THE ASTROPHYSICAL JOURNAL, 766:119 (10pp), 2013 April 1
© 2013. The American Astronomical Society. All rights reserved. Printed in the U.S.A.

doi:10.1088/0004-637X/766/2/119

THE 2011 PERIASTRON PASSAGE OF THE Be BINARY § Scorpii*

A. S. MIROSHNICHENKO!, A. V. PASECHNTKZ, N. MANSET>, A. C. CARCIOFT?, TH. RiviNtUs?, S. STEFLS, V. V. GVARAMADZE S,
J. RIBEIRO?, A. FERNANDO'?, T. GARREL'!, J. H. KNaPEN'213, C. BurL'4, B. HEATHCOTE!®, E. POLLMANN'®, B. MAUCLAIRE',
O. THizY'®, J. MARTIN'?, S. V. ZHARIKOVZ, A. T. OkazakI?!, T. L. GANDET?2, T. EVERSBERG>, AND N. REINECKE?*

! Department of Physics and Astronomy, University of North Carolina at Greensboro, Greensboro, NC 27402-6170, USA
2 Tuorla Observatory, Department of Physics and Astronomy, University of Turku, FI-21500 Piikkid, Finland
3 CFHT Corporation, 65-1238 Mamalahoa Hwy, Kamuela, HI 96743, USA
4 Instituto de Astronomia, Geofisica e Ciéncias Atmosféricas, Universidade de Sdo Paulo, Brazil
5 European Organisation for Astronomical Research in the Southern Hemisphere, Casilla 19001, Santiago 19, Chile
6 ESO/ALMA, Alonso de Cérdova 3107, Vitacura, Santiago, Chile
7 Sternberg Astronomical Institute, Lomonosov Moscow State University, Universitetskij Pr. 13, Moscow 119992, Russia
8 Isaac Newton Institute of Chile, Moscow Branch, Universitetskij Pr. 13, Moscow 119992, Russia
9 Observatorio do Instituto Geografico do Exercito, Lisboa, Portugal
10 ATALAIA org Group, Lisboa, Portugal
1 Opservatoire de J uvignac, 19 avenue de Hameau du Golf F-34990, Juvignac, France
12 Instituto de Astrofisica de Canarias, E-38205 La Laguna, Tenerife, Spain
13 Departamento de Astrofisica, Universidad de La Laguna, E-38206 La Laguna, Spain
14 Castanet Tolosan Observatory, 6 place Clemence Isaure F-31320 Castanet Tolosan, France
15 Barfold Observatory, Glenhope, Victoria 3444, Australia
16 Emil-Nolde-Str. 12, D-51375, Leverkusen, Germany
17 Observatoire du Val d’ Arc, route de Peynier F-13530, Trets, France
18 Shelyak Instruments, 1116 route de Chambery, F-38330, Saint-Ismier, France
19 Barber Research Observatory, Department of Physics and Astronomy, University of Illinois-Springfield, IL 62703, USA
20 Ipstituto de Astronomia, Universidad Nacional Auténoma de Mexico, Apdo. Postal 877, Ensenada, 22800, Baja California, Mexico
2! Faculty of Engineering, Hokkai-Gakuen University, Toyohira-ku, Sapporo 062-8605, Japan
22 1izard Hollow Observatory, P.O. Box 89175, Tucson, AZ 85752-9175, USA
23 Schnorringen Telescope Science Institute, Waldbrol, Germany
2 Fontainegraben 150, D-53123, Bonn, Germany
Received 2012 November 16, accepted 2013 February 12; published 2013 March 15

ABSTRACT

We describe the results of the world-wide observing campaign of the highly eccentric Be binary system § Scorpii
2011 periastron passage which involved professional and amateur astronomers. Our spectroscopic observations
provided a precise measurement of the system orbital period at 10.8092 & 0.0005 yr. Fitting of the He 11 4686 A line
radial velocity curve determined the periastron passage time on 2011 July 3, UT 9:20 with a 0.9-day uncertainty.
Both these results are in a very good agreement with recent findings from interferometry. We also derived new
evolutionary masses of the binary components (13 and 8.2 M) and a new distance of 136 pc from the Sun,
consistent with the HIPPARCOS parallax. The radial velocity and profile variations observed in the He line near the
2011 periastron reflected the interaction of the secondary component and the circumstellar disk around the primary
component. Using these data, we estimated a disk radius of 150 Rq. Our analysis of the radial velocity variations
measured during the periastron passage time in 2000 and 2011 along with those measured during the 20th century,
the high eccentricity of the system, and the presence of a bow shock-like structure around it suggest that § Sco
might be a runaway triple system. The third component should be external to the known binary and move on an
elliptical orbit that is tilted by at least 40° with respect to the binary orbital plane for such a system to be stable and
responsible for the observed long-term radial velocity variations.
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1. INTRODUCTION

8 Scorpii is one of the brightest stars in the sky. Until 2000, its
visual brightness was V = 2.32 mag; since then, and due to its
transition to a Be phase (Carciofi et al. 2006), it has been even
brighter (V < 1.6 mag). It was resolved interferometrically into

* This paper is partially based on observations obtained at the
Canada—France—Hawaii Telescope (CFHT) which is operated by the National
Research Council of Canada, the Institut National des Sciences de 1’Univers of
the Centre National de la Recherche Scientifique de France, and the University
of Hawaii, the 2.2 m MPG telescope operated at ESO/La Silla under program
IDs 086.A-9019 and 087.A-9005, the TACS80 telescope in the Spanish
Observatorio del Teide of the Instituto de Astrofiisica de Canarias, and data
from the ELODIE archive at the Observatoire de Haute-Provence.

two components in the 1970s, and the observations indicated
a very eccentric orbit with a period of ~10.6 years (Hartkopf
et al. 1996). The system is not eclipsing, and the secondary
component is AB = 1.78 £+ 0.03 mag fainter than the primary
one (Tango et al. 2009).

