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ABSTRACT

We acquired Ha spectroscopic observations from 2005 to 2019 showing Pleione has transitioned
from a Be phase to a Be-shell phase during this period. Using the radiative transfer code HDUST
we created a grid of ~ 100,000 disk models for Pleione. We successfully reproduced the observed
transition with a disk model that varies in inclination while maintaining an equatorial density of
po(r) = 3 x 1071 (r/Rey) ™27 g em™3, and an Ha emitting region extending to 15 Req. We use
a precessing disk model to extrapolate the changing disk inclination over 120 years and follow the
variability in archival observations. The best-fit disk model precesses over a line of sight inclination
between ~ 25° and ~ 144° with a precessional period of ~ 80.5 years. Our precessing models match
some of the observed variability but fail to reproduce all of the historical data available. Therefore,
we propose an ad-hoc model based on our precessing disk model inspired by recent SPH simulations
of similar systems, where the disk tears due to the tidal influence of a companion star. In this model,
a single disk is slowly tilted to an angle of 30° from the stellar equator over 34 years. Then, the disk
is torn by the companion’s tidal torque, with the outer region separating from the innermost disk.
The small inner disk returns to the stellar equator as mass injection remains constant. The outer
disk precesses for ~ 15 years before gradually dissipating. The process repeats every 34 years and

reproduces all trends in Pleione’s variability.
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1. INTRODUCTION

Over the past 130 years, the Be star Pleione
(HD23862, 28 Tau) has exhibited remarkable spectro-
scopic and photometric variations. Frost (1906) first re-
alized the extreme nature of its variability in 1905 and
1906 when he discovered that its previously bright emis-
sion lines had disappeared in only a few years. Since
this time, Pleione’s hydrogen and metal line profiles
have exhibited a wide range of shapes, including absorp-
tion lines (diskless phase) (McLaughlin 1938), doubly-
peaked emission lines (Be phase) (Doazan & Underhill
1986) and emission with narrow absorption cores (Be-
shell phase) (Delplace & Hubert 1973). The reader can
find a historical account of the changes in Pleione’s spec-
trum by Gulliver (1977) and Hirata (1995), with recent
activity described by Nemravova et al. (2010).

The spectral type of B8 Vpe for Pleione was first de-
termined by observations taken during a diskless phase

by Lindblad (1922), and was later confirmed by Frost
et al. (1926) and Merrill & Burwell (1933). Other de-
tails about this system, such as the nature of its com-
panion stars and the interpretation of its variability are
much less clear. Katahira et al. (1996a,b) found the
near companion to have a 218 day orbital period with
an eccentricity of 0.6 by analyzing the variation of ra-
dial velocities in Ha emission from two consecutive shell
phases. By similar means, Nemravova et al. (2010) con-
firmed the 218 day orbit and found that the eccentricity
is likely > 0.7. The inclination angle of the companion’s
orbital plane has not been reported in the literature.
Long-term variability has also been observed in
Pleione since the end of its last diskless phase in 1937.
Since then, its Balmer emission lines have continuously
transitioned between Be and Be-shell phases with a ~ 34
year period (Katahira et al. 1996a; Hummel 1998). Us-
ing lunar occultation methods, Gies et al. (1990) de-
tected asymmetry in the disk that was consistent with
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previously known long-term V /R variability, and specu-
lated that the repeating Be to Be-shell phase transitions
are a product of the companion’s periastron passages.
Tliev et al. (2007) and Tliev (2019) found that the size of
the Ha and Hf emitting regions are synchronized with
the ~ 34 year period.

The most recent transition from a Be phase to a Be-
shell phase in Ha (which, hereafter, will be referred to as
the Be phase and the Be-shell phase) from 2006 to 2007
has caused uncertainty about the physical conditions of
Pleione’s disk causing its variability. Before this tran-
sition occurred, Hirata (2007) found the polarization
position angle to steadily change over long time-scales.
They argued this was the result of a uniformly precess-
ing disk that had been tilted off-axis by tidal interactions
with the companion. They asserted that this model ex-
plains the repeating Be-shell to Be phase changes, with
the shell lines appearing (1973) and disappearing (1988)
around a disk inclination of 60°. However, their model
was unable to match the rapid drop in magnitude that
accompanied the 2006 to 2007 Be to Be-shell transition.

Studying the photometric and spectroscopic variabil-
ity of Pleione from 2005 November to 2007 April, Tanaka
et al. (2007) proposed that the precessing disk suggested
by Hirata (2007) had been partially re-accreted before
a new disk began building. With this two-disk model,
they claim that the newly forming disk explains the for-
mation of new components to the Ho and HS lines, while
the old tilted disk is evidenced by the weakening Balmer
line profiles at that time.

Using Ha observations spanning from 1994 August
to 2009 February, Nemravova et al. (2010) argue that
the changes in the spectrum cannot be attributed to
disk precession, but rather result from physical changes
to the disk’s structure. Their assertion is that the full
width at half maximum (FWHM) of the Ha line should
increase as the precessing disk becomes more highly in-
clined. However, they find the FWHM of their Ha ob-
servations decreases over for a period of 15 years before
the recent Be to Be-shell transition occurred, which they
believe indicates physical changes to the circumstellar
disk instead of a geometrical effect such as disk preces-
sion. Between 2006 and 2007 the FWHM of their Ha
observations rapidly increased, and they suggest that a
new disk has formed.

The goal of this work is to find a Be star disk model
that describes the physical and geometrical state of
Pleione’s disk and evaluate a precessing disk model as
constrained by Ha spectra, V-band photometry and
optical polarimetry. These observations are described
along with archival UV through IR continuum observa-
tions, as well as photometry and Balmer series spectra
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Figure 1. Ha line profile of Pleione observed at Low-
ell Observatory between 2005 August and 2019 December.
The three epochs are differentiated by colour: the Be phase
(blue), the transitioning phase (yellow), and the Be-shell
phase (red).

corresponding to a diskless phase in Section 2. Section 3
outlines our method for determining the star’s parame-
ters. In Section 4, we describe our modelling procedures
and the best-fit disk models. We also evaluate a pre-
cessing disk model and then propose an ad-hoc model
that fits all observables based on our findings. Section 5
provides a comparison of our results with the literature
and a discussion of future work.

