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ABSTRACT

We examine the evolution of the disk surrounding the Be star in the highly eccentric binary system
& Scorpii over its three most recent periastron passages. V-band and B — V photometry, along with
Ha spectroscopy are combined with a new set of extensive multi-band polarimetry data to produce a
detailed comparison of the disk’s physical conditions during the time periods surrounding each closest
approach of the secondary star. We use the three-dimensional Monte Carlo radiative transfer code
HDUST and smoothed particle hydrodynamics (SPH) code to support our observations with models
of disk evolution, discussing the behaviour of the Ha and He1 6678 lines, V-band magnitude, and
polarization degree. We compare the characteristics of the disk immediately before each periastron
passage to create a baseline for the unperturbed disk. We find that the extent of the Ha emitting region
increased between each periastron passage, and that transient asymmetries in the disk become more
pronounced with each successive encounter. Asymmetries of the Ho and He1 6678 lines in 2011 indicate
that perturbations propagate inward through the disk near periastron. When the disk’s direction of
orbit is opposite to that of the secondary, the parameters used in our models do not produce spiral
density enhancements in the Ha emitting region because the tidal interaction time is short due to the
relative velocities of the disk particles with the secondary. The effects of the secondary star on the
disk are short-lived and the disk shows independent evolution between each periastron event.
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1. INTRODUCTION

Be stars are non-supergiant stars of spectral class B
that have exhibited Balmer lines in emission at some
point in their lifetime (Jaschek et al. 1981; Collins 1987).
Classical Be stars are more narrowly defined as main se-
quence (or slightly evolved) B-type stars whose Balmer
emission lines originate from circumstellar disks of gas
that are rotating in Keplerian fashion and fed by the cen-
tral star (Bjorkman 2012). These stars rotate at rates
greater than any other non-degenerate stars (Townsend
et al. 2004). Their rotation rates are usually thought
to be more than 75% of the critical velocity, where the
gravitational force is balanced by the centrifugal force
at the equator (Rivinius et al. 2013; Townsend et al.
2004; Frémat et al. 2005). In addition, the stars exhibit
multi-mode, non-radial pulsations that may play a role
in the star-disk mass transfer (Baade et al. 2018; Baade
& Rivinius 2020; Labadie-Bartz et al. 2022).

The disks surrounding classical Be stars have been
successfully described using the viscous decretion disk
model (Lee et al. 1991). Dynamically, this model is sim-
ilar to the one for viscous accretion disks, only instead of
gas flowing inward onto the star as is the case with accre-
tion, the gas flows outward. The central star contributes
mass and angular momentum via parcels of gas to the
inner disk. The gas is then launched into Keplerian orbit
and drifts outward facilitated by viscosity. This model
has been used in the radiative transfer code HDUST to
predict observables of Be stars at specific times (Car-
ciofi & Bjorkman 2006). For example, de Almeida et al.
(2020) used HDUST to successfully predict the spectral
energy distribution (SED), V-band polarization angle,
as well as the Ha and Brvy line profiles of the star o
Aqr. Similarly, HDUST was used by Ghoreyshi et al.
(2021) to reproduce observational trends in photometry,
spectra and broad-band polarimetry for w CMa.
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Among Be stars, the Ho line (6562 A) may be singly-
peaked (usually observed more pole-on) or doubly-
peaked (at higher inclinations when viewing Doppler
shifted material) (Hanuschik 1989; Hummel 1994; Sigut
et al. 2020; Sigut & Ghafourian 2023). Edge-on stars can
also exhibit shell characteristics, with deep absorption
cores that may be flanked by emission peaks. Similar to
the other HT lines, the Ha emission line is formed pre-
dominantly through recombination in the disk (Porter &
Rivinius 2003; Bjorkman 2012). For an optically thick
disk, the strength of the Ha flux is directly proportional
to the area of the emitting region (Tycner et al. 2005),
which constitutes a lower limit on the extent of the cir-
cumstellar disk. Information about the inner regions of
the disk may be carried in the He1 6678 A line, which
is produced near the Be star.

In many Be stars, the equivalent width (EW) and full
width at half maximum (FWHM) of the Ha emission
line have been observed to vary over time, indicating
changes in the size of the Ha emitting region or changes
in the density of the emitting volume. The strength
of the Ha line can be used to track the evolution of a
star as it acquires a circumstellar disk and enters its
Be phase, or as it loses the disk to appear as a typical
B star (Wisniewski et al. 2010). For example, w Ori
was observed to build a disk over a period of a few years
(Hayes & Guinan 1984). By contrast, the disks of 60 Cyg
and © Aqr dissipated over periods of roughly 1000 days
and 2440 days, respectively (Wisniewski et al. 2010),
while the disk of 66 Oph has been dissipating for more
than 20 years (Marr et al. 2021). Over a few decades,
the Be star v Cas famously underwent two shell phases
(Baldwin 1940; Borre et al. 2020) where the disk may
have been dynamically destroyed (Baade et al. 2023)
before regaining the disk and remaining relatively stable
in recent years (Borre et al. 2020).

The shape of the Ha profile also encodes informa-
tion about the density distribution (and velocites) of
the disk. The ratio of the relative flux of the violet and
red peaks (V/R) of double-peaked lines may vary cycli-
cally over 5 to 10 years (Okazaki 1997; Stefl et al. 2009).
The cycle lengths and amplitudes of the variations may
also change over time (Ruzdjak et al. 2009). The most
successful and widely accepted model to address this in-
volves one-armed spiral density waves in the inner disk
(Okazaki 1997; Carciofi et al. 2009). Density enhance-
ments have been directly observed (Vakili et al. 1998),
supporting this model.

Photometric observations of Be stars can also reveal
important information about disk size and mass-loss
rates. V-band photometry is of particular interest in
Be stars. The majority of the V-band flux originates

in the inner regions of the disk, typically within two
stellar radii (R,) with the exact emitting regions de-
pending on disk density (Carciofi 2011; Rivinius et al.
2013). Therefore, the observations in the V-band are
the fastest indicators to signal changes in the disk’s size
or density due to photospheric activity such as outbursts
(Carciofi 2011). For example, Wisniewski et al. (2010)
found that changes in the Ha profile, which forms in a
more extended volume of the disk, lagged behind the V'
band by hundreds of days.

