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Abstract—The stability of a toroidal magnetic field in the rotating radiation zone of a star is analyzed to
estimate the maximum possible magnitude of relic fields. Equations for small perturbations are obtained
taking into account the finite diffusivity and the stabilizing effect of the subadiabatic stratification. The
numerical solution of the eigenvalue problem indicates that the threshold field strength for the onset of
instability in the radiation zone of the Sun is about 600 G. This figure sets an upper bound for the strength
of the relic field. The assumption that magnetic instabilities are present in the solar radiation zone disagrees
with the observed abundance of lithium. Our analysis of joint stability of toroidal field and nonuniform
rotation shows that two-dimensional MHD solutions for the solar tachocline are stable against three-

dimensional perturbations.
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1. INTRODUCTION

Stellar magnetic activity is generally attributed to
the action of a hydromagnetic dynamo in stellar con-
vection zones. The magnetic fields localized in stably
stratified radiation zones can, however, also be very
important — in particular, for angular-momentum
transport in the stellar interior [1, 2]. The fields of
early-type stars are coupled with their outer radiation
zones. A weak poloidal field in the radiation zone
could be responsible for the formation of the solar
tachocline [3]. Strong toroidal fields can affect the
g-modes of global oscillations [4] and solar neutri-
nos [5].

To all appearances, a hydromagnetic dynamo can-
not operate in the radiation zone, where no flows
with energies sufficiently high for a dynamo effect
are present. However, the Ohmic-dissipation times
for magnetic fields in the radiation zones reach sev-
eral billion years [6]. Therefore, relic magnetic fields
acquired by the star at early stages of its evolution
can persist there. However, it is not clear how strong
such fields can be. The radiation zone of the Sun is
located deep (r < 0.713Rs, where Rg is the solar
radius [7]) below the solar surface, so that possi-
bilities for measuring the magnetic fields there are
limited (see, however, [8]). Direct calculations of relic
fields [9, 10] are based on many assumptions, and it
is not entirely clear how well these are substantiated.
We investigate here a stability analysis of the mag-
netic field. To persist in the radiation zone on stellar-
evolution time scales, the relic field must be stable.

Therefore, the threshold strength for the development
of instabilities seems to set an upper limit to the relic-
field strength. Stability issues are also important for
the theory of the solar tachocline[11] and the problem
of the transport of angular momentum and chemical
admixtures in the radiation zones of stars [12].

Our study is restricted to the case of an axisym-
metric toroidal, or azimuthal, magnetic field. The
toroidal component is normally the largest one when
even a small rotational nonuniformity is present. Note
that theoretical estimates of possible poloidal field
strengths are not so important. Poloidal fields (if
they are not too weak [3]) can penetrate from the
radiative zone through the convective zone to the
solar surface, and can therefore be estimated from
observations [13]. Toroidal fields do not possess this
property, so that theoretical considerations must be
invoked to estimate them.

Among various instabilities that can develop in
the rotating radiation zone of a star with a toroidal
field [14], the kink instability of pinches [15] appears to
be most important [16]. This is because this instabil-
ity proceeds via nearly horizontal displacements (the
meaning of the word “nearly” here will be explained
in Section 2.1). In the sub-adiabatically stratified ra-
diation zones, radial displacements are inhibited by
buoyant forces.

This instability was studied previously using the
energy principle for a nonrotating medium in the ab-
sence of dissipation [17, 18]. However, it later became
clear that rotation and finite thermal conductivity are
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Fig. 1. Ratio of the internal gravity-wave frequency (1)
to the angular velocity in the upper region of the solar
radiation zone as a function of the relative heliocentric
radius. This dependence was obtained from the model for
the internal structure of the Sun[19].

important [16]. In particular, this follows from the
instability analysis of Acheson [14]in a local (small-
scale) approximation. However, it follows from [14]
that the threshold field strengths at which the insta-
bility sets in decrease with increasing horizontal scale
of the perturbations.

Here, we take into account both diffusion and
rotation. We consider perturbations that are global in
horizontal directions but have a small radial scale. As
we will demonstrate, precisely such a scale ratio is
typical of most unstable perturbations (represented by
radially thin layers encompassing the entire radiative
zone in horizontal directions). We will see that small
radial displacements are important, since the instabil-
ity disappears in the (two-dimensional) approxima-
tion of purely horizontal displacements. An estimate
of the effective diffusion of chemical species due to
radial mixing shows that the toroidal field in the ra-
diation zone of the Sun cannot exceed the instability
threshold (~600 G) by a significant amount: other-
wise, this would lead to contradictions with lithium-
abundance data. We will also consider the stabil-
ity of the coupled toroidal field and differential rota-
tion. Our results indicate that axisymmetric solutions
for the solar tachocline [3] are stable against non-
axisymmetric perturbations.