2. OBSERVATIONS

2.1. Spectroscopy
2.1.1. Be and Be-shell Phase Spectra

Ha spectra were obtained at the Lowell Observatory,
in Flagstaff, AZ, USA, using a fiber-fed echelle spectro-
graph connected to the 1.1 m John S. Hall telescope.
The properties of the spectrograph are outlined in Hall
& Lockwood (1995) and the spectroscopic reduction
steps used to extract the spectra from echelle orders
are described in Hall et al. (1994). We have acquired
31 spectra with this instrument from 2005 to 2019 at
a resolving power of 10,000 in the Ha region. These
observations are available online in a machine readable
format (Table 1).

The Ha spectra shown in Figure 1 begin during
Pleione’s most recent Be phase in 2005 and follow the
transition to a Be-shell phase in 2006 and 2007. From
2008 to 2015, the line brightened as the ratio of the peak
flux over the continuum flux (F/F,) increased from ~ 2



to 2.5. During 2015, the system’s Ha equivalent width
(EW) dropped by ~ 20 %. From 2016 until our latest
observations in 2019, the line profile has continued to
brighten to a maximum of F/F, =~ 3.5.

Table 2 summarizes the characteristics of each spec-
trum. In particular, the peak flux of the Ha profile was
on average F'/F,. ~ 5.2 from 2005 August to 2006 March.
After the transition from the Be to Be shell phase be-
tween 2006 March and 2006 December, the peak flux had
decreased to a minimum of ~ 1.8. By 2013, the peak
flux increased to ~ 2.8, and, despite a small decrease in
2015, continued to increase to ~ 3.5 by 2019 December.

The violet (V) and red (R) peaks, measured as the
maximum flux values within each peak, had the great-
est difference during the Be phase, between 2005 August
and 2006 February, with an average ratio of V/R =~ 0.87.
Afterward, during the shell phase, the V/R ratio re-
mained closer to unity.

The EW was relatively constant between 2005 August
and 2006 March. Between 2006 March and 2006 Decem-
ber, during the transition from the Be to Be-shell phase,
the Hoe EW decreased by ~ 1.1 nm. The EW increased
by ~ 0.5 nm between 2008 and 2013, and then decreased
by ~ 0.3 nm by the end of 2015. Since then, the EW
has increased by ~ 0.9 nm to —1.7 nm.

Archival Ha spectra of Pleione from the Be Star Spec-
tra Database! were also acquired to track the change in
Ha EW over time. We used 419 spectra from 2007 to
2021 observed by amateur astronomers Ernst Pollmann
(Pollmann 2020) and Joan Guarro i F16. We also used
Hoa EW observations from Hirata & Kogure (1976); Hi-
rata (1995, 2007), which collectively span from 1953 to
2004. Each of these measurements are presented along-
side our own for comparison to our precessing disk model
in Section 4.

We obtained 70 ultraviolet (UV) spectra, observed by
the International Ultraviolet Explorer (IUE) between
1979 July and 1995 March, from the INES database
(Gonzalez-Riestra et al. 2001) following the selection
procedure described by Freire Ferrero et al. (2012).
These observations were taken with the large aper-
ture and high dispersion settings on both the short-
wavelength (1,150 — 2,000 A) and long-wavelength
(1,850 — 3,300 A) spectrographs to ensure proper flux
calibration and a high spectral resolution of approxi-
mately 0.2 A (ESA 2000). We chose to remove the TUE
data beyond 0.3 pm due to instrumental limitations that
cause significant uncertainty (Gonzélez-Riestra et al.
2001). Figure 2 illustrates how the UV flux steadily
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Table 1. Ha observations of Pleione from the Lowell Ob-
servatory. The 31 spectra are identified chronologically by
spectrum ID number. The full table is available online in
machine-readable form.

Spectrum MJD A F/F,
ID Number (+2400000.5) [nm)]
1 53604 648.183655 1.005251
1 53604 648.207947 1.036522
1 53604 648.232300 0.971167
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Figure 2. Upper and lower limits of the variable UV con-
tinuum observed by the IUE.

increased by a factor of ~ 3 to 4 during the time-frame
of the IUE observations. How this affects our determi-
nation of the stellar parameters is discussed in Section
3

2.1.2. Digitization of Diskless Spectra

We acquired four Balmer series spectra of Pleione
during its last diskless phase (1906 to 1938 (Frost
1906; McLaughlin 1938)) from the Harvard Astronom-
ical Plate Collection. These spectra were recorded on
photographic plates in 1927 at the Cambridge Obser-
vatory, and contain only photospheric flux unaffected
by the presence of a circumstellar disk. These spectra
were obtained using low-resolution dispersion objective
prisms on a 24-inch Clark reflector, with a 0.6 m aper-
ture at a scale of 59.6 arcsec/mm. These photographic
plates were previously unavailable in a digital format.

High-resolution photographs were taken of the emul-
sion side of plates designated as H02957, H02958, and
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Table 2. Ha emission line profile characteristics of Pleione.

Date MJD EW  Peak V/R
(4+2400000.5) [nm] Flux Ratio
2005 Aug 22 53604 -2.571 5.081 0.861
2005 Sep 16 53629 -2.691 5.296 0.867
2005 Sep 17 53630 -2.691 5.353 0.850
2005 Oct 11 53654 -2.658 5.291 0.871
2005 Nov 18 53692 -2.619 5.298 0.871
2005 Dec 20 53724 -2.620 5.215 0.896
2006 Jan 14 53749 -2.630 5.308 0.878
2006 Jan 24 53759 -2.562 5.122 0.874
2006 Feb 07 53773 -2.650 5.355 0.871
2006 Mar 17 53811 -2.563 5.198 0.924
2006 Dec 09 54078 -1.458 3.484 0.979
2007 Jan 26 54126 -1.209 3.021 1.050
2007 Feb 03 54134 -1.160 2.870 1.012
2007 Dec 18 54452 -0.621 1.833 0.952
2008 Nov 14 54784 -0.676 1.955 0.994
2008 Nov 15 54785 -0.704 1.985 0.985
2008 Nov 15 54785 -0.663 1.952 0.996
2009 Dec 06 54994 -0.825 2.180 1.005
2013 Dec 10 56636 -1.174 2.804 0.916 I
2013 Dec 10 56636 -1.194 2.811 0.913 [
2013 Dec 11 56637 -1.160 2.824 0.900 !
2015 Apr 01 57113 -0.941 2.725 1.052
2015 Apr 01 57113 -0.928 2.721 1.055
2015 Dec 13 57369 -0.860 2.656 1.083
2015 Dec 14 57370 -0.862 2.661 1.084
2017 Dec 20 58107 -1.097 2.842 1.064
2017 Dec 20 58107 -1.100 2.854 1.067
2017 Dec 20 58107 -1.097 2.854 1.072
2017 Dec 21 58108 -1.082 2.843 1.070
2018 Dec 19 58471 -1.325 3.053 1.044
2018 Dec 20 58472 -1.381 3.132 1.058
2019 Dec 18 58835 -1.748 3.560 0.982
2019 Dec 18 58835 -1.795 3.582 0.982
2019 Dec 19 58836 -1.723 3.517 0.986
2019 Dec 19 58836 -1.718 3.506 0.991

