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ABSTRACT

We present the results of a detailed seismic modelling of the β Cephei star ν Eridani with the

Liège evolution and pulsation codes. We selected four clearly detected, well-identified and

independent pulsation modes from the frequency spectrum obtained from a recent five-month

multisite, multitechnique campaign, while previous modelling work only took into account

three frequencies. We show by means of a massive exploration of the parameter space that no

standard stellar model both matches and excites these four observed modes, in contrast to the

conclusion reached when considering only three frequencies. Therefore, we have considered

stellar models with different metal mixtures and different initial hydrogen abundance values.

We show that an increase in the relative number fraction of iron throughout the whole star or

a large decrease in the initial hydrogen abundance make the stellar models matching the four

selected modes satisfy all observational constraints and we provide the general properties of

the best such physical models.

Key words: stars: early-type – stars: individual: ν Eridani – stars: oscillations – stars: variables:

other.

1 I N T RO D U C T I O N

The observation of many different types of stars of different ages has

led to a stellar evolution theory that is reasonably well established

in a global sense. However, our knowledge of specific aspects of

the physics, such as convection, internal rotation, mixing, etc., is

rather limited. The hope is that asteroseismology will lead to sig-

nificant contributions in this context in line with the implications

that helioseismology had for detailed stellar structure models of the

Sun (see, for example, Christensen-Dalsgaard 2002, for a review). In

this paper, we apply seismic techniques to a massive main-sequence

B-type star exhibiting low-order pressure and gravity modes with

periods of the order of a few hours. Such stars are termed β Cephei

stars. Handler et al. (2004, hereafter Paper I) have already given a

brief overview of the problems and prospects for asteroseismology

of the β Cephei stars, which are massive near-main-sequence stars

of spectral type between B0 and B2. Such stars have well-developed

convective cores, which would be good laboratories to derive con-

vective properties if we could probe them. As for rotation, it turns

out that the β Cephei stars are slow to moderate rotators, with v sin i

well below 20 per cent of the break-up velocity for almost all mem-

bers (Aerts & De Cat 2003).

�E-mail: mario@ster.kuleuven.ac.be

Previous seismic studies of β Cephei stars (for an overview, see

Aerts et al. 2004, hereafter Paper II) were hampered by the rela-

tively limited number of independent frequencies and the unknown

mode identification of some of them. Therefore, Handler & Aerts

(2002) set up a five-month multisite campaign for the β Cephei star ν

Eridani (ν Eri, HD 29248, B2III). This resulted in more than 600 h

of mmag-level multicolour photometric data and about 2500 high-

temporal and high-resolution spectra. A period analysis revealed

eight independent pulsation frequencies between 5–8 cycle d−1

(cd−1) in the photometric data (Paper I) and seven in the spectro-

scopic data (Paper II). These observed frequency spectra are graph-

ically depicted in Fig. 1. De Ridder et al. (2004, hereafter Paper III)

performed an extended frequency analysis on different line-profile

diagnostics revealing an additional significant frequency and four

additional candidates in the spectroscopic data. In Paper III, mode

identification was also performed and all observational results of

the multisite campaign were summarized.

The results presented in Paper III constitute the starting point

of our thorough basic seismic modelling of ν Eri, in which we

try to match stellar models to the obtained oscillation data. The

goal of this paper is threefold. First, we want to examine to what

extent the observational constraints put limits on stellar models.

More specifically, we derive the sets of stellar parameter values that

correspond to standard stellar models which explain well ν Eri’s

pulsational behaviour and look at whether these sets are confined to
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Figure 1. Photometric (upper panel) and spectroscopic (lower panel) ob-

served frequency spectra in the range [5.4, 8.1] cd−1. Confirmed frequencies

are indicated by solid lines while suspected frequencies are denoted with a

thick dashed line with an arbitrary, small amplitude. The four frequencies

on which the seismic modelling is based are labelled f 1, f 2, f 3 and f 4.

