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ABSTRACT

We acquired Johnson BV photometry of the binary Be disk system δ Scorpii during its 2009, 2010, 2011, and 2012
observing seasons and used it to probe the innermost regions of the disk. We found that several disk building events
have occurred during this time, resulting in an overall brightening in the V band and reddening of the system. In
addition to these long-term trends, we found cyclical variability in each observing season on timescales between
60 and 100 days. We were able to reproduce the changes in the magnitude and color of δ Sco using our theoretical
models and found that variable mass-loss rates in the range 2.5–7.0 × 10−9M� yr−1 over ∼35 days can reproduce
the observed increase in brightness.
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1. INTRODUCTION

The classical Be (B-emission) stars are well known for their
characteristic spectral emission lines in the Balmer series, the
defining property of the group, and infrared excess due to
radiative processes occurring within the disk-like distribution
of circumstellar material. Be stars are also characterized by
rapid rotation, of typically several hundred km s−1, and this
property certainly plays a role in the release of material from
the stellar surface to form a disk. Their rotation rates are difficult
to determine because of the effects of gravity darkening and, as a
result, the precise values remain a contentious issue (Townsend
et al. 2004; Cranmer 2005). Despite these unknowns, this group
of stars offers a valuable test bed to study disk physics and the
effects of rapid rotation on stellar evolution.

In addition to rapid rotation, emission lines, and infrared
excess, there are other commonly observed features among
this group of stars, such as polarized continuous light due to
Thomson scattering of stellar radiation and variability on a
range of timescales from minutes to decades (Porter & Rivinius
2003). The longer timescales are associated with significant disk
building and disk dissipation events. Short-term variations on
typical scales of 0.5–2 days are often associated with stellar
pulsation (Rivinius et al. 2003).

There have been a variety of models proposed to explain the
formation of these disks and associated characteristics beginning
with Struve (1931) who suggested that Be star disks are formed
exclusively by the rapid rotation of the central star with the
variety of spectral line shapes due to viewing angle. However,
this view may be too simplistic, since it is generally believed
that Be stars rotate below critical so there must be another
mechanism(s) to lift material off the stellar surface.

Though there have been many different models proposed
since Struve’s time to explain these systems, the viscous disk
model has been most promising (Carciofi 2011). Basically,
this model operates similarly to the standard α-disk theory for
accretion disks of inward flowing material except, in this case,
the gas is outward flowing. The viscous model was first applied

to Be stars by Lee et al. (1991), later investigated by Okazaki
(2001), and more recently is being used to explain Be disk
systems in exceptional detail (Carciofi et al. 2006, 2012). This
model naturally predicts near-Keplerian disk rotation, a property
that is consistently implied through observations (Meilland
et al. 2007; Oudmaijer et al. 2011; Wheelwright et al. 2012).
Viscous disks may also become unstable to density perturbations
allowing the formation of under- and over-dense volumes of gas
that could give rise to the characteristic variability of doubly
peaked emission lines that are often observed. Viscous disk
models have also successfully predicted the observed IR excess
(see Carciofi et al. 2009).

The actual mechanism for launching material from the rapidly
rotating star remains unknown, and often the value of the mass-
loss rate is a free parameter in the modeling process (see, e.g.,
Carciofi et al. 2006). V-band photometry has been shown to
probe the innermost regions of Be disks (Carciofi 2011) and
so will show the quickest reaction to photospheric activity
(Carciofi 2012). Therefore, V-band photometry combined with
modeling may be used to place bounds on the mass-loss
rates and contribute to a better understanding of the launching
mechanism(s).

Interestingly, δ Sco (HD143275, HR5953) was originally
designated as a uvbyβ standard star of spectral type B0.3IV
(Perry et al. 1987), but later Cote & van Kerkwijk (1993)
observed emission in the wings of Hα providing evidence that
δ Sco had become a Be star. In that same year, Bedding (1993)
confirmed spectroscopic binarity and reported an elliptical
period with a 10.5 yr orbit. A significant brightening occurred
in 2000 (Otero et al. 2001) and since that time, the highly
variable early-type Be star δ Sco has been a focus of much
attention. It is interesting to speculate that the periastron passage
in 2000 contributed to the observed brightening. The secondary
companion has a very eccentric orbit with a period of about
11 yr (for recent calculations see Tango et al. 2009; Tycner
et al. 2011; Meilland et al. 2011) and the periastron passage
of its companion in 2011 offered an opportunity to study this
system. We collected V- and B-band photometry for the 2009,
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Figure 1. Photometric data of δ Sco acquired over four years with the T3 0.4 m
APT at Fairborn Observatory. The vertical and horizontal scales for all four
panels are identical to facilitate direct comparison of the brightness variations
in the V and B filters, in the B − V color index, and brightness changes in the
K − C differential magnitudes. The arrow in the top panel marks the time of
the latest periastron passage on UT 2011 July 6 ± 2 days. The total number of
observations is given in the upper right of each panel. The standard deviation,
σ , of the K − C is provided in the lower left of the figure.

2010, 2011 and 2012 observing seasons with the T3 0.4 m
automatic photoelectric telescope (APT) operated by Tennessee
State University (TSU) and located at Fairborn Observatory in
southern Arizona.

