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Abstract. We perform a detailed seismic study of theβ Cep star HD 129929. Our analysis is based on the recent derivation
of six pulsation frequencies. These frequencies are unambiguously identified from the seismic modelling and the photometric
amplitudes to be the radial fundamental, the` = 1, p1 triplet, two consecutive components of the` = 2, g1 quintuplet. A
non-adiabatic analysis allows us to constrain the metallicity of the star toZ ∈ [0.016, 0.022]. In addition, the fitting of three
independent frequencies, two of which correspond to axisymmetric (m= 0) modes, allows us to constrain the core overshooting
parameter toαov = 0.10 ± 0.05, as well as the other global parameters of the star. Finally, from the observation of the` = 1
triplet and part of thè = 2 quintuplet, we derive constraints on the internal rotation of this star.
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1. Introduction

Helioseismology has proven to be the most powerful tool to
derive very detailed and precise information about the physics
inside our Sun. Similarly, asteroseismology allows one to con-
strain in an unprecedented way the internal structure of stars
other than the Sun by studying their oscillations. Recent ef-
forts have been performed allowing the detection of many
frequencies in different kinds of pulsating stars. Among the
existing examples with solar-like oscillations, nicely sum-
marised by Bedding & Kjeldsen (2003), we cite the case of
αCen A, whose seismic studies have been recently performed
by Thévenin et al. (2002) and Thoul et al. (2003a), on the base
of the observations by Bouchy & Carrier (2002). Other ex-
cellent (maybe even better) targets for asteroseismology are
the βCep stars. Indeed, some of theβCep pulsation modes
have a mixed pressure-gravity character allowing to strongly
constrain the deep interior of these stars, and their frequency
spectra are sufficiently sparse to allow easier photometric and
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spectroscopic mode identification compared to A–F type pul-
sators. The earliest seismic studies ofβCep stars are those by
Dziembowski & Jerzykiewicz (1996, 1999) for respectively
DD (12) and EN (16) Lac and the one by Shibahashi & Aerts
(2000) for βCep itself. Very recent new seismic studies of
βCep stars were done by Thoul et al. (2003b) for EN (16) Lac
and by Handler et al. (2003) for the three stars IL Vel, V433 Car
and KZ Mus. The present seismic study of HD 1299229 allows
us to derive even stronger constraints on its internal structure
than for all the above mentioned previous cases, because more
frequencies (a mixed modè= 1, p1 which occurs in a triplet,
and part of a quintuplet) are observed and clearly identified
(Aerts et al. 2004, hereafter Paper I).

Our study is based on the observations of six pulsation fre-
quencies of HD 129929, presented in Table 2 of Paper I. Some
conclusions of the seismic analysis were already presented in
Aerts et al. (2003). We give here a very complete and detailed
description of our analysis. In Sect. 2, we present the models
and numerical tools used in our study. In Sect. 3, we perform
the photometric identification of the degree` of these six fre-
quencies. In Sect. 4, we present our seismic modelling of the
star based on the fitting of the observed frequencies. In Sect. 5,
we perform a non-adiabatic analysis of this star and derive con-
straints on its metallicity and overshooting. For HD 129929 it
was shown in Paper I that the phase differences between the
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lightcurves in the different filters are negligible. We therefore
focus on the amplitudes in this paper. Finally, in Sect. 6, we de-
rive constraints on the internal rotation of this star, on the base
of the observed triplet and parts of a quintuplet. We emphasize
that HD 129929 is the first massive star for which precise con-
straints on the core overshooting and the internal rotation could
be determined from a seismic study.

