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Magnetorotational instability in the Hall regime in a hot-electron plasma
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The magnetorotational instability (MRI) in the Hall regime in a hot-electron plasma is analyzed. The
dispersion relation is derived for a rotating plasma with both finite electron pressure and pressure
anisotropy. It is pointed out that the former effect has to be taken into account in the Hall regime,
for B=1, where B is the ratio of electron pressure to the magnetic field pressure. As a whole, the
effects of order 8 weaken or suppress the MRI. It is shown that in the presence of electron pressure
anisotropy, a hybrid of MRI and anisotropic instability appears, and that anisotropy of type T
> T, is destabilizing, while 7;,>T | is stabilizing, where 7| and 7| are the perpendicular and parallel
electron temperatures, respectively. © 2007 American Institute of Physics.
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I. INTRODUCTION

The magnetorotational instabilityl_3 (MRI) is one of the
most actively investigated phenomena of recent plasma
physics and astrophysics. As is known, the initial astrophysi-
cal applications of MRI were focused on the problem of
anomalous viscosity in accretion disks.** An important step
in development of the MRI theory has been taken in Ref. 6,
with the derivation and analysis of the kinetic dispersion
relations for a collisionless plasma. One of relevant results of
this reference was to elicit that, for 81 (8 is the ratio of the
plasma pressure to the magnetic field pressure), the growth
rate of MRI in the collisionless regime is greater than that
produced by the magnetohydrodynamic (MHD) theory. The
approach of Ref. 6 has been generalized in Ref. 7 to the case
in which the mean free path of particles is arbitrary com-
pared to the wavelength of the perturbations. One more step
in the kinetic theory of MRI was to allow for the equilibrium
plasma pressure anisotropy.8 As was noted in Ref. 7, one
motivation for studying MRI in the collisionless regime is
understanding the mechanism of the radio and x-ray source
Sagittarius A" in our galaxy.
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Let us note also the development of the theory of the
helical MRI presupposing the existence of both the longitu-
dinal and azimuthal components of the equilibrium magnetic
field.”'® This instability was observed in the laboratory.""

One of the important trends in astrophysical applications
of MRIs is their investigation in the so-called Hall
regime.'> This class of works (the Hall trend) discusses, in
particular, a possible role of MRI in the problem of evolution
of protostellar disks'>'*?*?% and the quiescent phase of
dwarf nova disks.'*"?

Following Ref. 12, the Hall trend treats both the colli-
sionless and collisional effects beyond the standard MHD
(magnetohydrodynamic) regime.l_3 For a physical under-
standing of the essence of the Hall regime, it is convenient to
separate collisionless effects from the collisional ones, as
performed in Ref. 13. It was then elucidated that the colli-
sionless version of the Hall regime is nothing but the whis-
tler regime modified by plasma rotation effects. In this con-
text, it is well known from plasma theory (see, e.g., Refs.
30-33) that the whistler regime is pure electronic; i.e., that
ions do not play a role in it. This made it necessary the
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development of a theoretical scheme to study the collision-
less variety of the Hall regime by means of pure electronic
MHD equations.

The main physical difference between collisionless vari-
eties of all regimes is the degree of plasma magnetization.
The standard MHD regime is a regime of strong magnetiza-
tion, implying that the ion cyclotron frequency wg; exceeds
substantially the plasma rotation frequency; i.e., wg;=> (). In
the opposite case, when wg; <), the standard MHD regime
gives place to the whistler regime; i.e., to the regime of in-
termediate magnetization. For much smaller magnetization,
when the plasma rotation frequency () becomes of the order
of the electron cyclotron frequency wg,, i.e., 1= wp,, the
MRI theory has to properly allow for electron inertia.** Such
a region of magnetization can be called the weak magnetiza-
tion regime. An important region in this regime is the subre-
gime of unmagnetized electrons treated in Ref. 34.

