Astron. Astrophys. 360, 335-344 (2000) ASTRONOMY
AND
ASTROPHYSICS

The Sun’s acoustic asphericity and magnetic fields
in the solar convection zone

H.M. Antia !, S.M. Chitre!, and M.J. Thompsor?

! Tata Institute of Fundamental Research, Homi Bhabha Road, Mumbai 400 005, India
2 Queen Mary and Westfield College, Astronomy Unit, Mile End Road, London E1 4NS, U.K.

Received 1 March 2000 / Accepted 19 May 2000

Abstract. The observed splittings of solar oscillation frequerprojects, it is desirable to investigate the possibility of inferring

cies can be employed to separate the effects of internal sdks strength of magnetic field in solar interior. There should also

rotation and to estimate the contribution from a large-scale mdmg some shift in the mean frequency for each multiplet due

netic field or any latitude-dependent thermal perturbation insitiesecond order effects from rotation and magnetic field, which

the Sun. The surface distortion estimated from the rotation rain also be estimated. It is difficult to measure this frequency

in the solar interior is found to be in good agreement with trehift from observed data as it is hard to separate it from the ef-

observed oblateness at solar surface. After subtracting out fisets of other uncertainties in the spherical structure of the Sun.

estimated contribution from rotation, there is some residual sigevertheless, these frequency shifts can affect the helioseismic

nal in the even splitting coefficients, which may be explained ligferences and it would be interesting to estimate their effect.

a magnetic field of approximately 20 kG strength located at a

depth of 30000 km below the surface or an equivalent aspheriE

thermal perturbation. An upper limit of 300 kG is derived for a

toroidal field near the base of the convection zone. The frequencies of solar oscillations can be expressed in terms
of the splitting coefficients:
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?lThe technique

Jmax
— Sun: oscillations W,
V”veﬂ” = V"l + Z a?jpf(m)v (Jmax S 2@) (1)
j=1
1. Introduction Wherer‘f(m) are orthogonal polynomials of degrgein m

. - S . Ritzwoller & Lavely 1991; Schou et al. 1994). The odd coeffi-
Rotational splittings of solar oscillation frequencies have been ; . .

- . . . .~ ¢lentsay, as, as, . . . can be used to infer the rotation rate in the
successfully utilized to infer the rotation rate in the solar inte-

. . . -~ - lar interior, while the even fficients ari ically from
rior. To first order, rotation affects only the splitting coefﬂmentgoa terior, € the even coefficients arise basically fro

: : . nd order eff rotation and magnetic field. Sin
which represent odd terms in the azimuthal ordeaf the global second order e e(_:ts due to ota_to_ a _d ag etc_ ed_ Since
. o .. _forces due to rotation or magnetic field in the solar interior are

resonant modes. The even terms in these splitting coefficients : )
simaller by about 5 orders of magnitude as compared to gravita-

which reflect the Sun’s effective acoustic asphericity, can a”ts|§nal forces, it is possible to apply a perturbative treatment to

from second order effects contributed both by the rotation an . - L .
C L .. _calculate their contribution to frequency splittings. In this ap-
magnetic field as also from latitudinal temperature variations

. . : . ..proach, we estimate the effects of rotation and magnetic field
Since the rotation rate can be inferred using the odd splitti : . y .

- . . . on the frequencies but without explicitly constructing a model
coefficients, the inferred profile can be used to estimate the sec- ; :
ond order effects. These can then be subtracted from the 8 a rotating, magnetic star.

: We adopt the formulation due to Gough & Thompson

served even coefficients to estimate the magnetic field Stre”ﬁfﬁgo) with the difference that we include perturbation in the
(Gough & Thompson 1990) or other latitudinal variations i o . - P . L
ravitational potential and also assume differential rotation in

sound propagation speed. The distortion introduced by rotatipn . .~ . . S
X the interior, though the symmetry axis of magnetic field is taken

can be compared with the measured oblateness at the solar suf-_. " . . . )

face to coincide with rotation axis.