Table 3. Stellar log of observations that contained diskless
spectra of Pleione.
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Date Plate Exposure Prism Exp. Time Figure 3. Photographs of Balmer series observations of

Designation ~ Number [min] Pleione taken on photographic plates in 1927 at the Cam-
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an ines in order from left to right. ese line pro-

1927 Sep 26 ! H02957 DO 3 files were obtained during Pleione’s last diskless phase. The

1927 Sep 27 1 H02958 6 4 plates are labelled for each spectrum by their designation in
1927 Sep 27 1 H02959 6° 4 the Harvard Astronomical Plate Collection.
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Figure 4. Hydrogen Balmer series line profiles digitized
from photographic observations shown in Figure 3. These
line profiles are an average of the matching profiles across
each of the four photographic plate spectra. The process
used for combining the different exposures of the observed
spectra allows for high signal-to-noise ratio, leaving relatively
little noise in the line profiles. The flux of the HS, Hvy and
H§ lines has been offset for ease of viewing.

HO02959, according to classification system of the Har-
vard Astronomical Plate Collection. Figure 3 shows
the averaged spectra acquired from each plate, with two
spectra labelled (a) and (b) coming from plate H02957.
Table 3 provides the observational details for each plate.

The spectra were extracted from the photographs by
the following method. After correcting for tilt on the
plate, we averaged the logarithmic intensity at each
wavelength across the vertical axis of the spectrum, ef-
fectively creating a time-averaged spectrum across the
duration of the exposure. The spectra were wavelength-
calibrated at the center of the Ha and H¢ lines, and
sampled at every 1 A from 7000 A to 3990 A. The He
line was not included in our data set due to low signal-
to-noise ratio. Figure 4 shows the final Ha, HB, Hy
and H¢ spectra, where each Balmer series line has been
averaged across the four observations.

To acquire the relative fluxes from each photographic
plate we required the non-linear response curve of each
emulsion as a function of wavelength. Since the photo-
graphic plates also have other Pleiades cluster stars, we
were able to extract the response curve from the star At-
las (HD 23850, 27 Tau), a BS8III spectral-type star with
no reports of Ha variability in the literature over the
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past 100 years. Atlas lies near Pleione on the plane of
the sky, and at a similar distance (387 ly for Pleione, 422
ly for Atlas, van Leeuwen 2007). The response curve was
then reconstructed by equating Atlas’ spectrum from
each plate to a 2004 February spectrum acquired from
the ELODIE archive (Moultaka et al. 2004). The spec-
tra for Pleione were then extracted, and transformed
as a function of wavelength according to the response
curve. Figure 4 shows our final Ha, HB, Hy and Hé
spectra which have been averaged across the four plates.
We note that Atlas is brighter than Pleione (3.5 mag
vs 5.0 mag in the V-band, respectively, Ducati 2002).
Therefore, for our method of obtaining the fluxes, we
are assuming that both stars are appropriately exposed
such that the main spectral features have photographic
densities in the linear part of the response curve.

2.2. Photometry

Pleione has been known to be photometrically vari-
able since 1936 (Binnendijk 1949). V-band photometric
observations from 1980 to 2010 were compiled from the
following publications: Sharov & Lyutyi (1988); Hirata
& Kogure (1976, 1977); Hopp & Witzigmann (1980);
Hopp et al. (1982); Dapergolas et al. (1981); Bohme
(1984, 1985, 1986); Boehme (1988); Sharov & Lyutyi
(1992, 1997); Pollmann (2011); Tanaka et al. (2007).
Archival observations were acquired from the Hipparcos
(van Leeuwen 2007) mission and the ASAS-3 (Pojman-
ski 1997) telescope archive.

Visible and infrared (IR) flux observations were ob-
tained from the CDS Portal application from the Uni-
versité de Strasbourg. The observations were com-
piled from catalogs which listed target objects within
0.5 arcsec of Pleione’s position. The catalogs included
observations from 1990 to 2010, covering both the most
recent Be and Be-shell phases. This data was sourced
from Stauffer et al. (2007), Egan et al. (2003) and the fol-
lowing missions: GAIA (Gaia Collaboration et al. 2020),
2MASS (Skrutskie et al. 2006), WISE (Wright et al.
2010), AKARI (Murakami et al. 2007), IRAS (Neuge-
bauer et al. 1984), and Spitzer (Werner et al. 2004).
These observations and the V-band photometry are pre-
sented for comparison against our precessing disk model
in Section 4.

Photographic magnitudes obtained during Pleione’s
last diskless epoch were also obtained. In 1918, Par-
sons (1918) reported that Pleione had a photo-visual
magnitude of 5.15 mag, and a Miiller and Kempf visual
magnitude of 5.08 mag. In 1922, Lindblad (1922) also
reported a photo-visual magnitude of 5.15 mag. These
magnitudes were used along with UV spectra to con-
strain Pleione’s stellar parameters in Section 3.
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Table 4. The best-fitting stellar parameters for Pleione com-
puted with emcee.

Best-Fit Derived

Parameters Values Parameters Values
M [Mg] 4,152 L [Le] 380139
1% 0.8101 Terr [K] 140007199
t/tms 0.7+91 log g 4.0191

i [°] 6173 Rpole [Ro]  3.3%53

d [pc] 13473 Req [Ro) 4.4%98

E(B—V)  0.091392 Req/Rpore 13707

Table 5. The mass, critical fraction of rotation and age used
for the BeAtlas grid of models.

Table 6. Adopted stellar parameters used as priors in emcee
when fitting to the BeAtlas grid.

