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Abstract. We analyse the complex short-term SiIII line-profile variability of the spectroscopic binary 8 Cep star k Sco after orbit
subtraction, before and after spectral disentangling. We refine the known oscillation frequency of the star: f; = 4.99922 cd™!
and detect 2 ;. Variability is also found at frequencies near f> ~ 4.85cd™! and f; ~ 5.69 cd™! or their aliases. These frequencies
are not significant if we consider the spectra alone, but they survive our selection after the consideration that they were derived
previously from independent ground-based and space photometry by different teams. Moreover, we find dominant variability
in the equivalent width with a frequency in the interval [0.22,0.30] cd™! which we interpret as the rotational frequency f,, of
the star. The complex window function does not allow us to determine definite values for f>, f3, fior. The variability with f; is
interpreted as a prograde non-radial oscillation mode with spherical wavenumbers (¢,m) = (2,—1) or (1, —1). The additional
frequencies are explained in terms of rotational modulation superposed to the main oscillation. We also point out that we cannot
disprove the variability in « Sco to originate from co-rotating structures. KOREL disentangling preserves the large-amplitude

line-profile variability but its performance for complex low-amplitude variability remains to be studied in detail.
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1. Introduction

Significant progress in the modelling of the internal stellar
structure of ~10 M, stars was achieved recently by Aerts et al.
(2003a) for the star HD 129929 and by Pamyatnykh et al.
(2004) for the star HD 29248. Through seismic modelling of
their multiplet non-radial pulsation (NRP) frequencies, it was
shown that the overshooting parameter is less than 0.15 times
the pressure scale height and that non-rigid rotation is present,
with the rotation near the core about 3 times faster than the sur-
face rotation. It is remarkable that these two stars have such a
similar internal structure and a natural question is if more rapid
rotators have the same internal behaviour.

* Based on observations obtained with the Coudé Echelle
Spectrograph on the ESO CAT telescope and with the CORALIE
échelle spectrograph on the 1.2-m Euler Swiss telescope, both situ-
ated at La Silla, Chile.

** Postdoctoral fellow of the Fund for Scientific Research of
Flanders (FWO).

From their list of 26 confirmed line-profile (LP) variable
B Cep stars, Aerts & De Cat (2003) found a quite clear separa-
tion between slow (vsin i < 40kms™!) and moderate (vsin i >
80 kms!) rotators. Most of the moderate rotators are members
of a spectroscopic binary. In this paper, we report on the in-
trinsic variations in one of these moderate rotators among the
B Cep stars with the hope to provide sufficient frequency infor-
mation for future seismic modelling.

In a recent study of the bright BI1.5II star
kx Sco (HD 160578, HR 6580, HIP 86670, V = 2™4), Harmanec
et al. (2004, hereafter termed Paper I) applied KOREL!
(Hadrava 1995) disentangling to derive the orbital parameters
and to unravel the contributions of both components to the
line-profile variability (LPV) observed in the Simm 4552
and 4567 A lines of a set of 699 spectra. The binary has an

! The program is freely available to interested users. Its detailed
description, Fortran source code and user’s guide can be obtained via
http://www.asu.cas.cz/~had/had.html upon registering at
e-mail: had@sunstel.asu.cas.cz

Article published by EDP Sciences and available at http://www.aanda.org or http://dx.doi.org/10.1051/0004-6361:20041444
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Fig.1. A randomly chosen set of the normalised disentangled
Silll profiles of « Sco (HIDs 2449 876-50 658) in the rest frame of
the primary centered at 4560 A. For clarity we have shifted the flux
level of each profile with a value 0.04 with respect to the previous
one.

eccentric orbit (¢ = 0.50) with a period of some 196 days. We
refer to Paper I for details and for a complete history of the
variability studies of this star, as well as for the first evaluation
of the KOREL disentangling procedure. One of the important
findings of Paper I was that only the primary is a LP variable.
In the current paper we investigate in detail the LPV of
the primary of « Scorpii, based on 699 profiles obtained with
and without KOREL disentangling. Some observed profiles are
shown in Fig. 1. In Paper I we showed that the dominant intrin-
sic frequency could be recovered from the disentangled pro-
files in the rest frame of the primary. We recall that the synodic
frequency 4.99922 cd~! (called f; hereafter) was found in the
residuals of the radial velocities after orbit subtraction, while
the sidereal frequency 5.00425 cd~!, known from ground-
based photometry (Lomb & Shobbrook 1975) and recovered
in the WIRE photometry (Cuypers et al. 2004), was detected
in the KOREL line-strength variations, whereby the difference
between the two frequencies is exactly equal to the orbital fre-
quency. In this paper we elaborate further on the profiles with
the goal to interpret their variations in terms of NRP modes,
given that the star is a confirmed 8 Cep variable. Shobbrook &
Lomb (1972) and Lomb & Shobbrook (1975) classified the star
as such after their discovery of the frequency 5.00425 cd™! in
the light changes. These authors also suspected the presence of
the frequency 4.86784 c d~! (hereafter called f>) as a result of a
beat-phenomenon. Uytterhoeven et al. (2001) already showed
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the presence of these two frequencies in the LPV of the subset
of 422 spectra gathered during 8 consecutive nights of contin-
uous monitoring of the star, without having disentangled the
lines of the primary in these spectra. We improve their results
here by considering all the 699 available LP data. In particu-
lar we aim to search in our spectroscopic data for the presence
of another frequency of 5.2767 cd™! (hereafter called f;) sug-
gested by Lomb & Shobbrook (1975) and three additional fre-
quencies recently found by Cuypers et al. (2004) in white-light
photometry gathered by the WIRE satellite: 5.6950 cd™" (f3),
2.2498 cd™! (f5) and 0.2809 cd~!.

2. Physical parameters of the system

The basic physical parameters of both components were de-
rived in Paper I from the orbital solution and from photo-
metric and parallax results available in the literature. In or-
der to have an independent check of them, and to derive the
flux contribution of the secondary, we observed « Sco twice
with the CORALIE échelle spectrograph attached to the 1.2 m
Leonard Euler telescope in La Silla, Chile during one night in
March 2004. Both spectra were reduced following the standard
procedure and were co-added to obtain the highest possible
signal-to-noise ratio (S/N = 195).