Their corresponding peaks in the two panels are connected by a thin, dotted

line.

a small region in stellar parameter space or spread out over different

regions. Secondly, we investigate the influence of the number of

observed frequencies on the results of the seismic analysis. Thirdly,

we compare the results of the seismic modelling of ν Eri carried out

recently by Pamyatnykh, Handler & Dziembowski (2004) on the

basis of the Warsaw–New Jersey evolution and oscillation codes,

which are entirely independent of the codes used by us, with our

results.

The paper is organized as follows. In Section 2 we begin with a

description of the calculated grid of standard stellar models and the

observational constraints derived for ν Eri. In the following sections

we impose the matching of respectively two (Section 3), three (Sec-

tion 4) and four (Section 5) observed frequencies to standard stellar

models. We also consider non-standard stellar models in Section 6

and end with a discussion in Section 7.

2 S TA RT I N G P O I N T O F T H E M O D E L L I N G

We have calculated an extensive grid of standard stellar mod-

els using the evolutionary code CLES (Code Liégeois d’Évolution

Stellaire). We used the opacities derived from the OPAL code

(Iglesias & Rogers 1996), completed with the Alexander &

Ferguson (1994) opacities below log T = 3.95. We adopted the

CEFF equation of state (Christensen-Dalsgaard & Däppen 1992)

and the standard heavy-element mixture (Grevesse & Noels 1993).

Models in the grid are parametrized by X (initial hydrogen abun-

dance), αov (convective overshooting parameter), Z (metallicity),

mass and age. At first instance, we fixed X = 0.70 because slightly

changing X is equivalent to slightly changing the metallicity Z for

fitting the frequencies. We considered three values of αov: 0.0, 0.1

and 0.2. We covered the mass range between 7 and 13 M� with

a resolution of 0.1 M� and a metallicity range between 0.012 and

0.030 with a resolution of 0.002. In the age dimension we covered the

whole main-sequence evolution from the zero-age main sequence

(ZAMS) until the terminal-age main sequence (TAMS). For each

stellar model, we have calculated the theoretical frequency spectrum

of low-order p- and g-modes with a degree of the oscillation up to

� = 4 using a standard adiabatic code (Boury et al. 1975).

From the observed frequency spectrum shown in Fig. 1 only the

reliable frequencies corresponding to zonal modes (m = 0) are suit-

able for a seismic analysis. Indeed, the theoretical frequency spec-

trum of non-rotating models should match the observed frequency

spectrum of zonal modes in the first-order approximation, which is

valid given the slow rotation of ν Eri (v sin i < 25 km s−1; Aerts,

Waelkens & De Pauw 1994; Paper II).

We selected the four frequencies f 1 = 5.7633 cd−1 (= ν 1), f 2 =

5.637 cd−1 (=ν 4), f 3 = 6.244 cd−1 (=ν 6) and f 4 = 7.898 cd−1

(=ν 5) from the observed frequency spectrum. We note that the

ν-notation between brackets corresponds with the frequency num-

bering presented in Paper III. In this paper we use the f -notation

to distinguish the different frequency numbering adopted here for

the sake of clarity. The selected frequencies are labelled in Fig. 1.

Because these frequencies were clearly detected in both the photo-

metric and spectroscopic data sets by all the different period analy-

ses carried out independently by different researchers, we consider

them as very reliable.

In Paper III the main mode f 1 was clearly identified as a radial

mode and f 2 as well as f 3 were found to be the central component

of an � = 1 triplet. The high-frequency mode f 4 was also identified

as a dipole mode but its azimuthal number m could not be derived.

We perform the seismic modelling assuming that f 4 is the central

peak of the triplet. We show later that our results remain valid in the

case when it would turn out that f 4 is a side peak of the triplet.