Parameter Value Reference

parallax [mas] 7.24+0.13 Gaia Collaboration et al. (2020)

vsin(z) [km/s] 286 + 16
i [°) 60 + 10

Frémat et al. (2005)
Hirata (2007)

Parameter Grid Values

M [Mg]  1.7,2,25,3,4,5,7,9,12, 15,20
W 0.00,0.33,0.47,0.57, 0.66, 0.74, 0.81, 0.93, 0.99
t/tms 0,0.25,0.5,0.75,1,1.01, 1.02

2.3. Polarimetry

We acquired observations of the optical (BVRI) linear
polarization from 2010 to 2021 using the IAGPOL po-
larimeter at the Pico dos Dias Observatory (OPD), oper-
ated by the National Astrophysical Laboratory of Brazil
(LNA) in Minas Gerais, Brazil. These observations
were reduced with packages developed by the BEACON
group?, and described in Magalhaes et al. (1984, 1996)
and Carciofi et al. (2007).

Archival polarization data of Pleione in the V-band
were acquired from Hirata (2007), who regularly ob-
served the star from 1975 to 2004. Observations
of the V-band polarization were also acquired from
the archive for the Lyot Spectropolarimeter® and the
Halfwave Spectropolarimeter (HPOL) at the University
of Wisconsin-Madison Pine Bluff Observatory, which
were reduced by Draper et al. (2014). Additional polari-
metric observations were extracted from Hirata (2007)
using the WebPlotDigitizer tool from Rohatgi (2020).
These archival data and our observations are presented
in comparison to the percent polarization and polariza-
tion position angles of our precessing disk model in our
results (Section 4).

2 http:/ /beacon.iag.usp.br/
3 http://www.sal.wisc.edu/PBO/LYOT/

3. STELLAR PARAMETERS

We used IUE UV continuum observations and disk-
less photographic and photo-visual band photometry
from Parsons (1918) and Lindblad (1922) to determine
Pleione’s stellar parameters using Monte Carlo meth-
ods, using the same procedure as Marr et al. (2021). We
determined the stellar mass M, critical fraction of rota-
tion W (as defined in equation 6 of Rivinius et al. 2013),
age t/tms (Where t,5 is the main sequence lifetime, and
is related to the fraction of hydrogen remaining in the
stellar core), inclination i, distance d, and the degree of
interstellar reddening E(B—V). Additional parameters,
listed in Table 4, were self-consistently derived.

Overall, a grid of 770 diskless Be star model spectra,
called BeAtlas (Mota 2019), were fit to the observations.
The models were computed using the 3D non-LTE radia-
tive transfer code HDUST (Carciofi & Bjorkman 2006).
HDUST computes model spectra from given stellar pa-
rameters, including M and W, as well as the polar ra-
dius (Rpole), luminosity (L) and gravity darkening ex-
ponent (3). The values of Rpoie, L and 3 are correlated
to M and W through the stellar evolutionary models
of Georgy et al. (2013). Table 5 lists the grid size and
spacing. The excess flux due to interstellar reddening,
E(B — V), was also included as a free parameter, with
its effect on the simulated spectrum being determined
using the Fitzpatrick (1999) prescription.

We used the Markov Chain Monte Carlo (MCMC)
routine emcee by Foreman-Mackey et al. (2013) to deter-
mine which models from the BeAtlas grid best reproduce
the observed UV spectrum using HDUST. This MCMC
routine was used to generate a list of stellar parameters
inside pre-determined ranges that were weighted using
literature values for parallax, vsin, and ¢ (Table 6), and
then the goodness of fit for each model was computed
based on the fit of the resulting continuum to the obser-
vation using a log(x?) likelihood function. The fitting
procedure reached convergence using 30 walkers, and
50,000 steps, with a burn-in of 5,000 steps, which were
chosen following the guidelines of Foreman-Mackey et al.
(2013). Further details on the emcee fitting process are
given in Mota (2019).
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Figure 5. Best-fitting stellar parameters based on UV and visible observations of Pleione. The probability density functions
of each parameter are shown on the main diagonal axis while the intersection for each parameter shows the correlation map.
The six parameters used in the fitting procedure are the stellar mass M, the rotation rate W, time of life on the main sequence
t/tms, stellar inclination ¢, distance d, and interstellar reddening E(B — V). The subfigure in the top-right corner shows the
most probable fit model to the UV spectra and diskless visible magnitudes, and the residuals below.
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Figure 6. Hydrogen Balmer series line profiles of standard
B7 V, B8 V and B9 V stars computed with HDUST using
stellar parameters from Cox (2000) compared to the model
lines computed using the stellar parameters in Table 4.
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Figure 7. A comparison of Pleione’s Ha, HB, Hy, HJ line
profiles from 1927 (Figure 4), which correspond to the last
diskless phase, with synthetic profiles computed using the
best-fit stellar parameters determined with emcee and the
BeAtlas grid (Table 4).

We quantified the impact of the variable UV flux
on the stellar parameters by separately fitting the low
(1979 July) and high (1995 March) extremes (recall Fig-
ure 2), along with the diskless visible photometry. We
found M in the range 3.98 to 4.23 Mg and E(B — V)
from 0.07 to 0.10 mag, while the other parameters did
not change. By averaging the UV observations we find
a set of stellar parameters which reproduce the UV and
visible spectrum with x? = 1.65. The errors on these
parameters include the ranges of M and E(B—V) from
the UV extremes.

Figure 5 depicts the stellar parameters when fitting to
the averaged UV spectra and diskless visible photome-
try. The probability density functions (PDF) for each
stellar parameter are shown along the main diagonal as
histograms, and the intersections of the parameters show
the corresponding correlation maps. The width of the
PDF indicates how well the parameter is constrained,
while the center dashed line on each histogram shows
the most probable value, and the dashed lines on the
left and right of center indicate the first and third quar-
tiles. In the upper right corner of Figure 5 the SED is
shown along with the best-fit model. Below the SED,
the residuals between the observations and model are
shown. The best-fit stellar parameters are summarized
in Table 4.

