § = 0.7, t = 0.4 as functions of
the softening s and the angle of propagation 6 when (a) ¢ = 0 (conical intersection) and (b,c)
& = 0.2 (a hyperboloid of one sheet and its top view).
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11.3 Unfolding conical singularities in crystal optics

Following Berry and Dennis [52], we consider propagation of light in a nonmagnetic
dichroic chiral anisotropic crystal. The optical properties of this dissipative medium
are characterized by the inverse dielectric tensor 5, which relates the vectors of electric
field E and displacement D as

E = yD. (11.53)

A monochromatic plane wave of frequency w propagating in a direction specified by
the real unit vector s = (s1, 52, s3) has the form [78]

D(r,7) = D(s) exp iw(@sTr — t) , (11.54)
c
where ¢ is light’s velocity in vacuum, n a refractive index (so that v, = en~lis

the phase velocity), and r a real vector of spatial coordinates. With wave (11.54) and
constitutive relation (11.53), Maxwell’s equations yield

1
7D(s) —ssT yD(s) = ——D(s). (11.55)
n*(s)
Multiplying equation (11.55) by the vector s” from the left, we find that for plane
waves the vector D is always orthogonal to the direction s, i.e. s D(s) = 0. This
constraint transforms (11.55) into the eigenvalue problem [270]

[A—ssT)pd —ssT)]u = Au, (11.56)

-2 T

where A = n7=, u = D, and I is the identity matrix. Since I — ss” is a singular
matrix, one of the eigenvalues A is always zero. We denote the other two eigenvalues
by A+ and A_. These eigenvalues determine refractive indices n. The corresponding
eigenvectors yield polarizations.

The inverse dielectric tensor is a complex non-Hermitian matrix 1§ = 9yungp +
Ndichroic + Mchirai- The symmetric part of  consists of the real matrix #y,,,, and the
matrix gicproic With pure imaginary entries. It constitutes the anisotropy tensor, de-
scribing the birefringence of the crystal. For a transparent crystal, the anisotropy tensor
is real and is represented only by the matrix 9,,,; for a crystal with linear dichroism
it is complex. Choosing a basis along the principal axes of s, We have §yng, =

diag (11, 12, n3)-
The matrices

nEl’l Tigz ngg 0 -g &
Ndichroic =1 | 12 1% 15 |» Mepirwn =i & 0 —g1 |, (11.57)
0?3 7)513 77?3 —82 &I 0

describe linear dichroism (absorption) and chirality (optical activity) of the crys-
tal, respectively. The matrix 5, is determined by the optical activity vector g =
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(g1, &2, g3) that linearly depends on s as

Yir Y12 Y13 51
g=ys=| vi2 v2 v s ], (11.58)
Y13 Y23 V33 53

where y is a symmetric optical activity tensor; this tensor has an imaginary part for
a material with circular dichroism [52]. Note that in [482, 533], the effective macro-
scopic dielectric tensor of anisotropic crystals with absorption and chirality has been
instructively obtained on the basis of the most general Tellegen constitutive rela-
tions [567] in the long-wavelength limit of the Bloch waves representing the full so-
Iution of Maxwell’s equations in periodic media.

11.3.1 DPs in Hamilton’s conical refraction
In a transparent nonchiral crystal 9 g.p0ic = 0 and y = 0. Then the matrix
A(P) = (T — 58" ) gy T —s87) (11.59)

is real symmetric and depends on a vector of two parameters p = (s1,s52)7. The

third component of the direction vector s is found as s3 = /1 — s — s3. In biaxial
anisotropic crystals the dielectric constants are different: n; > 1, > 3.
Nonzero eigenvalues A1 of A(p) follow from Lewin’s formula (2.47) as
trA 1

Ay = - *3 V21r (A2) — (trA)2. (11.60)

The eigenvalues A1 are the same for opposite directions s and —s. Taking into account
that 9y, = diag (11, 12, 73) and substituting equation (11.59) into equation (11.60),
we find that A+ and A_ are in 1 : 1 semisimple resonance at

st =(51,82,83), Ao =
Si=£y —m)/(m —m3), S$2=0, S3=+/1-S2. (1161

The characteristic equation of the matrix (1 1.59) can be written in the form

(11.62)
i=1 A N 7]1
that yields Fresnel’s equation of wave normals after expressing A = vf,c_2 and intro-

ducing the principle velocities of propagation v; = ¢,/7;. The eigenvalues (11.60),

i.e. the roots of equation (11.62) where the relation s3 = =£,/1 — s7 — 53 is taken
into account, define generically two phase velocities for every pair (sy,s»). Equa-
tions (11.61) determine four (for two signs of S| and S3) directions along which there
is only one velocity of propagation, i.e. the optic axes of wave normals [78]. They
correspond to the diabolical points in Figure 11.7 (a).
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a) b)

0.5

0.4

0.3\

-1 \_1 0 1

Figure 11.7. A biaxial crystal with n; = 0.5, 9, = 0.4, n3 = 0.1. (a) Two sheets (11.60) of the
eigensurface determined by the dispersion relation (11.62) connected through the diabolical
singularities at the optic axes with s; = S} = £0.5 and s, = S, = 0 and the approximation
of the cones (11.68) [270]; (b) the two-sheeted Fresnel wave surface (11.65) with the conical
singularities at biradials x' = (S, /13,0, 83./71).

With the slowness vector § = (c+/A)™'s, equation (11.62) determines the locus of
points v;l s, i.e. the slowness surface of the crystal [104, 189]

3
(c&i)?
— 2 =0. 11.63
2T leEl (1.6

Denoting z = c&, we arrive at the equivalent form of the slowness surface

i=1

3 .2
Z4
nmznsIIZIIZZn—’_ = i+ ) +1 =0, (11.64)
i=1 "
where the second sum is cyclic. The quartic (11.64) in z space consists of two sheets
connected through the four conical points located at zg = c¢&y = A¢ 1/ 250, where s is
one of the four optic axes (binormals) specified by equation (11.61).

A reciprocal to the slowness surface is Fresnel’s wave surface [104,189]

3
x> " nix =Y xini(na + n3) + mnanz = 0, (11.65)
i=1
where, again, the second sum is cyclic. In the x space the two-sheeted wave surface
has four conical self-intersections at the points xg = (81/13,0, 85/m) specifying
the biradial lines. Four special planes are tangent to the surface (11.65) along the con-
tours surrounding the biradials xo. These contours are reciprocal to the conical points
of the slowness surface, zg [104, 189]. The cones of the internal conical refraction pre-
dicted by Hamilton have their vertices at the origin of the x space and pass through the
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contours on the wave surface that is plotted in Figure 11.7 (b). When a beam of light
propagates through the crystal along a biradial line, rather than a binormal, it produces
a diverging hollow cone of light outside the crystal (external conical refraction). Both
types of conical refraction were observed already in Lloyd’s experiments [78].

11.3.2 Approximation of the dispersion surface near a DP

The double eigenvalue A9 = 1, of the matrix Ag = A(py), pg = (51, 0) possesses
two linearly independent eigenvectors

ul =(0,1,0), ul =(83,0,-5)), (11.66)

satisfying normalization conditions (11.19). Then, at the diabolical points (11.61) the
vectors f;; with components (11.9) are

1 =(0,0), 5= Q0 —n)S1,0), fh ===, (13—m)S1S3). (11.67)

With the coordinates (11.61) and vectors (11.67), equation (11.10) yields an approxi-
mation of the dispersion surface in the (sy, 57, A)-space near DPs

(A =12 — (3 — ) S1(s1 = SN2 = (13 — m)2SE((s1 — S1)% + S2s3).  (11.68)

Equation (11.68) is valid for each of the four optic axes (11.61).

As an example, consider the case of n; = 0.5, n, = 0.4, n3 = 0.1. Conical sur-
faces (11.68) are shown in Figure 11.7 (a) together with the exact eigenvalue surfaces
(11.60). The two optic axes presented in Figure 11.7 (a) are so = (£1/2, 0, v/3/2)T
with the double eigenvalue Ag = 2/5; the eigenvalue surfaces for the opposite direc-
tions so = (£1/2, 0, —/3/2)T are exactly the same.

11.3.3 Eigensurfaces of absorption- and chirality-dominated crystals

If the crystal possesses absorption and chirality, the matrix family (11.59) takes a com-
plex increment A(p) + AA(p), where

AA(p) = (I - SST)("dichroic + nchiral)(I - SST)- (1 1-69)

In the case when the absorption and chirality are weak, i.e. € = || Dgichroicll + | Mchirar
is small, the perturbation theory presented above describes unfolding the diabolic sin-
gularities accurately enough. We need to know only the perturbation AA at the optic
axes of the transparent nonchiral crystal sg.

Indeed, with the matrix (11.69) evaluated at (11.61), expression (11.22) yields

en=in%, en=inh 57 —2in%8185 +ingsSt,
e =—i(n% + yiuS1 + 11353)S1 + i (0 — y1351 — ¥3353) 3,
e21 = —i(n% — y11S1 — y1353)S1 + i + y1i381 + y3383)85. (11.70)
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Then, according to (11.15), we find

w=im% +n 53 — 208183 + n%8%)/2,

£ =i(n% —nfy 3+ 20985183 — n 5D /2,

n=iMhSs — %S,

¢ =—i (yuSE + 2135183 + y31357) . (11.71)

Since £ and n depend only on all the components of the tensor ;.. (absorption),
whereas ¢ depends only on the components of the optical activity tensor y (chirality),
the parameter D = Im?£ 4 Im?n — Im?¢ can serve as an indicator of relative strength
of dichroism and chirality.

Indeed, in [52] it was shown that the double-coffee-filter singularity arises in absorp-
tion-dominated crystals, and the sheets of real parts of eigenvalues are separated in
chirality-dominated crystals. According to the general formulas (11.38) and (11.39),
these two cases are explicitly determined by the conditions D > 0 and D < 0, respec-
tively.

There are four optic axes (11.61), which determine two pairs of opposite space di-
rections £sg. The unfolding conditions coincide for the optic axes given by opposite
directions, while these conditions are different for different pairs of optic axes. In the
absorption-dominated case, when diabolic singularities unfold into coffee filters near
two opposite optic axes £sy = £(S51,0, S3)T, the four exceptional points of eigen-
value coupling +s, and =sj, (singular axes [52]) appear. By using (11.67) in (11.27),
we obtain the asymptotic formulae

Xab Yab b2 by?
=S e = e = e -
(11.72)

for the components of the vectors s, ,, where x,  and y, p are found by using expres-
sions (11.38), (11.39), and (11.71).

Equation Imc¢ = 0 determines a line of singularities in the plane of the compo-
nents of the vector p = (s1,52)7 . By using expressions (11.67) and (11.71) in equa-
tions (11.27) and (11.31), we find this line in the form

(51 —S)S1(m —n3)Imé& — 5,81 83(n —n3) Imn —Re { Im ¢ = 0. (11.73)

In the absorption-dominated crystal, the line (11.73) contains two exceptional points
Pabp = (sla’b ,sg’b)T corresponding to the singular axes s, ;. A segment between
the points p, and p; corresponds to the coincidence of real parts of the eigenvalues
Re A+ = Re A_, while imaginary parts of the eigenvalues ImA4 = Im A_ merge at
points of line (11.73) outside this segment, see Figure 11.8 (b).

