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Abstract. In previous papers we showed that the ratios of the small to large separations of acoustic oscillations in solar-like
stars are approximately independent of the structure of the outer layers, and are therefore diagnostics of the interior structure
alone. Here we present similar results for a range stellar models of mass 0.8, 1.0, 1.2, 1.5, 2, 10 M, all of which show this same

property.
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1. Introduction

In previous papers (Roxburgh 2004; Roxburgh & Vorontsov
2003) we demonstrated that the ratios of the small to large sep-
arations of acoustic oscillations in solar-like stars are approxi-
mately independent of the structure of the outer layers, and are
therefore diagnostics of the interior structure alone. This was
done empirically by showing that these ratios remained unal-
tered when the structure of the outer layers of a solar model
was changed, and theoretically by demonstrating that these ra-
tios are approximately given by the internal phase shifts of the
acoustic oscillations.

The examples given in previous work were only for mod-
ified solar models; we here present similar results for mod-
els of main sequence stars with masses ranging from 0.8 M,
to 10 M. In the first experiment we replace the outer 10% of
the radius of the stellar model by a uniform polytropic struc-
ture, and in the second experiment simply chop off the outer
layers at radii of 85%, 90% and 95% of the stellar radius. For
all models the ratios of small to large separations are approxi-
mately independent of the structure of the outer layers.

The large separations Ag,A;, small separations of even
parity dop, d13, and their ratios rgy, 713, are defined as

Ao(m) = Vo = Vae10  A1(1) = Vi1 = V11 (1

dox(n) = (Vno — Vae12)  di3(n) = (Va1 — Vao13) ()
_dp(n) __dis(n)

ro2(n) = A riz(n) = INCES)) (3)

The ratios of odd parity ry;, rjo are not considered here. They
show a periodic modulation caused by the phase shift induced
by the interface between a radiative and convective region, the
period being determined by the acoustic radius of the boundary,

but the amplitude is sensitive to the ratio of the large separation
to the period of the modulation hence changing the envelope
structure changes the amplitude. We defer to later later work
an analysis of the diagnostic power of such odd parity ratios.

2. Results

We constructed a set of models of main sequence stars with
masses 0.8, 1.0, 1.2, 1.5, 2, 10 M., with initial composition
X = 0.7, Z = 0.02, evolved to a central hydrogen abun-
dance of X, = 0.4. The equation of state was OPAL EOS2001
(Rogers & Nayfonov 2001) and the opacities a smooth blend
of OPAL GN93 (Iglesias & Rogers 1996) and Alexander &
Ferguson (1994) tables. Only the major branches of the CN cy-
cle and pp chain were included in the nuclear reaction network.
For each model the layers where r > 0.9R, were replaced
by a layer with constant polytropic index m with m = 1.5,
2, 2.5, 3, 3.5, 4, 4.5, 5, subject to continuity in », M, P,p
at r = 0.9R, and to the boundary condition that P/p at the sur-
face had the same value as in the original model. The value of
the adiabatic exponent I'; in the polytropic envelope was taken
as given by the value I'; (P/p) in the reference model. We calcu-
lated the oscillation frequencies v, ¢ separations Ag, Ay, do, d)3
and the corresponding ratios 7y (1), r13(n) for all the models.
Figure 1 gives the results for the 0.8 M models. In the top
panel the uppermost set of larger points gives the values of the
large separations for the model with polytropic index m = 1.5
and the lower set of larger points the values for the model with
m = 5.0. The values for models with m between these limits,
indicated by the smaller points, decrease essentially monoton-
ically as m increases. The set of points corresponding to the
original model are almost identical with those for m = 1.5 at
low frequencies but decrease with increasing frequency becom-
ing almost identical to the values for the model with m = 2.
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Fig. 1. 0.8 M, models with polytropic envelopes r > 0.9R.

In the second panel we show the values of the small separation
dy, for each of the models, again the uppermost set of larger
dots correspond to the model with m = 1.5 and the lower set
to the model with m = 5.0, the values at a given frequency de-
creasing with increasing m. The same applies to the third panel
which shows the small separation d;3. In the bottom panel we
show the ratios rgy and r3 for all the models, these ratios are
almost independent of the value of m, demonstrating the these
ratios are almost independent of the structure of the surface
layers of the models and are essentially determined by the in-
terior structure alone. Figure 2 gives similar detailed results for
the 10 M models, and Fig. 3 the results for the separation ra-
tios for the set of models with M = 1.0, 1.2, 1.5, 2 M. For
all masses the ratios r(y, and r;3 are approximately independent
of the value of m and hence determined only by the interior
structure.