As a final check of our best-fit stellar characteristics,
we compared the model stellar absorption profiles to
what would be expected for late B-type stars, since
in the literature the spectral type of B8 V is often
applied to Pleione (e.g., Gulliver 1977; Abt & Levato
1978). Specifically, we compared the synthetic hydrogen
Balmer series spectra to model profiles calculated with
HDUST based on standard B7 V, B8 V and B9 V star
parameters from Cox (2000). Figure 6 shows our best-fit
diskless model most closely resembles the B8 V hydrogen
line profiles. The stellar parameters were further veri-
fied through comparison with the diskless Balmer series
lines, previously described in Section 2.1.2 and Figure 7
shows the computed lines of the best-fit model overlaid
with the digitized observations. We find the Ha, H,
Hr, and HJ fit the observations with y2 = 1.27, 1.46,
1.58, 1.53, respectively.

4. DISK MODELLING
4.1. A Precessing Disk Model

We computed a grid of 94,720 Be star and disk mod-
els using HDUST, to model the changes observed in the
Ha emission. This grid consists of axisymmetric, non-
isothermal, thin-disk envelopes. The vertical disk den-
sity distributions are Gaussian, while the radial distri-

butions follow a power-law of the form p(r) o por—",
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where pg is the density at the base of the disk (r = R.,),
and n is the density falloff exponent. Values of py were
explored in the range of 1 x 1073 to 1 x 10719 g cm ™3
for every tenth of a magnitude, and the density falloff
exponent n over the range of 2.0 to 3.5 in steps of 0.1.
Each model was computed with the outer disk radius
Rout at 5, 10, 15, 20, 25, 50, 75 and 100 stellar equato-
rial radii (Req), and using inclinations from 0 to 90° in
steps of 2.5°.

The line broadening effect due to non-coherent elec-
tron scattering within the disk (Auer & Mihalas 1968;
Poeckert & Marlborough 1979) was approximated as it
is not accounted for in HDUST simulations. For each
synthetic profile, a fraction (F,) of the synthetic Ha
flux (where F, ranged from 0.2 to 0.4) was convolved
with a Gaussian of width equal to the electron ve-
locity v, (where v, ranged from 400 to 800 km s—1).
The remaining 1 — F, of the flux was left unbroadened.
Through MCMC fitting with emcee, F, and v, were
treated as free parameters within the given ranges, to
determine the best possible fit for each model to the ob-
served Ho spectra (see Marr et al. 2021, for more details
on this procedure).

We find that the observed trend of the Ha profiles
from 2005 to 2019 (recall Figure 1) can be reproduced
by a single disk model by varying the inclination. Our
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Table 7. Best-fit disk parameters obtained for each Ha line
emission profile.

Date MJD i [°] Rou Fe Ve
(42400000.5) [Re] [km 5]

2005 Aug 22 53604 30.0 15 0.34 610
2005 Sep 16 53629 32.5 15 0.35 610
2005 Sep 17 53630 32.5 15 0.35 610
2005 Oct 11 53654 32.5 15 0.35 610
2005 Nov 18 53692 32.5 15 0.35 610
2005 Dec 20 53724 32.5 15 0.35 610
2006 Jan 14 53749 32.5 15 0.35 610
2006 Jan 24 53759 32.5 15 0.35 610
2006 Feb 07 53773 32.5 15 0.35 610
2006 Mar 17 53811 32.5 15 0.35 610
2006 Dec 09 54078 35.0 15 0.30 650
2007 Jan 26 54126 35.0 15 0.33 650
2007 Feb 03 54134 35.0 15 0.31 650
2007 Dec 18 54452 37.5 15 0.25 640
2008 Nov 14 54784 40.0 15 0.25 640
2008 Nov 15 54785 40.0 15 0.24 640
2008 Nov 15 54785 40.0 15 0.24 640
2009 Dec 06 54994 42.5 15 0.28 640
2013 Dec 10 56636 60.0 15 0.30 630
2013 Dec 10 56636 60.0 15 0.30 630
2013 Dec 11 56637 60.0 15 0.30 630
2015 Apr 01 57113 65.0 15 0.29 630
2015 Apr 01 57113 65.0 15 0.29 630
2015 Dec 13 57369 65.0 15 0.29 630
2015 Dec 14 57370 65.0 15 0.29 630
2017 Dec 20 58107 75.0 15 0.31 610
2017 Dec 20 58107 75.0 15 0.31 610
2017 Dec 20 58107 75.0 15 0.31 610
2017 Dec 21 58108 75.0 15 0.31 610
2018 Dec 19 58471 77.5 15 0.33 610
2018 Dec 20 58472 77.5 15 0.33 610
2019 Dec 18 58835 80.0 15 0.35 630
2019 Dec 18 58835 80.0 15 0.35 630
2019 Dec 19 58836 80.0 15 0.35 630
2019 Dec 19 58836 80.0 15 0.35 630

models were limited to axisymmetric disks in the stellar
equatorial plane, which when viewed at different inclina-
tions require the star to be inclined at the same angle as
the disk. To account for tilting, the absolute flux of the
diskless model at the appropriate i was subtracted from
the star and disk model at the same i to obtain flux
for the inclined disk. The inclined disk flux was then
added to the flux of the diskless model at ig,, = 60°.
We believe this first-order correction captures the most



10

Observed: Observed: Observed:
6 m— 2005 Sep 16 6 m— 2006 Dec 09 6 m— 2015 Dec 14
EW=-2.7nm EW=-1.5nm EW=-0.9nm
Model: Model: Model:
po=3e—-11 po=3e—-11 po=3e—-11
54 n=2.7 54 n=2.7 54 n=2.7
— =325 — =35 —— [=65.0"
EW=-2.7nm EW=-1.5nm EW=-0.9nm
f e=0.35 f e=0.30 f e=0.29
v_e=610km/s v_e=650km/s v_e=630km/s
x4 x4 x4
2 2 e
= = =
o o o
2 2 2
53 g 53
[7] [7] [7]
~ ~ ~
2 2
1 1+
0 T T T T T 0 T T T T T 0 T T T T T
—-600 —400 -200 0 200 400 600 —-600 —-400 -200 0 200 400 600 —-600 —400 -—200 0 200 400 600

Velocity [km s1]

Velocity [km s™1]

Velocity [km s™1]

Figure 9. A comparison of the 2005 September 16 (left), 2006 December 9 (center) and 2015 December 14 (right) Ha
observations from Lowell Observatory (black) to the best-fit model spectra (blue). The inclinations for the model spectra and

convolving parameters are given in the legend.

significant effect on the change in flux by the tilting of
the disk. This correction was applied across the en-
tire spectrum, and affected models at low i values most.
For example, at a disk inclination of i = 0°, correcting
for the stellar component to be at i« = 60° (instead of
i = 0°) caused an increase in normalized Ha peak flux
of less than 40% for all models, and at i = 30° the ef-
fect was less than 20%. In the V-band, this correction
decreased the continuum level by ~ 0.2 mag at ¢ = 0°
models, ~ 0.15 mag at ¢ = 30°, and increased by ~ 0.05
at i = 75° (see Figure 8).