Together with the polarization angle, changes in the
polarization degree have been attributed to mass ejec-
tions and resulting density alterations of the disk (Car-
ciofi et al. 2007). The polarization signature origi-
nates in the disk, where unpolarized light undergoes
Thompson scattering (Wood et al. 1997). The relative
strength of the polarization, polarization position an-
gle, and wavelength-dependence of the polarization give
information about the disk geometry, number of scatter-
ers in the disk, and the density of the disk, respectively
(Haubois et al. 2014). During disk growth, the polariza-
tion in the Balmer jump rises rapidly while the V-band
polarization degree increases at a slower rate (Halonen
& Jones 2013). Conversely, during dissipation events,
the polarization in the Balmer jump drops rapidly while
the V-band polarization degree takes longer to decrease
(Halonen & Jones 2013). Since the Balmer jump forms
at smaller disk radii than the V-band, this suggests disk
growth is caused by mass loss near the stellar surface,
while the inner regions of the disk are the first to disap-
pear during dissipation events. This pattern has been
observed in w Ori (Sonneborn et al. 1988).

Be stars, like other high-mass stars, are commonly
found in binary systems. In a study of 340 Be stars,
Miroshnichenko (2016) concluded that more than 50%
of Be stars brighter than V' ~ 4 mag were in binary sys-
tems. Klement et al. (2019) studied the infrared and
radio emissions from 57 classical Be stars and found in-
direct evidence of binarity in 26 of these objects. Dodd
et al. (2024) found binary fractions of 28% for B and 17%
for Be stars at separations between 0.02 and 0.2 arcsec.
They attribute the relative lack of binary Be stars at
these separations to the presence of stripped compan-
ions, which constitute an increasing fraction of detected
secondary stars in Be binary systems (Marchant & Bo-
densteiner 2023) and would not have been detected by
their methods (Dodd et al. 2024).

Tidal interactions between the secondary star and the
disk may result in structural distortions or truncations
of the disk. Two-armed waves have been proposed in
connection to such tidal perturbations (Okazaki et al.
2002). They are associated with much smaller V/R am-



plitudes that are phase-locked with the binary orbital
period (Panoglou et al. 2018). For example, the Ha
profile of 7 Aqr has shown radial velocity and V /R vari-
ations that are phase-locked to the orbital period of the
system (Bjorkman et al. 2002; Zharikov et al. 2013).
Miroshnichenko et al. (2023) suggest that these V/R
variations can be used to detect binarity in Be stars if
other methods are inconclusive. Okazaki et al. (2002)
studied a subgroup of Be/X-ray systems where the disk
was aligned to the orbital plane, and found that the den-
sity within the truncation radius (which is located where
the tidal torque and viscous torque are balanced) was
larger than in the untruncated disks of single Be stars.
In eccentric orbits, the truncation radius is smaller at
periastron, and a tightly-wound spiral structure may be
generated at closest approach (Okazaki et al. 2002). Cyr
et al. (2020) showed that for large misalignment angles
and higher viscosities, the spiral arms are folded more
closely. If the eccentricity of the system is close to one
or if the disk and orbital plane are misaligned by more
than 60°, these truncation effects are inefficient (Martin
et al. 2011; Okazaki 2007).

d Scorpii (6 Sco) is a bright spectroscopic binary sys-
tem consisting of a 15 Mg Be star and an 9 Mg sec-
ondary. While the presence of the secondary star has
been confirmed through interferometry, its spectral lines
have yet to be directly detected as its brightness is
roughly one-fifth that of the primary (Bedding 1993;
Tango et al. 2009; Hutter et al. 2021). As a result, its
spectral class has not been determined to a high de-
gree of certainty (Bodensteiner et al. 2020), although
observations are compatible with a main sequence star
(Tango et al. 2009; Carciofi et al. 2006; Miroshnichenko
et al. 2013). This fact makes & Sco of special interest,
as a literature study by Bodensteiner et al. (2020) found
a lack of verified main sequence companions among Be
stars earlier than B1.5. The inclinations of the primary
star and its disk have been measured through interfer-
ometry to be approximately 26° (Meilland et al. 2013)
and 27° (Che et al. 2012), respectively. Similarly, Car-
ciofi et al. (2006) found a stellar inclination of 38° +
5° using polarimetry models that assumed the disk was
equatorial.

This system is highly eccentric (e ~ 0.94) with a pe-
riod of approximately 10.8 years (Tango et al. 2009; Ty-
cner et al. 2011; Meilland et al. 2011). At periastron,
Tycner et al. (2011) have found the minimum separa-
tion between the two stars to be 6.14 mas. Adopting a
distance of 150 pc, as determined by astrometric paral-
lax (van Leeuwen 2007), this corresponds to a separation
of 0.92 AU or 29 R,, where R, represents the radius of
the primary star.
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The primary star in this system represents one of few
examples where a Be star has been consistently observed
as its disk grew and evolved over three decades. 8 Sco
was first reported to display faint Ha emission in 1990
(Cote & van Kerkwijk 1993) and showed strong Ho
emission by the summer of 2000 (Miroshnichenko et al.
2001). Since then, the binary system has undergone
three periastron passages: on UT 2000 September 10
(Tycner et al. 2011), UT 2011 July 3 (Che et al. 2012),
and UT 2022 April 24 (based on the orbital period of
Tycner et al. 2011). The behaviour of the system dur-
ing its periastron passages in 2000 and 2011 has been
studied by Miroshnichenko et al. (2001), Tycner et al.
(2011), Miroshnichenko et al. (2013), Che et al. (2012)
and others. Suffak et al. (2020) studied long-term vara-
tions of the system over nearly two decades from 2000
to 2018, finding significant disk growth during 2009 to
2011 as well as evidence of partial disk dissipation at
apastron. The behaviour of the system during its most
recent periastron in April of 2022 has yet to be studied.

In this paper, we present for the first time a systematic
comparison of the behaviour of the disk surrounding the
Be component of § Sco during the binary system’s three
most recent periastra. We discuss how the evolution of
the disk between each periastron passage influences the
interactions between the secondary star and the disk
at closest approach. We utilize Ha spectroscopy, V-
band photometry, and multiband polarimetry to probe
disk structure, size and density, supporting these ob-
servations with 3-dimensional simulations and radiative
transfer calculations. Section 2 details our methodology,
including a description of the codes used in our analysis.
Section 3 provides our observations and their sources,
along with any reduction methods applied. Our find-
ings are presented in Section 4, while Section 5 contains
our discussion and Section 6 provides our conclusions.

2. METHODOLOGY

Our model predictions were accomplished using two
three-dimensional codes: HDUST, used to investigate
the behaviour of the V-band polarimetry in the 2010s,
and a smoothed particle hydrodynamics (SPH) code,
used to trace the structure and extent of the disk
through the three close encounters between the sec-
ondary and primary.

