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Abstract. In a comparative study of the anelastic and the subseismic approximation for the description of low-
frequency gravity modes in spherically symmetric stars, Dintrans & Rieutord (2001) stress that the subseismic
approximation is inconsistent in that the Eulerian perturbation of the mass density is negligible as is the Eulerian
perturbation of the pressure and that consequently the equation of mass conservation is not satisfied. In this
paper, attention is drawn to the asymptotic theory for low-degree, low-frequency gravity modes of spherically
symmetric stars developed by Smeyers et al. (1995). A main conclusion is that, in the main body of a star, the
subseismic approximation results as a natural consequence of the lowest-order asymptotic approximation. At the
same order of approximation, the Eulerian perturbation of the mass density is derived from the equation of mass
conservation and is different from zero. It also follows from the lowest-order asymptotic approximation that the
Fulerian perturbation of the pressure is different from zero in a small region near the star’s surface, so that the

subseismic approximation is not adequate in that region.
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1. Introduction

In a forthcoming paper, Dintrans & Rieutord (2001)
present a comparative study of the anelastic and the sub-
seismic approximation for the description of low-frequency
gravity modes in spherically symmetric stars.

The anelastic approximation, in which the Eulerian
perturbation of the mass density is set equal to zero, has
been extensively used in studies of compressible convec-
tion in stars (for references, see Dintrans & Rieutord). The
subseismic approximation rests on the assumption that,
for low-frequency gravity modes, the Lagrangian pressure
perturbation of a moving mass element is almost entirely
determined by the effect of the transport along the equi-
librium pressure gradient, so that the Eulerian pressure
perturbation may be set equal to zero. It stems from ter-
restrial seismology (Smylie & Rochester 1981; Smylie et al.
1984) and was adopted in astrophysics by De Boeck et al.
(1992) for an asymptotic treatment of low-frequency grav-
ity modes in spherically symmetric stars. As noted by
the latter authors, a similar approximation is commonly
adopted in the theory of stellar structure, both in the
derivation of the local criterion for stability against con-
vection and in the mixing length theory of convection.
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The anelastic and the subseismic approximation have
the common property of filtering out the acoustic modes
of a spherically symmetric star.

In their study, Dintrans & Rieutord stress that the sub-
seismic approximation is inconsistent, in that the Eulerian
perturbation of the mass density is negligible as is the
Eulerian perturbation of the pressure and that conse-
quently the equation of the mass conservation is not
satisfied.

Our aim is to draw attention to the asymptotic theory
for low-degree, low-frequency gravity modes of spherically
symmetric stars developed by Smeyers et al. (1995). A
main conclusion of this theory is that, in the main body
of a star, the subseismic approximation is a natural conse-
quence of the lowest-order asymptotic approximation. At
the same order of approximation, the Eulerian perturba-
tion of the mass density is derived from the equation of
mass conservation and is different from zero. It also fol-
lows from the lowest-order asymptotic approximation that
the Eulerian perturbation of the pressure is different from
zero in a small region near the star’s surface, so that the
subseismic approximation is not adequate in that region.

In order to clarify the matter, we give an outline of the
lowest-order asymptotic theory. The asymptotic theory is
based on the use of a two-variable expansion procedure
in the domain situated at sufficiently large distances from
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the boundary points at » = 0 and » = R, and of boundary-
layer techniques in the regions near the boundary points.

The plan of the paper is as follows. In Sect. 2, the
basic equations are introduced. In Sect. 3, we present the
first-order asymptotic solutions that are uniformly valid
from the boundary point at » = 0 to a sufficiently large
distance from the boundary point at » = R. In Sect. 4, we
similarly present the first-order asymptotic solutions that
are uniformly valid from the boundary point at » = R to
a sufficiently large distance from the boundary point at
r = 0. In Sect. 5, the equation for the eigenfrequencies is
given. Section 6 is devoted to concluding remarks.