Our best-fit model to the Ha observations has density
of pg =3 x 107" gecm™3 and n = 2.7, an outer disk
radius of Ry = 100 Req, and a range of inclinations
from 30° to 80°. This single density model suggests that
the mass-loss rate from the star was constant during
this period. We note that for the models with radii of
15 Req and larger, the improvements to the X2 fit were
not statistically significant. Therefore, we quote a lower
limit of 15 R4 for the Ho emitting region, while its real
size remains undetermined.

Figure 9 shows a sample of three Ha profiles, cho-
sen to illustrate how well the best-fit models match
the data. The other fits to the observations that are
not shown were of similar quality. The non-coherent
electron scattering in the best-fit models has values of
F, =0.33+0.04 and v, = 635 £ 25 km s~!. This elec-
tron velocity corresponds to a temperature of ~ 8900 K,
which is similar to the disk temperature of ~ 9000 K
at the outer edge of the Ha emitting region given by
HDUST models, and the isothermal disk temperature of
~ 8300 K (60% of Ty, Carciofi & Bjorkman 2006). Our
method of accounting for the broadening due to electron

scattering more strongly affects the width of Ha profiles
formed at lower disk inclinations. As a result, profiles
at different inclinations can have the same width, while
having different strengths. The models fit with reduced
x? values ranging from 1.33 to 3.82. Table 7 summarizes
the best-fit model disk parameters obtained from each
Ha emission line observation.

During the recent Be to Be-shell transition, Pleione
exhibited a rapid drop in the visible and IR continuum
flux (Tanaka et al. 2007). In Figure 10, we show that
our best-fit model reproduces this drop in IR flux when
considering the minimum (30°) and maximum (80°) in-
clinations found. The best-fit model to the 2005 Septem-
ber 16 Ha profile fits the Be phase SED with reduced
x? = 1.93, while the best-fit model to the 2015 Decem-
ber 14 observation fits the Be-shell SED with a reduced
x? = 1.65. The UV continuum changed by less than
2% between the phases (i.e., within the error ranges).
The predicted radio spectra of the simulations are shown
for reference, however no radio continuum observations
were available for comparison.

The inclinations of our best-fit model are shown in
Figure 11 at the time of each observation. We find that
over the course of our observations the disk’s inclination
changes at a rate of ~ 3.7° per year, and was once again
viewed edge-on in 2021 November.

To investigate the scenario of a precessing disk as pro-
posed by Hirata (2007), we created a disk model by
adopting equation 1 of Dunn et al. (2006), which de-
scribes the motion of a precessing galactic disk. This
equation determines the inclination of the disk when
provided with two values: ~, the angle between the
precession axis and the observer’s line of sight, and 9,
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the angle between the disk’s normal and the precession
axis. We used MCMC fitting with emcee to determine
the values of v and § that best reproduced the incli-
nations determined through Ha fitting. We note that
v is not fixed to the stellar spin-axis. This is a rea-
sonable assumption since the dynamical simulations of
Martin et al. (2011) show that the precession axis of a
misaligned circumstellar disk lies normal to the orbital
plane of the companion and is not coupled to the stel-
lar spin axis. Since we do not know the value of the
orbital inclination for Pleione, it is reasonable to regard
the precession axis as a free parameter. The timing of
the minimum inclination and the period of the preces-
sion were also fitted parameters. We find the best-fit
precession model has v = 84 + 3° and § = 59 4+ 3°, with
the minimum inclination of 25° occurring in 2001 May,
the maximum inclination of 144° in 2040 September,
and the precession period of 29400+ 100 days, or ~ 80.5
years. This precessing disk model is shown in Figure 11,
with the grey band indicating the uncertainty. However,
since only a portion of the precession period is sampled
by our observed Ha profiles, the errors we find through
this MCMC analysis are likely a lower bound.

The variation in Ho EW with disk inclination is shown
for the precessing disk model in Figure 12. Here, the Ho
EW is greatest at —2.9 A when the disk inclination is
0°. A secondary peak at —2.6 A occurs around 90°.
Dramatic changes to the EW occur around particular
inclinations. From 35° to 40°, the EW decreases from
—2.5 A to —0.6 A as the line transitions to a Be-shell
profile. Beyond 40°, the line has a shell profile and the
peak flux increases with the inclination while also be-
coming narrower. At higher inclinations as the disk be-
comes edge-on, the stellar continuum emission falls more
rapidly, resulting in increases in our normalized Ha spec-
tra and the corresponding EW. This effect is illustrated
in Figure 13. The Figure shows the Ha spectrum for
different inclinations with the star fixed at 60°, prior
to normalization and the convolution process. Here, we
can see the continuum flux around Hea in absolute units
decreases more rapidly at high disk inclinations.

We extrapolated the precessing disk model inclina-
tions over 120 years, from 1930 to 2050. The left side
of Figure 14 shows the inclinations of the extrapolated
model, along with the Hoe EW, V-band photometry, V-
band polarization level, and the V-band polarization po-
sition angle of our best-fit model at the inclinations of
the precessing disk model (the right side of this Figure
is discussed in Section 4.2). The observations previously
described in Section 2 are overplotted for comparison, as
well as the inclinations that Hirata (2007) derived from
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Figure 11. Change in the stellar inclination with time de-
termined from our best-fit models to the Ha observations,
along with our precessing disk model. The horizontal dashed
line indicates 90° inclination. Inclinations greater than 90°
occur when viewing the lower part of the disk.
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dashed line.

their model. As our disk models are axisymmetric, the
observables produced are symmetric about 90°.

