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Abstract. We derive analytical expressions for the emergintpe thickness of the atmosphere is taken into account and in
intensity and flux perturbations due to stellar nonradial oscillthe papers of Toutain & Gouttebroze (1993) and Staude et al.
tions taking into account the sphericity of the emitting layer§1994) where, in the case of the Sun, the radiative transfer in the
These expressions are derived using both the Eulerian and jplaetosphere is taken into account as well as the opacity pertur-
grangian formulations. We show, analytically and numericallgation due to nonradial oscillations. Nevertheless, these works
that these formulations are equivalent and that they lead, in 8i#l suffer three approximations:

limit of a plane-parallel atmosphere, to analytical expressions

derived in previous works. As an example, we compute for a

grey atmosphere intensity perturbations for low-degree solar
oscillations and show that some p and g modes can produce

a plane-parallel atmosphere is assumed for computing the
emerging intensity,
nonadiabatic coupling between g modes and convection is

! iations of intensity on th fimb of the solar disk, "cdocted:
arge variations of Intenstty on the very fimb of In€ Soiar disk._ g-mode amplitudes are computed assuming energy equipar-
We also compute the corresponding flux perturbations showing tition

that differences between spherical and plane-parallel computa-
tions for modes below 4 mHz do not exceed 15 percents, #f@proving the last two approximations is difficult. For the cou-
better agreement being for low frequencies. pling see e.g. the works of Gough (1977), Gonczi & Osaki
(1980) and more recently the work of Balmforth (1992). For
Key words: Sun: oscillations — stars: oscillations — stars: atm#€e g-mode energy see (Andersen 1996) who simulates excita-
spheres tion of g modes by the convective overshooting at the base of the
solar convection zone and (Kumar et al. 1996) who assume the
fluctuating Reynolds stress to be the source of g-mode excita-
tion. Up to now, the mechanisms exciting g modes are unknown
and the distribution of energy in the modes as a function of their
Detection and identification of low-degree solar p and g modgequency and their degree is also unknown.
of low order are useful if we want to go further in the under- In this paper we derive analytical expressions of the ampli-
standing of the physics and the rotation of the core of the Suiides of nonradial oscillations for full-disc intensity observa-
Unfortunately, even with the longest helioseismologic data séjisns in the visible continuum, taking into account the sphericity
no g modes were, up to now, unambiguously detected neitherddthe photosphere. As an application we compute these ampli-
velocity measurements nor with intensity measurements. Tlgdes for low-degree solar p and g modes.
oretical supports are therefore needed to help the search of gin the next section we verify analytically that Eulerian and
modes. One of these supports is the estimation of theoretical ggrangian formulations can equivalently be used to derive the
mode amplitudes for intensity measurements. These theoret@ablitude of the intensity perturbation due to a nonradial os-
amplitudes allow us to build theoretical g-mode power spegillation. In the third section we derive the amplitude of the
tra to be compared to observational ones. The pioneering wlt perturbation in the general spherical case. For the plane-
in this domain is the paper of Dziembowski (1977). Assumingarallel case, we show that with some constraints we are able
that the emerging intensity perturbation due to an oscillationtts derive the flux perturbation with its geometrical terms as
known, Dziembowski derives the corresponding perturbationgi/en by Toutain & Gouttebroze (1993). In the fourth section
flux and the effect of surface distortion on it. Then Buta & Smitive compute intensity and flux perturbations for low-degree so-
(1979) give an expression for the emerging intensity perturtiar oscillations and compare flux perturbations of the spherical
tion assuming adiabatic oscillations and modeling the stellggise to flux perturbations of the plane-parallel case. We also
atmosphere as a blackbody surface. A step forward is accatdmpare the efficiency for numerical purpose of Eulerian and
plished in the paper by Berthomieu & Provost (1990) wheteagrangian formulations.

1. Introduction

Send offprint requests 1d@. Toutain
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Fig. 1. Path of integration for the emerg-
ing intensity. P is the running pointand z
is the integration variable, the"Zaxis is
the rotation axis and the Z-axis is point-
ing toward the observer

2. From Euler to Lagrange formulation between N and M, along the line of sight, assuming no radia-

In order to derive analytical expressions for the perturbation tci)?n Is entering the star. Since the line of sight at M paraliel
Y P P t0 the Z-axis we use the integration variabland write (e.g.