Because a mode frequency not only depends on � and m, but

also on the radial order n, we need to determine n of the selected

frequencies before they can be fitted to theoretical frequencies. For

an evolution sequence with X = 0.70, αov = 0.0, Z = 0.020 and

M = 10 M� there are three stages on the main sequence where a

stellar model matches f 1 and f 2, respectively, for the radial-order

combinations (n1, n2) = (1, −1), (2, 1) and (3, 2). An exploration of

our grid of standard stellar models reveals that only the radial-order

combination (n1 = 1, n2 = −1) leads to stellar models for which

theoretical dipole modes are predicted in the close neighbourhood

of f 3 and f 4. Moreover, all these models identify the radial order

of f 3 and f 4 as n3 = 1 and n4 = 2, respectively. This result is in

agreement with the identification made by Pamyatnykh et al. (2004)

based partially on observational constraints.

Besides the matching of the four selected frequencies we take into

account two additional observational constraints: the excitation of

the pulsation modes, which we checked with a non-adiabatic pulsa-

tion code MAD (Dupret 2001), and the position in the Hertzsprung–

Russell (HR) diagram relative to the error box that was derived in

Paper III.

ν Eri is the first massive B-type star for which four independent

observed frequencies can be used to perform a seismic analysis. The

seismic modelling of, for example, EN(16) Lacertae (Thoul et al.

2003) as well as HD 129929 (Aerts et al. 2003; Dupret et al. 2004)

was based on three pulsation modes. In both cases these frequencies

were all well identified except for the third one of EN(16) Lacertae,

for which the azimuthal number could not be derived. In the follow-

ing sections we investigate how large the benefit is of having one

more observed well-identified frequency in the case of ν Eri.

3 F I T T I N G T WO F R E QU E N C I E S

We start the modelling with a fixed value for the parameters (X ,

αov, Z ) and we calculate evolutionary tracks for different masses.

On each evolutionary track, we select the model – thereby fixing the

age – that fits f 1 as the fundamental radial mode. For each of these

stellar models, we compare the theoretically predicted frequency of
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Figure 2. The M–Z relations obtained by fitting f 1 and f 2 with the evolution

code CLES (triangles) for four different (X = 0.70, αov) sets. Each M–Z

relation is labelled with the αov value for which it has been calculated. For

comparison, the M–Z relation obtained with the Warsaw–New Jersey code

(squares) for the (X = 0.70, αov = 0.0) set is also shown.

the � = 1, g1 mode with f 2. Imposing a match gives us the mass

M. So, by fitting two frequencies, we actually perform a mapping

between the three-dimensional (X , αov, Z ) parameter space and the

two-dimensional (M, age) space.

At first instance we keep the parameters X and αov constant and

we vary the metallicity Z from 0.012 to 0.030 with steps of 0.002.

For each such obtained (X , αov, Z ) set, we perform the mapping.

This yields an M–Z relation for the considered (X , αov) set. We

calculated the M–Z relations of the four sets (X = 0.70, αov) with

αov = 0.0, 0.1, 0.2 and 0.3. The result is shown in Fig. 2. It follows

that the mass decreases with an increase in the metallicity Z as well

as an increase in the overshooting parameter αov. Fig. 2 also shows

the M–Z relation obtained with the Warsaw–New Jersey code for the

(X = 0.70, αov = 0.0) set. The masses found with the Warsaw–New

Jersey code are slightly lower, on average 1.15 per cent lower. No

detailed comparison has been carried out so far in order to reveal

the discrepancies between the different codes.

4 F I T T I N G T H R E E F R E QU E N C I E S

As a subsequent step, we require the frequencies f 1, f 2 and f 3 to

be fitted by the models. This means that we perform a mapping be-

tween the two-dimensional (X , αov) parameter space and the three-

dimensional (Z, M, age) space. Taking X = 0.70 and no overshoot-

ing yields Z = 0.016, M = 9.9 M� and an age of 15.9 My. This

stellar model also satisfies the two other observational constraints:

the three modes are unstable and the position in the HR diagram is

within the error box derived in Paper III. This immediately implies

that there are many standard stellar models fulfilling all observa-

tional constraints when one imposes the fitting of f 1, f 2 and f 3.