The above-listed papers concerning the Hall trend have
all been oriented to applications for a scenario of a rather
cold plasma, so that the effects of finite electron temperature
have been neglected; this is a somewhat forced approxima-
tion. The fact is that the electron dynamics in the Hall regime
is described by the magnetic diffusion equation, derived
from a generalized statement of Ohm’s law, i.e., from the
electron equation of motion, by taking the curl of it. As a
rule, the temperature effects are allowed for in terms of the
pressure gradient of corresponding particle species. How-
ever, if one complements the electron equation of motion
with the term including the electron pressure, taking the curl
of this gradient leads to a vanishing result. In this context,
the situation differs radically from the standard MHD re-
gime, when one deals with the ion equation of motion, which
does not undergo the curl operation.

At a first sight, it seems that the situation could be im-
proved by augmenting the terms with the pressure anisotropy
in the electron equation of motion. However, there is a tool
to elucidate whether such a procedure is adequate. The fact is
that, if one neglects the term with the gradient of the rotation
frequency responsible for the MRI, one should arrive at the
dispersion relation for a homogeneous plasma. Such a dis-
persion relation can be obtained by means of the electrody-
namic approach, i.e., using the permittivity tensor; thereby
the electrodynamic dispersion relation can be used as a
benchmark for dispersion relations derived through different
schemes. The result is that the dispersion relation derived
with allowance for the pressure anisotropy does not coin-
cides with the benchmark. Therefore, using the anisotropic
electron hydrodynamics in the Hall regime is invalid.

At the same time, the electrodynamic approach gives a
recipe for adequate generalization of the electron equation of
motion, so that, instead of the anisotropic hydrodynamics,
one should use that equation allowing for only the perpen-
dicular electron pressure and taking the parallel pressure to
vanish. This is the approach of the present paper.

Taking into account of the perpendicular electron pres-
sure allows us to study the Hall regime in both the cases of
Maxwellian and non-Maxwellian (anisotropic) equilibrium
electron distribution function. Thereby, it is possible to con-
sider not only the effects inherent to electrons with isotropic
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equilibrium pressure, but also the effects of equilibrium elec-
tron pressure anisotropy, similar to the standard MHD
regime.&35

In Sec. I we present our basic equations. Section III is
addressed to derivation of the dispersion relation for MRI in
the collisionless Hall regime allowing for the effects of per-
pendicular electron pressure. In Sec. IV we analyze the re-
sulting dispersion relation. Discussion of results is given in
Sec. V.

Il. BASIC EQUATIONS

For a description of the perturbed dynamics of electrons,
we use their perturbed perpendicular and parallel equations
of motion,

1 1
5[E+—(Ve><B)} =——306V,p,, (1)
c n eny

SE-B)=0. 2)

Here, E and B are the electric and magnetic fields, respec-
tively, V, is the electron velocity, p, is the perpendicular
electron pressure, ng is the equilibrium plasma number den-
sity, e is the elementary charge, &(---) means the perturbed
part of (--+), and V, =V-B7?B(B-V) is the perpendicular
gradient.

Acting by the operator VX on Eq. (1) and using Eq. (2)
and the Maxwell equation

V X E=(-1/c)dB/ét, (3)
we arrive at the freezing condition in the form

/B c

— —[VX(V,XB)]+ —(VXG)=0. 4)
ot eng

Here, the vector G describes the effect of perpendicular pres-
sure

1
G=5B(B-V)p,. ()

We consider an axisymmetric plasma cylinder placed in
a magnetic field B, directed along its axis; i.e., By
=(0,0,B;). We use the cylindrical coordinates (R, ¢,z), with
¢ as the azimuthal coordinate. For simplicity, the field B is
assumed to be uniform; i.e., dBy/dR=0. We suppose that
plasma rotates in the azimuthal direction, so that its equilib-
rium velocity V is given by V,=(0,V,,0), where V,=R(),
Q) is the rotation frequency, dependent on the radial coordi-
nate R, i.e., Q=Q(R).

We take the time and spatial dependence of each per-
turbed function 6F(r) in the form

SF(r) = 8F(R)exp(— iwt + ikgR + ik,z), (6)

where o is the oscillation frequency, and ki and k, are, re-
spectively, the perpendicular and parallel projections of the
wave vector. The radial dependence of the function F(R) is
assumed to be negligibly weak.