2. FORMULATION OF THE PROBLEM
2.1. Background State and Basic Assumptions

Consider the radiative zone of a star with stable
(sub-adiabatic) stratification and, accordingly, a pos-
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itive Brunt—Vaisala frequency:

2 9 0s
N = cp Or (1)
Here, s = ¢, In (P/p") is the specific entropy. We as-
sume that the medium rotates at an angular velocity
Q(r,0), which can be position-dependent. We use
here the usual spherical coordinates r, 6, and ¢. An
azimuthal magnetic field

B = eyrsin0+/4mpQy (r,0) (2)

is also present; here, Q5 is the angular Alfvén fre-
quency and ey is the unit vector in the azimuthal
direction.

Generally, the rotation and magnetic field break
down the spherical symmetry. The azimuthal compo-
nent of the equation for the vorticity rotu (where u is
the velocity) yields

9 (94 - 9?)
0z

1 B2
P 8 ®

where the contribution of the viscosity is omitted and

2 =cos0f —rt xsin6 j, is the spatial derivative
in the direction of the rotational axis. Therefore, the
pressure and density in the spherical coordinate sys-
tem depend not only on the radius, but also on the
latitude, and there is no coordinate system in which
the thermodynamic parameters depend on only one
variable. Nevertheless, if the rotation is slow and the
magnetic field is weak, so that

departures from spherical symmetry are small, and we
will neglect them, assuming that the thermodynamic
parameters depend only on the radius r. The ratio
N/Q for the solar radiative zone is plotted in Fig. I.
Note that Q4 for the upper part of the solar radiative
zone reaches the €2 value for a field strength of B ~
10° G.

The quantity N/Q is also an estimate of the ra-
tio of the radial and meridional velocities, w/./uj ~

02 /N? [20] (here and below, primes mark small per-
turbations of the background state). For this rea-
son, radial velocities are often neglected. However,
this substantially narrows the class of possible per-
turbations, as can be seen from the expression for
solenoidal velocity perturbations in a spherical geom-
etry expressed in terms of the scalar potentials of the
poloidal (P, ) and toroidal (T} ) flows [21]:

2
) _©r 1 8Tv+8Pv> (5)

(3)

rsin 0

e’ L& r (sin@ d¢ — O0rod
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The assumption that u, =0 completely eliminates
poloidal velocity perturbations. The horizontal com-
ponent of the poloidal flow can, however, remain con-
stant as the radial velocity is reduced, if the vertical
scale of the perturbations is proportionally decreased.
As we will see, no kink instability [18] is present at
u, = 0. At the same time, this instability can develop
in the presence of very small vertical displacements,
u, < ug (even arbitrarily small in the absence of dis-
sipation), if the vertical scales are also small, kr > 1
(here, k is the vertical wavenumber). In this sense, the
displacements in unstable perturbations are indeed
nearly horizontal.

Our stability analysis is local (small-scale) in ra-
dius, i.e., the radial dependence of the perturbations
is assumed to have the form exp (ikr). At the same
time, the modes with the largest horizontal scales
are the first to lose their stability [16], so that the
analysis remains global in the horizontal directions.
Subsequent calculations will confirm that the unsta-
ble perturbations comply with these restrictions.

Since the radial scales are small, the perturbations
can be considered incompressible: divu =0 [14].
Therefore, the representation (5) for the velocity
perturbations can be used together with a similar
formula for magnetic perturbations:

2
N 0 Pm> (6)

€y 1 8Tm
r \sinf ¢ orof

eg (0T 1 9* Py,
r \ 00 sinforde )’

The following assumption refers to pressure per-
turbations. We will neglect the local pressure per-
turbations. Note that we will use the equation for
vorticity w = rotu’. To this end, we take the curl of
the equation of motion; therefore, pressure pertur-
bations due to nonlinear terms in the equation of
motion are automatically included. We assume that
the local pressure is determined by hydrostatic equi-
librium, and that thermal perturbations develop under
constant pressure, i.e., p'/p=-T"/T = —5s'/c,. A
different interpretation of this assumption is given
in [14], where the perturbations of the total pres-
sure (including the magnetic contribution) were ne-
glected. In this case, an instability due to magnetic
buoyancy sets in. In our approach, no such instability
is present (it appears in terms that are one order
higher than the contributions taken into account in
our equations used below, in terms of the vertical-to-
horizontal scale ratio of the perturbations), so that the

€, -~

B = [ LPy—
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assumptions of constant total pressure and constant
gas pressure are equivalent.

