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Abstract. An analysis of 278 spectra of the line-pro�le variable
� Scorpii leads to the following conclusions.

� Sco is the primary of a binary system. The radial-velocity
variations have a peak-to-peak amplitude of� 60 km/s and an
orbital period of 5.959 days. The orbit is not circular but has an
eccentricity of 0.29. The 5d.959-binary system probably moves
in orbit with another distant, as yet unknown third star.

By means of three �ve-hour time series of high-resolution
spectra, the oscillations of the rapidly rotating� Cephei-type
main component are investigated. Line-pro�le variations, which
reveal travelling subfeatures across the lines, are discovered.
� Sco is so far one of the very few� Cephei stars in which
such a moving-bump phenomenon is detected. Radial-velocity
variations are derived from the data and analysed to reveal a
main oscillation frequency near 4.66 cycles day� 1, and some
more candidate frequencies.� Sco is a non-radially pulsating�
Cephei star which rotates supersynchronously.

The characteristics of� Sco and the� Oph stars are brie
y
addressed. Despite the common line-pro�le behaviour, spectral
type, andv sin i , we �nd no evidence of circumstellar material
around� Sco.

Key words: stars: binaries: spectroscopic { stars: oscillations {
stars: individual:� Scorpii { line: pro�les

1. Introduction

The star� Scorpii (HD158926, SAO208954, 35 Sco, Shaula,
HR 6527,� 1950 = 17h 30m 12:6s, � 1950 = � 37� 04009:006) is a
bright variable star (V = 1.59-1.65) located in the Sco-Cen as-
sociation and is classi�ed in the Bright Star Catalogue (Hof
eit
1982) as a triple system with AC-components B2IV+B.

� Sco was �rst reported to be a spectroscopic binary by
Slipher (1903) and he derived an orbital period of 5d.6 from
? Based on observations collected at the European Southern Obser-
vatory, La Silla, Chile.
?? Postdoctoral Fellow, Fund for Scienti�c Research, Flanders
??? Research Assistant, Fund for Scienti�c Research, Flanders

11 velocity observations. Lomb and Shobbrook (1975) used the
mean velocities of 46 spectrograms of� Sco to determine the
orbital period. They found a period near 10 days. Lesh (1978)
determined a binary period of 10.16 days.� Sco was found
also to be a visual binary, from interferometric techniques by
Hanbury Brown et al. (1974). The system is composed of two
stars of approximately equal brightness and the same colour.

The intrinsic variability of� Scorpii was reported by Lomb
and Shobbrook (1972, 1975), who classi�ed� Sco as a� Cephei
variable. Their classi�cation was mainly based on their photo-
metric observations made from 1969 until 1973 and on radial
velocities measured from spectrograms obtained during 1969
and 1970. An analysis of the V magnitudes revealed photomet-
ric variations which arose from a superposition of 3 periodic
phenomena with periods of 0d.2137015, 0d.10685075, and 10
days. Watson (1988) reported a radial mode for� Sco interpret-
ing observed 
ux changes. No study of line-pro�le variations
has been published so far.

Lomb and Shobbrook (1975) estimated the following pa-
rameters for the B1.5IV main component star :R = 9 � 1
R� , Teff = 23500 K, logg = 3:5. Heynderickx et al. (1994)
calculated physical parameters for� Cephei variables using a
calibration of both the Str•omgren and the Geneva photometric
system. They derived logTeff=4.326, logg = 3:768,M=M � =
10.81,M bol = -5.15, and logTeff=4.364, logg = 3:755,M=M �

= 10.50,M bol = -5.53 respectively. This leads to a radius for
� Sco of some 7 R� .

Different values forv sin i have been reported in the liter-
ature : 163 km/s (Bright Star Catalogue, Hof
eit 1982), 120
km/s (Watson 1971), 250 km/s (Buscombe 1969), 157 km/s
(Stoeckley et al. 1987). The latter made also an estimate of the
inclination (i=37� ) comparing measured line pro�les with cal-
culated line pro�les based upon solid body and differentially
rotating, gravity darkened Roche model stars.