To derive good estimates of T and log g of both stars
we focused on the regions of the Sim (4128 A, 5050 A),
Simm (4560 A, 4820 A, 4716 A, 5739 A), Si1v (4116 A,
4089 A), Hel (4026 A, 4387 A, 4471 A, 4922 A, 4713 A,
6678 A), Helr (4686 A), He, HB, Hy, HS and He line pro-
files. These observed lines were compared with theoretical
ones computed for spherically symmetric non-LTE atmosphere
models by means of the newest version of the FASTWIND
code (Santolaya-Rey et al. 1997). The input parameters to ob-
tain the theoretical profiles are T.g, log g, the microturbulent
velocity and the particle number ratio n(He)/n(H). The grav-
ity and temperature are most constrained by respectively the
wings of the Balmer lines and the comparison between the SiTI,
Sit, Si1v lines. We restricted to atmospheres with solar
helium composition.

There is only one HeII line present in the spectrum and it
is extremely weak. It concerns the He I1 4686 A line, which is
indeed the first such line that occurs as the temperature raises
above 24 000 K. The other He 11 lines (e.g. the ones at 6406 A,
6527 A and 6683 A) are absent. This implies an upper limit
of 25000 K for the effective temperature of the primary, which
was the estimate derived in Paper 1. Further, no Si1v lines are
detected, while the SiTII lines are strong. The SiIl doublet at
4128 A and 4130 A, while severely blended due to the rota-
tion, is clearly present. Fitting the lines for a single star with
T.x = 25000K gives too strong Silll profiles and too weak
SiIl lines. We therefore conclude that the secondary has a sig-
nificant contribution to the Si I lines and is mainly responsible
for the SiTI lines. The Balmer wings, on the other hand, lead us
to log g between 3.6 and 4.0 assuming a single star.

We subsequently merged the lines of two contributing stars
according to different flux ratios using the relative orbital ve-
locity of the components and the vsin i estimates derived in
Paper 1. The best overall fit to observed line profiles occurs for
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Fig. 2. Top (bottom): line profile measurements taken on HID 2450742.4691 (HJID 2450 194.9224). The observed spectrum of the primary
shifted with +53.39 km s™! (=55.34 km s7!) is given by the full black line and the KOREL disentangled profile in the rest frame of the
primary by the dotted line. The gray profile is the observed one from which the disentangled profile of the secondary is subtracted after
applying its orbital shift of —57.84 km s™' (62.70 km s™!) and to which a subsequent orbital shift towards the rest frame of the primary
+53.39 km s~! (=55.34 km s7!) is applied. The vertical lines indicate the integration boundaries we used to calculate the velocity moments
from the SilII profiles centered at 4552.654 A and 4567.872 A. At the bottom of each figure the residual disentangled and secondary removed
spectra with respect to the observed spectrum are also shown, after an arbitrary shift towards flux level 0.88.

the following parameters: T.x = 25 000K, log g = 3.8 for the
primary and T.x = 20000K, log g = 3.8 for the secondary.
The uncertainties are 2000K for the temperature and 0.2 dex
for the gravity, for both stars. These results are entirely com-
patible with those of Paper I. They lead to a ratio of the flux of
the primary to the one of the secondary between 1.5 and 2.5.

3. Disentangled versus non-disentangled spectra

We refer to Paper I for a detailed description of the 699 pro-
files used in this study. The data have a time span of
some 3 years, including two intensive monitoring campaigns
lasting 3 and 8 nights. By means of the KOREL disentangling
procedure the spectrum of the spectroscopic binary was decom-
posed in the following parts: the disentangled profile of the pri-
mary, the disentangled profile of the secondary and the resid-
ual spectrum calculated in either the rest frame of the primary
or the rest frame of the secondary. As already pointed out in
Paper I, the KOREL code is based on the assumption that the
line profiles do not change shape, a condition that is evidently
violated in the current case of the primary of k Sco. One of the
main goals of this paper is to investigate what the implications
of this violation are on the interpretation of the LPV.

Before Paper I, KOREL disentangling was not yet applied
as an intermediate step in the interpretation of LPV due to os-
cillations. Therefore, we carefully checked its performance by
employing three different procedures to analyse the intrinsic
variability of the primary. In the first procedure we consider

the “original profiles” and simply shift them to the rest frame
of the primary, i.e. we ignore the contribution of the secondary
to the line. KOREL provides the disentangled spectra with an
unknown shift of the continuum (Hadrava 1997). For the sec-
ond procedure, we normalised (i.e. re-rectified) the disentan-
gled spectrum of the primary produced by KOREL before co-
adding the residuals. Hereafter we will refer to these profiles
as the “disentangled profiles”. In the third procedure we shift
the normalised KOREL disentangled profile of the secondary
according to its orbital velocity, we subtract it from the ob-
served profile assuming equal fluxes of both components and
we finally move this resulting profile to the rest frame of the
primary. These profiles will be referred to as the “secondary
subtracted profiles”. We thus incorporate the two extreme cases
that the secondary has no and equal contributions to the ob-
served flux while KOREL does not take into account any flux
ratio information.

In Fig. 2 we make a comparison between the profiles re-
sulting from these three different types of numerical operation
for opposite elongations. We also give the residual disentan-
gled and secondary removed spectra with respect to the origi-
nal spectrum. One can see that the KOREL disentangled pro-
file of the primary and the one obtained after subtraction of the
secondary’s profile differ only slightly in line depth and not in
shape of the line features. This implies that KOREL’s solution
is not too different from the one obtained assuming equal fluxes
for the Sit triplet, while we found a flux ratio between 1.5
and 2.5 from the échelle spectrum in the previous section.
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Table 1. Amplitudes (in km s!) of the frequencies f,, € [0.22;0.28] cd™!, fi = 4.99922 c¢d~! and 2f; for the EW (top); amplitudes (in km s™!)
of fi, f2, f3 and 2f; for (v) (bottom) of the Silll 4552.654 A (left) and Siln 4567.872 A (right) line of « Sco, calculated from the original
observed spectra and from the disentangled spectra. The last column denotes the total variance reduction (f.v.) derived from the least-squares

fits to the data with the considered frequencies.