In the chirality-dominated crystal, when singular axes do not appear, imaginary
parts of the eigenvalues Im A+ = Im A_ coincide at points of the whole line (11.73),
see Figure 11.8 (a). If the optical activity tensor y is real or purely imaginary, then the



Section 11.3 Unfolding conical singularities in crystal optics 349

a)

exact

Re approximate

02 07 -06 05 -04 03

approximate
Ima exact

0.020
0.016
0.012

17702 17202

Figure 11.8. Eigensurfaces in (a) absorption-dominated case (the double-coffee-filter [260]
and the viaduct [294,506]) and (b) chirality-dominated case [270].

line of singularities (11.73) passes through the diabolic point pg, and the position of
this line does not depend on y.

As a numerical example, let us consider a crystal possessing weak absorption and
chirality described by the tensors (11.57), (11.58) with

320 1 312
Ngichooic = =< | 2 3 1], === 1 31 (11.74)
200 01 3 200 71 3

A corresponding transparent nonchiral crystal is characterized by n; = 0.5, 5, = 0.4,
n3 = 0.1, and its eigenvalue surfaces with two optic axes are presented in Figure 11.7.
By using (11.74) in (11.71), we find that the condition D = 1607%(4\/3 —5)>0is
satisfied for the left optic axis sy = (—1/2, 0, +/3/2)T . Hence, the diabolic singularity
bifurcates into a double-coffee-filter with two exceptional points whose coordinates
according to expressions (11.72) are

(1o 35+28J§0T = 1+1 35+28J§OT
Pa =173 " %0 P Ph= ATy T A
(11.75)
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Local approximations of the eigensurfaces give equations (11.32) and (11.33), where

35-28y3 3 6+ 3
Rec = — 1/2)% + ——s2. Imc = —
€= 7160000 (1+ /2 + {ggs2: Ime 2000

Figure 11.8 (a) shows these local approximations compared with the exact eigenvalue
surfaces given by (11.60). For the right optic axis sy = (1/2, 0, v/3/2)7, the condition
D = —mﬁﬁ + 5) < 01is satisfied. Hence, the eigenvalue sheets (for real parts)
separate under the bifurcation of the right diabolic singularity. Approximate and exact
eigenvalue surfaces are shown in Figure 11.8 (b). The approximations follow from
equations (11.32) and (11.33), where

35428 3 6—4/3
+7\/_ (1_1/2)2+_52 Imcec = — \/_
160000 100 2000

s2. (11.76)

Rec =

s2. (11.77)

11.4 Eigensurfaces associated with EPs

Let pg be an exceptional point where the spectrum of the complex matrix family A (p)
has a double complex eigenvalue Ao with an eigenvector ugy and an associated vector
u;. Introducing real n-vectors f, g, h, r with the components

J0A JA
Js=Re| —ug,vo ), gs =Im| —up,vo ), (11.78)
aps aps

( 0A ) ( 0A ) ( d0A ) ( 0A )
hs=Re up, vy | +Re u;,vo ), rg=Im ug, vy | +Im | —uy, vo
8 s a s 8 S 8pS

and neglecting higher order terms, from (11.17) we obtain

ReAA + ilmAA = +/(f, Ap) + i (g, Ap) + ((h Ap) +i(r,Ap)), (11.79)

where AA=A1—Xp, Ap=p—po, and angular brackets denote inner product of real
vectors: (a,b) = Y 7_, ashs. The perturbed eigenvalue remains double in the first
approximation when the following two equations are satisfied

(f, Ap) =0, (g, Ap) =0. (11.80)

Hence, codimension of the EP is 2 and the double complex eigenvalue corresponds
to an isolated point in the plane of two parameters. In the three-parameter space the
double eigenvalues form a curve, cf. Figure 11.5. Equations (11.80) define a tangent
line to this curve at the point py.

Taking the square of (11.79), where the terms linear with respect to the increment
of parameters are neglected, and separating real and imaginary parts, we find

(ReAL)? — (ImAL)? = (f, Ap), 2ReAAImAL = (g, Ap). (11.81)



Section 11.4 Eigensurfaces associated with EPs 351

Isolating Ap; in one of the equations (11.81) and substituting it into the other yields
g1 (ReAX)? —2 fiReAAImAA — g1 (ImAL)? =y, (11.82)

where y is a small real constant

y = (fsg1 — f18s)Aps. (11.83)

s=2

In equation (11.83) we assume f12 + gl2 = 0. Equation (11.82) describes hyperbolic
trajectories of the eigenvalues AL in the complex plane when only Ap; is changed
and the increments Ap;, ..., Ap, are fixed. Of course, any component of the vector
Ap can be chosen instead of Ap;.

ImA ImA

Re?&()
Re}»h

Rel, Reky

ImA,

fm 7\40 _____ ° Im 7\,0

0 P b 0 po b 0

Figure 11.9. Crossing and avoided crossings of eigenvalues near an EP [458,517] that repre-
sent, in particular, the ‘great variety of new lines, different from those arising from the section
of a cone’ [591] in the cross-sections of the conical wedge of Wallis.
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IfAp; =0,j =2,...,n,orif y = 0, then equation (11.82) yields two perpendic-
ular lines that for g; # 0 are described by the expression

giRe(A — Ag) — ( A2+ g%) Im(A — Ao) = 0. (11.84)

These lines intersect at the point Ay of the complex plane. Due to variation of the
parameter p; two eigenvalues A4 approach along one of the lines (11.84), merge to
Ao at Ap; = 0, and then diverge along the other line (11.84), perpendicular to the line
of approach; see Figure 11.9 (b), where the arrows show motion of eigenvalues with
a monotonous change of p;. The eigenvalues originated after the coupling cannot be
identified with those before coupling.

If y # 0, then equation (11.82) defines a hyperbola in the complex plane

(g1Re(A — A0) — fAilm(X — Ap))> — (Im(A — 20))*(f + &7) = yg1,  (11.85)

where g; # 0. Its asymptotes are described by equation (11.84). As Ap; changes
monotonously, two eigenvalues A4+ and A_ moving each along its own branch of hy-
perbola come closer, turn and diverge; see Figure 11.9 (a, c¢). Note that for a small y
the eigenvalues A1 come arbitrarily close to each other without coupling (imperfect
merging [226]). When y changes sign, the quadrants containing hyperbola branches
are changed to the adjacent.

From the equations (11.81), it follows

Redlt = Ao + %(h, Ap) + \/% ((f, Ap) + (£, Ap)? + (g, Ap)z), (11.86)

ImAy = Ao + %(r, Ap) £ \/% (—(f, Ap) + V(f, Ap)? + (g, Ap)z). (11.87)

Equations (11.86) and (11.87) define hypersurfaces in the spaces (pi, p2,...,
pn,ReA) and (p1, p2, ..., pn,ImA), see Figure 11.10. The sheets ReAi(p) and
ReA_(p) of the eigensurface (11.86) are connected at the points of the set

ReAA = %(h, Ap), (g, Ap) =0, (f,Ap) <0, (11.88)
where the real parts of the eigenvalues A+ coincide: ReA_ = ReA 4. The set
ImAA = %(r, Ap), (g, Ap) =0, (f,Ap) >0, (11.89)
glues the sheets ImA 4 (p) and ImA_(p) of the eigensurface (11.87).
Consider now the functions ReA(p;) and ImA(p,) at fixed values of the other pa-

rameters p», p3,..., Pn. When Aps = 0,5 = 2,3,...,n, both the real and imaginary
parts of the eigenvalues At cross at p; = p?, see Figure 11.9 (b). The crossings are
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ReA

Figure 11.10. Eigenvalue surfaces in the vicinity of an exceptional point [517].

the double cusps which are approximated by the equations

+ 2+ 2 h
ReAA = :I:\/MAM + ElApl,

2
_fi 4+ 21 o2
ImAA:ﬂ:\/ h Zfl Té Ap1+%Ap1 (11.90)
that follow from equations (11.86) and (11.87).
Given Aps # 0,s = 2,3,...,n, either real parts of the eigenvalues A4 cross

due to variation of p; whereas the imaginary parts avoid crossing or vice-versa, see
Figure 11.9 (a, ¢). The crossings occur at p;* = p? — >t _,(gs/g1)Aps and

1 < 1 &
Reds = Relo—3— > (higs—gihs)Aps, TmA, =Imlo—7— Y (r1gs—girs)Aps.
§=2 s=2

(11.91)
Near these crossings the tangents to the curves (11.86) and (11.87) are
h
ReA = Redy, + (?1 + % /&) (p1— p0), (11.92)
14

ImA =Imh, + (2 £ 8L 8L} (p — p), (11.93)
2 2 y

where the coefficient y is defined by equation (11.83). Lines (11.92) and (11.93) tend
to the vertical position as y — 0 and coincide at y = 0. The avoided crossings are
governed by the equations (11.86) and (11.87).

If the vector of parameters consists of only two components p = (p1, p2)7, then in
the vicinity of the EP the eigensurfaces (11.86) and (11.87) have the form of the Whit-
ney umbrella, see Figure 11.10. The sheets of the eigensurfaces are connected along
the rays (11.88) and (11.89). These rays are inclined with respect to the plane of the
parameters p;, p». The cross-sections of the eigensurfaces by the planes orthogonal
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to the axis p;, described by the equations (11.90)—(11.93), are shown in Figure 11.9.
Note that the rays (11.88), (11.89) and the exceptional point py are known in crys-
tal optics as branch cuts and singular axis, respectively [52]. In hydrodynamics, the
crossings and avoided crossings of eigenvalues near EPs similar to those shown in
Figure 11.9 appeared already in 1980s in the problem of excitation of thermal Rossby
waves in a rotating cylindrical annulus with variable curvature [106,458].

Finally, we look at the movement of eigenvalues in the complex plane near the point
Po due to cyclic variation of the parameters p; and p; of the form Ap; = a + rcos g
and Ap, = b + rsing, where a, b, and r are small parameters of the same order.
From equations (11.81) we derive

(g1ReAA? —2 fiReAAMIMAA — g ImAA% — b(fogi — f122))* + (11.94)
(g2ReAX® — 2 fHReAMIMAL — gImAA — a(fig2 — 81/2))” = (frg1—f182)r.

If the contour encircles the EP, then the eigenvalues move along the curve (11.94)
around the double eigenvalue A in the complex plane, Figure 11.11 (c), as happens,
e.g. in the model of a laser induced photo-dissociation of molecules [365]. In this
case a®> + b? < r? and the loop (11.94) always crosses the lines ReA = Rel( and
ImA = ImAy at the four points given by the equations

(f281—/182) (glb—gza + \/(glb—gza)z+(r2—a2—b2)(g%+g§))

(ReA))?= — ,
srHe (11.95)
) (81— f182) (gza—glb + \/(gza—g1b)2+(r2—a2—b2)(g%+g%))
(ImAL)2= e .
bhe2 (11.96)

When a® + b? = r? the loop intersects itself at the double eigenvalue and its form
depends on the sign of the quantity 6 = (fog1—f182)(g16 — gra). If § < 0 the
eigenvalues cross the line ReA = ReAlg, Figure 11.11 (b), otherwise they cross the
line ImA = ImAy, Figure 11.11 (d). Eigenvalues pass through the nonsemisimple 1 : 1
resonance at Ag in the complex plane.

When a? + b* > r2, the circuit in the parameter plane does not contain the point po
and the eigenvalues move in the complex plane along the two different closed paths,

a) b) c) d) e)
Im A Im x Im & Im A Im &

~ Y

Re 2 0Ol Re » O Re » Ol Re 2 Ol Re A

Figure 11.11. Eigenvalue paths when parameters experience a cyclic evolution.
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kidneys [19], see Figure 11.11 (a, e). Each eigenvalue crosses the line ReA = Relg
twice for § < 0, Figure 11.11 (a), and for § > 0 they cross the axis ImA = ImA, Fig-
ure 11.11 (d). In a recent work [148] the ‘kidneys’ in the complex plane were observed
in the case of an EP corresponding to a triple eigenvalue.