. e . In aninertial frame the oscillation equations can be formall
The even coefficients of splittings are fairly small, and no g y

definitive results have so far been obtained regarding the mgv&_tten as

netic field strength in the solar interior. With the good quale¢ + pw?é = wME + NE€ + BE, 2)
ity data now becoming available from GONG (Global Oscil-
lation Network Group) and MDI (Michelson Doppler Imager)vhere
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oy ( z_(pj) d3r/> 7 3) Retaining terms to second order, we get
2

ME = —2ipv - VE, @) Lolo+&)+ £§2z§o + Lp&o + Po(wo;‘ 2W0W1>(§0 +&1)
NE = —p€-V(v-VV) + plv- V)2, (5) +po(wi + 2wow2)€o + pawybo + PBWGE0

1 (V- (p€) = woM(&o + &1) + wiMEy + N§ + BEy. (10)

Bz—( (VxB)xB+(VxB;)xB
dm P Here, Ly and Lp are the perturbations t6 arising from dis-
tortion of equilibrium state due to rotation and magnetic field
+(VxB) x B1> ’ (6) respectively. Taking the scalar product wgfhand integrating

. . . . .__over the entire volume, we recover
HereB; = V x (£ x B) is the linearized Eulerian perturbation

E()) ma_gnﬁtic fileld_B,dg is the dis_placemrrx;ent eigenfunctiO@,:l 2wo{po€s€olwa = (E5(N — Lo — pawd)€y)
x r is the velocity due to rotation, andp, ¢, are respectively, E(B— L — 2 9 *
pressure, density and sound speed in the equilibrium state. (€ f pBwU)€2> 1 <p0£0§0*>
Inthe presence of rotation and magnetic field the equilibrium —2wowi(po€oés) +wi(§gM&Eo) +wol§oMEy), (11)

state will naturally undergo a distortion that needs to be includgghere the angular brackets denote
in the calculations. To account for this deformation we consider
a transformation to map each pointn the distorted star to a 9 _ 0 2610 de df d 12
pointx in the spherical volume occupied by the undistorted stgjﬁ(x’ #)) J(@,9,¢)a"sinf de ¢ (12)

by a transformation The first order correction to frequency is given by
z = (14 ha(r) + hp(r))r, @) .

where the functiongq (r) andhz(r) which depend on the ro- “1 = 2(pokito)’
; AL . : o€o

tation and magnetic field respectively, are to be determined by . _ _ .
solving the equations for equilibrium in a distorted star (Gougthile perturbation to the eigenfunction may be calculated using
& Thompson 1990). This will give us the perturbation to a non; 2

rotating spherically symmetric solar model and the extent Ef1 + powods = —2powown§o + wo M. (14)
distortion at the surface may be compared with observed val- The observed odd splitting coefficients can be used to infer
ues. Herey is chosen so that = R can be regarded as thethe rotation rate inside the Sun (Thompson et al. 1996; Schou et

distorted solar surface, whete is the radial distance of the 1. 1998). We approximate this rotation rate using the first three
outermost layer included in the solar model. Similarly, varioygrms in the expansion of the angular velocity,

equilibrium quantities are also expressed in the form

<R

Q(r,0) = Qo(r) + Qa(r) cos? 6 4 Q4(r) cos 6, (15)
p(r) = po(x) + pa(x) + pB(x). (8)
. : \{vh red is the colatitude. This rotation rate is then used to com-
In all these expansions higher order terms have been neglec e(ﬁ : oo :
uté the second order rotational contribution to frequency split-

we cqn3|der the_ terms on the rlght hanq Slde. of¥ 4 2.' Eﬁg which may be subtracted from the observed splittings to
perturbations to basic equations for linear adiabatic oscnlanong : . . T
. . o obtain the residual which may be due to magnetic field, any
for non-magnetic and non-rotating star. Rotation introduces fh e 2
. : i . . other velocity field or asphericity in solar structure.
first order perturbation throught which gives the odd split- . ; .
. - . o T In the present analysis we use only the toroidal magnetic
ting coefficients, while magnetic field can only give rise to even
. X o - ield, taken to be of the form,
terms inm and contributes to the even splitting coefficients. The
distortion from a spherically symmetric equilibrium state also dPy (cos0)
introduces even order terms. The relative magnitude of contritid= |0 0- a(r) do )
tions from rotation and magnetic field will, of course, depend on _ o . ] .
the rotation rate and magnetic field strength. For the solar c¥4# the axis of symmetry coinciding with the rotation axis. Here
we know that odd splitting coefficients arising from the first ol (¢) is the Legendre polynomial of degrée The Lorentz
der effect of rotation are much larger than the even coefficief@ce due to a field of this form can be written as
and we therefore expect the magnetic field to make a compara- k AP
tively smaller contribution. We must therefore include the effegt = y(r) E {fM(r)ng(cos 0), for(r) 2
of rotation to second order, while magnetic field and distortion A=0 df
ffects n retain nly to first non-vanishing terms. T .
erects eed be ea ed_o_ y f0 ISt non-vanishing terms Egch of this term can be treated separately and the results can
first order perturbation arising in frequencies on account of r

tation also introduces a perturbation to eigenfunctions whigﬁ ?/(\)/(ran:;?fudlefe)t”heeldsg::ir?sgfgf;cftr.e uency shift due to rotation
will give a second order contribution. We can formally express 9 Y