4552.654 A 4567.872 A
Original Disentangled Original Disentangled
EW EW
Frequency | ampl +s.e. | f.v. ampl +s.e. | fv ampl £ s.e. | fv ampl +s.e. | fv.
Srot 0.30 £ 0.03 0.29 +0.03 0.61 £0.02 0.35 +£0.02
h 0.10 = 0.03 0.15 +0.02 0.07 £ 0.02 0.11 £ 0.02
2fi 0.11+0.03 | 16% | 0.10+0.02 | 23% | 0.05+0.03 | 54% | 0.04 £0.02 | 47%
V) (V)
Frequency | ampl +s.e. | f.v. | ampl+s.e. | f.v ampl+s.e. | f.v. | ampl+s.e. | fv
h 2.13+£0.11 2.24 £ 0.10 2.06 +0.12 221 +0.10
b 0.55+0.10 0.87 = 0.09 0.59 £0.12 0.95 + 0.09
5 0.32 £0.10 0.56 + 0.09 0.15+0.12 0.41 + 0.09
2fi 024+0.10 | 44% | 0.52£0.09 | 55% | 0.35+0.12 | 35% | 0.60 +£0.09 | 55%

In the following we report the results of the frequency anal-
yses on the line diagnostics derived from the profiles obtained
with the three different procedures.

4. Frequency analysis

We determined the frequencies with an accuracy according to
the empirically derived formula oy = o/ V2NAT, with N the
amount of datapoints, 7" the total timespan of the data, oy the
standard deviation of the noise and A the amplitude of the vari-
ation (see, e.g., Cuypers 1987, for a discussion). For the dom-
inant signal in our data, which span 866 days, this leads to oy
of 0.00003 cd~!. For signals with a lower amplitude or when
assuming subsets of the data, the accuracy will obviously de-
crease. This decrease is inversely proportional to the amplitude
of the signal (e.g. o, = 0.0001 cd™! and o, = 0.0002 cd™!,
see Table 1 for the corresponding amplitudes). We performed
CLEAN (Roberts et al. 1987), Lomb-Scargle (Scargle 1982)
and PDM (Stellingwerf 1978) analyses.

We considered the variations of the first three velocity mo-
ments ((v), (v*), (v*); definition by Aerts et al. 1992), of the
equivalent width (EW) and of the normalised flux at each pixel
across the profile (Intensity Period Search, IPS) for the two
bluest Si Il lines. In calculating the moments we took the fixed
integration boundaries indicated as vertical lines in Fig. 2. We
searched for frequencies in the interval [0,15] ¢ d~! with a fre-
quency step of 0.00001 cd~!. As the IPS analysis is very sen-
sitive to the quality of the data, we selected only the subset of
397 spectra with signal-to-noise ratio above 500 for that. As
the major part of this subset consists of spectra obtained during
the 8 nights of July 1997, we searched for frequencies with a
frequency step of 0.001 cd™" .

4.1. The dominant frequency

All line diagnostics show one dominant frequency for the three
followed procedures: 5.01215 + 0.00003 cd~!. The difference

between this frequency and f; = 4.99922 ¢ d~! equals the value
of the highest peak in the window function, which is located at
0.01292 ¢ d~!. Therefore, these two frequencies are not distin-
guishable in our data. The Lomb-Scargle periodogram of the
radial velocity (RV) is shown in the left panel of Fig. 3 while
phase diagrams of the moments for f] can be found in the left
panels of Fig. 4. We note that power also occurs at the first
harmonic 2 f; in the RV (see Fig. 3).

The EW variations show a dominant frequency at 0.24521 +
0.00003 cd~! or its alias 0.23225 + 0.00003 cd~! at a relative
amplitude of some 5% for the disentangled profiles. These two
frequency peaks have an amplitude about twice as large as the
one for fj in the disentangled profiles, as can be seen in Fig. 3.
We find that f; = 4.99922 cd~! and its first harmonic are only
present in the EW variations of the disentangled spectra and
not in the profiles derived from the other two procedures. We
therefore tentatively conclude that KOREL did a good job in
allowing the detection of realistic periodic EW variations with
frequency f] at ~3% level in the line profiles resulting from
co-addition of the disentangled profile of the primary to the
residual profiles after disentangling. Depending on their effec-
tive temperature, EW variations of a few percent are indeed ex-
pected and observed in several 8 Cep stars due to their domi-
nant oscillation (De Ridder et al. 2002). It remains to be further
studied how well the code would perform in different circum-
stances, i.e. different oscillations and amplitudes in stars with
different rotational velocities.

The phase difference between the RV, EW and light varia-
tions is very useful information when it comes to evaluate phys-
ical models. We therefore computed these phase differences
from a fit with the synodic frequency f; to EW, (v) and the
KOREL line intensity (LI) described in Paper I. The results are
o((v)) — ¢(LI) = 0.29£0.01 and p(EW) — ¢(LI) = 0.10 £ 0.01,
expressed in 27 radians. The former phase difference is in
remarkable agreement with the theoretical predictions found
for non-adiabatic NRP of low degree and low radial order by
De Ridder et al. (2002) for stellar parameters similar to those
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Fig. 3. Lomb-Scargle periodogram of the RV (leff) and EW (right) derived from the disentangled Silll 4552.654 A profiles of the primary. On
top of each panel, the window function, shifted according to the highest peak in the periodogram, is shown.
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Fig. 4. The first three normalised moments (without prewhitening in case of f; after prewhitening with f; in case of f, and f3) of the
Sill 4552.654 A line of & Sco, calculated from the disentangled spectra of the primary and folded with the frequencies f; (left), f; (mid-
dle) and f; (right). The dots are the observations, while the full line is a fit for the indicated frequencies with no, one and two harmonics for

respectively (v), (v*) and (v*).

of k Sco. That the EW and LI are in phase and not in antiphase
is what can be expected for the SiIlI triplet subject to NRP for
temperatures near 26 000 K (De Ridder et al. 2002).

4.2. Additional frequencies

After prewhitening with the dominant frequency f;, the high-
est peaks in the frequency spectrum of the different moments
appear in the interval 0-2cd~!. In particular, a high peak, al-
ready clearly visible in the left panel of Fig. 3, occurs in the
residual (v) data near 0.9 cd~!. This frequency’s amplitude in
the residuals of (v) is about half the one of f;. Such a low fre-
quency is not expected for p-modes in 8 Cep stars and its mean-
ing or implication is not clear at this stage of the analysis. We
checked that this frequency is not induced by zeropoint differ-
ences between the different nights. Such a situation is not un-
common in multiperiodic 8 Cep stars and one tends to continue
the analysis with a search for higher frequencies first (see, e.g.,

Aerts et al. 2004a for an extended discussion of such a situation
for the B Cep star v Eri) before returning to the low-frequency
domain, which is also what we do here for « Sco, the more so
since we have a complex window function and prewhitening
with a frequency near 0.9 ¢ d~! might introduce changes in the
values of the subsequent frequencies.