2. Basic equations

After separation of the time by a factor exp(iot) and
of the angular variables # and ¢ by means of spherical
harmonics Y,;"(6, ¢), the equations governing linear, isen-
tropic oscillations of a spherically symmetric star that are
associated with an angular frequency o different from zero
can be transformed into a system of two differential equa-
tions for the radial parts of the divergence and the radial
component of the Lagrangian displacement (Pekeris 1938;
see also Tassoul 1990). Let these radial functions be «(r)
and £(r), respectively. The system of differential equations
then takes the form
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Y K2 | 1K
gz () dT+LQ +IG() + — ]a
d¢g
=-K 1
"% (1)
d?¢  4d¢ (+1)-2
»rre T 2 ¢
da A Ki(r) 2
S _Z 2
dr [g 02 r] @ (2)
where
N?
Ki(r) =£L({+1) X (3)
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pcz  dr r  pdr pc  dr?
2g (1dg 1
K =2 (=22 _2).
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The variables have their usual meaning. For the sake of
simplification, N2 is assumed to be positive everywhere in
the star.

As the small expansion parameter in the asymptotic
theory, € = |o| is adopted.
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3. Uniformly valid first-order asymptotic solutions
from the boundary point at » = 0

For the construction of asymptotic solutions in the domain
of the star situated at sufficiently large distances from the
boundary points at » = 0 and r = R, the fast independent
variable

[(e+ M2 (TNG)
5 /0 - dr

(r) = (7)
is introduced besides the radial distance r, which is consid-
ered as a slow independent variable. The boundary-layer
coordinate used in the region near r = 0 corresponds to
the fast independent variable 7(r).

In terms of these variables, the first-order asymptotic
solution for the divergence of the Lagrangian displacement
that is uniformly valid from r = 0 to a sufficiently large
distance from r = R is given by

) (e o) — 9
Oé( )(’I“, E) - AO,c (N2 16 8 p2)1/4
Here Jy41/2(7) is the Bessel function of the first kind of
degree £ +1/2, and Ag, an undetermined constant.
The first-order asymptotic solution for the radial com-
ponent of the Lagrangian displacement that is uniformly
valid in the same region is given by

/2 Jog1/2(7). (8)

£ (r;e) = Age Y2 Jot1a(7). (9)

(Ve )

Hence, the relation holds

2
€9(rie) = 2 al(rse) (10)
By use of the energy equation written in the form
dP

P =—pfa—— 11

pa— g (11)
and of the condition of hydrostatic equilibrium
dP
ar 12
= P (12)
it results that
P (rye) =0, (13)

i.e., the first-order asymptotic solution for the Eulerian
perturbation of the pressure that is uniformly valid from
r = 0 to a sufficiently large distance from r = R is identi-
cally zero.

The uniformly valid first-order asymptotic solution for
the Eulerian perturbation of the mass density is derived
by means of the equation for the mass conservation

dp
/ = — — — C. 14
P pa—-¢ (14)
It results that
N2
pre)=p i €9 (r:¢). (15)
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The solution reveals that, for a mass element which
moves slowly and isentropically in the stellar interior and
which adjusts its pressure to the pressure of its surround-
ings, the relative difference in mass density with the sur-
roundings is determined by the difference between the ef-
fect of the transport along the isentropic density gradient
and the effect of the transport along the actual density
gradient.

The uniformly valid first-order asymptotic solution
for the radial part n(r) of the transverse component of
the Lagrangian displacement is derived by means of the

equality
1d,, L0+1)
O‘:r_zg(r 5)* 2 1 (16)

By using uniformly valid first-order asymptotic solu-
tions (8) and (9) and restricting the first derivative
d(r2 £© (r; 5)) /dr to its dominant part, one has

Ao,e 1
e [L(0+1))/2
Nt d
(N2 76 p2)1/4 dr

1©(re) =

[71/2 Jepip(M] - (7)

Hence, at the first-order asymptotic approximation, the
ratio of the transverse component to the radial component
of the Lagrangian displacement is of the order of e~!. In
the boundary layer near r = 0, (9 (r;e) o« e~ 7¢, and
€@ (r;e) o e72 7471, so that the ratio is of the order of &
and tends to zero as 7(r) — 0.

