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Abstract

We present a spectroscopic study of the 3 Cephei star 8 Canis Majoris. Hundreds of high-
resolution spectra were gathered during 4.5 years and the Si lll line profiles centered on 4560 A
were subjected to a detailed line profile analysis. We searched for oscillation frequencies
in different line diagnostics, compared them with those known from photometric studies
and concluded the presence of three frequencies in our dataset: f1 = 3.97933cd 1, fa =
3.99959cd~! and fz = 4.1832cd 1, which were already found earlier from photometric
data. By means of the moment method and from amplitude and phase variations across the
profiles we could identify two of the modes as (€1,m1) = (2,2) and (€2, m2) = (0,0). We
present our first results of modelling based on the oscillation frequencies and place constraints
on the mass, age and core overshooting of this massive evolved 3 Cephei star.

Introduction and observations

As already explained in Saesen et al. (2006), our work fits in with the research of asteroseis-
mology of B-type stars. In particular, the study of 3 Cephei stars is extremely useful to derive
knowledge about the interior and evolution of massive stars. With this work we add § Canis
Majoris to the sample of 3 Cephei stars with thorough asteroseismic modelling.

From previous studies 8 Canis Majoris is known to exhibit multiperiodicity with rather low
frequencies in comparison with the frequencies of other 3 Cephei stars. This would indicate
that 8 Canis Majoris is a reasonably evolved star which makes it a particularly interesting
object to study.

(3 CMa was observed during four and a half years with the CORALIE échelle spectrograph
attached to the 1.2m Euler Swiss Telescope (on La Silla ESO, Chile) and 452 high-resolution
spectra were gathered. This is a unique dataset since all the previous studies were performed
using photometric data. We used the first line of the Si Ill triplet with wavelength A =
4552.654 A and calculated the first three velocity moments (v), (v2) and (v3) (see Aerts et
al. 1992 for their definition) to start our frequency analysis.

Frequency analysis

Shobbrook (1972) showed that 3 Canis Majoris is multiperiodic with at least three frequencies.
Handler (2005) confirmed these frequencies based on a photometric multisite campaign on (8
CMa.
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Frequency (cd=!)  Amplitude (km s=!) Phase (2nrad)

fi 3.97933 £+ 0.00001 2.66 £ 0.09 0.354 £ 0.005
f2 3.99959 £ 0.00003 2.58 £ 0.08 0.583 £+ 0.002
f3 4.1832 £ 0.0001 0.73 £0.06 0.953 £ 0.003

Table 1: Frequencies of 3 CMa together with their amplitude and phase in the first moment. They are
arranged in order of decreasing amplitude.

In our study we used the PDM (Stellingwerf 1978) and SCARGLE (Scargle 1982) methods
together with the code PERIOD98 (Sperl 1998) to search for frequencies in the first three
moments. We obtained the same three frequencies as Shobbrook (1972) and Handler (2005).
The three frequencies, together with their amplitude and phase, are listed in Table 1. These
three frequencies together have a variance reduction of 88% in the first moment.

Mode identification

First of all, Handler (2005) performed a photometric mode identification by means of his
dataset. We adopted his ¢-identification for f1, which is £1 = 2.

Telting & Schrijvers (1997) and Schrijvers et al. (1997) showed that, when there is a
minimum (almost zero) in the amplitude and a corresponding phase shift of 7 near the center
of the line profile, one can conclude to be dealing with a radial or a dipole mode. As one can
see in Fig. 1, this certainly is the case for fa in our dataset. Handler (2005) found that fo
must be a radial mode. This makes it clear that f5 is indeed a radial mode.
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Figure 1: Amplitude and phase distribution for fo = 3.99959 cd~!. The amplitude is unitless and given
in terms of the central depth of the average line profile over the time series. The phase is expressed in m
radians.

Secondly, in order to determine the m-value of f1 and the ¢- and m-value of f3, we
continued our research with the moment method (Briquet & Aerts 2003). With this method,
the wavenumbers (£, m) and some other continuous velocity paramaters are computed in such
a way that the theoretically computed first three moment variations best fit the observed ones.
We performed a multiperiodic mode identification with f1, f2, and fs, the ¢-value of f; being
fixed to £1 = 2 and the mode of f2 being fixed to (£2, m2) = (0,0). The outcome of the
moment method gives a preference to (¢1,m1) = (2,2), but we cannot rule out m; = 1.