The possible close-binary nature of� Sco is certainly of
interest in relation with the pulsations that are reported for this
star. On the one hand, Waelkens & Rufener (1983) found that
no � Cephei-type pulsations occur in binaries with periods less
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Table 1.Journal of the observations

Year-month observer N S/N
May 1988 C. Waelkens 12 400-600
June 1995 C. Aerts 191 350

September 1995 J. Telting 11 500-600
March 1996 G. Meeus 13 350
April 1996 G. Meeus 14 350
April 1996 C. Schrijvers 13 400
May 1996 G. Meeus 2 350
June 1996 K. Daems 10 150-200
July 1996 C. Aerts 12 300-450

than four days; on the other hand, several authors (e.g. Mathias
et al. 1991, Aerts et al. 1997) have found that the pulsations of
binary� Cephei stars with orbital periods in the range of days
as well as years are affected or even modulated by the orbital
motion. The study of� Cephei stars in close binaries is therefore
interesting in the more general context of forced oscillations in
stars.

Until now, few radial-velocity measurements of� Sco have
been published and some ambiguity about the true value of
the orbital period remains. The present paper is dedicated to
a detailed study of the binary system� Scorpii. The plan of
the paper is as follows. In Sect. 2 we describe and tabulate our
spectroscopic observations and data reduction. The time-series
analysis is discussed in Sect. 3. We present the details of the
computation of the elements of the short orbit in Sect. 4. Sect. 5
is devoted to a preliminary analysis of the line-pro�le variations
(LPV) of the primary of� Sco. In Sect. 6 we compare� Sco with
the� Oph stars. Finally, we discuss our �ndings in Sect. 7.

2. Observations and data reduction

From 12 high-resolution spectra of� Sco taken in 1988 it is clear
that the star is a line-pro�le variable (Waelkens 1990). With the
aim of studying the line-pro�le variability in detail, new high
signal-to-noise spectra were taken in 1995 and in 1996. The
1995 data consist of three time series taken on June 7, 10, 11.
The line-pro�le variations are analysed with these time series.
We supplemented these data with new spectra obtained during
September 1995 and 1996 with the speci�c aim of determining
the orbital period. A logbook of all the measurements of the
Si III-triplet can be found in Table 1. A list of the radial-velocity
measurements that we used to determine the binary orbit of
� Sco, and to analyse the line-pro�le variations, is given in Table
2.

All the spectra are high S/N blue spectra taken with a CCD
camera attached to the Coud�e spectrograph of the 1.4m CAT
telescope at ESO La Silla, Chile. Most of these spectra have
a resolution of 60000 and cover the region of the Si III (4552-
4567-4574�A)-triplet. The few spectra taken in 1988 were ob-
served with a Reticon.

All the reductions (normalisation, 
at�elding, wavelength
calibration) were done using the MIDAS software package. The
radial velocities, derived from the Si III (4567.872�A)-line, have

been calculated by means of the �rst moment (see e.g. Aerts et
al. 1992) of the line, since the line-pro�le variations have such
a big in
uence on the lines that they could not be determined
by means of Gaussian �ts to the cores or by considering the
minima of the line pro�les.

The recti�cation of the line pro�les represents the most se-
rious problem of the reduction and the main potential source
of errors in the normalised line pro�les and especially their
equivalent widths. The stretches of the quasi-continuum shrank
sometimes to only a few Angstrom on both sides of the line. The
moving bumps, which are very prominent often already in the
far blue wing of the line, complicate even more a reliable deter-
mination of the continuum level. It is therefore very delicate to
determine the true radial velocity of a line-pro�le variable such
as � Sco. Measured radial velocities are, up to certain limits,
in
uenced by the passing sub-features, especially in our case
since we only have radial-velocity measurements based on the
Si III lines.

3. Time series analysis

We collected the 278 radial velocities determined from the spec-
tra of 1988, 1995, and 1996 for the time series analysis. A plot
of the data versus the time (Fig. 1) reveals that the variations
show three different time scales :

{ long-term seasonal variations,
{ medium-term variations with a characteristic time-scale of

a few days,
{ fast variations on a time-scale of a few hours.