The Eulerian perturbation of the gravitational poten-
tial is related to the radial part of the transverse com-
ponent of the Lagrangian displacement and the Eulerian
perturbation of the pressure as

Pl
P =e2p— —.
P

(18)
Consequently, in the region extending from r = 0 to a
sufficiently large distance from r = R, the uniformly valid
first-order asymptotic solution for the Eulerian perturba-
tion of the gravitational potential, ®(°)(r; ¢), is of the or-
der of €.

4. Uniformly valid first-order asymptotic solutions
from r = R to a sufficiently large distance
fromr =0

Near the boundary point at » = R, boundary-layer solu-
tions are constructed with the supposition that the mass
density may be expanded in a Taylor series as
p=psz" [1+0(z)], (19)
where z = 1—r/R, and ps is a constant different from zero.
The exponent n, corresponds to the effective polytropic
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index of the superficial layers. Moreover, the boundary-
layer coordinate

e NG
nir) = A [P g

[+ V]'*R [*N()
- /O " (20)

is introduced, which obeys the relation

Ts(r) =7 — 7(1) (21)
with

1/2 R 7
TR = [ JrEl)] /0 le ) dr’. (22)

The first-order asymptotic solution for the divergence of
the Lagrangian displacement that is uniformly valid from
r = R to a sufficiently large distance from r = 0 is ex-
pressed in terms of the coordinate 74(r) and the radial
coordinate r as

9

(8) (ne. _ 1
o' (rie) = Ao (N2r608p2)1/4 Ts

/2 Ine+1 (75) - (23)
Here J,_41 (75) is the Bessel function of the first kind of
degree ne + 1, and Aps an undetermined constant. As

Tsﬂoa

a® (r;e) g (net3/2) TSO, (24)

so that the divergence of the Lagrangian displacement re-
mains finite.

The first-order asymptotic solution for the radial com-
ponent of the Lagrangian displacement that is uniformly
valid in the same region is given by

O (r;e) = Ags 2 Jnor1 (75)

1 1
(N2 6 p2)1/4 Ts

2NZ [dln Jp 41 (75)
1 _ S e o 1 . 2
. { 72 [ dlnTg (et )}} (25)
Here N2 is a constant defined as
1
N2 =g — et (26)
I'ir

where I'y g is the value of the generalized isentropic coef-
ficient I'; at » = R. As 75(r) — 0,
E(S)(T; 5) o g~ (me=1/2) TSO) (27)

so that the radial component of the Lagrangian displace-
ment too remains finite.

First-order asymptotic solutions (25) and (23) are re-
lated as

2
£ (rie) = %a(s) (r;¢)
8 {1 2N [danneH (75)

2
T dInTg

T (ne+ 1)} } S



P. Smeyers: On the subseismic approximation for low-frequency gravity modes in spherically symmetric stars

The uniformly valid first-order asymptotic solution for
the Eulerian perturbation of the pressure is then given by

2 2N
2

S

dln J,, 41 (75)
dIn 7y

P'®(rie) = —pc
+ (ne + 1) | a®(r;¢). (29)

As 75(r) — 0,

p's)
()
P

Apart from the particular case in which n, =
(Fi.r — 1)71, the Eulerian perturbation of the pressure
is thus different from zero near the star’s surface, so that
the asymptotic approximation does not yield the subseis-
mic approximation in that region.

For larger values of 75(r), the Bessel function J, 41 (75)
and its first derivative may be approximated by their
asymptotic forms. It then follows that

1 [dInJp 41 (75)
dIn g

g~ (ne=1/2) 70, (30)

+ (ne+1)| =0. (31)
Hence, the uniformly valid first-order asymptotic solution
P'®)(r;¢) tends to zero for larger values of 74(r), in ac-
cordance with the uniformly valid first-order asymptotic
solution derived for the region from r = 0 to a sufficiently
large distance from r = R.