; . and magnetic field for each value of and then use Efl 1 to
he f f . . o -
the frequency and eigenfunction as obtain the corresponding splitting coefficients. These can then
w = wp + w1 + wa, E=§& +¢&. (9) be compared with observed coefficients from GONG (Hill et

(16)

0] . (17)
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al. 1996) or MDI (Rhodes et al. 1997) data. To evaluate the <O 1 1 71 7 71
angular integrals we use the following recursion relations
cos OV, = Cp"Y/ + G2y Yy, (18) 10
3 aY’rn m m m m
sin ¢ 6‘2 = LCPY — (U4 1)CF Y™, (19)
where 0r 7
w L
. (L+1+m)(+1—m) T i
= . (200 — "
(20 +1)(2¢+3) A —10
3 L
Since we have used only the first two terms in the expansion of L
rotation rate as a function of latitude, we restrict to calculation oo L
of the splitting coefficienta, anday in this work. -
3. Results —30
We use the rotation rate inferred from the GONG data for the C

months 4-14 (Antia et al. 1998) to estimate the second order
frequency shift and the corresponding splitting coefficients v (mHz)

anday, as outlined in the p_rewous?‘ ;ectlon. We 'ncorporate.qilg. 1. The shift in mean multiplet frequencies due to second order
the second-order contributions arising from rotation, includinggects from rotation is shown by the crosses, while the squares (points
those from the distortion of equilibrium state and the perturbgith positive 5/) show the frequency shift due to general relativistic
tionto the eigenfunctions. Although there may be some variatiefiects.
in rotation rate with time, the estimated variation is very small
and its effect on the inferred splitting coefficient would be much
smaller than the errors in observed values. while doing inversions (e.g. Gough et al. 1996) for the Sun’s
spherical structure. In order to estimate the error introduced by
neglect of this effect, we can carry out an inversion for sound
speed and density in the solar interior using this frequency shift
In principle, the shift in the mean frequency arising from secortliie to rotation as the frequency difference and the results are
order effects of rotation can be calculated with the help of tlshown in Fig. 2. The inversions are performed using a regular-
prescription outlined in the previous section, by taking the sphézed least squares inversion technique (Antia 1996). The result-
ically symmetric component of the perturbing force £ 0 ingdc?/c? anddp/p are aimost an order of magnitude less than
term in Eq[LY). However, this will also change the mass, radithge estimated errors in inversions.
and luminosity of the solar model. The change may be smaller As an aside, we note that the internal rotation rate from An-
than the errors in observed radius or luminosity, but it may tetid et al. (1998) adopted in our study was obtained assuming a
to give a different estimate for modified frequency compared $pherically symmetric background state for the Sun, as is usual
what will be obtained if the observed constraints on mass, radfas inversions for the solar rotation. We realise that both the
and luminosity were to be exactly applied. Hence, for obtainimgean frequencies of solar oscillations and the rotational split-
a consistent estimate of the effect of distortion, we construoigs will be modified by departures in the equilibrium solar
a spherically symmetric solar model with correct mass, radiosdel from spherical symmetry, as discussed in this paper. In
and luminosity by modifying the effective acceleration due torder to estimate the resulting shift in rotational splittings we
gravity, g to account for the spherically symmetric componentould need to calculate the third order terms in perturbation ex-
of forces due to rotation. The difference in frequency of thigansion of Gough & Thompson (1990). We have not included
model in relation to a standard, non-rotating model would githese terms in our analysis, but we expect that their contribution
the frequency shift due to distortion. All the other second-ordaould have the same relative magnitudel6f > as that found
rotational terms are added to this shift, to obtain the total shiiftr the shift in mean frequencies. This is clearly, much smaller
in frequency due to rotation which is displayed in Fig. 1. Thithan the estimated errors in splitting coefficients in current he-
figure includes allmodes with5 < v < 4.5 mHzand/ < 250. lioseismic data sets. Therefore we do not expect the rotational
The corrections to mean frequencies due to general relativigittings and hence the inverted rotation rate to be significantly
effects as discussed towards the end of this subsection, are affected by this higher order effect.
shown in the figure. It may be noted that mean frequencies of f-modes get dimin-
This relative frequency shift, which is less thaa—>, is ished by up to 15 nHz on account of the effect of rotation. Since
nonetheless comparable to the estimated errors in the obsernetation effectively reduces the acceleration due to grayityis
frequencies and the correction should, in principle, be applilghds to a decrease in the frequencies of f-modes. The relative

