A&A 406, 287-292 (2003)
DOI: 10.1051/0004-6361:20030757
© ESO 2003

Ag:::tronomy
Astrophysics

Seismic modelling of the B Cep star EN (16) Lacertae

A. Thoul*-1, C. Aerts?, M. A. Dupret?, R. Scuflaire!, S. A. Korotin®, I. A. Egorova®, S. M. Andrievsky?,
H. Lehmann®, M. Briquet?, J. De Ridder**-2, and A. Noels!

L Institut o’ Astrophysique et de Géophysique de Liége, Université de Liége, allée du Six Aot 17, 4000 Liége, Belgium
2 Instituut voor Sterrenkunde, Katholieke Universiteit Leuven, Celestijnenlaan 200 B, 3001 Leuven, Belgium

3 Odessa Astronomical Observatory and Isaac Newton Institute of Chile, Odessa Branch, Ukraine

4 Thiiringer Landessternwarte, 07778 Tautenburg, Germany

Received 12 February 2003 / Accepted 15 May 2003

Abstract. We perform seismic modelling of the massive g Cep star EN Lacertae. The starting point of our analysis is the
spectroscopic mode identification recently performed. To this, we add a new updated photometric mode identification based
upon a non-adiabatic description of the eigenfunctions in the outer atmosphere. Both mode identifications agree and this allows
us to fine-tune the stellar parameters of EN Lacertae with unprecedented precision. This is done by producing a huge amount
of stellar models with different parameters and selecting those that fulfill the frequency values and the mode identification. Our
study is the first one of its kind in which a reconcilation between observed pulsational characteristics and theoretical models
can be achieved at a level that allows accurate determination of the basic stellar parameters of a massive oscillator. We derive a

mass of M = 9.62 + 0.11 M,, and an age of 15.7 million years if we assume that convective overshooting does not occur.
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1. Introduction

The topic of mode identification of non-radial oscillations in
main-sequence stars with x-driven modes is receiving a lot of
attention at the moment (see e.g. Thomson et al. 2003 for the
latest summary of efforts). The reason is that a seismic analysis
of such stars can only be done successfully once unambiguous
mode identification is achieved. One can then use the values of
the wavenumbers (¢, m), together with the frequency values to
constrain the star’s physical parameters, such as the mass, the
luminosity, the effective temperature, the metallicity and the
age. Such basic seismic modelling is the subject of our current
studly.

EN (16) Lacertae (B2IV, hereafter shortened as EN Lac) is
a non-radial p-mode oscillator of the class of 8 Cep stars. At
the same time, it is also an eclipsing spectroscopic binary,
of which the orbital parameters and pulsational frequencies
were fine-tuned recently by Lehmann et al. (2000, hereafter
called Paper I). For the frequencies of the three modes of
the star, we here adopt the latest values derived in Paper I:
f, =5.91128¢cd ™, f, = 5.85290cd %, f3 = 5.50259cd 2.

The investigation of ENLac is important, as it is a
prime testcase to perform a ground-based seismic study of
a massive star, i.e. a star with a large convective core.
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Dziembowski & Jerzykiewicz (1996) were the first to attempt
a seismic analysis. The latter was hampered, however, by the
multitude of possibilities among theoretically predicted modes.
Meanwhile, spectroscopic mode identification was done by
Aerts et al. (2002, hereafter called Paper Il) and it turns out
to be consistent with the photometric mode identification (for a
summary of the latter so far, we refer to Chapellier et al. 1995).
It is then clear that EN Lac is one of the few B Cep stars of
which we have sufficient consistent information to try a seis-
mic analysis, which is the topic of the current paper.

The paper is organized as follows. We present the deriva-
tion of the stellar parameters of the star, including the results
of our abundance analysis, in Sect. 2. Further, we perform a
new photometric mode identification and discuss its implica-
tions for the metallicity of the star in Sect. 3. Section 4 is then
devoted to the search for the best stellar models for the star. We
end with concluding remarks in Sect. 5.