HDUST is a non-local thermodynamic equilibrium
(NLTE) radiative transfer code that uses the Monte
Carlo method to predict observables for the models of
circumstellar disks (Carciofi & Bjorkman 2006). Given
particular input parameters of a Be star-disk system,
such as stellar mass, radius and rotation rate, disk ra-
dius, and disk density, HDUST simulates the random
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propagation of photon packets through the disk medium.
It calculates the temperature structure of the disk, along
with the ionization fraction and level populations in the
NLTE regime. HDUST can predict images, spectral
lines, photometry, and polarization in wavelengths of
interest. It has been used for studies on individual Be
stars (for example, see Suffak et al. 2020, Richardson
et al. 2021, Ghoreyshi et al. 2021, Marr et al. 2021, Marr
et al. 2022, Rubio et al. 2023) and for large statistical
studies (for example, see Rimulo et al. 2018 and Suffak
et al. 2023).

In our HDUST models, we used a power law for vol-
ume density of the disk

p(r,z) = po (?f)nexp (—;I;) : (1)

where 7 is the radial position in the disk, z is the vertical
position in the disk, R, is the equatorial radius of the
Be star, pg is the density where r = R, and z = 0, n
is the parameter that governs how quickly the density
drops off with increasing r, and H represents the scale
height.

The SPH code was first developed by Benz et al.
(1990) and Benz (1990). Bate et al. (1995) modified
the code to increase efficiency by adding a Runge-Kutta
integrator, and Okazaki et al. (2002) further adapted it
for the viscous decretion disks of Be binary systems. It
has been used extensively to follow Be star disk struc-
ture over time. For recent work, see Panoglou et al.
(2016), Cyr et al. (2017) and Suffak et al. (2022).

The SPH simulations begin with a diskless system,
given the values for the mass and radii of both stellar
components and the orbital parameters of the system.
We then inject material into the disk at a prescribed rate
near the primary star. The disk material flows slowly
outward facilitated by viscosity following the prescrip-
tion of Shakura & Sunyaev (1973):

v=oacH, (2)

where v is the viscosity, o is a dimensionless parameter
that scales the viscosity (hereafter called the viscosity
parameter), ¢, is the sound speed in the disk, and H is
the scale height.

3. OBSERVATIONS AND DATA
3.1. Photometry

Photometric data for 2009 to 2023 were collected at
the Fairborn Observatory in the Patagonia Mountains
of southern Arizona, USA. These observations were ac-
quired using the T3 0.4 m automatic photoelectric tele-
scope (APT) equipped with a photometer that measures

photometric count rates with an EMI 9924B photomul-
tiplier tube. These observations each have an accuracy
of approximately 0.003 to 0.005 mag on a good night,
with seasonal brightness means of 0.0001 to 0.0002 mag
(Jones et al. 2011; Henry 1999). Observations were
recorded in the Johnson B and V bandpasses. The
data spanning 2009 to 2019 were first published in Suf-
fak et al. (2020).

Additional data for 2000 to 2023 were obtained from
the American Association of Variable Star Observers
(AAVSO)!. To ensure high-quality measurements, we
selected V-band values that were flagged as “validated,”
meaning they were peer reviewed by AAVSO members.
Together with the observations from Fairborn, these
data created excellent coverage for the periastron years
of interest as well as the time period between.

3.2. Spectroscopy

Spectral data for 2000 were obtained from the Rit-
ter Observatory Public Archive. They were observed at
the Ritter Observatory in Toledo, Ohio, USA, using a
1.06 m telescope equipped with a fiber-fed echelle spec-
trograph and a CCD camera manufactured by Wright
Instruments Ltd. These spectra have a resolving power
of R = 26,000 over a wavelength range of 5285 to 6527
A, split across 9 orders. We focused on the order con-
taining the Ha line, ranging from 6527 to 6594 A.

Spectra for the 2005 to 2018 period were also ob-
tained from the Lowell Observatory in Flagstaff, Ari-
zona, USA. These were taken with the 1.1 m John S.
Hall telescope equipped with an echelle spectrograph
with a resolving power of R = 10,000. These obser-
vations from the Lowell Observatory were first pub-
lished in Suffak et al. (2020). Three additional spec-
tra for 2022 used in this study have been acquired at
the 0.4m telescope of the Brooks Observatory at Cen-
tral Michigan University (CMU). The telescope was
equipped with LHIRES III spectrograph from Shelyak
Instruments with 2400 lines/mm grating, used in con-
junction with a Atik 460EX monochrome CCD camera
and 50 pm slit. This resulted in Ha spectra with a re-
solving power of R = 11,000.

For the period spanning 2011 to 2023, additional ob-
servations were taken from the BeSS database? (Neiner
et al. 2011), observed with a 0.4 m telescope at the obser-
vatory of the Vereinigung der Sternfreunde Koln, near
Cologne, Germany. For 2011-2017, these were taken
with a Shelyak LHIRES III spectrograph with a resolv-
ing power of R = 11,000. For 2017-2023, the spectra

I https://www.aavso.org/data-access
2 http://basebe.obspm.fr/basebe/
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Table 1. § Sco’s observed field stars.

Object Spectral Class® Angular Separation (°) Distanceb (pc)

J Sco B0.3IV 0 15074

HD 142902 A9V 0.54 149.5 £ 0.4
HD 143567 BOV 0.74 134.7 £ 0.5
HD 143600 B9.5V 0.44 142.6 £ 0.6
HD 144548 F7V 1.71 150.9 £ 1.3

@Spectral Class taken from SIMBAD database.

b Distance for § Sco from Hipparcos (van Leeuwen 2007); distances for the

field stars based on Gaia DR3 (Babusiaux et al. 2023)

Table 2. Parameters of the Serkowski function for the field

stars of § Sco and the mean polarization angles.

Object Priaa (%) Amax K @) ()

HD 142902 0.411 F38%  0.568 *J91%  0.95 £ 0.07 148.0 £ 0.3
HD 143567 0.553 79558 0.595 79215 1.00 £ 0.08 142.3 + 0.3
HD 143600 0.628 T3-595 0.614 TJ:913 1.03 £ 0.08 144.6 + 0.4

HD 144548 0.602 T0-5%%  0.703 £3-019 1.18 £ 0.08 144.4 + 0.6

were taken with a Shelyak LHIRES III spectrograph
with a resolving power of R = 20,000.

All spectral files for § Sco containing the Her 6678
A line were also downloaded from BeSS. Spectra with
low SNR or bad wavelength calibration were deleted to
remove outliers, and selected observations were not re-
stricted to a specific observing site. The available data
provided coverage for the periastron in 2011, but not in
2000 or 2022.