§te|lar light in the v!3|ble contlnuum duetoa nonra(_jlal 'oscnl ~handrasekhar 1960):
tion we need to derive the perturbation of the emerging intensity
on the visible hemisphere. Let us first define for equilibrium (no(o) B Zo
oscillation) the quantities of the problem and the correspondi@g (ho, do) = /
emerging intensity. For a sufficiently slowly rotating star, like
the Sun, we can neglect the deformation due to rotation affgere
assume a spherical shape at equilibrium. We therefore assume Zo
the star to be centered at point O with a radius R and havingtd?) = / o, (z)dz
rotation axis along the Zaxis (see Fid.l1). :

We define (0, X, Y*, Z*) to be the main frame of the star and, (z) = k. p 3)
(r, 0%, ¢*)the corresponding spherical coordinates. Moreover,
assuming a Z-axis pointing toward an observer we consider
other frame (O, X, Y, Z) called the observer frame and(n) ¢ (») = q, S, (4)
the corresponding spherical coordinates. Therefore the position
of each point M on the visible surface will be defined in then.(2) is the monochromatic optical thickness along the line of
observer frame by the usual spherical coordinate®{Rypo). sight. ¢, a,, are the monochromatic volume emission coeffi-
We will also frequently use the quantity, which is the cosine cient and volume absorption coefficient, respectively. Note that
of 6y. The observer is assumed far enough from the star (oacause of the spherical symmetry of the sfirdoes not de-
a scale of R) such as the line of sight ag M parallel to the pend ongo.
Z-axis. We denote alsod\as the point on the nonvisible surface  We assume now that the star is oscillating around its equi-
symmetric to M. The coordinates of Mand N, on the Z-axis librium position, and to avoid tackling with nonlinear physics,
will be denoted g and -Z, respectively. we consider only small perturbations of the equilibrium state.

At equilibrium, the monochromatic intensi@o) at light There are two different ways of describing the perturbation of
frequencyr emerging from M towards the observer will be the medium. The first one is the Eulerian formulation. In this

obtained integrating the contribution of each element of flugRse, we are interested in the changes of temperature, pressure,
density... at a given point of space as a function of time. Thus

e, (2)e” M dz (1)
—Zo

(@)
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for example T'¢,t) corresponds to the temperature perturbati@ppropriate to compute the perturbation of emerging intensity,
at positionr and time t. The second one is the Lagrangian fobecause it is not necessary to know which fluid elements are on
mulation for which we are interested in the same changes ti line of sight at each time as it is with Lagrangian formulation.
in a given fluid element as a function of time. Thus for examplehus, in this section we start with deriving the perturbation of
0T(A(r),t) corresponds to the temperature perturbation of tleenerging intensity using the Eulerian approach. Nevertheless,
fluid element Ag) at time t. In this paper the symbol ’ will al- though the Lagrangian formulation is less “natural” than the Eu-
ways indicate the Eulerian perturbation of a quantity whefeagerian one for this problem, it is very convenient for numerical
will indicate the corresponding Lagrangian perturbation. Theparposes as shown in Sect. 4. This is why, in the present sec-
formulations are equivalent and to switch from one to the oth&on, we give also a Lagrangian expression for the perturbation
we use the formula, written here as an example for temperatwkemerging intensity and demonstrate the equivalence of both
I formulations.

ST (A(r),t) =T (r,t) + 51"5 (5)

. - 2.1. Derivation of the intensity perturbation
whereé_r is the radial displacement _of matter. Because we use using the Eulerian formulation
the variable z rather than r, we rewrite Ed. (5) as:

5 dT When the star is oscillating its surface is slightly distorted and
r

ST(A(2),t) =T (2,t) + — — (6) the matter contributing to the emerging intensity is no longer
podz bounded in M and N, but rather in M(t) and N(t) which are the
where intersection between the line of sight and the distorted surface
p and which are therefore a function of time, see Eig. 2. We denote:
.
dz = — 7
r D aza) = z0m) - 2z (10)

has been used.(is the cosine of)). Following now a normal gnd
mode decomposition technique we write each perturbation, here
as an example for the radial displacement, as AZ(No) = Z(N) + Zo (11)

o = &(r).Yin (0%, ¢7) ™" (8) The emerging intensity from the perturbed star is:

where we have introduced the temporal and the angular depen- Z(M) ,
dence of the eigenfunctions. The angles are labeled with ZYA'“O’CZ’OJ) - /Z(N) (€ +e)-
asterisk indicating that they are referenced to the main frame of 2()
the star.Y;,,, the usual spherical harmonic function is used to exp (_/ (0, + 77f,)d2> dz (12)
take advantage of the spherical symmetry of the star. 2
The above described perturbations of temperature, density ] ] ]
and pressure in the photosphere, as well as the displaceme{$P9 Eqd.lL anid12in Ed.I(9) and keeping only first order terms,
the matter produce a perturbation of the emission and absdf}f Perturbation of emerging intensity reads:
tion coefficients as well as the optical thickness. Consequen _ 7a b
these perturbations of the medium induce also a perturbationﬂg%(uo’ 90,8) = L, (o, b0, ) + I, (1o, $o.?)
the visible continuum intensity emerging in the observer direc- +1; (1o, ¢o, 1) (13)

tion_, cont.inuumwhic.h is mainly form‘?d in the photosphere. Wg, .6 heavy notations we will ignore here below the time
define this perturbation as the following dependence and the frequency dependence of all the quantities.

