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Abstract. We present a time series of high-resolution spectr@sak[ 1988, or Gies & Kullavanijaya 1988) and the pulsational
showing the line-profile variations in thei8itriplet (A 4552, temperature fluctuations (equivalent width and surface bright-
4567, 45743) of the rotating early-type star' Sco. The profile ness variations, e.g. Lee et@l._1992). The line-profile variations
variations can be explained by a non-radial pulsation mode. hold information on the pulsation modes that are present; good
We analyse the spectral time series by making Fourier traestimates of the pulsational degeéhe azimuthal order and
forms for each position in the line profile. Significant power ithe velocity amplitude of the pulsations can be derived (Schrij-
found only at a frequency of 15.0 cycles/day, suggesting thedrs etal. 1997, Telting & Schrijvers 1997a, Schrijvers & Telting
the profile variations are due to one dominant pulsation mod&98).
From the difference in phase of the variations of the blue and Here we present a spectral time series of a new,
the red wings of the profiles we infer that the star pulsatesbnight, rapidly rotating Cephei star:w!' Sco (HD144470,
a mode with pulsational degrée9+1. From comparison with my,=3.9, B1V (Hoffleit & Jaschek 1982), Hipparcos parallax
model calculations we estimate the velocity amplitude of this=7.7+0.9 mas). This star, a member of Sco OB2 association
pulsation to bez10 km/s at the stellar surface. (Upper Scorpius, Blaauw 1964; Brown & Verschueren 1997),
has served as the primary standard star of the Walraven photo-
Key words: line: profiles — stars: early-type — stars: oscillametric system (Lub & Pel 1977), and is therefore expected to
tions — stars: rotation — stars: variables: other — stars: individusiitow no photometric variations with an amplitude higher than
w' Sco ~3mmag in the visual. In the Hipparcos catalogueSco is
marked as constant with a standard error of the median of 51
observations of 7, =0.7 mmag, with/,,=3.92 and,,=3.94 as
1. Introduction 5th and 95th percentiles. Besides being a photometric standard,
. ) o . this star is also one of the rotational velocity standards used by
The influence of rotation on the excitation of particular publettebaket al[(1975,sin i=110km/sp sin i=100km/s, Brown
sation modes is unknown. Rapidly rotating Cephei stars g \erschuereri 1997). No line-profile variations have been re-
(v s1nzZ70km/s) are rarely founq to pulsate in rad|§1l or "?Wported to date, however.
order non-radial modeg (< 3). This might be due to intrinsic * |, 5ot 2 we will discuss the data taking and data reduction.
rotational damping of low-order modes, to observational SeleIFl'Sect. 3 we present the Fourier analysis of the time series, and

tion effects, or to the fact that rotation modifies the shape of theq .+ 4 e identify the mode that is causing the line-profile
eigenfunctions. To investigate this problem we are searching {%rriations our concluding remarks are in Sect. 5
new/3 Cephei stars using high-resolution spectroscopy, focusing ' o

on stars that have highsin 7. This way we hope to complement
the group of3 Cephei stars that have been found photomet@- The data

cally, 3”0' hence have low-order pul_sations, .With new va_riablsln_ e high-resolution spectra (R=65000) were obtained at ESO
(o stabish e dferences mine ulsational properies botwgh 12 Wih the CAT tlescope and the CES specirograph it
itS long camera, over a period of 6 nights (21-26 April 1996)

rapldly-rota_tlng and .slowly-rotatmg C_ephel stars. . that was not free of bad weather. On about 2600 useful columns
For rapidly rotating stars, pulsation modes with interme-

diate pulsational degrees<3 < 20. show up as line-profile of ESO CCD #38, the spectra sample the wavelength region of
1€ puisational deg >~ e0, SNOW UP s ANE-ProWe o o1y yriniet (\ 4552, 4567, 457A, see Fig[R), and have a
variations in which alternate 'emission’ bumps and 'absorptio

troughs move from red to blue through the line profiles (Vogt /N ratio typically between 500 and 1000. With the exception

Penrod 1983). These variations are due to the combined eﬁ‘eocftél few spectra, the exposure time was kept shorter than 20