In this work we use our V and B photometry to probe the
innermost regions of the disk of δ Sco in order to determine the
mass-loss rate and investigate the variability of these outbursts
for this system. Our observations and results are presented in
Sections 2 and 3, respectively, and a discussion and summary is
provided in Section 4.

2. OBSERVATIONS

The T3 0.4 m APT at Fairborn Observatory in southern
Arizona acquired several hundred observations of δ Sco during
the 2009, 2010, 2011, and 2012 observing seasons. T3 is
one of eight automatic telescopes operated by Tennessee State
University at Fairborn for automated photometry, spectroscopy,
and imaging (Henry 1995, 1999; Eaton et al. 2003; Eaton &
Williamson 2007). T3 is equipped with a precision photometer
that employs an EMI 9924B photomultiplier tube (PMT) for the
successive measurements of photon count rates through Johnson
B and V filters. To maximize the stability of the photometer and
the precision of the data, the PMT, voltage divider, pre-amplifier
electronics, and photometric filters are all mounted within the
temperature- and humidity-controlled body of the photometer.
The precision of a single observation on a good night is usually
in the range ∼0.003–0.005 mag (e.g., Johnson et al. 2011, Table
20), depending primarily on the brightness of the target and the

Table 1
Photometric Observations of δ Sco

Reduced Julian Date Var B Var V Chk B Chk V
(mag) (mag) (mag) (mag)

54,890.0405 −1.933 −1.951 −1.475 −1.452
54,891.9763 −1.930 −1.939 −1.480 −1.444
54,892.0043 −1.922 −1.942 −1.475 −1.447
54,898.9435 −1.913 −1.907 −1.492 −1.440
54,901.9344 −1.896 −1.884 −1.487 −1.453
54,901.9752 −1.892 −1.881 −1.475 −1.445
54,902.9295 −1.880 −1.885 −1.480 −1.447

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

air mass of the observation. Year-to-year brightness means are
stable to 0.0001–0.0002 mag over decadal timescales (Henry
1999).

We programmed the APT to make one or two observations
of δ Sco each clear night in the following sequence, termed a
group observation: K, S, C, V, C, V, C, V, C, S, K, where K is the
check star (HD 144217, V = 2.56, B −V = −0.06, B0.5 V), C
is the comparison star (HD 144470, V = 3.93, B −V = −0.05,
B1 V), V is the program star δ Sco (V = 2.29, B −V = −0.12,
B0.2 IVe), and S is a sky reading taken near the center of the
group. Because all three of these stars are bright, we used a
3.8 mag neutral density filter in addition to the Johnson filters
to attenuate the count rates and therefore avoid saturation of
the PMT and minimize the deadtime correction. Each group
observation is reduced to form three bracketed V − C and two
unbracketed K − C differential magnitudes, which are averaged
together to create group means for both B and V bands. Group-
mean differential magnitudes with internal standard deviations
greater than 0.01 mag were discarded to eliminate observations
taken under non-photometric conditions. The surviving group
means were corrected for differential extinction with nightly
extinction coefficients, transformed to the Johnson system with
yearly mean transformation coefficients, and treated as single
observations thereafter.

T3 acquired a total of 511 group observations over the
four observing seasons of our campaign. The observations that
survived the cloud-filtering process are plotted in the four panels
of Figure 1 and listed in Table 1. All four panels of Figure 1 are
plotted using the same vertical and horizontal scales to allow
direct comparison of the brightness variations in the V and B
filters, in the B − V color index, and any brightness changes in
the K − C differential magnitudes during the four seasons of our
observational campaign. The K − C observations scatter around
their grand mean with a standard deviation of 0.0089 mag. This
is somewhat larger than the typical precision of ∼0.004 mag
referenced above, primarily because δ Sco lies at a declination
of −20◦ and so is observed through a larger than usual air mass.
The K − C observations in the bottom panel of Figure 1 are quite
flat compared to the V − C observations plotted in the top three
panels, indicating that the variability in the V − C observations
are intrinsic to δ Sco. We do suspect slight variability in the
comparison star at the very end of our time series (see Section 3
below). The arrow in the top panel marks the time of the latest
periastron passage on UT 2011 July 6 ± 2 days, as predicted by
Tycner et al. (2011).

Figures 2 and 3 plot the individual seasons of ΔV magnitudes
and Δ(B − V ) color indices to facilitate their comparison.
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Figure 2. Top two panels: individual ΔV magnitudes and Δ(B−V ) color indices
for 2009. Brightness and color are anti-correlated. Bottom two panels: same as
the top two panels but for 2010.

Figure 3. Top two panels: ΔV magnitudes and Δ(B −V ) color indices for 2011.
Brightness and color are now directly correlated. Bottom two panels: same as
the top two panels but for 2012. V magnitudes and (B −V ) color indices appear
to be significantly out of phase.