2. Stellar models

The stellar models in this study were computed indepen-
dently with theCode Liégeois d’́Evolution Stellaire(CLÉS)
and with the Warsaw-New Jersey evolution code. CLÉS uses
the OPAL opacities (Iglesias & Rogers 1996) completed at
low temperatures with the opacities of Alexander & Ferguson
(1994), the CEFF equation of state (Christensen-Dalsgaard &
Däppen 1992) and the atmosphere models of Kurucz (1998) as
boundary conditions. The computation of the frequencies were
performed by a standard adiabatic code (Boury et al. 1975).
The Warsaw-New Jersey code (Paczy´nski 1970, Sienkiewicz,
Kozłowski) computes the evolutionary main sequence models.
It uses the most recent version of the OPAL opacities (Iglesias
& Rogers 1996), supplemented with Alexander & Ferguson
opacities below logT = 3.95, and the OPAL equation of state
(Rogers et al. 1996). The effects of uniform rotation are taken
into account assuming global angular momentum conservation
during the evolution from the ZAMS. Linear non-adiabatic pul-
sations are calculated independently by two codes: the code
developed by Dupret et al. (2002) and the code developed by
Dziembowski (1977). In the Warsaw code, the effects of slow
rotation on the oscillation frequencies are included up to the
second order in the rotation velocity.

The results reported in this paper are those resulting from
the Liège codes. However, we point out that the results from
the Warsaw codes are very similar. A detailed comparison be-
tween the results for HD 129929, and for other stars as well,
will be given in Paper III (Daszy´nska-Daszkiewicz et al., in
preparation).

3. Mode identification

HD 129929 (V magnitude 8.1, spectral type B3V) is a rela-
tively faint variable star whose pulsation frequencies are ob-
served only by photometry. The well-known method of pho-
tometric mode identification allows the determination of the
degreè of the different modes (see, e.g., Heynderickx et al.
1994). This method was improved by Cugier et al. (1994), who
introduced the non-adiabatic eigenfunctions in it. Very recently,
Dupret et al. (2003) further improved the identification method
by including a more detailed treatment of the non-adiabatic
pulsation in the outer atmosphere. We follow the approach by
Dupret et al. (2003) in the current study. We note also that
HD 129929 is a very slow rotator, so that the influence of ro-
tation on the photometric observables (Daszy´nska et al. 2002)
can be neglected.

The amplitudes and phases of the six different modes as
observed in Geneva filters were presented in Table 3 of Paper I.
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Fig. 1. Observed and theoretical amplitude ratios (Geneva photome-
try) for the different modes of HD 129929. The lines correspond to
the non-adiabatic theoretical predictions for different degrees̀ for a
model with solar metallicity. The squares, circles and triangles with
error bars correspond to the observed amplitude ratios for the six ob-
served frequencies.

The observed amplitude ratios can be confronted with the theo-
retical ones as determined by non-adiabatic codes. We present
in Fig. 1 the results obtained for a model with solar metallicity
and no overshooting:M = 9.5 M�, Z = 0.02, logTeff = 4.3488,
logg = 3.9094. The lines correspond to the non-adiabatic the-
oretical predictions for modes of different degrees̀, more pre-
cisely for the` = 0, p1, the` = 1, p1, the` = 2, g1, the` = 3,
g1 and thè = 4, g1 modes. The squares, circles and triangles
with error bars correspond to the observed amplitude ratios for
the six observed frequencies.

We see clearly thatf5 is identified as a radial mode, the
three frequenciesf2, f4 and f6 are identified as aǹ= 1 triplet
and the two frequenciesf1 and f3 as part of aǹ = 2 quintu-
plet. We performed the same analysis for a lot of other models
with different metallicities and different overshooting parame-
ters and all of them lead to the same mode identification.

