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1923: Taylor's linear stability diagram for the
viscous rotating Couette flow
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= Perfect agreement of the linear stability analysis
with the experiment for moderate Reynolds numbers
= An asymptote in case of co-rotation is the
Rayleigh criterion for the inviscid fluid e —
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1917: Rayleigh’s criterion for centrifugal stability

= Inviscid fluid, planar flow
= Axisymmetric perturbation

Stability: iff the angular momentum increases radially

1 d
ﬁﬁ(m#)? > 0

In terms of the hydrodynamic Rossby number

R 0N}

Corollary for the rotating Couette flow (R;<R)):

Qo R5 > O Ry

HZDR
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1959, Velikhov: new instability of the
Rayleigh-stable magnetized Couette-Taylor flow

Standard magnetorotational instability (S)MRI

= CT-flow of inviscid fluid

= Perfect electrical conductor
= Uniform axial magnetic field
= Axisymmetric perturbation

Sufficient condition for stability

d)?
ﬁ>0 or Ro>0 or (s > ()

E.P. Velikhov, Sov. Phys. JETP 36, 995-998 (1959) T A [ =




SMRI and centrifugal instability

0, Couette-Taylor flow

When magnetic field
tends to zero, the SMRI
domain does not shrink
Stability to the domain of
centrifugal instability

2y
SMRI Centrifugal instability
Velikhov-Chandrasekhar Rayleigh
(o <7 or Ro<0 R§Q2 < Rfﬁl or Ro< —1

S. Chandrasekhar, Proc. Natl. Acad. Sci. 46, 253-257 (1960) H‘DR




Physical reasons behind the paradox

Steven Balbus (Ann. Rev. Astron. Astroph. 2003):

'much of the fluid and stellar community was aware of
the [MRI] and of its curious behavior of ostensibly
changing the Rayleigh criterion discontinuously’

Existing physical explanation via Alfven's theorem:

In a fluid of zero resistivity the magnetic field lines are
frozen-in to the fluid, independent on the strength of
the magnetic field, thus angular velocity is preserved

HZDR
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In the ideal MHD the MRI threshold coincides with that of the solid
body rotation in the limit of vanishing magnetic field only

O.N.K., Dmitry Pelinovsky, Guido Schneider, Physical Review E 84, 065301(R) (2011)
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In the viscous and resistive setting continuous transitions between
the Rayleigh and Velikhov-Chandrasekhar lines are possible

A. P. Willis and C. F. Barenghi, A&A 388, 688-691 (2002) HZDR
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1991: Steven Balbus and John Hawley establish
the astrophysical relevance of SMRI

Observations: flow in accretion disks is turbulent
The flow following Keplerian orbits
Q(R) = (GM)Y?/R3? = d(R?*Q)/dR >0, dY/dR < 0

Is centrifugally stable but SMRI-unstable:

3
—1 <ROK6PZ—Z <0

SMRI can trigger turbulence in Keplerian disks

S. A. Balbus and J. F. Hawley, The Astrophysical Journal 376, 214-222 (1991) 1 = i) ™R




Basic mechanism of SMRI in Keplerian disks

Fluid is a perfect conductor

Magnetic field lines frozen into the fluid
A line 'tethers’ a couple of fluid particles B -

Inner mass retarded, moves to a lower orbit FASE

\
b3

Outer mass accelerated, moves to a higher orbit “.__m, 63,’{./

Simulations

Balbus and Hawley

1991

Figure 1: Evolution of the MRI as computed in (a) [19], (b) [20], with the horizontal and vertical
coordinates corresponding to the radial and vertical directions in the disk.

