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Abstract. The solar oblatenesavas computed with a dynami-to the internal structure, via its gravitational and rotational po-
cal up-to-date solar model of mass and density, combined witteatials, permits one to access certain physical properties of the
recent rotational model established from the helioseismic ddeyers below the surface. This is certainly the most interesting
and including the effects of differential rotation with depth. Téeature which has not yet been too much approached. Such fea-
determine the theoretical value of the oblateneefthe Sun, tures may concern at first the borderlines of the different layers
we integrated the extended differential equation governing thiech as the tachocline or other subsurface sections. Moreover,
fluids in hydrostatic equilibrium and the Poisson equation ftne oblateness of the Sun is directly linked to the quadrupole
the gravitational potential. From this analysis, we deduced throment, a quantity which gives us information on the solar po-
profiles ofe, as a function of the radius and of the latitude, frortential distortion. In this paper, the behavior of the oblateress
the core to the surface, for a Sun splitted into a series of cdrem the core to the surface, is carefully investigated, to under-
centric shells. As each shell is affected by a potential distortisstand how each layer of the Sun is affected by the differential
mainly due to the rotation, and as the rotation rate dependsrotation, and how each of these layers reacts to the perturbation
the radius and on the latitude, each shell of the Sun is affectddhe potential. The shape of the profilesspitomputed as a
by a different oblateness. function of the radius and of the latitude, leads us to determine
As a result of the integration of this function, we foundks theoretical value at the surface.
e = 8.77.107%, that we compared to the oblateness of arigidly Several studies and observations have been undertaken
rotating sphere. since 1966 to evaluate the solar oblateness. The measure-
To interprete the difference in oblatenessf the studied ments began with the Princeton Solar Distortion Telescope,
layers within the Sun, we linked the profiles to the solar interi@nd yielded the first evaluation of the ellipticity of the Sun.
structures, specially to the tachocline and to the subsurface, thatke and Goldenberg found a value foms large ag4.51 +
help us to understand why and how these regions are maidlg4).10~°, a revisited value, deduced from the original data
governed by shear. In particular, we propose for these two lay@pecke and Goldenberg, 1967), taking into account all correc-
adouble structure, one where the magnetic field would be stotighs for the seeing effects (Dicke and Goldenberg, 1974). In
and one of shear. 1968, Goldreich and Schubert showed that the theoretical max-
Finally, we compared our results of radial integrated oblatenum solar oblateness, consistent with the stability of the Sun, is
ness with the latitudinal variation of the semidiameter from solar5.10~%. They emphasized the fact that this value was consis-
astrolabe observations. tent with the gradients of mean molecular weight, as calculated
in standard solar models at that time. In 1975, Hill and Stebbins
Key words: Sun: fundamental parameters — Sun: interior — Sugave an intrinsic visual value of the difference between equato-
rotation — Sun: transition region rial and polar diametersAd = (18.4 £ 12.5) milli arcsecond
(mas) ore = (9.58 & 6.51).10~%. They extracted this value
from observations influenced by an excess brightness, moni-
tored at the same time to evaluate the necessary corrections.
Then, in 1983, Kislik considered what effect the oblateness of
Solar oblateness is a fundamental property of the Sun andtite Sun might have on the astrometric (radar, optical) determi-
value is a directinput for some astrophysical computations. THigtions of planetary orbits. He looked for the residuals of pa-
is mainly the case for precise determination of planetary orbigmeters determined from various kinds of observations, when
and specially for the motion of Mercury and other minor planetéfie equations of planetary motion do not allow for the solar
such as Icarus. The solar oblateness, if one is able to meagif@teness. In this study, he estimated thahould be in the
its value with a high accuracy, could be used to determine t#@ngel.08.107° < ¢ < 2.69.10~° (Kislik, 1983). This same
Eddington-Robertson parametet) (n the Parametrized-Post-year, Dicke, Kuhn and Libbrecht made new measurements of
Newtonian theories of gravity. This oblateness, which is linkglie Sun’s shape at Mount Wilson, with an improved version
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of the Princeton Solar Oblateness Telescope, which has beencerned, one could accept from the above quoted data that
used in 1966. The measurements of the solar oblateness yieldedId lie around).107°. It is then of high interest to determine

a valueAr = (19.2 £+ 1.4) mas ore = (2.00 & 0.14).10~> ¢ using one of the most recent solar models of mass and density
(Dicke et al., 1985), the upper bound being only half of thabmbined with an up-to-date rotational model, which depends
observed in 1966Ar = 41.9 + 3.3 mas. The data obtainedboth on the latitude and on the distance to the rotation axis. This
in 1984 by Dicke et al. (1986) lead to significantly lesseotational model derives from helioseismological observations
values than those obtained in 1988 = (5.6 + 1.3) mas of p-mode rotational frequency splitting, deduced from mea-
ore = (5.83 4 1.35).1075. The 1985 data yielded a valuesurements made on board the SOHO spacecraft. Observational
Ar = (14.6 & 2.2) mas ore = (1.52 + 0.23).107%, which data of high quality obtained from this satellite allowed Pijpers
comes in between the 1984 and 1983 values of the solar obl3i898) to determine an excess of the equatorial diameter on the
ness (the 1984 value being the lowest). The authors conclugetar diameter by some 0.017 arcsecaond (Note, 1998).