4. Frequency fitting

The second step of our study is to determine stellar models
whose theoretical frequencies fit the observed ones, in agree-
ment with the above mode identifications. For this purpose, we
have first to determine the radial ordern of the zonal modes.
In Fig. 2, we show the evolution of the pulsation frequencies
as a function of age and logTeff along two evolutionary tracks.
The full lines correspond to the unstable modes and the dots
to the stables ones. The horizontal lines correspond to the ob-
served frequencies of HD 129929. By confronting the theoret-
ical models to the observations, two possible families of solu-
tions appear. Either the radial modef5 can be interpreted as the
fundamental mode or as the first overtone. However, interpret-
ing it as the first overtone leads to too cold models incompatible
with the observational position of the star in the HR diagram
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Fig. 2. Evolution of the frequencies as a function of age (Myear) and
logTeff , for modes of degreè = 0, 1 and 2, for two evolutionary
tracks withM = 9.54M�, Z = 0.016 andαov = 0.2 (top panel) and
with M = 9.21M�, Z = 0.018 andαov = 0.1 (bottom panel). The hor-
izontal lines correspond to the observed frequencies of HD 129929.
The vertical lines correspond to the models giving the best fit between
the theoretical and observed frequencies of the modes` = 0, p1 and
` = 1, p1. The full lines correspond to the unstable modes and the dots
to the stable ones.

and with the excitation of the observed modes by the clas-
sical κ mechanism for reasonable metallicities, as shown in
Fig. 2. For this reason, we interpret it as the fundamental ra-
dial mode. Given this, the confrontation between theory and
observations shows, without any doubt, that the` = 1 triplet
is p1 and the twò = 2 modes areg1 (see Fig. 2).

We have two well identified axi-symmetric modes:
f5 (` = 0, p1) and f2 (` = 1, p1) and we search for models
fitting these two frequencies. We computed a number of evo-
lutionary tracks with different values for the mass, the hydro-
gen and metal fractionsX andZ and the overshooting parame-
terαov. For every combination of these parameters, we can find
along the evolutionary track a model whose` = 1, p1 mode
fits f2. Searching amongst these selected models those which
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Fig. 3. Relation between the mass and the metallicity for models
which fit exactly the frequenciesf2 and f5 of HD 129929, for three
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Fig. 4. Positions of the models which fit exactly the frequenciesf2
and f5 of HD 129929 in a logTeff – logg diagram. The squares, dots
and triangles are obtained for models withαov = 0,0.1, 0.2, respec-
tively. The observational error box from photometry is also given.

also fit the radial modef5 then gives a relation between two
of the four free parameters, for given values of the other two.
For example, if the overshooting parameter and the hydrogen
fraction are fixed, we get a relation between the mass and the
metallicity for the models fitting exactlyf2 and f5. This M(Z)
relation is given in Fig. 3, for three values ofαov: 0, 0.1 and 0.2
and for a hydrogen fraction fixed toX = 0.7 at the surface. The
positions of these models in a logTeff – logg diagram are given
in Fig. 4. In the same figure, we give also the observational er-
ror box for the effective temperature and gravity of HD 129929
derived from photometry.

We consider now the results obtained for the` = 2, g1 axi-
symmetric mode. In Fig. 5, we give the frequency obtained for
this mode, as a function of the metallicity in the left panel
and as a function of the mass in the right panel. The theo-
retical results obtained for models fitting exactlyf5 (` = 0,
p1) and f2 (` = 1, p1) are represented by squares, circles and
triangles for models withαov = 0, 0.1 and 0.2 respectively.
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Fig. 5. Frequency of thè = 2, g1 axi-symmetric mode, as a function
of metallicity in the left panel, and as a function of mass in the right
panel. The theoretical results obtained for models fitting exactlyf2
and f5 (Sect. 4) are represented by squares, circles and triangles for
models withαov = 0, 0.1 and 0.2 respectively. The four possible values
for the observed frequency of this mode are given by horizontal lines.
The two vertical lines given in the left panel give the allowed range
for the metallicity derived in Sect. 5.

Two components (f1 and f3) of the ` = 2, g1 quintuplet
are observed but we do not know the azimuthal orderm of
these modes with certainty. In Paper I it was shown thatf1
corresponds very likely to the axisymmetric mode compo-
nent, as two additional low-amplitude modes were found from
CLEANing the periodogram (see Fig. 8 in Paper I). However,
these frequency peaks were not firmly established and so we
prefer not to make explicit use of them. Neglecting them, there
are thus four possible values for the frequency of the` = 2, g1

axi-symmetric mode. These values are represented by the four
horizontal lines in Fig. 5. From the left panel of Fig. 5, we see
that the fitting of thè = 2,g1 mode imposes a relation between
the metallicity and the overshooting: the higher the overshoot-
ing, the lower is the metallicity.