After we convinced ourselves of the reality of the orbital
radial-velocity variations, we �rst checked whether the conclu-
sion of Lomb and Shobbrook (1975), namely that the radial ve-
locity of � Sco varies on a time-scale of about 10 days, remains
valid. It is clear that this medium-term variation is not the only
one that is present since the line-pro�le variations occur on a
much shorter time-scale. Moreover, the gamma-velocity varies
signi�cantly from season to season. The presence of a long-
term periodic behaviour is indicated by the different gamma-
velocities:v
 � 34km/s in 1988,v
 � -10km/s in June 1995
andv
 = 18.6km/s in 1996. To analyse the long-term periodic
behaviour, we need to collect more data that are better spread in
time. The time spread of our data is not suf�cient to determine
a period for these seasonal variations and thus to remove this
long-term effect. For this reason, we used only the 1996 data
to study the medium-term variations since these data are best
spread in time for our purpose.

A �rst period analysis of the individual data sets shows that
a period close to 6 days is apparent in the data of 1996. This
period is dominant in the data of april 1996, when we sampled
during 7 subsequent nights. We then performed a period analysis
of all the radial-velocity measurements of the 1996 data using
the PDM-method of Stellingwerf (1978). It seems that a period
of 5d.959 offers the lowest residual rms error of 5.7 km/s. The
earlier found period of 10 days does not �t our data at all. Using
shorter 1996-datasubsets, we also �nd the same period of 5.959
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Table 2.Barycentric radial velocity measurements (given in km/s) of� Sco. The HJDs are listed with respect tot0=2440000.