3.1. Shift in the mean frequency
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Fig. 2. The correction to sound speed and density as inferred from he- _ : P T T AR R RN f
lioseismic inversions, arising from the frequency shifts shown in Fig. 1. 0.6 0.8 1 1.2 1.4 1.6
The thick continuous and short-dashed lines show, respectivél|s;? v (mHz)

anddp/ p due to frequency shifts from rotation (crosses in Fig. 1), while_ _ o _ _
the thin lines show the same arising from combined frequency shiftig. 3. The relative shiftin mean multiplet f-mode frequencies due to
due to rotation and general relativity. rotation

change in f-mode frequencies is shown in Fig. 3. If this effect is 3 J
taken into account the estimated solar radius using f-mode fre- L |
quencies (Schou et al. 1997; Antia 1998) would effectively be
decreased by about 4 km. This is again much less than the sys-
tematic errors in estimated radius, though the decrease is larger
than the statistical errors (Tripathy & Antia 1999). “o i 1

It is interesting to note that apart from second order effecdts F q
of rotation, there would also be corrections to the frequenc@s L ]
arising from general relativity. The relativistic effect can be mea@
sured byGm(r)/(rc?), whereG is the gravitational constant, = S L i
m(r) is the mass contained within spherical shell of radius < ox10
andc the speed of light. Fig. 4 shows this ratio in a solar model i 7 T~ i
and it can be seen thatitis comparable to the ratio of centrifugal r / - 7
to gravitational forces. It is possible to calculate a solar model L Y e
using Oppenheimer-Volkoff equation of relativistic stellar struc- L, |
ture instead of the standard equation of hydrostatic equilibrium:
dp _ G(p+p/c®)(m+4mr?p/c?®)

ar r2(1 —2Gm/rc?) ' (21) r/Ry

1075 - -

Fig. 4. The ratio of centrifugal force and the gravitational force (contin-
Itis clear that general relativistic effect would be of opposite sig s jine) in a solar model is shown as a function of the radial distance

to that due to rotation, as rotation effectively reduces the accglthe dashed line shows the rafion (r) / (rc2) which gives the effect
eration due to gravityy, while the relativistic correction tendsdue to general relativity.

toincrease it. Thus there is a partial cancelation between the two

effects. Itis possible to calculate the change in solar models due

to the relativistic effect, although a detailed calculation of freeffect of relativity more or less cancels the frequency shift due to
guencies using relativistic stellar oscillations equations wouldtation for low degree modes. The frequency shift due to gen-
require considerable effortand is beyond the scope of the presamal relativity are also shown in Fig. 1. If this frequency shift is
work. To a first approximation we may calculate the effect tadded to the contribution arising from rotation then the effect on
using the normal equations of stellar oscillations with gravityelioseismic inversion is significantly reduced in the solar core
modified according to Ef. 21. Such a calculation shows that the can be seen from Fig. 2 (compare the thick and thin lines).
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Fig. 5. The splitting coefficienta. anda4 from effects of rotation.
3.2. Oblateness due to rotation which are consistent with estimates of Pijpers (1998), who ob-

During the course of comouting the splitiing coefficients. it itained his estimates by working in terms of kernels for the vari-
9 puting SPiting ' dus quantities. The value gf will yield a precession of the per-
necessary to calculate the deformation induced by rotat|on.ﬁ\s. .
inélion of planet Mercury by about 0.03 arcsec/century, which

outlined by Gough & Thompson (1990). This deformation MaY small enough to maintain consistency of the general theory
be compared with the observed oblateness at the solar Surf%??elativity

