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ABSTRACT

Aims. We present the results of a detailed analysis of 452 groaseddhigh-resolution highy/lS spectroscopic measurements spread over 4.5
years forg Canis Majoris with the aim to determine the pulsational abteristics of this star, and to use them to derive seisnmistcaints on
the stellar parameters.

Methods. We determine pulsation frequencies in the Silll 4553 A liigwFourier methods. We identify the-value of the modes by taking
into account the photometric identifications of the deg®eeko this end we use the moment method together with the amdpliand phase
variations across the line profile. The frequencies of tkatified modes are used for a seismic interpretation of tuetstre of the star.

Results. We confirm the presence of the three pulsation frequencieady detected in previous photometric datastss 3.9793 cd*!
(46.057 uHz), f, = 3.9995 cd?! (46.291 uHz) and f; = 4.1832 cd? (48417 uHz). For the two modes with the highest amplitudes we
unambiguously identifyf, m;) = (2,2) and ¢, m;) = (0,0). We cannot conclude anything for the third mode identifica except that
ms > 0. We also deduce an equatorial rotational velocity of-B km s for the star. We show that the modemust be close to an avoided
crossing. Constraints on the mass.gl8 0.5M,), age (124 + 0.7 Myr) and core overshoot (20 + 0.05Hp) of 3 CMa are obtained from
seismic modelling usind; and f5.

Key words. Stars: early-type — Stars: individugl:Canis Majoris — Techniques: spectroscopic — Stars: ofoitia

1. Introduction reasonably evolved star or oscillates in moddEedint from

) _ _the fundamental.
Many breakthroughs have recently been achieved in the field

of asteroseismology g Cephei stars. The observation of a The variability ofg CMa has been known for one century
few pulsating modes led to constraints not only on global st&nd the star has been extensively studied. We reler to Atbrec
lar parameters but also on the core overshoot parameter &k08), Henroteau (1918). Meyer (1934) &nd _Siruve (1950)
on the non-rigid rotation of severdlCephei stars. In particu- for_the first spectroscopic measurementspofCMa. Later
lar modelling has been performed for HD 129929 (Aerts et &hobbrooki(1973) found three pulsation frequencies from ex
20034} Dupret et al. 2004) andEri (Pamyatnykh et al. 20D4; tensive photometric time series. The same three frequencie
Ausseloos et al. 2004). Our aim is to add oteEephei stars were recently confirmed by Shobbrook et Al (2006) who anal-
to the sample of those with asteroseismic constraints. ysed photometric measurements of a multisite campaign dedi
The B1II-lll bright 3 Cephei star@ Canis Majoris Cated to the star.
(HD 44743, HR 2294Vmag = 1.97) is particularly interesting  [aerts et al. [(1994) collected spectroscopic data in order to
to study. Indeed, earlier photometric and spectroscopia d@jentify the modes of the known frequenciegsaEMa. In this
revealed that this object exhibits multiperiodicity withtmer paper, we present a similar analysis but based on a much large
low frequencies in comparison with the frequencies of othgmper of spectra and using the version of the moment method
B Cephei stars, which would indicate th&tCMa is either a improved by Briquet & Aerts (2003). We then construct stella
models which show oscillations in accordance with our uaiqu

Send offprint requests to: A. Mazumdar identification of the modes @f Canis Majoris.

* Based on spectroscopic data collected with the CORALIEkeh ) ) )
spectrograph attached to the 1.2m Swiss Euler telescopa Stlla, The paper is organised as follows. Secfidn 2 describes the
Chile. results from our spectroscopic observations, includirtg dex

** Postdoctoral Fellow of the Fund for Scientific Researchaéi¢sis.  duction, frequency analysis and mode identification. Int.$®c
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Table 1. Observing logbook of our spectroscopic observations 6 . . . .
of s CMa.
Number of JD
observations 2450000 S
Start End c
22 1591 1598 <
26 1654 1660 £
70 1882 1894 v
62 1940 1953
60 2227 2239
27 2569 2582
2 2624 2624 -6 . . . .
91 2983 2994 0 0.2 0.4 0.6 0.8 1
54 3072 3085 Phase (f=3.9793 ¢ d-l)
38 3271 3283 6 T T T T

we present our seismic interpretation®CMa. We end the
paper with a discussion about our results in 9dct. 4.

<!> (km s

2. Spectroscopic results

2.1. Observations and data reduction -4+ . A
Our spectroscopic data were obtained with the CORALIE 6 . . . .
échelle spectrograph attached to the 1.2m Leonard Euéer te 0 0.2 0.4 0.6 0.8 1

scope in La Silla (Chile). Because the beat period between th Phase (f = 3.9995 c ™)

two known dominant frequencies is about 50 days we collected
data on a long time span. Observations were collected during
several runs spread over 4.5 years. The number of obsersatio
and the ranges of their Julian Dates are given in Thble 1. In
total, we gathered 452 spectra during 1692 days.