3.3. Polarimetry

The polarimetric observations of § Sco were carried
out beginning in 2010 at Pico dos Dias Observatory
(OPD), located in Minas Gerais, Brazil, and operated by
the National Laboratory of Astrophysics (LNA). These
observations were conducted using the 1.60m Perkin-
Elmer telescope and the 0.60m Boller & Chivens tele-
scope, jointly with the TAGPOL polarimeter (described
by Magalhaes et al. 1996) to obtain linear polarization
in the optical range with BVRI filters. The polarimeter
consists of a half-wave retarder and a calcite prism an-
alyzer, with the light beams ultimately being recorded
by a CCD camera. In a typical observation, a sequence
of images at eight half-wave plate positions (WPP) sep-
arated by 22.5° is acquired. For each observing night,
at least one polarized standard star was observed to cal-
ibrate the polarization angle in the equatorial system.
Data reduction was performed using software packages
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described by Magalhaes et al. (1984, 1996) and Carciofi
et al. (2007). Data for 0 Sco prior to 2010 were obtained
from the MAST archive®. These data were collected us-
ing the University of Winsconsin’s Half-wave Spectropo-
larimeter (HPOL) at the Pine Bluff Observatory near
Madison, Winsconsin (Nordsieck & Harris 1996).

In parallel with the polarimetric observations, addi-
tional observations were conducted at OPD to determine
the interstellar polarization (ISP) along the line of sight
of & Sco, using the same observational procedures and
data reduction methods previously mentioned. Know-
ing the value of the ISP is crucial for the study of Be
stars because it allows us to ascertain the intrinsic po-
larization of the star, which arises due to the presence
of the disk. The method of field stars is the simplest
way to determine the value of ISP. It involves selecting
and observing stars that are physically close to the tar-
get both in radial and angular distance. If these field
stars do not exhibit intrinsic polarization, the observed
polarization will serve as a proxy of the ISP. Four field
stars of § Sco were observed: HD 144548, HD 143567,
HD 142902, and HD 143600. Additional data for these
stars and 6 Sco are detailed in Table 1.

The spectral dependence of linear polarization in the
interstellar medium with wavelength is described by the
Serkowski Law (Serkowski et al. 1975)

PO _ o [Kan (Aj)] , 3)

Pmax

where Ppax is the maximum polarization that occurs at
a wavelength A\ja.x, K is a dimensionless constant that
describes the inverse width of the polarization curve
peaking around Apma.x (Cotton et al. 2019). If K is
treated as a third free parameter, it can be shown that
Amax and K are linearly related following the relation-
ship (Martin et al. 1992)

K = ClAmax + Ca. (4)

Whittet et al. (1992) define the values of ¢; = 1.66+0.09
and ¢o = 0.01 £ 0.05, with Apax in micrometers (um).
Equation 3, with K given by Eq. 4, is also known as the
Serkowski-Wilking Law (Wilking et al. 1980).

For each dataset obtained for § Sco’s field stars, the
Serkowski function (Eq. 3) is fitted using the Monte
Carlo method via Markov Chains. The fits return the
values of Ppax and Apmax for each curve (Table 2). In
addition to the parameters above, an additional param-
eter is necessary to fully described the ISP, namely the
polarization position angle, 6;g.

3 https://archive.stsci.edu/hpol /index.html
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Figure 1. Left: Polarization map for § Sco’s field. The direction of each bar represents the polarization position angle, while the
length of the bars represents the magnitude of the maximum polarization. Right: Maximum polarization and distance of each
field star. The dashed vertical line represents the distance of & Sco, and the dotted lines represent the distance uncertainties.

Fig. 1 displays the positions of the stars in the sky
(declination, Apgc, and right ascension, Agy4) along
with their respective polarization pseudovectors, repre-
senting the maximum polarization degree and polariza-
tion angle in each observed filter. In this map, there
is consistency in the direction of the polarization pseu-
dovectors, which may indicate that all the stars sample
the interstellar medium behind which § Sco is located.
Fig. 1 (right) presents the maximum polarization of
each field star along with its respective distance.

To find the maximum polarization of the interstellar
medium (P ) and the interstellar polarization angle
(f15), an average was calculated from the respective val-
ues of each field star, resulting in P = 0.549% +
0.003% and 6;5 = 144.8° £ 0.2°, respectively. In order
to find the ISP in each filter, we used the Serkowski-
Wilking Law, reaching the results P = 0.490% =+
0.006%, P = 0.539%=+0.003%, P = 0.549% +0.003%
and Py = 0.505% = 0.005%, for the BVRI filters, re-
spectively. Hall (1958) found the polarization degree of
4 Sco in V-band filter to be Py = 0.60%, during the
diskless phase of the star. Therefore, this value refers
to the level of ISP along the line of sight. This value
is very close to what we obtain from observations of §
Sco’s field stars in the V-band (P = 0.539% +0.003%).

4. RESULTS
4.1. Photometry

V-band photometry for the years spanning 2000 to
2023 is shown in panel (a) of Fig. 2. The mean mag-
nitude has brightened between each consecutive perias-
tron, with the changes between 2000-2011 being espe-
cially large. The B — V colour index, plotted in panel

(b) of Fig. 2, shows variations that are concurrent with
the V-band fluctuations, and they follow a similar trend.
Figure 3 shows the V magnitude versus colour index
(B = V) for 2009 to 2022. The system reddened during
the time leading up to the 2011 periastron, but remained
approximately the same colour between 2011 and 2022.

Panel a) of Fig. 4 shows the V-band data for the
three most recent periastra. The system dimmed by
a small amount around the 2000 periastron, but this
may have been related to the large-amplitude variability
observed in the following years. Jones et al. (2011) found
cyclical brightness variations in the data spanning 2009
to 2012, although these cycles have not been detected
in the photometry from 2013 onwards. The data do not
indicate significant perturbations of the disk in 2011 or
2022.

4.2. Spectroscopy

As mentioned in Section 1, previous studies on § Sco
have been unable to detect the spectral lines of the sec-
ondary star. If the radial velocities between the primary
and secondary stars at periastron are sufficiently large,
it could be possible to differentiate the lines originat-
ing from the primary and the secondary. However, the
maximum radial velocity of the primary star at perias-
tron is ~ 50 km s~!, corresponding to a shift of roughly
0.1 nm (Miroshnichenko et al. 2013; Tango et al. 2009).
These shifts are small compared to the width of the
Ha line, and therefore the secondary star remains unde-
tected through spectroscopy.