2. Stellar parameters

In order to constrain the stellar models, it is necessary to have
a good estimate of the physical parameters of the star. It is
well known that the estimate of the effective temperature of
B stars is quite well developed in terms of photometric indices,
contrary to the determination of the gravity. Temperature es-
timates for EN Lac were provided by Jerzykiewicz & Sterken
(1980): log Te = 4.357 and by Shobbrook (1985): log Teg =
4.333. Both these values are based upon Stremgren indices for
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the star. The log g estimate by Shobbrook amounts to 3.859.
Heynderickx et al. (1994) also provide temperature and gravity
estimates, this time based upon Geneva photometry: log Teg =
4.352 and log g = 3.745. These values, however, are derived
from a very limited amount of data and therefore have to be
regarded as less reliable.

Very recently, Venn et al. (2002) have made a study of
boron abundance of a sample of B-type stars, among which
EN Lac, on the basis of HST STIS spectra. In doing so they
have derived an effective temperature of log Teg = 4.36 £0.02.
Boron is undepleted in EN Lac, suggesting that strong rota-
tionally induced mixing did not (yet) occur during the main-
sequence lifetime of the star. Venn et al. have also determined
metal abundances for their sample stars and find [M/H] =
0.16 + 0.14 for EN Lac for V; = 1kms™, i.e. Z ~ 0.032.

In view of the large uncertainty for the metal abundance and
effective temperature, we have derived elemental abundances
from our numerous echelle spectra. The abundances were de-
termined using a plane-parallel atmosphere model (Kurucz
1998 grid). The log g value needed for this was independently
derived by us from a comparison of synthetic and observed
profiles of the HB line. The synthetic spectrum codes we used
for this are those published by Hubeny et al. (1994) and by
Tsymbal (1996) and lead to log g = 3.80 £ 0.2, which is in fact
in excellent agreement with the photometric estimates given
above. The microturbulent velocity was determined by avoid-
ing any dependence between the iron and carbon abundance
from individual lines and their equivalent widths. We found in
this way V; = 3.0 + 0.3kms™1. The temperature value resulting
from the abundance determination was log Teg = 4.36 + 0.02,
which is slightly higher but not incompatible with the photo-
metric estimates.

The elemental abundances were derived in LTE approxima-
tion using the Kurucz WIDTH9 code. For the elements C, N
and O, however, we used a NLTE approximation to derive the
abundances. In order to do so, we updated an implementation
of the MULTI code (Carlsson 1986). The modification of the
code, of the atomic models and of the atomic level character-
istics are given in detail in respectively Korotin et al. (19994,
1999b), Andrievsky et al. (1999) and Korotin et al. (1999c).
The results of our abundance analysis are presented in Table 1.
We find the star to be very slightly metal poorer than the Sun,
and derive Z ~ 0.014.

Adding all these results together, we finally conclude that
the range of the stellar parameters of EN Lac to be consid-
ered for the modelling is the following: log Teg € [4.33;4.36],
log g € [3.7;3.9] and Z € [0.014;0.030].

3. Photometric mode identification

Recently, Dupret et al. (2003, hereafter called Paper 111) have
presented an improved version of the method of photometric
mode identification. This improved method is based on the
computation of the non-adiabatic eigenfunctions in the entire
non-grey atmosphere of the stellar model, according to the for-
malism outlined by Dupret et al. (2002). The amplitudes and
phases of effective temperature and gravity variations can then
be determined accurately and used for the photometric mode
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Table 1. Results of our abundance analysis of EN (16) Lac. All values
are given relative to solar abundances. NL indicates the number of
used lines.