In order to discriminate between mi1 = 2 or m; = 1, we continued as follows. By using
the codes BRUCE and KYLIE (Townsend 1997) we constructed theoretical line profile time
series according to the nine best moment solutions (given as a function of the wavenumbers £
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and m and the other continuous parameters). Subsequently, we computed the amplitude and
phase variations across the line profile for each generated line profile time series. We then
compared these theoretically computed amplitude and phase distributions with the observed
ones for f1. From this comparison, we concluded that the wavenumbers of the main mode
are clearly (£1,m1) = (2,2). Unfortunately we could not conclude anything concerning the
mode with frequency fs.

The moment method gives also indirect information about the equatorial rotation velocity.
By closely examining all the given values, we could also make an estimation of the equatorial
rotation velocity: veq = 32.5 £2.5 km s~ 1.

Modelling of the frequencies

Our goal is to construct stellar models which show oscillations in accordance with the observed
modes of 3 Canis Majoris. By doing that, we hope to derive constraints on some stellar
parameter values such as mass, age and the convective overshoot parameter.

We calculated an extensive grid of standard non-rotating stellar models using the evo-
lutionary code CESAM (Morel 1997). We used the opacities derived from the OPAL code
(Iglesias & Rogers 1996). We adopted the OPAL equation of state (Rogers & Nayfonov 2002).
Convection was described by the standard mixing length theory (Henyey et al. 1965) and nu-
clear reaction rates were obtained from the NACRE compilation (Angulo et al. 1999). The
p- and g-mode oscillation frequencies of low degree modes (£ = 0,1,2,3) were computed
for each model under the adiabatic approximation, using the pulsation package, ADIPLS
(Christensen-Dalsgaard & Berthomieu 1991). Models in the grid are parameterised by mass,
age, the initial chemical composition (X, Zp) and the convective overshoot parameter (coy,
measured in terms of local pressure scale height).

Since we do not know the mode corresponding to the third frequency fs, we can only try
to fit the two frequencies f1 and fa at this moment. Besides matching these two frequencies,
we took into account an additional observational constraint: the position in the Hertzsprung-
Russel (HR) diagram. From an extensive search in the literature, we derived a range for the
effective temperature of log Teg = 4.40 + 0.02 (Heynderickx et al. 1994, De Cat2002) and
from a given parallax (m = 6.53 £ 0.66 mas, Perryman & ESA 1997) and visual magnitude
(my=1.97 mag, Johnson et al. 1966), we calculated a range for the luminosity of log L/L¢ €
[4.25,4.57]. We also obtained a value for the metallicity: [m/H] = 0.04 £ 0.10 (Daszyriska-
Daszkiewicz & Niemczura 2005; Niemczura & Daszyriska-Daszkiewicz 2005). We considered
two values for aoyv: 0.0 and 0.2 and three values for the metallicity Z: —0.06, 0 and 0.14.
We calculated evolutionary tracks with masses between 12 and 15 M.

First of all, we fitted the radial mode corresponding to fo. For each model in the correct
position in the HR diagram, we compared the given frequencies corresponding to £ = 0 but
with different radial order n to fa2. We concluded that fo must be the radial fundamental
frequency, since higher radial orders are not compatible with the star’s position in the HR
diagram.

Subsequently, we compared f1 with the frequencies corresponding to £ = 2 in the models
which reproduce the correct fundamental radial frequency. Since non-rotating stellar models
only reproduce frequencies corresponding to m = 0 and mj; = 2, we took the effect of
rotation into account, by calculating the splitting value dv, which is a function of m1, veq,
the radius R and the Ledoux constant in the first order approximation. By means of the
constraint of the position of 8 CMa in the HR diagram, we obtained an estimate for the
radius: R = 9.0 & 0.35 Rp. The Ledoux constant is estimated from the eigenfunction of
£ = 2 modes. After research of a number of representative models, we reached the conclusion
that the radial order of f; equals n1 = —1 and comes from the first g-mode. With all this
information, we could calculate the actual splitting value év and could start fitting the two
frequencies together.
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The first results of our modelling are the following. We point out that they have to be
considered as provisional results. We were able to construct some stellar models for which
the two relevant frequencies match the observed ones. An important outcome, however, is
that the convective overshooting of the core is substantial (aov 2 0.2). The mass of 3 Canis
Majoris probably lies between 13.8 and 14.5 M and the age of 8 CMa approximately lies
between 10 x 106 and 11.5 x 10° vyears.

Conclusion and future work

We performed a detailed asteroseismic study of 3 Canis Majoris. The frequency analysis
led to the extraction of three frequencies. We could well identify the modes of the two
dominant frequencies. We constructed stellar models which reproduce frequencies matching
our observed frequencies. Thus, we could deduce a number of constraints concerning the
mass, radius, age and convective overshoot parameter of 3 Canis Majoris.

These constraints are being checked more thoroughly in ongoing work. We also hope to
consider the question of the excitation of the observed modes in our models in a future study.
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