5. Constraints on the metallicity and the core
overshooting

As shown in Dziembowski & Pamyatnykh (1993), Cugier et al.
(1994) and Dupret et al. (2003), the theoretical non-adiabatic
predictions (growth rates, photometric amplitude ratios and
phase differences) are essentially sensitive to the metallicity
of the models. By requiring that the observed modes must
be excited and that we get a good fit between the theoretical
and observed amplitude ratios and phase differences, we ob-
tain constraints on the metallicity. All the results presented in
this section were obtained using models fitting exactly the two
axi-symmetric modes, as derived in Sect. 4.

We study first the excitation of the modes. In Fig. 2, we
show the evolution of the pulsation frequencies as a function
of age and logTeff along two evolutionary tracks. The full lines
correspond to the unstable modes and the dots to the stables
ones. The vertical lines correspond to the models which best fit
the two observed axi-symmetric modes. The parameters of the
stellar model in the top panel areM = 9.54M�, Z = 0.016 and
αov = 0.2, and in the bottom panelM = 9.21M�, Z = 0.018
andαov = 0.1. In both cases, we have takenX = 0.7. As known
(e.g. Dziembowski & Pamyatnykh 1993; Pamyatnykh 1999)
the range of unstable modes increases with increasing metal-
licity. As seen in the top panel,Z = 0.016 is a lower bound
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Fig. 6. Observed (squares with error bar) and theoretical amplitude
ratios (Geneva photometry) for the radial mode of HD 129929. The
lines correspond to the non-adiabatic theoretical predictions for dif-
ferent models with indicated parameters. The upper panel displays the
results for the models with an overshooting parameterαov = 0.0 while
the models in the lower panel haveαov = 0.1.

below which the observed modes are no longer excited. We
conclude that the models withZ < 0.016 have to be rejected
because they are not compatible with the excitation of the ob-
served modes. On the other hand, we see in the bottom panel
that, withZ = 0.018 andαov = 0.1, we obtain a model fitting
exactly all the frequencies and all of them are unstable.

We also confront the theoretical and observed photomet-
ric amplitude ratios for different metallicities. It is mostly for
the radial mode that the photometric amplitude ratios are sensi-
tive to the non-adiabatic effective temperature variation (Cugier
et al. 1994; Dupret et al. 2003). In order to keep a good fit be-
tween the theoretical and observed frequencies, we adopt the
valueαov = 0 for the models withZ > 0.02 andαov = 0.1
for the models withZ ≤ 0.02 (see Fig. 5). We show in Fig. 6
the theoretical and observed amplitude ratios in Geneva pho-
tometry for the fundamental radial mode and for two values of
the overshooting parameter:αov = 0 (top panel) andαov = 0.1
(bottom panel). The squares with error bars are the observed
amplitude ratios for the radial mode. The lines are the the-
oretical non-adiabatic predictions for the fundamental radial
mode for different models fitting exactly the two axi-symmetric
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modesf2 and f5, each of them havingX = 0.7. These results
are representative for the many models we have considered. We
see that the discrepancy between the theoretical and observed
amplitude ratios are larger for the models without overshooting
than for those withαov = 0.1. For the models without over-
shooting, those with metallicities above 0.022 are unable to ex-
plain the three observed amplitude ratios of the red filters while
those withZ < 0.022 are still consistent with the observations
in theV andG filter. The amplitude ratios for the threeB filters
are better explained by the models with overshooting compared
to those without overshooting, although all the models lead to
ratios within the error bars.