11.5 Perturbation of eigenvectors and Berry phase

Let the complex matrix A(p) be a Hamiltonian of a ‘quantum’ system [20, 398]

da _ i Aq. (11.97)
dt

Assuming q = uexpiAt yields the eigenvalue problem (11.2). In this section, we
present an approach developed in [397, 398] that quite in the spirit of the work [20]
uses the perturbation of eigenvectors at the diabolical and exceptional points for ap-
proximate computation of a geometric phase integral along a closed loop in the pa-
rameter space around the degeneracies. Indeed, knowing explicitly how the double
eigenvalues split we can track the perturbed eigenvalues and eigenvectors with rea-
sonable accuracy when the size of the loop is small. For alternative techniques of
tracking the eigenvectors and eigenvalues of parameterized matrices we refer to the
works [25,251,252].

11.5.1 Hermitian case: geometric phase around a DP

If A(p) is Hermitian, its eigenvector, ug, corresponds to a bounded state of the sys-
tem (11.97) with the energy level As(p), where s is the level index. Assume that the
eigenvectors corresponding to nondegenerate energy levels are chosen uniquely and
depend smoothly on the parameters.

Consider the evolution of the system as the parameter vector p(¢) undergoes an
adiabatic cyclic variation, i.e. p(0) = p(T'). Denote by C = {p(¢t) : 0 <t < T } the
parameter variation trajectory, which is an oriented cycle. At the initial time ¢t = 0,
let the system be at the nondegenerate discrete level Ay = Ag(p(0)), i.e. the wave
function U(z) at = 0 be U(0) = uz(p(0)).

As aresult of the cyclic variation of the parameters, the system returns to the initial
position (in the adiabatic approximation), acquiring a phase factor consisting of the

dynamic phase §g ~ — fOT As(t)dt and the geometric (Berry) phase ys: U(T) =
ei(‘SS"”’S)U(O). The Berry phase is determined by the following integral along C in
the parameter space [49]

— (dug(p),us(p))
¢ (us(p),us(p))

Formula (11.98) simplifies after applying the normalization (us(p), us(p)) = 1. Note
that y; is a real number for Hermitian Hamiltonians.

Vs (11.98)
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Let pg be a diabolical point in the parameter space that corresponds to the double
semisimple eigenvalue Lg = As(po) = As+1(po)- The eigenvectors u; = us(po) and
uy = ug+1(po) at the diabolic point are chosen so that they satisfy the orthogonality
and normalization conditions (11.19).

Consider a cycle C = {p(t) = po + &p(t) : 0 <t < T} around pg, where
P(T) = p(0) and & > 0 is a small parameter. We use the asymptotic formulas (11.6)
and (11.7) for the eigenvalues and eigenvectors, where €A is the linear part of the
parameter dependence of the Hamiltonian at pg

m

0A -
MO =) o—| Bl (11.99)
k=1 %Pk Ip=p,

Introducing real variables x, y, z, linearly related to the parameter vector p as
x+iy=(Au,u), 2z=Amu,u)-(Au,u), (11.100)
we find from equation (11.8) the energy levels around the degeneracy [398]

Ass+1=Ao (11.101)

Ajuy, Ajuy,
+8(( 1y 111);( jup u2):|:

x2+y2+ 22) + o(e).

If Ay < Ag41, the minus and plus signs correspond to the indices s and s + 1 respec-
tively. Thus, x, y and z are effective parameters responsible for the unfolding of the
diabolical degeneracy.

By using asymptotic formulas (11.6), (11.7) and (11.101) in equation (11.98) and
switching to the spherical coordinates x = rsinfcos¢, y = rsinfsing, z =
r cos 6, we find an asymptotic expression for the Berry phase of the s-th and (s 4 1)-st
states [398]

1
Vs.s+1 = —595 (1Fcosb)dp +o0(1) = FRL/2+0o(1) (mod2m), (11.102)
C

where the upper and lower signs correspond to ys and Y541, respectively. Here, the
integral is evaluated along the cycle in the space of x, y, z, that is the image of C under
linear transformation (11.100), and €2 is the solid angle subtended by C on the unit
sphere in the space of x, y, z, (see Figure 11.12 (a) which shows a positively oriented
cycle and a diabolical point at the origin). In the zeroth approximation with respect to
¢ the phases y; and Y541 have opposite signs. The general expression (11.102) for the
Berry phase agrees with the results obtained for particular physical systems and for
Hamiltonians approximable by 2 x 2 matrices [12,20,22,49,153,411].

For time reversal invariant systems, the Hamiltonian A (p) is a real symmetric ma-
trix [158,595] and the codimension of a double degeneracy is two. In this case, the
eigenvectors u; and u can be chosen to be real. Therefore, y = 0 and the image of
C in the space of x, y, z lies in the plane x, z. As a result, we obtain the well-known
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z
a) b)
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Figure 11.12. Berry phase for a cycle around a diabolic point for (a) Hermitian and (b) real
symmetric Hamiltonians.

(=)

expressions for the phase: ys 41 = 7, if C makes a single turn around the diabolic
point (2 = 2m), and y5s+1 = O, if the DP lies outside the cycle (2 = 0), see Fig-
ure 11.12 (b). This result does not contain the small component o(1), since the Berry
phase for time reversal invariant systems depends only on the topology of the cycle
with respect to the degeneracies [49, 398]. Indeed, in this case the integral (11.98)
transforms into

yy = ’59% d In(uy(p). T ().

which confirms that the phase is fopological in contrast to the geometric one in irre-
versible systems with the Hermitian Hamiltonian. Note that the real eigenvector ug (p)
reverses its sign while going around a degeneracy [20]. Thus, for the eigenvector to
be uniquely determined on the cycle, a complex factor has to be introduced that varies
from 1 to —1 over a single turn around py.

11.5.2 Non-Hermitian case: geometric phase around an EP

Quasi-stationary (metastable) states of a quantum system arise as the eigenvectors
ug (p) of a non-Hermitian Hamiltonian (AT = A) that correspond to complex eigen-
values As(p) [426]. The real part of an eigenvalue determines the mean energy of a
state, and the imaginary part determines the characteristic life time of the state [154].
Generally, the Hamiltonian becomes non-Hermitian due to the boundary condition on
the wave function, which requires that the wave be divergent at infinity (instead of
vanishing as in the classical condition). Unstable states are frequently called Gamow
states [362]. Non-Hermitian terms also arise in effective Hamiltonians in scattering
theory [426].

As we know, the degenerate states Ay = A of non-Hermitian Hamiltonians have
a remarkable property: in contrast to stationary states, their eigenvectors can coincide:
Us = Ug4+1. As a result, a double eigenvalue forms a Jordan block, a phenomenon
possible only in non-Hermitian systems. The codimension of this exceptional point
in the parameter space is two. Remember that non-Hermitian systems can involve
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P

P,

P

Figure 11.13. A cycle around an EP-set in the parameter space.

degeneracies without forming a Jordan block, but their codimension is much higher
[517].

Let po be an exceptional point that corresponds to the double degeneracy Ao =
As(Po) = As+1(po). The eigenvalue Ay corresponds to a single eigenvector uy =
ug(po) = us+1(po) and an associated vector u; that satisfy the equations

A(po)up = Agug, A(po)u; = Agu; + uy. (11.103)

The left eigen- and associated vectors v and v; of the adjoint operator AT(po) are
defined in a similar fashion by equations (11.16). The eigenvectors possess the or-
thogonality property (ug, vg) = 0.

Consider the evolution of the system as its parameters adiabatically traverse a small
single cycle C = {p(t) = po + &p(t) : 0 <t < T}, around the set of exceptional
points Figure 11.13. Let the system be initially at a quasi-stationary state us(p(0)).
(Here, the adiabatic condition is supplemented with the requirement that the cycle
period T be small compared with the life time of the unstable state.) While traversing
the cycle in the parameter space, the system arrives at the second interacting state
ug+1(p(0)) (up to a complex factor) and returns to the initial state only after making
the second cycle [418]. After making two cycles, the wave function acquires a dynamic
phase and a geometric phase both of which are generally complex [68, 154, 190]. For
the double cycle (denoted as 2C), the Berry phase is defined as [190]

(dus(p), vs(p))

s 11.104
e (@s(p). v (@) (11109

Vs = Vs+1 = I

where v (p) is the left eigenvector corresponding to A (p). Since the interacting states

interchange after a single cycle, the Berry phases for these states are equal to each other

(s = Ys+1)- Note that the denominator in equation (11.104) vanishes at the EP.
According to equation (11.17), in the neighborhood of pg the eigenvectors are

s 11(p) = W /e u +0(e'/?), vis41(p) = vo£ /RE VI +o(e'/?), (11.105)
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where

m

IA R
w(P) = (Ajug,vp), Ai(p) = § — Dk (11.106)
k=1 Pk | p=py

Substituting (11.105) and (11.106) into (11.104) and using the orthogonality and nor-
malization conditions for v ; and ug j, we find [397,398]

Vs = %95 dlnp+o(1) = 7 +o(1) (mod 27). (11.107)
2C

The last equality follows from the logarithm rule, since the complex value p goes
around zero as the parameter vector makes a turn around the EP.

For reversible systems, the Hamiltonian satisfies the condition AT = A, where A
is the complex-conjugate operator [212]. Then the left eigenvectors are equal to the
complex-conjugate right eigenvectors: vy = ug. In this case

i -
p= 5 dinum).wm).

i.e. it is determined only by the topology of the cycle relative to the degeneracies.
Thus, expression (11.107) is exact: ys = 7 (mod 27). This situation differs from the
case of real Hermitian Hamiltonians only in that the cycle C has to be traversed twice.
Therefore, for reversible systems represented by complex symmetric Hamiltonians,
the Berry phase around an EP is topological.

In the general case of irreversible non-Hermitian systems (AT #£ Aand A # A%)the
Berry phase depends on the cycle, i.e. it is geometrical. To find the leading asymptotic
term of this dependence, we represent the eigenvectors as

U 5+1(p) = Uo(p) £ /o (p)ui(p),

(11.108)
Vss+1(P) = Vo(p) £ Vo (P)Vi(P).

Here, o (p) = e (p) + o(¢) is a smooth function of p. The vectors 1y 1 (p) and vy 1 (p)
are smooth functions of p and satisfy the conditions [398]

Uo,1(Po) = o1, Vo,1(Po) = Vo1,

(W (p), Vo(p)) = (Wi (p),Vi(p)) =0, (Wo(p),Vi(p)) = (Wi (P),Vo(p)) ?1}-109)
Formulas for the derivatives of U ; (p) and vy (p) with respect to the parameters at
the point pg can be found by applying the theory of versal deformations [17,518]. As
a result, combining (11.108) and (11.109) with (11.104), we find

ys = £ +iag? + o(£?), (11.110)
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where a is the constant defined by [397,398]

A EP’ dA , EP
a= Y o A vo)dAuo.viT) (11.111)
C

EP _ 3
k+#s,.s+1 (kk AO)

4 AP vi)(d Ao, viP) + (Mg vo)(d Ay, vET)
AT = 20)? '

Here, dA; = ZZI:] %

dPx and AEP = Ak (po), uEr = wy(po) and vEF =
P=Po
v (po). The right and left eigenvectors are assumed to be normalized: (uf P V,f Py =

1. Note that for k # k'
(o1, vEL) = EF vo1) = @EF vEF) = 0.

The quantity i ae® in the formula (11.111) determines the leading term in the depen-
dence of the Berry phase on the size and shape of C only by the information on the
system at the exceptional point py.