Table 2
Yearly Photometric Periods for δ Sco

Observing Photometric Nobs Period Full Amplitude
Season Passband (days) (mag)
(1) (2) (3) (4) (5)

2009 B 91 64.3 ± 2.4 0.141 ± 0.004
V 94 64.9 ± 2.5 0.179 ± 0.005

2010 B 64 72.1 ± 2.5a 0.156 ± 0.005
V 61 73.0 ± 3.0a 0.166 ± 0.009

2011 B 127 94.3 ± 3.6a 0.053 ± 0.002
V 126 94.2 ± 3.5a 0.031 ± 0.002

2012 B 152 83.1 ± 2.5 0.047 ± 0.002
V 145 101.6 ± 4.5b 0.027 ± 0.002

Notes.
a Due to the slope in these light curves, we first removed a linear trend before
applying the period analysis.
b This period determination is probably much more uncertain than the formal
error indicates. See the text for details.

The vertical axis scale of the individual panels in those two
figures are no longer the same as they were in Figure 1 but are
chosen individually to best display the individual light curves.

3. RESULTS

As previously mentioned, δ Sco is highly variable and this
behavior can clearly be seen in Figure 1. The arrow in the
top panel of this figure marks the periastron passage of the
secondary and reveals no significant change in the photometry
surrounding this time. Cyclical behavior with timescales of
approximately 60–100 days is visible in all four seasons with
obvious differences in amplitude and mean brightness of the
system. This variability of similar frequency was observed
much earlier by Gandet et al. (2002) so these variations have
persisted for at least a decade, even at times when the disk
density was much different. As mentioned previously, the
V-band photometry is sensitive to the emitting volume within the
first few stellar radii (see Figure 1 of Carciofi 2011). Therefore,
this variability could be due to changes in the density of the disk
within the first few stellar radii or as a result of shielding of the
inner disk by warping or flaring of the outer disk.

The top two panels of Figure 2 show that the brightness and
color index in 2009 were anti-correlated, i.e., the star became
redder as it got brighter. These trends are relatively straight
forward to explain. As the system brightens in the V band with
the injection of additional gas into the disk, the system becomes
correspondingly redder due to an increase in radiative processes,
especially free–free emission that increases with wavelength.
The bottom two panels demonstrate the same relation in 2010.
However, the top two panels of Figure 3 show a reversal in the
sense of the correlation; the star gets bluer as it gets brighter.
Finally, the brightness and color changes for 2012, plotted in
the bottom two panels of Figure 3, appear to be significantly out
of phase.

We determined individual photometric periods for all four
observing seasons in both the B and V passbands. The complete
results are given in Table 2. Figure 4 shows one example of
our period determination, for the B data of 2010. The frequency
spectrum is computed by fitting least-squares sinusoids to the
data over a range of trial frequencies and finding the frequency
that best reduces the total variance of the data set. Because of the
slope in the observations for 2010 and 2011, we first removed
a linear trend from the data before computing the frequency
spectrum and the corresponding phase curves.
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Figure 4. Top: frequency spectrum of the 2010 Johnson B photometry after
removing a linear trend from the data. Best frequency is 0.01387 c d−1. Bottom:
B data from 2010 phased with the corresponding best period of 72.1 days. The
peak-to-peak amplitude is 0.156 mag. See Table 2 for the complete results of
our period determinations.

Table 2 shows that both the photometric period and amplitude
of δ Sco varied dramatically from year to year, from 64 to
94 days and 0.03 to 0.18 mag, respectively. One result, namely
the 2012 V period determination, may be suspect. The 2012 V
light curve has a much lower signal-to-noise ratio than most of
the 8 light curves. In addition, the comp star exhibits possible
low-amplitude variability for the first time near the end of the
2012 observing season. This combination renders the period
determination for the 2012 V light curve unreliable.

Figure 5 shows the ΔV magnitude versus Δ(B − V ) for all
four observing seasons with each season, 2009, 2010, 2011, and
2012, indicated by the four shades of gray from light to dark,
respectively. The general trend of the data from the bottom
left to upper right is due to the increase in V magnitude and a
reddening of color during the four years of observations as the
disk builds. Note that the Δ(B −V ) color index becomes redder
(more positive) as expected with the building of the disk. Overall
the V magnitude begins to saturate and then most variations
are changes mainly in color. This is particularly evident in
the observations for 2011 and 2012 since the changes in V
magnitude are not as significant compared with 2009 and 2010.
Also note that the 2012 season is not quite as bright as the 2011
season. It will be interesting to see if this trend continues in
future years.

It is also interesting to replot Figure 5 as a function of time for
each observing season. We start with Figures 6 and 7 showing
ΔV versus Δ(B − V ) for the 2009 season as a function of time.
Although δ Sco is not as bright in the V-band in 2009, this
season shows two well-defined increases in the V and B bands,
both of which return to near their original values at the start of
the season (see Figure 1). Figure 6 covers the period starting
from the Reduced Julian date 54861 for 66 days, and Figure 7
covers the remaining season of 76 days beginning at Reduced
Julian date 54928. The division of the 2009 observing season
into these two parts was rather arbitrary; we tried to divide
the data where the loop seemed to repeat. Each figure shows a

Figure 5. This figure shows the ΔV magnitude vs. Δ(B − V ) for all four
observing seasons. The 2009, 2010, 2011, and 2012 seasons are indicated by
the four shades of gray dots from light to dark, respectively. The error estimate
for each value is represented by one error bar in the lower right of the figure.

(An animation of this figure is available in the online journal.)