Candidate frequencies in the expected range of frequencies
related to p-modes in 8 Cep stars occur only at low amplitudes
slightly above the noise level after prewhitening with f;. We
stress that any of the frequencies listed below would not be
accepted if we were to adopt, e.g., the 4% signal-to-noise ratio
criterion as introduced by Breger et al. (1993) and often used
to determine the significance of a frequency nowadays, to our
spectroscopic data alone. The reason why we continue the fre-
quency search in quite some detail is twofold:

1. we want to test the differences obtained for the low-
amplitude frequencies for the three different procedures
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Fig. 5. Lomb-Scargle periodograms of the residuals of the EW (left) and first velocity moment (right) of the disentangled Silll 4552.654 A
profiles of the primary after prewhitening with f; = 4.99922 cd~!. The frequencies reported in the literature are indicated by dashed lines:
4.8678 cd™!, 5.2767 c¢d™!' (Lomb & Shobbrook 1975), 0.2809 cd!, 2.2498 cd~! and 5.6950 ¢ d~! (WIRE, Cuypers et al. 2004).

employed to derive the profiles of the primary in its rest
frame (see Sect. 3);

2. the same candidate frequencies turn out to occur in dif-
ferent, entirely independent datasets of the star, such
as our spectroscopy, ground-based photometry (Lomb &
Shobbrook 1975) and space photometry (WIRE, Cuypers
et al. 2004), each of which has a complex window function
with large aliasing effects.

The Lomb-Scargle periodograms of the EW and (v) after
prewhitening with f; are given in Fig. 5. Additional ones
after subsequent stages of prewhitening as well as addi-
tional IPS analyses are provided in Uytterhoeven (2004),
PhD Thesis2, to which we refer for a more detailed discussion.
We summarise the results of the frequency analyses as follows.
Besides the dominant frequency f; and its first harmonic, we
find the frequencies reported in the literature f> = 4.8678 cd™!
and f; = 5.695 cd™! or their aliases. We can only claim the
presence of the latter because they were detected before in
independent datasets. Phase diagrams for the three moments
for fi, f», f3 are shown in Fig. 4. The corresponding amplitudes
for (v) are given in Table 1. Taking different aliases of f, and f3
in the fits leads to amplitudes within the uncertainties listed in
the table.

We also detected a frequency in the interval
[0.227:0.281] cd™! in all datasets, to which we cannot
assign the most probable value due to the poor and complex
window functions. A physical explanation might be given in
terms of the rotational period of the primary. Indeed, in Paper I
we estimated the range of the rotational period to be between
3956 and 3968 (corresponding frequencies between 0.272 ¢ d™!
and 0.281 ¢ d‘l), which is consistent with the derived interval.

The variations in the moments of the disentangled pro-
files show stronger variability at low frequencies (between
0-2 cd™!) than those of the original and secondary removed
profiles. Moreover, f, (in case of the 4552.678 A profile) and
f1 do not contribute to the variability derived from the disen-
tangled spectra, while these frequencies do appear in the other

2 Available from http://www.ster.kuleuven.ac.be/pub/
uytterhoeven_phd/

two sets of profiles. We must therefore conclude that KOREL
disentangling affects the low-amplitude LPV of k Sco. The com-
plex frequency spectrum of k Sco implies that this star is not the
best target to derive the consequences of spectral disentangling
for the interpretation of LPV in full detail. In order to synthe-
size the advantages of disentangling as an intermediate step in
the interpretation of the LPV, simulations of theoretically gen-
erated profiles for multiperiodic oscillations of very different
kinds are needed. Such a study is beyond the scope of our cur-
rent paper, but our experience obtained from « Sco constitutes
a good starting point for such a detailed simulation study.

In the following we will work with f; = 4.99922 cd~! and
with fior, f2, f3. It is important for the reader to realise that we
cannot assign definitive values to the latter three frequencies
because none of the available datasets allow us to discriminate
between the true and alias values. It is therefore evident that
any interpretation of the variability with f; on the one hand,
and with fi, f2, f3 on the other hand will be at a very different
level of confidence. This has to be kept in mind in evaluating
the results reported in the following section.

5. Interpretation of the line-profile variability
5.1. Multiperiodic oscillations

First we assume the observed LPV to be caused entirely by
oscillations with frequencies f, f> and f3. We used a combi-
nation of several mode-identification techniques to identify the
associated pulsation modes.

By means of the phase and amplitude distributions across
the LP (IPS Method, see Telting & Schrijvers 1997), given in
Fig. 6, we assigned wavenumbers (£, m) to each of the frequen-
cies fi, f>, f3. According to the relationships between ¢ (|m])
and the phase difference A¥; (A¥,y) derived by Telting &
Schrijvers (1997) we find that all three modes have degrees be-
low 5 (see Table 2).

We subsequently generated theoretical LP time series, fol-
lowing Telting & Schrijvers (1997) and Schrijvers & Telting
(1999), for the main frequency f; by considering the differ-
ent sets of wavenumbers resulting from Table 2 and compare
them with the observed ones in Fig. 7. We find good agreement
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Fig. 6. IPS diagrams for fi, f> and f; and their first harmonic, calcu-
lated from the Sillr 4552.654 A (left) and 4567.874 A (right) line of
the disentangled profiles. The top panel shows the average line pro-
file. Each of the three sub-panels shows the distribution of the phase
(expressed in 7 radians) and of the amplitude across the line profile.
Thick black line: single-sinusoid fit with indicated f; light gray line:
triple-sinusoid fit with fi, f> and f; thin black line: single-sinusoid fit
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Table 2. Blue-to-red phase differences of f and its first harmonic to-
gether with estimates for ¢ and m for fi, f, and f; (Telting & Schrijvers
1997). The phase differences AY are given in x radians. Due to the bad
quality of the IPS diagnostics associated to 2 f3 (see Fig. 6), we cannot
provide information on the m-value of this mode.