(Dicke et al., 198]7) that the quantitsr may vary with the In the following sections, we present the theoretical method
11.14 yr period of the solar cycle. In 1986, assuming that the Sah calculation and the models used to obtain the oblateness
is in hydrostatic equilibrium, Bursa (1986) gave a new estima-Sect. 2). Next, we give the results and their interpretations
tion of the Sun’s oblateness rangel.107° < ¢ < 2.7.1075, (Sect. 3). Finally, we discuss the relation between the behavior
where the upper limit requires a heavy core and the lower ook: and the particular aspects of the solar interior (Sect. 4).
corresponds to a nearly homogeneous body. In 1990, on the

basis of radar observations, Afanas’eva et al. determined ngeTheoret'cal aporoach

quadrupole moment of the Sun by methods of celestial me- ! PP

chanics and deduced a range for the oblateness of the Sun franis work, we consider the theory of a solar gravitation figure
the theory of the figures of celestial bodies, assuming that tfeeinclude the effects of differential rotation. The oblateness
Sun rotates as a rigid body. They founidr.8.107® < ¢ < canbe defined as the difference between the equatorial and polar
15.8.107¢. Motivated by the suggestion of Dicke, Kuhn andadii, usually expressed in milliarcsecond, or as a dimensionless
Libbrecht, that the magnitude of the oblateness might be a furoefficient defined by

tion of the solar cycle, Maier, Twigg and Sofia gave, in 1992,

their preliminary results of the solar diameter from a balloon— Rp — Rp (1)
flight of the Solar Disk Sextant (SDS) experiment. They found Rp

e = (5.6 £ 6.3).107° for the solar oblateness, buB30° off-  \yhere Ry and R are the equatorial and the polar radius, re-
set from the polar-equator position. Additional studies, basgfectively. This oblateness is linked to the quadrupole moment,
upon flights in 1992 and 1994 (Lydon and Sofia, 1996), lead {94t is to say to the potential describing the distribution of mass
ameasured oblateness of respectively7 + 1.25).10~ and  ang velocity inside the Sun. This potential is deduced from the
(_8.77i0.99).10—6, indicating Ilttle_or no variation. Atthe sameyp5gjc figure for steady rotation around a fixed axis (forming
time, from July 1993 to July 1994 @8ch etal. conducted obserihe zero-order approximation), with small corrections that can
vations at the Pic-du-Midi observatory by means of a scannig syccessively added. Among several possible definitions of
heliometer, which operates by fast photoelectric scans of 0ppQs solar surface, one of the best is to define it by a surface of
site limbs of the Sun. Over this period, Rozelot &h (1997) ¢onstant gravitational potential, which permits one to treat the
reportedAr = (11.5 & 3.4) mas ore = (1.20 £ 0.35).107°,  proplem with a very high accuracy. This gravitational potential
a value averaged from observations made in 1993 and 1994ysally developed into spherical harmonics, i.e. the Legen-
New campaigns, conducted in 1995 and 1996, lead respgfs polynomialsP,,,. The even terms are only kept as the figure
tively to Ar = (5.5 £ 3.1) mas andAr = (8.9 + 2.1) mas  shows a symmetry created by the rotation around the minor axis.

(Rozelot, 1997). Atlast, Kuhn etal. (1998), found with the datg, this gravitational potential must be added the potential due
obtained on board of the SOHO spacecraft, that the Sun's shgpge rotation of the Sun, so that the total potertiialis:

and temperature vary with the latitude in an inexpectedly com-

plex way. The autors concluded also that the solar oblateness GMy | R Rp\ 2" )

itself presents no strong evidence of varying with the solar cyclér = — Re |7 > Ton <r> Pon(sing)| (2)
Fromthe above reported data, two conclusions can be drawn, n=1

one concerning the observational values and the other one, the ,%9%2 cos? ¢

theoretical values. As far as the first one is concerned, a gen-

eral agreement seems to exist on the factdhiies not exceed where@ is the gravitational constank ;; the equatorial radius,
1.2.107%, the averaged value being a bit below, arodnid—°. 77 the solar mass; the solar radial vector (taken here as a
It is not yet clear if a solar cycle dependence is real or n&fariable), P, the Legendre polynomials; the latitude {2 the

in such a case the amount of variation would be no more thgjtation and/,,, the coefficients associated with the dynamical
6.1075. All these values are of importance to constrain the Sfyrm of the Sun. According to the magnitude of e, coef-

lar models and it is not yet obvious if the global shape of thgients, the distortion from a pure sphere is more or less large.
Sun follows a perfect ellipsoid or not. This point will be dispue to the monotonic decreasing function of the distribution of
cussed later on (Sect. 4.4). As far as the theoretical values g¥#ss in the solar case, the contribution of the first coefficient
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is the most important and consequently signs the oblateness.UV » 20w (xdw +tan0dw)
To describe this oblateness, we express the ellipsoid shape in 3 3 dx do
Cartesian coordinates: - . $a(r0) )