Panels (c), (d), (e) and (f) of Fig. 2 show the EW,
FWHM, peak separation Av, and V/R of the Ha emis-
sion line from 2000 to 2023. Overall, the data during
the periastra do not show abnormalities in comparison
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Figure 2. V-band photometry and Ha spectroscopy for § Sco from 2000 to 2023. The time scale on the bottom x-axis is the
Modified Julian Date (MJD), while the top x-axis provides the year. Panel a) shows V-band photometry, while panel b) shows
the B — V colour index and panels ¢), d), e), and f) show Ha equivalent width (EW), full width at half maximum (FWHM),
peak separation (Av,), and emission peak ratio (V/R), respectively. The legends indicate the data sources for each panel. The

periastron times are indicated by vertical lines.

to the rest of the observations. The V/R and FWHM
variations in 2011 are the main exceptions to this trend.

Fig. 5 shows the Her 6678 A line for the time pe-
riod surrounding the 2011 periastron. Similar to the
Ha line, this spectral line shows enhanced blue emis-
sion near periastron, but delayed by approximately one
month. Since the He1 6678 line forms in the inner disk
while the Ha line forms over a larger emitting volume,
this lag may indicate that the outer disk was perturbed
first, then the helium emitting volume was perturbed
later.

Panels (b), (c), (d) and (e) of Fig. 4 plot the Hoe EW,
FWHM, Av,, and V/R for only the periastra. Panel (f)
of Fig. 4 plots the ratio of the EW of the violet side
of the He line to the EW of the red side (EWvy/EWR).
The radial velocities for the Ha line were found using
the mirrored profile method, fitting the wings of the
lines to compare the direct and reversed line profiles.
The radial velocity measurement for each observation
was then used as the line center, and the EW of the line
on either side of this value was calculated. This ratio
can be used to trace line asymmetries when the profile
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is singly-peaked or shows complex peak structure, in
which cases the V/R ratio cannot be used.

Fig. 4 shows a general lack of repetitive patterns
throughout the periastra. With the exception of the
V/R ratio, the measured values leading up to each peri-
astron are different. The unifying feature between peri-
astron years is the EWy /EWR, which consistently peaks
near periastron.

4.3. Polarimetry

By vector subtraction, we can extract the intrinsic
data of § Sco by separating the interstellar component
from the observed measurements. Fig. 6 exhibits the
variation of intrinsic polarization degree and angle over
time for the V-band. We computed an average of the
intrinsic polarization angles in all four filters, resulting
in 6 = 73.42° +0.14°.

An alternative method for acquiring the intrinsic po-
larization angle of a star is through the observed @ and
U Stokes parameters (Draper et al. 2014). The posi-
tioning of § Sco’s data points on the QU diagram for
the V-band is illustrated in Fig. 7. The QU diagrams
for the remaining filters are found in the Appendix. The
data in all filters adhere to a consistent linear pattern,
signifying a steady intrinsic angle of § = 74.4° + 0.1°.
This angle is in agreement with the calculated intrinsic
measurement obtained using the field stars method, and

offers strong supporting evidence for the ISP determina-
tion.

Fig. 6 compares the long-term trends in polarization
vs. V-band photometry. The polarization degree, shown
in panel (b), shows a gradual increase leading up to 2011,
followed by a decline over the next four years. By 2015,
the polarization degree stabilized at its lowest recorded
values. Curiously, this minimum in the average value of
the polarization corresponds to when the V-band pho-
tometric data is close to its maximum value. The posi-
tion angle (PA) is shown in panel (c). This shows the
greatest range of variation in 2011, but remains roughly
stable in every other year. The scatter observed in the
data is not a result of observational errors; instead, it
represents intrinsic short-term variations.

5. DISCUSSION

The highly eccentric binary orbit of § Sco has impor-
tant implications for the tidal interactions between the
secondary star and the primary’s disk. The periastron
passage is a brief event; if we assume the orbital pa-
rameters found by Tycner et al. (2011), the secondary is
within 50 R, of the primary for no more than 40 days.
Here, we choose the astrometric solution for parallax
rather than the dynamical parallax estimates by Mirosh-
nichenko et al. (2013), Tycner et al. (2011) and Tango
et al. (2009), due to the large flux ratios of the system.
Although the minimum separation of the two stars is
small (approximately 29 R,, assuming a stellar radius
of 6.8 Rg), the secondary star is acting on the disk at
this distance for only a matter of hours. Since the sec-
ondary star is near the primary for a small portion of its
orbit, the interaction time is much smaller than for sys-
tems with smaller eccentricities (Panoglou et al. 2016).
For the remainder of the system’s nearly 11-year period,
the disk is not influenced by the secondary star and can
evolve independently. At each encounter, the secondary
star interacts with a disk with different characteristics.

The observed trends in photometry, spectroscopy and
polarimetry give useful insight into how the disk char-
acteristics differ leading up to each closest approach, re-
sulting in distinct patterns in the observations for each
passage. We will examine the photometric evidence first,
then turn to the Ha spectra and polarimetry. We then
conclude this section with a summary comparing the
physical characteristics of the disk at each periastron
passage.

5.1. Disk evolution

After the periastron in 2000, the V-band photometry
shown in panel (a) of Fig. 2 shows a significant drop in
brightness beginning in 2005 which reached a minimum
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between 2006 and 2007. The Ha EW, shown in panel (c)
of Fig. 2, exhibits a similar pattern during these years,
although its response lagged behind the V-band because
the Ha emission line is formed in a larger volume of the
disk (Carciofi 2011). Suffak et al. (2020) discussed these
variations in detail, attributing the drop in brightness
and Ha emission strength to partial dissipation of the
young disk. Such behaviour has also been observed in
66 Oph (Marr et al. 2021), as well as w CMa (Ghoreyshi
et al. 2018).

The trend in V vs. B —V shown in Fig. 3, and the
long-term trends shown in panels (a) and (b) in Fig.
2, indicate that § Sco has been both brightening and
reddening since 2009. For (near) pole-on viewing, as is
the case for this star, this reddening is expected during
periods of disk growth (Haubois et al. 2012). In sim-
ple terms, reddening occurs because the disk’s contribu-
tion to the total flux builds as the disk grows (Vieira
& Carciofi 2017), and the disk has a lower temperature
than the star (Carciofi & Bjorkman 2006; Vieira et al.
2015). Most of the growth appears to have occurred
between 2009 and 2012, as those years correspond to
the largest changes in both V' and B — V. While the
system brightened by roughly one-tenth of a magnitude
in the V-band between the two most recent periastron
passages, the system did not redden significantly during
this time. Fig. 3 is a standard example of the variability
resulting from the growth and dissipation of a disk for
a pole-on Be star, as predicted by Haubois et al. (2012)
and observed in numerous Be stars (for example, see de
Wit et al. 2006).