Frequency AY, AY,, (¢ Im| €
f 25 45 [2,4] [0,2]
f 25 3 [2,4] [0,2]
f3 3 - (2.4 -

between the observed and theoretical line diagnostics for the
(1,-1) or (2, —1) solution. Despite our massive exploration of
the free pulsation parameter set, the theoretical models do not
explain the amplitude distribution in all of its details, nor the
slightly asymmetric mean profile. This is not suprising, given
that f;o1, /> and f3 contribute to the LPV albeit at low amplitude
while we averaged them out. Despite this shortcoming, we can
easily exclude zonal modes and the £ = 2, |m| = 2 mode, as
well as the higher degrees.

For the additional lower-amplitude modes we can only nar-
row down the intervals of ¢ and |m| (see Fig. 8): the f, mode,
respectively f3 mode, is most likely a tesseral or a sectoral one
with 2 < ¢ < 3, respectively 3 < ¢ < 4. More precise iden-
tifications are not possible because the amplitude and phase
behaviour is very similar for different combinations (see also
Aerts et al. 2003b for another example of such a situation in
the 8 Cep star 16 Lac).

In addition, we also used the Moment Method (MM) by
Briquet & Aerts (2003). To identify the mode correspond-
ing to fi, we removed the contribution of the low-amplitude
variability by averaging out all the observed profiles in phase
bins of 0.025 of the oscillation cycle and we worked with
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Fig. 8. Phase distribution across the 4552.654 A profile for sinusoidal fits with f, (leff) and f5 (right). The solid black line represents the
diagnostics derived from the disentangled spectra. The other lines are derived from theoretically calculated profiles, with different (£, m) values

as indicated. The phases are expressed in terms of x radians.

these 40 averaged observed profiles. Their first three veloc-
ity moments are shown in Fig. 9. This figure shows clearly
the presence of the harmonic 2 fj, which is confirmed by the
Fourier transform on the moments. The amplitudes of the first
moment computed from the averaged spectra are respectively
2.20 km s~' and 0.47 km s~! for f; and 2f;. The occur-
rence of harmonics and/or coupling terms is not exceptional
for 5 Cep stars, see examples in Heynderickx (1992), Mathias
etal. (1994), Aerts et al. (1995), Handler et al. (2004) and Aerts
et al. (2004a).

We calculated the discriminant £ (see Briquet & Aerts
2003, for the definition and usage) assuming a stellar mass and
radius of M = 11 My and R = 7 R leading to K = 0.095 for f;.
For each tested (£, m, i), the oscillation amplitude is fixed by the
condition that the theoretical amplitude of the first moment has
to be equal to the observed one. In the case of x Sco the ob-
served amplitudes exclude {-values higher than £ > 3 for the
main mode (see criterion derived in Briquet & Aerts 2003),
which is a lower upper limit than from the IPS analysis.

The MM is implemented for a linear pulsation theory so
that it assumes the first moment to be well described by a single
cosine function. In spite of the presence of 2 f;, we performed
a mode identification by considering only f;. This is justified
because the amplitude of the harmonic is about 4 times lower
than the one of fj. This type of approach turned out to be valid
for the 8 Cep star BW Vul, for which the relative contribution
of the first harmonic to the radial-velocity variation is also a
factor near 1/4 of the one of the frequency itself (Aerts et al.
1995). The results of the MM are given in Table 3. The lower
the discriminant X, the better the agreement between theoretical
and observed moment values. We conclude that f; corresponds
to a prograde mode with (€, m) = (2,—1) or (1,—1). This is in
perfect agreement with the results found from the IPS Method.

<'> (kms™)

<2 (kms™)?

<3 (kms™)®

0.02 0.06 0.1 0.14

Pulsation cycle (days)

Fig. 9. The first three velocity moments (dots) computed from 40 av-
eraged spectra in the region near Silll 4552.654 A over the pulsation
cycle of fi = 4.99922 cd™!. The crossed and dashed lines correspond
respectively to theoretical moments computed for the first two best so-
lutions of the upper part of Table 3. The full line corresponds to the
best solution for a model with f; and 2f; (indicated in bold in Table 4).



K. Uytterhoeven et al.: Line-profile variations of the spectroscopic binary x Sco

Table 3. List of the five lowest values of the discriminant X (in kms™")
for the mode identification of f; by the MM. i is the inclination angle,
expressed in degrees. The amplitude(s) of the radial part of the pulsa-
tion velocity A, (A}), the projected rotational velocity vsin i and the
intrinsic LP width o are all expressed in kms™'.

£, m) z A, i wvsini o
2,-1) 9.72 24.04 70 96 4.5
1,-1) 10.73 1436 51 96 4

(1,0) 1229 810 13 95 55

(0,0) 13.37 1133 14 95 55

(2,00 13.97 1024 13 94 10

Table 4. List of the ten lowest values of the discriminant X for the
mode identification of f; and 2f; by the MM. The symbols are similar
as those in Table 3.

&my (C.m) T A, A, i usini o
2,-1) (2,-2) 832 2310 445 69 95 85
(I,-1) (2,-2) 929 27.64 394 83 96 45
2,-1) (3,-2) 939 27.64 1455 73 95 8.0
2,-1) (3,-1) 977 1549 10.77 43 94 10.0
(1,-1) (3,-1) 1007 1579 11.60 45 95 8.0
(1,-1) (3,-2) 10.16 1125 3240 83 94 10.0
(1,-1) (2,-1) 1050 1253 480 63 96 5.0
2,-1) (2,00 1051 1593 551 38 94 95
2,-1) @2,-1) 10.82 17.85 448 60 95 8.0
(1,-1) (1,-1) 11.03 1222 276 66 96 5.0

Figure 9 compares the theoretical moment values with the ob-
served ones for the two best solutions given in bold in Table 3.
Subsequently, we performed a mode identification by also
considering 2f; as an additional independent mode. The best
combinations are listed in Table 4. We find that 2f; is also a
prograde mode in this model. We note that taking 2 f; into ac-
count leads to a smaller discriminant value as expected (more
free parameters) and allows a much better fit to the observed
moments, particularly the second one, as illustrated in Fig. 9.
We also point out that the simpler assumption of having modes
with the same (£, m) values for f; and 2f; does not lead to a
very good fit and results in discriminant values that are higher
than taking only f] into account (two last rows in Table 4).