The constraints found on the metallicity of HD 129929 are
thus the following. In order to have the excitation of all the
observed modes, we must haveZ ≥ 0.016. Second, as shown
in Paper I, the spectroscopic analysis of HD 129929 givesZ =
0.018± 0.004. Third, the agreement between the theoretical
and observed amplitude ratios is slightly better for the models
with Z ≤ 0.02 than for the models withZ > 0.02.

Considering again Fig. 5, we can find constraints on the
core overshooting of HD 129929. First, we see that the models
with αov = 0.2 must be rejected because, when fitting the fre-
quencies, they correspond to a metallicity which is too low and
incompatible with mode excitation. Second, the models with
αov = 0.1 are better than the models without overshooting, be-
cause their metallicities are in better agreement with the spec-
troscopic values derived in Paper I and they lead to a slightly
better agreement between the theoretical and observed ampli-
tude ratios. If we accept the low frequencies shown in Fig. 8
of Paper I, given that they occur at the positions where we ex-
pect the quintuplet frequencies, then we end up withαov = 0.1
andZ = 0.018, which happens to be the estimate derived from
UV spectra (Paper I).

6. Constraints on the internal rotation

The ` = 1, p1 triplet and two successive frequencies of the
` = 2, g1 quintuplet are observed in HD 129929. These multi-
plets are interpreted as rotational splittings.

At the first order in (Ω/σ), whereΩ is the angular rotation
frequency andσ is the angular pulsation frequency and assum-
ing thatΩ = Ω(r), the formula for the rotational splitting has
the following form:

σ = σ0 + m
∫ 1

0
Ω(x)KR(x) dx, (1)

wherex = r/RandKR(x) depends on the considered mode (see
Lynden-Bell & Ostriker 1967; Aizenman & Cox 1975). This
formula can be used in good approximation for HD 129929,
because this star is an extremely slow rotator (Paper I). In the
remainder of this section we present the results obtained for
one of the best stellar models of our seismic analysis. Its char-
acteristics are given in Table 1. In what follows, we will refer
to this model as thebest model.

In the top panel of Fig. 7, we give the weight of the rota-
tional splitting integralKR(x) (Eq. (1)), for the modes̀ = 1,
p1 and` = 2, g1 and for the best model (Table 1). We see that

Table 1.Global characteristics of the “best model”.

M/M� = 9.35 Teff = 22 392 K log(L/L�) = 3.8568

logg = 3.9054 age (My)= 16.276 Xc = 0.353

X = 0.7 Z= 0.0188 αov = 0.1

Table 2. β =
∫ 1

0
KR(x) dx, rotation frequencyfR = Ω/(2π), rotation

period PR and rotation equatorial velocityveq, as deduced from the
multiplets` = 1, p1 and` = 2, g1, for rigid rotation models.

β fR (c/d) PR (d) veq (km s−1)

` = 1, p1 0.958713 0.012653 79.041 3.6145

` = 2, g1 0.822066 0.014730 67.889 4.2078

the` = 2,g1 multiplet probes the internal rotation more deeply
than thè = 1, p1 triplet.

6.1. Evidence of non-rigid rotation

We begin by examining whether the two observed multiplets
are compatible with a rigid rotation model. In this case, we
have

Ω = ∆σ/

∫ 1

0
KR(x) dx = ∆σ/ β . (2)

The results obtained for the two multiplets and for the best
model (Table 1) are given in Table 2. They show clearly that the
observations are not compatible with a rigid rotation model.

6.2. Convective core rotation

We examine now if we can derive the convective core rotation.
For this, we consider the simplified case where the convective
core and the radiative envelope have two different angular rota-
tion frequenciesΩc andΩe respectively. The rotational splitting
is then given by:

∆σ = βcΩc + βeΩe , (3)

where

βc =

∫ rc/R

0
KR(x) dx , βe =

∫ 1

rc/R
KR(x) dx , (4)

andrc is the radius of the convective core. The results obtained
for the two multiplets and for the best model (Table 1) are the
following:

βc βe

` = 1, p1 1.18593× 10−4 0.958595

` = 2, g1 2.42282× 10−3 0.819643.