Element NL (El/H) [EI/H] o
He 4 11.00 0.00 0.20
c 13 8.16 -0.36 0.06
N 18 7.64 -0.28 0.09
o 1 848 -0.35 0.08
Ne 10 8.43 0.35 0.13
Mg 3 718 -040 0.20
Al 2 6.77 0.30 0.05
Si 6 700 -055 0.25
S 15 6.88 -0.45 0.10
Ar 1 6.55 0.15 -
Fe 30 742 -0.08 0.09
1t i
0.9 r b
0.8 r b
=)
ﬂx 0.7 t .
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Fig.1. Observed amplitude ratios with Johnson photometry for the
three observed frequencies (error bars) and theoretical predictions for
0 < ¢ < 4(lines), for a model with M = 9.7 My, Z = 0.02, log Teg =
4.344 and ag, = 0.

identification. In this way, one eliminates two “ad-hoc” param-
eters used in previous versions of the method.

Given the different results on the degree of the three modes
of EN Lac derived from multicolour photometry in the litera-
ture (see Chapellier et al. 1995), it is certainly worthwhile to
apply Dupret et al.’s new version to EN Lac. We have done so
for a set of stellar models with parameters in between those
given in Sect. 2, and confronted the theoretical results to the
observed amplitude ratios by Jerzykiewicz (1993). For all these
models, we find the same most likely identification, which is
graphically depicted in Fig. 1 for one of the considered models
with solar metallicity. This result of £, = 0,6, = 2,£3 = 1 was
already suggested by Chapellier et al. (1995).

We do note in Fig.1 that, for the main radial mode, the
agreement between the theoretical model (full line) and the
observations is not within the observational uncertainty. This
conclusion has led Dupret et al. (2003) to further confront
the observed photometric amplitude ratios and non-adiabatic
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theoretical predictions by changing the metallicity. Indeed, as
shown in Paper Ill, the theoretical amplitude ratios are very
dependent on the metallicity of the model for B-type pul-
sators. It was shown in Paper Il (Fig.9) that, in the case of
EN Lac, a much better agreement between observations and
theory could be found for a model slightly less metallic than
the Sun: Z ~ 0.015. Moreover it was shown in Paper 111 that
the constraint on the metallicity obtained by this method is not
sensitive to the uncertainties on the global stellar parameters
(Tes, mass, ...). Finally, we note that values below Z = 0.015
do not lead to excitation of the modes for the stellar parameters
appropriate for EN Lac.

We note that we get an ambiguous result for the photo-
metric identification of f,, which is very often the case for
mode identification from multicolour photometry of § Scuti and
B Cep stars. The difference between the theoretical and ob-
served amplitude ratios can have different origins. Firstly, as
said above, the theoretical results are sensitive to the metallic-
ity of the model. For the fundamental radial mode, we obtain a
better fit between the theoretical and observed amplitude ratios
for a model less metallic than the Sun (see Dupret et al. 2003).
Secondly, as shown recently by Daszynska-Daszkiewicz et al.
(2002), the coupling between spheroidal modes due to rotation
can affect the photometric amplitudes and phases. Thirdly, we
note that the observational error bars for the photometric am-
plitudes of f, are significant. However, the spectroscopic mode
identification performed by Aerts et al. (Paper Il) leaves no
doubt about the £ = 2,m = 0 nature of the mode with fre-
quency fs.

As conclusion for this section, the confrontation between
the theoretical and observed amplitude ratios points towards
the mode identification €1 = 0, £, = 2, £3 = 1 and a metallicity:
Z € [0.015; 0.020].

Our photometric mode identification is fully consistent
with the spectroscopic mode identification done recently in
Paper 1I. In Paper I, it was not possible to discriminate be-
tween £3 = 1 and 2. The photometric analysis does seem to
point out that this second option is less likely. Moreover, we re-
call that, from the spectroscopic analysis, the second frequency
is, without any doubt, identified as an £, = 2, m, = 0 mode.

4. Seismic modelling

We have a relatively good knowledge of the effective temper-
ature of EN Lac (see discussion in Sect. 2), and, since it is in
a binary, we can deduce the value of its luminosity (Pigulski
& Jerzykiewicz 1988). Furthermore, two of its frequencies
have been well-identified as being £ = 0,m; = 0 and an
¢, = 2,mp = 0 modes, as was shown in Paper II. It therefore
seems worthwhile to confront the current models of massive
B2IV stars with the constraints put forward by the pulsational
character of EN Lac.