S. A. Balbus and J. F. Hawley, The Astrophysical Journal 376, 214-222 (1991) 1 = i) ™R
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Detecting MRI in the Couette-Taylor cells

Despite the evident successes of the numerical modeling of MR, the
range of parameters that are typical in the astrophysical applications
had still not been reached in the computer simulations. By this reason,
increasing efforts are being taken during the last decade in order to
detect the MRI in the laboratory.
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Helical version of MRI:
Observed in the PROMISE experiment in 2006

0—-8000 A

Stefani, F. et al.,, Phys. Rev. Lett. 97(2006), 184502
Radiger, G. et al., Astrophys.J. Lett. 649 (2006), L145
Stefani, F. et al., New J. Phys. 9 (2007), 295

Stefani, F. et al., Astron. Nachr. 329 (2008), 652-658
Priede, J., Gerbeth, G., Phys. Rev. E 79 (2009), 046310

Stefani et al., Phys. Rev. E 80 (2009), 066303 H‘DR
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Helical MRI in the PROMISE experiment

Uniform axial magnetic field

The azimuthal magnetic field is produced by the axial current:

1
Bi(R —
¢()O<R

In these circumstances there is no HMRI if (Liu et al. 2006)

Ro > Royjy, 1= 2 — 2v2 ~ —0.828

The Keplerian value Ro=-0.75 is above the Liu limit

This prohibits HMRI of Keplerian flows

W. Liu, J. Goodman, L Herron, H. Ji, Phys. Rev. E 74, 056302 (2006) HZDR



Axisymmetric Standard and Helical MRI

Standard MRI (SMRI) — axial magnetic field perpendicular to the disk




Axisymmetric Standard and Helical MRI

Standard MRI (SMRI) — axial magnetic field perpendicular to the disk

Helical MRI (HMRI) — helical magnetic field, i.e. axial plus azimuthal

(parallel to the disk) magnetic field




Axisymmetric Standard and Helical MRI

Standard MRI (SMRI) — axial magnetic field perpendicular to the disk

Helical MRI (HMRI) — helical magnetic field, i.e. axial plus azimuthal
(parallel to the disk) magnetic field

Standard MRI — theoretically destabilizes Keplerian flows,

not yet observed in the laboratory (Critical Re~10°)




Axisymmetric Standard and Helical MRI

Standard MRI (SMRI) — axial magnetic field perpendicular to the disk

Helical MRI (HMRI) — helical magnetic field, i.e. axial plus azimuthal
(parallel to the disk) magnetic field

Standard MRI — theoretically destabilizes Keplerian flows,
not yet observed in the laboratory (Critical Re~10°)

Helical MRI — already detected in the experiment (Critical Re~1000)




Axisymmetric Standard and Helical MRI

Standard MRI (SMRI) — axial magnetic field perpendicular to the disk

Helical MRI (HMRI) — helical magnetic field, i.e. axial plus azimuthal
(parallel to the disk) magnetic field

Standard MRI — theoretically destabilizes Keplerian flows,
not yet observed in the laboratory (Critical Re~10°)

Helical MRI — already detected in the experiment (Critical Re~1000)

if BJ(R)~ R — no destabilization of Keplerian flows even in theory




Axisymmetric Standard and Helical MRI

Standard MRI (SMRI) — axial magnetic field perpendicular to the disk

Helical MRI (HMRI) — helical magnetic field, i.e. axial plus azimuthal
(parallel to the disk) magnetic field

Standard MRI — theoretically destabilizes Keplerian flows,
not yet observed in the laboratory (Critical Re~10°)

Helical MRI — already detected in the experiment (Critical Re~1000)

if BJ(R)~ R — no destabilization of Keplerian flows even in theory

At what B;j(R) can HMRI destabilize the Keplerian flows?