Figure 6. This figure shows ΔV vs. Δ(B − V ) as a function of time for the
first 65 days of the 2009 observing season from the Reduced Julian dates
54861-54922. The color from light gray to dark gray indicates the progression
with time. The observational error for each data value is given in the lower
right. The lines connect the data in time with the arrows indicating the sense of
direction.

distinct loop during the specified timeframe due to an increase
in brightness and reddening that is followed by a subsequent
decline in brightness and by a slow return to bluer color index.
Notice in Figures 6 and 7 that the maximum and minimum
bounds of ΔV and Δ(B −V ) are remarkably similar. This is not
surprising since Figure 1 shows that the peak brightness for both
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Figure 7. Same as Figure 6 for the second half of the observing season
corresponding to Reduced Julian dates 54923-55006.

Figure 8. Same as Figure 6 for the entire 2010 from Reduced Julian dates
55222-55384.

ΔV and ΔB are almost identical in 2009. Figure 8 shows that,
in 2010, we also have two loops. However, the system remains
bright in the V band after the first loop, so the second loop starts
at brighter values of the V band and continues to increase during
the formation of the loop. This can also be seen in Figure 1
for the 2010 season. At the end of the 2010 observing season,
both the V- and B-band magnitudes remain well above their
values at the beginning of this season. de Wit et al. (2006) studied
the light and color variability of Be stars in the Small Magellanic
Cloud and found similar loops to those displayed in Figure 6–8
for 40% of the stars having a photometric variability of greater
than 0.m2. Among their group of stars that exhibited this behavior,
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Figure 9. Disk particles (open circles) after periastron passage of the secondary
(shown by the gray dot in the upper right). In this case, the disk is 7 R∗ in
radius so the secondary does not impact the disk or capture any material from
the system. Instead, a dramatic tidal tail is produced.

90% of these loops were traced out in a clockwise direction
analogous to the behavior we find for δ Sco. De Wit et al. (2006)
attributed clockwise loops to slowly outward flowing material
as a disk builds followed by an emptying of the disk from the
inside-out as mass loss from the stellar surface is terminated.
They suggest that anticlockwise loops are indicative of accretion
in young systems such as the Herbig Be stars.

In 2011 and 2012, the loops are not as distinctive since the
changes in ΔV and ΔB are smaller (see Figures 1 and 5) so
we have not included plots of these two observing seasons.
Nevertheless, as mentioned previously, the cyclical variability
is still noticeable (see Figure 1). An animation showing the ΔV
versus Δ(B − V ) as a function of time for all four seasons is
available in the online journal.

We also produced models of the δ Sco system for the
recent periastron passage following the approach by Holman
& Wiegert (1999). These models rely on gravity to follow
the particles orbiting in a Keplerian fashion within the disk;
gas dynamics are not included. We adopt the star/disk system
and orbital parameters from Carciofi et al. (2006) and Tycner
et al. (2011), respectively. The total mass of the disk for our
simulation of 3×10−8 M� was calculated from the base density,
ρo = 4.5 × 10−10 g cm−3 (Carciofi et al. 2006) with an average
power-law density fall-off of 3.5 for a disk truncated at 7 R∗.
While the mass of δ Sco’s disk certainly changes over time, and
perhaps substantially in the inner disk during mass ejection, this
is a reasonable estimate of the total disk mass for our preliminary
modeling. Figure 9 shows the system 3.4 yr after periastron
passage. For this particular simulation, we assume that the disk,
the equatorial plane of the star and the secondary all lie in the
same plane. Although the secondary does not directly impact the
disk, material is pulled away from the disk, forming a tidal tail
that extends out to 5 AU at the time of the snapshot. Assuming a
distance of 135 pc (Tycner et al. 2011), the tail size is equivalent
to ∼40 mas. Over time, the tail will continue to expand. Despite
the fact that the secondary does not impact the disk, it does
change the geometry of the disk system and these changes could
potentially block parts of the primary star and inner disk from
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the field of view where the largest contribution to the V band is
produced. However, since the orbital timescale for the secondary
passage is of order of a decade, there must be some other process
that is responsible for the cyclical variability. We note, however,
that if the disk size is much smaller than 7 R∗, then a tidal tail
will not form since disks smaller than 5 R∗ do not produce tails
in our simulations. We also note that tail production is curtailed
if the secondary orbit is not in the same plane as that of the
disk. This prediction is consistent with Che et al. (2012), who
find that the secondary passage did not cause any mass outflow
during periastron.

4. DISCUSSION AND SUMMARY

Nonradial pulsations are generally believed to be the source
of short term variability, especially for the early-type Be stars
where they are observed to be present in 80%–90% of the disk
systems (Porter & Rivinius 2003). Typical periods vary from
less than a day to several days (Rivinius et al. 2003). Timescales
corresponding to the viscous disk model (discussed above) are
much longer, from 102 to 103 days (Jones et al. 2008). The
cyclical variability observed in δ Sco is intermediate in length
and it is interesting to speculate on the possible mechanism
required to produce variability on such a scale.

A possible explanation for the variation in V-band magnitude
is that δ Sco is subjected to both gravity darkening caused by
rapid rotation and precession due to an unseen third companion.
If so, as the star precesses, different latitudes would come into
view. Because the star is gravity darkened the variation in the
effective temperature from pole to equator causes the amount
of light radiated to change with latitude. The star’s apparent
brightness would therefore change as the star is observed at
different times during its precession.