An on-line reduction of the CORALIE spectra, using the
INTER-TACOS software package, is available. For a descrip-
tion of this reduction process we refel to Baranne =1 al. €199
We did a more precise correction for the pixel-to-pixel $ens
tivity variations by using all available flatfields obtainddr-
ing the night instead of using only one flatfield, as is done by
the on-line reduction procedure. Finally, all spectra weve 6 - - - -
malised to the continuum by a cubic spline function, and the 0 02 04 06 08 1
heliocentric corrections were computed. For our study ef th Phase (f=4.1832 cd™)

line-profile variability we used the Silll triplet around @B A. Fig. 1. From top to bottom: phase diagram-of > for f; =
This triplet is very suitable to study Cephei stars since theg 9793 ¢ ¢1 for f, = 3.9995 ¢ d* after prewhitening withf;

lines are strong, dominated by temperature broadeningyaind ;4 forfy = 4.1832 ¢ d* after prewhitening withf; and f,.
too much #ected by blending (see Aerts & De (Cat 2003).

(o2}

<!> (km s

2.2. Frequency analysis to find other frequencies fg¢ CMa by means of this latter

We performed a frequency analysis on the first three velovethod.

ity moments< V! >, < V2 > and< \® > (see Aerts et al. 1992,  Despite the strong aliasing of our dataset, our frequency
for a definition of the moments of a line profile) of the Silllanalysis refiirmed the presence of the already known three
4553 A line by means of the program Period04 (L enz & Briegeulsating frequencies gfCMa. f; = 3.9793 ¢ d?, f, = 3.9995
2005). For somgs Cephei stars (see_Schrijvers etial. 2004; d* andf; = 4.1832 ¢ d! (Shobbrook 19%3; Shobbrook ef al.
Telting et al1 1997; Briquet et &l. 2005) a two-dimensiomal f 2006). Unfortunately no other frequencies could be discee
quency analysis on the spectral lines led to additionalfeeq in our new spectroscopic data. Phase diagrams of > for

cies compared to the one dimensional frequency searchein infy, f, and f3 are shown in Figdl. The frequencies and ampli-
grated quantities such as moments. Consequently we asb ttides that yielded to the best fit afv! > are listed in TablEl2.
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Fig.2. Amplitude and phase distributions féy = 3.9793 cd?, f, = 3.9995 cd?! and f; = 4.1832 cd? for the Silll 4553 A
line. The amplitudes are expressed in continuum units amglilases are expressedrirdians.

Table 2. Frequencies and amplitudes of the first moment @3.1. Adopted ¢-identifications

the Silll 4553 A line together with their standard errorseTh . .
quoted errors for the frequency are intermediate between e make use of spectroscopy to identify the values of the az-

overestimated value given by the frequency resolutigif, 4 imuthal nur_nb_erm, which are not acce55|bl_e from photometry.
6x 104 cd™t, and the underestimated value given by Perioddﬂ order to limit the number of parameters in our spectrosrop

for an ideal case free from aliasing and for white uncor(—:emlatmOde ideqtification we a_dppt .the degrégas obtained from
noise (6x 10°6,6 x 107 and 2x 10°5 cd* for f;, f, and f3 photometric mode identification. Recently, Shobbrook st al

(2006) foundr; = 2 for the first modef;, and¢, = 0O for the
second modef,. However, the degree of the third mode could
not be determined.

respectively).

Frequency Amplitude
(cd?) (uHz) (kms?) With our dataset we corroborate the mode with
f, 30793+ 00001 46057+0001 27+01 to be radial as follows! Telting & Schrijveérs (1997) and
f, 30995+ 0.0001 46291+0.001 26+0.1 Schrijvers et 2l.1(1997) showed that, when there is a minimum
f3 41832+ 0.0001 48417+0.001 Q7+0.1 (almost zero) in the amplitude and a corresponding pha#e shi

of = near the centre of the line profile, one can conclude to be
dealing with a radial or a dipole mode. As evident from Eg. 2,
this is clearly the case fd.

These three frequencies reduce the standard deviatioreof th

first moment by 72%. Fidd2 shows the variations across the

Silll 4553 A line for f;, f, and f5 (see Telting & Schrijvers 2% 2. Moment method

1997 Schrijvers et al. 1997, for a definition). With the adopted/-values we then determine the-values

We also performed a frequency analysis on the equivalgsjt means of the moment method. The new implementation
width but we could not find any significant frequency. Thisf this technique was optimised for multiperiodic signajs b
is not uncommon since significant EW variations have be@piquet & Aerts (20083). Its improvements and the huge in-
found in only a fews Cephei stars with photometric variationgrease in dataset explain why we obtain a mode identification
up to now (De Ridder et l. 2002). different from_Aerts et all (1994) who used an older version of
this method and whose data did not cover the beat periods of
B CMa.