Indeed, the mapping can be performed for different values of αov.

Pamyatnykh et al. (2004) have discussed two such models in detail:

one without overshooting and one with αov = 0.1. We refer to that

paper for details and omit to repeat similar results here.

Pamyatnykh et al. (2004) put an upper limit on the overshoot-

ing parameter at αov = 0.12 because standard stellar models with

higher αov values have an effective temperature below the lower

observational bound they used. However, an updated better justified

error box of ν Eri’s position in the HR diagram was derived in Pa-

per III, and this turns out to be somewhat larger than that used by

Pamyatnykh et al. (2004). Indeed, in Paper III it was shown that the

temperature estimates obtained from different types of observations

(photometry versus spectroscopy) are not the same. Therefore, we

have chosen not to restrict the overshooting parameter on the basis

of an error box. Our approach is a massive scan of the parameter

space by means of our grid of stellar models without a priori con-

fining our search. We will derive a value for αov by imposing an

exact fit of f 4 and use the temperature estimate T eff = 22 900 ±

1100 K that was derived in Paper III to check a posteriori whether

the resulting model lies significantly outside this error box or not.

5 F I T T I N G F O U R F R E QU E N C I E S

By fitting f 1 and f 2 we carry out the mapping between the three-

dimensional (X , αov, Z ) parameter space and the two-dimensional

(M, age) space for the points (X = 0.70, αov, Z ) with αov = 0.0,

0.1, 0.2 and 0.3, and Z values ranging from 0.012 to 0.030 with

�Z = 0.002. For each of these models we compare the theoretically

predicted frequency values of the p1 and p2 dipole modes with f 3 and

f 4, respectively, in order to find the standard stellar model that fits

all four frequencies. This comparison is shown in Fig. 3. It shows

that f 3 can be fitted, fairly independently of the value of αov, by

models with a metallicity of about 0.016, well in agreement with

the results found by Pamyatnykh et al. (2004). An overshooting

parameter higher than 0.3 is required however in order to fit f 4.

We recall from Section 2 our assumption that f 4 is the central

component of the triplet. However, the slow rotation of ν Eri results

in a close-frequency splitting (see also Fig. 1) so that the real p2

zonal mode can only have a slightly different frequency than f 4. It

can then be deduced from Fig. 3 that, even when f 4 turns out to be

the left peak of the triplet, we still need an overshooting parameter

of about 0.3 in order to fit the frequency of the central component.

The fitting of the four selected frequencies f 1, f 2, f 3 and f 4

leads to a mapping between the one-dimensional X parameter space

and the four-dimensional (αov, Z , M , age) space. For X = 0.70, this

results in the values αov = 0.313, Z = 0.0155, M = 7.83 M� and

age = 29.55 Myr.
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Figure 3. Frequency–frequency diagram in which the symbols mark the

frequency values of the � = 1, p2 (x-axis) and � = 1, p1 mode (y-axis) as

predicted by models that fit f 1 and f 2 for a given (αov, Z ) set. The four

sequences correspond with αov = 0.0 (dots), 0.1 (triangles), 0.2 (squares)

and 0.3 (asterisks). In each sequence the metallicity of the models ranges

from 0.012 to 0.030 with steps of 0.002 in the shown direction. The solid

and dashed lines denote the detected and suspected observed frequencies,

respectively.
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We note that the value of the overshooting parameter for ν Eri

derived with standard stellar models is rather high compared with

the typical values taken for this parameter in the recent literature of

oscillation studies (see Pamyatnykh 1999, for a discussion). How-

ever, high αov values have been reported in studies of cluster fitting

by, for example, Mermilliod & Maeder (1986), while Ribas, Jordi &

Giménez (2000) studied eight early-type eclipsing binaries near or

beyond the TAMS with masses ranging from 2 to 12 M� and found

a systematic increase of αov with the mass from 0.1 to 0.6. The latter

value is needed to explain the evolved eclipsing binary V380 Cyg

(Guinan et al. 2000). Schröder, Pols & Eggleton (1997) derived val-

ues slightly increasing from αov ≈ 0.24 for 2.5 M� to αov ≈ 0.32

for 6.5 M� based on the modelling of ζ Aurigae binaries.