Taking the (R, ¢)th projections of Eq. (4), we obtain

— iwdBg — ik BySV,z =0, (7)
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kRkZ

dQ
—iwdB - i 5BR thBO5Ve¢+ 5pL =0. (8)
Here, 6By and 6B are the (R, ¢)th projections of the per-
turbed magnetic field, oV, and 6V, are the projections of
the perturbed electron velocity, and dp | is the perturbed part
of the perpendicular electron pressure.
The perturbed perpendicular pressure dp, is expressed

in terms of the perturbed distribution function of by30
02
. =Mf ?léfdv. ©)

Here, v, is the perpendicular particle velocity, v is the ve-
locity space volume, and M is the electron mass.

According to Ref. 30, in the case of strong magnetized
particles, the function Jf is equal to

Mvi( r,,_o ﬂ) 8B,

1 - 0 .
2T, T, w—kzvu T, /" " By

of = (10)

Here, T, and 7| are, respectively, the equilibrium perpen-

dicular and parallel temperatures of electrons, and f, is their
equilibrium distribution function taking to be bi-Maxwellian.

lll. DERIVATION OF DISPERSION RELATION

It follows from Egs. (9) and (10) that

—
T OB,
_L[1+”mw( @ )” ST
T lkJon  \lkJvp By

Here, W is the plasma dispersion function®® defined as

op. =Pm{ 1-

W(x) = exp(— x?) {1 + Z—LJX exp(tz)dt} ) (12)
vJo

OB, is the zth projection of the perturbed magnetic field re-
lated to 6By through

5BZ=(— kR/kZ)(SBR’ (13)

which is a consequence of the Maxwell equation V-5B=0.
As a result, Eq. (8) yields

i dQ ic
OBy—————0Bg|+———

OVoy=—
¢ wdInR enOB(z)kz

il

Z

T w
xkﬁpm{l - —i<1 + i\r’;—W)]éBR. (14)
T, |k |vp

In the case of pure electronic perturbations, the per-
turbed electron velocities are related to the perturbed mag-
netic field 6Bg, OB by

ck,
OVr=1i 6B, (15)
men,
5V ik s (16)
¢ 4aek,n k>

where k>=kg+k>. Substituting Egs. (15) and (16), into Egs.
(7) and (4), we arrive at the equation system for dBg, OB
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czk2

—5B —z
e ¢

L, Bt i . w, dQ
j—e cr
w ¢ @ ck? d In R

5BR—O (17)

+IZ—’2§%{1 %(1 +iv |k‘|‘;mw>”53,e=o,
(18)
where
B1=8mp.¢/B;, (19)
w, =4menyc/By. (20)
Hence, we find the dispersion relation
- c4k§k2{ w, dQ
“= wi k*dInR
+%i—’2§{1 ?(HHFW“;NW)H. (21)
Note also that the function W(x) has the asymptotics36
i
W =) v " (22)
1, x<1.
IV. ANALYSIS OF DISPERSION RELATION
A. MRI in cold-electron plasma
Taking B, — 0, Eq. (21) reduces to
47212
=S 1+ i) @

e

This is the dispersion relation for MRI in the Hall regime

given in Ref. 13. The condition of this instability is'>"

w,dQ/dIn R < - k. (24)

B. Anisotropic instability in nonrotating
plasma

Neglecting the term with dQ2/d In R in Eq. (21), we ar-

rive at
o Bike| . T. ®
W= 1+ B i ——w] | .
o 2k i LA
(25)

e

For T'| # T, this dispersion relation describes anisotropic in-
stability in nonrotating plasma.3o The simplest form of this
instability is revealed in the approximation w< |k_|vy. Equa-
tion (25) is then transformed to

T, 2K
- <1+m: @ ) =0. (26)
Ty |k |vry BLkR

The instability condition is given by
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T 2 K
L4 k2 ) (27)
T, B kg

The growth rate y=
following:

Bl

C. MRI for hot Maxwellian electrons

Im w near the instability boundary is the

2k2)Tn]
= |=. 28
Biky) T, 29

For T, =T,=T, Eq. (21) reduces to
5 c4k§k2 w, dQ
YT | Tk dmR
w, c n
k ’_
'8 21\77 2 W( @ )}, (29)
2k |k |vr \ [k Jor

where, in accordance with Eq. (19), B=8mn,T/B;.