In the second panel on the left side of Figure 14, we
show the trend of the Hoe EW of our precessing disk
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Figure 13. Subset of the best-fit predicted Ha profiles in
absolute flux units, before convolution. The stellar inclina-
tion is fixed at 60°. The disk inclinations for each model
spectrum are given in the legend.

model, which is limited to the inclinations determined
from the line profile fitting. As the inclination range is
> 25°, the maximum EW observed is —2.8 A. Note that
in this Figure the grey shaded region is the same as what
is shown in Figure 12 to the right of the vertical dashed
line. Overall, the trends in the Hoe EW, are mirrored
about 90° due to the symmetry of the precessing disk.

From 2005 to 2019, the best-fit tilted disk model fits
our Hor observations with reduced x? = 1.6. Outside of
this period, our models cannot reproduce the observed
trend using the ~ 80.5 year precession period. We note
that while a shorter period would improve the timing
of the fit to the previous Be-shell phase in the 1970’s,
it also would make the model progress through its Ho
EW trend faster than what is observed.

In the third panel on the left side of Figure 14, we see
our precessing disk model is able to reproduce the grad-
ually increasing V-band magnitude, from 1988 to 2004.
In 2004, the model reaches an average observed magni-
tude of ~ 5.02 mag, before the model and observations
diverge in 2007 when the magnitude was observed to
rapidly drop by 0.3 mag. During this time, our precess-
ing disk model takes ~ 14 years to decline to this value.
The minimum brightness of our model is ~ 5.38 mag,
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Figure 14. Left: Comparison of the precessing disk model (black, solid line) with an 80.5 year period to archival observations
(red), and to the inclinations from Hirata (2007)’s model (blue) and from our best-fit Ha model (black). The light grey vertical
band indicates the region over which our Ha observations were modelled. In the top panel, the grey horizontal dashed line
shows the inclination of 83.6° that the precession is centered about. Right: The same as the left side but instead showing the
ad-hoc disk tearing disk model. The precessing Ha emitting region (black, solid line) precesses for the first 15 years of the
34 year Be-shell to Be phase cycle. In the same period, the innermost disk (black, dotted line) gradually transitions from the
stellar equator at 60° to 30°. The thin, vertical grey lines indicate each disk tearing event. Hirata (2007)’s inclinations are not
included as they follow the precession of a disk in V-band polarization, not Ha emission.

which occurs in 2021. As the rapid Be to Be-shell transi-
tion occurs every ~ 34 years while half of the precession
period is ~ 40 years, we see that the previous minimum
in brightness occurs in 1982, just ~ 8 years after the
observed minimum.

The polarization level of our best-fit model is shown in
the fourth panel of the left side of Figure 14. The maxi-
mum polarization level of ~ 0.53% is observed at ~ 70°.
Projecting our best-fit models forward in time along in-
clination curve produces the polarization signature of a
tilted disk, similar to those shown in Marr et al. (2018).
The polarization from the model fits the observations
with reduced x? = 1.7.

To get the polarization position angle of our precessing
disk model, we used equation 2 from Dunn et al. (2006)
to first extract the angle between the precession axis of
the star projected onto the sky and the normal of the
disk projected onto the sky. This angle has a constant
offset from the polarization position angle, which is the

angle between north on the sky and the projected pre-
cession axis of the star. We find this angle is ~ 115° to
align our best-fit precession model with the observed, in-
trinsic polarization position angle. The bottom panel of
Figure 14 shows the V-band polarization position angle
of our precessing disk model compared to the observed
polarization position angle after correction for interstel-
lar polarization (following the same method as described
in Marr et al. 2021). The minimum polarization position
angle of our model is ~ 55.8° in 1983, and the maximum
is 174.2° in 2021.

Like the Hoe EW and V-band photometry, the po-
larization position angle was also observed to rapidly
drop in 2007. Prior to this, our precessing disk model
closely follows the observed trend, and fits with a re-
duced x? = 1.4. After the rapid drop our model is
unable to reproduce the observations.
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Figure 15. Schematic of the disk tilting and tearing model.
The red region of the disk corresponds to the innermost disk,
and the blue region corresponds to the outer region which
eventually separates. Stage one of our model is represented
by a) and b), where the disk is whole and becomes pro-
gressively more tilted away from the equator from a) to b).
Stage two is represented by c¢) and d), where the outer region
tears, precesses, and eventually dissipates. In stage two, the
innermost disk gradually returns to the original inclination
at the stellar equator while continuing to build with constant
mass injection prior to the cycle repeating. The sizes of the
coloured sections are for illustrative purposes only and do
not represent actual dimensions.

4.2. An Ad-hoc Disk Tearing Model

We find that at some times Pleione’s Ha emitting re-
gion must be at a different inclination than the V-band
emitting region. For example, the precessing disk model
shows that while a single disk can reproduce the rapid
drop in Hoe EW in 2007, the V-band photometry and po-
larization position angle do not drop at the same time.
Based on recent results of Suffak et al. (2022), we pro-
pose an ad-hoc model to reproduce the observed trends.
These authors investigate the effects that companion
stars have on the dynamics of circumstellar disks. They
show that in a Be star-binary system with a 30-day or-
bital period, where the companion is misaligned by 40°
from the Be star equatorial plane, the disk can separate
into two parts with different inclinations while mass is
constantly ejected from the stellar surface. In their sim-
ulations, the disk periodically tears and merges back
into one disk every 30 orbital periods. While their mod-
els consider different mass-loss rates, they find that disk
tearing only occurs in active phases, i.e., when mass-loss
is on. Their results also suggest that disk tearing can oc-

cur in a variety of different Be star-binary systems with
different masses or orbital periods. Previously, a simi-
lar phenomenon was modelled in protoplanetary disks of
triple-star systems by Kraus et al. (2020), who showed
the disk around the primary can break into multiple
precessing rings aligned with the companion’s orbital
planes.

We define our ad-hoc model with two distinct stages
which occur in each cycle from a Be-shell phase to Be
phase and back. Figure 15 illustrates these stages, with
a) and b) corresponding to the first stage, and c) and d)
to the second stage. In essence, the first stage is a single
disk model which tilts off-axis, and the second stage is
a two-disk model with one disk anchored to the stellar
equator while the other disk is free to precess.

In the first stage, the disk is whole and fixed to the
stellar equator. Owing to the companion’s tidal torque,
it becomes tilted away from the midplane by ¢ ~ 30°
(this tilting has also been shown to occur in the simula-
tions of Suffak et al. 2022 and previously by Cyr et al.
2017). Therefore, in this phase the Ha emitting region —
which corresponds to the entire disk, see Carciofi (2011)
— and the inner disk — where the V-band flux excess and
the optical polarimetry originate — are approximately
aligned.