Mathematical setting

Navier-Stokes equation for the fluid velocity u

1 1
N Vu— L B.vB+IvP— =0
ot fop p

Induction equation for the magnetic field B

%B+u-VB—B-vu—nVQB:o

Mass continuity for incompressible flows and the solenoidal condition

V-u=0, V-B=0
p: pressure, p =const: density, v =const: kinematic viscosity
n = (ueo)t : magnetic diffusivity, o : conductivity of the fluid

Lo - magnetic permeability of free space

O.N.K,, F. Stefani The Astrophysical Journal 712, 52-68 (2010) HZDR
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Perturbation of the steady state

Steady state: A magnetized Taylor-Couette flow
. 1 8p0

w(R) = RAR) e p=m(R). Bo(R) = B(Rje, + Ble., ROP =08

Hydrodynamic (Ro) and magnetic (Rb) Rossby numbers:

B
Ro= 202 gy R 9(Be/R)

2QQ 0R 2(By/R) OR
For the current-free azimuthal field  Bs(R) % = Rb = -1
General perturbation: u=uo+u, p=po+p, B=By+B
Gradients:

0 -1 0 20 0 -10
UR) =Vuy=Q| 1+2R0 0 0 |, B(R):VBozf 1+2Rb 0 0
0 0 0 0 0 0

O.N.K,, F. Stefani Phys. Rev. Lett. 111(6), 061103 (2013) HZDR
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Linearized equations

1 1 1
(O +U +ug-V)u' + =-Vp' + — By x (Vx B+ —B' x (V x By) =vV3u/
p pHo pHo

(0 —U +ug-V)B' + (B— By-V)u' =nV?B’
V-u=0 V- -B =0
Geometrical optics approximation (0 < e« 1)
o (2,1, ¢) = I P@D/e (u<0> (z,t) + eu (=, t)) + e’ (x, 1)
B/(x,t,¢) = @D/ (B<0> (a2, ) + eBY (a, t)) teB (1)
P @ t.) =@ (10 (@,1) + ) (@) + ' (.)

S. Friedlander, M. M. Vishik Chaos 5, 416-423 (1995) HZDR
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. D
Assuming . =8 +u-V, v=¢5 n=¢§ and

collecting terms at ¢! and ¢°, we get four equations

D® (0) 1 1
u® + 2 ve -~ BO(B,.V®)+ —V&(By-B®) =0
Dt p PIO PIO

o —— B9 _(By-V®)ul® =0

D D® pt)
Y sve2 Ly ) w© (0) 4D 42 e
(Dt+uﬁ7) + ) -+pr +%[% -+zp \Y
1 0 _, 1 (1) 1 2
1~ ByxVxBY9 i~ ByxBY xVd+ —BO xVxB,=0
PHO PHO PHo

%TB(” + (D% + (VD)2 u) BY + (B—By-V)ul® —i(By - V®)uM) =0

O.N.K,, F. Stefani, Y. Fukumoto Journal of Fluid Mechanics, (2014) subm. arXiv:1401.8276 HZDR
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The first two equations yield

1 D®
O = _ = (By-BY), == =0, By -V®=0

Then, the last two equations take the form

D 1
— + (VD)? © _ — (B4 By-V)BY
(Dt+u(v ) +Z/{)u puo( + By - V)

V& DV
Vo2 Dt

2

_ V2 luu® — L (B4 By-v)BO|va -
Vo2 PHLo

(% +7(VP)* — u) BY + (B—By-V)ul? =0

O.N.K,, F. Stefani, Y. Fukumoto Journal of Fluid Mechanics, (2014) subm. arXiv:1401.8276 I‘I‘DR
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. . . D@
Taking the gradient of the equation — =0

D
VO,® 4+ V(ug-V)® =, VP+ (ug- V)VE+UTVD = 5 V2 +UTVP =0

yields the phase equation
DEk

T
Dy Uk, \%

In cylindrical coordinates

kr = —ROgQky, ke =0, k,=0
Bounded and asymptotically non-decaying solutions:

ks =0, kr=const, k,=const

a=k|k|™!, |k* =K%+ K

B. Eckhardt, D. Yao Chaos, Solitons, and Fractals 5, 2073-2088 (1995) i‘l‘DR
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Amplitude equations (PDEs)

Du(© kk" 1 kk’
= —|ZT-2= |tUu® —p|k*u® + — ([T- = | B+ By-V)BY
Dt g ) U R\ e ) BB
DB
—  =UBY —jkP?B® — (B- B, - V)u”