One should not exclude such high overshooting values without

arguments. Here we provide two such arguments for ν Eri. The

standard stellar model calculated with CLES and fitting f 1, f 2, f 3

and f 4 has an effective temperature T eff = 20 235 K, which is sig-

nificantly outside the estimate T eff = 22 900 ± 1100 K derived in

Paper III. Moreover, the result of a non-adiabatic analysis with MAD

reveals that none of the four frequencies is predicted to be unsta-

ble. Therefore, we abandon the high-overshooting standard model.

This implies that no standard stellar model matches all observational

data of ν Eri. We attempt to solve this problem by considering non-

standard stellar models.

6 N O N - S TA N DA R D S T E L L A R M O D E L S

We consider none of the four modes being excited as the largest

discrepancy between the standard stellar model fitting f 1, f 2, f 3

and f 4 and the observational data. Because the excitation of pulsation

modes in B-type stars is due to the κ-mechanism active in the partial

ionization zone of the heavy elements, especially of the iron group

(Dziembowski & Pamyatnykh 1993; Gautschy & Saio 1993), we

examine the effect of taking a different metal mixture.

Charpinet et al. (1996, 1997) and Fontaine et al. (2003) showed

that the excitation of the pulsation modes in current models of sdB

stars requires a local iron enrichment in the driving region, which

may be the result of diffusion processes such as gravitational settling

and radiative levitation. Pamyatnykh et al. (2004) followed this idea

for ν Eri by adopting an ad hoc iron enhancement in the driving zone.

We have chosen to investigate the influence of uniform changes

of the iron abundance throughout the stellar interior. Next to the

standard solar mixture, we consider metal mixtures with an increase

as well as a decrease in the relative number fraction of iron with a

factor of 4. For each metal mixture we take three different values for

Table 1. Values of the stellar parameters αov, Z , M and age derived by fitting f 1, f 2, f 3 and f 4 for models with different values of X

and Fe. The values of other stellar parameters of the fitted models are also shown. The last column indicates whether the four selected

modes are excited (+) or not (−). The most likely model from a physical point of view is indicated in italics.

Mixture X αov Z M/M� Age (My) log T eff log L R/R� log g Excitation

0.70 0.44 0.0215 7.095 36.53 4.2792 3.584 5.715 3.775 −

1/4 Fe� 0.60 0.394 0.022 6.795 24.97 4.3103 3.695 5.625 3.770 −

0.50 0.355 0.0235 6.481 16.87 4.3426 3.809 5.529 3.764 −

0.70 0.313 0.0155 7.83 29.55 4.3061 3.720 5.907 3.789 −

Fe� 0.60 0.287 0.0165 7.43 21.04 4.3331 3.812 5.799 3.782 −

0.50 0.261 0.018 7.10 14.43 4.3649 3.925 5.705 3.776 +

0.70 0.21 0.0115 8.43 26.63 4.3219 3.806 6.059 3.799 +

4 Fe� 0.60 0.19 0.0125 8.05 18.90 4.3493 3.901 5.961 3.793 +

0.50 0.157 0.0145 7.755 12.92 4.3799 4.012 5.884 3.788 +
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Figure 4. The values of the mass and the age are shown for the nine stellar

models fitting f 1, f 2, f 3 and f 4 for different values of X and Fe. Models

with the same X values are connected with full lines as indicated in the figure.

The different mixtures Fe, 4 Fe� and 1/4 Fe� are denoted by circles, squares

and triangles, respectively. Solid symbols correspond to models for which

all four selected modes are unstable. This is not the case for models marked

with open symbols.