The theoretical moment values to be compared to observed
Our methodology to identify the modes@{CMa is similar to moment values are computed by fixing the following param-
the one used in Briquet etlal. (2005), which led to a succésséters. A linear limb-darkening céiicientu of 0.292 is taken
mode identification for thg Cephei stap Ophiuchi. We refer (see e.gl_Wade & Rucinski 1985). The ratio of the amplitude
to that paper for a detailed explanation on our chosen psocesf the horizontal to the vertical motion, denotedKyis given

2.3. Mode identification
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(Im) = (2,2) the line profile compared to theoretically computed ones for
0.05 — : : : : : : the best parameter sets given by the moment method.
The observed amplitude and phase variations across the
0.04 | Silll 4553 Alline are shown in Fid2 fofy, f, andfs. The theo-
3 retical distributions were computed from line profile tinezies
2 0.03 | generated by means of Townsend’s codes (Townsend 1997),
g ' called BRUCE and KYLIE. The line-profile variations as well
< 0.02 | as the amplitude and phase variations were computed by con-
' sidering the three modes together.
The amplitude distributions fdi computed for the best pa-
0.01 ] rameter combinations fof{,m) = (2,2) and ¢1,m) = (2,1)
0 K . . . . . ) give_n b)r/] thebmome(zan metgl%d ;)re sr;]owbn in FED 3._By|_com;
paring the observed (see Fig. 2) to the best theoreticaliamp
60 -40 20 0 20 40 60 tude distributions (see Fifll 3) for the mode with frequefgy
it becomes clear that{,m) = (2,2). Indeed the behaviour
(,m) = (2,1) of the theoretical amplitude distributionfilirs from the ob-
0.05 served one for all best solutions with (ny) = (2, 1) since the
“triple-humped” character of those solutions are absettihén
0.04 L | observed amplitude distribution (see top left panel of Bg.
L - All best parameter combinations witky(m;) = (2, 2) mimic
2 003 | | very well the observations. For the third mode we unfortalyat
g— ' could not discriminate between thefgrent solutions. All we
< 0.02 1 i could derive from its phase behaviour in Hij. 2 is thigt> 0.
0.01 | i 2.4. Derivation of the stellar equatorial rotational
velocity
0 = ' ' ' ' ' ' Each solution given by the moment method indirectly gives a
60 -40 -20 0 _120 40 60 value for the equatorial rotational velocity, since theliima-
V (kms™) tion i and the projected equatorial velocity = Veqsini are

estimated. We made a histogram (see Eig. 4)vigrby con-
sidering only solutions with#, my) = (2,2) and by giving
e&%ch equatorial rotational velocityqk its appropriate weight
Wk = Xo/2k, WhereXg is the discriminant value for the best so-
lution. By calculating a weighted mean and standard denati
_ _ of the data we goteq = 31+ 5 km s for 8 Canis Majoris. We
byK = GM/“’ZRgv whereM is the massiRthe radius andr the 3150 constructed a histogram for the inclination angle iima s
angular pulsation frequency. Wit = 135Mo andR = 7.8Rs  jjar way. We found a flat distribution in the range’[00°] so
(De Cat 2002; Heynderickx etial. 1994) we obtéin=0.133, that we could not restrict the value forThe moment method

Kz = 0.132 andK3 = 0.121. We varied the free parameters iRoy|d consequently allow us to limit the range for the couple
the following way: the projected rotation velocitysini, from  (yinj, i) but notvsini or i separately.

1 to 35 km s! with a step 1 km$, the inclination angle of the
star,i, from 1° to 9C° with a step 2, and the line-profile width
due to thermal broadening;, from 1 to 20 km ' with a step
1kms?. We have performed a thorough seismic analysis of the obderve
The mode identification by means of the moment methé&quencies by comparing them with frequencies obtaine fr
gives a preference toy = 2 but we cannotrule firmly outy =  theoretical stellar models. Apart from the two identified-fr
1. For the mode with frequencfg we cannot conclude any-quenciesf; and f,, we have also taken into account the posi-
thing, as is the case for the photometric data (Shobbrodlk ettn of 3 CMa on the HR diagram in our modelling. The third
2006). unidentified frequencyfz, is not used in the modelling process.

Fig.3. The theoretical amplitude distribution fédt computed
from line profile time series generated for the best param
combinations derived with the moment method.