We have computed numerous evolutionary sequences from
the main sequence with CLES (Code Liégeois d’Evolution
Stellaire). In doing so we have adopted masses between 8.5
and 10.5 M, metallicities Z between 0.014 and 0.030, and two
different values of X, 0.69 and 0.70, with and without over-
shooting aqy = 0 or 0.2. We use the CEFF equation of state
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Fig. 2. Evolutionary tracks of stars with masses around 9.5 M, with
X = 0.70 and for different values of the metallicity Z and the over-
shooting parameter a,,. The full lines and the dashed line are obtained
with models without overshooting, the dotted lines represent evolu-
tionary tracks obtained with a,, = 0.2. The error box corresponds to
the values for Ter and log g given at the end of Sect. 2. The crosses
and the dots represent models which present an exact fit for the fre-
quency of the radial fundamental mode p;. The black dot corresponds
to the model which gives exact fits for the frequencies of the two iden-
tified modes ¢, = 0,my = 0and &, = 2,m, = 0, for a 9.6 M, star and
aoy = 0. This model corresponds to Z = 0.0183.

(Christensen-Dalsgaard & Dé&ppen 1992). The opacities are
those of the Lawrence Livermore National Laboratory (Iglesias
& Rogers 1996) completed with the Alexander & Ferguson
(1994) opacities at low temperature, both tables being smoothly
joined in the temperature range defined by 3.95 < log T < 4.10.
The nuclear reaction rates are from Caughlan & Fowler (1988)
and the screen factor comes from Salpeter (1954). The bound-
ary conditions at the photosphere are deduced from Kurucz
(1998) models. We show examples of the evolutionary tracks
we obtained in Fig. 2.

For each model we have calculated the oscillation frequen-
cies using a standard adiabatic code (Boury et al. 1975), and we
have selected, for each evolutionary sequence, the model which
gives an exact fit for the frequency of the radial fundamental
mode p; (€1 = 0, my = 0). These selected models are shown as
crosses and open dots in Fig. 2. We note that selecting a higher
order for the mode with frequency f; is not compatible with
the other two frequencies and mode identifications. Moreover
these models would be much colder than the observed effective
temperature.

The second mode has also been well identified as an ¢, =
2,mp = 0 mode. The confrontation to the observed frequency
shows without any doubt that it is a g1 mode. We have there-
fore selected, among the models which fit exactly the first fre-
quency, those which also give an exact fit for the second fre-
quency. For each value of the stellar mass M, and for fixed X
and aqy, this will give us one selected value for the metallic-
ity Z, or, alternatively, for each value of Z, we get one value
of the mass M for which we get exact fits for those two fre-
quencies. The relationship thus obtained between the stellar
mass and its metallicity is represented in Fig. 4, for X = 0.70.
We stress here that the mass-metallicity relationship shown in
Fig. 4 is not a general M—Z relation, but represents simply the
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Fig. 3. Positions, in the HR diagram, of the models which fit both the
radial fundamental mode p; (I; = 0, m; = 0) and the second frequency
corresponding to the g; (I, = 2, m, = 0) mode.
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Fig.4. Relation between the stellar mass (in units of My) and the
metallicity obtained by imposing exact fits for the frequencies of the
two identified oscillation modes.

constraint we get on the models for this star by imposing that
the models must reproduce the observed frequencies. Changing
slightly the value of X is equivalent to changing slightly the
value of Z. From now on, we will therefore discuss only the re-
sults obtained by adopting X = 0.70. The result obtained for an
M = 9.6 M, star is shown as a black dot in Fig. 2. We see here
that the selected model falls very close to the effective temper-
ature as determined by Shobbrook (1985) and by Heynderickx
et al. (1994). In fact, all the stellar models which give exact
fits for the first two frequencies fall very close to each other in
the HR diagram, as shown in Fig. 3. This is especially true for
models without overshooting, represented as dots in that figure.
We insist here on the fact that the value of the effective temper-
ature has not been imposed in the theoretical models, and is a
result of the fitting of the two oscillation frequencies.