In cylindrical coordinates

BO BO B(O) _ 1 2 B(O) B(O) _ 1 2 Bgo)
B+ (B4 — ) 171k D + 00 —20u 0 0%+ — 2902 B a2 00,B) ~VI=a?0,BY _ poad.BY) —Vi—a?0.BY
prol? R Pl Pito
1 BO BOazB(O) ) BO

o + 0 (8 ul® + u(0)> 1 (Q+20R0)u? + 72D - — 29, = ¢ _ “—21+Rb)BY =0
t%e oY% R ( )R ||¢ pM0R¢¢ PHO puoR( )R

BY(a? —1)0,BY avT—a2BY(9,BY —2BY) _ /T=a2ad,BY — (1 — a?)9,BY
0 ul® +Q0,u®+21/1 — azaQufﬁO)+§|k|2ug°)+ 8 )9 n 0(0sBp é )+B2 a0, By’ — (1 —a”)0. o

proR proR PHo
BO
aBY +Q (9B - BY) + 0B + ik’ BY - B2y ~ - dpuly) =0
BO
9, BY + QdsBY + 7k>?BLY) — BY%,u® — ﬁ%ugo) =0
©) ©0) | p0) ©) 21(0) o5 . (0) Bs o B, o
8BS +9 (0,8 + BY) — (2 +20R0) B +iilk|2B}’ — B0 + 2Rb—uy) — —£9,u) = 0

O.N.K,, F. Stefani, Y. Fukumoto Journal of Fluid Mechanics, (2014) subm. arXiv:1401.8276 H_DR
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Axi-symmetric solutions

-~ 67t+ikz z

Reduction to four equations

B ik, BY (o
L olk 2 u(o) . 2a2Qu(0) —I—ZOA e B(O) z zB( ) —0
0+ Ik g ? proR ppo B
2 BY o ik.B° o
+71k[2)ul” +20(1 + Ro)ul) — = =2(1 + Rb)BY — 2222 g0)
(v + 71k|>)BY — ik. B} =0
BO
(v +iilk*) By — 20RoBR” +2Rb—="ujy) — ik, Blug” =0

O.N.K,, F. Stefani, Y. Fukumoto Journal of Fluid Mechanics, (2014) subm. arXiv:1401.8276 HZDR
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Viscous, resisitve, and Alfven frequencies:

- - k. B9)? BY)?
Wy = V|k|2> Wn = 77|’C|2» %24 = (k) g %2% — (—Qb)Z
PO proR

Dispersion relation

9 C W 2wA¢o<2
( —wy 20 : z—\/pAW ~Jpig \
wA W
H— —20(1 4+ Ro) —wy, \/ﬁ(l +Rb) iz
WA~/ PO 0 —Wp 0
K —2wa,Rby/puo  iway/ppo 2QQRo — Wy, )

Complex polynomial:  p(y) :=det(H —~vE) =0
p(y) = (ag +ibo)y* + (a1 +iby )y® + (ag 4 iba)y* + (a3 +1ibs)y + ay +iby

O.N.K,, F. Stefani Phys. Rev. Lett. 111(6), 061103 (2013) HZDR
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Bilharz stability criterion for complex polynomials

Bilharz matrix

( a4 —b4 0 0 0 0 0
b3 as a4 —b4 0 0 0
—a bg b3 as aq —b4 0
B — —bl —a1 —ag b2 b3 as a4
agp —bo —bl —a1 —a9 b2 b3
0 0 agp —bo —bl —a1 —a9
0 0 0 0 agp —bo —bl
\ 0 0 0 0 0 0 a
det(“4 _b4)>o, .., detB >0
bs  ag

H. Bilharz ZAMM 24, (1944) 77-82




WKB stability boundary for non-magnetic CT-flow

2 2
Onset of SMRI: Ro = — “n (Wi + wywy)

w4 + w2 40802 (W% + w?)