. e . Inutes (typically 15 minutes).
of the pulsational velocity field (Doppler shifts, e.g. Kambe The spectra were reduced using standard packages in IRAF

* Based on data taken at ESO La Silla running on a Linux PC. Wavelength calibration was done from
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Fig. 1.One night of data, showing the variation in ther54552A line. 4\5N62ve|engm @A)

Spectra are offset according to acquisition time . . )
Fig. 2. top: Mean of all 30 spectramiddle: All 30 residual spectra

(mean subtractedhottom:Grey scale representation of the residuals

ThAr calibration spectra. We used the CCD overscan regi6Hne spectra collected in the last 3 nights of the observing run. Spectra

to determine the bias level. CCD pixel-to-pixel variations welde offset according to acquisition time. Note that only for one night

removed by flat fielding with dome flats; dome flats also pr he time resolution is high enough to see individual bumps move from
- ) . " . lue to red

vided a first rough correction for the continuum shape which'is

heavily affected by vignetting of the light beam. Bad columns

were removed by linear interpolation of pixel intensities in adx. 1. Line profile variations

jacent columns. One-dimensional spectra were extracted after . . . :
subtracting a global fit to background and scattered light. Aﬂurlng the six observing nights a total of 30 specira were taken,

spectra were shifted to, and acquisition times were transformB8St of them in the last three ”'ths of the run. In Eig. 2 we
to. the heliocentric frame present a grey-scale representation of the data &co taken

At first we normalized the spectra by fitting a cubic splin8n these th.ree nights. . . . ! .
with typically 10-15 segments to the regions in between the Frqm FllgsD anfll2 it is obvious that the line-profile varl-
obvious absorption lines in the extracted spectra. Since the il ns Nw Sco closely resemble that of known non-rgdlally
profiles are rather broad and the instrumental setup is not staf ating early-type stars (e.gOph, Vog_t & Penrod 1983
with respect to continuum shape, this normalization techniq GO, Smitf_1986¢ Per, Gies & Kullavanijaya 1988; etc.), and
gives considerable scatter in the equivalent width of the lindgat these spectra appear as if they were the result of NRP model

Therefore we employed a different strategy as well: we use&%llculations (e.g. Kambe & Osdki 1983’ Schrijvers efal. 1997,
'@:Ewnsencl 1998, see also Sect. 4). Given the spectral type of

spectrum with very high S/N as a template and divided this in he ob d pulsation f S 4.9) and
each individual spectrum. Then we ‘normalized’ these quotie star, the observed pulsation frequency (see Sect. 4.2) an

spectra by fitting similar functions as mentioned above; it turng&e above fmc_:lmgs, we conclude thatSco is most probably a
out that the continuum in the quotient spectra is much easieﬂ%wﬁ Cephei star (see also Sect. 5).

fit than in the raw spectra. Then we constructed, using the fits to

the quotient spectra and a normal continuum fit of the templ&te2. Equivalent width and line centroid variations

spectrum, a final set of normalized spectra. For this final set the

scatter in the equivalent width of the lines is reduced by ab JQ'B shows the measured equivalent width (EW) variations,

50% with respect to the results of the first normalizing metho?nd the variations of the centroid velocity of thet552A line
computed for 4552.8 rest wavelength). The errors on the

points are derived from the S/N of the spectra, and do not in-
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clude an estimate of continuum misplacement. For the equivaainly found at frequency 15.0 cycles/day, a smaller peak is

lent width we suspect that the main part of variability is causédund at 13.6 cycles/day. Some of the power has leaked to one-
by errors in the normalization of the spectra. The overplotteldy aliases, which shows that the CLEAN algorithm was not

equivalent width measurements of thed567A line confirm  able to fully correct for the window function.

this: there is no relation between the equivalent width varia- For the two other lines in our spectra we also find most of the

tions of the two lines that are of the same triplet. power at 15.0 cycles/day (see Fijy. 5 and Table 1). A broad peakis