AL (0, @0, 1) = L (10, b0, t) — I (110) (9) Thefirstterm:

Zo / Zo
Using a stellar model it is possible to compL&@quo) foreach 19(u,pg) = / [6 _ / a/dZ] e(2)e " dz (14)
1to- The problem is rather how can we compute the other term —Zo | € z

I, (1o,00,t)? To go further, we therefore need to give a theo- . . . .
retical expression for the perturbation of emerging intensity mes from the Eulerian perturbations of the integrand in
g.[12), whereas the second term

a function of the displacement of the fluid and the perturba-
tion of the emission and absorption coefficients. Arises now they ;) = —a(Z))AZ(My) IO (o) (15)
guestion “Shall we use an Eulerian or a Lagrangian formulation

to describe the problem?”. To answer this question we havecmmes from the perturbation of the upper boundary of the optical
answer first the related question “What is the meaning of #mickness in Eq[{12) and the third term
intensity perturbation with both formulations?”. Because of the

definition of the emerging intensity, see Hd. (1), only the fluibl (1o, ¢0) = €(Zo) AZ(Mo) —
elements crossing the line of sight contribute to the intensity

observed. Therefore the Eulerian formulation is certainly more e(=Zo) AZ(No) ep(— /ZO

Zo
2(z)de)  (16)
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Fig. 2. Schematic shape of a star per-
turbed by al=2 g mode (dashed line).
When the star is perturbed, each fluid
element located on the line of sight at
equilibrium is replaced by a fluid ele-
mentlocated on the same spherical shell.
Here for example the fluid elements lo-
cated at M and N, on the equilibrium
surface are replaced by those located at
M and N respectively.

comes from the perturbation of the boundaries of the integrahere

in Eg.[12). From a physical point of view? is due to the Z [ g Zo

changes of the local properties of the medium betwegmMl 19 (;4y, ) = / lﬁ - / 5adz] e(z)e”dz (18)

No, I is the contribution of transparency changes to the per- —Zo | € z

turbed emerging intensity because of the surface distortionajy
point My, while 7¢ corresponds to changes of the emerging in- p s
tensity due to the displacements of matter aroundavid N,. (10, o) = / © | deor n ? dg@dz
Note that in the paper by Gouttebroze & Toutain (1994rid Ho, o edz [ , dz p
I< were not taken into account because the authors assamed we(z)e M dz (19)
ande to be vanishing at the surface. From a computational point
of view, the last points of stellar models have nonzero valuigurns out that the advection terms of Hg.l(19) are larger than
for a ande making P and F not always negligible comparedthe Lagrangian terms of Eq.{18) by several orders of magni-
to I1¢, especially close to the limb. The Eulerian perturbation ¢fide. But [ is of the same order of magnitude dskcause the
emerging intensity given by Eq.{1L3) is therefore a sum of threelvection terms of emission compensate almost exactly those of
terms which seem easily computable. Unfortunately, we firadbsorption. The problem of cancellation described in the previ-
out numerically that the emission and the absorption contribous section comes therefore from the advection terms which are
tions to I cancel each other almost exactly and the remaindetplicitly contained in the Eulerian perturbation. This fact ex-
of this cancellation is the quantity we are looking at. Ther@lains why computing® accurately is not so easy. On the other
fore the computation of the emerging intensity perturbation imnd computing4 accurately is not a problem. We can now
somehow difficult as shown in Sect. 4. One way to avoid thigoceed analytically to the cancellation of the advection terms
problem is to do the cancellation analytically taking advantagg integrating by part’¢. Doing so we face a new problem
of the Lagrangian description. which is that the new integral is diverging for points satisfying
1=0 because of the termdAppearing in9. Nevertheless these
points located in the plane Z=0 generally do not contribute to the
emerging intensity because the opacity increases very rapidly
inwards along the line of sight. Only close to the limb of the star
We introduce in Eq[(14) EJ.X6) which is the usual relation béke other hemisphere contributes significantly to the emerging
tween Eulerian and Lagrangian perturbation and separate iiftensity and these points have to be taken into acount. For ex-
Lagrangian terms from the advection terms, doing so we getample, in the case of the Sun these points contribute only when
0< 1 <0.03 that is to say the domain where Eqgl(17) is not ap-
I%(uo, ¢o) = I (1o, do) + I°(o, ¢o) (17) plicable corresponds to the very limb. Of course for stars having

—Zo

2.2. Derivation of the intensity perturbation
using the Lagrangian formulation
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an extended atmosphere this domain can be a significant paelement located at Q which is, to the first order, the same as the

the disc. displacement vector of the fluid element located gtvige have
Assuming the opacity to increase rapidly along the line tiie vectorial equality

sight we neglect the contribution of matter beyond an arbitraTry

point Q both in Eqs[{18) and (1L9) and integrate by part thé® toz=rq+or (23)

integral of Eq.[(IP) obtaining: Taking now the squared norm of E[g.{23) and keeping only the
first order terms, we get:
I° (MO? ¢0) Sr
0 0 0z = — (24)
= /Z dor/w) _ /Z aid(ér/u) dz| e(z)e™"dz K
2(Q) edz . dz