3. Seismic interpretation

2.3.3. The amplitude and phase variations across the  3.1. Global parameters

line profile The dfective temperature ¢gf CMa has been quoted in the lit-

Because the discriminant values of the best moment sokiti@rature in a range of values around 24000 K. The extreme val-
are very similar we need an additional check in order to gafales are lod ¢ = 4.37 (Heynderickx et al. 1994) and I1dgg =
conclude that{;, m) = (2,2). Our method is to visualise the4.45 (Tian et all. 2003). Recently Morel ef al. (2006) made a de-
behaviour of observed amplitude and phase variations sicrtaled NLTE analysis o CMa to find logTes = 4.38 + 0.02.
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12 ' ' ' ' ' ' ' ' ' value ofg is calculated for each mode from the eigenfunction.
The rotational splitting is found to lie betweemQuHz and
10| T 1.3 uHz, depending on the model, the uncertainty being pri-
marily due to the rotational velocityeq. Sincesvs depends on
s 8 7 B, instead of using a uniform value févs, we have calculated it
‘f for each particular mode of every model that we want to com-
o 61 T pare with the observations. Thus, we calculate the theadeti
° value of the rotationally split componert £ 2, m = 2) of the
° o 4r 7 model frequencyimode(N, £ = 2,M = 2) = Ymode(N, £ = 2,M =
0) + 6vs and match it with the observed frequenigy
2 - -
0 L A ¥ Y P 3.3. Stellar models
0O 10 20 30 40 50 60 70 80 90 100
Veq (kms™) We constructed a grid of stellar models between masses

of 12M, and 16V, using the CESAM evolutionary code
Fig.4. Histogram for the equatorial rotational velocity of thgMorel [1997). These models used the OPAL equation of
star. state (Rogers & Nayfonbv_2002) and OPAL opacity ta-

bles [lglesias & Rogers 1996), complemented by the low-

temperature opacity tables bf Alexander & Ferguson (11994).

We shall adopt a conservative range of Tag = 4.40 + 0.04 Convection was described by the standard mixing length the-
for the present work - ory (Henyey et all 1965) and nuclear reaction rates were ob-

The luminosity can be determined from the Hipparcos p gined from the NACRE compilation (Angulo etial. 1999). The
allax: 7 = 6.53+ 0.66 mas [(Perryman etlal. 1997). Assumin equencies of oscillation were computed under the adiabat
a bolometric correction 0f2.29 rr{ag, this translates to a lumi-2RRroximation, using the Aarhus pulsation package, ADIPLS

nosity range of log./L, = 4.41+ 0.16. However, the value (Christensen-Dalsgaard & Berthorleu 11991).

of the bolometric correction might be a major source of er- Our models adequately span the range of stellar parame-
ror in this calibration. We also find a range of values in th€rs such as mass (12 M/M, < 16), chemical composition
literature, from lod./L, = 4.40 (Stankov & Handlef 2005) (-0.06 < [M/H] < 0.14) and core overshoot (8 dov < 0.3,

to logL/L, = 4.79 (Tianetall 2003). We adopt the rangdheredo, represents the extent of overshoot in terms of the
logL/Ls = 4.45 + 0.20, which covers most of these quotedPcal pressure scale height). For each combination of thase

values. rameters we constructed models spanning the main sequence
The metallicity of 5 CMa has been found phase of evolution. The frequencies of models lying within o
to be [M/H = 004 + 010 in recent studies close to the error box on the HR diagram were then compared

(Niemczura & Daszyhska-DaszkiewlicZ__2D05). We haJ@ the observed frequencies #{CMa. The mixing length of
adopted this range in our models. Assuming a solar metgllicFOnvection was not varied since it does not play a significant
of Z, = 0.018, this translates into a range of metallicity fofole in the models, the outer convective envelope being ex-
B CMa: 0016 < Z < 0.023. For a given metallicity, we havetremely thinin such stars. Busion and radiative levitation of
also varied the hydrogen abundance slightly while exptpriflements were not incorporated in the models.

the parameter space for the models.