The line centroid measurements show a change of abgstind at 13.8 cycles/day; the broadness probably reflects a com-
1km/s between the beginning and the end of the night (sgigation of a periodic signal with frequeney13.6 cycles/day
Fig.[3). The other lines of the triplet show similar behaviouand the one-day alias of the main frequency. Our dataset is not
For our spectra the 1km/s change corresponds to a speasaknsive enough to separate these frequencies: the HWHM of
shift of just less than one CCD pixel, whereas the slit (2.5 arcs@e main power peak in the window function is 0.09 cycles/day.
width) was imaged onto approximately four pixels. Given the The shortest timespan between subsequent exposures of
complicated light path from the telescope to the slit we canngfis gataset corresponds to a Nyquist frequency (as defined
exclude thatthe gradual line shifts are the result of an hour-anglg equidistant data sets) ef 25 cycles/day. Nevertheless, we
dependent observational effect. find power at frequencies higher than that. Some power ap-

The above arguments and the lack of temporal correlationgfars around the harmonic of the main frequency, which is
the variability of these quantities with the main pulsation periqgkpected for high amplitude line-profile variations (see Schrij-
of the star (see below), suggest that these EW and centrgigls et al 1997, Telting & Schrijvefs 1997a, 1997b). Note that
variations might well be instrumental. this does not directly imply that the pulsation itself is non-
sinusoidal (or non-linear), since the harmonic frequencies are
expected to show up in the line-profile variations of linear (i.e.
sinusoidal) pulsations as well. The power found at frequency
To find the frequencies of the pulsations that cause the lin®..9 cycles/day (see Talilé 1) could be the first harmonic fre-
profile variations we analysed the time series with the meth@dency of the main frequency, if the true apparent main fre-
as described by Gies & Kullavanijaya (1988). For each wavauency is 14.0 cycles/day (a one day alias of our previously
length bin in the line profiles we did a Fourier analysis of thdetermined main frequency). Also, if the 13.6 cycles/day fre-
variable signal: we computed the Fourier components for frguency is real, the 27.9 cycles/day could be its harmonic. A
quencies between 0 and 50 cycles/day, with a frequency spaiere extensive data set is required to test these hypotheses.
ing of 0.01 cycles/day. Then we CLEANed the resulting Fourier We have also Fourier analysed the variations in equiva-
spectrum of each wavelength bin, in order to remove the tefent width (EW) and centroid velocity, and find that both pe-
poral window function (which is due to incomplete temporaiodograms are noisy and doot have a maximum at fre-
sampling of the variational signal). We used CLEAN parameuency 15.0 cycles/day. We calculated these Fourier transforms
ters Niterations =400 and a gain of 0.2 (Roberts et[al. 1987). (not CLEANed) for the\ 4552A and 4567A lines, on a fre-

For the Sitt A\ 4552A line the result is plotted in Figd4. quency domain of 0-50 cycles/day and with a frequency step
Fig.[dH shows the one-dimensional periodogram that results frari0.01 cycles/day. The highest peaks in the frequency interval
summing the variational amplitudes of the two-dimensional pg-3-17] cycles/day of each of these periodograms correspond
riodogram over the\ 4552A line profile. Variational power is to a maximum amplitude of the EW and centroid variations of

3. Fourier analysis
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- 1 an apparent pulsation frequency of 15.0 cycles/day. Our dataset
0.96 F -1 is not extensive enough to find other modes, nor to exclude the
L | existence of other modes.
0.92 [ n

wavelength [Angstrom] 4. Mode identification

Fig. 4.top: CLEANed Fourier analysis. For every wavelength bin (hor‘}'l' Pulsational degree of the mode

izor?tal axis) a Fourie.r analysis. of all the spectrais done. The power art from direct model fits to the spectra (e.g. Campos & Smith
sulting from the Fourier angly5|s |§ plotted as a grey-value 35 afunctifg80, Vogt & Penrod 1983, Smfth 1986), two distinct techniques
of temporal frequency (vertical axis). Grey-scale cuts:082". Ape- ot qeriving a mode identification from time series of spectra have
riodic signal with a frequency of 15.0 cycles/day, is detected througb-

out the line profile. Power is found at one-day aliases of the abovgen developed: the analysis of the velocity moments of the

frequency, and also near the harmonic frequebogtom:Mean of all variable profiles (Balona 1986; Aerts etlal. 1992; Aerts 1996),
30 spectra and the analysis of the variations of the normalized intensity

as a function of position in the line profile, through either one-
Table 1. Strongest power peaks in the summed periodograms (sdeirénensional Fourier analyses (Gies & Kullavanijaya 1988) or a
Fig.[). Frequencies are given in cycles/day single two-dimensional Fourier transform (Kennelly efal. 1992,