A more dramatic illustration of the independence of the
ratios rgy, 13 to the structure of the outer layers is given by
taking the stellar model and simply removing the outer lay-
ers altogether, and then determining the ratios for these trun-
cated models. The results of such calculations are shown in
Figs. 4 and 5 for models with masses of 0.8, 10 M, which
were cut at fractional radii r./R = 0.85,0.90,0.95. The up-
per panel gives the large separations for the different values of
r./R; the same labelling applies to the values of the small sepa-
rations in the next 2 panels; the bottom panels show the result-
ing ratios. Figure 6 shows the ratios for the set of models with
masses 1.0, 1.2, 1.5, 2.0 M. The ratios ry, r13 again collapse
on to a single function of frequency, the main contribution to
the scatter around these curves coming from the values for the
largest truncation depth (0.85). We again conclude that these
ratios rop, r13 are essentially determined by the interior struc-
ture alone.

3. Theory

The explanation of these results given in R&V (2003) is in
terms of the behaviour of the internal and surface phase shifts.
The internal phase shifts 6,(w, f) are defined by

W}bdt = tan[wt — €n/2 + dp(w, t)] 4)
where

B p/r _ r g
Voo T T ®)

and p’ is the Eulerian pressure perturbation. As shown numer-
ically in R&V (2003), and theoretically in R&V (1994), the
phase shifts d,(w, f) are determined primarily by the structure
of the inner regions of the star and are nearly independent of
acoustic radius ¢ in the outer regions.
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Fig. 2. 10 M, models with polytropic envelopes r > 0.9R.

0.3

o d/A

0.2

d/A

0.1

0.2

d/n

0.1

0.2

d/n

0.1

Separation Ratios dy,/A, d,5/A,

H ® 1

N 4

~ i

",

*tgmy, 1

T di3/8q 1

.§~--“ T

doa/ By T —— |

. — ]

N — -5
'-h\

L 1

Freguency (ule)

667

1000 2000 3000 4000 5000

Separation Ratios dy,/A, d,3/A,

."‘-. dop/By

Frequency ({LLHZ)

1000 2000 3000
Separation Ratios d,,/A; d;3/A,

Y dy,/A 4
AN 02/ b4

Frequ}ency (uHz) 1

1000 2000
Separation Ratios dy,/A; d;3/A,

T T T T T T T

2.0 M
F\%

e 4
e dy3/By

v,
atal T PO
—ereesrerme sem e s e s
-t s

doz/By

St o

B
S —— 4

.
-~

Frequency l(MHZ) ‘

1 L

500 1000 1500

1.2, 1.5, 2.0 M,, with polytropic envelopes r > 0.9R,.

Fig.3. Ratio of small to large separations for models of 1.0,



668

400

A (uHz)

200

0.3

0.2

d/A

0.1

0

1. W. Roxburgh: Ratio of separations

Large Separations 4, 4,

; : ; : ; : ; : ;
0.85
AAAAA A A A A A AAAAAAALAAANAANAALAA
¢ . 0.90
L R A LOXOX X X XXX XX XX XX XX XX XX XX X X
A  x XX
x 0.95
x X ©000000000000000000000000O
. Ooooooo
% o]
Fooe f""""'-"o.. full model =
A
3 Frequency (uHz)

. | . | . | . .

0 1000 2000 3000 4000 5000
Small separations d,

T T " T " T " T "

A

X
L 8 -

A A 4
A
L Cox o X R |
X A
o o o x N
e o o o . x ] -
L o o °o X A _
o« o ., ... o X : . i< ;
| e 4, e e 0
Frequency (uHz)

. | . | . | . | .

0 1000 2000 3000 4000 5000
Small separations d, 5

; ; ; ; ; ; . ; ;

A

x A,

L § . |

. o N

o x A
® o o X x A
o o X A
— o ° X A —
® . o i A
... ° . x 5 A,
. ° . o o o X x
Frequency (uHz)

. | . | . | . .

0 1000 2000 3000 4000 5000
Separation Ratios dg,/A; dy3/A,

; ; ; ; ; ' ; ; ;
L ]
B EA ]
L. '°*aw ]

X )

3 A &y & dWB/AO 1
coray 1

L . dop/By S en |

[ QM‘(D‘X"O&.% w‘”‘o«{

L Heomy ]

L OO0k g 406 ‘X'Wmu

r 1 Freﬁuency (}LXHZ) 1 1

0 1000 2000 3000 4000 5000

Fig. 4. 0.8 M, models cut at r = 0.85,0.9, 0.95R,.