HJD RV HJD RV HJD RV HJD RV HJD RV HJD RV
7299.777 2.87 9876.893 -22.94 9879.761 1.47 9880.622 -25.59 9880.862 -31.41 10192.916 24.67
7299.802 8.76 9876.902 -22.97 9879.765 -4.15 9880.628 -27.72 9880.866 -29.87 10192.917 21.84
7299.831 4.74 9876.906 -19.28 9879.769 .28 9880.635 -21.82 9880.870 -29.11 10193.914 49.71
7299.859 11.59 9876.910 -17.83 9879.772 2.03 9880.641 -22.72 9880.874 -29.72 10193.915 55.07
7299.892 8.00 9876.914 -26.88 9879.776 2.64 9880.647 -24.49 9880.878 -32.32 10194.916 39.76
7299.919 3.95 9876.918 -27.17 9879.779 .01 9880.653 -26.98 9880.881 -34.35 10194.917 29.88
7301.778 26.15 9876.923 -21.98 9879.783 1.08 9880.660 -26.70 9880.885 -33.02 10195.652 6.14
7301.803 27.29 9876.928 -21.19 9879.787 .14 9880.666 -29.49 9880.889 -42.19 10195.774 -8.05
7301.834 26.92 9876.932 -25.22 9879.791 -1.78 9880.673 -20.64 9880.893 -34.98 10195.851 -1.21
7301.852 26.17 9879.526 7.11 9879.795 1.96 9880.680 -23.35 9880.896 -32.41 10198.867 24.91
7301.873 36.78 9879.533 6.68 9879.798 -2.37 9880.687 -25.66 9880.900 -36.21 10199.688 56.16
7301.895 32.01 9879.545 14.46 9879.802 -3.13 9880.693 -26.01 9880.905 -39.19 10199.763 45.67
9876.646 -39.98 9879.552 18.75 9879.805 .27 9880.700 -31.00 9880.909 -39.59 10199.784 41.46
9876.649 -30.55 9879.558 16.49 9879.809 -4.94 9880.708 -31.13 9880.915 -40.61 10199.833 45.15
9876.677 -26.23 9879.564 11.53 9879.812 -7.37 9880.715 -27.40 9880.920 -42.07 10199.856 43.28
9876.689 -33.14 9879.577 6.05 9879.823 -11.58 9880.724 -34.18 9962.659 19.35 10199.887 54.14
9876.697 -23.76 9879.583 4.95 9879.826 -9.07 9880.728 -29.41 9963.589 6.14 10199.914 55.37
9876.703 -42.94 9879.590 3.63 9879.830 -11.46 9880.732 -22.19 9963.653 -10.40 10199.942 57.20
9876.710 -26.27 9879.596 .32 9879.834 -16.54 9880.736 -29.42 9965.469 -37.95 10199.950 52.45
9876.721 -23.00 9879.602 -.01 9879.837 -10.84 9880.744 -33.36 9965.507 -33.24 10213.921 -.20
9876.726 -26.40 9879.608 2.26 9879.841 -15.54 9880.748 -27.31 9965.537 -38.89 10213.923 -.22
9876.733 -25.33 9879.614 -1.58 9879.844 -16.38 9880.752 -30.38 9965.558 -36.31 10263.790 16.70
9876.738 -26.81 9879.620 -1.07 9879.848 -12.97 9880.756 -33.08 9965.580 -40.18 10263.798 18.43
9876.749 -24.55 9879.626 -4.21 9879.852 -15.71 9880.760 -37.23 9965.612 -33.63 10263.805 6.79
9876.753 -20.46 9879.633 2.15 9879.855 -19.46 9880.764 -35.95 9965.645 -35.99 10263.812 11.14
9876.757 -28.15 9879.639 -7.13 9879.859 -13.76 9880.767 -34.12 9965.678 -26.54 10263.818 6.91
9876.761 -24.18 9879.646 -.35 9879.863 -18.15 9880.771 -29.17 10163.905 22.75 10263.824 14.75
9876.765 -21.56 9879.652 -5.44 9879.866 -18.87 9880.775 -28.07 10163.915 23.20 10263.830 19.39
9876.770 -26.43 9879.660 -7.95 9879.870 -13.35 9880.779 -9.05 10163.915 22.96 10263.836 17.02
9876.774 -20.83 9879.667 -8.05 9879.874 -18.11 9880.783 -34.02 10164.900 48.40 10263.843 18.27
9876.781 -23.53 9879.675 -2.08 9879.878 -22.13 9880.789 -29.16 10164.901 42.71 10263.849 11.16
9876.785 -27.60 9879.683 3.88 9879.881 -22.39 9880.794 -28.30 10165.899 -6.34 10272.583 45.67
9876.789 -28.94 9879.694 .76 9879.884 -21.19 9880.798 -27.38 10165.900 2.66 10272.584 46.56
9876.798 -30.86 9879.709 2.69 9880.522 -35.77 9880.802 -30.50 10167.905 -.43 10273.500 -12.16
9876.802 -25.18 9879.713 -4.73 9880.526 -29.03 9880.806 -33.67 10167.906 -2.99 10273.501 -3.84
9876.806 -21.37 9879.718 -2.07 9880.533 -28.88 9880.810 -36.30 10169.894 32.88 10274.487 4.10
9876.811 -19.13 9879.721 -4.41 9880.539 -25.60 9880.813 -21.59 10169.895 26.55 10274.488 4.73
9876.815 -16.23 9879.725 -.70 9880.544 -27.88 9880.822 -35.22 10170.900 49.24 10275.484 17.84
9876.823 -23.13 9879.728 3.15 9880.550 -24.35 9880.826 -35.29 10170.902 43.42 10275.485 13.48
9876.827 -21.65 9879.732 -1.69 9880.555 -27.10 9880.830 -34.13 10188.913 45.63 10276.482 39.22
9876.831 -19.06 9879.736 -1.00 9880.561 -29.34 9880.834 -31.60 10188.915 49.04 10276.484 39.96
9876.842 -22.30 9879.739 -2.61 9880.581 -29.08 9880.837 -27.87 10189.911 -3.38 10277.490 71.03
9876.850 -26.39 9879.743 .44 9880.592 -21.09 9880.841 -27.19 10189.912 -7.27 10277.493 57.06
9876.867 -29.39 9879.747 -.43 9880.598 -26.68 9880.845 -29.89 10190.922 -9.48
9876.872 -25.69 9879.750 -3.17 9880.604 -25.52 9880.849 -29.92 10190.923 -9.84
9876.876 -29.51 9879.754 1.76 9880.610 -26.35 9880.853 -29.61 10191.912 -6.87
9876.880 -21.03 9879.758 -3.82 9880.616 -23.72 9880.858 -31.50 10191.914 -.97

days. In Fig. 2 we show the� -statistics of Stellingwerf's (1978)
PDM period search for the 1996 radial-velocity data.