) . as long agu| > /|2°|. It is interesting to note thatz is,
—1"(p0, 60) = IGas, (Ko, P0) (20)  to the first order approximation, independent of the horizontal

I¢ . is the same as in EG{LL6) but with Z(Q) instead of .- displacement unless this one is very large compared to the radial

o i o isplacement. Using EG{24) in EG{21) we obtain

serting now Eqs[{18) an@1R0) in EG.{13) where Z(Q) instead ®gPlacement. Using E4.(24) in EQ.{21) we obta

-Z, is used as lower boundary we get the Lagrangian expressi@n( ., ¢)

for the perturbation of emerging intensity: Zo Zo
= / de | d02) _ / (o +al))q,
Al(po, do) J_z@) | € edz . dz
Z
= / ’ [56 + d(0r/p) xe(z)e " dz (25)
—Z@ Le cdz where
7 d(or/ ) oz d 112 [ OYin(07, "
- (ba+a———=)dz| e(z)e” "dz (21) %0z _ &y f gy Srlom im (07, ¢")
/z dz dz dr m (67, 67) + roop ou
Though the fluid elements contributing to the emerging intensity Y (67, ¢*)> (26)
are changing with time we are still able to write the perturbation K

of emerging intensity in terms of only Lagrangian quantities. We obtained using Eq$.(24)](7) and (8). Note that Eg. (25) could
need therefore to understand the physical meaning ofEq. (23dve been obtained applying the Lagrangian operator t§ Eq. (1),
Looking at Figl2 we see that both the fluid elements locatedthat only problem being the meaninglafwhich is now clarified.

Mg and N, on the surface are replaced on the line of sight when The equality of Eqs[{13) an@{R5) demonstrates the equiv-
the star oscillates with the fluid elements located at M and N afence between Eulerian and Lagrangian formulations for the
the perturbed surface. Moreover these fluid elements have goenputation of the emerging intensity perturbation, except near
same physical properties than the two previous ones becagggimb as pointed out previously. Before deriving the perturba-
they come from the same spherical shell at equilibrium. Thetgon of flux, we discuss a special case which is the plane-parallel
fore itis as if the fluid elements have moved frong M M and  approximation.

Np to N, respectively. We can imagine replacing the same way

each fluid element located ap Qetween M and N, with a fluid
element coming from the same spherical shell aa@ located
at Q which is the intersection between the line of sight and tiiée aim of this section is to give an analytical expression for
perturbed shell. Note that Q is a function of time. Neverthelesatensity in the limit-case of the plane-parallel approximation
we can see that close to the limb this replacement is impossieich is relevant for the Sun where the thickness of the pho-
because the line of sight and the corresponding perturbed sksdbhere is very small compared to the solar radius. This ap-
are not always intersecting there. This fact explains the prqgiroximation was used by Berthomieu & Provost (1990) and by
lem we faced for the integration by part 6t The meaning of Toutain & Gouttebroze (1993) with a Lagrangian formulation.
Eq. (Z1) is now obvious: each fluid element on the line of sighti®or the sake of comparison we derive the perturbation of in-
replaced at each time with an other fluid element coming fromnsity using EqL(25) rather than HG}(13). As in the previous
the same spherical shell, it is as if the original fluid elemeptapers, we use instead.ofhe natural variable of integratian

was moving along the line of sight. The displacement of thike optical depth:

pseudo-element is given as:

h
62 = 2(Q) — 2(Qv) @2 T / adh (27)

5 is therefore not a real displacement of matter but we c¥f"€® h=R-r¢)is the depth relative to the surface. Assuming
write it as a function of radial and horizontal displacemenfsPlane-parallel geometry we can write that 1o along the
of a fluid element. Defining: andr, as the vectors giving £-3XiS, then changing to . in Egs. [1) and((25), we get
the equilibrium position of the fluid elements located at Q an Foo B dr
T/
)= [ s

Qu, respectively andr as the displacement vector of the fluid "’ (1o o (28)

2.3. The plane-parallel approximation
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the emerging intensity and In this section we have derived the analytical perturbation
// ; of emerging intensity in three different manners. The first one
Al(po; o) = 61" (1o, $o) + 17 (1o, o) (29) given by Eq.[(IB) is derived using an Eulerian formulation. The

second one given by Eq. (25) is derived using a Lagrangian for-

the perturbation of emerging intensity, where . - . ) ?
P ging Y mulation. The last one given by Ef]. {34) is obtained in the plane-