Kennelly et al["1998). The moment method can primarily be

A4552A X 4567A X\ 4574A used for the identification of low-degree modés(3). As the
1 15.00 14.99 14.99 number of bumps in the profiles of' Sco suggests a highér
2 13.55 13.78 13.95 value, and as we do not measure significant profile shifts (Sect.
3 2790 1251 26.98 2.1), we have chosen to use the method described by Gies &
4 2701 26.97 27.93 Kullavanijaya {1988) and further explored by Schrijvers et al.
> 12.46 27.92 12.45 (1997) and Telting & Schrijvers (1997a).

Fig.[8 shows the distribution of Fourier phase and power
at frequency 15.0 cycles/day in the periodogram of Hig. 4. The
0.8% and of 350 m/s respectively, which are the observed c@ower distribution is very noisy, which is probably due to the
straints of the contribution to the EW and centroid variations @bor time sampling of the pulsation period (only 30 spectra,
the main pulsation mode. with hardly enough time-resolution). Nevertheless, the distri-
We conclude that the observed line-profile variations ioution of the phase is well determined. We read off the phase
w! Sco are mainly due to one dominant pulsation mode witlifference between the blue and the red wings of the profile as
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~8+1 radians, which with Eq. 9 of Telting & Schrijveis (1997aand M =11 M, to transform their dimensionless frequency to a
corresponds to a pulsational degre®+1. For the different corotating frequency).

lines we get consistent results. As the line-profile variations are Frgm the current dataset we cannot derive a value of the
mainly caused by a single pulsation mode, the blue-to-red phasgmnuthal quantum number of the pulsation. This number is
difference corresponds to the number of bumps and troughkded to transform the observed pulsation frequency to that in
the individual line profiles (see Figl 1). the corotating frame of the stav.,, = Fwobs + m (Where
the minus sign enters for retrograde modes,me.0). Never-
theless, we can constrain the corotating pulsation frequency by
assuming thatthé&=9 mode is prograde and sectoral,ires—9 .
The amplitude distribution of the line-profile variability at fre-This allows us to compute a lower limit for the corotating pulsa-
quency 15.0 cycles/day (Figl 6) is consistent with that expectéen frequency, to see whether we can exclude a g-mode origin
for a p-mode oscillation (Kambe & Oséki 1988). However, thigf the pulsation.
information is not conclusive as modes with high temperature The combination of w.,s=15 cycles/day (observed),
variations and also inclined tesseral g-modes can give rise,49 =3.8 cycles/day (theoretical g-mode limit), and=—9
similar amplitude distributions (Lee et al. 1992; Schrijvers ghssumed), gives a stellar rotation rate 1.2 cycles/day.
al.[1997). Therefore we attempt to determine the nature of thgth the observed sini=110km/s and withR=5.5R, this
mode from the observed oscillation frequency; we show that tidgplies that a g-mode can only be the origin of the dominant
observed variability is probably due to a p-mode oscillation. pulsation inw! Sco if the inclination of the star is<19°. Such

De Geus et al[{1989) have analysed Walraven photometryole-on orientation of the star is unlikely, as only 5% of all
of the members of the Sco OB 2 association, and found 5.5Mtars are expected to haiel9, the star would rotate at more
for the age of the Upper Scorpius subgroup.&b6co they de- than 57% of critical, and since for smaller inclination we would
rived the following parametersog T.g=4.42,1og g=4.06, and not expect to see such prominent line profile variations due to
log L/ L»=4.1. The above parameters, the age of the subgroamon-radial pulsation iw* Sco. For any other possible values
and the spectral type af' Sco are all indicative of a star withof the inclination ¢19°), and of m (>-9), the corotating
R~5.5R, andM~11Mg . frequency would be higher, and hence the mode cannot be of

Dziembowski & PamyatnykH (1993, see their Figs. 5 arférmode origin.
6 for ¢=8) have shown that for a star like! Sco one may We note that, considering the model calculations of Dziem-
expect both p-mode and g-mode pulsations. They show thatvski & Pamyatnykh (1993),! Sco is a young pulsating star
the excitable high-g-modes have a maximum corotating frethat must have entered the instable region of the HRD quite
guency of aboub.,,=3.8 cycles/day (where we us&+5.5R; recently.