2.2. Perturbation Equations

The original system of equations linearized with
respect to small perturbations includes equations for
perturbations of the velocity,

!/
881; +(u-V)u' + (u'-V)u (7)
+[V(B-B) - (B-V)B - (B'-V)B] /4rp
!/
:—<1VP> + vAU,
p
magnetic field,
oB’ / / 4
o =Vx (uxB +u xB-nVxB) (8

and entropy,

8/
((; +u~Vs’+u’-Vs:C;X

These equations already take into account the fact
that the vertical-variation scale of these perturba-
tions is small compared to the variation scale of the
background state. The unperturbed flow is uniform
rotation with angular velocity €2 (r, #), and the unper-
turbed magnetic field, defined in (2), is toroidal.

In the perturbation equations, we retain only terms
of the lowest order in the ratio of the vertical pertur-
bation scale to the radius r; i.e., we use an approxi-
mation local in r. This enables us to write the radial
(and also azimuthal and temporal) dependence of the
perturbations as exp (—iwt 4 im¢ + ikr). Instability
will develop if an eigenvalue w with a positive imagi-
nary part is present.

To describe the velocity and magnetic-field per-
turbations, we use the scalar potentials introduced
in (5) and (6). The radial components of the curl
of (7) and (8) yield equations for the toroidal flow
and toroidal magnetic field, respectively. The radial
component of (8) leads to an equation for the poloidal
magnetic field. An equation for the poloidal flow can
be obtained by applying the curl operation twice to (7)
and taking the radial component. When this is done,
the contribution of the pressure assumes the form

AT (9)

r-VxVx </1)VP>/ (10)
— r.Vx (/)12 (Vp) x (vp)>/

=" vx (;(Vs) X (VP))l

Cp
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r ! g 2
= Vx(gx(Vs)) = rchS'

We now reformulate the relations in terms of di-
mensionless quantities, measuring time in units of
Oy (where Qq is the angular velocity at the equa-
tor) and velocity in units of {2, and introduce the
dimensionless eigenvalues @ = w/y. We also define
the other dimensionless quantities as follows:

k 1
Qor2/Anp " Qor2/dnp ™ (1D
k 1 ikrg
— PV — TV7 e /’
v Qor2™ "’ W Qor2 s cprN28
A Q A Qa
Q= Qp = .
Q' AT 0

Here, the coefficient kr is included in the definitions of
the poloidal-field potentials V" and A to give them the
same order as the toroidal-field potentials W and B.

The equation for the poloidal (perturbation) flow is

P R2h e s () o B
LV = RIS i), (LV> 2wQLW  (12)
0 (192) ow )
—2(1— p? —om? W
( a ) o Ou " o
- o (1) o
2UQALB +2 (1 — 1
+ 20 LB +2 (1 - p?) ou  ou
¢ o 0 (1
+2mzaQAB—mQALA—2m ( )A
on o
Q4 0A A
—2m (1 — p? QL
m (1 —p?) on o +mQLV
0 (1) 99 oV
2
+2m oy V+2m(1 N)a,uau’
where . = cos 6, and the quantity
. N
— 1
A Qokr (13)

can be regarded as the special normalization for ver-
tical wavelength of the perturbation. We can see that
the Brunt—Vaisila frequency N (1) appears only in
the first term of the right-hand side of (12). Therefore,
the stabilizing effect of the buoyant force weakens as
the vertical scale of the perturbations is reduced. It
is for this reason that modes with large kr are most
unstable. The diffusion parameter ¢, and also the
magnetic-diffusion and thermal-diffusivity parame-
ters €, and €, (which will be used below) are defined
as

vN?

_ _ nN?
a QgrQ’

_ XN?
n = 987“2’

€y = 987“27 (14)

€y
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therefore, the frequency NV cancels in the second term.