Finally, for each model which satisfies exact fits for the fre-
quencies of the two identified oscillation modes, we have com-
puted the frequency of the £ = 1, g5 mode. Indeed, we are
able to confirm that the third frequency can only be an €3 = 1,
g1 mode, as the frequencies of other modes are too far from the
observed value. Therefore, mz = -1, 0, or +1.

Using the relation vz = v3g + BMavier, Where vy is the
observed value of the third frequency, v is the theoretical
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Fig. 5. Rotation velocity obtained for models which fit exactly the two
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(see Paper I1) is shown as thicker lines.
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Fig.6. Allowed domain for the stellar parameters M and Z for the
star EN Lac, for X = 0.70 and for values of a,, between 0 and 0.2.
The thick lines represent the results obtained for @,y = 0 and 0.2,
assuming that my = +1. The black dots represent the results obtained
assuming that my = 0. The dotted lines represent the constraints on
the metallicity obtained through the photometric mode identification
(see Sect. 3), Z € [0.015; 0.020].

value of the frequency of the £3 = 1 mode, and g is the rota-
tional splitting constant due to rotation, we can obtain for each
model the value of the stellar equatorial rotation velocity using
Urot = 27Rvot, Where Ris the stellar radius.

The results are shown in Fig. 5. We see that the observa-
tional constraint vy € [35,135]kms™ provided in Paper Il
delimits acceptable domains for the value of the stellar mass.
This domain depends on the value adopted for the overshoot-
ing parameter aqy.

This latest constraint can be exported to Fig. 4, to de-
limit an acceptable area of stellar parameters M and Z, as
shown in Fig. 6. With the metallicity constraint obtained
through the photometric mode identification (see Sect. 2: Z €
[0.015; 0.020]), we obtain that the mass of 16 Lac is between 9
and 9.7 M. We note that the major uncertainty on the stellar
mass comes from the unknown value of the overshooting pa-
rameter aqy. If we assume that o, = 0, the constraint on the
mass is much narrower; we get M € [9.55,9.70], correspond-
ingto Z € [0.017,0.020]. In this case, we also have very precise
values for the effective temperature and the luminosity, as seen
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Fig. 7. Evolution of the frequencies as a function of age (Myear) for
models with M = 9.79 M, Z = 0.02193 and a,, = 0. The three hor-
izontal lines correspond to the three observed frequencies of EN Lac.
The vertical line corresponds to the model giving the best fit between
the theoretical and observed frequencies. The full lines correspond to
the unstable modes and the “+” to the stable modes.

in Fig. 3: log Teg = 4.34 and logL/L, = 3.90. These values
are in the observational error box.

Finally, we give in Fig. 7 a general view of the evolution
of the frequencies as a function of age around one of our best
models: M = 9.79 My, Z = 0.02193 and ao, = 0. We see that
the model with age = 15.69 My and log T = 4.3438 (vertical
line) fits very well the three observed frequencies. We note that
the mode ¢ = 1, g1 is just undergoing an avoided crossing at
this evolution stage. In this figure, the solid lines correspond to
the unstable modes and the “+” to the stable modes as predicted
by our non-adiabatic code.

5. Conclusions

Three frequencies have recently been obtained with very high
precision from the observed radial-velocity variations for the
star EN Lac (Paper 1), and the spectroscopic mode identifica-
tion has been performed (Paper I1). In this paper, we present
the results of the photometric mode identification, performed
using the improved method of Dupret et al. (2003). The pho-
tometric mode identification confirms the results obtained be-
fore, but it also reduces considerably the uncertainty on the
star’s metallicity. Evolutionary tracks and oscillation frequen-
cies were calculated for the star, for different values of the
mass, the metallicity, and the overshooting parameter. By im-
posing exact fits with the observed frequencies of the two well-
identified modes, we get a relationship between the mass and
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the metallicity, for a given value of ao,. The observational
constraints on the equatorial rotation velocity further reduces
the allowed range for the stellar mass, or, equivalently, for the
metallicity. We have obtained the following results for the pa-
rameters of EN Lac: M € [9.0;9.7] Mg, Z € [0.015; 0.020],and
[Vrot| € [0.11, 0.44] ¢/ d. The major uncertainty comes from the
value adopted for the overshooting parameter.