1. Perturbations with w>|k,vy
Using Eq. (22), for w> |k |vy, Eq. (29) yields

c4k2k2< Blkx  w, dQ
Py Bp e —— 30
CT TR 22" AdmR (30
The MRI condition (24) is then modified as follows:
dQ)
w,—— < - cz(k2 + Eki). (31)
dInR 2

It hence follows that the free energy for driving the MRI has
to be larger for finite electron pressure.

2. Perturbations with w<|kj]vr
For w<|k_|v7, using Eq. (22), we obtain from Eq. (29)
aQ B kR 1)
R
|k .|UT

1+&
APdInR - 2K

=0. (32)

Evidently, this dispersion relation describes the perturbations
near the instability boundary following from Eq. (24). Ac-
cording to Eq. (32), the growth rate of such perturbations is
given by
2 ( dQ
=TT 2 2\ e
N Bkgce dInR

+ c2k2). (33)

Thus, growth rate of MRI decreases with increasing the elec-
tron pressure.

D. MRI in the presence of electron pressure
anisotropy
Taking 7, # T} and w<lk vy, Eq. (21) reduces to
w, dQ Bik2< TL) iV/7_Too,6’lle]2e
+ - |- — =
2dnR " 2 R T, 2 |k JonT K
(34)

This dispersion relation describes a hybrid of the MRI and
anisotropic instability (see subsections A and B). The insta-
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bility condition of such a hybrid is [cf. Egs. (24) and (27)]

dQ /g(n

22 < K. 35
“amR” 2\ T )CRC (35)

The MRI is enhanced by the anisotropy effect for 7, > 7). In
the opposite case (7;,>T ), the MRI is suppressed. Accord-
ing to Eq. (34), the growth rate of unstable perturbations near
the instability boundary is given by [cf. Egs. (28) and (33)]

2k dQ) T
y=— /_|Z|l)2ﬂ2{we +c2[k2—&(—&1)k§”.
oy ch dInR 2 T”
(36)
V. DISCUSSION

We have analyzed the MRI in the Hall regime in a hot-
electron plasma and derived the dispersion relation (21) al-
lowing simultaneously for the effects of rotation, finite elec-
tron pressure, and electron pressure anisotropy.

We have pointed out that the finite electron pressure
should be taken into account in the Hall regime for finite
parameter B, $= 1. For such B and o> |k vy, the MRI is
weakened and can be suppressed, according to the condition
(31). In the case w<|k.|vs, the MRI proves to be kinetic,
being described by the dispersion relation (33). In the pres-
ence of electron pressure anisotropy, a hybrid of MRI and
anisotropic instability described by the dispersion relation
(34) appears. The anisotropy of the type T, > T, is destabi-
lizing, while 7,> T is stabilizing. The condition of the hy-
brid instability is given by Eq. (35). It looks like a kinetic
instability with the growth rate equal to Eq. (36).

The results of the present paper can be utilized by astro-
physics dealing with the MRI in the Hall regime. In accor-
dance with Ref. 7, it is possible that they can be useful for
studying the mechanisms of the radio and X-ray source Sag-
ittarius A”™.

ACKNOWLEDGMENTS

We are grateful to E. A. Pashitskii for useful comments.
This work was supported by the Russian Foundation of Basic
Research (RFBR), Grant No. 06-02-16767, the International
Science and Technology Center (ISTC), Grant No. G-1217,
the Science and Technology Center in Ukraine, Grant No.
3473, the Research Foundation of the State of Sdo Paulo
(FAPESP), the National Council of Scientific and Techno-
logical Development (CNPq), the Ministry of Science and
Technology, Brazil, and the Australian Research Council.

'E. P. Velikhov, Sov. Phys. JETP 36, 995 (1959).

%S. Chandresekhar, Proc. Natl. Acad. Sci. U.S.A. 46, 253 (1960).