The decrease in FWHM values between 2000 and
2011, as shown in panel (¢) of Fig. 4, also points to

a period of disk growth during the same period. This is
consistent with the findings of Suffak et al. (2020), who
concluded on the basis of Hoe EW values and V-band
photometry that the disk underwent disk building and
dissipating periods between 2000 to 2011, yielding an
overall increase in the spatial extent of the disk during
this period. The leveling off of FWHM values after 2011
suggests that disk growth was less significant between
2011 and 2022. However, the disk must have grown
somewhat, evidenced by the decrease in peak separation
between 2011 and 2022 and the slow secular increase in
V-band flux in the past decade.

The radius of the disk, R4, can be related to the peak
separation Av, and rotational velocity of the star vsin+

through

Ry  (2vsini 2 5

R, ( Ay ) 7 )
assuming Keplerian rotation (Huang 1972; Hummel &
Vrancken 1995; Meilland et al. 2007). Adopting a v sin4
of 175 kms™! (Bernacca & Perinotto 1970), then, we
can use Ha peak separation values to roughly estimate
the radius of the Ha emitting region (ER) during each
periastron year.

In 2000, peak separation values began to change
roughly 20 days before periastron. They rose from 150
kms~!, corresponding to an Ha ER of roughly 5 R,,
to approximately 170 kms~!, corresponding to an Ho
ER of 4.2 R, at closest approach. These values for peak
separation at periastron are slightly larger than those
reported by Miroshnichenko et al. (2001), but yield val-
ues for the Ha ER radius that are consistent with the
disk radius of 5.3 R, reported by Miroshnichenko et al.
(2003) for 2003, and somewhat lower than the estimate
of 7 R, by Carciofi et al. (2006). All estimates agree
that the Ha ER radius in 2000 fell well within the first
Lagrange point at ~ 20 R,, (Miroshnichenko et al. 2013;
Eggleton 1983; Kopal 1959), so mass transfer between
the primary and the secondary star during periastron
during the first periastron, in 2000, is unlikely. The sec-
ondary star would have passed no closer than 19 to 22
R, from the Ha ER of the disk.

In 2011, the peak separation had lowered to approxi-
mately 70 kms~!, corresponding to an Ho ER radius of
about 25 R,. This value is similar to the model-based
estimate for the size of the Ha ER by Suffak et al. (2020)
for that year, but somewhat larger than the interferom-
etry measurements of 14.9 R, in 2007 and 9 + 3 R, in
2010 by Millan-Gabet et al. (2010) and Meilland et al.
(2011), respectively. If we ignore any truncation effects
on the disk, the secondary star could have passed within
a few R, of the Ha ER. However, the peak separation
reached a maximum of roughly 90 kms~!, which indi-
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cates the Ha ER was truncated to approximately 15 R,
at closest approach.

In 2022, the double-peaked structure of the Ha line, as
seen in panel (a) of Fig. 8, was not discernible until the
week before minimum separation between the primary
and the secondary. Peak separation at closest approach
was approximately 50 kms™!, corresponding to a disk
radius of 49 R,. This value is consistent with the es-
timate by Suffak et al. (2020) for 2018. Interestingly,
inspection of the changes in the line profile in 2022 re-
veals that the upper limit for the disk radius may be
smaller than indicated by the peak separation. The line
profile remains relatively unchanging and singly peaked
up to 30 days before closest approach. After this point,
the line shows a more complicated profile with signif-
icant asymmetries and increased peak separation indi-
cating partial disk destruction. If these asymmetries
are caused by interactions with the secondary star, this
may suggest that the upper limit for the disk’s Ha ER
in early 2022 is roughly 30 R,, since line profile changes
were not apparent until the secondary star was within
this distance.

Fig. 9 shows the binary orbit of § Sco on the orbital
x-y plane, where the origin is centered on the primary
star. The orbital path of the secondary star was calcu-

lated using the orbital parameters published in Tycner
et al. (2011), which were produced from high angular
resolution interferometric observations. The extent of
the Ha ER for each periastron year, based on the peak
separation values discussed above, is also plotted. The
secondary star, whose position is plotted at 5-day inter-
vals for 50 days prior and following periastron, interacts
with the disk for different lengths of time during each
consecutive periastra.

Panel (a) of Fig. 8 compares the observed Ha line
profile roughly 1 week before closest approach in each
periastron year. Since these spectra were taken at ap-
proximately the same orbital phase (within 2 days of
each other), the radial velocities of the system for each
observation are comparable. The calculated position of
the secondary star on its orbital path at the moment
each spectrum was observed is shown in panel (b). The
intensity of the line has become progressively larger for
each periastron, indicative of disk evolution during the
intervening years. In 2000, the disk was the smallest
and therefore the least perturbed of the three perias-
tra, evidenced both by the larger peak separation and
roughly equal peak heights. The profiles for 2011 and
2022, where the emission is stronger at smaller wave-
lengths, may represent increasingly perturbed disks. In
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(a) QU Diagram of ¢ Sco in the B-band. The dashed lines indicate the most likely solution of the damped least-

squares method (Levenberg-Marquardt algorithm), with a reduced chi-squared (x?) of 31.8678. (b) Same as in (a), but for the
V-band, with reduced x? = 24.9883. (c) Same as in (a), but for the R-band, with reduced x? = 22.0285. (d) Same as in (a),

but for the I-band, with reduced x? = 56.4171

addition to showing higher relative flux at the central
wavelengths, the relative flux of the violet side of the
line increased significantly more than the red side for
the two most recent periastron years.

These asymmetries of the line profiles are still more
apparent in the spectra observed nearest each periastron
event, shown in panel (c¢) of Fig. 8. The 2011 spectrum
shows a red peak enhancement that is not as pronounced
in either of the other two years. The 2022 spectrum does
not show much variation from panel (a), however this is
not unexpected as the two spectra were observed only
three days apart. Ratios of the EW of the violet side of
the line to the EW of the red side (EWvy/EWg) should

demonstrate these asymmetries more clearly than the
V/R ratios, due to the complex nature of the Ha peak
structure. Indeed, panel (f) of Fig. 4 shows the expected
peaks in EWy /EWg around closest approach. In the
spectra observed roughly one week after periastron, pre-
sented in panel (e), a less complex double-peaked struc-
ture is more apparent in both 2011 and 2022.