51//(M0, o) parallel approximation. We have shown that in this last case the
Tmes [§e  dg, T S de, dr perturbation of emerging intensit.y reduces tq vyhat Toutain &
= — g Ym = [ (=t Yim) Gouttebroze (1993) found but with one restriction: to neglect
0 € r 0 o dr 1o
d the h-dependence of. /r.
S(r)e~T/Ho Sl (30) Before going to numerical comparisons of the different for-
Ho mulations, we derive expressions for the corresponding flux per-
and turbations.
19 (o, ¢o) .
[Tmer [dse der T dss  d &Y dr 3. Total flux perturbation
A dz dr ™, i @ “”’)% 3.1. Spherical case
S(r)e~T/Ho dr (31) To obtain the perturbation of total fluAF we integrate the
Ho perturbation of emerging intensity, given by Egs](13)[of (25),

Tmas is the optical depth of the point Q where we stop th@/€" the visible disc (& ¢o <27, fuimp, < pro <1).

integration. Introducing Eq.{26) in E.(81) and neglecting the or 1
variation of¢, /r relatively toh we can rewrite AF (pttimb) = / / Al (po, o) dXo (35)
0 Iz

limb
8Ym 0*,¢5*
l ( 0 O)

2 pos0) = = | - )l

where & = uoduedey is the projected surface element, taking

the radius as unity. In principle we should add an extra-term

(1- H%)Y s ¢*)} I’/ (o) (32) coming from the deformation of the limb itself but neglect it
tm 170, %o dpo because the intensity vanishes on the very litabis a function

How does Eq[{29) compare to the perturbation of intensi(t))]; Yim (05, ¢5) which has first to be transformed according to:

found by Toutain & Gouttebroze (1993)?:

l
€~ a}/l (9* ¢*) Ylm(087¢8) = Z Cinpl/lp(e()aqﬁ()) (36)
A (o, do) = 61/ (o, do) + 77(#3 - 1)% p=-l
a1’/ (i) before integrating inyy Eq. (38). We easily see that only the
“dn (33) componentp = 0 contributes to the integral. Consequently
Ho Eq. [3%) becomes
where the first and second terms on the right side describe the L
effecton_ the emerging intensity of thermodynamical changes&]}w(mimb) = Yim (0%, ¢Z§bs)/ AT (o) podpo (37)
the medium and changes of the local normal of the solar surface, Hlimb

respectively. A straight comparison of £¢s](29) &nd (33) Shovv\//?]ere 0:...05,.) are the angles defining the direction of the

: obs?
that observer in the main frame of the Suk! is now only a function
Al(po, ¢0) = AT/ (1o, do) of 119 throughP; the Legendre polynomial of degré€To avoid
(1—p2)dl// ¢ heavy notation we keep the same notation for a functiop@f (
o Y (05, 05) (34) o) and its integral ovedy.

Ho  duo T As in the previous section, it is also interesting to study the

This discrepancy betweehl and Al// is not real and comes Plane-parallel case.
from the fact thatAI//(u) refers to an intensity emerging

slightly off the direction given by, because of the distortion3 2. The plane-parallel approximation

of the surface. To correct from this effect we should use[Eq. (34) ) )

instead of[3B) to compare emerging intensityain the plane- Nserting Eq.@) Into quz35) and applying the same method
parallel approximation with emerging intensity of the gener&f for the spherical case we find:

spherical case as given by Eqs](13) and (25). It is useful to 1
note that firstly EqI{34) is not valid for stars with extended\ F(ju;,) = [/ 817/ (o) prodpeo
atmosphere and secondly for others stars[Ed. (34) is meaningful H

not too close to the limb where sphericity of the emitting layers

is not negligible. +/ﬂ

limb

1
I%uomoduo} Vi (O 652) (38

limb
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1"

Following Toutain & Gouttebroze (1993) we know that in the 1x10° '
plane-parallel approximation the flux perturbation writes: I
1 ax10'01
AP i) = Yin (8650 | [ 61" (o)t ,
Hlimb 6 101 ol
1 > 0% [
r dP,(po) dI’/ 2 I
+€*/ (2 — )P ATt T I
r Klimb dﬂ‘O duO < . 101 ol
1 2 * B
” —1)dP r
é/ {(”O)dl(“o)+2pl(m)) L
r Hlimb Ko Ho ZXWOWO; _
I//(No)ﬂoduo} (39) I
where the second and the third integrals take into account the o . T
perturbation of the local normal and the distortion of the surface, o

respectively. These terms are the so-called geometrical termgi@ 3.Intensity for a grey atmosphere as a functiop:gin the spher-
straight comparison between this equation and[Ed. (38) shqws case (solid line) and the plane-parallel case (dashed line)
that the integral offY should contain the geometrical effects.