2

QQ/V

-300 -200  -100 0 100 200 -0,02-0,01 0 0,01 0,02

B. Eckhardt, D. Yao Chaos, Solitons & Fractals 5, (1995) 2073 H‘DR



The paradox of Velikhov and Chandrasekhar

What laws of differential rotation are susceptible to SMRI?

RO < w727 (w124 + wvwn)Q
w4 + w?? 40302 (w4 + w%)

Non-magnetic case (Rayleigh, Proc. R. Soc. Lond. A 1917)
wa=0,w,=0
Ro < —1

Ideal MHD case (Velikhov, JETP 1959; Chandrasekhar, PNAS 1960)

w,=0,w,=0 ,
WA

40202

Ro < —

However, in the limit of vanishing magnetic field Ro<0'!

A

Mitglied der Helmholtz-Gemeinschaft
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Stability boundary’s singularities explain the paradox

b)
a) 15
Velikhov-Chan(drasekhar 1
0,51
-0,21 o
-0,5_
-0,4 g
~1,86
-0,6 :
©)
-0,81 ot e
° €
-0,5
-1,2-
-1
O Pm .
-2/ Ro

O.NK, F. Stefani Physical Review E 84, 036304 (2011) P A =




Transition from Magneto-Coriolis waves to inertial waves

Q=1, o=1, ,=0.3, oon=0.5

24

Re vy E
14 : ®,=0.5 11
i s 01
7

Re y
\ -
Ro
) B 0 1 2

wa =0 —Inertial wave:
Y2 = —w, £i206VRo +1
13,4 = ~Wh

Critical Rossby number:

w2

Ro=—1-12c

wa # 0 — MC wave, undamped:

7 =—20%0”(1+Ro) —wj

N 2 2 2
20004 /2302(1 + Ro)? +
O.N.K,, F. Stefani Acta Applicandae Mathematicae 120, 177-198 (2012) H‘DR
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Dimensionless dispersion relation:
det (H = \E) =0

A is a complex growth rate measured in units of aQ2

( _ 1 20 tHa —2aBHa \
Re v ReRm v ReRm
B —2(14+Ro) 1 28Ha(1+Rb) iHa
H = K Re avReRm vVReRm
1Ha 0 _RL 0
\/ m
\ —2%ﬁ]§ﬁb iHa 2Ro 1
av ReRm v ReRm « Rm )
Parameters
wAcﬁ Q WA Wy
6:05—7 RGZO[—, Ha = ) Pm:_, Rm = RePm
WA Wy Wy W W

O.N.K.,, F. Stefani Phys. Rev. Lett. 111(6), 061103 (2013) HZDR
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Helical magnetorotational instability (HMRI) at Rb=-1

HA=5 Ro= -0.86 Re-100 HaZ5 Ro= -0.85 Ré=100 Ha%5 Ro= -0.835 RE=100

* ! * . HE— i
BX0: No SMRI : B20: SMRI exists BZ0: No SMRI 1 BR0: SMRI exists PL0:NOSMRI | B%0: SMRI exists
1 1

OI'J 0,005 0,01 0,015 0,02 ' 0,004 0,008 0,012 0,016 0,02
a) b) C)
Dashed line: SMRI — e (1+ Ha2)2+4Re2(1+ Ro)
Pm =Pm"~ = — >
threshold for =0 4RoRe “Ha

Left to the dashed line — a (semi-) ,island” of the essential HMRI

Right to the dashed line — a ,continent” of the helically modified SMRI

O.N.K,, F. Stefani The Astrophysical Journal 712, (2010) 52-68 H‘DR
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HMRI as a result of the interaction of slow MC-wave (SMRI) and
inertial wave as Pm increases from 0 to 0.011 at
Ha=5, Re=100, Ro=-0.85, Rb=-1