In the expression (11.111), the terms (Alufp, vp,1) and (dAluo,l,v,fP) describe
the interaction of the degenerate level A with the other levels Ay, where k # 5,5 + 1.
Thus, the change in the Berry phase with cycle variations in the parameter space is
due to the influence of the energy levels not involved in the EP degeneracy.

If the difference )&f P _ ) is large, the influence of Ay is proportional to ()L,f L
X0) ™2, and can be neglected. However, if kf P _ ), is small, the change in the Berry
phase due to the interaction with A increases proportionally to (A f P _ %)~ and may
be large. In the case )k]fP — Ao — 0, i.e. near the triple degeneracy Ay = As41 = Ag,
we have a — oo. Thus, triple degeneracies require special analysis, see e.g. [148].

For Hamiltonians represented by 2 x 2 matrices, we have a = 0, since the sum in
(11.111) does not contain any term. In this case, y, = = irrespective of the shape
or size of C [397,426]. We have shown above that in the general case the phase is
geometrical and deviates from 7 since the system is multidimensional, see also [418].
This deviation cannot be captured within the framework of two-dimensional approxi-
mations.

The derived general asymptotic formulas for the Berry phase around double station-
ary and quasi-stationary degeneracies can be applied to the analysis of the geometric
phase in various physical systems where geometric phases defined in the form of in-
tegrals (11.98) and (11.104) arise [154,351,365].

11.5.3 Geometric phase around an EP in a microwave cavity

The first experimental evidence of exceptional points came from flat microwave cav-
ities (resonators), which are analogues of quantum billiards [149,477]. Subsequently
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EPs were observed in coupled electronic circuits and recently in chaotic microcavities
and atom-cavity quantum composites, for references see e.g. [154,426,511].

The microwave resonator used in the experiments [ 149, 154] consists of three 5 mm
thick copper plates, sandwiched on top of each other. The center plate has a hole with
the shape of two half circles of 250 mm in diameter, separated by a 10 mm bar of
copper except for an opening of 80 mm length. The opening allows a coupling of the
electric field modes excited in each half circle, which is varied with a movable gate of
copper of length 80 mm and width 3 mm inserted through a small slit in the top plate
and operated by a micrometer stepper motor. Its lifting s defines one parameter with
Omm (no coupling) < s < 9mm (full coupling). One half of the cavity contains a
movable semicircular Teflon piece with diameter 60 mm and height 5 mm operated by
another stepper motor. Its displacement with respect to the center of the cavity defines
the second parameter §. Additionally, a cylindrical ferrite of diameter 4 mm and height
5 mm is put in the right part of the cavity and magnetized by two permanent magnets,
which are mounted above and below the cavity. Magnetic field strengths 0mT < B <
90mT are obtained by varying their distance [154].

A pointlike dipole antenna intrudes into each half of the cavity. A vectorial network
analyzer couples microwaves into the cavity through one antenna and measures am-
plitude and phase of the signal received at the same or the other antenna relative to the
input signal. In this way the complex elements of the scattering matrix are determined
yielding an effective 2 x2 Hamiltonian for two resonances that are well separated from
the others [154].

For a nondissipative system with broken time reversal invariance (B # 0), the
Hamiltonian is Hermitian. For a dissipative system, the energy is not conserved such
that for B = 0 it is described by a complex symmetric Hamiltonian. This case is
referred to as the time reversal invariant one. In the general situation, the Hamilto-
nian comprises both dissipation in the resonator walls and the ferrite and time reversal
invariance violation and thus is neither Hermitian nor symmetric complex 2 X 2 ma-
trix [154].

To realize a coalescence of a pair of eigenmodes at an EP, in the experiment two
parameters s and § are varied with the resolution of 0.01 mm. Figure 11.14 (a) shows
at B = 53mT around an EP the differences of the real (frequency) and imaginary
(width) parts of the complex eigenvalues (resonances), fj2 and I'j,, respectively.
The darker the color, the smaller the respective difference is. The darkest color vi-
sualizes the branch cut along which it vanishes. That the branch cuts all extend from
one common point into opposite directions proves that this is an EP.

For systems with time reversal invariance violation the geometric phase gathered
by the eigenvectors around an EP is predicted to be complex [68, 190]. For dissipative
time reversal invariant systems it is topological and equal to 7 after two subsequent
encirclings of the EP along even not-coinciding contours [149, 397, 418]. In the ir-
reversible systems, the phase depends on the contour and this dependence is more
pronounced if either the other resonances are close to the EP [397, 398], or the con-
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Figure 11.14. (a) In the (s, §)-plane the gray points show the difference between the frequen-
cies (f) and widths (") of the resonances measured at B = 53mT: the darkest gray color
indicates two branch cuts meeting at sgp &~ 1.66 mm and gp ~ 41.25 mm corresponding
to the doublet with f1, ~ 2.7GHz and width I';, &~ 2.0 MHz; black dots mark the double
contour proposed in [418]. (b) In the complex plane the evolution of the essential geometric
phase is shown in the irreversible case with B = 53mT when (upper panel) the outer loop of
the double contour is encircled twice or (lower panel) first the inner and then the outer loop is
encircled [154].

tours during the first and second encircling do not coincide [418]. Since the doublets
are well separated from neighboring resonances in the experiment [154], the contours
around the EP are chosen consisting of two different loops as proposed in [418], see
Figure 11.14 (a). The path is parameterized by a real variable # with initial value t = 0
at their intersection. After the first encircling ¢ = #;; after the second ¢ = , [154].

At every point of the contour the experimental output yields the effective Hamilto-
nian. Its right eigenvectors can be represented in the form

e~ it2 cos O —e71/25in g
u (1) = eit/2 , W) = eiT/2 g

sin 6 cos 0

where the parameter of time reversal invariance violation, t, and parameter 6 are ex-
pressed via the components of the measured Hamiltonian. A reversible system has
7 =0[154].

The parameter 7 is not constant along the contour, even though the magnetic field is
fixed. In fact, it varies with the opening s between both parts of the resonator, because
the ferrite is positioned in one of them. The position of the EP does not depend on .
Thus, the space curve (s(¢),8(t), t(z)) winds around the line (sgp,Sgp, v) similarly
to as shown in Figure 11.13. Since t has no singular points in the parameter plane con-
sidered, it returns to its initial value after each encircling of the EP. A single encircling
of the EP changes 6 to 6 £ 7/2.
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The biorthonormality condition defines the right eigenvectors up to the phase factor
¢712() The essential geometric phases y; > are fixed by the condition of parallel trans-
port (du,v) = 0 [190]. The initial value of the phases is chosen as y;»( = 0) = 0.
For the time reversal invariant case y;(¢) = 0 which yields

ui () = w(0), w(t)=—-u(0), u)=-u20)

so that the total geometric phase after two encirclings is 7 [149].

In the lower (upper) panel of Figure 11.14 (b) is plotted the essential phase y;(¢)
corresponding to the right eigenvector when encircling the EP along the contour in
Figure 11.14 (a) twice (along its outer loop). The orientation is such that the EP is
always to the left. The cusps occur at % = 0. In each panel the triangle marks the
starting point, the pentagon ¢;, and the diamond #,. If the EP is encircled twice along
the same loop, we obtain y;5(t2) = 0 within 10~ and the total phase change is thus
7 within the same precision as it should be when the EP is well separated from the
other levels, see equation (11.110) and equation (11.111).

In contrast, when the loops are different, y; does not return to its initial value,
yi(t2) = 0.0931 + i0.0152 # 0, as seen in the lower panel of Figure 11.14 (b).
Thus the total geometric phase slightly deviates from 7 and is complex in accordance
with [418]. When encircling this double loop again and again a drift of y; is observed
in the complex plane away from the origin, which may be interpreted as an observation
of the predicted reversible geometric pumping process [67]. The dependence on the
choice of the path signifies that the complex phases y;, are geometric and not topo-
logical when the time reversal invariance is broken and the effective Hamiltonian is
represented by a complex non-Hermitian and nonsymmetric matrix.



Chapter 12

Magnetorotational instability

. much of the fluid and stellar com-
munity was aware of the instability,
however, and of its curious behavior
of ostensibly changing the Rayleigh
criterion discontinuously . ..

S. A. Balbus [28]

12.1 Magnetorotational instability in axial and helical
magnetic fields

12.1.1 Cylindrical Couette-Taylor flow

In 1890 Maurice Couette, a student of Gabriel Lippmann, defended his thesis “Etudes
sur le frottement des liquides” and was awarded his doctorate at the Sorbonne “with
all white balls” and cum laude for the experiments with a viscometer of his own de-
sign [311]. Seventy years later Evgeny Velikhov, then a physics student of Stanislav
Braginsky at the Moscow State University, discovered the magnetorotational instabil-
ity of the Couette—Taylor flow [581].

The fates of the first scientific works of both young scientists were similar in a sense
that the reaction of the scientific community in both cases was quiescent for almost
30 years, until Geoffrey Taylor investigated stability of the rotating Couette flow in
1923 [566] and Steven Balbus and John Hawley demonstrated in 1991 the crucial role
of magnetorotational instability for the explanation of transition to turbulence and thus
the anomalous viscosity in accretion disks surrounding gravitating bodies [28].

The aim of Couette was to measure the kinematic viscosity of water. In 1888 [135]
he reported on the design of a viscometer that he presented at the 1889 Universal Ex-
hibition in Paris [478]. In the Couette viscometer the liquid occupied a space between
two co-axial cylinders, the outer one rotating while the inner one remained fixed, Fig-
ure 12.1. Couette found that at small speeds of rotation the moment of the drag which
the fluid exerted on the inner cylinder was indeed proportional to the velocity of the
outer cylinder, from which the kinematic viscosity was determined. At higher speeds
the drag increased at a greater rate than the velocity, indicating the onset of turbulent
motion.

In his thesis Couette referred [478] to the work of Arnulph Mallock from Rayleigh’s
laboratory [403] who independently designed a similar device with either the inner or
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Mallock Couette

Figure 12.1. Original drawings of the viscometers of (left) Mallock [403, 404] with either
outer or inner rotating cylinder and (center) Couette [136,478] with rotating outer cylinder and
(right) the experimental apparatus of Taylor [566] in which both cylinders could rotate [311].

the outer cylinder rotating, Figure 12.1. Mallock confirmed Couette’s results, but in the
case when the inner cylinder rotated and the outer one not, he surprisingly observed
instability of the fluid at all speeds that he used [403, 404]. Although the effect had
been anticipated by Stokes already in 1848 [160], it was explained (in the inviscid
approximation) by Rayleigh! only in 1917 [494]. According to Rayleigh’s criterion,
an inviscid rotating flow is stable with respect to axisymmetric perturbations provided
that its angular momentum increases radially
1 d

R3dR
When this criterion is not fulfilled, the balance between the centrifugal force and a
pressure gradient is broken and the flow is centrifugally unstable. In particular, the
inviscid fluid between two co-rotating and co-axial cylinders of infinite lengths and
radii R; < R; is unstable if and only if

(QR?? > 0. (12.1)

QR > QR3, (12.2)

where € and €2, are the angular velocities of the inner and outer cylinders, respec-
tively, see Figure 12.2.