) 5 where the quantities = 7~ andy = SN have been in-
T y © o0 3 .3
R%, + R% ! ©) troduced dimensionless, as welldgr) = 4%’;@: Vi) =

Using the oblateness definition given by E. 1 and introdugt>2 andw(z,§) = ”S—Q") The quantityl, is the reference

ing the latitudep, the following expression is obtained: rotation rate, which is taken equal to the rotation rate of the ra-
Ry diative zone (for our purpose, this rotation rate is taken equal
—= =cos’ g+ (1 —e) ?sin? ¢ (4) to 435 nHz). The second member of this differential equation

" ) ] ) contains the term of the rotation. Two approaches can be made.

Developing Expressidd 4 up to the third order: The first one consists in trying to give an analytical form of

RE .y e, 4 5 the solutiony, and this have been made by Pijpers (1998). The
— =1ltesin® g+ 5 (3sin” ¢ —sin” ¢) + O(e”) (%) oblateness is deduced from an inverse problem when the kernels

of the integral relation are known. The other approach consists
of solving Eq[IB on successive shells of thickness)( taking
into account at each step the boundary conditions. This method
.9 3 9.4 . 2 3 allows us to compute the succesive ellipticities of a stratificated
r="Fe {1 —esin® ¢+ get(sin ¢ —sin”¢) + Ol )} ©) sun.The heliose?smic constraints will rﬁay an important role in
nt[t?& adopted model of density and in the internal and differential
rotation laws. This last method permits one to have access the
local distortion of each small volume element in the Sun.

Expressiofi 5 is solved to obtaify and using the binomial ex-
pansion, we find:

Egs2[5 anfllé can be combined to express the total pote
Ut limited to the second order as:

Up = _GMo [1 +ale, ¢) + Joble, §) _ Thedifferential E.TI3 can be easily solved to obtaifr, 0)
Rg if two boundary conditions are known. The first one is obvious,
1 as the perturbation must vanish at the center. The second one
J —xd 7
+Jacle; 6) + 2 X (&, QS)} 0 (bearing in mind thad varies ad /r?) is given by the continuity

wherea(e, ¢), b(e, ¢), c(e, ¢) andd(e, ¢) are functions of the of @ and% when crossing the surface of the Sun. These two

oblateness and the latitude, apd- %2523 . At the equilibrium conditions give:
on the surface, the coefficients efahd J must vanish, so that, ¢s =0atr =0 14
and after some algebra (see for instance Cole, 1978): 3y + r% =0atr = Ry (14)
2 52 3 . . . . . i
Jy= Ze— X € + 2oy ®) which can be rewritten in the dimensionless form:
3 3 3 7 _ _
y=0atx =0 (15)
4, 4 3y+x%:0atx:1
Jy=—2e*+ -xe 9) , _ .
5 7 Since the centrifugal force is a first order term, the den-

Assuming that the Sun is symmetric around its axis of raity in the last term in E@.10 can be replaced by the zero-order
tation and introducing spherical polar coordinated, ), the spherically symmetric density. This term contains only zero and
hydrostatic equation inside the Sun takes the well known forsecond Legendre coefficients. This leads us to expand the grav-
(see also Roxburgh, 1964, Pateri996 and Pijpers, 1998): itational potentiald in the form:

o <aa¢> + 29927 (1~ Py(cos)) (10) = do(r) + Galr,0)Palcos ) (16)
" " wheregs is a first order term. As outside the Sun, the gravita-
P 9P 1, 4 0Py(cosh) tional potential satisfies the Laplace equation:
— =—p\| = |- pr T (11)
00 09 3 00 GM, Ro\?
) ) O(r,0) = — 1—Js () Ps(cos 0) a7)
where P is the pressurg,the density, B(cosf) the second r

Legendre polynomial the colatitude, ane the gravitational
potential satisfying the Poisson equation:

V2® = 47Gp (12)

The identification of the same order terms in £q$. 16[and 17
leads, whatevef is, to:

Ro\? GM,
By cross-differentiation of EqE.10 afdl12,s eliminated; 92(70) = J <r> , (18)
taking into account E@.12, the following dimensionless differ-
ential equation is obtained: hence,
2.3
d?y 2dy (6+UV) g, = $2(1,0) Q5r 19
R S X 9
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or From a numerical point of view, with the value of. Ajiven
0243 in nHz, Eq[2Z5 is expressed by:
J r, 0) =2 20
2= )GM@ (20) 435 z <0.71