Considering a (2,-1) or (1, —1) mode for f;, we checked
the parameter space in (Z, v sin i) which leads to a discriminant
of the order of the two lowest values given in Table 3. This
allows us to restrict the interval for the equatorial velocity of
the star. We found i € [45°; 90°] and vsin i € [94;100]km s~ .
It is well known that the error of the estimate for the inclina-
tion from the discriminant is unfortunately large; see De Ridder
et al. (2005) for a discussion of the statistical properties and the
error propagation of the discriminant.

We also identified the three modes fi, f>, f3 simultaneously
by using our multiperiodic version of the MM (Briquet & Aerts
2003) on the 699 moment values of the disentangled
spectra. We found that (€»,m;) and (€3, m3) correspond to
(1,-1) or (2,—-1) with a preference for (1, —1). This result is
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not compatible with the IPS diagnostics that favour 2 < £, < 3
and 3 < {3 < 4. We have to conclude that the IPS diagnostics
and the MM give different results so that the interpretation of
f> and f5 in terms of a stellar pulsation model remains insecure.

5.2. A dominant oscillation in combination
with rotational modulation

The presence of spots, due to either temperature or abundance
inhomogeneities, in combination with rotation, can also be the
cause of the complex low-amplitude LPV superposed on the ef-
fects of the main oscillation mode of x Sco. Arguments in favor
of such a model are the dominance of f;,; over f; in the EW (see
Table 2), which is not expected for pure NRP, and the shape and
behaviour of the colour-diagrams of k Sco (Lomb & Shobbrook
1975, their Fig. 9), which cannot be simply interpreted as the
results of temperature and radius changes of an oscillation, as
noted by the latter authors. Rotational modulation occurs for
the prototype of the 8 Cep stars (Telting et al. 1997) and also
for V2052 Oph, which is a He-strong 8 Cep star (Neiner et al.
2003). These two stars are confirmed magnetic variables, while
no magnetic field has been detected for « Scorpii.

An approach to model surface spots is based on the idea of
an inhomogeneous distribution of (a) certain element(s) on the
stellar surface. The surface abundance distribution of elements
can be obtained from Doppler Imaging (DI), which inverts ro-
tationally modulated LPVs into a two-dimensional abundance
distribution. Below we present the modelling of the Si distribu-
tion on the surface of x Scorpii, whereby the surface tempera-
ture and gravity were kept fixed.

The DI technique was applied by using a code called
INVERS11, implemented and kindly made available to us by
Prof. N. Piskunov. We refer to Piskunov & Rice (1993) and
Rice (1996), who describe DI methods in general, for more
information. For the spectral synthesis of local line profiles,
model atmospheres, assuming solar abundances, were calcu-
lated with Kurucz’s ATLAS9 programs (Kurucz 1992, 1993).
The Vienna Atomic Line Database (VALD, Piskunov et al.
1995; Ryabchikova et al. 1999; Kupka et al. 1999) provided
the atomic line data we needed. Spectra were synthesized with
the program SYNTH (Piskunov 1992). We started with solar
abundances (—4.49 dex for silicon) and adjusted them by com-
paring observed and calculated spectra.

We used the following input parameters for the construction
of the surface map: T = 25000 K, logg = 3.8, vsini =
100 km s™' and i = 70°. Any change of these values within
the uncertainties do not affect the results of the mapping (see
Briquet et al. 2004 for an evaluation of small changes of the
input parameters on the final map).

To remove the contribution of fi, f>, f3 to the variability
of kSco we averaged out all the observed profiles in phase
bins of 0.025 of the rotational cycle and we worked with these
40 averaged observed profiles. The Si map derived from the
Sir 4552.654 A line is shown in Fig. 10. We obtained very
similar maps by using the Sinm 4567.872 A line and by using
both lines together. We find that an overabundant spot com-
pared to the rest of the stellar surface is present at the pole.
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Fig.10. The Si distribution on the surface of « Sco obtained with
INVERS11 from the Simm 4552.654 A line for Tes = 25000 K,
logg = 3.8,vsin i = 100kms~! and i = 70°. a) is the mercator projec-
tion of the abundance distribution and comprises contour lines around
regions of equal abundance. b) shows the mapped stellar surface in
four rotational phases (0.0, 0.25, 0.5, 0.75). Below each phase, values
for the mean abundance averaged over the visible part can be found.
Dark colour means high, bright colour means low abundance.

The surface part between longitude —90° and —60° is not vis-
ible and consequently we cannot derive the surface abundance
near the other pole. We also see the presence of three under-
abundant spots just above the equator, two of them being more
pronounced than the third one. We conclude that an inhomoge-
neous abundance distribution, after averaging out the dominant
oscillation, is compatible with the observed LPVs of «x Sco.

Next, we consider LPVs resulting from one dominant pro-
grade NRP mode with frequency f; in combination with a non-
homogeneous intensity distribution at the stellar surface rotat-
ing with frequency fio. In the computations we adopted the
value f,or = 0.2809 ¢ d~!, as suggested in Paper I.

The rotational frequency and radius estimate of « Sco imply
that the star rotates at about 20 to 25% of its break-up velocity.
Therefore, the oblateness of the star implies a small gravity gra-
dient, and hence, according to the Von Zeipel theorem, a flux
gradient from the equator to the pole. At 25% of the break-up
velocity, the relative flux difference between pole and equator
is about 10% (see, e.g., Fig. 1 in Aerts et al. 2004b), which
is of the same order than the relative abundance variation be-
tween the equatorial and polar regions found from the Si map.
Gravity darkening may therefore explain part of the gradient
found in Fig. 10, but not the 3 spots near the equator. Given
that we aim only at a modelling of the general characteristics
of the observed variability without fine-tuning or optimising
the results, and that we do not have a code available that deter-
mines the multiperiodic NRP for an oblate star, we assume the
surface variations to be caused entirely by a spotted inhomo-
geneous surface intensity distribution on a spherical star in the
calculations described below.