Limitations in the design of the experiments by Couette and Mallock did not allow
the full verification of the criterion (12.2). Besides, the steady flow in their viscome-
ters was not close enough to two-dimensional because of a relatively small length-to-
diameter ratio. This motivated Geoffrey Taylor to construct a slimmer Couette cell

! Note also that Maxwell proposed the centrifugal instability criterion as a problem for the Cambridge
Mathematical Tripos as early as 1866 [424].
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Figure 12.2. Original drawings of the geometry of Taylor’s model and of the stability diagram
in the (2,/v,2/v)-plane for Ry = 3.55 cm and R, = 4.035 cm [566]. Dashed line is
Rayleigh’s inviscid stability boundary [494].

making both co-rotation and counter-rotation of the cylinders possible, Figure 12.1. In
his 1923 work [566] Taylor performed a linear stability analysis of the Navier—Stokes
equations in case of infinite length cylinders and managed to find a stability diagram
in the (R22/v, 1/v)-plane, see Figure 12.2. It turned out that the viscosity, v, modi-
fies the Rayleigh criterion in such a manner that it becomes only a sufficient stability
condition and that the viscous stability boundary asymptotically tends to the Rayleigh
line in the case of co-rotating cylinders, Figure 12.2. Moreover, the viscous flow is
stable at small speeds of the inner cylinder when the outer one is at rest or in motion,
while it inevitably becomes unstable when the velocity of the inner cylinder exceeds
a critical value. This is in contradiction with the observations of Couette and Mallock
that the viscous flow becomes unstable for large velocities of the outer cylinder when
the inner does not move and is unstable at all speeds of the inner cylinder when the
outer is at rest. The latter discrepancy is due to the fact that Mallock’s lowest speed
of rotation, 2 rpm, was still larger than the critical value calculated for the size of the
cylinders he used [160], while the former is essentially caused by the insufficient axial
elongation of the viscometers of Mallock and Couette.

The stability boundary extracted from Taylor’s experimental data [566] perfectly
agreed with that which followed from his linear stability analysis, Figure 12.2. Fur-
thermore, Taylor’s experiments revealed that with the violation of the stability thresh-
old, the rotating Couette flow bifurcates to a secondary steady state characterized by
counter-rotating toroidal vortices (the Taylor vortex flow). Extending the parameters
deeper inside the instability domain results in flows with even more complicated spa-
tiotemporal patterns [165,478, 566]. Therefore, the instability of the Couette—Taylor
(CT) flow is analogous to the static (divergence) instability in structural mechan-
ics [239,528].

The excellent correspondence that Taylor obtained between theory and experiment
demonstrated the correctness of the Navier—Stokes equations and of the no-slip bound-
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ary condition for the fluid at the cylinder walls [160] as well as proving the applicability
of linear stability analysis to the CT-flow. After the influential work [566], Couette—
Taylor cells belong to the standard equipment for laboratory testing hydrodynamical
and magnetohydrodynamical (MHD) theories.

12.1.2 Paradox of Velikhov and Chandrasekhar

In 1953 Chandrasekhar considered the CT-flow of a weakly electrically conducting
viscous fluid in the presence of the uniform magnetic field that is parallel to the axis of
rotation of the cylinders [119]. He demonstrated that in this case characterized by the
very small ratio of the kinematic viscosity coefficient, v, to the magnetic diffusivity
coefficient, 1, i.e. by the magnetic Prandtl number Pm := vy~ < 1, the magnetic
field stabilizes the hydrodynamically unstable CT-flow [119]. Chandrasekhar’s article
was brought to the attention of Evgeny Velikhov by his supervisor Stanislav Braginsky
who posed a problem on the influence of the axial magnetic field on the hydrodynam-
ically stable CT-flow — the very question that had not been addressed in [119].

In contrast to Chandrasekhar, Velikhov assumed that the liquid is both inviscid and
perfectly conducting. In 1959 he established a new sufficient criterion of stability with
respect to the axisymmetric perturbations” in the form

dQ?

12.
IR > 0, (12.3)

or, in terms of the angular velocities of the cylinders,
Qz > Ql, (12.4)

see the left panel of Figure 12.3. In a subsequent work from 1960 Chandrasekhar con-
firmed this result [120].

Both Velikhov and Chandrasekhar pointed out that the new stability conditions
(12.3) and (12.4) do not depend on the magnetic field strength B which implies that
in the limit B — 0 they do not converge to Rayleigh’s criteria (12.1) and (12.2) valid
for B = 0, as illustrated by the left panel of Figure 12.3. In the presence of dissipation
convergence is possible [1,599]. This dependence of the instability threshold on the
sequence of taking the two limits of vanishing magnetic field and vanishing electri-
cal resistivity constitutes the famous Velikhov—Chandrasekhar paradox. Its physical
explanation has been given in terms of Alfvén’s theorem [121] that in a fluid of zero
resistivity the magnetic field lines are frozen into the fluid, independent of the strength
of the magnetic field [120,581]. However, the weak point of this argument is that the
actual boundary of MRI does depend on the magnetic field strength even in the case
of ideal magnetohydrodynamics and tends to that of solid body rotation only when the

2 1t is instructive to note that the instability of the magnetized Couette-Taylor flow with respect to
nonaxisymmetric perturbations may occur via a coupling of positive and negative energy modes [264].
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Figure 12.3. (Left) A diagram of stability with respect to axisymmetric perturbations with
the axial wave number k, = 1 of the Couette-Taylor flow of ideally electrically conducting
inviscid fluid between the cylinders of the radii R; = 1 and R, = 2 when an axial magnetic
field B = 0.4 is applied [308]; the stability boundary shown in bold black converges to the
line 2, = 2, rather than to the Rayleigh line as B — 0. (Right) A mechanical analogue of
MRI in accretion disks [31]. The action of the magnetic field is equivalent to that of elastic
springs that lead to the exchange of angular momentum between the fast inner mass m; and
the slow outer mass m,,.

field is vanishing, see Figure 12.3 (left).® This indicates that the roots of the paradox
are more hidden [128, 308].

12.1.3 Magnetorotational instability in astrophysics and its analogues
in celestial mechanics

Even half a century after the publications of Velikhov and Chandrasekhar the ‘dubi-
ous’ jump in the threshold of the magnetorotational instability (MRI) has not been
fully understood and the paradox remained unresolved [1, 28, 199, 316]. Maybe this
is not so surprising when taking into account that even the astrophysical relevance of
MRI to destabilize a differentially rotating flow in accretion disks around gravitating
celestial bodies remained underappreciated during a long period until it was rehabili-
tated by Balbus and Hawley in 1991.

The central problem here is that accretion disks typically rotate according to Ke-
pler’s law, Q(R) ~ R~32 which results in an angular momentum R2Q(R) ~ R'/2
that fulfills Rayleigh’s stability criterion (12.1). Such stable, nonturbulent disks would
not allow the outward directed angular momentum transport that is necessary for the
infalling disk matter to accrete into the central object. In their seminal paper [30], Bal-
bus and Hawley highlighted the key role of the MRI in this process by showing that a
weak, externally applied magnetic field is a trigger for the instability that actually taps
into the rotational energy of the flow.

3 It strikingly resembles the classical Taylor diagram reproduced in Figure 12.2 (right) except that the
stability boundary asymptotically tends to the line of solid body rotation (21 = €25).



Section 12.1 Magnetorotational instability in axial and helical magnetic fields 369

In a perfectly conducting fluid, the magnetic field lines are ‘frozen’ into it, tethering
fluid elements like a spring [28], see Figure 12.3 (right). If such a couple is perturbed,
the magnetic ‘tether’ retards the faster inner element that has to move to the lower
Keplerian orbit and simultaneously it accelerates the slower outer fluid element that
thus has to move to the higher orbit. The separation between the elements grows with
time yielding instability. Remarkably, this simple mechanical analogue of MRI pro-
posed by Balbus and Hawley [28], is a working principle of numerous engineering
projects developed since the 1960s that involve momentum exchange tethers for the
orbital transfer of satellites [44]. Well known is the instability of an orbiting ring of
connected satellites as well as of the orbiting flexible and extensible ring in the con-
text of studies of formation of planetary rings [43,87,455,481]. In the same context,
the mechanism of the gravitational instability of a stream of co-orbital particles was
recently shown to be similar to that of MRI [360].

In the reference frame comoving with a small patch of the magnetized accretion disk
and rotating at the angular velocity Q¢ = Q(Rp), the leading order WKB equations
governing the evolution of its local radial (x) and azimuthal (y) displacements in the
vicinity of a fiducial point with the radius Ry are [28]

) : ( dQ
X —=2Qpy + | Ro —

+ wf‘ x =0,

¥ +2Q0% + 05y =0, (12.5)

2

where the Alfvén frequency, w4, measures the intensity of the magnetic tension force.
With w4 = 0 and Keplerian rotation Q2(R) ~ R™3/2 the equations (12.5) are reduced
to the Hill-Clohessy—Wiltshire ones [132,225] that describe in particular the relative
motion of two satellites,* see also [360].

Writing down the characteristic equation of system (12.5) and taking into account
that at the onset of MRI with only an axial magnetic field applied (which is a nonoscil-
latory instability) the critical eigenvalue is vanishing [308], we get the instability
threshold (see also [120])

_1RdQ 126
T 2QdrR T Ty (12.6)
where Ro is the Rossby number’ (evaluated at R = Ry in (12.6)) that indicates the de-
viation of the rotating shear flow from the solid body rotation, Ro = 0. The latter is the

4 A nice illustration is contained in the books by Beletsky [42] and Arnold [18]. During his space walk
on March 18, 1965, the kosmonaut Alexei Leonov threw the lens cap of his movie camera towards
the Earth: “the small object, shining in the Sun, began to distance itself rapidly and soon vanished
from sight” [42]. The motion of the lens cap with respect to the spaceship is described by the Hill-
Clohessy—Wiltshire equations. The lens cap will move relative to the kosmonaut approximately in an
ellipse. The center of the ellipse will be situated in front of the kosmonaut in his orbit and the period
of circulation around the ellipse will be equal to the period of motion around the spaceship’s orbit.

5 Karl-Gustaf Arvid Rossby (1898-1957) — a Swedish-American meteorologist.
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threshold resulting from the sufficient stability criterion of Velikhov—Chandrasekhar
(Ro > 0). The actual threshold of MRI given by equation (12.6) depends on the mag-
netic field strength through w4 and therefore it coincides with the criterion (12.3) in the
limit w4 = 0 which deviates from the nonmagnetic value Ro = —1 following from
Rayleigh’s criterion (12.1). This nonuniqueness of the critical Rossby number in the
nonmagnetic limit is another manifestation of the Velikhov—Chandrasekhar paradox.

12.1.4 Laboratory experiments with CT-flow in axial and helical
magnetic fields

In contrast to the nonmagnetic Couette—Taylor case, the theory of MRI was ahead
of laboratory experiments [311]. First interesting experimental results were obtained
only in 2004 in a spherical Couette flow of liquid sodium [532]. In this experiment,
the authors observed correlated modes of velocity and magnetic field perturbation in
parameter regions which are quite typical for MRI. However, the background state in
this spherical Couette experiment was already fully turbulent, so that the original goal
to show the basic destabilizing effect of a magnetic field was not met.