= {435+ 51.85(x —0.71) 0.71 < x < 0.983 3 (26)

The heterogeneous composition of the internal layers of tﬁ‘é(x)
435 —882.53(x —1) 0983 <z <1

Sun are here represented as a series of successive thin shells, the
composition of each shell being homogeneous. The oblateness

¢’ can be computed for each of these shells assuming that th€z) = 22¢(z) (27)
matter which is outside a shell of a given radh§ is in the
outer space and_ sz_itlsfles El@._ 14. As(z) = —3.56(x) 28)
From Eq[B limited to the first order, the oblateness at the
distancer’ is expressed for a shell as: where
/ 3., 1923 (x —0.69)
(ry,0) = §J£(7~®,g) + 3 chwg (21) ¢(z) =0.5(1+erf 2T (29)
Hence, according to the potential, This modelis particularly valued owing to its analytical form
23 /3 ) describing fairly well the differential rotation of the convective
e'(rly,0) = okllo <y(r’®7 ) + ) (22) zone andthe rigid rotation of the radiative zone, and not depend-
GMe \2 2 ing on the density. For lack of data concerning tltemodes,

Eis not yet possible to know if the rotation in the core is faster
or slower than the rotation of the radiative zone. Thus, we adopt
ahe same rotation rate for the core and for the radiation zone:
435 nHz.

whereré, M/, andQy, are respectively the radius, the mas
and the rotation rate of a shell of thickne&s. Note, that when
integrating:’(r(,, #) over the whole radius of the Sun, this woul
lead to a global figure of the Sun which will change with the’
latitude. This is one of the main features of this paper: the helioid
(just as the geoid, but obviously at a very lower degree) is r®t Determination of the oblateness

perfectly ellipsoidal. . . . :
A mass and density model for the Sun is required to solve tRéfferenUal EqLI3 was solved to obtain the function of the po-

differential EqCIB. We have chosen one of the five solar modéigtli;’:lby(rhﬁ)”a?d tdo_ f;:ledu;:le 'f[_rlr%ugr_' ﬁézgtge‘lb;%%\’k;gpf q
of Richard et al. (1996) - Mod@ - including the helioseismo- Soed y's e_lihor meren I'a': u e?' ' " e d i ' dbanth
logical constraints. This model is computed with element seg|9e- egrees. The numerical integration step1s determined by the

gation and with Grevesse values as initial abundances, iterdis el. The number of steps has been taken as 220; to test the

: : stness of the solution, this sample has been extended up to
SO that the final abundances are aiso those given by Grevg%%o steps and no significantdiﬁereﬂce has been found For?he

(1991). Moreover, the element segregation, introduced in Mo : L
numerical applications, the adopted values for the solar param-

3, has shown that it fits very well the seismic data. th . by Allen (1976%- — 6.95997 108
As the solar rotation depends both on the radial distance &igrs are those given by en (19763, = 6. um

on the colatitude, we need to define a law to expfegs9). andMo = 1.9892.10%kg.

Among several laws available, we have chosen that proposed by

(Kosovichev, 1996b), which is based on the obsenredode 3.1. Study of the successive layers considered as thin shells
rotational frequency splittings. The law is represented in ter

S, . . .
of associated Legendre functions of ordeP}(6): rpn this study, we consider simultaneously two types of rota-

tion for the Sun: a global rigid rotation and a differential ro-

Qr,0) A P 1(0) tation computed with the above mentic_)ned rotati_on law. The
m Z Xk 2’“+1(7’)W (23) corresponding curves for a Sun splitted in successive shells, are
k=0,1,2 shown in Fig. 1.
where The profiles, which are computed for the rigid rotation
12k w = 1 and for the differential rotatiof(r, #), globally evolve
ap = (—1)FFD)_Z (24) identically up t00.65R, then diverge up to the surface. Look-

(2k + 1! ing in more detalil, the curve correspondinguito= 1 is shifted
and A (r) is a radial function developed in a parametric fornfrom the others as early @3R. The curves present a first
From the analysis of the Big Bear Solar Observatory data, Kos@riation around.65 R, and diverge. The curves, correspond-
vichev formulates a simple model of solar rotation based on ting to @, 15°, 30°, w = 1, 45° and 60 (in decreasing order of

first three terms of expansionl23 & %): the latitudes) increase and present a second very slight variation
near).71 R . The curves corresponding to7&nd 90 decrease
Qo) _ (2) + As(@) [1 - 5 cos® ] (25) from0.65R up to~ 0.71Rq, then increase until a variation
2m ! 8 of the gradient around.78 R, and those corresponding to°75

+As5(x) [1 — 14cos? 6 + 21 cos” 0] and 90 decrease up t0.78 R, then increase. From.78 R,
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Fig. 1. Profile of the oblateness of the Sun splitted in successive shells
and numerically computed both for the rigid rotation cage, 6) =

Q(z,0)

~q,~ = landthe differential rotation case for latitudes 0
60, 75 and 90 degrees. Aroufd7 R, the passage of the

zone is clearly visible.
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15, 30 4?1'9. 3. Profiles of the oblateness of the Sun integrated on successive
transition

shells and depending upon the latitudes.

degrees. For latitudes 7&and 90, the curves decrease with-
out any clearly visible variation. Nevertheless, these ones are
not completely linear around.99991 R, where a minimum
appears. In the same range, the curve corresponding=ol
increases presenting a very slight minimum n@a991 k.