8 Sco was used as a spectral classification standard (BO1v)
during the entire 20th century. The first signs of weak emission
in the Ho line were detected by Coté & van Kerkwijk (1993)
close to a periastron time in 1990, but the emission only slightly
varied throughout the next orbital cycle (Miroshnichenko et al.
2001; Koubsky 2005). In 2000 June, near the following peri-
astron time, the system was found to be ~0.03 mag brighter
than usual, while a spectrum taken shortly after revealed a no-
ticeable Ho emission line (Fabregat et al. 2000). A follow-up
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spectroscopic campaign resulted in the detection of a growing
line emission and a significant variation of the radial velocity
(Miroshnichenko et al. 2001). These data constrained the perias-
tron time (2000 September 9 =+ 3) which was predicted to occur
a few months earlier from the interferometric data. Since that
time the circumstellar (CS) disk around the primary component
of § Sco grew larger, the system brightness varied between V ~
1.6 and 2.3 mag, but the line emission has never disappeared.
The disk development has been documented in Miroshnichenko
et al. (2003) and Carciofi et al. (2006).

The erroneous interferometric prediction of the periastron
time in 2000 reflected the accuracy of this technique at that
time. The orbital separation of the components that varies from
6 to 200 mas only allowed to resolve them during about half the
orbital cycle, mostly around apastron. Recent advances in this
field made it possible to cover the entire orbit (e.g., Tycner et al.
2011; Meilland et al. 2011). The interferometric observations
obtained since 2000 combined with the orbit derived from the
radial velocity curve (Miroshnichenko et al. 2001) resulted in
predicting the periastron time in 2011 with a high accuracy
(2011 July 2—-6; Tango et al. 2009; Tycner et al. 2011; Meilland
et al. 2011). Moreover, interferometry obtained in 2011 July
(Che et al. 2012; Stefl et al. 2012), right after the periastron,
confirmed the prediction.

Spectroscopy is another powerful tool in studying binaries
that is capable of verifying interferometric results and obtaining
additional information about objects’ properties. In order to
get ready for the 2011 periastron, a spectroscopic observing
campaign was planned well in advance (e.g., Miroshnichenko
2009). Its important feature was a broad participation of amateur
astronomers whose involvement in spectroscopic observations
of various objects significantly increased over the last decade
(e.g., Fahed et al. 2011).

This paper describes the main results of the § Sco 2011 pe-
riastron spectroscopic observing campaign as well as some ad-
ditional findings that suggest new ideas about the system’s na-
ture and evolution. The observations are described in Section 2,
analysis of the 2011 periastron radial velocity curves and the or-
bital period determination are presented in Section 3, historical
radial velocity data along with new ideas about the system’s na-
ture are discussed in Section 4, and conclusions and predictions
are summarized in Section 5.

2. OBSERVATIONS

Spectroscopic monitoring of § Sco began shortly after its
brightening discovery in 2000 (Fabregat et al. 2000) and has
been ongoing since that time. Due to its brightness, it has mostly
been observed with under 1 m size telescopes. The amateur
community participation has been steadily growing toward the
time of the 2011 periastron. While only a few spectra of § Sco
were obtained by amateurs in 2000, this number grew to 200
spectra in 83 nights in 2010 and over 300 spectra in 149 nights
in 2011. The amateurs contribution in 2010-2011 is comparable
with that of professional astronomers in the number of spectra
and exceeds it in the time coverage.

The main goals of the 2011 campaign were (1) to obtain
an accurate radial velocity curve to independently constrain
the orbital period, and (2) to study line profile variations to
search for effects of the interaction between the disk and the
secondary component as well as possibly get information about
the latter. The interaction was expected due to a very small
distance between the components at periastron (~15 radii of
the primary component; Miroshnichenko et al. 2001) and the
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disk size comparable with this distance (Carciofi et al. 2006;
Millan-Gabet et al. 2010).

Since not all of the involved observers were able to cover
a wide spectral range, it was suggested to focus on the two
following regions. First, a region around the Ho emission
line whose profile is indicative of the tidal interaction due
to a possible disk restructuring. Second, a region around the
photospheric He 11 4686 A line whose profile seems to be the
least affected by the disk material and is therefore the best tracer
of the orbital motion of the primary component. The He1 lines
that are abundant in the object’s spectrum were rejected because
their profiles are subject to complicated distortions by the disk
material, and the CS contribution to them is difficult to quantify.

The main instruments that contributed to the campaign from
the professional side were the 3.6 m Canada—France-Hawaii
Telescope (CFHT) with the spectropolarimeter ESPaDOnS
(Donati et al. 1997), which covers a region ~3600-10500 A
with a spectral resolving power R ~ 70,000, and the 2.2 m
Max-Planck-Gesellschaft (MPG) telescope at ESO/La Silla
with the FEROS spectrograph (Kaufer et al. 2000), which covers
aregion ~3600-9200 A with R = 48,000. Over 300 individual
spectra of § Sco were obtained at these facilities during 40 nights
in 2011.

An important feature of the campaign was a 10-night ob-
serving run at the 0.8 m IAC80 telescope of the Instituto de
Astrofisica de Canarias at the Teide Observatory on the Canary
Island of Tenerife in Spain. The run took place between 2011
June 28 and 2011 July 8, was centered on the periastron time
predicted by Tycner et al. (2011), and accomplished by a team
of five authors of this paper (A. Miroshnichenko, J. Ribeiro,
A. Fernando, T. Garrel, and J. Knapen). We used a private
Lhires i1 spectrograph® with R ~ 17,000 in the Ha region
and R ~ 21,000 in the He 11 4686 A line region. All nights of
the run were clear. We obtained over 100 individual exposures
in the two mentioned regions as well as in a region near Hy and
He14471 A line.

The amateur community contribution to the campaign in-
volved nearly 20 observers from France, Germany, Australia,
Portugal, Spain, and the USA. They used 0.2-0.4 m telescopes
with either échelle or long-slit spectrographs with a range of
R = 1000-22,000. Only the spectra with R > 10,000 were
used in our analysis.