The surface amplitudes of th®,(cos #) and P,(cos§) com-
ponents of deformation are found to be5.84 x 106 and - .
6.2 x 10~7 respectively, which are consistent with the estB.3. Second order splitting due to rotation

mates obtalr_led by Armstrong & Kuhn (1999). Thei.e can q“?‘le contribution to splitting coefficients, anda, due to rota-
compared with me;iséured valu_esro(f5.44 +0.46) x 107and o0 i shown in Fig. 5. This contribution needs to be subtracted
(1'4.8 + 0.58) x 107° respectively, from MDI mea;urementfrom the observed splitting coefficients for obtaining the resid-
during 1997 .(Kyhn. etal. 1998). Kuhn et al'. (.1998) find a Iarq?al contribution which may arise from effects due to magnetic
tempqral _Va“a“_oh n th@.‘l cqmponent, but itis not clear if thefield, other velocity fields or asphericity in solar structure. Since
variation is statistically significant. It can be seen that the M&R&a errors in individual splitting coefficients are too large to give
sured values of Solgr obla_tene_ss are reasonably close to.ttgq ﬁificantdiﬁerences, we average over 30 neighbouring modes
expected from rotational distortion. There may be some resid Ly = u/(¢+1/2) and the corresponding results are shown in
arising from other effects, like magnetic field or other aspheri&g‘ 6. There is reasonable agreement between the GONG data
ities. The contribution from magnetic field is indeed expected’ - nths 4-14 (23 August 1995 to 21 September 1996) and
to vary with s_olar cycl_e gnd may account for the variatiojn MDI data for the first 360 days of its operation (1 May 1996
comp_onent, i thelvarlatlon Isin fact real. 0 25 April 1997). It is well known that the even splitting co-

It IS also possible to estimate t_he gIo_baI _parameters fort ficients vary with solar activity cycle (Libbrecht & Woodard
_Sup, like angular momentum, rotational kinetic energyandgrai/ggo; Dziembowski et al. 1998; Howe et al. 1999) and there
|'Fat|ona_l qua_drupo_l_e and hexadecapole moments due to r 1y not be agreement between observations taken at different
tional distortion (Pijpers 1998) and the results are summarizgd < But in the present case there is considerable overlap

below: in period and the observations are near the minimum phase of
solar activity, when these coefficients are not expected to vary
Moment of Inertia,] = 7.11 x 10°3gm cm?, (22) significantly.

48 5 1 The difference between the observed splitting coefficients
Angular Momentum/l = 1.91 x 10%gm em s~ (23)  anq the estimated contribution from rotation is significant for
Kinetic Energy,l’ = 2.57 x 10"?gm cm® 572, (24) modes with turning points in the convection zone. For modes
Quadrupole Moment/, = —2.18 x 1077, (25) penetrating more deeply, the errors are larger and the difference

Hexadecapole Momenf, = 4.64 x 10~°, (26) is probably not significant.
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Fig. 7. The splitting coefficients, anda4 from a toroidal magnetic field concentrated near the base of the convection zone, plotted as a function
of the lower turning point for the mode. Magnetic field is given by Eqgs. (16,27) with2, 5o = 10~%, 7o = 0.713R, (shown by the vertical
line in the figure) andl = 0.02Rg.

3.4. Splitting due to magnetic field near the base a(r) = { VBTpolo(1 — (2=12)2) i [r —ro| < d 27)
of the convection zone 0 otherwise

There have been some suggestions that a significant toroiggbre ), is the gas pressuré, is a constant giving the ratio
magnetic field may be concentrated in a layer around the basgpfyagnetic to gas pressure,andd are constants defining the
the convection zone (Dziembowski & Goode 1992). We thergean position and thickness of layer where the field is concen-
fore firstinvestigate splittings that are expected from such afiglgted. Fig. 7 shows the splitting coefficients resulting from a
by assuming the magnetic field to be given by[Eq. 16 with  (oroidal magnetic field of this form concentrated at the base of
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Fig. 8. The splitting coefficientai. and a4 from a toroidal magnetic field concentrated near the base of the convection zone, plotted as a
function of the lower turning point of the modes. Each point represents an average over 30 neighbouring modes. The estimated contribution from
rotation has been subtracted from the observed splittings plotted in the figure. Magnetic field is given by Egs. (16127 ithy = 10~%,

ro = 0.713Re andd = 0.02Rg.