The oblateness being directly linked to the solar potential, it will
be modified in a region where this potential is affected by flows
or events.

These detected variations can be linked to the borderline
of the shear layer which governs the transitions between the
different zones within the Sun. In the following discussion, we
present a synthesis of actual results and we propose a scenario
for the structure of the solar layers.

3.2. The radial integration case

This computed oblateness behavior is consistent with the dif-
ferential rotation law expressing that the higher the rotation rate
of a shell, the higher the amountafThe integration over each
shell yields the behavior of for a body of radius-, that can

Fig. 2. Zoom of the right side of the previous global profiles (Fig. 1€ expressed at each given latitude (Fig. 3.).

for the differential rotation case at 0, 15, 30 (Left Axis) and 45 degree N ;o ,

(Right Axis) to show two of the main changes of curvature located ™ o) = Zg(x 0 Ax (30)
:E/

around 0.989R and 0.994R.

each curve increases and reaches a maximum a8l

where X’ is associated to the radius of the shells.
These integrated curves diverge néa8R. and present
for some of them a slight variation located approximately at

(Fig. 2.). Intheir decreasing, they all present two changes of cQr72R,. Then, they increase to reach a stable value near the
vature, located around 0.989Rand 0.994R . Only the curve surface.

corresponding to w=1 is globally increasing (Fig. 1.), but also To compare this theoretical model with available obser-
presents two changes of curvature located around 0.984id vations, we also present the profiles (Fig.4.) which illus-

0.993R,.

trate the latitudinal variation of the solar semi diameter ob-

Above 0.99%, a change of curvature is visible with aserved by means of the solar astrolabe at CERGA in France
minimum near 0.9999R, at latitudes 0, 15, 30, 45, and 60(Laclare et al., 1996) and in Santiago, Chili @01999). These
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Fig. 4. Deviations from the mean solar semi diameter, deduced fro[g|1 5 profiles of the inteqrated oblaten fthe Sun. The plain curv
the observations obtained by means of a solar astrolabe by F. Lac dig >-roties orineintegrated obialenesses otthe sun. Theplain curve
IS computed, taken into account the differential rotation by means of

(1996) at CERGA in France and by E. 81¢1999) in Santiago, Chili helioseismic data. The dashed curve is obtained in the case of rigid
rotationw = 1.
data are compared with our results. The observational results of
F. Laclare show that the largest ellipticity is obtained fo(ify 8.7700E —06 2.5957E —06
extrapolation), 39, 45° and 90, and the more oblate regions
are located at 60and 75. The observational results of E. Blo
show that the largest ellipticity is obtained fo¥ (by extrapola- 8.7695E —06
tion), 15, 45° and 60, and the more oblate regions are located T
at 30, 75° and 90. The latitudinal order of our curves presents
the order in which the solar regions are the most elliptic (largel> g 7690E — 06
curvature) towards the most oblate regions. The largest eIIipt’rg‘—’ T
ity is obtained for 0, then 15 and 30. The Sunisless ellipticat <
75° and 90, which indicates a possible bump around the royal g 76855 —06
zones centered on 60 T

| 2.5055E-06

| 2.5953E-06

" | ——— Differential rowation case

3.3. The latitudinal integration case 8.7680F —06 ] T T 2.5951E —06

The sum of the radial integrated oblatenesses over all helio-
graphic latitudes yields the total behavioreofFig. 5.). 0.99990 0.99993 0.99996 0.99999

e(2,0) = Y e(a, 0) A0’ (31) r/Ro
v Fig. 6. Zoom of the right side of the previous profiles (Fig.5.) in the
The model used stops@B9998 R, but we can extrapolate differential rotation case and in the rigid rotation case, to determine the

the curve of the integrated profile, without a too large error aialue of oblateness at the surface in these two cases. The plain curve

the final result. So, the oblateness of the Sun can be determipesnits us to determirte77.10~° for the oblateness in the differential

as rotation case an.59.10~° in the rigid rotation case. Note the break

which appears at 0.99996R

e =28.77.10"° (32)
Comparing the profile of for the differential rotation case . ]

with the profile of in the rigid rotation case, where we fingl~  SayJ> equal to1.60.10~" (Godier and Rozelot, 1999)). These