To test the effect of precession, a gravity darkened star was
simulated and the difference in apparent flux in the visual band
was estimated for different inclinations of the star. To simplify
the calculation, the star was assumed to be emitting as a per-
fect black body. The star was divided into several latitudinal
sections, each of which are considered to be at constant ef-
fective temperature. Then, for the considered inclination angle,
the projected area of each latitudinal section was calculated.
For simplicity, the star was assumed to be a perfect sphere in-
stead of an oblate spheroid. To estimate the relative apparent
flux at a specific inclination angle, the projected area and ef-
fective temperature of each latitudinal section was calculated.
The effective temperature was deduced by calculating the av-
erage surface gravity for each latitudinal section and using the
von Zeipel theorem (that states that the effective temperature
is proportional to fourth root of the local surface gravity (von
Zeipel 1924)). The total relative apparent flux in the V band for
a particular inclination angle was then obtained by adding up
the relative apparent flux of each section and integrating over
the V band.

Two cases were considered. The first case was for a precessing
star without any obstruction by a disk, while in the second case,
a static disk was added. It was assumed that the structure of the
disk was unchanging and that it completely blocks the V-band
emission of the obstructed part of the star. The results of these
tests showed that even for the most extreme case by allowing the
inclination to vary pole-on to edge-on, the changes in V-band
magnitude were orders of magnitude lower than the observed
variation. Therefore it is unlikely that the variation in magnitude
can be attributed to a precession of the star. We note that the
critical velocity of δ Sco is 620 km s−1 and with an inclination

of 38◦± 5◦ (Carciofi et al. 2006) combined with observed v sin i
of 148 km s−1 (Brown & Verschueren 1997) means that δ Sco
is rotating well below critical by approximately 40%. For more
rapidly rotating Be stars, the variation in temperature from pole
to equator would be more significant so that it would be possible
for precession to have a larger effect in other stars.

Carciofi et al. (2006) considered whether or not a change in
disk geometry could help explain the optical fadings observed
for δ Sco. They concluded, based on δ Sco’s low inclination,
that a significant warping of the disk could block enough of the
stellar surface to account for the fadings if enough material was
moved to higher latitudes. In fact, tidal warping is frequently
invoked to explain Be star transitions from singly or doubly
peaked emission lines to shell lines or vice versa (Martin et al.
2011). The size of the Hα emitting region should be roughly
equivalent to the size of the disk (Miroshnichenko et al. 2003)
with the optical fading anti-correlated with Hα line strength (see
Miroshnichenko 2011; Carciofi et al. 2006). Recall, as discussed
above, that the V-band contribution will originate in a volume of
gas very close to the star and not over the full extent of the Hα
emitting region. Since δ Sco’s Hα line transitioned from doubly
to singly peaked in 2003 (Miroshnichenko et al. 2003), there is
evidence to support this suggestion. The fact that the fadings
have been observed to be anti-correlated with line emission
(Miroshnichenko et al. 2003) seems to also require an increase
in disk mass. Interestingly, Smith et al. (2012) noted for the
binary system γ Cas that the quasi-secular brightening occurred
in the optical during 2010, and early 2011 was correlated with a
higher column density which was manifested by an attenuation
of the soft X-ray flux. Figure 9 shows how material could be
stripped from the disk at periastron, which could potentially
shield portions of the inner disk where the disk V-band is
produced. However, the ∼10 yr binary period is much too long
to explain the cyclical variability.

It is also interesting to consider whether or not an unseen
companion could cause the periodic variations. If a yet unseen
companion orbits the primary with a 70 day period, for example,
we can determine the semi-major axis, a, of its orbit from
Kepler’s Third Law. Assuming a stellar mass of 12.4 M� for
the primary (Tycner et al. 2011), we find a = 0.77 AU. Here
we assume that the mass of the unseen companion is much
less than the mass of the primary. Tycner et al. (2011) give a
radius for the primary of 0.45 mas. If δ Sco is at a distance of
135 pc from Earth, the primary radius is then 0.061 AU, and a
is 0.77/0.061 = 13 R∗. Thus, if an unseen companion orbiting
the primary is the source of the cyclical variability (70 days in
this example), it must orbit the primary near this distance. The
minimum separation at periastron of the secondary is 14 R∗
(Tycner et al. 2011). This is very near the size of the orbit of the
putative unseen companion and raises the question of whether or
not the companion could remain in such an orbit in the long-term
or would be destabilized by repeated passages of the secondary.
Holman & Wiegert (1999) examined the stability of planets in
binary star systems, and we can use their result to examine the
stability of the hypothetical unseen companion.

Taking the secondary mass to be 8 M� (Tycner et al. 2011),
we can use their expression (1) to calculate that the smallest
stable orbit expected around the primary is less than the primary
star’s radius. We note, however, that δ Sco has a more extreme
eccentricity, e = 0.938, (Tycner et al. 2011) than examined by
Holman & Wiegert (1999), who considered a maximum of 0.9,
so our calculation above takes their equation outside its regime
of applicability. If instead we use e = 0.9 (their maximum
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value) we get a stability limit of 2.8 R∗; thus, our hypothetical
companion on a 70 day orbit is still outside the regime of stability
under this relaxed assumption. This does not mean that such
a companion could not survive a single periastron passage at
13 R∗, only that it cannot do so over many such passages. Thus,
it seems unlikely that an unseen companion with a ∼70 day
orbital period around the primary is the cause of the observed
variation, as such an orbit is unstable.