3.4. Matching the frequencies

3.2. Rotational splittin .
otational spitiing Although the ¢, m) values of two of the modes were identi-

Since the rotational velocity g8 CMa has been found to befied from their photometric and spectroscopic charactesist
moderately low, we do not expect any strong coupling betwettreir radial orders cannot be determined from observations
rotation and oscillation frequencies. However, one cafmot Therefore, we have to account for various possibilitiestifier
certain if the interior rotation velocity is higher or nothdeed, radial order in the seismic modelling. First we deal withtthe
evidence of dierential rotation of the core has been found idial mode,f,, by comparing it with the radial frequencies of the
two otherB Cephei stars (Dupret etlal. 2004; Pamyatnykh ket altellar models. It becomes evident that the radial mode brust
2004). But in the absence of observations of a rotationat meither the fundamental modé £ 0, n = 1) or the first overtone
tiplet, or a definite estimate of the rotation velocity, werdwi (¢ = 0, n = 2) for the star to be at its prescribed position on the
have enough constraints to check if the internal rotatidn-is HR diagram. Iff, were to be any higher order radial frequency,
deed uniform or not. As a first approximation, therefore, wiien the radius of the star (hence the luminosity Bgd would
have assumed rigid rotation in the interior of the star. become completely inconsistent with the estimates offlag

We constructed non-rotating stellar models and accounteadd logL/L, for 3 CMa obtained independently. Indeed, ei-
for the dfect of rotation by adding the rotational splittingher of the fundamental mode or the radial overtone has been
dvs = MBVeg/ R t0 the theoretical frequency, whegeepresents observed in othep Cephei stars as well (e.g.. Dupret et al.
the Ledoux constant and depends on the rotational kernteds. [P004;| Ausseloos et al. 2004; Aerts etlal. 2006). We explored
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both possibilities by comparing the observed frequefioyith 55 B LI LA B
the theoretical radial mode frequencies of our models. % {~§ (1=2,n=1)_

L V. % ’ .

3.5. Radial mode — fundamental or overtone? 50 % \ -

As a first step, we matchefd to the radial fundamental mode
of our models. The frequendy was then compared tofkr-
ent orders off = 2 g- and p-modes (corrected for rotational
splitting, as explained in Se€i_B.2). It turns out that fue fre- |
quency range of interest, this mode being the firstode @;: i
¢ = 2,n = —1) is the only possible solution. The so-calléd . !
mode ¢ = 2,n = 0) is too high and the secorgdmode €;: - (0, 1) :
¢ =2,n=-2)is too low in value compared t) — évs. 40 @ -2)," ' I
However, although it is easy to find a number of mod- /7 N : \,
{
|
!

45 |1, - v, 4
RS AG
'..\ 7

~

Frequency (uHz)

—_

els with diferent stellar parameters whose radial fundamental L // X
mode matches witH,, none of these models match the fre- - 4