Apart from (12), the full system includes four other
equations. These are the equations for the toroidal
flow,

SLW = —i;;£W+mQ£W (15)
o 92
QLB iV [(1 _

the toroidal magnetic field,

OLB = —z';; LB+mLOB — mLQAW  (16)
i9) 0 2 00 0A
2 2
_ A— 1—
" ou o [( ) ou O
i9) 0 o0 OV
2 U3EA 2\2 A
1— .
+m 8uv+8u( ) o ou |’
the poloidal field,
OLA = —z;ng L mQLA—mQA LV, (17)
and the entropy perturbations,
a5=—¢;§5+m§zs+zv. (18)

In the absence of rotation and magnetic field (2 =
Qa = 0), then, neglecting diffusion, we obtain the
eigenvalues spectrum

w= ]‘Z\/Z(Hl), 1=1,2,3,..., (19)

which correspond to stable internal gravitational
waves (g modes). Therefore, the instabilities that will
subsequently be revealed are due to the magnetic field

and/or nonuniform rotation.

2.3. Two-Dimensional Approximation

The ratio N/ can be so large in stellar radiation
zones (Fig. 1) that the parameter A (13) can be large
despite the inequality kr > 1. When A > 1, to lowest
order in the perturbation theory in A~2, (12) yields
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S = 0. It then follows from (18) that V' =0, and (17)
yields A = 0. Thus, we arrive at the following system
of equations for the toroidal perturbations:

LW = mQLW — mQaLB (20)

0? 2\ A 0? 2\ A
L (112 €] tmB [(1- 1) Q]
wLB = mLOB — mLOAW.

These equations were derived in a different way
in [22]. Here, they emerge as a limiting case in a
more general approach. Equations (20) of the two-
dimensional approximation describe perturbations on

isolated spherical surfaces. They have been widely
used to analyze the stability of the solar tachocline.

As we will see, the condition A <1 is satisfied for
the least stable perturbations. The two-dimensional
approximation overestimates the critical values of the
parameters for the onset of instabilities and, in all like-
lihood, overlooks the Vandakurov—Tayler magnetic
instability [17, 18] (i.e., the kink instability [15] in the
radiation zone of the star).

This can be ascertained by considering the case
of uniform rotation and a constant Alfvén frequency
(2 = const and Q2 = const). The latter condition
implies that By ~ sin ), and the Vandakurov—Tayler
instability should be present [23]. Indeed, direct
computations based on the equations of Section 2.2
show this to be the case [24]. However, the two-
dimensional approximation exhibits only stable so-
lutions. When € and 2, are constant, Egs. (20) have
constant coefficients and admit an analytical solution.
We assume that W, B ~ P/™(u) (where P/™(u) are
the associated Legendre polynomials) to find the
eigenvalue spectrum

o 1
m T+ (2D

A 2 1
+ /02 |1 -
\/ A[ l(l+1)} +z2(1+1)2’
which represents (stable) » modes [25, 26] modified
by the magnetic field.

The absence of magnetic instability in the two-
dimensional approximation has been demonstrated
only for the special case of constant 2 and €24, but,
to all appearances, this remains valid for arbitrary
Qa(p) profiles. This can be seen from the following
qualitative considerations. The magnetic fields in the
case at hand can be represented as a set of closed
magnetic flux tubes. Incompressible perturbations do
not change the volume of the tubes but can change
their length, and the magnetic energy of a tube varies
in proportion to its length [27]. Therefore, due to the
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release of magnetic energy, the excitation of instabil-
ity requires shortening of the tubes, which is not pos-
sible in the two-dimensional approximation for the
following reason. The area of a segment of a spherical
surface encircled by closed toroidal-field lines remains
constant under two-dimensional incompressible de-
formations. The lengths of the circular lines of the
background toroidal field are minimum for the given
encircled area. Therefore, two-dimensional deforma-
tions can only increase the length of the magnetic flux
tubes and, accordingly, the magnetic energy. Thus, it
becomes clear that radial displacements, i.e., three-
dimensional perturbations, are necessary to excite the
instability considered. Only three-dimensional per-
turbations can give rise to an instability that entails
a release of magnetic energy.

2.4. Parameters of the Problem

We present here our results for particular nonuni-
form profiles for the rotation,

Q=1-acos? 0,
and the magnetic field,
Qp = beos . (23)

Formula (22) provides a good approximation for the
differential rotation in the solar tachocline [28]. For-
mula (23) describes a distribution of the toroidal field
that is antisymmetric about the equator. Such a field
structure is generated from a dipolar poloidal field by
differential rotation. The parameters a and b deter-
mine the degree of nonuniformity of the rotation and
the amplitude of the toroidal field.