We note that the Ha line and the He1 6678 line both
showed enhanced blue emission near the 2011 periastron,
with the peak in the He I 6678 V/R observed approxi-
mately one month after the peak in the Ho EWV/EWR.
This excess blue emission could be caused by density and
velocity perturbations propagating inward through the
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Figure 8. a) The Ha line profile as observed approximately one week before closest approach in 2000, 2011 and 2022. The
2000 spectrum was taken nine days prior, while the 2011 and 2022 spectra were captured seven days before closest approach.
The narrow absorption features in the continuum are telluric lines. (b) A top-down view of the position of the secondary star
relative to the primary star and the Ha emitting region (ER) at the time each spectrum in (a) was observed. Sizes of the
primary and secondary stars are not to scale. (c¢) Same as in (a), except the selected spectra were observed on the dates nearest
closest approach. The spectrum in 2000 was observed three days prior to closest approach, the spectrum for 2011 was observed
on the day of closest approach, and the spectrum for 2022 was taken four days before closest approach. (d) Same as in (b),
but for (c). (e) Same as in (a), except the selected spectra were observed approximately one week after closest approach. The
spectrum in 2000 was observed ten days after, while the spectrum for 2011 was observed eight days after and the spectrum for
2022 was taken nine days after closest approach. (f) Same as in (b), but for (e).

disk in response to the secondary star’s gravitational in-
fluence. As the secondary star approaches the primary
during the time leading up to periastron, it interacts
with the blue-shifted side of the disk first (see Figs. 2
and 3 in Che et al. 2012). Another contributing factor
could be the secondary star illuminating the disk, heat-
ing the portion of it nearest the secondary which results

in stronger line emission. This phenomenon has been
observed before in the Be star 59 Cyg, where the sec-
ondary is a hot subdwarf star (Peters et al. 2013). In
the future, a more dedicated modelling effort is needed
to test these hypotheses.

Overall, the general lack of repetitive features in the
data shown in Fig. 4 can be explained by different disk
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characteristics at each passage of the secondary star.
Due to the high eccentricity of the system, the Be disk
can evolve independently of the secondary star for the
majority of the orbit. This explanation is supported by
radius estimates of the Ha peak separations presented
here, in addition to the long-term modelling of the sys-
tem by Suffak et al. (2020). The asymmetric Ha profiles
during the close encounters in 2011 and 2022 indicate
more significant disk perturbations during those events
than during the 2000 passage when the disk was smaller.

5.2. Polarization

Panel (b) of Fig. 6 shows distinct drops in the V-band
polarization degree in 2008 and 2010. These abrupt
decreases may be explained by mass ejection events.
When the mass injection rate increases suddenly, en-
hanced densities in the inner disk lead to increased con-
tinuum emission, which in turn causes the V-band po-
larization to drop (Haubois et al. 2014). This downturn
is temporary because, as the disk grows, the number
of scatterers increases so the polarization must also rise
(Haubois et al. 2014). This would be consistent with
Sco’s behaviour in 2011, where the polarization rapidly
increases to its highest levels in our observation set.

Following the 2011 periastron, the drop in V-band po-
larization degree, rise in V-band photometry and de-
crease in Ho EW shown in Fig. 2 indicate sustained
disk growth. The decrease in polarization degree could
be explained through a combination of multiple scatter-
ing and post-scattering absorption. In a tenuous disk,
polarization is initially linearly proportional to density.
However, for large density values, the polarization be-
gins to flatten out and eventually, it should begin to
decrease. This is expected because photons scattered
in dense disks may be subsequently reabsorbed rather

than escaping the disk, causing an overall reduction in
polarization degree.
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Figure 10. Mean polarization degree (Pin:) vs. the density
at the innermost regions of the disk (po) for the V-band,
produced by HDUST for an inclination angle of 35°. The
best-fit po values for § Sco from Suffak et al. (2020) for 2010
to 2018 are shaded in light green. The light blue shaded
region represents the observed intrinsic polarization in the
V band from 2010 to 2018.

To investigate this explanation, a set of 26 HDUST
models were run with varying density values and with
the stellar parameters listed in Table 3. The number
density ng of the disk was increased incrementally from
5x10'2 cm™3 to 5x10'* cm™3. For these values of ng,
the density at the innermost regions of the disk pg has
values of 5x107'2 g ecm™3 to 5x10710 g cm™3. Suffak
et al. (2020) found that the disk of § Sco had py =
5x1071 g em™3 to 2.5x1071% g em™3 for 2010 to 2018.
Fig 10 shows the mean polarization level vs. pg for these
models. The V-band polarization degree was estimated



by calculating the mean polarization degree across the
V-band (500 to 650 nm).

Fig. 10 shows that as py increases, the intrinsic po-
larization degree also increases as expected. However,
the intrinsic polarization degree reaches a maximum and
then drops off for larger values of py when the disk is
very dense and optically thick. After py ~ 3x10710 g
cm ™3, the polarization degree stays approximately con-
stant. Fig. 10 was constructed to help us understand
the observed trends in polarization degree. We note that
we held n constant at n = 3.2 (see Eq. 1), consistent
with the values from Suffak et al. (2020), and we did
not attempt to match the observed polarization degree
in detail.

5.3. SPH models

Based on near-infrared (1.6 to 2.4 pm) spectrointer-
feromic data, Che et al. (2012) suggested that the di-
rection of the secondary star’s orbital motion vector is
opposite to that of the disk’s rotation. In such a ret-
rograde orbit, as the secondary is travelling toward the
observer, the disk is rotating away. Using near-infrared
interferometry and radio mm observations, Stefl et al.
(2012) confirmed this finding. The direction of the sec-
ondary star’s motion relative to the rotating disk has
important implications on the expected variations in all
observables. A retrograde orbit reduces the interaction
times between the secondary star and individual parti-
cles in the outer regions of the disk, therefore reducing
the strength of the tidal effects (Overton et al. 2024).

To investigate the effects of the secondary’s direction
on disk geometry, size, and any potential disruptions
at closest approach, an SPH model was run for both
the prograde and the retrograde cases, where the disk
and the secondary’s orbit were coplanar. The param-
eters used in our SPH models are shown in Table 3.
These values represent the most up to date stellar and
orbital parameters, primarily from Suffak et al. (2020)
and Tycner et al. (2011). The mass and radius of the
secondary star are taken from the interpolated values
for a B2 star in Silaj et al. (2014), based on the values
given by Cox (2000). The mass loss rate utilized here is
consistent with the rate from Suffak et al. (2022). The
value adopted for a has been commonly used in previous
studies using this code and falls within the lower end of
estimates made by Rimulo et al. (2018) and Ghoreyshi
et al. (2018). Our simulations followed the disk evolu-
tion for three periastron passages, beginning at apastron
half a period before the first periastron. While an ex-
tensive grid of SPH models was beyond the scope of
this study, these models aid in the interpretation of the
observational data presented earlier.
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Table 3. Parameters of the SPH models.