3S. A. Balbus and J. F. Hawley, Astrophys. J. 376, 214 (1991).

“N. I Shakura and R. A. Sunyaev, Astron. Astrophys. 24, 337 (1973).

3S. A. Balbus and I. F. Hawley, Rev. Mod. Phys. 70, 1 (1998).

°F. Quataert, W. Dorland, and G. W. Hammett, Astrophys. J. 577, 533
(2002).

p. Sharma, G. W. Hammett, and E. Quataert, Astrophys. J. 596, 1121
(2003).

Sp, Sharma, G. W. Hammett, E. Quataert, and J. M. Stone, Astrophys. J.
637, 952 (2006).

°R. Hollerbach and G. Rudiger, Phys. Rev. Lett. 95, 124501 (2005).



112108-5 Magnetorotational instability in the Hall regime...

''W. Liu, J. Goodman, D. Herron, and H. Ji, Phys. Rev. E 74, 056302
(2006).

"H. Ji, M. Burin, E. Schartman, and G. Goodman, Nature (London) 444,
343 (2006).

M. Wardle, Mon. Not. R. Astron. Soc. 307, 849 (1999).

13S. A. Balbus and C. Terquem, Astrophys. J. 552, 235 (2001).

“T. Sano and J. M. Stone, Astrophys. J. 570, 314 (2002).

'>T. Sano and J. M. Stone, Astrophys. J. 577, 534 (2002).

'], Zhelyazkov and G. Mann, Phys. Plasmas 10, 484 (2003).

17R. Salmeron and M. Wardle, Mon. Not. R. Astron. Soc. 345, 992 (2003).

'8P, D. Mininni, D. O. Gomez, and S. M. Mahajan, Astrophys. J. 584, 1120
(2003).

Yp D. Mininni, D. O. Gomez, and S. M. Mahajan, Astrophys. J. 587, 481
(2003).

M. Wardle, Astrophys. Space Sci. 292, 317 (2004).

2IR. Salmeron, M. Wardle, Astrophys. Space Sci. 292, 451 (2004).

228 J. Desch, Astrophys. J. 608, 509 (2004).

BL. L. Kitchatinov and G. Rudiger, Astron. Astrophys. 424, 505 (2004).

#G. Rudiger and D. Shalybkov, Phys. Rev. E 69, 016303 (2004).

Phys. Plasmas 14, 112108 (2007)

#G. Rudiger and L. L. Kitchatinov, Astron. Astrophys. 434, 629 (2005).

V. Urpin and G. Rudiger, Astron. Astrophys. 437, 23 (2005).

?’R. Salmeron and M. Wardle, Mon. Not. R. Astron. Soc. 361, 45 (2005).

BS. M. Mahajan, P. D. Mininni, and D. O. Gomez, Astrophys. J. 619, 1014
(2005).

»B. P. Pandey and M. Wardle, Mon. Not. R. Astron. Soc. 371, 1014 (2006).

%A, B. Mikhailovskii, Reviews of Plasma Physics, edited by M. A. Leon-
tovich (Consultants Bureau, New York, 1975), Vol. 6, p. 77.

'A. L. Akhiezer, I. A. Akhiezer, R. V. Polovin, A. G. Sitenko, and K. N.
Stepanov, Plasma Electrodynamics (Pergamon, Oxford, 1975), Vol. 1.

32y, D. Shafranov, Reviews of Plasma Physics, edited by M. A. Leontovich
(Consultants Bureau, New York, 1967), Vol. 3, p. 1.

3N. A. Krall, A. W. Trivelpiece, Principles of Plasma Physics (McGraw,
New York, 1973).

A B. Mikhailovskii, J. G. Lominadze, A. P. Churikov, N. N. Erokhin, and
V. S. Tsypin, Phys. Lett. A 372, 49 (2007).

K. Ferriere, Space Sci. Rev. 122, 247 (2006).

¥ A. B. Mikhailovskii, Instabilities of a Homogeneous Plasma, in Theory of
Plasma Instabilities Vol. 1 (Consultants Bureau, New York, 1974).