2.59.10~6, we see that the oblateness of the Sun is increasédues are sightly weaker in comparaison to the values quoted

by the differential rotation of a quantity equal 6018.10—¢ in the introduction of this paper and also in comparaison to the
(Fig.6.). values obtained by Pijpers (1998) deduced from the ponderate

GONG and MDI data, that is to sag.(8 + 0.06).10~7. The

main reason comes from the assumptions made in the compu-
tations, which are slightly reductive. In a first approach, and to
In our study, the determination of the integrated valuemferr  improve these assumptions, one could change the boundary con-
andd leads tae = 8.77.10~° at the surface of the Sun (that is taditions. In a second study, one should take into account the varia-

4. Discussion
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tion of temperature at the surface of the Sun (Kuhn et al., [199BY, the position of its center and its width, vary with the latitude.
if any. This variation would question the assumption of the hyAs the Sun is a bit more elliptic at the equator, each layer is
drostatic equilibrium and of the equipotential surfaces. On tkl@nner at the poles than at other latitudes: the tachocline would
other hand, the chosen assumptions are sufficient, for the tibeecertainly thinner near the poles than near the equator.
being, to study and interpret the profiles of oblateness. Indeed Charbonneau et al. (1999) suggest that the tachoclpreis

at least two observations have been made to attempt to meatateand may have a central radius larger &t 8tan at the equa-
the successive moments in order to be free from the atmosphésic This suggestion is directly deduced from the most recent
turbulences. The first one has been made by Lydon and Séifgioseismic study of the differential rotation, and may not be
(1996) which found..8.10~7 for J, and9.8.10~7 for J,. The contradictory to our result. This would simply mean that if a
second one has been performed by Kuhn et al. (1998) whimlmmp does exist around 6@f latitude, at the surface, and as
report along a Legendre expansion of the measurements madiously seen, this geometry with a bump, is preserved inside
on board the SOHO spacecraft on March 1997, a quadrupdlae Sun.

distortion (I=2; the oblateness) &fl8 + 0.44 mas and a hexade-

capolg shape term (|:4.) 6137+0.54 mas. The !:4 va}lue are of 4.2. The tachocline and the overshoot layer

very high amount and in complete contradiction with[Eq. 9. To
be perfectly self consistent with the formalism, it must be notéeanuto (1998) suggests that the tachocline can originate in the
that 3(#) which is in fact a differential form of3] must not part of the overshooting region, where the convective flux is still
be confused with the =4 coefficient. A paper under preparatipnsitive. Another scenario assumes that the solar dynamo has
will bring more detailed comments on that multipole momeng measurable effect on the stratification of the overshoot layer
applied to the Solar case. where the magnetic field can be stored (Monteiro et al., 1998),
if the convective flux inside this layer is negative. These two
arguments would mean that the overshooting layer might be di-
vided in two regions. The first one would be located at the base
The profile ofe is one of the direct information through whichof the convection zone, where the convective flux is negative,
the latitudinal variation of the solar quantities can be reachdHat is, where the magnetic field is stored. The second region,
such as the position of the center or the width of the transihere the convective flux would become positive, would cor-
tion layers. The first perturbed layer, located betwe®0 R, respond to a part of the tachocline. According to the values of
and 0.75R, where the rotation rate changes from differerthe position of the center of the tachocline and the position of
tial rotation in the convection zone to an almost latitudinallthe base of the convection zone, the top of the tachocline is
independent rotation rate in the radiative interior, is callddcated at aroun®.712R; while the base of the convection
the tachocline (Spiegel and Zahn, 1992). The helioseismic datme is located at arourid7 13 R,. The difference in thickness,
show that this region of rapid change has its center located owligich accounts for approximate§0 km only, may be asso-
slightly below the convective zong (Charbonneau et al., [1999%ted to the first overshoot layer, with a weak thickness, if this
at (0.693 £+ 0.017)R, and that the thickness of this layelayer begins at the base of the convection zone. If this layer be-
is (0.039 £+ 0.017)Rg. Current studies of this layer showgins within the convection zone, this first part of the overshoot
that the tachocline is a shear layer and could accomodate ldner should be more extended. A priori, our model of oblate-
dynamo-effect and a magnetic field. In particular, the helioseisess, for a Sun splitted in shells, shows a variation in the curves
mic data show that the endpoint of the adiabatically stratifiecdar0.71 R, more or less visible according to the latitude, and
part of the convection zone is located(8t713 + 0.003)R, even more marked at the latitudes of6@5° and 90, which
(Kosovichev, 1996a) and (Christensen-Dalsgaard et al., 1994 typically associated to the borderline of the convection zone.
This would mean, that the tachocline ends where the convectiimen, we observe on these same curves a weaker gradient up to
zone begins. Nevertheless, if the tachocline becomes slighthy0.78 R, for latitudes 60, 75° and 90. This means that the
thicker and shifts at higher latitudes, a part of the tachoclimblateness does not vary along the radius for these considered
might be extended into the convection zone, at least at these latitudes until a certain depth, that defines a new region. As the
itudes (Basu and Antia, 1998) and (Antia et al., 1998); in thisngth of the plateau is not the same according to the considered
case, itis possible that the position of the base of the convectliatitude, the thickness of this new region also varies with the lat-
zone might also depend on the latituderAt 0.713 R, (deter- itude. This shows that this region could be associated with the
minated at the equator), the value of the oblateness varies vegtend of the first overshoot layer, whose thickness would be
the latitude. So, according to the chosen latitude, the valueasbund0.07R: in this case, our model shows, if we can trust
the position of the base of the convection zone can be largettioe helioseismic data, that the extension of this region would be
smaller than its position at the equator. Therefore, if the posititarger, accounting for approximateip000 km. In our opinion,