Data reduction was performed using Libre-ESpRIT data
reduction package (Donati et al. 1997) for the ESPaDOnS
data and ESO-MIDAS package for the FEROS data. IRAF
was used to reduce some of the Tenerife campaign data,
while most amateurs data were reduced with software packages
developed for amateur spectrographs, such as Audela’® and
IRIS.?” Wavelength calibration was controlled by measuring
positions of telluric and interstellar (e.g., Na1 D, ,) lines and
contemporaneous observations of radial velocity standards (e.g.,
a Ser and § Oph). Typical uncertainties of the radial velocity
measurements are below 1 km s=! for the ESPaDOnS and
FEROS data and 2-4 km s~! for the amateur data.

3. DATA ANALYSIS
3.1. The Ho Line

The double-peaked structure of the Ho line profile was
resolved almost all the time in 2011 even at R ~ 10,000.

25 http://www.astrosurf.com/thizy/lhires3/index-en.html
26 http://www.audela.org/dokuwiki/doku.php/en/start
27 http://www.astrosurf.com/buil/isis/isis_en.htm
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Figure 1. Profile and radial velocity variations of the Ha line in the spectrum of § Sco around the periastron time. Panel (a): the line profile variations. CFHT spectra on
three dates are shown: 2011 June 8 (solid line), 2011 July 4 (dashed line), and 2011 August 16 (dash-dotted line). The intensity is normalized to the nearby continuum,
the radial velocity is heliocentric and shifted to the periastron time. No correction for telluric lines was done. Panel (b): the line peak ratio and the peak separation.
Symbols: filled circles—CFHT/ESPaDOnS data and filled triangles—ESO/FEROS data. Panel (c): all radial velocity data obtained in 2011 March—October. The
heliocentric radial velocities in km s~ ! are plotted against time in Julian dates. The solid line represents the best-fit radial velocity curve to the data obtained during the
2000 periastron shifted by +6 km s~ (Miroshnichenko et al. 2001). Symbols: professional data—the same as in panel (b), open squares—all amateurs data. Panel (d):
the heliocentric radial velocities for a shorter period of time near the periastron. Symbols are the same as in panel (c), but the amateurs data are averaged within two-
to three-day periods. The arrows mark three minima (see the text). The central minimum roughly coincides with the periastron time.

The peak intensity ratio was V /R > 1 until about a month before
the periastron time, then it reached a minimum at periastron, and
came back to the pre-periastron value about two weeks later (see
Figures 1(a) and (b)). The line equivalent width increased from
~11A in 2011 May to ~15 A in September, while the visual
continuum got brighter by ~0.1 mag between late June and a
few days after the periastron (Rivinius et al. 2012). Therefore,
the line flux was rising as well. The latter is unlikely to be due
to a tidally induced enhanced mass loss from the primary, as
the close passage of the secondary only reduced the primary
surface gravity by ~0.01%. Both the V /R and the equivalent
width changes began virtually at the same time and might be
explained by emission from the disk material that was getting
into the secondary Roche lobe. The secondary was moving away
from us until the periastron time and might have caused the red
peak enhancement.

The system brightness decreased after the periastron, and the
above mentioned further increase of the equivalent width was
mostly due to this effect. This is consistent with a constant disk
contribution to the H-band flux from 6 to 18 days after periastron
reported by Che et al. (2012). We also note that in 2010 the Ho
radial velocity was the same as before the 2000 periastron, but
became ~10 km s~! more negative in 2011 January, nearly

two months earlier than the radial velocity should have started
to change due to the binary components closeness. This effect
might have been due to some processes in the disk which are
beyond the scope of this paper. A more detailed analysis of the
line profile variations will be presented elsewhere (Th. Rivinius
et al., in preparation).

The radial velocity curve from the Ho data is shown in
Figures 1(c) and (d). The measurements were accomplished
using the mirrored profile method (see, e.g., Nemravova et al.
2012). The measurement results are presented in Table 1. The
curve shows a more complicated structure compared to the one
observed in 2000 and expected from a binary system with no
changes in the CS matter. There were three turnovers marked
by arrows in Figure 1(d). The first one occurred about five
days before the periastron and was a consequence of the line
profile redshift (V/R decrease) described above. The second
one occurred two days after the periastron, when the V' /R ratio
exhibited a minimum. The third one took place nearly two weeks
after the periastron on 2011 July 18 (JD2455760) and coincided
with the rapid change of the V/R ratio back to ~1.1. After
that time, the secondary with a part of the circumprimary disk
seemed to have moved beyond the disk boundary and stopped
affecting the remaining part of the disk.
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Figure 2. Panel (a): part of the 2011 July 4 CFHT spectrum near the Hent 4686 A line. Intensities are normalized to the underlying continuum, and heliocentric
wavelengths are given in A. Panel (b): radial velocity data for the He 11 4686 A line in the spectrum of 8 Sco. The radial velocities and time are given in the same
units as in Figure 1. The solid line represents the best-fit heliocentric radial velocity curve to the data obtained during the 2000 periastron from Miroshnichenko et al.
(2001), no shift is applied. Panel (c): the same set of radial velocities for the He 11 4686 A line, but averaged over two- to three-day periods to decrease the individual
data scatter. The professional and amateur data are mixed together on this plot. The solid line is the same as in the panel (b). The dashed line is the best fit for the

5800

averaged data from Table 3.

Table 1 Table 2
Radial Velocities for the Ho Line Radial Velocities for the He 11 4686 A Line

Date JD2450000+ RV Error Source Date JD2450000+ RV Error Source
MM/DD/YYYY (days) (kms~!) (kms™!) MM/DD/YYYY (days) (km s~!