The current view in constructing evolutionary models of
massive stars is that overshooting is not a necessary ingredi-
ent as it is not needed to explain the observational pulsational
properties of a large unbiased sample of such stars (see, e.g.,
Pamyatnykh 1999). In that case, i.e. if we assume that o, = 0,
the mass and the metallicity of EN Lac are much better de-
termined from our study. We get M € [9.55;9.70] M and
Z € [0.017;0.020]. A mass-determination with an uncertainty
below 2% is unique for such a massive star, which points imme-
diately to the power of asteroseismology for such objects. The
uncertainty on the stellar parameters now comes only from the
uncertainty in the equatorial rotation velocity.

Finally, by fitting the frequencies we have also obtained
very precise values for the effective temperature, luminosity
and age of the star. In our analyses we did not have the need
to use the observational values for these parameters, but we
rather have determined them seismically, with a much higher
precision than current direct observations can provide for such
a massive star as EN Lac.

Our stellar models are of course dependent on the physics
included in these models (equation of state, nuclear reac-
tions rates, opacities, treatment of the convective core, detailed
chemical composition, ...) as well as on the global stellar pa-
rameters used (mass, metallicity, effective temperature, lumi-
nosity). We have shown in our work that we find complete
agreement between the models and the mode identification of
the observed frequencies, which is usually not the case for
k-driven modes in main-sequence stars. A true seismic study
ought to provide constraints on the physical description of the
star. Until now, however, this is only possible for the Sun, for
which thousands of oscillation frequencies have been measured
with very high precision.

The situation for other stars is very different from the one
in the Sun. 16 Lac is the first 8 Cephei star for which the pho-
tometric and spectroscopic identifications of several oscillation
frequencies are compatible with each other. Moreover, two of
these frequencies have been successfully identified as axisym-
metric modes and so are unaffected by rotational splitting. By
imposing that our stellar models must reproduce those two fre-
quencies, we have been able to put severe constraints on some
of the global parameters of the star (M and Z). As a by-product
of our seismic analysis, we also get values for the luminosity
and the effective temperature, which are completely consistent
with the observations. It is noteworthy that the derivation of
global parameters of massive main-sequence stars is very diffi-
cult, as their parallaxes are badly determined. Our seismic esti-
mates of these parameters are of unforeseen accuracy.

Because we only have two identified modes, we cannot, of
course, constrain the models further. For example, we would
need at least a third well-identified frequency to constrain the
overshooting parameter. Our study is a first step towards such
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more in-depth seismic studies of g Cephei stars. In the future,
we plan to observe more frequencies, to identify them, and with
the need to fit all the frequencies with a stellar model, we will
then be able to gain more information on the stellar physics
inside those stars.

Our study is essentially based on only two frequency
values belonging to well-identified axisymmetric modes.
Uncertainties in the mode identification have hampered previ-
ous seismic studies of main-sequence stars. We note that the
problem of mode identification is much easier to solve in the
B Cep stars than in any other type of main-sequence oscillators
with «-driven modes as their frequency spectrum is not very
dense in the range where oscillations are observed. It is there-
fore clear that studies analogous to the one presented here will
be done in the near future for other 8 Cep stars, and that they
will allow in-depth derivations of the internal structure parame-
ters, even with a relatively limited amount of detected and well-
identified modes. A major effort to achieve this from ground-
based data from a huge multisite campaign is currently being
undertaken by Handler & Aerts (2002) for the g Cep star v Eri.
We propose that 3 Cep stars are included as prime targets for
the future asteroseismic missions such as MOST, COROT and
Eddington.
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