We conclude that the stellar radial velocity of� Sco varies
with a period of 5.959 days, which is a binary period different
from the one found by Lomb and Shobbrook (1975).

4. Basic orbital elements of� Sco

For the determination of the orbital parameters of the Aab sys-
tem, we have adopted the orbital period ofP = 5d.959. In Fig. 3
we show the 1996 radial-velocity data folded with this period.
We calculated an orbital solution through these radial velocities
using the method of Lehmann-Filh�es. The result is satisfactory,
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Fig. 1.Radial velocities of� Sco plotted versus time (1988, June 1995, September 1995, 1996)

Fig. 2. � statistic of the 1996 radial-velocity data of� Scorpii with bin
structure (10,2) and frequency step 0.001 c/d.

especially if one takes into account that the radial velocities are
in
uenced by the strong line-pro�le variations.

We list in Table 3 our �nal orbital elements and their standard
deviations for� Scorpii in 1996.P is the period of the orbit,v


the
 -velocity,K is the amplitude of the velocity curve,� is the
root mean square deviation from the mean curve,� the phase
of periastron passage and! the angular distance of periastron.
The julian dateE0 corresponds to the �rst data point of 1995.
The amplitudeK together with the orbital period, implies a
mass function of 0.0188 M� . The theoretical velocity curve
computed with the orbital elements listed in Table 3 is also
shown on Fig. 3. The data taken in 1988 and 1995 are not in
con
ict with the solution presented in Table 3. It is possible to

Fig. 3. Radial velocities of� Sco from observations obtained at La
Silla during different campaigns in 1996. The calculated orbit withP
= 5d .959 is shown by the full line. Phase zero corresponds to the �rst
data point of 1995.

bring all datasets (1988, 1995, 1996) to fair agreement, allowing
for different gamma velocities.

5. Line-pro�le variations

We now turn to the description of the line-pro�le variations.
We base our study on the observations obtained in June 1995,
when a large set of data was obtained speci�cally with this aim.
Unfortunately, due to bad weather, we did not obtain a good
orbital coverage.
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Table 3. Orbital elements of the binary determined with the
Lehmann-Filh�es method.

Element � Sco
P (days) 5.959
v
 (km/s) 18.6� 0.8
K (km/s) 31� 1
E0 (HJD) 2449876.646
� (km/s) 8.3
e 0.29� 0.04
a sini (a.u.) 0.016
� 0.425� 0.003
! (degrees) 67� 9
f (m) (M� ) 0.016

5.1. Global behaviour

A sensitive indication of line-pro�le variations is provided by
the absolute mean deviation of the residuals (i.e., the sum of
the absolute values of the residual variations, normalised by the
number of spectra in the series) (Walker 1991) :

� a =
1
n

nX

i =1

j� i � � i j;

wherea stands for a wavelength,n is the number of spectra and
� i , � i are the intensities at the wavelengtha in the mean and
individual spectra respectively. The parameter� a is a sensitive
test for line variability and the presence of rapidly-moving sub-
features in long spectral series.

In Fig. 4 we illustrate the mean deviation for the time series
obtained in 1995 for the lines in the selected spectral region.
The inverted mean spectrum is superimposed for comparison.
The depth of the strongest line of the Si III triplet has been nor-
malised to coincide with the maximum of the mean deviation.
Note that the increased amplitude due to variations is con�ned
to within the rotationally broadened pro�les. The continuum
on either side of the pro�le shows a 
at mean deviation curve,
which allows us to estimate the noise level. Fig. 4 indicates an
amplitude of the line-pro�le variations that is approximately 3
times the noise level, and which extends also to the line wings.
In the following, we concentrate on the behaviour of the� 4567
line, which is not the strongest line, since, due to vignetting, we
lost some information in the� 4553 line on June 7, 1995.

A gray-scale display (Fig. 5) of the behaviour of the Si III-
4567 line in� Sco during the 3 nights June 7-8, 10-11, 11-12
of 1995 shows the variations within the line pro�les. We sub-
tracted the nightly averages from the individual pro�les. These
residuals have been combined into 2-dimensional gray-scale
pictures. Individual observations are represented by shades of
gray that are proportional to the residual 
ux and stacked in
order of time. The line asymmetry varies continuously on a
time-scale of hours. Small sub-features travelling from blue to
red are clearly seen. Moving bumps have only very rarely been
reported in� Cephei stars. Another example of their appearance
in a � Cephei star is for the star� Sco (Aerts et al. 1989). This
star will be the subject of a forthcoming paper.