We are currently modeling the periodic loops in the ΔV
versus Δ(B − V ) color–magnitude diagram with sophisticated
computational codes. Our initial models simulate the addition
and depletion of material in the inner region of an axisymmetric
circumstellar disk constructed using a conventional power-law
radial distribution. Gas is added to the inner edge of the disk
during predetermined periods of constant mass loss. Similarly,
gas is removed from the inner edge of the disk once mass transfer
from the star to the disk ends. The thermal structure of the disk
is recomputed after each adjustment to the distribution of gas
in the disk using the radiative transfer code of Sigut & Jones
(2007). The theoretical observables are calculated using the
Monte Carlo simulation of Halonen & Jones (2013). Using this
procedure, we can analyze the evolving physical conditions of
the circumstellar gas through trends in predicted observables
such as the color–magnitude diagrams.

Our results indicate that we can reproduce the observed
changes in the magnitude and color of the star using models
with different initial parameters. By changing the base density
of the disk and the size of the inner region that is cleared
and refilled, we have determined that the short-term mass-loss
rates that occur over roughly 35 days range from 2.5 to 7.0 ×
10−9 M� yr−1. These models reproduce the photometric trends
plotted in Figure 2 that show the system becoming redder as
it gets brighter. We expect that assiduous comparison of the
shapes of the observed and predicted loops will reduce much of
the degeneracy between the models and further constrain our
predicted mass-loss rates. While we have initially restricted
ourselves to a disk truncated at 7 R∗ to be consistent with
Carciofi et al. (2006), we acknowledge that the truncation radius
of the disk is an additional parameter that should be constrained
by other observations. Rivinius et al. (2012) suggest that,
after the periastron in 2011, a disturbance propagated inward
throughout the disk. It is interesting to speculate that perhaps
this caused the disk to become smaller in 2011 and 2012. We
note that the photometric cycles in the B and V passbands vary
in length and amplitude (see Table 2) from year to year. This
interesting complication will also require further study. It is clear
that detailed modeling, including changes in disk geometry,
episodic and/or asymmetrical mass-loss rates must be invoked
to explain all of the observed peculiarities of this system. We
are currently constructing models with various densities, disk
sizes, evacuated regions and other important disk properties to
see if the observations can be used to constrain the nature of the
changing condition in the disk. The presentation and analysis of
these models is the focus of a follow-up paper.

C.E.J. and R.J.H. acknowledges research supported by
NSERC, the Natural Sciences and Engineering Research

Council of Canada. Astronomy at Tennessee State University is
supported by NASA, NSF, Tennessee State University, and the
state of Tennessee through its Centers of Excellence programs.

REFERENCES

Bedding, T. R. 1993, AJ, 106, 768
Brown, A. G. A., & Verschueren, W. 1997, A&A, 319, 811
Carciofi, A. C. 2011, in IAU Symp. 272, Active OB Stars: Structure, Evolution,

Mass Loss, and Critical Limits, ed. C. Neiner, G. Wade, G. Meynet, & G.
Peters (Cambridge: Cambridge Univ. Press), 384

Carciofi, A. C. 2012, in AIP Conf. Proc. 1429, Stellar Polarimetry: From Birth
to Death, ed. J. L. Hoffman, J. Bjorkman, & B. Whitney (Melville, NY: AIP),
121

Carciofi, A. C., Bjorkman, J. E., Otero, S. A., et al. 2012, ApJL, 744, L15
Carciofi, A. C., Miroshnichenko, A. S., Kusakin, A. V., et al. 2006, ApJ,

652, 1617
Carciofi, A. C., Okazaki, A. T., Le Bouquin, J.-B., et al. 2009, A&A, 504, 915
Che, X., Monnier, J. D., Tycner, C., et al. 2012, ApJ, 757, 29
Coté, J., & van Kerkwijk, M. H. 1993, A&A, 274, 870
Cranmer, S. R. 2005, ApJ, 634, 585
de Wit, W. J., Lamers, H. J. G. L. M., Marquette, J. B., & Beaulieu, J. P.