Integrating Eq.[(3R) ovep, we obtain

L intensity does not vanish on the limb and the limb deformation

FI (i) = Ylm(%svszbs)/ 19 (o) podpo can not be neglected. Adding this term to [Eql (45) shows that in
imb the plane-parallel approximation, the formula for flux perturba-
= F9 (b)) + FO (fi1immn) (40) Eifggi;)the s;m%%s) the one derived by Toutain & Gouttebroze
) Ji.e. Eq. )
with In this section we have shown that, in the plane-parallel ap-
o ) 57’Y 6 ) 1 (2 l)dpl(uo) proximation and i, /r is not a function of depth, the flux per-
F (pimb) = o imUobs: Pobs / Ho — dpo turbation of the general spherical case reduces to the expression
// Hiimb given by Eq.[(3P) with its corresponding geometrical terms.
L(uo)#o dpo (41)
dp
q 0 4. Numerical comparison of the different approaches
an
1 The goal of this section is to compare, from a numerical point of
F9 (figimp) = lem( zbs7¢zbs)/ (1 — ) Py(po) view, the three formulations: Eulerian, Lagrangian and plane-
T i parallel. We use a standard solar model obtained with the code
dI'!/ (uo) CESAM of the Nice Observatory, (Morel 1997). For simplicity,
Tduo dpo (42)  the eigenfunctions are computed in the adiabatic approximation

. o and to be compatible with the solar model, the radiative transfer
F9is the contribution of local normal change to the flux pefs |imijted to the grey case.

turbation (second term of HG.139). To gét2 in a known form

we first have to perform an integration by part. Then . .
4.1. Intensity at equilibrium

1 2
F92 = lelmWZbyfﬁst)/ [(Mo_l) i Using Eqgs.[(l1) and(28) with aT* source function, we first
" Hlimb Ho dio compute the intensity over the disc in the general spherical case
+2P;(110)] I’/ (o) prodpo — FmP (43) and in the plane-parallel case. These intensities are plotted in
Fig.[3
where As expected the intensity decreases to 0 towards the limb
limb &r 2 in the spherical case, due to rarefaction of the atmosphere, and
F aimn) = TPZ(“ tnd) (1= Hiia) tends tc[; the source function at the temperature of thepfirst layer
XI//(mimb)Yzm(@bs, b (44) of the model in the plane-parallel case. fror< 0.1 the total

optical thickness at visible wavelengths along the line of sight
The first term inf'92 is the flux perturbation due to the solafecomes smaller than 1 and the plane-parallel approximation
surface distortion (third term of Hq.39). Therefore we have: assuming an infinite extended atmosphere is no longer appro-

) _ 1/(. _ plimb,, priate to describe the problem.

AF (imb) = AP (pimy) = F7 (i) (45) In order to compare the theoretical behavior of the intensity
The second term'™? is a term due to limb deformation whichat the limb to the observations we have considered various pa-
was neglected in Ed.(B5) because the intensity is supposegéos on limb darkening. In most of them, the authors try to fit
vanish on the limb. But for the plane-parallel approximation thebservations of intensity on the disk with polynomials, discard-
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2

ing the first 7’ of the limb, which is the region we are interested 10
in. Nevertheless, Dunn (1959) has measured the intensity of the
continuum at the very limb of the solar disk and he shows that

the intensity drops off very rapidly on a distance scale smallc%_r 107 F
than 1’, a result which is well reproduced by our model an
confirmed by Pierce & Slaughter (1977).

o,

107°

4.2. Intensity perturbation

LI/LO (in

< _
We compute now the perturbations of emerging intensity using 10 “r
Egs. [I1B),[(Zb) and (34) for the Eulerian, Lagrangian and plane-

parallel description, respectively. For a given moag (m) we g

write 10 [ ‘
0.01 0.10 1.00

AL (p0, d0) = AL () cos(wt + mgo) (46) e

. . . . _— ig. 4. Modulus of relative intensity perturbation dug & 1 mm/s -
assuming the rotation axis of the Sun is pointing towards t ;%n:3 o mode as a function afo: in the spherical case (solid line

observgr ,(Z'ax's)' U;ually, observations are ma}de In Pr Clpsec[f?ves for Eulerian and Lagrangian formulations are identical) and the
the ecliptic plane which corresponds to a rotation axis aligngfhne_parallel case (dashed line).

to the Y-axis instead of the Z-axis. In this case, using Egs. (36)
and [46), the observed intensity perturbations can be Written/gs
linear combinations of the previous perturbations

10~ [ |
IOj 7

o w

1
AL (1o, do) = Z Cmp AL (o) cos(wt +pgo)  (47)

p=—1

IALI/L® (in pp

whereAI™? (1) refer to the intensity perturbation for a rotation
axis pointing towards the observer and tb,% @re the rotation
matrix elements.

We focus here on low-degree p and g modes for a rot&: 180 i
tion axis pointing towards the observer. According to Kumaret = _—2f
al.(1996), the very low-radial order g modes are expectedtohave 4
the highest surface velocity amplitudes (few tenths of mm/s). 18—6 3

m)

We therefore only look at the intensity perturbation induced By 001 0.10 1.00
low-order g modes but also p modes assuming a surface velocity Lo
of 1 mm/s.