the convection zoner{ = 0.713Rs andd = 0.02Ry). The This will of course, depend on the thickness of the magnetic
splitting shown in this and subsequent figures includes bd#yer. Since there is no clear signature of any signal near the
the direct and distortion contributions as defined by Gough I&ase of the convection zone, for quantitative purpose we take
Thompson (1990). the difference between the lowest and highest point in the range
The coefficientsi; anday from a toroidal magnetic field 0.6 < r./Rs < 0.8 in observed splitting coefficients. Fap
concentrated near the base of the convection zone have a ctiés-difference is 8.7 nHz for MDI and 7.0 nHz for GONG data,
acteristic signature for modes with turning point near the basevafile computed splittings with, = 10~ show a difference
the convection zone; it should be possible to detect such a sigofal 2.6 nHz for a half-thickness @f02R,. Thus, we can put
in the observed splittings if a strong enough magnetic fieldas upper limit 0of0.7 x 10~* on 3, which corresponds to a
indeed present in these layers. The computed splittings, partiagnetic field strength of 300 kG for a layer of half-thickness
ularly for the deeply penetrating modes in Fig. 7 show a greaf2 R, near the base of the convection zone. Similar analysis
spread, which is characteristic of the splittings arising fromfar splitting coefficientu, yields a slightly larger upper limit of
thin magnetic layer. We return below to the use that can potef80 kG. These limiting values are close to what was obtained
tially be made of this signature. In the present study, howevby, Basu (1997) using a similar technique and is also consistent
we choose to average over neighbouring modes, as discussenth the value independently inferred by D’Silva & Choudhuri
Sect. 3.3, which suppresses this spread. Our rationale is that(#893). Note, this limit roughly increases B4/d, and clearly,
errors in the real data are too large for the spread to be visilifithe thickness of this region is smaller, the upper limit would be
distinguished from noise in the measured splittings at presdatger. It should be noted that the tachocline, where the rotation
Thus we take averages over neighbouring modes and compate undergoes a transition from differential rotation in the con-
the residual after removing the contribution due to rotation witrection zone to a solid-body like rotation in the radiative interior
the expected splitting from the magnetic field and the results anay have a thickness as smallle81 R, (Basu 1997; Antia et
shown in Fig. 8. Note that even after averaging a clear signatate1998). With this thickness the upper limit on magnetic field
of the magnetic field is seen in the splitting coefficients. Sinegould naturally be increased.
we are comparing the average over the same set of modes for theThere is the possibility of distinguishing seismologically be-
observed splittings and computed splittings for magnetic fieldyeen magnetic layers of different thicknesses by using modes
we should be able to get some estimate of magnetic field itheat penetrate well beneath the magnetic layer. A thin layer will
strong enough field does indeed exist. From Fig. 8 it can be sésduce a signature in the, anda, coefficients which is peri-
that there is no clear signature of any feature near the bas®dic in mode frequency (Gough & Thompson 1988; Vorontsov
the convection zone in the observed splittings, and hence $888; Thompson 1988), in much the same way that the rather
can only set an upper limit on the magnetic field in this layesharp transition near the base of the convective envelope pro-
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Fig. 9. The splitting coefficient.» from a toroidal magnetic field concentrated near the base of the convection zone, plotted as a function of the
frequency for modes with < 10. Magnetic field is given by Egs. (16,27) with= 2, o = 10™%, 79 = 0.713R¢, and the value of as marked
in the panels.