We see thatβc is by far too small compared toβe so that no
significant constraints on the convective core rotation can be
derived from the observation of the two multiplets.
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6.3. Envelope rotation

We have seen in Sect. 6.1 that the observations are not compat-
ible with rigid rotation models. Since we have two constraints
from the two multiplets, a natural approach is to consider a lin-
ear dependence ofΩ with respect tox = r/R. Assuming

Ω(x) = Ω0 + (x− 1)Ω1 , (5)

we get the system of two equations with two unknowns:

∆σi = β0,i Ω0 + β1,i Ω1 , i = 1, 2 (6)

where the values obtained forβ0,i and β1,i and for the best
model (Table 1) are:

β0 β1

` = 1, p1 0.958713 −0.285026

` = 2, g1 0.822066 −0.336435.

The solution of Eq. (6) gives the following internal rotation fre-
quency:

fR(x) =
Ω(x)
2π

= 0.0071334− 0.0185619 (x− 1) c/d. (7)

This corresponds to a surface rotation period of 140.21 days
and an equatorial velocity of 2.037 km s−1, which is compati-
ble with the high-resolution spectrum of the star presented in

Paper I. The linear distribution is represented in the bottom
panel of Fig. 7. As expected from simple theoretical models,
the rotation angular velocity is faster near the contracting core
than in the outer expanding envelope.

We have assumed a linear internal rotation law in the
present study. In a forthcoming paper (Daszynska-Daszkiewicz
et al., in preparation, Paper III), we intend to present the in-
ternal rotation rate assuming local conservation of angular
momentum.

7. Conclusions

In this paper we have presented a detailed non-adiabatic seis-
mic study of the star HD 129929. We have used two indepen-
dent evolution and oscillation codes and have obtained similar
results with both. We have derived firm seismic constraints on
the stellar parameters of the star, leading to a mass estimate
with a∼5% accuracy (M ∈ [9.0, 9.5] M�) and an age determi-
nation better than some 6% as the ages of the allowed models
range from 16 to 18 million years.

Several authors prefer not to account for convective core
overshooting in recent evolutionary model calculations of mas-
sive main-sequence stars (see, e.g., Pamyatnykh 1999 for a dis-
cussion). The reason is that it does not seem to be a necessary
ingredient to explain the statistical observed properties of such
stars. However, we have found conclusive seismic evidence for
the presence of overshooting withαov ∈ [0.05, 0.15] as our
target star has an extremely low rotational velocity and so ro-
tational effects can safely be neglected. Anαov = 0.17 was
proposed for a 9M� star in order for overshooting to be able
to explain the broadening of the main sequence of clusters in
the absence of rotational mixing (Mermilliod & Maeder 1986).
This globally derived value is consistent with our individual
seismic result that overshooting occurs in HD 129929.

As is commonly done, we have adopted the standard so-
lar mixture in our model calculations and an important open
question, for any seismic analysis so far, is how robust the con-
clusions are if departures thereof occur. More detailed analyses
of the effects of changing the mixture and/or the opacity tables
will appear in a forthcoming paper (Daszynska-Daszkiewicz
et al., in preparation, Paper III).

Our conclusion that core overshooting withαov ∼ 0.1 oc-
curs in massive stars will have significant consequences for fu-
ture calculations of evolutionary models of such objects and so
it needs to be tested on additional stars. We stress that theβCep
stars are by far the best laboratories to do so, because they
show modes of mixedp− andg−character and because they
have no convection-pulsation interaction in their outer layers
which makes them easier to interpret compared to A–F stars.
However, long-term observations ofβCep stars are necessary
to cover the beat periods of their multiplets. Future asteroseis-
mic space missions, such as COROT, Kepler and Eddington,
will offer us the opportunity to improve significantly our un-
derstanding of massive star evolution, as both the precision and
the sampling of the photometric data will improve by a consid-
erable factor.
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