05/28/2010 5344.835 -2.6 0.5 1 5/28/2010 5344.835 —10.7 0.0035 1
05/30/2010 5346.835 —-1.7 0.6 1 5/30/2010 5346.835 —12.8 0.0014 1
06/03/2010 5350.779 -2.0 0.5 1 6/3/2010 5350.779 7.7 0.0028 1
06/04/2010 5351.802 -2.5 0.2 1 6/4/2010 5351.802 —-8.7 0.0017 1
06/19/2010 5366.766 -3.5 0.1 1 6/19/2010 5366.766 —10.7 0.0018 1
06/22/2010 5369.747 2.7 0.3 1 6/22/2010 5369.747 -9.7 0.0019 1
06/25/2010 5372.901 —4.0 0.1 1 6/25/2010 5372.901 —13.8 0.0020 1
07/22/2010 5399.741 -0.5 0.3 1 7/22/2010 5399.741 -9.7 0.0019 1
07/25/2010 5402.743 —-1.3 0.2 1 7/25/2010 5402.743 -9.7 0.0020 1
07/27/2010 5404.763 -0.6 0.1 1 7/27/2010 5404.763 —10.7 0.0026 1

Notes. Column information: (1) observing date, (2) Julian date, (3) measured
heliocentric radial velocity, (4) rms error of the mirrored fit to the line profile,
(5) source of the spectrum: 1—ESPaDOnS (CFHT), 2—FEROS at the 1.52 m
ESO telescope, 3—IAC80 telescope of the Teide Observatory, 4—C. Buil, 5—T.
Garrel, 6—B. Heathcote, 7—]J. Ribeiro, 8—E. Pollmann, 9—O. Thizy.

(This table is available in its entirety in a machine-readable form in the online
journal. A portion is shown here for guidance regarding its form and content.)

The line profile variations near the periastron allow us to
roughly estimate the disk radius. The changes began to occur
about 10 days prior to the periastron, when the stars were
~250 R apart. Assuming an equilibrium situation, at this time
the first Lagrangian point between the two stars was laying
~150 Ry, from the primary (Eggleton 1983). This distance can
be regarded as an upper limit on the disk radius. It corresponds to
20 radii of the primary component assuming a distance of 136 pc
(see Section 3.4). This is somewhat larger than the 104 R, for
the semi-major FWHM of the primary He disk measured by
Millan-Gabet et al. (2010) in 2007 July during a brightness
minimum period when the system was as bright as before the
disk began developing.

The system became ~60% optically brighter between 2009
and 2011. This brightening was very similar to the initial one in
2000/2001, but this time the disk was already present. The most
likely reason for the fading was clearing of the disk inner regions
due to the mass loss weakening (Haubois et al. 2012). However,
the disk outer regions must have survived, as the line emission
was observed all the time. Therefore, the circumprimary disk
was probably steadily growing during the entire orbital cycle.

Notes. Column information: (1) observing date, (2) Julian date, (3) measured
heliocentric radial velocity, (4) rms error of the Gaussian fit to the line profile,
(5) source of the spectrum: 1—ESPaDOnS (CFHT), 2—FEROS at the 1.52 m
ESO telescope, 3—IAC80 telescope of the Teide Observatory, 4—C. Buil, 5—T.
Garrel, 6—B. Heathcote, and 7—]J. Ribeiro.

(This table is available in its entirety in a machine-readable form in the online
journal. A portion is shown here for guidance regarding its form and content.)

It is beyond the scope of this paper to discuss this process in
detail. We only note that the disk size was ~49 R already in
2001 (Carciofi et al. 2006), not in 2005 as quoted by Meilland
etal. (2011).

The radial velocity of the Ha line continued to change very
close to the binary model prediction since the end of 2011 July
(solid line in Figure 1(d)). Overall, the effects of the secondary
close passage and its interaction with the disk made the Ho radial
velocity curve broader than in 2000. Also, the Ho heliocentric
radial velocity curve was shifted by ~6 km s~! to the negative
velocities compared to that in 2000 (Figure 1(c)). The shift may
be due to a different disk density distribution as well as to other
possible reasons discussed in Section 4.

3.2. The He 114686 A Line

A spectral region that contains the He 11 4686 A line is shown
in Figure 2(a). The radial velocity of the He 11 line was measured
by fitting it to a Gaussian that for symmetric lines gives very
similar results to the mirrored profile method. The measurement
results are presented in Table 2. We have 115 measurements of
the He11 line radial velocity between 2010 May 28 and 2012
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Table 3
Orbital Solutions for § Sco
To K e y w Reduced N
(days) (kms™1) (kms~1) (degrees) x>
24517979 £ 1.0 239+ 1.1 0.937 £ 0.002 —-58+1.2 —13+£35 0.82 30
24557459 £ 0.9 234 4+0.5 0.936 + 0.004 —-7.7£0.8 —2.6+3.0 0.74 25
24557459 £ 1.0 23.94+0.8 0.936 + 0.003 —6.6+£ 1.0 —2.3+3.8 0.92 55

Notes. Ty is the periastron passage epoch, K is the semi-amplitude of the radial velocity curve, e is the orbit eccentricity, y is the
systemic radial velocity, w is the periastron longitude, N is the number of data points in a set. The first line lists the best-fit parameters
for the periastron 2000 He line radial velocity data set, the second line shows the same for the 2011 He 11 4686 A line, and the third line

shows the same for the combined data set.

October 12. Eighty seven of them (from 2011 May 18 and
September 8) were used in the radial velocity curve fitting. These
include 40 measurements from the ESPaDOnS and FEROS
spectra, 4 from IACS80, and 43 from the amateurs spectra.
The Hen line profile kept stable, but its weakness (~0.95 of
the continuum at the minimum intensity) seemed to be the source
of scatter seen in Figure 2(b). In order to minimize the scatter, we
averaged the measurements within two- or three-day intervals
and fitted the resulting 25 data points to a binary orbital motion
model predictions.