A finite diffusivity is very important for stability,
not only due to the small vertical scales, but mainly
because the finite thermal conductivity reduces the
stabilizing effect of the buoyant forces. The results
discussed below were obtained for the following val-
ues of the diffusion parameters (14), which corre-
spond to the upper radiation zone of the Sun:

6 =107 €, =4x10"%,

€, =2 x 10710,

(22)

(24)

The eigenvalue problem for (12) and (15)—(18) was
solved numerically.

3. RESULTS
3.1. Uniform Rotation

Below the tachocline, the rotation of the solar
radiative zone is nearly uniform, and we can assume
that a = 0 in (22) for this region. This case is also in-
teresting because the uniform rotation has no desta-
bilizing effect, and the magnetic instability can be
considered in a pure form.
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Fig. 2. Boundaries of the stability region for symmetric
(S1)and antisymmetric (A1) perturbations. The instabil-
ity is present in the region above the curves.

Figure 2 shows a stability diagram. There are
two classes of perturbations with different symme-
tries about the equator. For the perturbations that
we will call symmetric and denote Sm (where m is
the azimuthal wavenumber), the potentials W and A
are symmetric about the equator, while the entropy
perturbation and the potentials B and V" are antisym-
metric. The perturbations with the opposite symmetry
are denoted Am. The instability is manifest only for
non-axisymmetric perturbations with m = 1.

The instability sets in as the magnetic field ex-
ceeds its critical value b, ~ 6 x 1073, The perturba-

tions for which A = N/Qokr ~ 0.1 lose their stability
first. Since N/Q is large (Fig. 1), this confirms that
the unstable perturbations, which are global in the
horizontal directions, have a small vertical scale.

We can see from Fig. 3 that the range of radial
scales of the unstable perturbations widens with
increasing field strength, although the maximum

growth rates are reached near A~ 0.1, As X is
increased, the growth rates approach zero, while they
can even become negative as it is decreased. To all
appearances, this is related to diffusion. The growth
rates of the unstable perturbations are not large. The
doubling time for the perturbations can become less
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than the rotational period only for strong fields with
Qp > Q(b>1)[24]

The released magnetic energy can feed the insta-
bility only if the perturbations shorten the magnetic
flux tubes (see the final part of Section 2.3). Such
shortening is clearly visible in Fig. 4.

3.2. Instability of the Coupled Magnetic Field and
Nonuniform Rotation

Figures 5 and 6 present the growth rates of the
unstable perturbations when both a magnetic field
and differential rotation are present, as is believed
to characterize the solar tachocline. The differential
rotation by itself can result in instability even without
a magnetic field. In the two-dimensional approxima-
tion, such an instability sets in when a > 0.28 [20].
This is reflected by the nearly horizontal line for 6 =
1072 in Fig. 5 (6 = '3 is the dimensionless growth
rate). The critical value of a for three-dimensional
perturbations is reduced to a = 0.21 [24]. As a is
further decreased to @ ~ 0.1, and also for S1 per-
turbations, no hydrodynamic instability is present;
however, an arbitrarily weak magnetic field gives rise
to instability. In this case, 6 ~ b.

When a < 0.1, the instability is manifest if the
magnetic field exceeds a critical value, b, > 0.002.
The magnetic instabilities present in the region of
hydrodynamic stability have relatively small growth
rates.

When the differential rotation is sufficiently strong,
a > 0.39, a hydrodynamic instability of S2 perturba-
tions is also present [24], which persists in the pres-
ence of a magnetic field. However, the growth rates
of S2 perturbations are small compared to those for
the Al and S1 modes, so that we do not present the
results for those perturbations. We also do not con-
sider instabilities that are manifest in the case of an
“antisolar” differential rotation with a < 0 (relatively
fast rotation at the poles).

4. DISCUSSION

Returning to dimensional quantities, we find that
the vertical scale of the perturbations in the upper part

of the solar radiation zone is A ~ 10\ Mm, and
B, ~10°b G. (25)

Therefore, in the region below the tachocline, the
magnetic instability develops on vertical scales of the
order of 1000 km, while the threshold strength of
the field is about 600 G (Fig. 2). In all likelihood,
this figure represents an upper limit for the relic field
of the Sun. Stronger fields will be destroyed by the
instability.