. S . . _Fig.5. Modulus of relative intensity perturbation due & 1 mm/s -
nlp
The AI'(u0) normalized with intensity are plotted in, 3"~ o o mode form=0 (top pane) andm=1 (bottom pandlas a

F|gs[313E_B for p modes 1=0,1 and 2 of ordex3, reSpe.Ct'Vely’ function of po in the spherical case (solid line, curves for Eulerian
and in FigdLlLB for I=1,2 n=3 g modes as a functionugf anq Lagrangian formulations are identical) and the plane-parallel case
Solid lines are both for intensity perturbation using Euleria@ashed line).

and Lagrangian formulations, whereas dashed line is for inten-

sity perturbation obtained in the plane-parallel case. Note that,

as explained in Sect. 2.2, in the case of the Sun and for visible From these computations, we conclude that a strong signa-
continuum observations belgw=0.03 the Lagrangian descrip-ture of some of the low-degree p and g modes is expected on
tionis meaningless and the corresponding intensity perturbatibe very limb of the solar disc. Appourchaux & Toutain (1998)
therefore not computed. In each case the three curves ovedigim they have detected low-degree p modes in the guiding
perfectly up to 0.1, the solar photosphere being very thin thé&el signals (0< po < 0.05) of the LOI/VIRGO instrument
plane-parallel case is still a good approximation there. Belawmith amplitudes 3 times larger as those of the p modes in full-
0.1 the effect of sphericity takes place and for modes Wvith.  disk. Toner & Jefferies (1998) have also found some evidence
even the two solid curves exhibit a strong change (notice the lag-enhancement of p-mode amplitude in MDI intensity data at
scale) in the emerging intensity perturbation whereas the dasktesl solar limb. Hill & Caudell (1979) have noticed changes of
curve keeps its monotonic shape. As explained in the previahe apparent limb darkening function in solar radius data.
subsection, below 0.1 the Sun becomes more and more trans-

parent increasing the contribution of the other hemisphere. TQi
effect is significant and of the order of several ppms, only for
modes having non vanishing eigenfunctions at the limb, thatiisthis section, we test the numerical accuracy and the agreement
to say mode withiftm) even. between Eulerian, Lagrangian and plane-parallel formulations

3. Flux perturbation
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Fig. 6. Modulus of relative intensity perturbation duea 1 mm/s =2 n=3 p-mode forn=0,1 and 2 {op to botton) as a function of., in the
spherical case (solid line, curves for Eulerian and Lagrangian formulations are identical) and the plane-parallel case (dashed line).

/g 102 agree very well on most of the disk. Nevertheless differences
a 0oL ] are quite large at the limb and it is therefore interesting to check
£ 2L ] by how much theses differences can modify the corresponding
T k. S ] flux perturbations. In Tablg 1 are reported the flux perturbations
= 1076 ] due tol=1,2n=3 g and p modes as a function of the methods we
= 0.01 0.10 1.00 used and the grid mesh for integration. The methods are Eule-
Ho rian, Lagrangian formulations with E@.{(37) and plane-parallel
. approximation with Eq[(39), respectively. Flux perturbations
g 10°T 1 for each degree are normalized to the value given by the Eule-
j 100 S 5 rian formulation and the finest grid mesh which is supposed to
Z 107 Rk T . give the best value. We have selected for the integratier(an
€. 1074k . 4 h) an upper boundary at=20 and a grid mesh between 00
= 10760 | N, < 12500 points and for integration jm, a grid mesh be-
= 0.01 0.10 1.00  tween 25 N,, < 800 points regularly spaced in LQgy). (t1imb

Mo is taken as 0.001. Because the Lagrangian description does not
Fig. 7. Perturbation of intensity dueta 1 mm/s 4=1 n=3 g-mode permit to go below.;,=0.03, we have replaced its value below
for m=0 (top pane) and m=1 (bottom panél as a function ofu, 0.03 with the value given by the Eulerian description. Moreover,
in the spherical case (solid line, curves for Eulerian and Lagrangitrough the plane-parallel approximation is meaningless below
formulations are identical) and the plane-parallel case (dashed line).1 we have performed the integration up to 0.001 to test the
accuracy of this method as far as flux perturbation is concerned.
As we can see from the tables, all the descriptions give values
using various numbers of mesh points for integration Bnd converging towards a same flux perturbation with a precision of
1. According to the computations carried out in the previouspercent. We note that the slowest convergence is obtained with
section intensity perturbations derived with each formulatidhe Eulerian description which requests a very fine grid to accu-
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IALI/L® (in ppm)

IALI/1® (in ppm)

IALI/1,® (in ppm)

0.01 0.10 1.00

Fig. 8. Perturbation of intensity du®@ta 1 mm/s 1=2 n=3 g-mode form=0,1 and 2 {op to botton) as a function of.o in the spherical case
(solid line, curves for Eulerian and Lagrangian formulations are identical) and the plane-parallel case (dashed line).