4.2. The corotating frequency: p-mode or g-mode?
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4.3. Velocity amplitude of the mode of m ands: for all time series displayed in Fig] 7 while keeping
the other parameters fixed.
As demonstrated by Lee et al. (1992) the line-profile variations We find a striking resemblance between the observed and
are the results of both Doppler shifts, due to the pulsationbdelled spectra fomn|=9, i.e. for sectoral modes. For a near
velocity field, and of pulsational temperature effects. The ter@quator on inclination angle we find that a velocity amplitude
perature variations lead to local brightness variations, anddp~.10 km/s gives a good agreement with the observations. For
local changes of the equivalent width. Here, we use our mogdels> we have to increase the amplitude+d.5km/s to get
(Schrijvers et al. 1997; Telting & Schrijveirs 1997a; Schrijverg similar amplitude of the line-profile variations. We also find
& Telting[1998) in order to estimate the amplitude of the pulsgome cases with low inclination anglés,=8, and an amplitude
tional velocity of the dominant mode in' Sco. In order to do of ~.20 km/s that describe the data well. For the other combina-
so, we estimate the magnitude of the temperature effects fr@ghs ofn andi in Fig.[d the generated profiles dot match
observations of other stars. the observed profiles, regardless of the value of the pulsation

The equivalent width (EW) of the Silll triplet is tabulated agmplitude.
a function of spectral type by Kilian & Nisseh (1989), who use In this case with small temperature variations, there is a
a sample of 21 early B-type stars for their EW measuremerfttar difference between the line profile variations of the modes
From their work we find that for the spectral type and luminosityith different values ofm| (see FigLI). This difference can be
class ofw! Sco, B1V, the response of the EW to temperatumjantified by analyzing the harmonic content of the line-profile
varies approximately asEW/EW ~ 3dT/T. In terms of the variations (Schrijvers et dl.”1997; Telting & Schrijvers 1997a).
parameters in our model this implieg;w=3. The observed set of profiles do not have sufficient coverage of
For radial modes, the observed integrated EW variatio%hse pul;ation phase to make such an'analysi's possible. However,
approximate the pulsational EW fluctuations of the local irY—Isual inspection of the generat_ed tlm_e series for non-sectoral
L ) : modes suggests that the modesinSco is (near-)sectoral.
trinsic line profile. The prototype of the Cephei stars; Cep In Fio. B how th here the t ‘ foct
(B2111/B11V), shows EW variations of the order of 8% (peak- N1 F19.1d we Show the case where Ine temperaiure efiects

to-peak) due to its dominant radial mode (see e.g. Aerts et%?minate the line-profile variability. We used the same set of
1994a; Telting et al.1997). The radial mode in 'Lh.e St parameters as for Figl 7, but diminished the velocity amplitude

. L —100
(B2IlI) results in EW variations of 14% (peak-to-peak, Aerts ea{nd increased the temperature variatio#fpT'=10%. One can

al.[1994b). With the above response of the EW to temperatt?]l%e that for all values of. the line profiles look similar, and

variations we derive that the surface temperature variations ﬁn?r%£ E{EE gzzgrl\t/;i\cl)lr:ijaT”r):én;?nﬁﬁzlrﬁleitso(giten?c:/?hae\glskec?ff
these Cephei stars have an amplitude of 1-2%. Although tHﬁ%’:lllmonic terms in the Iine.- rofile variati)cl)ns which in the case
spectral types of the above stars are different of that'@co, P '

and although thée value and the amplitude of the dominan?lt mgh ve(ljocny amplitudes carries information on thevalue
mode in these stars is different, we assume for our modelliﬂg € mode. .
With this high value for the temperature variations the mag-

that the amplitude of the surface temperature variations of the . . .
/=91 mode inw! Sco is 2%. nitude of the line-profile variations of the near-equator on sec-