X (0.70, 0.60 and 0.50) in order to examine how low an X we must

take in order to find a stellar model that satisfies all observational

constraints. For each (Fe, X) set we determine the values of αov, Z ,

M and the age by fitting f 1, f 2, f 3 and f 4. The results are listed in

Table 1 and shown in Figs 4 and 5. A decrease in X results in lower

values for αov, M and the age and higher ones for Z. A decrease in

Fe lowers the mass M but raises the value of αov, Z and the age. As

can be seen in Fig. 4, the derived masses are rather low – all below

8.5 M� for the considered (Fe, X) sets – compared with typical

values derived with standard stellar models. Fig. 5 shows that the

values of the metallicity and the overshooting parameter are very

sensitive to the considered changes in initial hydrogen abundance

and relative number fraction of iron.

Subsequently, we check the instability of f 1, f 2, f 3 and f 4. If a

standard solar mixture is adopted, a value of X below 0.50 is needed

in order to excite all four modes. Such a low X value is unrealistic

from a physical point of view. If, however, X is fixed at 0.70, an

increase in the relative number fraction of iron with a factor of 4

can also enable the excitation of all the selected frequencies. This

is in agreement with what Pamyatnykh et al. (2004) found with

C© 2004 RAS, MNRAS 355, 352–358
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represents the error box derived in Paper III. The adopted symbol convention

is the same as in Fig. 4.

their ad hoc local increment of Fe in the driving zone in order to

explain the driving of the mode with frequency f 4. It is apparent

that an increase in the opacity caused by the excess Fe abundance is

crucial to the driving mechanism of the oscillation modes. However,

an overall change in the Fe fraction implies a very different stellar

model compared to only a very local Fe increase in the driving

zone.

Fig. 6 shows the position in the HR diagram of the nine stellar

models that fit the four selected observed frequencies f 1, f 2, f 3 and

f 4 for different (X, Fe) combinations. It shows that stellar models

fitting f 1, f 2, f 3 and f 4 are within or closer to the error box if the

relative number fraction of iron is increased or if the initial hydrogen

abundance is decreased relative to their solar value. For stars in the

solar neighbourhood, one expects X to lie in the range [0.68, 0.72],

and Fe not to be too different from the Sun, although this depends

largely on the very local supernova history at the place of birth of

ν Eri. We can explain all the considered observational constraints,

i.e. the frequency values, identifications and excitation of the four

selected modes, for the model indicated in italic in Table 1, which is

the most plausible solution from a physical point of view regarding

the hydrogen content. It turns out that this model is to the right of

the observed error box of ν Eri. However, increasing the Fe a little

more, as well as decreasing X a little, will improve the position of

the model with respect to the error box in the HR diagram. Such

fine-tuning in position is, however, not useful at this stage because

the error box was derived assuming standard models, an assumption

which is inappropriate for ν Eri. Moreover, also for the two other β

Cephei stars for which seismic modelling was carried out in detail, a

position to the right of the observational error box in the HR diagram

was found (Aerts et al. 2003; Thoul et al. 2003; Dupret et al. 2004).

In Fig. 7 we compare the theoretical frequency spectra of the

nine obtained models with the observed frequency spectrum. The

theoretical frequency spectra are shown for modes with a degree up

to � = 3. All observed frequencies (Papers I, II and III) are shown

as vertical lines (solid and dashed lines for definitive and uncertain

frequencies, respectively).

Because of the sparse theoretical frequency spectrum, we are

able to identify unambiguously nearly all detected frequencies from

photometry as well as from spectroscopy. As already mentioned in

Section 2, the fitting of f 1 and f 2 as the radial fundamental mode

and the � = 1, g1 mode, respectively, leads to the identification of

f 3 and f 4 as the � = 1, p1 and � = 1, p2 modes, respectively, which

is in agreement with the photometric mode identification.