e
TR BV SRR RS S R

“\
I" 1 1 1 1 1 I 1 1

0.25 0.20 0.15 0.10 0.05
X

c

quencyfi. The central problem lies in the fact that ipemode
frequency of any given model is too close to the radial funda-
mental mode, compared to the distance between them as indi-
cated from the observations éfandf,. The only other nearby Fig.5. The variation of the frequency of = 0 and¢ = 2
¢ =2 mode, they, mode, is far too distant from the radial funmodes of a 1B, stellar model with evolution (characterised
damental. In other words, the “separation” between theatadpy the central hydrogen abundan&g) is shown. The dotted
fundamental mode and the= 2 modes in the models is ei-|ines indicate the = 0 modes, while the dashed lines show the
ther much smaller (for thg; mode) or much larger (forthg ¢ = 2 modes. Each mode is labelled by its degree and radial
mode) than the observed valde;- (1 - 6vs). What we require order ¢, n). The horizontal solid line and the shaded strip show
to match both frequencies is an intermediate vatu&.@ uHz)  the observed radial modé,j and the splitting-correctefi= 2
of the separation between the radial mode and'th& mode. mode @, -6vs) respectively. The vertical dot-dashed line shows
The clue to our problem lies in recognising the fact thatpossible solution where the theoretical frequencieshtate
such a small (but not too small)ftBrence between the= 0 respective observed frequencies.
and¢ = 2 modes can only occur in case of an avoided crossing.
As long as the modes follow the regular smooth separation pat
terns, we will never find a solution where thie= 0 and¢ = 2
modes have the appropriate separation as required by the ssyved. Figllb, which represents a typical model at the appro
servations. This is illustrated in Fidl 5. In this figure, wew priate position on the HR diagram, confirms this. However, a
how thef = 0 and¢ = 2 modes vary with evolution of a givensolution is indeed plausible if we consider the observeihtad
star. For the purpose of illustration, we have assumed am aveode to be the first overtone instead. In that case, the aboide
age value of the rotational splitting (with an error marging crossing between the= 2 g; and f-modes bumps thg; close
corrected the observed frequendy, to compare it with the to the/ = 0,n = 2 mode. We now, therefore, explore the possi-
theoretical frequency. As the star evolves, the densitgigrability of the radial mode being the first overtone mode.
ent at the edge of the shrinking convective core increades. T By considering the radial mode as the first overtofie=(
has the #&ect of rapidly increasing the frequencies of e 0,n = 2), we do indeed find a number of models with dif-
modes, which causes successive “bumping” of the modes. Ferent stellar parameters that match the observed fregpgenc
example, as shown in Fifll 5, tlye mode of thef = 2 degree Specifically, f, is matched with thé = 0,n = 2 mode, and
first increases (foK; > 0.16), until it bumps into they, mode with the ¢ = 2,n = -1 mode, after correcting for the rotational
(aroundX. =~ 0.16), creating an avoided crossing between thesplitting. We have also checked the excitation rates ofthss
two modes at that age. With further evolution, themode in- frequencies by the nonadiabatic oscillation code, MAD (fefip
creases in value until it creates another avoided crossitig vi2001) and found both of them to be excited for all the models
the f-mode (aroundX; =~ 0.12). Progressively, higher ordernwhich fit the data.
modes are bumped as the star evolves. An excellent disoussio A similar solution with the radial mode being the second
of such mode bumping is provided by Aizenman etlal. (1977dvertone ¢ = 0,n = 3) and the’ = 2 mode being the bumped-
We find that as long as we are constrained by the positionwf f-mode is again ruled out because the relevant avoided
B CMa on the HR diagram, the required separation between thessing occurs at a higher frequency than observed.
¢ =0andf = 2 modes ¢ 1.2 uHz around a frequency value of  The common feature of all the possible solutions is the fact
45uHz) cannot be obtained if the radial mode is the fundametfrat the¢ = 2,n = —1 mode is an avoided crossing with the
tal mode. Even for an avoided crossing, the appropriate-sefpanode. This helps to constrain the stellar parameters & grea
ration between the radial fundamental and the 2,n = -2 deal, especially the age (&) of the model. The requirement
bumped up mode occurs at a much lower frequency than dhat the star must be at the precise age for a specific avoided
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Fig.6. The variation of the model frequencies with three stellaapeeters -M, do, andZy — are shown. In each panel, two of the
parameters are fixed to clearly bring out ttieet of the remaining parameter on the frequencies {6, n = 2 frequencies are
plotted as abcissae, while the- 2, n = —1 frequency, corrected for rotational splitting, are mdtas ordinates. The dashed lines
indicate the two observed frequencies. The point wherevibadashed lines intersect indicate the perfect match of ésaed
model. Each shaded band represents an evolutionary traekwith of the band along theaxis indicates the uncertainty due
to the rotational splitting. A full-colour version of thigifire is available in the online edition.

crossing to occur, is indeed a very strict one. Neverthelessers for which a solution can still be found. These are only
since we have only two frequencies to constrain our modedicative of the trend of the frequencies of the models, and
with, we do find multiple combinations of the stellar paranseveral other solutions are possible when the parametgrse
eters where such a solution exists. We have investigated tily overshoot and metallicity) are varied within thegunds.
limits of the stellar parameters that can be constraineld ti¢  Table[3 lists the physical parameters for these selectedlisiod
observed frequencies (see next section). Although thésliom We find that no solutions are possible in the absence of core
effective temperature and luminosity were not explicitly useslershoot. Even with a small amount of overshalyt & 0.1),

in determining the best models, all of them do lie well withisve need to have a higher mass to obtain a solution. The higher
the errorbox on the HR diagram adopted in Jecl. 3.1. stellar mass helps to increase the mass of the convectie¢@or
offset the low overshoot. Most of our best fit models dge=