The initial orbital parameters for the fitting were taken from
recent interferometry papers (e.g., Meilland et al. 2011; Che
et al. 2012). Most of them are very close to the ones obtained
for the 2000 data by Miroshnichenko et al. (2001). Nevertheless,
we carried out an exhaustive least-square fitting allowing all the
orbital parameters to vary. We also fitted both the 2000 Ho
and 2011 Heu data sets together to check for consistency of
the orbital period determination. Using data for these two lines
in the same set is legitimate because the disk in 2000 was very
small and hardly affected by the secondary component approach.
Therefore, the Ho line very closely traced the motion of the
primary component at that time. The best-fit parameters are
shown in Table 3. They are a little different for the 2000 data set,
because this time we used the radial velocity semi-amplitude as
a fit parameter instead of the semi-major axis, the component’s
mass ratio, and the orbital inclination angle. However, the
updated orbital elements are within the uncertainties given in
Miroshnichenko et al. (2001) and also consistent with the recent
interferometric solutions. The 2000 periastron epoch was refined
from September 9 + 3 to September 10.5 £ 1.0.

The best fits to both the 2011 radial velocity data and the
combined 2000 and 2011 data set show that the periastron
occurred on 2011 July 3, 9:20 UT, with a 0.9-day uncertainty.
Thus, the interferometric result for the periastron epoch (Che
etal. 2012) was confirmed spectroscopically with a shift of only
~2 hr, well within the uncertainties of both measurements. Our
fitting also constrained the orbital period at 3948.0 & 1.8 days,
very close to the latest interferometric solutions.

The parameter errors presented in Table 3 are larger than
those of the interferometric solution by Che et al. (2012). The
main reason for this result is that the time period during which
the radial velocity changes significantly is much shorter (two to
three months) than the system half orbital period during which
interferometry data were taken. Nevertheless, spectroscopy
provides an independent constraint for the radial velocity
semi-amplitude which allows to derive the components masses
(see Section 3.4).

The radial velocity curve derived for the He 11 line slightly de-
viates from the one derived for the He line in 2000 (Figures 2(b)
and (c)). It is slightly narrower and is shifted to the positive ve-

locities by ~1.9 km s~!. Although the deviation seems small, it
may indicate that the orbit is unstable. We study this and other
related observational features in Section 4.

3.3. Other Spectral Variations

There was a hope to detect signs of the secondary component
in the spectrum due to a relatively large radial velocity difference
at periastron (~120 km s~!). Some ideas about the secondary
parameters were deduced from the system’s spectral energy dis-
tribution, orbital elements, and the components brightness ratio
(an early B-type dwarf; see discussion in Miroshnichenko et al.
2001; Miroshnichenko 2009). One of the expected signatures
of the secondary is shown in the left panel of Figure 3. This
prediction is based on a sum of two spectra taken from the on-
line archive of the Observatoire de Haute-Provence (OHP) ob-
tained with the spectrograph ELODIE?® (R ~ 48,000; Moultaka
et al. 2004). We chose the B0.5 v star BS 1880 to represent the
primary and the B3 v star BS 801 to represent the secondary.
The sum was calculated assuming a brightness ratio of AB =
1.78 mag (see Section 1). No CS continuum contribution was
added to the composite spectrum, because we only aimed at a
qualitative demonstration of possible effects at periastron.

Their projected rotational velocities listed in a recent catalog
by Glebocki & Gnacinski (2005) are 25-120 km s~! for BS 1880
and 90-130 km s~' for BS 801. Although they are not as
rapid rotators as § Sco (vsini = 148-180 km s~! in the same
catalog), we used these stars because their OHP spectra are clean
and contain no other photospheric lines in the region between
4450 and 4500 A except for the He14471 A and Mg 11 4482 A.
Intensity ratio of these two lines is one of the main temperature
criteria for B-type stars. The Mg 11 line strengthens and the He 1
line weakens as the photospheric temperature decreases.

The composite spectrum may not be an accurate representa-
tion of the real situation due to uncertainties of the secondary
component properties, but a broadening of the He 14471 A line
profile was detected on the periastron day (Figure 3(b)). This
result can be interpreted as a detection of the secondary, al-
though its parameters cannot be further constrained. However,
it does not contradict the current view of this component (see
also Meilland et al. 2011; Che et al. 2012).

3.4. The Binary Components Masses and the System Distance

There are several estimates for the mass of the primary
component of § Sco (M;) based on recent models of stellar
evolution for the solar metallicity (e.g., Ekstrom et al. 2012)
with (13.9 Mg; Che et al. 2012) or without (14.6 M ; Pecaut
et al. 2012) taking into account gravity darkening due to the fast

28 http://atlas.obs-hp.fr/elodie/
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Figure 3. Possible effects of the secondary component on the spectrum of § Sco at periastron. Panel (a): solid line shows a sum of two spectra of BS 1880, a B0.5 v star
(shown by a dashed line), and BS 801, a B3 v star, scaled with a brightness difference of AB = 1.78 mag. The components’ radial velocity difference is 120 km s~!.
Panel (b) shows the CFHT spectra taken before (2011 June 8), at (2011 July 4), and after the periastron (2011 August 16). The red wing of the July 4 profile noticeably
deviates from the other two. The Mg 11 4482 A line has a double-peak emission profile. The wavelengths are shifted to the periastron epoch. Intensities and wavelengths

are in the same units as in Figure 2(b).
(A color version of this figure is available in the online journal.)

rotation of the star. Combining the spectroscopic orbital solution
derived here with the interferometry results (Che et al. 2012),
one can estimate the components masses separately and derive
the distance toward the system.

In order to do this, we calculate the system mass function
(0.244 £+ 0.025 M) from the data presented in Table 3. We
also take into account the contribution of the secondary to the
observed flux (see Section 1), which was mentioned but not
considered by Pecaut et al. (2012). This reduces the luminosity
of the primary by 0.08 dex and its mass by 0.2 My to M| =
14.4 M in the non-rotating case.

The components mass ratio (g; ) depends on the orbital
inclination angle (i) and the mass function. It requires i =
36° £ 1° to be consistent with the brightness ratio and comes
to g1 = 1.67 £ 0.07, giving an estimate for the secondary
mass of M, = 8.6 £ 0.6 M. The total mass of the binary
implies an orbital semi-major axis of 13.8 £ 0.2 AU. The latter
combined with the angular measure of the semi-major axis from
interferometry (99.04 mas; Che et al. 2012) gives a distance of
140.0 £ 1.5 pc toward the system.