At Princeton University, work is going on to identify MRI in a CT-experiment with
liquid gallium, and first encouraging results, including the observation of nonaxisym-
metric magneto-Coriolis waves, have been recently reported [453]. The Princeton fa-
cility had been designed to investigate the standard version of MRI (SMRI) with only
a vertical magnetic field being applied. SMRI is known to work only with magnetic
Reynolds numbers (Rm) in the order of 1 or larger. Rm is proportional to the hydrody-
namic Reynolds number according to Rm = PmRe, where Pm is the magnetic Prandtl
number. For liquid metals Pm is typically in the range 1076 —107>. Therefore, in order
to achieve Rm ~ 1, we need Re = 10°—10°, and wall-constrained flows (in contrast to
wall-free Keplerian flows) with such high Re are usually turbulent, whatever the linear
stability analysis might tell [309]. This is the point which makes SMRI experiments,
and their interpretation, so cumbersome [29].

This situation changed drastically when Hollerbach and Riidiger considered the
effect of adding an azimuthal magnetic field to the axial one [227]. Indeed, it was
shown [227] that the resulting helical MRI (HMRI) is then possible at far smaller
Reynolds numbers and magnetic field amplitudes than SMRI, making HMRI an ideal
playground for liquid metal experiments.

First experimental evidence for HMRI was obtained in 2006 at the liquid metal
facility PROMISE (Potsdam ROssendorf Magnetic InStability Experiment) which is
basically a CT-cell made of concentric rotating copper walls, filled with GalnSn (a
eutectic which is liquid at room temperatures). In [546] it was shown that the HMRI
traveling wave appears only in the predicted finite window of magnetic field inten-
sity, with a frequency of the traveling wave that was in rather good accordance with
numerical simulations.
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Despite SMRI being a nonoscillatory instability and HMRI being an oscillatory one,
there is a continuous and monotonic transition between them when Re and the mag-
netic field strength are increased simultaneously [227]. This is all the more remarkable
in that HMRI has been identified with the destabilization of an inertial wave in appar-
ent contrast to SMRI that is a destabilized slow magneto-Coriolis wave [453]. The
transition from SMRI to HMRI, which is characterized by substantially different scal-
ing laws, involves the origination of a spectral exceptional point [517] and a transfer
of instability between the modes [309].

It is remarkable, too, that even in the limit of vanishing electrical conductivity
(Pm — 0), the helical magnetic field is able to trigger an instability although the instan-
taneous growth of the energy of any perturbation must be smaller than in the field-free
case — the paradox of inductionless HMRI [486]. In this inductionless case, however,
the local WKB analysis in the small-gap approximation prohibits helical magnetorota-
tional instability when Ro exceeds the Liu limit of 2 —24/2 ~ —0.828 [383]. Thus the
inductionless HMRI works only for comparably steep rotation profiles (i.e. slightly
above the Rayleigh line of Ro = —1) and disappears for profiles as flat as the Ke-
plerian one with Ro = —0.75. This behavior has been experimentally confirmed in
the PROMISE experiment [311]. Nevertheless, HMRI at the Rossby numbers slightly
above the Liu limit was observed already in the WKB approximation at small but fi-
nite Pm in [309]. The ultimate upper limit of the critical Ro in this case is an intriguing
question because of its high sensitivity with respect to the variation of parameters.

Despite a more than a century-long history, hydrodynamic and hydromagnetic sta-
bility of rotating shear flows remains a vibrant area of research, full of intriguing para-
doxes and mathematical, computational, and experimental challenges. Below we link
some of the mentioned effects to singularities existing on the stability boundaries.

12.2 Mathematical setting

12.2.1 Nonlinear equations and a steady state

The standard nonlinear equations of dissipative incompressible magnetohydrodynam-
ics consist of the Navier—Stokes equation for the fluid velocity u
BZ

1 1
+@-Viu=—-V (p+—) +—(B-V)B+ vV, (12.7)
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and of the induction equation for the magnetic field B

B
E:Vx(uxB)—i—nsz, (12.8)
where p is the pressure, p = const the density, v = const the kinematic viscosity,

n = (uoo)~! the magnetic diffusivity, o the conductivity of the fluid, and s the
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magnetic permeability of free space [121]. Additionally, the mass continuity equation
for incompressible flows and the solenoidal condition yield

V.u=0, V-B=0. (12.9)

We consider the rotational fluid flow in the gap between the radii Ry and R, > Ry,
with an imposed magnetic field sustained by currents external to the fluid. Introducing
the cylindrical coordinates (R, ¢, z) we consider the stability of a steady-state back-
ground liquid flow with the angular velocity profile 2(R) in a helical background
magnetic field (a magnetized CT-flow)

u = RQ(R)eg, p = po(R). Bo= Bj(R)ey + Ble;, (12.10)
with the azimuthal component
pol
BY(R) = ——, 12.11
o(R) =7~ (12.11)
which can be thought as being produced by an axial current /. Note that
0 0 0
%:_MOI :_@ d(RB¢):O
dR 2w R? R’ dR
Therefore,
V xBy=0. (12.12)
The angular velocity profile of the background CT-flow is [162]
QIR —QR3 1 (Q2—Q)RIRS
Q(r) = BRI DR |~ Q)RR (12.13)

Ri-R; R RI-R]
The centrifugal acceleration of the background flow (12.13) is compensated by the
pressure gradient
Lo _ RQ2. (12.14)
p OR

12.2.2 Linearization with respect to nonaxisymmetric perturbations

Let us linearize the equations (12.7)—(12.9) of the magnetized Couette—Taylor flow in
the vicinity of the stationary solution (12.10)—(12.12) assuming general perturbations
u=uy+u, p=po+ p,and B = By + B’ and leaving only the terms of first order
with respect to the primed quantities. The perturbed fluid velocity and magnetic field
fulfill the constraints

V-u=0, V-B' =0 (12.15)
After introducing the matrices U(R) := Vuy and B(R) := VB
0
0  -20 0 —% o
— a2 — 0
U= Q+RE 0 0], 8= % 0 0 (12.16)

0 0 O 0 0 0
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and taking into account the property (12.12), we get the linearized equations
1 1
0+ U~+uy-V)u' + -Vp' + —By x (VxB) =vVad,
p PO

(0; —U+uy-V)B + (B8 —By-V)u' = nV?B. (12.17)

12.3 Geometrical optics approximation

We look for solutions of the linearized equations (12.17) in the form of a rapid oscil-
lation with slowly varying amplitude of its envelope [179]

W (x,1,¢) = el PxN/e (u(o)(x, )+ eu(l)(x, t)) + eu(x,1),
B(x,1,¢) = o @1/ (B(O) (x,1) + eBD(x, z)) +eBD(x,1),

p(x,t,€)= el Pxt)/e (p(o) (x,t) + ep(l)(x, t)) + ep(r)(x, 1), (12.18)

withi = /1,0 < € < 1 asmall parameter, x denoting the vector of coordinates, ¢
a real-valued phase of the oscillations, and Y ), p(j ). and BU ), where j = 0,1, r, the
complex-valued amplitudes corresponding to fluid velocity, pressure, and magnetic
field.
Assuming v = €29 and 7 = €27 [350,381] and introducing the derivative

D .

D = dr +up-V (12.19)
along the fluid stream lines, we substitute expressions (12.18) into equations (12.17),
collect terms at €~ and €° and expand the cross products, which yields

D® © 1 1
“200 4 L ye = — BO®B,. Vo) — — Vo (B, -BO),
Dt P PO PHO

%B(O) — By - Vo)u® =0,

i%u(l) + i%VCD = (% +5(VD)? + u) u®,

_%VP(O) _ iBO x VxB©® 4 ipL/«LoBO xBW x Vo,

i%B(l) —i(By- VO = — (% + (VD) — u) BO — (8 - B, - V)u®.

(12.20)
The solenoidality and incompressibility conditions (12.15) take the form

. vo =0, V.-u® +iu®.ve =0,
BO.vd =0 V-BO 4+iBW.ve =0. (12.21)
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The dot product of the first two of the equations (12.20) with V®, u® BO o gether
with the constraints (12.21) result in the system of equations

© 1
Vo (L£— + —(B,-B®) | =0,
1Y PHO
Dd

oY B@.BO _ (B;.vo)u® .B® =,

DD—?B(O) @ — By - VOyu® . u® =0,

@u(o) .BO _ LB(O) -BO®B,-vo) =0,

Dt PO
D 0.0 _ L go OB, - Vo) =0. (12.22)
Dt PHo
For V& # 0, B© = 0, and u” # 0 it has a unique solution
1 D
p@=——@By-BO), “—=0, By-V®=0. (12.23)
Ho Dt

The relations (12.23) allow us to simplify the last two of the equations (12.20) by
eliminating pressure and taking into account the constraints (12.21)

D - 1
(E +5(VO)* + u) u® — S (B+Bo: V)B© =
Vo D 1
W . |:(D—Z + U) 11(0) — M(Q{B + Bg - V)B(O)] Vo,

D
(E + (VD) — ‘U) B + (8 —B,-V)u® =o. (12.24)

Differentiating the first of the identities (12.21) yields

D DV® Du©®
Zwveou®) =227 40 pyve. 28 (12.25)
Dt Dt
Using the identity (12.25), we write
D 2 o _ 1 ©)
— 43V +U|)u? - — (B8 +B,-V)BO =
Dt PIO
Vo 1 Vd DV®
——— | Uu® - — (B +By-V)BO |V — O
VP [ N BB Y) vor pr "

D
(E + (VD)2 — u) BO + (8 —By-V)u® =o.

(12.26)
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Now we take the gradient of the identity D®/Dt =0
V3, ®+ V(uy-V)® =3,V + (ug- V)V® + UT VD

D
=5, Vo + Uurve =o. (12.27)

Hence, the time evolution of the wave vector k := V& is given by the equation

— - Utk (12.28)
Dt

Given the wave vector k(t), equations (12.26) yield the transport equations

Du©® kk” 1 kk”
=|2——4 | U Q= [kPu@+— [ 4 — — | (84+Bo - V) BO,
D { kP M o | e |
DB©
— = UB® — 7k’ BO — (8 — By - V)u®. (12.29)

The transport equations (12.29), where J is a 3 x 3 identity matrix, are a system of
partial differential equations [178] that determine evolution of the amplitudes u©@ and
B© . In the absence of the magnetic field they are reduced to the hydrodynamical ones
derived in [156, 164,350, 381].