0.2. Higher overshootd,, = 0.3) models can reproduce the
frequencies only for low metallicity and proportionallywer

We have, in principle, four major stellar parameters to tome N€lium content, again suggesting a tradebetween overshoot
models with —M, doy, Xo andZo. For each appropriate combi-?”q helium content to maintain a bal_ance of the core sizes Thi
nation of these parameters, the age (in termépfs automati- !nd|cates Fh.at the size of the_convectlve core plays a c!rmd&a
cally chosen by the closest match of the frequencies. Thaliniin determining the frequencies. Indeed, all our best fit nede
hydrogen abundanceo, must, however, be linked Some\,\,h(f;l'tncludin_g those with low and high overshoot have fractional
to the metallicity,Zo; we have varieo only within permissi- convective core mass of 24-28%.
ble limits for a particular choice o so that [M/H] remains The mass of our best fit models are mostly limited to
within the bounds quoted in SeEEB.1. In Fih. 6, we have sho@s-S = 0.5Mo, for doy = 0.2. The mass could be higher (up to
how the relevant frequencies of the modeig, = 0,n = 2) 145Mo) if either the metallicity is low ([MH] = —0.06) or the
and V(f = 2, n= _1)’ vary as each of the stellar paramete@svershoot is IOW(ﬂov = Ol) The central hydrogen abundance
are changed. In each panel, only one parameter is changed@tthe best models are limited to the rangéZB> X. > 0.123,
time, keeping the others constant. Each band is, in factyan efor overshoot values oo, = 0.2. As expected, the low over-
lutionary track — the sense of evolution being from the right Shoot models have younger ages and lodefThe situation is
the left (decreasing radial frequency). The width of thedgta OPposite for high overshoot models.
bands along thg-axis reflects the uncertainty due to the rota-
tional splitting correction. The tracks are truncated brad/the
ages where the models lie outside the error box on the HR
agram. Our best models lie near the centre of each plot, whgreanis Majoris is one of thg Cephei stars whose variabil-
both the model frequencies match the observed ones. ity has been observed and analysed for one century. It was
In Fig.[4 we vary multiple parameters simultaneously to olsiscovered that this star pulsates with three frequeneiixer
tain a good match of the model frequencies with the observedv in comparison with other known stars of its type. For this
ones. This illustrates that several solutions are possgiblee reasorB CMa is an important target for asteroseismology pur-
multi-dimensional parameter space. Actually, we have showoses. However, so far, no definite mode identification had be
only the models with the extreme limits of the stellar paranachieved for this star so that no modelling could be attethpte

3.6. Limits on stellar parameters

4;.Conclusions
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Table 3. Physical parameters of representative stellar modelsriasith the observed frequencies.

M/Mo Xc XO ZO dov IOg Teﬂ' |Og L/Lo R/RO Age(Myr)
14.2 0.105 0.690 0.023 0.1 4.378 4.530 10.67 10.95
13.0 0.127 0.690 0.023 0.2 4.364 4.440 10.35 13.04
135 0.128 0.697 0.021 0.2 4.373 4.488 10.50 12.48
145 0.123 0.714 0.016 0.2 4.391 4.582 10.75 11.75
13.0 0.134 0.714 0.016 0.3 4.370 4.471 10.40 14.49

LT 'M'/'M' 'd' o ;{'u' 'Z' I photometric identi_fication of, and spectro_scopic techniques
a8 © Tov ol %o N allowed us to derive thervalue of the main mode. The ap-
P 1‘3"3 g'; g'ggg: 8'822 ] plication of the moment method gave a preferenceno= 2.
L 136 02 0697 0021 1 Because moment solutions pould notdefinitgly excime_; 1_
T ar L — 145 02 07141 0016 h we made use of th_e behaviour of the amplitude dl_strlbunons
3 L 13.0 0.3 0.714] 0.016 ] across the line profile for the best parameter sets givendoy th
[ | i moment method. In this way we could conclude without any
3 - it . doubt that {1, m;) = (2, 2). For the third mode nothing could
+ 46 7 1,=26.057 uft e S N\ be concluded. In addition we derived a stellar equatorit-ro
77? i 3 tﬂbm’t;: : tional velocity of 31+ 5kms™?.
%’, s L ::g The definite identification of two of the observed modes
S = and a much improved estimate of the rotation velocity of
B R ] 8 CMa allowed us to attempt the first seismic modelling of this
P S 1 star. Although it is not realistic to hope for a unique modael t
44 o ] fit just two frequencies, we have thoroughly explored thieste
Locee e b Lo Lo s parameter space to derive reasonable constraints for thg, ma
44 45 46 47 48

age, and core overshoot. The most significant aspect of e se
mic analysis is the fact that we could assert that the norarad
Fig.7. Similar to Fig.[5, except that multiple parameters arf@ode, fy, is close to an avoided crossing. This implies a very
varied at a time to obtain a good match between the theorg#ong constrainton the stellar parameters, especiaiggle of
ical frequencies and the observed ones. Selected modéls Wi star. At the same time, it rules out the possibility of e
limiting values of overshoot and metallicity are shown oy dial mode,f2, being the fundamental mode. This mage&sMa

full-colour version of this figure is available in the onliedi- 0one mores Cephei star known to have a dominant radial over-
tion. tone mode of pulsation (df._Aerts etial. 2006).