{Re A IRe A |Re A
0 » M 0 A v 0 » bm
-4 -44 -4 o EP /

8 Aoa 8 8
p=0 p=0.06 B=0.084
121 121 121
r: I 7 i ImA
16 Irn'k 16— ' ' Im'k el ' ‘L '
10 -5 0 5 10 10 -5 0 5 10 10 -5 0 5 10
a) b) c)
Re A Re A JRe A PR
0 A3 bM 0 s 57»1 0 s M
4 4 -4\/
8 8 -8-
B=0.1 p=0.2 B=0.7
121 -12- -12-
%% | P %% 8§ o9 hod
N ) | (YD VY BN IR § (TN 1Y N IR ) 1Y
40 5 0 5 10 40 5 0 5 10 45 10 -5 0 5

d) e) f) - ._DR
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Instability threshold at low Pm

AN

& 4 .
NInductionless

“inviscid limit

Rb=—1, Ha=15 B=0.7

O.NK, F. Stefani Physical Review E 84, 036304 (2011) T P A
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The inductionless approximation

In contrast to SMRI, Helical MRI exists at Pm =0

In weakly conducting media, i.e. liquid metals, Pm <1

Induced magnetic field is negligible if
Pm<<Rie or, equivalently Rm<«1

Only induced current matters

R. Hollerbach, G. Rudiger Phys. Rev. Lett. 95(12), 124501 (2005) Spr—
J. Priede Phys. Rev. E 84, 066314 (2011) I-I‘DR




The upper and the lower Liu limits for inductionless HMRI at Rb=-1

101 Ro 107 po 107 Ro
81 8- 8-
61 6- 6
2422
4 4 4
2 2 2- 2 o 2
2 2 2
F iy i
G T T T T 1 G T T T T 1 G T T T T 1
04 08 12 1,6 2 04 08 1,2 16 2 04 08 1,2 1,6 2
Ha=3, Ré=46 Ha=10, Re=1707 H4=100, REé=1707107
04 08 1,2 1,6 2 04 08 1,2 16 2 04 08 1,2 1,6 2
0,75 1 1 1 1 1 1 1 1 1 J 1 1 1 1 1
k3
Ro B
-0,81
2-2V2

-1,1

O.N.K.,, F. Stefani The Astrophysical Journal 712, (2010) 52-68 H‘DR
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Growth rates

Exact solutions in the inductionless limit, Pm=0

1
— —— —N(1-28
A=~z —N(1-25°Rb)

i2\/—(1 + Ro) + i(Ro + 2)BN + (52Rb* + 1)32N2

N=Ha?/Re is the interaction parameter

Taylor series shows that HMRI is a perturbed inertial wave:

A= +i2v/1 4+ Ro

B(Ro + 2)
v/1+ Ro

O.N.K,, F. Stefani Phys. Rev. Lett. 111(6), 061103 (2013) HZDR

1
—— +N (—1 +26%Rb +
Re

)+Om%



Inductionless approximation: Pm — 0

Stability: Ro™(Rb, 3) < Ro(Ha, Re, 3,Rb) < Ro™ (Rb, 3)

Ro™(Rb, 8) correspond to the limit N — 0

1 —263°Rb + /(1 — 232Rb)2 — 432
232(1 — 232Rb) 1

Ro® = —2+

Extrema: RoZ.(Rb) = —2 — 4Rb#24/2Rb(2Rb + 1)

Extremizers: B.. = ! By = !
S V/ORb T V/=2Rb’

O.N.K,, F. Stefani Phys. Rev. Lett. 111(6), 061103 (2013) i-I‘DR




Extremal values for Ro in the inductionless limit
a) b)

Ro
-0.2

-0.4 Unstable

Unstable
-0.6

-0.8 Kepler

HMRI, AMRI

1
IIIIIIIIIIIIIIIIIIIIIIIII

Liu limits (2006):
Rb= -1, RoL(-1)=2+22

O.N.K, F. Stefani Phys. Rev. Lett. 111(6), 061103 (2013) A [
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0
Ro

-0.2

-0.4

-0.6

-0.8

Extremal values for Ro in the inductionless limit

a) b)