The frequency 7.200 cd−1 was clearly detected in the photomet-

ric data, but not in the spectra. Therefore, we did not include this

frequency in the seismic modelling. The presence of a more uncer-

tain peak at 7.252 cd−1 has also been reported in Paper I. Fig. 7

shows that this frequency, for which the corresponding mode could

not be identified by the photometric mode identification (see Paper

III), is nicely explained by an � = 2, f mode. We point out that our

modelling seems to identify the suspected photometric frequency

7.252 cd−1 as the central peak of the predicted quintuplet instead of

the certain photometric frequency 7.200 cd−1. The identification as

an � = 2, f mode is robust against the considered changes of X and

the metal mixture.

The detailed frequency analysis on the line profiles of the Si III

(455.3 nm) and Si III (456.8 nm) lines performed in Paper III re-

vealed additional frequencies. On the one hand, the two frequencies

5.512 and 5.889 cd−1 were clearly detected. Although they can be

explained as combination frequencies, arguments were given in Pa-

per III in favour of them being genuine eigenfrequencies. On the

other hand, two low-amplitude frequencies 4.707 and 4.742 cd−1

were also found. These four additional frequencies are also indi-

cated in Fig. 7 as dashed vertical lines. The good overall agreement

between the position of these four uncertain frequencies and the the-

oretical frequencies of the �= 3 modes provides a strong case for the

physical reality of (some of) these additional frequencies. Discrim-

inating among the nine models is however very difficult because

we do not know the exact position of the central component of the

multiplets to which these additional observed frequencies belong.

Moreover, we cannot exclude the theoretical frequencies of � = 4

modes as possible candidates to match these additional frequencies.

7 D I S C U S S I O N

We have performed a detailed seismic analysis of the β Cephei

star ν Eri with the Liège evolution and pulsation codes. We did

not include diffusion in our computations. We prefer to exclude

(radiative) diffusion before detailed theoretical calculations have

been performed in the appropriate temperature and mass range (as

far as we know, diffusion results are only available for A-type or later

type stars). We hence did not change the physics of the models but
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Figure 7. Comparison of the theoretical frequency spectrum of nine stellar models fitting f 1, f 2, f 3 and f 4 with all the observed frequencies (Papers I, II

and III) in the range [4.4, 8.1] cd−1. The theoretical frequencies are denoted as squares, dots, triangles and asterisks for � = 0, 1, 2 and 3 modes, respectively.

The observed frequencies are indicated by vertical lines: certain frequencies (full lines) and uncertain frequencies (dashed lines). The nine stellar models, for

which the theoretical frequency spectra are shown, have different X and Fe values. The theoretical spectra in the top, middle and bottom panels correspond to

X = 0.70, X = 0.60 and X = 0.50, respectively. The three theoretical frequency spectra in each panel have been calculated for different mixtures as indicated

on the y-axis.

we merely carried out a massive exploration of the stellar parameter

space to fit the observational constraints.

We have shown the significance of considering four instead of

three observed and identified frequencies in the case of ν Eri. Match-

ing three pulsation modes results in several standard stellar models

that satisfy all other observational constraints. However, no stan-

dard stellar model fits and excites the four clearly detected pulsation

modes f 1, f 2, f 3 and f 4.

We subsequently calculated additional non-standard models fit-

ting the four selected frequencies with different metal mixtures (rela-

tive number fraction of iron: Fe�, 4 Fe� and 1/4 Fe�) and different

X values (0.70, 0.60 and 0.50) to study the influence of these param-

eters on the excitation and the fitting of the four selected modes. A

significant increase in Fe (a factor of 4 in relative number) or a sig-

nificant decrease in X (a factor of almost 2) result in stellar models

matching and exciting all four pulsation modes. These changes also

bring the stellar model closer to or within the error box derived for

the position in the HR diagram.

The calculated stellar models fitting f 1, f 2, f 3 and f 4 all yield

the same identification of all observed frequencies, which is in full

agreement with the photometric mode identification performed for

some of them. We have also shown that most of the uncertain fre-

quencies found in photometry or spectroscopy can be explained

by theoretical � = 3 modes in all models fitting the four selected

frequencies. The uncertain nature of these observed frequencies,

however, prevents further discrimination between the models fitting

four frequencies for different metal mixtures and X values. The un-

ambiguous detection of � = 3 zonal modes would put even more

constraints on the stellar models because of the significant changes

in the theoretical frequencies of the � = 3 modes in the models fit-

ting f 1, f 2, f 3 and f 4 (see Fig. 7). Another additional constraint

could come from a more accurate determination of the effective

temperature which is highly uncertain at present (Paper III).