Our best fit models indicate thgt CMa has a mass of
135+ 0.5M, an age of 121 + 0.7 Myr (X; = 0.126+ 0.003)
Our aim was to increase the number of known pulsating fr0d core overshoot aby = 0.20+ 0.05. No satisfactory model
guencies and mostly to provide a unique identification of tf&n be found if core overshoot is absent. A small overshoot
modes of3 CMa. parameter is possible only for a higher mass along with high
Our study was based on 452 ground-based high-resolutftallicity (and proportionally higher helium contentjn e
high SN spectroscopic measurements spread over 4.5 yeg,tg.er hand, higher core overshootis required if the staeigm
We used the Silll 4553 A line to derive the pulsation chaR0or (IM/H] < ~0.05). However. Morel et all (2006) found the
acteristics of8 CMa. Our dataset unfortunatelyféers from COMPposition o3 CMa not much dterent from that of the Sun,

strong aliasing but the three established frequencieseaftdr  Making such possibilities unlikely. Therefore, it is sajecon-
were confirmed in the first three velocity moments of the lifdude that the models witth, = 0.20+0.05 are the most likely

and in the spectra themselves. They dre= 3.9793 cd! Ones. If the chemicz_;ll composition gfCMa could be known
(f, = 46057 uHz), f, = 3.9995 cd? (f, = 46.291 uHz) to h_|gher accuracy independently, one would be ablt_a to con-
and f; = 4.1832 cd? (f; = 48417 uHz). Unfortunately no strain the other parameters even more. All the solutions tur
new frequencies were discovered neither in our spectrascoptt t0 have fective temperatures close to the cooler edge of
observations nor in the recent multisite photometric mesmsuth® adopted errorbox on the HR diagram. This is consistent
ments led by Shobbrook etldl. (2006). with the recent estimates dkq (€.9.,.Morel et gll 2006). We
The important result of the combination of both intensivBOte that we had deliberately chosen a very conservative-err
campaigns is an identification of the two main modegs 6Ma, box for dfective temperature and luminosity; a stnc_ter limit on
which is a strong constraint for further asteroseismic rilodg these parameters would rule out some of our possible models.
of the star. The photometric identification by Shobbrookzta In retrospect, one can also try to identify the mode of os-
(2006) yieldedr; = 2 and¢, = 0. Our spectroscopic data coulccillation for the third frequencyfs, by comparing it with the
corroborate that the mode with is radial. We adopted the theoretical model frequencies. In this comparison, wenadlb

v(0,2) (uHz)
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for different rotational splitting valuesy, for each non-radial Dupret, M.-A. 2001, A&A, 366, 166
mode with the restrictioms > 0, as we found in Sedfl 2. ThisDupret, M.-A., Thoul, A., Scuflaire, R., et al. 2004, A&A, 415
leads us to only one possibility fdg, for all the models which 251
matchf; and fo: €3 = 3,mg = 2,n3 = —1. We hope that this Heynderickx, D., Waelkens, C., & Smeyers, P. 1994, A&AS,
identification off; can be checked through future observations. 105, 447
However, we cannot place further constraints on the modeld#enroteau, F. 1918, Lick Observatory Bulletin, 9, 155
this stage using this frequency; all the models with stgdar Henyey, L., Vardya, M. S., & Bodenheimer, P. 1965, ApJ, 142,
rameters in the range restricted by the first two frequeradges 841
match the third frequency with the identification given abowuglesias, C. A., & Rogers, F. J. 1996, ApJ, 464, 943
within the uncertainty associated with the rotational e@lo Lenz, P., & Breger, M. 2005, CoAst, 146, 53
One would need a more precise estimate of the rotational Wweyer, W. F. 1934, PASP, 46, 202
locity to distinguish between these models. Morel, P. 1997, A&AS, 124, 597
The rotation period may be calculated from our estimabdorel, T., Butler, K., Aerts, C., Neiner, C., & Briquet, M. 26,
of the equatorial velocity (Sedf._2.4) and the radius of amstb A&A, submitted
models which indeed lie in a narrow range (TdHle 3). We eshliemczura, E., & Daszyhska-Daszkiewicz, J. 2005, A&A, 433
mate the rotation period to be B3+ 3.3 days, which indicates 659
thatg CMa is indeed a slow rotator; therefore, our assumptidtamyatnykh, A. A., Handler, G., & Dziembowski, W. A. 2004,
in neglecting higher order terms of the rotation velocityilwh ~ MNRAS, 350, 1022
calculating the frequency splitting stands justified. Perryman, M. A. C., etal. 1997, A&A, 323, L49
Despite the knowledge of only two frequencies for this starogers, F. J., & Nayfonov, A. 2002, ApJ, 576, 1064
the occurrence of the avoided crossing goes a long way tewafighrijvers, C., Telting, J. H., Aerts, C., Ruymaekers, E.,
constraining most of the stellar parameters. While one aann Henrichs, H. F. 1997, A&AS, 121, 343
expect to be so lucky for every star, we have shown that thehrijvers, C., Telting, J. H., & Aerts, C. 2004, A&A, 416,
identification of an avoided crossing might help us to exteac 1069
lot more information about the star than any normal mode. Shobbrook, R. R. 1973, MNRAS, 161, 257
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