2006, A&A, 456, 1027
Eaton, J. A., Henry, G. W., & Fekel, F. C. 2003, in The Future of Small Telescopes

in the New Millennium, Vol. II, The Telescopes We Use, ed. T. D. Oswalt
(Dordrecht: Kluwer), 189

Eaton, J. A., & Williamson, M. H. 2007, PASP, 119, 886
Gandet, T. L., Otero, S., Fraser, B., & West, J. D. 2002, IBVS, 5352, 1
Halonen, R. J., & Jones, C. E. 2013, ApJ, 765, 17
Henry, G. W. 1995, in ASP Conf. Ser. 79, Robotic Telescopes: Current

Capabilities, Present Developments, and Future Prospects for Automated
Astronomy, ed. G. W. Henry & J. A. Eaton (San Francisco, CA: ASP), 44

Henry, G. W. 1999, PASP, 111, 845
Holman, M. J., & Wiegert, P. A. 1999, AJ, 117, 621
Johnson, J. A., Clanton, C., Howard, A. W., et al. 2011, ApJS, 197, 26
Jones, C. E., Sigut, T. A. A., & Porter, J. M. 2008, MNRAS, 386, 1922
Lee, U., Saio, H., & Osaki, Y. 1991, MNRAS, 250, 432
Martin, R. G., Pringle, J. E., Tout, C. A., & Lubow, S. H. 2011, MNRAS,

416, 2827
Meilland, A., Delaa, O., Stee, Ph., et al. 2011, A&A, 532, 80
Meilland, A., Stee, P., Vannier, M., et al. 2007, A&A, 464, 59
Miroshnichenko, A. S. 2011, in IAU Symp. 272, Active OB Stars: Structure,

Evolution, Mass Loss, and Critical Limits, ed. C. Neiner, G. Wade, G.
Meynet, & G. Peters (Cambridge: Cambridge Univ. Press), 304

Miroshnichenko, A. S., Bjorkman, K. S., Morrison, N. D., et al. 2003, A&A,
408, 305

Okazaki, A. T. 2001, PASP, 53, 119
Otero, S., Fraser, B., & Lloyd, C. 2001, IBVS, 5026, 1
Oudmaijer, R. D., Wheelwright, H. E., Carciofi, A. C., Bjorkman, J. E., &

Bjorkman, K. S. 2011, in IAU Symp. 272, Active OB Stars: Structure,
Evolution, Mass Loss, and Critical Limits, ed. C. Neiner, G. Wade, G.
Meynet, & G. Peters (Cambridge: Cambridge Univ. Press), 418

Perry, C. L., Olsen, E. H., & Crawford, D. L. 1987, PASP, 99, 1184
Porter, J. M., & Rivinius, T. 2003, PASP, 115, 1153
Rivinius, Th., Baade, D., & S̆tefl, S. 2003, A&A, 411, 229
Rivinius, Th., S̆tefl, S., Baade, D., et al. 2012, in ASP Conf. Ser. 464, Proc. Joint

ESP/Brazilian Workshop, Circumstellar Dynamics at High Resolution, ed.
A. Carciofi & Th. Rivinius (San Francisco, CA: ASP), 235

Sigut, T. A. A., & Jones, C. E. 2007, ApJ, 668, 481
Smith, M. A., Lopes de Oliveira, R., Motch, C., et al. 2012, A&A, 540, 53
Struve, O. 1931, ApJ, 73, 94
Tango, W. J., Davis, J., Jacob, A. P., et al. 2009, MNRAS, 396, 842
Townsend, R. H. D., Owocki, S. P., & Howarth, I. D. 2004, MNRAS,

350, 189
Tycner, C., Ames, A., Zavala, R. T., et al. 2011, ApJL, 729, L5
von Zeipel, H. 1924, MNRAS, 84, 665
Wheelwright, H. E., Bjorkman, J. E., Oudmaijer, R. D., et al. 2012, MNRAS,