ASTRONOMY REPORTS Vol. 52 No.3 2008
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Fig. 3. Growth rates of the most rapidly growing perturbations as a function of their vertical scale A [see (13)]for two values of

the magnetic-field amplitude b.

Fig. 4. Pattern of the toroidal magnetic field viewed from the pole: unperturbed field (left) and the field superposed with the
most rapidly growing perturbations with equatorial symmetry types S1 (center) and Al (right), for b = 0.1. The shortening of
the magnetic flux tubes with the development of the instability can be seen. The global rotation is clockwise (south pole). The
azimuthal drift of the unstable perturbations is opposite to this direction.

[t has been suggested, however, that instability of
the toroidal field in the presence of weakly nonuni-
form rotation can amplify, rather than destroy, the
magnetic field [29]. This possibility results from the
presence of radial displacements in the unstable per-
turbations, which transform the toroidal field into a
poloidal field. This poloidal field is again transformed
into a toroidal field by the nonuniform rotation, which
can close the field-amplification cycle.

However, radial mixing must satisfy certain con-
straints related to available data on the chemical
composition of the Sun. Light elements, such as
lithium, beryllium, and boron, become depleted in
the stellar interior at temperatures exceeding some
critical value [12]. In particular, lithium catalyzes
and is rapidly destroyed by nuclear reactions at
temperatures over 2.7 x 108 K, which corresponds

ASTRONOMY REPORTS Vol.52 No.3 2008

to depths of r < 0.65R, for the Sun'). Therefore, the
effective diffusion coefficient Dt in the upper part of
the solar radiation zone cannot substantially exceed
10% cm?/s[12, 30].

We will use the usual estimate Dy ~ u/¢, where
ul. and ¢ are the rms speed and characteristic scale
of the radial mixing, respectively. The mixing speed
can be estimated by equating the growth rate of the
perturbations, o = Imw, to the characteristic mixing
rate: o ~ ] /¢ (note that, for the instability consid-
ered, the characteristic mixing times in the horizon-
tal and radial directions coincide, i.e., r/up >~ £/ul.).
Setting ¢ = A\/2 and taking into account the fact
that the growth rates of the perturbations reach their

DThe critical temperatures at which beryllium and boron are

depleted are 3.5 x 10% K and 5 x 10% K, and are reached at
depths of r = 0.54R and r = 0.4R, respectively.
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Fig. 6. Same as Fig. 5 for perturbations with equatorial symmetry type S1.

maximum at A ~ 0.1 (see Fig. 3), we obtain for the
diffusion coefficient

Dr ~7x10% cm?/s, (26)

where we have 6 = 0/ for the normalized growth
rate. The dependence of the diffusion coefficient on the
magnetic field is presented in Fig. 7, which also shows
the (dimensionless) growth rate of the perturbations.
The dotted line in Fig. 7 corresponds to the approxi-
mation & = 0.1b?, which leads to the following simple

relationship between the diffusion coefficient and the
strength of the toroidal field:

2
Dy~ 7 x 10 (ﬁ%) cm?/s. (27)

The diffusion coefficient (Fig. 7) does not exceed
103 cmz/s.

Thus, we conclude that the strength of the toroidal
field in the radiative zone cannot appreciably exceed
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STABILITY OF TOROIDAL MAGNETIC FIELDS

02 By, kG 10
] 7
10—3 ? 10
] 6
C:O ]0—4 ? 10 @
E i
— 10—5 % 10 Q[—'
4104
10—6 E 10
—77 P n L L L E 103
10 0.01 0.1
b

Imw

Qo
a function of the parameter b [see (23)] for A =0.1. The
upper horizontal scale corresponds to the field strength
calculated according to (25) and the right vertical scale
to the effective diffusion coefficient for chemical species,
according to(26). The dotted line represents the parabolic
approximation & = 0.1b7.

Fig. 7. Growth rate of unstable perturbations 6 = as

the critical value for the development of instability,
which we have found to be about 600 G. Such a small
magnetic field is not able to affect oscillations of the
solar radiation zone or the solar neutrinos.

The results presented in Section 3.2 demonstrate
that the two-dimensional axisymmetric solutions for
the solar tachocline [3, 31] are stable with respect to
non-axisymmetric perturbations.

Note that, since the radial scales of the unstable
perturbations are small, the radial field can have a
stabilizing effect, increasing somewhat the critical
field strength. The inclusion of a poloidal field is one
possible way in which this study can be further devel-
oped.
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