Rapid rotation creates a temperature distribution on a star’s
surface that changes its fundamental parameters depending
on the rotation rate and viewing angle (gravity darkening;
Townsend et al. 2004). For § Sco that is viewed at an intermediate
angle and rotates at ~60% of the critical rate (estimated from
vsini = 148 km s~!; Brown & Verschueren 1997), this effect
increases its apparent luminosity by ~0.2 dex and barely affects
its apparent color. Taking this into account reduces M, to 13 Mg
and for the same i = 36° £ 1° changes g;, to 1.6 = 0.1, M>
to 8.2 & 0.6 M, the orbital semi-major axis to 13.5 = 0.1 AU,
and the distance to 136.0 £ 1.5 pc.

Our estimates for M, are consistent with its adopted spec-
tral type (B1-B3, T = 20,000-24,000 K), while the distance
toward the system is consistent with the HIPPARCOS parallax
values from both published solutions (123*', and 151*%% pc;
ESA 1997; van Leeuwen 2007, respectively). The new distance
estimates are accounted for in the components luminosity calcu-
lation. This procedure resulted in a slightly larger orbital incli-
nation angle compared to those determined from interferometry
(3022 £ 097, 3229 £ 022, 3223 £ 0°3; Meilland et al. 2011; Ty-
cner et al. 2011; Che et al. 2012, respectively). If i < 33°, then

44 43 42
log(Teff)

Figure 4. Part of a Hertzsprung—Russell diagram showing evolutionary tracks
with rotation from Ekstrom et al. (2012). Initial masses in solar units are
indicated by the numbers near corresponding tracks. No gravity darkening
positions of the § Sco A and B components are shown by filled circles, while
those with this effect accounted are shown by filled triangles. Open squares near
component A positions indicate theoretical values for ages of 8 and 10 Myr.
Open squares near component B positions indicate theoretical values with an
age of 10 Myr for initial masses of 8.6 Mg (upper square) and 8.2 Mg (lower
square).

M, > 10 M, that is inconsistent with the reported components
brightness ratio. No gravity darkening correction was applied to
the secondary fundamental parameters, because no information
about its rotation is currently available.

Also, the above fundamental parameters imply an age of
9-10 Myr for both rotating and non-rotating primary mass esti-
mates (Figure 4). The theoretical positions for both secondary
component models (8.6 M and 8.2 M) with an age of 10 Myr
are within the uncertainties of our adopted parameters. The
discrepancy does not seem to be dramatic and may be due
to the unknown mass transfer history for the § Sco system as
well as not well-constrained spectral properties of the secondary
component.
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Both sets of the mass estimates are close to each other, but
the one with gravity darkening taken into account seems to be
more realistic. This subject will be explored in more detail in a
separate study of the system’s spectral energy distribution.

4. ANEW VIEW OF THE é Sco SYSTEM

There are several facts that make § Sco unusual among Be
binaries. First, the Bright Star Catalog (Hoffleit & Jaschek 1991)
mentions a possible companion with a 20-day orbital period in
the system (initially reported by van Hoof 1963). Second, most
Be binaries with a non-degenerate secondary component have
circular orbits (e.g., Bjorkman et al. 2002; Nemravova et al.
2012), while most Be/X-ray binaries have eccentric orbits (e.g.,
Reig et al. 1997). Third, radial velocities of § Sco reported
in several papers throughout the 20th century show variations
additional to those expected at periastra (see Section 4.2). The
difference between the 2000 and 2011 radial velocity curves
reported above may be part of the same issue. Finally, thanks
to the IRAS survey of bow shocks around runaway stars (van
Buren et al. 1995), § Sco is known as a bow-shock-producing
star.

Taken together, the above facts allow us to suggest the
hypothesis that § Sco might be a runaway triple system (cf.
Gvaramadze & Menten 2012). A number of Be stars are known
to be part of triple and more complex stellar systems (e.g.,
Koubsky et al. 2010). Below we discuss the above mentioned
facts more closely and conclude whether our hypothesis is
viable.

4.1. Possible Origin of the High Orbital Eccentricity
and the Runaway Status of the § Sco System

The system orbital eccentricity is so large that component
A (the Be star) and B (the interferometrically detected one) at
periastron come together at a distance of <0.8 AU. There are
several processes that can lead to such a highly eccentric orbit:
(1) close dynamical encounter between a binary system and
another binary or a single star (e.g., Hills 1975; Hoffer 1983),
(2) dynamical decay of a trapezium-like system (Allen & Poveda
1974), and (3) the Lidov—Kozai resonance in a hierarchical triple
system (Lidov 1962; Kozai 1962).

The first process could also be responsible for ejection of
8 Sco from the parent star cluster (e.g., Leonard & Duncan
1990; Kroupa 1998). The ejection event might have occurred
when the cluster was much smaller in size and much denser.
This scenario is consistent with the presence of the bow-
shock-like structure around § Sco which is likely the result of
the system (super)sonic motion through the interstellar medium.