Large Separations Ay A,

; . ; . ; . ; . ; . ;
L 0.85 a
60 O U
N a a4
T a 0.90
2T “ % X XX X X XXX
A
< X
x X 0 °°
% ¢ X 00 o0 oo, ee®e0 0o od
L R 000 .." ®ecec® 4
¢ *cct full model
20 B
Frequency (uHz)
. I . | . I . . I .
0 100 200 300 400 500
Small separations dg,
6 —
A A A
4 r A x A b
X
~ x : .
© A A i °. e * o o o . °
2 = é % . .o . 3 o
Frequency (uHz)
0 . I . | . I . . I
0 100 200 300 400 500
Small separations d, 4
; . ; . ; . ; ; ; . ;
10 -
a ‘ 4 A A A A A
/g\ [ ) . % x X X x x 4
=
. X o o7
© ° o ° o ° o o o
5 | : ° o« . ® ° o o o
I Frequency (uHz) |
. I . | . I X . I .
0 100 200 300 400 500
Separation Ratios dy,/A; d,3/A,
— . ; . ; . . . ; . VA
A
L te i
0.2 F s, ]
L s *a di3/Bg i
ox
o | TN Aot Ao ke
~
© r 4
0.1 dO2/A1 =
r o Ax eoke 4, ]
O‘Xo ® s oo
L bt Xou ]
r Frequency (uHz) 1
0 . I . | . I . . I
0 100 200 300 400 500

Fig. 5. 10 M, models cut at r = 0.85, 0.9, 0.95R,.



I. W. Roxburgh: Ratio of separations

Separation Ratios dy,/A, d,5/A,

0.3 —
L. 1.0 Mg |
0.2 -
Lo T, dy/A\ ]
§ i . o Jﬂs/ 0 |
r B dgo/ By R s ]
0.1 et R~
0 r ‘ 1 Freguency (ule) 1 ‘ 1
0 1000 2000 3000 4000 5000
Separation Ratios dy,/A, d,3/A,
r T T T T T T ]
0.2 |- ’ 1.2 Mg
<t Tew ., dy3/By 1
N e,
© + sl B
S ]
0.1 + d02/A1 -
o I ‘ Freq‘uency ({LLHZ) 1 ]
0 1000 2000 3000
Separation Ratios d,,/A; d;3/A,
F T T T T 4
02 o 1.5 Mg |
< F * @ 0. dwa/AO 4
~ % om s
ko) = CPo e e s g o]
0.1 dop/A, .
I Frequ}ency (uHz) 1 ]
O 1 1
0 1000 2000
Separation Ratios dy,/A; d;3/A,
r . . . . . ; —
oo L 2.0 My |
L v, )
< H ¢ R dy3/By i
N A .
o N
01 L s doz/By 4
r Frequency l(MHZ) 1 1
O 1 1 1 1
0 500 1000 1500

Fig. 6. Ratio of small to large separations for models of 1.0, 1.2, 1.5,
2.0 M cut at r = 0.85,0.9,0.95R,.

669

In the outer layers the surface phase shift a,(w,?) is
defined by

wy
dy/dt

= —tan[w(T — 1) — a/(w, )] (6)

where, below the surface layers, « is almost independent of
degree ¢ and of acoustic depth T — ¢, where T is the acoustic
radius of the star. Matching the phases in the outer layers gives
the Eigenfrequency equation (Roxburgh & Vorontsov 2000)

Wn (T —€n/2 + 6¢(wp ) = N+ a(wp ). @)

Using this result to determine the separations gives

d 1

rp = % ~ —(02 — dp) (8)
1 T
d 1

ra = f ~ —(03 —01) 9
0 Vs

so these ratios are determined primarily by the internal phase
shifts alone.

This analysis is based on the approximation that the surface
phase shifts @/(wp,¢) are independent of £. At large truncation
depths this approximation breaks down producing the slight de-
parture of the ratios 7, r13 from their values in the reference
models as seen in Figs. 4-6.

4. Discussion

The goals of extant and upcoming space missions in asteroseis-
mology, MOST (Mathews 1998); COROT (Baglin et al. 1998)
and Eddington (Favata et al. 2000), are to achieve accuracies on
the measured frequencies of 0.1-0.3 yHz. This gives an accu-
racy in determining the ratios r(, 13 which ranges from 1073
for small masses up to 1072 for the large masses. These ratios
are therefore capable of yielding valuable diagnostic informa-
tion about the internal structure of stars.
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