duces a periodic signature in the mean frequencies (e.g., Gotet magnetic field configurations which are concentrated in the
1990; Basu et al. 1994; Monteiro et al. 1994). Indeed it is thigoper part of the convection zone. A comparison of these with
signature which is largely responsible for the vertical spreadibie observed splittings indicates that there may be an azimuthal
points for modes with turning points at radiis 0.6 R in Fig. 7. magnetic field with3 < 10~ (i.e., B ~ 20000 G), with peak
Basu (1997) attempted to use this oscillatory signal to obtainarmundr = 0.96R,.
upper limit on magnetic field near the base of convection zone The possible existence of a magnetized layer with field of
(see also Gough & Thompson 1988). Fig. 9 shéwdor modes order 20 kG located around= 0.96 R, is, indeed, a significant
with £ < 10 for magnetic field concentrated near the base of tirference drawn from our analysis. The physical interpretation
convection zone, with two different values @flt is clear that for the origin of such a moderately strong magnetic field at this
the amplitude of oscillatory signal varies significantly with depth below the Sun’s surface is naturally a challenging task
However, the observed splitting coefficients for low value$ offor theories of solar dynamo to accommodate. It may be use-
have large errors and it is difficult to extract the small oscillatofful to recall here that the numerical simulations of the Sun’s
signal from these. outer convection zone (Nordlund 1999) indicate a major pres-
ence of downward moving plumes. It is conceivable that these
downdrafts could gather the turbulent magnetic field in the sub-
surface layers and carry them to depths in the convective en-
Having considered a magnetic field at the base of the convecti@iope until some sort of equipartition is reached. Interestingly,
zone, where theory suggests a field might be stored, we consitierdensityp at a depth of 25-30 Mm is upwardso 10~2 gm
where else the data mightindicate the presence of magnetic fiele—3, while the downward velocity for the plumes is of order
There is no signature for the presence of significant magnesi@0 m s *. The dynamical pressure of the plumgs? 2 107
field in the radiative interior, since the averaged residual splittimlyne cnt?2, then becomes comparable with the magnetic pres-
after correcting for rotation seem to be consistent with zersure, B2 /8, corresponding to a field strength of 20-30 kG. It
However, within the convection zone there is some significaist therefore, tempting to envisage the formation of such a mag-
residual splitting, which could be due to the effect of a magnetietized layer by the pounding of the downdrafts which tend to
field. An inspection of these residuals indicates the existencecohcentrate the field at depths where the equipartition of the
a peak around = 0.96 R, and indeed, if it is due solely to kind outlined above is approached.
magnetic field, the field may be distributed around this depth In this study we have assumed a smooth toroidal magnetic
(=~ 28000 km). It may be noted that this is approximately théeld, but in practice we do not expect such a field inside the
depth to which shear layer seenin rotation profile extends (Antianvection zone. Turbulence may be expected to randomize the
etal. 1998; Schou et al. 1998). magnetic field and such a field may not be expected to produce
We now attempt to estimate splittings due to the field coany significant distortion in the equilibrium state. The direct ef-
centrated in this region. Fig. 10 shows the splittings due tofect of magnetic field will still be felt though the contribution

3.5. Field in the upper convection zone
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Fig. 10. The splitting coefficienta» andas from a toroidal magnetic field concentrated in the upper part of the convection zone, plotted as a
function of the lower turning point. The larger symbol near the surface represents the average over all f-modes. The estimated contribution from
rotation has been subtracted from the observed splittings plotted in the figure. Magnetic field is giveh by Eq@7=with—*, and the value

of ro, d andk as marked in the figure.

would be different. Thus our results may be treated as indicBidt Kuhn’s models show the largest temperature perturbations
ing the order of magnitude of field that may be expected if tlwecurring in the very superficial superadiabatic layer, at a depth
observed splitting coefficients are indeed due to the magneifca small fraction of one per cent of the solar radius. Such a
field. If the field is concentrated in flux tubes which occupperturbation alone would be consistent with the f-modes having
only a small fraction of the volume then the required magneticsmall residual splitting, but would not explain the apparent
field could be correspondingly larger. If we assume that the floxerturning of the p-mode splittings@at= 0.96 R. A magnetic
tubes occupy a fractiorf of the total volume, the magneticfield at some depth below the surface may explain both aspects.
field strength should increase hy+/f. If we consider only We certainly do not rule out the possibility that some nonmag-
direct contribution to the splittings then it turns out thais al- netic asphericity, which we have not considered in detail in this
ways negative for all toroidal field configurations that we triestudy, may account for some of the observed splittings.

and hence such a contribution is not likely to explain the ob-

served splittings. But a different magnetic field configuration,

e.g., poloidal field might produce, with the required sign us- 4. Conclusions

ing only direct contribution. The order-of-magnitude splittin% ] ] o
caused by a magnetic field s, /v ~ G ~ vj/cﬁ, whereu 4 econd order correction to mean frequencies due to rotation is

is the Alfven speed. We therefore regard it as unlikely that a dfomParable to the error estimates in the observed frequencies.

ferent magnetic field configuration would produce a markedhf1€ €rror in helioseismic nversion introduced by the frequency

different answer for the field strength required to account fSPift due to rotation iss 10~%, which is much smaller than the

the observed signal i, anda.. estimated errors in inversions. Further, a part of this frequency
A nonmagnetic latitudinally-dependent perturbation to tRhiftis (_axpected tobe nthﬂec_i by the generallrelat|V|st|c effects.