Fig. 4. The mean absolute deviation and inverted mean spectrum
demonstrate the increased variation within the lines relative to the con-
tinuum.

5.2. Period analysis

To split the fast and medium-term variations, we prewhitened
the data with the binary period. This separation of the two kinds
of variations is only a crude correction becausev
 -changes from
season to season appear as well, but we are unable to correct
for this long-term variability. We therefore perform period de-
terminations in the large frequency range of 0 to 25 c/d.

We used different diagnostics to study the fast periodic vari-
ations in the line pro�les. We searched for periods on either the
moments of the absorption lines (Aerts et al. 1992) or on the
intensity variations as a function of position in the line pro�le
(Gies & Kullavanijaya 1988, Schrijvers et al. 1997).

The �rst set of diagnostics consists of the equivalent width,
full width at half maximum (FWHM), �rst, second, and third
moment of the Si III 4567�A line. There is some uncertainty on
these parameters since the problems of the normalisation and
the noise of the spectra do not allow a clear determination of the
line wings. Moreover, the scatter in the radial velocity is large
because of the moving sub-features and the total asymmetry of
the pro�les.

We performed a PDM analysis on these parameters with
frequency steps of 10� 3 c/d, 10 bins and 2 covers. On the same
parameters we also performed another Fourier-based technique,
for which the Fourier spectrum is cleaned by means of the win-
dow function. We show the clean periodograms of the moments
(calculated form the Si III 4567�A line) on Fig. 6. The analy-
sis of these parameters con�rms the presence of one dominant
frequency off 1=4.66 c/d close to the photometric frequency of
4.67942 c/d. The same frequency was recovered after applying
the frequency searches on the moments of the Si III 4574�A line.
To check whetherf 1 is also present in the individual seasons,
we repeated the procedure on the individual prewhitened data
sets separately. We encountered the same frequency. In Fig. 7
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Fig. 5.Variability of Si III 4567 �A in � Sco on June 1995 (HJD from bottom to top). The wavelength coverage is from 4562 to 4571�A. Shown
are the residuals with respect to the mean pro�le. Black (white) denotes local 
ux de�ciencies (excesses). Left panel : June 7, central panel :
June 10, right panel : June 11.

Fig. 6. The CLEANED periodograms of the equivalent width, Full
width at half maximum, and the velocity moments of the Si III 4567
line. One can see a dominant frequency of 4.66 c/d.

we show phase diagrams with respect tof 1 for the different
parameters. We note thatf 1 is not recovered in the equivalent
width variations.

When the variation withf 1 is prewhitened from the data and
the residuals are analysed for a second periodicity, we �nd some
more frequencies, but the data are not numerous enough for an
unambiguous judgement.

The CLEAN method was further applied on the second diag-
nostics, i.e. the intensity variations as a function of the position
in the line pro�les. We show the result in the periodogram in
Fig. 8. We notice discrete patches of power in the periodogram,
some of which extend across the whole line pro�le. The inten-
sity variations occur on a time-scale comparable with the period
that Lomb and Shobbrook (1975) found using photometry. We
summed the detected power of the periodogram of the variation
across the lines to a one dimensional periodogram and compared
this with the periodogram determined with the �rst method. We
again �nd the frequencyf 1.

5.3. Determination of the velocity parameters

� Sco is situated in the� Cephei-instability strip. The fact that
we recover the short period of 5.15 hours in our spectroscopic
data is indeed an indication that we are dealing with pulsation.
The frequency 2f 1 is not found in< v 2 > , while 2f 1 is clearly
present in< v 3 > (see Fig. 6). This points towards the presence
of a non-axisymmetric mode (De Pauw et al. 1993). The large
FWHM variation withf 1 and the observed moving subfeatures
support this �nding. The lack off 1 in the EW indicates small
temperature variations, which is consistent with the small pho-