By deriving the uniformly valid first-order asymptotic
solution for the Eulerian perturbation of the mass density
by means of Eq. (14) for the mass conservation, one has

dp c?
/() (e o) — — (S) (e -
'\ (r;€) o (T,E){p+ ar g
2N2 [dInJ, 41 (75)
x{l— P [ Al +(ne+1)}} . (32)

The uniformly valid first-order asymptotic solution for
the radial part of the transverse component of the
Lagrangian displacement is derived by means of Eq. (16).
As 75(r) — 0,

7 (r;e) ox e~ (Met3/2) 70, (33)

Hence, 1) (r; €) is of the order of e~ and becomes of the
order of e~ ("e3/2) a5 7 — 0. Correspondingly, the ratio
of the transverse component to the radial component of
the Lagrangian displacement is of the order of e~! and
becomes of the order of e72 as 75(r) — 0. It may be no-
ticed that, from the centre to the surface of the star, the
ratio increases by three orders of magnitude in the small
expansion parameter €.

Finally, the first-order asymptotic solution for the
Eulerian perturbation of the gravitational potential is
again derived by means of Eq. (18). In the boundary layer
near r = R, the two dominant terms in the right-hand
member of the equation are of the order of e~ ("e=1/2) and
turn out to be equal, so that the first-order asymptotic
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solution for the Eulerian perturbation of the gravitational
potential is equal to zero. For larger values of 74(r), the
first term in the right-hand member of Eq. (18) is of the
order of e, while the second term tends to zero. Therefore,
the first-order asymptotic solution becomes of the order
of ¢, in accordance with the order of the asymptotic so-
lution ®'(°)(r; &) which is uniformly valid from r = 0 to a
sufficiently large distance from r = R.

5. The equation for the eigenfrequencies

The equation for the eigenfrequencies results from the
requirement that the first-order asymptotic solutions
o) (r;¢) and a®)(r;e) must be continuous at any point
at sufficiently large distances from the boundary points
where they are both uniformly valid. At these distances,
the Bessel functions Jy11/5(7) and J,, 11 (75) may be ap-
proximated by their asymptotic form for large values of
their argument. The requirement is then that

Ay, cos [T —(+1) g]

3\ 7™
= Ap s cos [T — TR — (ne + 5) 5] (34)
and leads to the conditions
T
Ay, cos [(f +1) 5}
—Ap,s cos |:TR + (ne + g) g} =0,
(35)

A, sin {(ﬁ +1) g]

3
+Ap,s sin |:—TR + (ne + 5) g] =0.

A necessary and sufficient condition for the system of
equations to admit of solutions for the undetermined con-
stants Ao and Ags that are different from zero is

/

(e TN

o r
1\ 7w

:<g+ne+2n+-)—- (36)
2/ 2

Here x takes the values k = 1,2, 3,... and corresponds to

the radial order of the g™-mode considered. Equation (36)
corresponds to the equation established earlier by Tassoul
[1980, Eq. (123)] in the Cowling approximation. The rea-
son for this agreement is that the equation for the eigen-
frequencies results from the continuity of the divergence of
the Lagrangian displacement and its first derivative and
that, compared to the divergence of the Lagrangian dis-
placement, the Eulerian perturbation of the gravitational
potential is at least one order higher in the small expan-
sion parameter ¢ everywhere in the star.
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6. Concluding remarks

We conclude that the subseismic approximation results
automatically from the first-order asymptotic theory for
low-degree, low-frequency gravity modes in a spherically
symmetric star developed by Smeyers et al. (1995). At
the same order of asymptotic approximation, the Eulerian
perturbation of the mass density is derived from the equa-
tion of mass conservation and is different from zero.

The subseismic approximation is a natural conse-
quence of the first-order asymptotic theory in the main
body of a star but not in a small region near the star’s
surface. The use of the subseismic approximation near a
star’s surface leads to an inadequate representation of low-
frequency gravity modes in that region, as was already
observed by De Boeck et al. (1992).
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