wave propagation speed might be responsible for the signalW?f shift in f-mode frequenmes due to rotation can reduce _the

detect (cf., Zweibel & Gough 1995). Once again we may egstimated solar radius by 4 km. The distortion due to rotation

[} . . —6 7
pect a perturbation of ordan—* located in the region around@n yiéld surface oblateness-5.8 x 107" and6.2 x 10~"in -
r = 0.96 R, to yield the observed splittings. Gough et al. (199@§1€ 2 (cos ) andPy(cos #) components, respectively. Thisis in

inferred a perturbation of that magnitude, of unspecified Origiﬁa,asonable agreement with observed oblateness at the solar sur-

from earlier GONG data. A temperature variation of order 10/2Cc€ (Kuhn etal. 1998) and it appears that most of the observed

suitably confined, might conceivably produce a similar Signglstortlon is accounted by the seismically inferred rotation rate
] ¢ . . _ _7

ture. In fact, Kuhn (e.g., Kuhn 1996) has argued that the thernfafolar interior. The quadrupole momeft = —2.18 x 107"

shadow of belts of magnetic flux near the bottom of the convd@Sulting from rotational distortion is small enough to maintain

tion zone can have a significant effect on the even a-coefficierf@nSistency of the general theory of relativity.
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After subtracting the estimated contribution from rotatioAntia H.M., Basu S., Chitre S.M., 1998, MNRAS 298, 543
to the splitting coefficienta; anda, from the observed split- Armstrong J., Kuhn J.R., 1999, ApJ 525, 533
tings, there is a small residual which is statistically significa@su S., 1997, MNRAS 288, 572
in the convection zone. This could arise from a magnetic fief#asu S., Antia H.M., Narasimha D., 1994, MNRAS 267, 209
From the magnitude of residual in observed splittings we c&'Va S.. Choudhuri A.R., 1993, A&A 272, 621
tentatively conclude that magnetic field with~ 10~* may Dziembowski W.A., Goode P.R., 1992, ApJ 394, 670

be present in the upper part of the convection zone. This cgrz—iemb()WSki W.A., Goode P.R., DiMauro M.P., Kosovichev A.G.,
P pper p : Schou J., 1998, ApJ 509, 456

responds to an azimuthal magnetic field~of20 kG _arP_U”d Gough D.O., 1990, In: Osaki Y., Shibahashi H. (eds.) Progress of

r = 0.96Rq. However, we cannot rule out the possibility that  seismology of the sun and stars, Lecture Notes in Physics, 367,
this signal in splitting coefficients may arise from some aspher- springer, Berlin, p. 283

ical perturbation to the temperature field. This would be practtough D.O., Thompson M.J., 1988, In: Christensen-Dalsgaard J.,

cally indistinguishable from the effect of a magnetic field using Frandsen S. (eds.) Advances in helio- and asteroseismology, Proc.
justthe mode frequencies (Zweibel & Gough 1995); but comple- 1AU Symp. 123, D. Reidel, Dordrecht, p155

mentary analyses such as time-distance helioseismology mightigh D.O., Thompson M.J., 1990, MNRAS 242, 25

be able to distinguish them, since the local direct effect of@Pugh D.O., Kosovichev A.G., Toomre J., etal., 1996, Sci. 272, 1296

magnetic field on the waves is anisotropic, whereas that oﬂg F. sta&k P'B"R St?_lpltlwigs ?9';5 e,:\a\l]'élzig?osszi' 272,1292
temperature perturbation is not. owe K., romm ., Hil =, iy ’

. L . Kuhn J.R., 1996, In: Roca Ca T., inchez F. (eds.) The Structure of
Atoroidal magnetic field thatis concentrated near the base ol*hthe Sun, VI Canary Islands Winter School of Astrophysics, Cam-

the convection zone gives a characteristic patternin the splittings bridge Univ. Press, p. 231

for modes with lower turning pointin that region. Since no suGinn J.R., Bush R.I., Scheick X., Scherrer P., 1998, Nature 392, 155
signal is seen in observed frequencies, we can put an upggbrecht K.G., Woodard M.F., 1990, Nature 345, 779
limit of about 300 kG on the strength of the magnetic field imonteiro M.J.P.F.G., Christensen-Dalsgaard J., Thompson M.J., 1994,
this region. A&A 283, 247
NordlundA., 1999, IAU Colloquium 179 on Cyclical evolution of solar
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