423, L11

7

http://dx.doi.org/10.1086/116684
http://adsabs.harvard.edu/abs/1993AJ....106..768B
http://adsabs.harvard.edu/abs/1993AJ....106..768B
http://adsabs.harvard.edu/abs/1997A&A...319..811B
http://adsabs.harvard.edu/abs/1997A&A...319..811B
http://adsabs.harvard.edu/abs/2011IAUS..272..384C
http://adsabs.harvard.edu/abs/2012AIPC.1429..121C
http://dx.doi.org/10.1088/2041-8205/744/1/L15
http://adsabs.harvard.edu/abs/2012ApJ...744L..15C
http://adsabs.harvard.edu/abs/2012ApJ...744L..15C
http://dx.doi.org/10.1086/507935
http://adsabs.harvard.edu/abs/2006ApJ...652.1617C
http://adsabs.harvard.edu/abs/2006ApJ...652.1617C
http://dx.doi.org/10.1051/0004-6361/200810962
http://adsabs.harvard.edu/abs/2009A&A...504..915C
http://adsabs.harvard.edu/abs/2009A&A...504..915C
http://dx.doi.org/10.1088/0004-637X/757/1/29
http://adsabs.harvard.edu/abs/2012ApJ...757...29C
http://adsabs.harvard.edu/abs/2012ApJ...757...29C
http://adsabs.harvard.edu/abs/1993A&A...274..870C
http://adsabs.harvard.edu/abs/1993A&A...274..870C
http://dx.doi.org/10.1086/491696
http://adsabs.harvard.edu/abs/2005ApJ...634..585C
http://adsabs.harvard.edu/abs/2005ApJ...634..585C
http://dx.doi.org/10.1051/0004-6361:20065137
http://adsabs.harvard.edu/abs/2006A&A...456.1027D
http://adsabs.harvard.edu/abs/2006A&A...456.1027D
http://adsabs.harvard.edu/abs/2003fst2.book..189E
http://dx.doi.org/10.1086/521231
http://adsabs.harvard.edu/abs/2007PASP..119..886E
http://adsabs.harvard.edu/abs/2007PASP..119..886E
http://adsabs.harvard.edu/abs/2002IBVS.5352....1G
http://adsabs.harvard.edu/abs/2002IBVS.5352....1G
http://dx.doi.org/10.1088/0004-637X/765/1/17
http://adsabs.harvard.edu/abs/2013ApJ...765...17H
http://adsabs.harvard.edu/abs/2013ApJ...765...17H
http://adsabs.harvard.edu/abs/1995ASPC...79...44H
http://dx.doi.org/10.1086/316388
http://adsabs.harvard.edu/abs/1999PASP..111..845H
http://adsabs.harvard.edu/abs/1999PASP..111..845H
http://dx.doi.org/10.1086/300695
http://adsabs.harvard.edu/abs/1999AJ....117..621H
http://adsabs.harvard.edu/abs/1999AJ....117..621H
http://dx.doi.org/10.1088/0067-0049/197/2/26
http://adsabs.harvard.edu/abs/2011ApJS..197...26J
http://adsabs.harvard.edu/abs/2011ApJS..197...26J
http://dx.doi.org/10.1111/j.1365-2966.2008.13206.x
http://adsabs.harvard.edu/abs/2008MNRAS.386.1922J
http://adsabs.harvard.edu/abs/2008MNRAS.386.1922J
http://adsabs.harvard.edu/abs/1991MNRAS.250..432L
http://adsabs.harvard.edu/abs/1991MNRAS.250..432L
http://dx.doi.org/10.1111/j.1365-2966.2011.19231.x
http://adsabs.harvard.edu/abs/2011MNRAS.416.2827M
http://adsabs.harvard.edu/abs/2011MNRAS.416.2827M
http://dx.doi.org/10.1051/0004-6361/201116798
http://adsabs.harvard.edu/abs/2011A&A...532A..80M
http://adsabs.harvard.edu/abs/2011A&A...532A..80M
http://dx.doi.org/10.1051/0004-6361:20064848
http://adsabs.harvard.edu/abs/2007A&A...464...59M
http://adsabs.harvard.edu/abs/2007A&A...464...59M
http://adsabs.harvard.edu/abs/2011IAUS..272..304M
http://dx.doi.org/10.1051/0004-6361:20030965
http://adsabs.harvard.edu/abs/2003A&A...408..305M
http://adsabs.harvard.edu/abs/2003A&A...408..305M
http://adsabs.harvard.edu/abs/2001PASJ...53..119O
http://adsabs.harvard.edu/abs/2001PASJ...53..119O
http://adsabs.harvard.edu/abs/2001IBVS.5026....1O
http://adsabs.harvard.edu/abs/2001IBVS.5026....1O
http://adsabs.harvard.edu/abs/2011IAUS..272..418O
http://dx.doi.org/10.1086/132103
http://adsabs.harvard.edu/abs/1987PASP...99.1184P
http://adsabs.harvard.edu/abs/1987PASP...99.1184P
http://dx.doi.org/10.1086/378307
http://adsabs.harvard.edu/abs/2003PASP..115.1153P
http://adsabs.harvard.edu/abs/2003PASP..115.1153P
http://dx.doi.org/10.1051/0004-6361:20031285
http://adsabs.harvard.edu/abs/2003A&A...411..229R
http://adsabs.harvard.edu/abs/2003A&A...411..229R
http://adsabs.harvard.edu/abs/2012ASPC..464..235R
http://dx.doi.org/10.1086/521209
http://adsabs.harvard.edu/abs/2007ApJ...668..481S
http://adsabs.harvard.edu/abs/2007ApJ...668..481S
http://dx.doi.org/10.1051/0004-6361/201118342
http://adsabs.harvard.edu/abs/2012A&A...540A..53S
http://adsabs.harvard.edu/abs/2012A&A...540A..53S
http://dx.doi.org/10.1086/143298
http://adsabs.harvard.edu/abs/1931ApJ....73...94S
http://adsabs.harvard.edu/abs/1931ApJ....73...94S
http://dx.doi.org/10.1111/j.1365-2966.2009.14272.x
http://adsabs.harvard.edu/abs/2009MNRAS.396..842T
http://adsabs.harvard.edu/abs/2009MNRAS.396..842T
http://dx.doi.org/10.1111/j.1365-2966.2004.07627.x
http://adsabs.harvard.edu/abs/2004MNRAS.350..189T
http://adsabs.harvard.edu/abs/2004MNRAS.350..189T
http://dx.doi.org/10.1088/2041-8205/729/1/L5
http://adsabs.harvard.edu/abs/2011ApJ...729L...5T
http://adsabs.harvard.edu/abs/2011ApJ...729L...5T
http://adsabs.harvard.edu/abs/1924MNRAS..84..665V
http://adsabs.harvard.edu/abs/1924MNRAS..84..665V
http://dx.doi.org/10.1111/j.1745-3933.2012.01241.x
http://adsabs.harvard.edu/abs/2012MNRAS.423L..11W
http://adsabs.harvard.edu/abs/2012MNRAS.423L..11W

	1. INTRODUCTION
	2. OBSERVATIONS
	3. RESULTS
	4. DISCUSSION AND SUMMARY
	REFERENCES