toral mode is similar to what we observe.it Sco. For smaller
Infact, Eq. 19 of Buta & Smith (1979) supports the assumgyclination angles and lower values fok| even higher surface
tion that the relation betweefi’/T" and¢, /R (the pulsational temperature fluctuations are needed to fit the observations.
radial surface displacement) is not sensitive to th@lue of From the magnitude of the expected variability in the EW
the mode, as the teriff(¢ + 1)k — 4 — 1/k) hardly depends ang the centroid velocity of the profiles (see Figs. 7[@nd 8), itis
on ¢ for typical p-mode values af: k ~ 0.05 (Dziembowski  clear that the observed constraints on these quantities (Sect. 2.2)
& PamyatnykH 1993). This means that for p-modes we showgk not strict enough to give guidance in determining whether the

expect that, irrespective of thevalue, the surface temperaturgine-profile variations are mainly due to velocity or temperature
variations are similar for modes with similar radial displacemeggects.

amplitudes.

In Fig.[4 we show our modelled time series of spectra f
parameters that are suitablead Sco: ¢=9, v sini=110 km/s,
intrinsic line width W=10 km/s, ratio of horizontal to verticalWe have obtained and analysed a set of 30 spectra of the early B-
pulsation amplitude at the surfake0.05, maximum radial ve- type main sequence stat Sco. We found the absorption lines
locity amplitude at the surfadé,,.,=15 km/s agw=3, and sur- of the Silll triplet to be variable with a dominant periodicity
face temperature amplitudd’/T=2%. We neglect the effectsof 15.0 cycles/day. The line-profile variations can be modelled
of the Coriolis force on the shape of the eigenfunctions. Nabg non-radial pulsations, with a dominant mode/s9+1. We
that we do not correct for the integration time when calculatirgstimate the surface velocity amplitude of this mode to be atleast
these line profiles (for proper line-profile fits this will be nec~ 10 km/s, provided that the surface temperature variations are
essary in the case af' Sco). To investigate the value bf,., small (~ 2%). The observed frequency of the mode wit8+1
required to produce line-profile variations with similar ampliis consistent with that of a p-mode if the inclination of the star
tude as that observed in' Sco (see Fid.]1), we vary the valuds larger than~20° .

) Concluding remarks
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Traditionally, a variable early-B type star can only be laSmith M.A. 1986, ApJ 304, 728
belled a3 Cephei star, if pulsational brightness variations havielting J.H., Schrijvers C. 1997a, A&A 317, 723
been detected photometrically. Now that spectroscopic detéglting J.H., Schrijvers C. 1997b, A&A 317, 742
tions of non-radial modes have become feasible, we find staf&ing J.H., Aerts C., Mathias P. 1997, A&A 322, 493
of the same spectral type with pulsations that are excited Hy/nsend, R.H.D. 1998, submitted to MNRAS
the same mechanism, but for which brightness variations c&fR9LS-S., Penrod G.D. 1983, ApJ 275, 661
not (yet) be detected because the pulsational degree is too high.
Although photometric variability is not detected in the case of
w' Sco, we can certainly label the stapaCephei star on the-
oretical grounds (see Dziembowski & Pamyatnykh 1993). This
raises the question whether we should relax the traditional defi-
nition of 5 Cephei stars to allow spectroscopic detection as well
as photometric detection.

We are currently gathering more spectroscopic data of
w! Sco, which will be presented in a future paper. A more ex-
tensive dataset is needed in order to derive more conclusive
constraints on the: value of the dominant pulsation mode, and
might reveal other modes as well. This will also enable to de-
termine the contribution of the surface temperature variations
to the line-profile variations in' Sco.

Acknowledgementsie thank Conny Aerts and Don Pollacco for care-
ful reading of the manuscript and for their very useful comments. We
thank Gwendolyn Meeus for taking a test spectrum for us just before
our observing run. We thank Paul Groot, Huib Henrichs and Jan van
Paradijs for various reasons!

What this paper fails to mention is that not only the data reduction
was done on a Linux PC, but also the data analysis, modelling and sub-
sequent text processing, and that this Linux PC is called Joop. Thanks
Joop! And thanks to everyone involved in the development of Linux.
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