With the matrix U from (12.16), and Q' = ‘Zi—%, the equations (12.28) are

kr = —RQ'ky, k=0, k;=0. (12.30)

Consider a solution to equations (12.30) with k¢ = 0, so that the wave numbers k g
and k are arbitrary constants [164]. Taking into account that

5% 051 —u®) + B,u

Bo- V)u® = [ 225,00 10D 4 Bl |,

BTf(’)’a(,;ugO) + Bgazugo)

(By-V)BO = | By 50 4 pog.p® 4 BB | (1231)

BO
29,8 + B2, B
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we find that the system (12.29) in cylindrical coordinates (R, ¢, z) has the form
20 BY

~ 0 20,,0) ¢ (0
(0; + Qg + DkP)ul =22°Qu,) — B
By aiyBR — V1= a20,BL”
R PHo
BoaazB(O) V1 —a?d, B(O)
o
‘ PO
08 B(O) BOa B(O)
(at+523¢+17|k|2)ug)) 29(1+R0)u(0) ¢ n 20z D ,
puoR P10
BY(@® — 1)dy B
(0 + Q0g + DkHu =—2v1- azang)) ¢ i
R
PHo
av/T—a?BY(9sBY —2BS”)
pHoR
g1 o2ad, BY — (1 —a?)d, B
‘ PO ’

BO
@ + Qg + k) BY = B,uY + %’awg’,
BY BY
(3 + Qg + 7k BY = BLu + ?"’a(,,ug” +2QRoBY + 27%52),

BO
0, + Qy + ikHBO = B2,u© + ?"”awg‘”, (12.32)

where o = k,|k| 7.
Seeking for a solution of the system (12.32) i 1n the form e and taking into

account the solenoidality condition B 0k R+ B kz 0, we arrive at the system of
(0) (0) B(O) and B(O)

yt+ik.z

algebraic equations on u

20 2B BO
(y+\7|k|2)u(0) 2()[29”(0) B(O) lkZ—ZBg))ZO,

proR ~? Pito
BO

(v + DIkPus +2Q(1 + Rojul) —ik.—= B =0,
PO

+ —ik;B uy,’ =0,
(v + k) B —ikz Bouf) =0
BO
(v + ikP) B — 2QRoBY) — ik: Bouf) —2—2u =0.  (1233)

Introducing the viscous, resistive, and Alfvén frequencies as w, = 17|k|2 wy =
k%, wqg = kZBg(,o/Lo)_l/z, and wyq, = Bo(p,uo) 1/2R=1 respectively, we find
that y in equations (12.33) is an eigenvalue of the matrix H, where [309]



Section 12.4 Stability analysis 377

B 5 . @y _ZwA(baz
wy 20°2 14 W {om
g A
H=| 220+Ro) -y 0 Yo |- (12.34)
1WA /PO 0 —wy 0

2wa4/PR0  T®4/po 2Q2R0  —wy

12.4 Stability analysis

Stability of the solutions to the equation (12.32) is determined by the roots y of the
dispersion relation

p(y) :=detH —yI) = y* + a1y + ary? + (a3 +ib3)y +as +iby =0, (12.35)
where I is the unit matrix and

ay =2(wy + wn),

ar = (@y + 0y)* + 2(@j + wyoy) + 40°QF(1 + Ro) + 4o’wy

az =2(wy + w,,)(wf, + wywy) + 801252(2)(1 + Ro)wy, + 4a2(w,, + w,,)wid),

as = (a)/z1 + a)va)n)2 — 4a2a)31$2% + 405252%(1 + Ro)(a)f1 + a),zl) + 4a2w,,a),,a)fl¢,

b3 = —SaZQQwAwA¢,

by = —40[2520a)Aa)A¢ (wy + wy) — 4052520(1 + Ro)wawy, (wy — wy). (12.36)

12.4.1 The threshold of the standard MRI

With wg, = 0 the coefficients b3 and b4 vanish while the others simplify. Composing
the Hurwitz matrix (2.51) of the polynomial, we write the Liénard—Chipart criterion
of asymptotic stability [409]

ag > 0, apy > 0, /’l] =da| > 0, h3 = ajaas — a%a4 —a% > O, (12.37)

see Theorem 2.34. Under the physical assumption that w,, > 0 and w; > 0, the last
two inequalities are automatically satisfied, because

hs = 403 (wn + wp)* (0 + @y)? + 4Q%a?)

+ 4wy, ((0y + oy)* + 4Q2%a*(1 + Ro))* > 0. (12.38)
On the other hand, condition a4 > 0 implies that
2 2 2,22
w4 + wyowp)” +4Q°wa 1
Ro > Ro, := _ (@it oven) s (12.39)

4Q%a%(w3 + w2)  4Re?’
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where Re = «Quw,’ !'is the Reynolds number. Therefore, the four stability conditions
(12.37) are reduced to only (12.39) that yields the critical Rossby number (Ro.) of
SMRI (above which the flow is stable).

It is instructive that the equations (12.33) can be rewritten as an eigenvalue problem
for a nonconservative gyroscopic system

i+ (D + Q(1 + )i+ (N + K)u =0, (12.40)
where u = (iig,ig)T, N = Qo(wy (1 + a?) + Ro(w, — wy))J,
0)2 + wyw k12
— A vEn
K= ( ki> Wi + vy, + 4a*QRo ) (12.4D)

with k12 = Qo(wy(1 — a?) + Ro(wy — wy)), and

(0 —1 | oy toy Q(l—a?)
J_(1 o)’D_(QO(1—a2) oy +wy ) (1242)

Fora =1, wy = 0, and w, = 0, equation (12.40) is similar to the model (12.5) and
has the same dispersion relation.

Stable perturbations have i y < 0 provided that y with R y = 0 is a semisimple
eigenvalue of the eigenvalue problem associated with the system (12.40). The growing
solutions of SMRI are nonoscillatory with 3y = 0. Therefore, y = 0 implies that
det(N + K) = 0 at the threshold of SMRI which gives exactly the critical Rossby
number, Ro., determined by equation (12.39).

12.4.2 Singularities and the Velikhov—Chandrasekhar paradox

The Velikhov—Chandrasekhar paradox occurs at infinite Pm = wy o, ! and means that
in the ideal MHD case (w; = 0, wy, = 0) the limit wq — 0 yields Velikhov’s value
Ro. = 0 as the instability threshold rather than Rayleigh’s limit Ro, = —1 of the
nonmagnetic case (wg = 0, w, = 0). Thus, we have a counterintuitive effect of two
noncommuting limits®

lim lim Ro.(wq,® lim lim Ro.(wg4,wy).
wg—>0 wy—0 C( A 77) #wn—>0wA—>0 C( 4 TI)

With wq = ecos¢ and w, = ¢sing in (12.39), we obtain

(ecos® ¢ + wy sing)? + 4a?Q3sin’ ¢

Ro, = TSy , (12.43)
which for ¢ — 0 reduces to
1 , 1 + (2Re)2
0 _ 2, —
Ro? = (1 + —4Re2) sin? ¢ o (12.44)

6 Note that similar noncommutativity phenomena exist in the buckling problems of structural mechanics,
see e.g. [445] and [373].
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where Lu = wq0, !'is the Lundquist number. Introducing the new parameter Ro’ =
(1 + 4Re*(1 + 2R0))(1 + 4Re?)~! we find that in the (w4, @y, Ro’)-space equation
(12.44) defines a ruled surface (e, ¢) + (gcos g, esing,cosng) with n = 2, which
is a canonical equation for the Pliicker conoid of degree n = 2 [231]. The surface

(12.43) tends to the Pliicker conoid when ¢ = | /a)f1 + w% — 0.

The threshold surface of SMRI is shown in the (w4, @y, Ro)-space in Figure 12.4 (a)
and in projection to the (w4, wy)-plane in Figure 12.4 (b) for Re = 1. For each o, w,,
and € it has the same Pliicker conoid singularity, i.e. an interval of self-intersection
along the Ro-axis and two Whitney umbrella singular points at its ends. This singular
structure implies nonuniqueness for the critical Rossby number when simultaneously
wq = 0and w,; = 0.

S 5
Ro &
Ro 0.3
0.5] 05
Al 1 1.0
2.5
-1.51 -1.54 3
-2 2] Wy
0 1 2 € 3 0 05 1 15 2 25

Figure 12.4. (a) The critical Rossby number of SMRI as a function of wg ~ LuPm~! and
wy ~ Pm~!forw, = 1,a = 1,y = 1,i.e.forRe = 1. (b) Top view of the surface. (c) Cross-
sections of the surface along the rays specified by the Lundquist number, or, equivalently, by
the angle ¢ that varies from 0 to 1.5 through the equal intervals A¢ = 0.1; the horizontal line
corresponds to ¢ = /2. (d) Transition between the case of low (Velikhov 1959) and high
(Chandrasekhar 1953) resistivity.
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Indeed, for a given Lu, tending the magnetic field to zero along a ray w4 = wyLu
in the (w4, wy)-plane results in a value of the Rossby number specified by equation
(12.44), see Figure 12.4 (c). The limit value of the critical Rossby number oscillates
between the ideal MHD value Rog = 0 for Lu = 0o (¢ = 0) and the nonmagnetic
(Taylor) value Ro? = —1 — (2Re)™2 for Lu = 0 (¢ = m/2), which resolves the
Velikhov—Chandrasekhar paradox.

Physically, the Lundquist number determines the ‘lifetime’ of the magnetic field line
that is frozen into the fluid. In the ideal MHD case Lu = oo means that the field does
not diffuse from the fluid. At the lower values of Lu, resistivity destroys the magnetic
tension effect which prevents Ro from reaching the solid body rotation value in the
limit of vanishing magnetic field.

Figure 12.4 (d) demonstrates transition between the cases of high conductivity (Ve-
likhov 1959) and of low conductivity (Chandrasekhar 1953) separated by the threshold
wy = (02 + 4Q3a?)(2w,) !, In the latter case the axial magnetic field stabilizes the
hydrodynamically unstable CT-flow. Figure 12.4 (d) also illustrates the conclusions
of Acheson and Hide that in the presence of small but finite resistivity in the limit of
vanishing w4 “the stability or otherwise of the system will then be decided essentially
by Rayleigh’s criterion” [1].

What eigenvalue behavior corresponds to the singular threshold of SMRI? In the
absence of the magnetic field the roots of the dispersion relation (12.35) are exactly

Vg = —wy £i20Q0vRo+ 1, y34 = —wy. (12.45)

The first two roots bifurcate and one of them becomes positive at the critical Rossby
number Ro. = —1 — (2Re) ™2, see Figure 12.5(a,b,e). The dark gray curves there
represent the inertial waves whose interaction yields the centrifugal instability in the
inviscid case [164,308]. The Rayleigh line is thus characterized by the double zero
eigenvalue with the Jordan block. Viscosity shifts this doublet to the left part of the
complex plane [192]. This scenario corresponds to the lower Whitney umbrella sin-
gularity on the SMRI threshold shown in Figure 12.4 (a).

With wgq # 0 the merging of the inertial waves becomes imperfect, see Fig-
ure 12.5 (¢, d), while the formerly damped roots y34 experience a bifurcation at the
Rossby number that is close to the Velikhov—Chandrasekhar value. In Figure 12.5 (d)
the light gray branches correspond to the slow magneto-Coriolis (MC) waves and the
dark gray ones to the fast MC waves. Bifurcation of the slow MC-waves precedes the
onset of SMRI (equation (12.39)) with the decrease of Ro. In the absence of viscosity
and resistivity the roots of the dispersion relation (12.35) corresponding to slow- and
fast MC-waves are exactly

y? = —2Q26%(1 + Ro) — 03 + 2Q« \/Q%az(l +Ro)? + o3 (12.46)

The corresponding double zero eigenvalue at wq = 0 and Ro = 0 is related to the
upper Whitney umbrella singularity at the SMRI threshold in Figure 12.4 (a).
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Figure 12.5. Growth rates and frequencies of the perturbation for 2y = 1, ¢ = 1, 0, =
0.3, w, = 0.5 and (a,b) wg = 0 and (c,d,e) wg = 0.5; (f) growth rates surfaces in the
(My, w4, Ro)-space.

Transition between these two bifurcations happens in the presence of resistivity and
viscosity and is described by means of the slices of two singular eigenvalue surfaces
shown in Figure 12.5 (f). The surface corresponding to the roots y; » is locally equiv-
alent to the Pliicker conoid of degree n = 2 and that of the roots y34 to the Pliicker
conoid of degree n = 1 [231].