To check the runaway status of § Sco, we used the proper
motion measurements for this system from the new reduction
of the Hipparcos data by van Leeuwen (2007), pqcosé =
—10.21 £ 1.01 mas yr~!, us = —35.41 & 0.71 mas yr~' or,
in Galactic coordinates, u; = —32.22 £ 0.87 mas yr’1 and
wp = —17.8340.87 mas yr~!. After correction for the Galactic
differential rotation and the solar peculiar motion,?’ this proper
motion translates into the transverse peculiar velocity vy =
(W +vH)? = 11.1£0.6kms™!, where v, = —7.0£0.6kms™"
and v, = —8.6 £ 0.6kms~!. To this velocity, one should add
a peculiar radial velocity of 4.9 4 0.2kms~', derived from the

29 Here, we used the Galactic constants Ry = 8.0 kpc and ©p = 240km g1
(Reid et al. 2009) and the solar peculiar motion
(Up, V. We) = (11.1, 12.2,7.3)kms~! (Schonrich et al. 2010).
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systemic radial velocity of —6.7 £ 0.2km s~ (Meilland et al.
2011), so that the total (three-dimensional) velocity of § Sco
v, ~ 12kms™!, and its vector is inclined to the plane of the
sky by an angle of ~34°. Thus, § Sco is a low-velocity runaway
system (cf. Gvaramadze et al. 2012). In their Figure 4, Peri et al.
(2012) presented a 22 pm image of an arc-like structure around
8 Sco taken by the Wide-field Infrared Survey Explorer (Wright
etal. 2010). One can see that the vector of the peculiar transverse
velocity of the star is almost parallel to the symmetry axis of the
structure, which supports its interpretation as a bow shock.

8 Sco is located within the confines of the Sco OB2 as-
sociation, and the distances to both systems are comparable
to each other. This might imply that Sco OB2 is the parent
association of § Sco. To check this possibility, one should
compare the proper motion of § Sco with that of Sco OB2,
w; = —23.5+29 mas yr ! and p, = —10.5 £ 4.0 mas yr—!
(Melnik & Dambis 2009), which also is based on the new reduc-
tion of the Hipparcos data by van Leeuwen (2007). This com-
parison shows that although both objects are moving almost in
the same direction, there is a significant difference in the mag-
nitudes of their proper motions. This difference could partially
be caused by the effect of binarity of § Sco, because, as noted
by de Zeeuw et al. (1999, p. 363), “the HIPPARCOS proper mo-
tion, observed during the mission lifetime of ~3.3 years, does
not necessarily reflect the center-of-mass proper motion.” This
difference, however, could also be caused by the runaway status
of § Sco. Moreover, one cannot exclude the possibility that the
effect of binarity could instead be responsible for some reduc-
tion of the difference in the proper motions. Taken at face value,
the observed proper motions imply that § Sco is moving with a
transverse velocity of 7.5 km s~! with respect to the association.
From this, in turn, it follows that the birth place of this ~10 Myr
old star should be at ~30° from the birth place of the association
(provided that the age of the association is ~10 Myr as well).
We conclude therefore that it is likely that § Sco was injected
in the Sco OB2 association from outside (cf. Gvaramadze et al.
2011, 2012) and that the parent cluster of this star is located at
~50° from its current position.

We also note that it has recently been found that the orbital
momentum of the secondary and the disk’s rotation vector are
opposite to each other (Stefl et al. 2012; Che et al. 2012). This
might imply that the § Sco system was formed in the course
of a few-body dynamical interaction or could be a consequence
of the Lidov—Kozai resonance, if the system is triple. Detailed
discussion of these possibilities, however, is beyond the scope
of this paper.

4.2. Stability of the Binary Orbital Period

We will use radial velocity data published during the 20th
century (Frost et al. 1926; van Hoof 1963; Thackeray 1966;
Beardsley 1969; Levato et al. 1987) to search for the binary
orbital period variations. These papers present 49 measurements
obtained between 1902 and 1976. The data along with those
from Miroshnichenko et al. (2001) and this work are shown in
Figure 5. Most of the historical data deviate from the expected
radial velocity behavior based on the modern solution. This can
be partly due to both random and systematic errors. For example,
Beardsley (1969) concluded that the Allegheny observatory data
presented in his work showed no variations and can be averaged.
Still, some data points from Frost et al. (1926) and Beardsley
(1969) match with the expected radial velocity minima due to
the periastron passages.
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Figure 5. Radial velocities of § Sco measured since the early 20th century. Symbols: open squares are data from Frost et al. (1926), filled downward triangles—Beardsley
(1969), open downward triangles—van Hoof (1963), filled squares—Thackeray (1966), filled upward triangles—Levato et al. (1987), open circles—Miroshnichenko
et al. (2001), and filled circles—this work. The solid line represents the orbital solution for the 2011 periastron shown in Table 3 (see Section 3.1).

We investigated both the historical (20th century only) and
full data sets using the methods for finding periodicity from
Dworetsky (1983) and Scargle (1982). Both methods are suited
for unevenly spaced data, but Scargle’s method works better for
nearly sinusoidal variations. The historical data miss most of the
radial velocity minima that result in not well-defined extrema
of the periodograms. The Dworetsky “string-length” function
shows the deepest minimum for a period of 3750 days for the
historical data, while the Scargle periodogram shows the highest
maximum for a period of 3339 days. In both cases, it is at least
200 days shorter than the one determined from the periastra of
2000 and 2011.

Nevertheless, both methods detected the modern period when
fitting the entire data collection. Dworetsky’s function peaks at
3928 days, while Scargle’s one at 3915 days. The shifts toward
shorter periods are due to the historical data. They can be caused
by the variable orbital period and/or errors in the radial velocity
measurements.

Although the existing material does not allow us to make a
definite conclusion about the reality of these shifts, it prompts
us to analyze the role of a possible third component in the
system in the origin of changes in the orbital period. We also
examine the stability of triple systems and show that under the
certain conditions the presence of the third component could be
responsible for maintaining the system’s high eccentricity.

4.3. Analysis of the Long-term Radial Velocity Variations

Let us now consider stability of triple systems that may result
in the observed radial velocity variations. Orbital solutions in
general require numerical integration, but approximations can
be obtained in some cases. In particular, stability conditions for
hierarchical triple systems with a low eccentricity of the inner
pair are given by the following formula (Valtonen et al. 2008):

1/3 1/3
<i)>3(1+ ms ) (l_e)1/6(l+cost> ’
a; mp +mp 2 0

where m; and m, are component masses of the main binary,
a; is the semi-major axis of the main binary, ms is the mass
of the third component, e is the orbital eccentricity of the third
component, g is the periastron distance of the third component
orbit from the barycenter of the main binary, and i is the relative
inclination of the third component orbit. This result can be used
to investigate whether the component A is a binary system with

an orbital period of 20 days (as was suggested by van Hoof
1963).