Unstable

Kepler

HMRI, AMRI

Unstable

1
IIIIIIIIIIIIIIIIIIIIIIIII

Generalization of the Liu limits to arbitrary Rb

1 (Ro + 2)?
Rb=——
8 Ro+1

O.N.K, F. Stefani Phys. Rev. Lett. 111(6), 061103 (2013)

A
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0
Ro

-0.2

-0.4

-0.6

-0.8

Extremal values for Ro in the inductionless limit

a) b)
Unstable
Unstable
Kepler v Al
HMRI, AMRI Rb Rb
1 08 -06 -04 -02 0 0
HMRI of a Keplerian flow
1 (Ro +2)? 3 25
Rb > —— . Ro=—=Rb>——
8 Ro+1 4 32
O.N.K, F. Stefani Phys. Rev. Lett. 111(6), 061103 (2013)

A




Beyond the Liu limits

107
Ro
8
6
g @4 4 Liu limit
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Growth rates of HMRI at Ro=-0.75 and Pm=0

O.N.K,, F. Stefani, Y. Fukumoto Journal of Fluid Mechanics, (2014) subm. arXiv:1401.8276 HZDR
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First experimental evidence of azimuthal MRI with m=1,-1
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Recently the PROMISE
experiment has shown
expected wave structure
and confirmed the
critical current of 10 kA
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Dispersion relation for non-axisymmetric perturbations
det (H = \E) = 0

A is a complex growth rate measured in units of aQ2
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Growth rates of the azimuthal MRI in the
Inductionless limit (Pm=0)

New interaction parameter for the azimuthal field

N4 := 3°N

Growth rates

1
~ = N4(2Rb — n?) — —+
(A1,2) A(2Rb — n”) e

i\@\/Ni(RbQ +n2)—Ro—1+ \/(1\1?4(R1o2 +n2) —Ro—1)" + N2 (Ro + 2)2n?

O.NK. F. Stefani, Y. Fukumoto Journal of Fluid Mechanics, (2014) subm. arXiv:1401.8276 ™8 a2 ) ™%




Critical Reynolds numbers for HMRI and AMRI
at Ro=-0.75, Rb=-0.75

Re
400

200

0.2 ;

0

1.4




Transition from AMRI and the Tayler instability
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The arc  Ro=-v—Rb2 — 2RDb

O.N.K,, F. Stefani, Y. Fukumoto Journal of Fluid Mechanics, (2014) subm. arXiv:1401.8276 HZDR
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Growth rates of AMRI and TI along the arc

b)

i AMRI &TI

Hb = BHa, Pm =0.05, n=1.27842, Re = 3.8

O.N.K,, F. Stefani, Y. Fukumoto Journal of Fluid Mechanics, (2014) subm. arXiv:1401.8276 i-I‘DR
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Instability threshold

((1 + Hb*n?)2 — 4Hb*Rb(1 + Hb?*n?) — 4Hb*n?)(1 + Hb*(n? — 2RDb))?

Re” =
° 4(Hb™Ro?n? — ((1 + Hb2(n2 — 2Rb))2 — 4Hb™n2)(Ro + 1))

The threshold of the Tayler in stability (Re=0, Rb=0)

1
Hb = .
V1= (1—]n[)?
For the parameters in the TI experiment at Rossendorf
2.4 7 k|?R?
m=1, k=", kp=7. a~0.6076, Hacy,= | ‘a Hb ~ 25.72Hb ~ 30

This is close to numerical and experimental values

O.NK. F. Stefani, Y. Fukumoto Journal of Fluid Mechanics, (2014) subm. arXiv:1401.8276 ™8 a2 ) ™%
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Conclusions
- .. 1 (Ro + 2)?
= Instability condition: Rb > ——
y > 8 Ro+1
3 25

Ro = vt then Rb > 35

Inductionless MRI can destabilize Keplerian flows
= New linear MHD instability for astrophysics

= Can be detected in liquid-metal experiments

O.N. Kirillov, F. Stefani Phys. Rev. Lett. 111(6), 061103 (2013) HZDR
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