Pamyatnykh et al. (2004) end up with quite different best mod-

els (more massive and younger) because they fitted only the three

frequencies f 1, f 2 and f 3 and restricted the overshooting parame-

ter according to the uncertain error box based on photometric and

parallax data (ignoring the spectral line profiles). They solved the

excitation of the mode with frequency f 4 by arguing that diffusive

processes can probably induce a strong local enhancement of Fe in

the driving zone, which would not change the global parameters of

their best models fitting the three selected frequencies. The different

outcome due to the different modelling procedures adopted by us

and by Pamyatnykh et al. (2004) shows the great need of including

diffusive processes in the theoretical structure model calculations

for the temperature range of the β Cephei stars and of studying their

effect on the calculated oscillation frequency values in full detail.

We plan to tackle this point for ν Eri in the near future.

ν Eri is the second β Cephei star for which evidence for non-

rigid rotation was put forward. Aerts et al. (2003) and Dupret et al.

(2004) used the frequency splittings of the � = 1, p1 and � = 2,

g1 multiplets to rule out uniform rotation in the envelope of the β

Cephei star HD 129929. In the case of ν Eri, Pamyatnykh et al.

(2004) inferred that the mean rotation rate in the µ-gradient zone

is about three times higher than in the envelope for their two stan-

dard models fitting the three observed frequencies f 1, f 2 and f 3.

Their analysis was based on the � = 1, g1 triplet and two compo-

nents of the � = 1, p1 triplet as observed in the photometric data
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(Paper I). First, they predicted a value for the frequency of the third

(left) component of the � = 1, p1 triplet under the assumption that

its asymmetry is caused by second-order effects of rotation with the

same rate as for the � = 1, g1 triplet. Secondly, they averaged out

the asymmetry of both triplets and used the mean splittings to put

constraints on the internal rotation. While the results of Pamyat-

nykh et al. (2004) for ν Eri are remarkably similar to those of Aerts

et al. (2003) and Dupret et al. (2004) for HD 129929, making it

tempting to put forward that this may be a general result for slowly

rotating stars in that position in the HR diagram, we are cautious of

overinterpretation. Indeed, the frequency analyses of the different

radial velocity time series (Papers II and III) all revealed a signifi-

cant lower-frequency value for the left component of the � = 1, p1

triplet. Therefore, the asymmetry within this triplet is much larger

than that assumed in Pamyatnykh et al. (2004). We believe it is

worthwhile to investigate the effect of this deviation from equidis-

tance before refining the constraints on the internal rotation found

by Pamyatnykh et al. (2004). Therefore, we plan to perform a future

seismic analysis of ν Eri based on stellar models which take the

second-order effect of rotation into account, aiming for a model that

fits and excites the four observed frequencies f 1, f 2, f 3 and f 4 and

is able to reproduce the asymmetry of both observed triplets. Such

modelling requires adaptation of our evolution and pulsation codes,

which is beyond the scope of our current paper.

The goal of asteroseismology is the improvement of our current

understanding of stellar physics. The observed global stellar param-

eters of stars are, however, not as well determined as for the Sun,

particularly for massive stars. Such stars require the oscillation data

to improve the global parameters first, before any significant tests

of the presently available stellar structure theory can be undertaken.

ν Eri is a very rewarding star in this respect because it is the first β

Cephei star for which enough observational constraints are available

to show that standard stellar models are not able to satisfy them all.

Given the thorough modelling that was already possible for ν Eri

on the basis of only a very limited number of frequencies, we are

very hopeful for the future of asteroseismology of massive B-type

stars.
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