of the base of the convection zone changes with the latitude, thiss layer, which would accomodate the magnetic field, would
position of the top also changes, not necessarily in phase with a transfer layer of the field. The dynamo-effect, located in
the base. This is clearly visible in Figs.1 and 3, which shaotlie tachocline (not in the convection zone, to eliminate a radial
that whenr is increasing, the departure between each profilegsopagation), would transform the poloidal field into a toroidal
not constant. Thus, the properties of the tachocline, describiedid, both stored in the transfer layer. Then, this toroidal field

4.1. The properties of the tachocline



372 S. Godier & J.-P. Rozelot: The solar oblateness

would climb throughout the convection zone, up to the surfacefester and slower rotation of the bands. The other one might be
produce the sunspots. Boruta (1996) estimated the limit strentjib signature of the meridional flows, which circulate from the
of the magnetic field in a transition layer around 0.5G, but théxjuator to the poles. These variations mean that the set of shells
value depends on the thickness of this layer. Recently, Tobidonging to this range of values presents a larger oblateness
et al.(1998) proposed a scenario where the required transploan the previous shells and than the following ones. Around
of magnetic field, from the convection zone to the overshoo®995R,, our curves present another change of curvature at
region, can be achieved on a convective timescale by a pumplatifudes 0, 15, 30, 45, and 60 degrees, which might be associ-
mechanism in turbulent penetrative compressible convectiated with a borderline of the layer. Indeed, from the surface up
This scenario may explain the passage of the magnetic figddhis depth, the acoustic cutoff frequency is much larger (until
from the transfer layer to the tachocline to sustain the dynanmi®00 p;Hz) than in the solar interior<{ 600 Hz). The acous-
effect, but we do not have yet a scenario to explain the incredigecutoff frequency is linked to the gradient of density which
of the transformed magnetic field. rapidly increases abovk9995 R, (Corbard, 1998a). Here, we
can remark that the curve, corresponding to a rigid rotation of
the Sun {v = 1, plotted in Fig.1.), presents the same varia-
tions around.984 R, 0.993 R and0.9995 R,. This indicates
Apart from the tachocline, another shear layer near the shat these variations are not brought by the rotation model but
lar surface has been put into evidence at ab@9bR., present a physical reality. Abowe9995R,, we observe new
where the rotation rate increases with depth (Antia et al., [199@ariations for certain latitudes. APQ15° and 30, we have two

This shear layer has already appeared in our study of #teanges of curvature and an increasing ended curve. At 45
quadrupole moment of the Sun (Godier and Rozelot, 1999)atd 60, we notice two changes of curvature and a decreasing
is certainly directly linked to the passage from the convectiended curve. At 75and 90, the curves do not clearly present
zone to a new thin radiative layer (Richard et al., 1996) awmdriations, but we observe a slight shift to the linearity of the
(Morel et al., 1997), the top of which being the surface of theurves around.99991 R . The changes of curvature are located
Sun. This layer is associated to several events which appear grsund 0.99989R and 0.99993R. These values belong to the
below the surface, such as the meridional and zonal flows, or thage [.99982 R ; 0.99996 R ] where the seismic events seem
seismic events and the jets. The meridional flows, large-scadeake place. But, these seismic events would occur at precise
mass motions from the equator to the poles, are located betwkstitudes, since we do not observe the same variation at every
0.979R and0.999R, (Hernandez et al., 1999) and the velodatitude. Our model does not present events near the poles. Con-
ities are predominantly poleward. The zonal flow bands hagerning the jets, our model gives no variations arou9d Rz,