12.4.3 The singular threshold of the HMRI and connection of HMRI
and SMRI through a spectral exceptional point

After scaling the spectral parameter as y = A, /w, @y, we express the appropriately
normalized coefficients (12.36) by means of the dimensionless Rossby number (Ro),
magnetic Prandtl number (Pm), helicity parameter 8 = awy ¢a);1 of the external
magnetic field, Hartmann (Ha = LuPm~'/2), and Reynolds (Re) numbers. Additional
transformations yield the coefficients of the dispersion relation p(A) = 0

a; = 2(1 +Pm™')«/Pm,
ay = 2(1 + (1 + 2*)Ha’) + 4Re*(1 + Ro)Pm + a3 /4,
a3 = a;(1 + (1 + 28%)Ha?) + 8Re*(1 + Ro)+/Pm,
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as = (1+Ha?)” + 48°Ha’ + 4Re*(1 + Ro(PmHa® + 1)),
b3 = —8BHa’Re/Pm, by = b3(1 + (1 —Pm)Ro/2)/+/Pm. (12.47)

The analogue of the Routh—Hurwitz conditions for the complex polynomials — the
Bilharz criterion [62] — requires positiveness of all diagonal even-ordered minors of
the so-called Bilharz matrix (see Theorem (2.35)) composed of the coefficients (12.47)

my =asaq + bsby >0, my = (apaz —ajag)my — a%bf > 0,
m3 = (a\ay — az)my — (ajasas + (arbs — by)*)m,
+ ajaq(bsar(2by — a\bs) + aia?) > 0,
mg =ayms —ayazmy + (ag + a%b4b3 — 2a1b2)m1
+ albfcu(a]az —asz) — bfa%az + bi > 0. (12.48)

When the last of the stability conditions (12.48) is fulfilled, the remaining inequalities
are satisfied automatically [309]. Therefore, the threshold of HMRI is defined by the
equation my4(f8,Re, Ha, Pm,Ro) = 0. For 8 = 0 the dispersion relation and thus the
threshold for HMRI reduce to that of SMRI [309].

In the inductionless limit Pm — 0 the critical Rossby number for the onset of HMRI
follows from the equation m4 = 0 in the explicit form

R (14+Ha?)? +48*Ha%(1+p*Ha?)  2B*Ha’+Ha’+1
o= —

12.49
2Ha*pB? 2Ha* B2 ( )

2 Ha'p? 2

x 1/ (1+Ha?)” +4p2Ha?(1+f2Ha?)+ RoZ ((14+Ha?)* +442Ha?).
e
In the limit Re — oo and Ha — oo this critical value is majorated by
1+48%—(1+2B8%) /1 +4p*

Ro(B) = —- poUt2p)yle ﬂ, (12.50)

282

with the maximum at the well-known Liu limit Ro, = 2 — 24/2 ~ —0.828 when
B = 2/2 ~ 0.707 [309]. The line (12.50) is shown dashed in Figure 12.6 (left).
Nevertheless, at small but finite Pm, the HMRI domain shown in dark gray in Fig-
ure 12.6 (left) can exceed the Liu limit for some choice of Ha and Re.

To understand how far beyond the Liu limit HMRI can exist, we show in Figure 12.7
a typical critical surface m4 = 0 in the (Pm, Re™!, Ro)-space for the special parameter
choice Ha = 15 and § = 0.7. On the Ro-axis we find a self-intersection and two
Whitney umbrella singularities at its ends. At the upper singular point, i.e. exactly at
Pm = 0, the critical Rossby number is given by equation (12.49) in the limit Re — oco.

In Figure 12.7 we see that the case with Pm = 0 is connected to the case Pm # 0
by the Pliicker conoid singularity, quite similar as it was discussed for the paradox
of Velikhov and Chandrasekhar. Interestingly, Ro. for the onset of HMRI can indeed
increase when Pm departs from zero which happens along curved pockets of HMRI.
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Ro -4 ! B=0: SMRI exists

-0.81 Pm=0.0006
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HMRI B p=0: No SMRI

. : : T ; 0
05 1 15 2 25 3 0 0.005 0.01 0.015 0.02

Figure 12.6. (Left) In the inductionless case Pm = 0 the instability domain (light gray, at Ha =
19 and Re = 900) is always under the majorating dashed curve given by equation (12.50) that
touches the Liu limit Ro = 2 — 2,/2 at 8 = /2/2; for Pm # 0 this is no longer true and the
instability domain (dark gray, shown for Ha = 19 and Re = 900) can partly lie above the Liu
limit. (Right) HMRI island (Ha = 5, Re = 100, Ro = —0.85) in the (Pm, )-plane exists at
such low Pm at 8 # 0 where SMRI at 8 = 0 does not [309,311].

1/Re
0.002

-0.002

0 0.001 Pm 0.002

Figure 12.7. HMRI threshold at Ha = 15 and 8 = 0.7 in the (Pm, Re™!, Ro)-space and in
projection to the (Pm, Re™!)-plane [311].

The two side bumps of the curve Re™!(Pm) in a horizontal slice of the surface corre-
spond to the domains’ of the essential HMRI while the central hill marks the helically
modified SMRI domain, according to the classification introduced in [309], see also
Figure 12.6 (right). The exchange of stability [145] from standard MRI to the essential
HMRI when f departs from zero takes place by means of the origination of a double
complex eigenvalue with the negative real part (exceptional point) and its subsequent
splitting, Figure 12.8.

7 Islands of instability similar to the essential HMRI island of Figure 12.6 (right) were found in a pure
hydrodynamical CT problem [8] as well as in other settings [438].
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Figure 12.8. Ha = 5, Re = 100, Ro = —0.85: Eigenvalue trajectories in the complex plane
when 0 < Pm < 0.011 show the effect of transfer of instability between branches through an
exceptional point (EP). (a) SMRI is caused by the transition of a pure real eigenvalue from neg-
ative values to positive. (b) Deformation of the critical branch (gray) for § # 0; (c) merging
of the critical and stable branches with the origination of the double complex eigenvalue with
the Jordan block at the EP; (d—f) splitting of the EP and bifurcation of the eigenvalue trajec-
tories: after surgery the stable complex branch acquires an unstable tail of the critical branch
(gray) and becomes unstable near the origin, which corresponds to an unstable traveling wave
of HMRI [309].

For small Pm the essential HMRI occurs at higher Ro than the helically modified
SMRI, while for some finite value of Pm the central hill and the side bumps get the
same value of Ro.. Most remarkably, there is a value of Ro. at which the two side
bumps of the curve Re™!'(Pm) disappear completely. This is the maximal possible
value for the essential HMRI, at least at the given  and Ha. Now we can ask: how
does this limit behave if we send Ha to infinity, and to which value of Lu does this
correspond?

Actually, with the increase in Ha the stability boundary preserves its shape and si-
multaneously it compresses in the direction of zero Pm. Substituting Ha = LuPm™!/2
into the equations (12.47), we plot again the surface m4 = 0 in the (Pm,Re™!, Ro)-
space, but now for a given § and Lu, Figure 12.8 (left).
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Figure 12.9. (Left) The critical Ro at Lu = 0.5 and 8 = 0.6 in the (Pm,Re™!, Ro)-space
and (right) its cross-sections in the (Pm, Re™!)-plane at Ro = —0.842, Ro = —0.832, Ro =
—0.822, Ro = —0.812, and Ro = —0.802 [310].

The corresponding cross-sections of the instability domain in the (Re™!, Pm)-plane
are shown in Figure 12.9 (right). At a given value of Ro there exist three domains of
instability. Two sub-domains that have the form of a petal correspond to the HMRI.
They are bounded by closed curves with a self-intersection singularity at the origin.
They are also elongated in a preferred direction that in the (Re™!, Pm)-plane corre-
sponds to a limited range of the magnetic Reynolds number Rm = PmRe. The central
domain, which corresponds to the helically modified SMRI, has a similar singularity
at the origin and is unbounded in the positive Pm-direction. In comparison with the
central domain where Rm > 1, within the side petals Rm < 1.

Now we reconsider again the limit Pm — 0, while keeping Lu as a free parameter.
At the origin all the boundaries of the petals can be approximated by the straight lines
Pm = RmRe™!. Substituting this expression into equation m4 = 0, we find that the
only term that does not degend on Pm is a polynomial Q(Rm,Lu, 8,Ro) = po +
p1Rm? + po)Rm* + p;Rm®, with the coefficients

po = Lu*(4B*Lu® + 282 + 4Lu’B% + 1),
p1 = 4(—B*(1 4+ 20Lu*B? + 2Lu* + 88°Lu®
+ 168°Lu® + 24Lu°B* + 4Lu® + 88°Lu* + 208*Lu*)Ro’
+ (16Lu®B*+168°Lu>+Lu?+48*+16Lu* +1—16 83 Lu® +4Lu’ 8*)Ro
+ 1 —8Lu’B*(Lu*p? — B% + Lu* — B°Lu? + Lu?)
+168°Lu*(1 + B’Lu? + Lu® + Lu*) 4+ 4p* + 2Lu?),
pr = 16(Lu*B*Ro* — B2(—2 + 4B*Lu* — 3Lu? + 4Lu*B%)Ro’
+ 282 (34482 +6B*Lu* +4Lu* + 16 f*Lu’ +3Lu* +8Lu? 4+ 12Lu* 2)Ro>
+ (32B*Lu* 4 168* + 40Lu’B* + 2 + 2Lu® + 4B% + 328%Lu* + 328°Lu)Ro
+2 +4Lu*B? + 8Lu’B* + 168°Lu” + 88* + 168°Lu* + Lu* + 48*Lu?),
p3 = 64((2RoB*+1)>4+8Rop*+4B*+3R0’ 2 R0’ %) (Ro+RoLu’+1). (12.51)
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The roots of the polynomial are coefficients Rm of the linear approximation to the
instability domains at the origin in the (Re™!, Pm)-plane. Simple roots mean nonde-
generate self-intersection of the stability boundary at the origin. Double roots cor-
respond to a degeneration of the angle of self-intersection when it collapses to zero
which happens only at the maximal critical Rossby number, Figure 12.9 (left). In the
(Lu, B, Ro)-space a set of points that correspond to multiple roots of the polynomial
Q is given by the discriminant surface 64A% pop3 = 0, where

A(Lu, B,Ro) := 18pop1 paps — 4pips + pips —4pops —27p3p3.  (12.52)

The surface p3 = 0 consists of a sheet Ro = —(1 + Lu?)~! corresponding to the
doubly degenerate infinite values of Rm at the maxima of the helically modified SMRI.
It smoothly touches along the B-axis the surface A = 0 that consists of two smooth
sheets that touch each other along a spatial curve — the cuspidal edge — corresponding
to triple roots of the polynomial Q, Figure 12.10 (a).

Every point on the upper sheet of the surface A = 0 represents a degenerate lin-
ear approximation to the essential HMRI domain and therefore a maximal Ro at the
corresponding values of 8 and Lu. Numerical optimization results in the new ultimate
limit for HMRI Ro, ~ —0.802 at Lu = 0.618, 8 = 0.634, and Rm = 0.770, see
Figure 12.10 (b). This new limit of Ro. on the cuspidal edge is smoothly connected to
the inductionless Liu limit by the upper sheet of the discriminant surface, which con-
verges to the curve (12.50) when Lu = 0. We point out that the new limit is achieved
at Ha — oo when the optimal Pm tends to zero in such a way that Lu ~ 0.618.

-0.7

Ro

o084 9/ -0.802
HMRI maxima

-0.85 1 Inductionless &
0.9 - |
-0.95 'S
@
-1 ‘ Lo ‘ Lu
0 0.2 0.4 0.6

Figure 12.10. (a) Discriminant surface A = 0 in the (Lu, 8, Ro)-space and (b) its cross-section
at f = 0.634 [310].
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