In other words, we consider a hierarchical system with an
inner binary A-C and an external component B. Assuming
m; = 13M (see Section 3.4), the semi-major axis of a body
at a T = 20-day orbit is /GmT?/(472) = 0.35 AU. Such a
triple system is stable if component B does not come closer than
1.65 AU to the center of the A—C pair. The observations show
that components A and B get as close together as 0.8 AU (e.g.,
Miroshnichenko et al. 2001; Che et al. 2012). The ultimate fate
of such a system is a breakdown at already the second revolution.
We therefore concur with Miroshnichenko et al. (2001) that the
20-day period is spurious.

Next we modeled the evolution of a stable triple system with
a component C that is external to the eccentric A-B binary by
numerically solving a system of motion equations in Cartesian
coordinates. We used the orbital parameters of the inner binary
from Table 3. The masses were assumed to be 13 and 8.2 M
for the components A and B, respectively (see Section 3.4).
The goal was to constrain parameters of component C, which
can be responsible for the observed difference of the radial
velocity curves obtained in 2011 and in 2000 as well as for
long-term period variations. The results show that there is no
unique solution to this problem, although certain constraints on
the external orbit can be placed. In particular, the semi-major
axis of the component C orbit cannot be smaller than 67.5 AU
and, therefore, its orbital period should be longer than 120 years.

As an example, we calculated radial velocity curves for
a described above triple system with an external component
C that has the following parameters: mass Mc 1.5 Mg,
semi-major axis a = 100 AU, eccentricity e = 0.5, inclination
of the orbit to the orbital plane of the inner binary ic = 60°,
periastron longitude wc = 30°, and the mean anomaly E = 0°
for 2011 July 4. Two consecutive orbital cycles of this system
demonstrate that the radial velocity curve can change similarly
to the observed behavior for § Sco (Figure 6(a)), while 20 of
them show how orbital period can change over one orbit of the
external component (Figure 6(b)).

The mechanism responsible for the orbital variations of the
inner binary is known as the above mentioned Lidov—Kozai
resonance. It occurs in hierarchical triple systems, in which
the external component orbit is tilted with respect to that
of the inner binary. This situation leads to precession of the
orbits around the direction of the total moment of impulse of
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Figure 6. Panel (a) shows radial velocity curves for two consecutive orbital cycles of a triple system that consists from an inner binary and an outer third component
with the orbital parameters described in Section 4.3. Panel (b) shows radial velocity curves for 20 consecutive orbital cycles of the inner binary from the same triple
system that occur during one orbital period of the outer component. Time scale has an arbitrary zero point.

the system. Additionally, if the inclination between the inner

and the outer orbits exceeds /arccos(3/5), the precession is
accompanied by the angular momentum exchange between the
orbits. The latter manifests itself by cyclic variations of both
orbit eccentricities. A detailed analysis of this effect is given by
Valtonen & Karttunen (2006).

Since the evolution of a binary system due to tidal friction
could lead to a secular decrease of the orbital eccentricity (e.g.,
Zahn 2008), it is likely that the large current eccentricity of
the 6 Sco system implies an inclination of the component C
orbit of >>40°. This limits the set of orbital solutions capable of
explaining the observed radial velocity variations.

Component C can be located as far as 0/3-0’8 from the
center of mass of the inner binary, but it has not been detected
yet. We can suggest several explanations for this result. First,
the component C orbital period is very long (213 years for the
orbital solution shown in Figure 6). If component C is a normal
star born in the same cluster, it should be nearly 8 mag fainter
(for M = 1.5 M; Ekstrom et al. 2012) than component A. Such
a faint star can probably be directly detected by interferometry,
which has only been used to observe the system for the last
~4( years. During this time period, component C might have
been projectionally close to the inner binary. Also, the high
brightness contrast might have hampered the detection.

5. CONCLUSIONS

The spectroscopic observational campaign of the 2011 peri-
astron passage in the § Sco system was successful and resulted
in a new measurement of the orbital period (10.809240.0005 yr
or 3948.0 & 1.8 days). We also determined orbital elements us-
ing the radial velocity curve for the Hen 4686 A line which
turned out to be very close to those found from the He radial
velocity data during the previous periastron passage in 2000.
Using the new orbital solution and recent evolutionary models
with rotation (Ekstrom et al. 2012), we derived new masses of
the binary components corrected for gravity darkening of the
primary (13 and 8.2 M). These estimates along with the re-
fined angular semi-major axis of the binary orbit (Che et al.
2012) imply that § Sco is located at a distance of 137 pc from
the Sun that is consistent with both alternative solutions for the
HIPPARCOS parallax. The radial velocity and line profile vari-
ations observed in the Ho line near the 2011 periastron were
affected by the interaction of the secondary component and the
CS disk around the primary component. Using these data, we
estimated a disk radius of 150 R,. This result is consistent with

previous interferometric measurements of the disk radius (e.g.,
Meilland et al. 2011) and indicates that the disk was most likely
growing during the entire time between the last two periastron
passages.

We have detected a signature of the secondary component,
but not clearly revealed its properties. This result is consistent
with an early B-type spectral type for this component. The
radial velocity curve for the He1r line slightly deviates from
that derived in 2000 for the He line. This result along with
the high eccentricity of the system and the presence of a bow
shock-like structure around it suggests that § Sco might have a
third component, external to the interferometric binary, and be
arunaway object, dynamically ejected from its parent cluster. If
the third component is indeed present, then the orbital elements
presented in Table 3 may change in the future. The system needs
constant observational attention to verify this suggestion.

Finally, the campaign confirmed that amateur spectroscopy
becomes an important factor in astronomy of emission-line stars.
It is very important to continue observing § Sco spectroscopi-
cally, photometrically, and interferometrically to search for more
clues about the nature of this unusual stellar system.
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