A physical model consisting of a combination of a large-
amplitude monoperiodic pulsation and a low-amplitude rota-
tional modulation effect seems quite natural and would not only
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allow us to give an explanation for the detection of fio, f2
and f3, but also for f; and f5 found in respectively ground-
based photometry by Lomb & Shobbrook (1975), and the
WIRE satellite data by Cuypers et al. (2004). It is indeed the
case that the frequencies f,, f3, fa and f5 can be related to f;
by means of the rotational frequency, as is already remarked by
Lomb & Shobbrook (1975). We are in the unfortunate situation
that we cannot provide exact relations between the frequencies
due to our unability to discriminate the frequencies from their
aliases.

We generated LPVs for the 699 observational times for
kSco by combined usage of the publicly available code
BRUCE (Townsend 1997) which simulates line profiles for a
non-radial pulsating star with a code that calculates LPVs for
a spherical star with a spotted intensity (kindly made available
by Dr. L. Balona). The local intensity within the spots, which,
in reality, is determined by the local effective temperature and
abundance, is a free input parameter in units of the intensity
of the surroundings. The parameters for the oscillation mode
were chosen according to our best mode identification for f;
and additional estimates thereof obtained in previous sections
and Paper I. We considered a simple modulation model with
one circular spot in which the intensity has a higher value than
the surroundings and with a radius of 30° at the pole and three
circular spots with a lower intensity with the same radius at lati-
tude 20° equally distant by 120° in longitude. Such an intensity
distribution corresponds to the abundance pattern derived from
the DI

We computed the first moment variation of the synthetic
spectra and performed a frequency analysis in the same way as
done for the real observations. The whole periodogram of the
first moment, before and after prewhitening with f;, looks sim-
ilar to the one of the observed data (left panel Fig. 3 and right
panel Fig. 5). In particular, we find a high amplitude at 3 times
the used rotational frequency, which occurs near 0.9 ¢d™!, just
as for the real data. This may indicate that this peak is due
to 3 spots in a configuration as in the Doppler map shown in
Fig. 10. A peak at f, with amplitude of the same order as the
observed ones is also present. All this is rather convincing evi-
dence that a rotational modulation effect occurs in « Sco, since
this frequency f, was not put in our theoretical model. The fre-
quency f3 is hidden in the noise.

Subsequently we calculated the phase distribution across
the line profile from the synthetic spectra for a sinusoidal fit
with f>. The synthetic phase path approaches the bumpy char-
acter of the observed phase distribution with similar quality as
the one for the multiperiodic oscillation model shown in Fig. 8.

The character of line diagnostics, in particular of moment
variations, due to strong abundance spots on a star or due to
high-amplitude oscillations in a star are readily distinguishable
from each other (see, e.g., Briquet et al. 2004). In the case of
k Sco, however, our experiments show that it is not so evident
to discriminate between a multiperiodic pulsation model and a
model with monoperiodic pulsation and rotational modulation
induced by the occurrence of a non-homogeneous surface
temperature and/or abundance distribution. The firm proof of
rotational modulation would require accurate relations between
the detected frequencies and the rotation frequency of the star,
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which we cannot establish due to the limitations of our dataset.
In any case, our example of « Sco shows that the presence of
frequencies in the range of expected pulsation frequencies for
B Cep pulsators is not a sufficient condition to conclude the
variability to be due to multiperiodic oscillations. In the case
of xSco, the frequencies f] and f; are sufficient to explain
the occurrence of the frequencies f>, f3 in the line diagnostics
at low amplitude if we allow for an inhomogeneous surface
pattern. On the other hand, it is difficult to exclude firmly the
presence of additional pulsation modes with degree £ = 3 and
with beat frequencies near f;¢ for an oblate star with gravity
darkening, as this would lead to a similar velocity and tem-
perature distribution on the surface of the star as the proposed
models with the temperature or abundance spots. In any case,
such a model is also rotationally modulated and so this seems
to be a necessary ingredient given that f; is dominant in the
EW variations.

5.3. Co-rotating circumstellar structures

Besides the two mentioned physical models to describe the
complex LPV and the observed frequencies of x Sco in terms of
oscillations, we consider a third possibility which occurred to
us from the following observation. The LPV of « Sco, charac-
terised by the line moments, can also be reconciled with a sin-
gle frequency fuuper = f1/17 = 0.29407 ¢ d™! and a complicated
phase curve. Only a low insignificant peak appears near fouper
in the classic periodogram, but a sine fit of (v) of x Sco with the
frequency fuper fixed and its 25 harmonics leads to a variance
reduction of 77%. This is much higher than the result obtained
from the fit with fi, f>, f3,2f fixed (see Table 1). Note that a
good description of the complicated phase curve requires many
more free parameters than the multiperiodic solution (53 ver-
sus 9) but the phase curves (see Fig. 11) show a good coherence
over several years of observations and much lower scatter than
the plots for frequencies f> and f5 after subsequent prewhiten-
ing shown in Fig. 4.

For comparison, a fit with fyper = 0.29407 ¢ d~! fixed and
3 of its most dominant harmonics (which are 3 fouper, 17 foupers
and 20 fouper), involving also 9 free parameters, leads to a vari-
ance reduction of 65%, which is still higher than the best value
of 55% listed in Table 1. Similar albeit less convincing results
are obtained when fixing the frequencies f;/16 or fi/18 in-
stead of fouper. Note also that a fit with fi, 21, 3 fsuper and f3,
again including 9 free parameters, leads to an even better vari-
ance reduction of 72%. This latter fit would point to 3 spots in
the stellar atmosphere and is basically identical to the model
discussed in Sect.5.2.2. We applied the Bayes Information
Criterion (see, e.g., Koen & Laney 2000) and found that adding
more than 9 free parameters to the model would not lead to a
significant improvement.

The upper left panel of Figs. 4 and 11 show remarkable sim-
ilarity with similar figures obtained for the LP variable & Per
by Harmanec (1999, Figs. 2 and 3). Harmanec (1999) inter-
preted the variability of the latter star, as well as the variabil-
ity of the rapid rotator { Oph, in terms of circumstellar struc-
tures co-rotating slightly above the photosphere rather than
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Fig.11. A phase plot of the first two moments of the disentangled
Sinn 4552.654 line profiles folded with fyper = 0.29407 cd™l.

multiperiodic oscillations. There is a long and stubborn debate
about the correct interpretation of the LPV of rapidly-rotating
early-type stars (see, e.g., Baade & Balona 1994; Harmanec
1989, 1999, and references therein). This debate could also be
held for a confirmed g Cep star, casting some doubt on the in-
terpretation of k Sco as a NRP star. Indeed, the frequency fuper
can be reconciled with the rotational frequency of the star and
the LPV can then be qualitatively explained in terms of 17 co-
rotating structures, such as envisioned by Harmanec (1989).
Figure 11 shows that the spacing of the structures is quite reg-
ular (corresponding to the dominant frequency f) but the am-
plitude and mean value of individual cycles is different (as the
need for many harmonics confirms) remaining at the same time
stable at various phases of the rotational period over at least a
decade. This implies a rather regular spacing but a slightly dif-
ferent strength of the individual putative corotating spokes.