been detected with a velocity variation®of.s™! at a depth lo- The comparison between the solar events and our model of
cated betweed.987 R and0.997 R, beneath the surface fromoblateness, is very importantto improve the understanding of the
helioseismic MDI data (Kosovichev, 1897). These zonal bandsucture of the subsurface. The shear layer beneath the surface is
characterised by faster and slower rotation, and consistent witht without calling on the shear layer located aro0nd?; and
surface observations of the torsional oscillations, migrate tescribed in (Sect. 4.2). In these two cases, this transition rep-
wards the equator. The seismic events (or sunquakes) have bbegants the passage between a convection zone and a radiation
identified in the photosphere and seem generated by the collapsee, and thus we can assume that similar physical character-
of the intergranular lane (Goode et al., 1998). The total durigtics might be found again. The helioseismic data permit us to
tion of the expansive phase of the events is of about 5 minutdeduce an increasing of the rotation below the surface (with a
These events are confirmed by Nigam and Kosovichev (1998aximum around.95R) up to~ 470 nHz (Corbard, 1998b).
who found that the solar acoustic modes are excited in a thihis value corresponds to the rotation of the small magnetic
superadiabatic layer of turbulent convection of abdiutt 50  structures observed at the surface (Komm et al., 1993). This
km (i.e. betweerd.99982R and0.99996 k) below the Sun suggests that these structures might be stored aro9adk,
surface. If we carefully examine the curves of our model {Corbard et al., 1997).

the region defined in the rang8.979Ry; 0.999R ], where This set of considerations strongly suggests that, just below
the meridional and zonal flows are found, it is difficult to ashe surface, may exist a double layer which could be constituted
sociate observed variations with a given flow. In any case, tinehe same way as that of the transition region locatédrad ;..
maximum observed arour@l985R, (Fig. 1. and 2.) can not The first layer would be a shear layer like the tachocline, located
be considered, because it depends on the Kosovichev rotatietween).99950 R, (which seems to correspond to a border-
law which presents the same maximum at the same valuelingé) and0.99996 R, which would be the top of the convection
the radius. Apart from these maxima, we notice a first changene, given by the observation of our integrated profile (Fig. 6.).
of curvature aroun®.989 R, for each latitude, and a secondlhe second layer would be an overshoot layer, extended from
one around.994 R, at each latitude (less marked at 75 and 995k, up t0 0.9995R. In this layer, the magnetic field at
degrees). These two changes can be associated with the zemelll-scale would be stored and the zonal and meridional flows
and meridional flows. They both verify the definition range ofould circulate. This scenario of a double layer beneath the sur-
these flows and one of them might be the signature of the zofae is also proposed by Basu et al. (1999) who gave a depth of
flows. These variations exist at each latitude and confirm théim (~ 0.994R,) for the outer part. Thus, the seismic events

4.3. The structure of the subsurface



S. Godier & J.-P. Rozelot: The solar oblateness 373

would happen at the base of the shear layer. In this approaevents. The two first are located@B89 R, and at0.994 R, .

the shear layer would have a thicknes9@0046 R, and the They are certainly linked to two types of flows: the zonal flows,
overshoot layer 06.0495R,. represented by bands, and the meridional flows which circulate
from the equator to the poles. The third change is located at
0.9995R and can be associated with the layer’'s borderline.
Then, the fourth and fifth changes, which occuf 89989 R,

The profiles of the oblatenessallow us to estimate the shapeand at).99993 R, can be the signature of the region where the
of the Sun with respect to the latitude. Our results show that theismic events take place.

radius decreases slightly from the equator (latitude at which the - A transition zone, characterised by the passage from a con-
radius is the largest), then at? B0, 45°, 60°, 75° up to 9C vective zone to a radiative one, exists inside the tachocline and
(latitude at which the radius is the smallest). At latitudesl®®, within the subsurface. We assume that the structure of these
and 30, the radius is slightly larger than the mean radius. It tsvo different transition layers may be similar. On this basis, we
more difficult to give an estimation of the radius around,4it  showed that the transition zone within the subsurface is com-
the values found are sufficient to evaluate the shape of the Spmsed of two layers, the first one has an extension in the range
which seems to present through our model, a lenghtening at [p®995 R, 0.99996 R ]; the second one, where the magnetic
equator and a bump around°6{ his estimation is globally in field would be stored, extendsin the ran@€p R, 0.9995 R ].
agreement with the observations of the semi diameter (Fig. 4.) - Finally, we were able to deduce from this study a global
made both by F. Laclare (1996) at CERGA in France and ghape of the Sun, and we confirm that the solar diameter presents
Noél (1999) in Santiago, Chili, by means of a solar astrolab& dependence on the latitude.

The consistency of our model with the variability found through  The full study of a differential rotating body, such as the Sun,
observations of the semi diameter shows that the data obtaitesttls to the conclusion that the exact shape critically depends
from ground-based experiments seem to have a physical realityth on the rotation law from the subsurface to the tachocline
Nevertheless, it seems that the observed difference betweeraihe on the properties of its internal structure: shear, magnetic
two extreme values, is very large: 80 mas in the data givéeld, flux of matter, seismic events, etc... A motivating objective
by F. Laclare and 170 mas in the data given by EéN@he would be to monitor the solar parameters, like the oblateness,
oblateness deduced from Laclare’s data would be larger ttfeam space.

10.10°°, whereas we find an oblateness3df7.10~6.

4.4. The variation of the solar radius with latitude
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