Ly

rately cancel the advection terms. Instead of using the Euleriari”
description for numerical purpose, it is therefore better to use,,
the Lagrangian description which leads to a faster convergence.
It is interesting to note that though the plane-parallel approx- 4
imation does not describe correctly the intensity perturbation
near the limb it leads, for the given modes, to a flux perturba- s
tion in good agreement with the exact perturbation obtainedsin
the general spherical case. fig. 9 shows in percent the relativer
difference between Eulerian and plane-parallel flux perturba-
tions as a function of mode frequency frl,2 modes. The ?
effect due to sphericity of the emitting layers is therefore visi-
ble only for high frequencies. Fér1 modes the agreementis  °["
good whatever the frequency is, because the radialdisplacemerjg L S
function vanishes on the limb. Sphericity effects are therefore o 1000 2000 3000 4000
negligible for g-mode flux perturbations and the previous com- frequency (uHz)
putations done assuming a plane-parallel atmosphere are sl 9. Relative difference in percent of the flux perturbations using
valid (Toutain et al. 1995). Eulerian formalism and plane-parallel approximation as a function of
mode frequency (solid line is fd=1 and dashed line fdr2).
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5. Conclusions

We have derived analytical expressions for intensity and flaxerical purposes than the Eulerian one, because this last one re-
perturbations in the general spherical case using both Euleriprests to deal with cancellation of advection terms which makes
and Lagrangian descriptions and have shown their equivalerm@mputations accurate only with a high number of mesh grid
Nevertheless, the Lagrangian description is more suited for quoints.
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Table 1. Normalized flux perturbation as a function of lthe grid mesh in z and Nthe grid mesh in:. For a given (N,N,,), columns from
left to right are for Eulerian (E), Lagrangian (L) and plane-parallel (//) methods, respectively whereas rows from top to bottom are for g-modes
1=1,2n=3 (Gs1 and G2) and p-mode$=1,2n=3 (Gs; and G), respectively.

Nu; N 100 500 2500 12500
E L 1 E L I E L 1 E L I
25 137.2 1.03 1.00 569 0.98 0.96 1.17 098 0.95 099 098 095,

146 1.03 1.02 146 099 0.99 1.01 0.99 0.99 099 099 0.9%
534 075 1.01 247 073 1.00 0.80 0.73 1.00 073 0.73 1.00
36.3 085 1.05 195 0.78 0.98 082 0.77 0.97 0.78 0.77 0.9%

50 1252 1.04 1.03 5.65 0.99 0.99 118 099 0.98 1.00 0.99 0.98
134 1.03 1.03 146 1.00 1.00 1.02 1.00 1.00 1.00 1.00 1.0G.
478 116 1.02 282 115 1.01 121 115 1.01 115 115 1.0%,
326 117 1.08 223 110 1.02 114 109 1.01 110 110 1.0%

100 115.7 1.05 1.03 5.65 0.99 0.99 1.18 099 0.99 1.00 099 0.99
125 1.04 1.03 146 100 1.00 1.02 100 1.00 1.00 1.00 1.0Q:
424 0.87 1.02 251 085 1.01 092 0.85 1.00 0.85 0.85 1.00:
289 098 1.08 202 090 1.02 094 090 1.02 090 090 1.02:

200 117.0 1.05 1.04 5.65 0.99 0.99 1.18 0.99 0.99 1.00 099 0.99
126 1.04 1.03 146 1.00 1.00 1.02 1.00 1.00 1.00 1.00 1.0G:
43.1 106 1.02 270 1.04 1.00 110 1.04 1.00 1.04 104 1.0Q
294 110 1.08 215 103 1.02 1.07 1.02 1.02 1.03 1.02 1.02

400 1146 1.05 1.04 570 0.99 0.99 1.18 099 0.99 1.00 099 0.99,
124 1.04 1.03 1.47 1.00 1.00 1.02 1.00 1.00 1.00 1.00 1.0G:
418 101 1.02 268 099 1.00 1.06 0.99 1.00 1.00 0.99 1.0Q;
28.6 1.08 1.08 213 100 1.02 1.04 099 1.02 1.00 0.99 1.02

800 1145 1.05 1.03 570 0.99 0.99 1.18 0.99 0.99 1.00 099 0.99;
123 1.04 1.03 1.47 1.00 1.00 1.02 1.00 1.00 1.00 1.00 1.0G:
416 102 1.02 268 1.00 1.00 1.07 1.00 1.00 1.00 1.00 1.0Q;
284 108 1.08 214 100 1.02 1.04 1.00 1.02 1.00 1.00 1.02

T U0 T T TTOE TITOQR
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