However, we refrain from any more detailed discussion
at the moment since it cannot be held on equally quanti-
tative grounds as for the physical models discussed above.
The problem is that there exists, unfortunately, no quantitative
theoretical description of the model of co-rotating circumstel-
lar structures (see also Harmanec 1999, for details). The first
step towards a quantitative description is presented by Clarke
(2003), but this author carried out only relatively simple simu-
lations and did not provide a prediction of the amplitudes and
phases of the LPV for the circumstellar spokes in different fil-
ters and/or spectroscopic data. This is also the reason why we
are unable to indicate what kind of additional data would help
to test the hypothesis of co-rotating structures further.

For the moment we conclude that the evidence presented in
this subsection is not strong enough to reject the oscillatory
nature of k Sco, especially since the model which combines
rotational modulation superimposed on the S Cep oscillation
seems to explain the observed variability in a physically ade-
quate way, similarly as for other well studied 8 Cep stars. We
point out, however, that a unique identification of all the
frequencies of x Sco requires a data set with a longer time base
and a better defined window function than the one at hand.
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6. Summary and discussion

We have considered « Sco as a test case for the application of
KOREL disentangling as an intermediate step in the interpre-
tation of short-period LPV in early-type stars. We investigated
its performance by means of a comparison between three sets
of profiles obtained from different procedures after orbital sub-
traction. We find that the LPV due to the high amplitude mode
of kSco is well preserved in all the line diagnostics derived
from the KOREL disentangled spectra. This is by no means evi-
dent as KOREL was certainly not designed for this purpose and
in fact, we violate one of its starting principles: that there be no
shape variations in the profiles. Our experiment has shown that
the short-term large-amplitude variability is well interpreted as
a sort of random noise by the code. It is therefore evident that,
in the case of large-amplitude short-term LP variables in close
binaries, KOREL disentangling is an extremely useful tool. It
would be interesting to carry out a similar performance test
of KOREL disentangling on a case study where also the sec-
ondary shows obvious LPVs.

As for the low-amplitude variability, we were unable to
evaluate the capabilities of KOREL in detail. This is probably
due to our inability to derive accurately the low-amplitude fre-
quencies of x Sco. Indeed, we found evidence for three frequen-
cies fior, f2, f3 besides the dominant frequency 4.99922¢cd7!,
but these are not significant in the spectroscopic data. We ac-
cepted them as real because they were derived from two addi-
tional independent photometric datasets (Lomb & Shobbrook
1975; Cuypers et al. 2004). The derivation and interpretation of
these low-amplitude frequencies is somewhat different for the
disentangled versus non-disentangled spectra but it is not clear
whether the results for the disentangled profiles are more ap-
propriate than for the original ones. For the moment, we there-
fore have to refrain from claiming KOREL to handle variability
with amplitude below 1km s~ in an appropriate way, which is
by no means a negative outcome of our study. A good future
testcase to check the validity of KOREL for a multiperiodic
non-radial oscillator is S Cru (Aerts et al. 1998) although most
progress will be achieved by combining the analyses of real
datasets with simulations.

The analysis of the LPV of the pulsating primary « Sco,
based on large dataset consisting of 699 spectra, covering a
time span of 3 years, resulted in a new understanding of the
intrinsic variability of the star. We identified the dominant fre-
quency as a prograde NRP mode with spherical wavenumbers
€, m) = (2,—1) or (1, —1), whereby the contribution of at least
its first harmonic 2f; is also needed to explain the observed
variations of the velocity moments. Moreover, we found strong
evidence for the presence of a rotational modulation effect in
the Silll line profiles. We presented a simple temperature or
abundance spot model which allowed us to explain the frequen-
cies f> and f3 suggested here and also in the literature before
(Lomb & Shobbrook 1975; Cuypers et al. 2004).

Our detailed analysis of « Sco stresses that the derivation
of frequencies in the range of the pulsation frequencies
expected for B Cep pulsators resulting from Fourier decom-
position does not necessarily prove the existence of multiperi-
odic oscillations. A comparison between observations and a
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theoretical physical model is needed to check the real cause
of the observed frequencies considering all the LP diagnostics.
In the present paper we performed such a comparison for a
multiperiodic oscillation model and for a modulated monope-
riodic oscillation model, keeping in mind that a circumstellar
patch model is not straightforward to prove nor disprove. We
conclude that « Sco has one dominant NRP mode rotationally
modulated by an inhomogeneous surface temperature and/or
abundance distribution, as 8 Cep (Telting et al. 1997), a slow
rotator, and V2052 Oph (Neiner et al. 2003), a moderate rotator.
In all three stars, one dominant frequency occurs in the radial
velocity variations while the rotational frequency is dominant
in the EW variations. The latter hence played a crucial role in
the interpretation of the LPV for these three 8 Cep stars.

As the combination of one NRP mode and inhomogeneities
at the stellar surface of a rotating star seems to explain the
very complex LP character of x Sco quite well, the question
rises if the same model might explain similar variations ob-
served in the complex spectral lines of other moderate rotators
among the S8 Cep stars, e.g. € Per (De Cat et al. 2000, and ref-
erences therein), « Vir (e.g. Smith 1985a,b), w' Sco (Telting &
Schrijvers 1998; Berdyugina et al. 2003), v Cen (Schrijvers &
Telting 2002). In many of these cases, the frequency spectrum
is dominated by one frequency while additional frequencies ap-
pear near the noise level as in « Sco. A similar modulated os-
cillation model as presented in this paper may be interesting to
check as an explanation for their complex variability. To do so,
however, one needs high signal-to-noise high-spatial and tem-
poral resolution spectroscopy with a time base of years.
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