Parameter Value
Primary Mass 15.3 Mg
Secondary Mass 9.11 Mg
Primary Radius 6.8 Rp
Secondary Radius 5.33 Ro
Orbital Period 3951 days
Eccentricity 0.938
« 0.1

Mass loss rate 1x1077 Mg yr*

The SPH models show changes in disk structure and
spatial extent at each periastron passage. Fig. 11 plots
the surface density vs. radius for various values of the
azimuthal angle ¢ during the three periastra for the ret-
rograde case. The angle ¢ is measured with respect
to the binary’s semi-major axis, where ¢ = 180° is in
the direction of apastron. Therefore, the ¢ = 0° line
probes the density along the direction of the periastron,
when the secondary star is at its closest approach. For
both the prograde and the retrograde models, the outer
limit of the disk has grown between each periastron.
In addition, the slope of surface density vs. radius be-
comes shallower at each consecutive periastron. These
two facts together indicate that the disk has a larger ra-
dius at each successive periastron event, consistent with
the observational findings based on Ha spectroscopy and
polarimetry discussed above.

Both the prograde and retrograde models also indi-
cate that the disk becomes more asymmetric with each
passing, although this effect is less pronounced in the
retrograde case. In both cases, the surface density shows
perturbations at periastron once the outer limit of the
disk approaches ~ 20 R,. This can be taken as an ap-
proximate value for the radius where the disk becomes
perturbed by the secondary star. The values for the ra-
dius of the disk in the second and third periastra are
lower than the estimated values for 2011 and 2022 dis-
cussed above; this may be because the estimate is ap-
proximate, as it does not take into consideration the
diffuse emission. In the future, it would be interesting
to run a more extensive set of SPH models with differ-
ent values for the scaling parameter a. As discussed in
Brown et al. (2019) and Panoglou et al. (2016), higher
values of a allow the disk material to flow outwards more
quickly, enabling faster disk growth for the same mass
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loss rate. However, the overall trend of disk growth and
increased perturbations at each closest approach sup-
ports the observations discussed previously.

Fig. 12 shows a snapshot of the prograde simulation,
immediately after the second periastron passage. A two-
armed (m = 2) spiral density enhancement is clearly
visible in the outer regions of the disk. This density
wave is similar to those produced in SPH simulations of
binary Be stars by Cyr et al. (2020). These arms dissi-
pate within 0.02 to 0.03 orbital periods (80 to 120 days)
of closest approach, once the distance between the sec-
ondary star and the disk is sufficiently large for the tidal
torques to become negligible. Fig. 13 shows a snapshot
at the same point in time as in Fig. 12, but for the
retrograde case. The secondary star does not produce
a clear spiral arm structure in this case, as the inter-
action time between the secondary star and individual
disk particles is shorter than in the prograde case due
to their relative velocities. Overall, our models for the
retrograde case are consistent with the observed photo-
metric, spectral and polarimetric data near periastron
for the disk parameters we used (see Table 3).

6. CONCLUSIONS

Using photometric, spectral, and polarimetric data to
trace the behaviour of the Be binary § Sco through its
three most recent periastron events, we can create a co-
hesive description of the disk’s physical characteristics
at each encounter with the secondary star. While we
focused on the behaviour of the disk during each close
encounter, the system’s high eccentricity and long pe-
riod necessitated the consideration of the disk’s evolu-
tion during the intervals between each event. The disk
evolved independently of the secondary star between
each passage, leading to different responses to the pres-
ence of the secondary at each closest approach.

During the 2000 periastron, the disk was young and
relatively small. It experienced truncation from the pas-
sage of the secondary star, indicated by a drop in bright-
ness and increase in Hoe EW and FWHM around closest
approach as seen in Fig. 4, but otherwise was relatively
unperturbed. The polarization and V-band photometry
shown in Fig. 6 indicate increasing disk density leading
up to 2011, consistent with a building disk. This is fur-
ther evidenced by the overall increase in system bright-
ness and stronger Ha emission shown in Fig. 4. In 2011,
the Ho line profile in Fig. 8 and He1 6678 line (see Fig.
5) exhibit significant asymmetries near minimum sepa-
ration, indicating perturbations that propagated to the
inner regions of the disk, but these damped out shortly
after periastron. Polarization data are consistent with
disk growth in the years following 2011. By 2022, the
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Figure 11. Plots of surface density vs. radius, from the
coplanar retrograde SPH simulation for the three periastron
years using the paramters from Table 3. (a) is for the first
periastron passage, while (b) and (c) are for the second and
third, respectively. The azimuthal angle ¢ is measured with
respect to the binary’s semi-major axis, where ¢ = 0° is in
the direction of periastron.
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Figure 12. Top-down snapshot of an SPH simulation based
on the parameters of § Sco shown in Table 3, in which the
disk is prograde with respect to the binary orbit. This im-
age is taken immediately after the second periastron pas-
sage. The colour denotes the column density as shown in
the colourbar. The primary and secondary stars are denoted
by small black points, and the motion of the secondary star is
counterclockwise. The brown dots represent rogue medium-
density particles that have been launched from the disk.
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Figure 13. Top-down snapshot of an SPH simulation based
on the parameters of § Sco shown in Table 3, in which the
disk is retrograde with respect to the binary orbit. This im-
age is taken immediately after the second periastron passage.
The format is the same as Fig. 12.

disk had grown again in extent, as shown by continued
increase in system brightness and Ha emission in addi-
tion to a further drop in peak separation, shown in Fig.
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4. Once again, the Ha line showed significant asymme-
tries around closest approach, as demonstrated by the
EW ratios in Fig. 4 and the profiles shown in Fig. 8.

Overall, the passage of the secondary star produces
increasingly larger perturbations in the disk with each
passage, due to the growth of the disk between perias-
tra. Our model with a retrograde coplanar disk, shown
in Fig. 13 indicates that these perturbations are short-
lived, as the tidal torques quickly become negligible due
to the large eccentricity of the system. One of the fea-
tures of our data that remain unexplained is the drop in
polarizaiton after 2013. In the future, it would be inter-
esting to vary the viscosity parameter « in an extensive
suite of SPH models.
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