The second stage begins when the disk is torn into
two parts. Now, as shown by the simulations of Suffak
et al. (2022) and previously outlined by Okazaki (2017),
a gap appears between the small inner disk, which is still
anchored to the star, and the outer disk, which starts
precessing. Therefore, in this phase the Ha emitting
region has an orientation that gradually varies in time.
Because in this phase the outer disk is no longer fed by
the star, it gradually dissipates as the inner disk grows.
As a result, the disk slowly transitions to the configura-
tion of the first stage.

The right side of Figure 14 illustrates our ad-hoc
model in detail. In the first stage of our model (indi-
cated by dotted lines in the right panel of Figure 14), the
innermost disk and Ha emitting region have the same
inclination as they gradually change from 60° to 30°.
The disk tearing events (1938, 1972, 2007) correspond
to the phases immediately before the vertical lines in the
figure and mark the beginning of the second stage. Ob-
servationally, this stage is related to the Be-shell phase,
as the outer disk, now detached from the inner disk,
starts precessing around the star. The innermost disk
is rebuilt at the original inclination of 60° over ~ 1.5
years, with constant mass-injection during this period
as suggested from our Ha modelling in Subsection 4.1.
The Ha emitting region begins to precess from 30° to
90°, with a period of ~ 80.5 years following our best-



fit precession model. The precession of the Ha region
becomes unstable after ~ 15 years, and the outer disk
then gradually dissipates as gas is lost to the interstellar
medium or recombines with the innermost disk. As the
inner disk grows, it slowly tilts back to i =~ 30°. This
marks the phase of the first stage again.

It is important to stress that this ad-hoc model of
Pleione’s disk addresses the most important observa-
tional features seen in the right side of Figure 14, namely

e In the first stage, the gradual change in inclination
from 60° to 30° of the inner disk explains the rate
of change in brightness, the drop in polarization
level and the change in the polarization position
angle qualitatively.

e Likewise, the sudden change in the inner disk ori-
entation from 60° to 30° once disk tearing has oc-
curred (during the transition from the first stage
to the second) also explains the sudden drop in
V-band brightness well, and the dramatic change
in the polarization position angle (from ~ 120° in
2007 to ~ 50° in 2010).

e The precession model developed in Section 4.1 re-
mains valid, as in the beginning of the second stage
(e.g., the shaded area in the right side of Figure
14) the outer disk is allowed to freely precess with
a period of 80.5 yrs.

Our ad hoc model, however, is unable to reproduce
the strong increase in Ho EW seen in the second half
of the first stage (e.g., between 1990 and 2007 in the
right side of Figure 14). At this stage the disk becomes
gradually more tilted away from the equator and likely
also warped (Suffak et al. 2022). The increase in Ho
EW might be due to the upper part of the disk, which
is closest to the hot stellar poles, becoming hotter and
more ionized. This effect, if relevant, is not captured by
our simple models that consider axisymmetric and flat
disks.

Furthermore, since the density of our disk model was
determined solely through Ha line profile fitting, the
disk density distribution remains constant through the
disk tearing period. Perhaps with this scenario, disk gas
could be redistributed within the disk which may alter
the value of n at particular snapshots in time at certain
radial distances from the central star.

In the models of Suffak et al. (2022), the disk tearing
events happen every ~ 30 orbital cycles for a model with
an equal-mass binary in a 30 day orbit. Since Pleione’s
less massive companion has a 218 day orbital period, this
means that more than 57 orbital periods occur before
disk tearing every ~ 34 years.

15

5. DISCUSSION AND CONCLUSIONS

We began our work by modelling the large-scale struc-
ture of Pleione’s disk constrained by Ha spectroscopy
acquired between 2005 to 2019. During this time, the
Ha emission shows that Pleione underwent a transition
from a Be phase to a Be-shell phase. We find that one
single disk model, with fixed density and size, can re-
produce the Ha observations from the above period by
simply varying the disk inclination from 30° to 80° at a
rate of ~ 3.7°/year. This best-fit disk model is axisym-
metric with a base density of pg = 3 x 107!! g ecm ™3,
density power-law exponent of n = 2.7, and a minimum
outer disk radius of Ryt = 15 Reg.

Our Ha disk size agrees with Nemravova et al. (2010)
who found that an upper limit on Pleione’s outer disk
radius is set by the periastron separation of 53 Rg
(12.1 Req using the value of Req in Table 4). However,
the outer dimensions of the disk could be restricted by
the companion’s Roche radius. We note that the lower
limit on the outer disk radius, if it is set by the Roche
radius, is ~ 7 Req- We note that in the SPH simula-
tions reported by Cyr et al. (2017), they show in tables
3 and 4 that the truncation radius is larger in systems
where the disk and companion’s orbital plane are not
aligned. A full dynamic simulation will be required to
determine whether the disk could be further truncated
by the companion’s Roche lobe.

We fit a precessing disk model to the inclinations de-
termined through He fitting, and find the best-fit model
has a minimum inclination of 25°, a maximum inclina-
tion of 145°, and a period of ~ 80.5 years. We extrap-
olated this model over 120 years to evaluate the fit to
archival observations.

We find that this model reproduces the observed EW
from 2001 to 2021, including the rapid drop in brightness
in 2007. Our model’s peak Ho EW is ~ —2.8 A while
the maximum observed value is ~ —3.8 A in ~ 1960
and again in ~ 1997. The observed data from ~ 1970
to ~ 1985 could also be matched if the precessing model
were shifted by ~ 8 years, so that ¢« = 30° in 1971.

Our precessing model is unable to follow the gradual
rise in Ho EW from ~ 1980 to ~ 1995 leading to the
peak value, and the decrease from ~ 1997 to ~ 2001.
The V-band magnitude matches from ~ 1945 to ~ 1970
and again from ~ 1990 to ~ 2007, but fits poorly outside
of these times because of the rapid drops in 1971 and
2007. Before 1938 Pleione was diskless, so the model
is not expected to reproduce the observed trend before
then. The V-band polarization position angle fits from
~ 1974 to ~ 2005, and like the V-band magnitude is
unable to capture the rapid drop in 2007. We note that
the model would reproduce the data if it were to reset
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to ¢ = 60° in 2007. We also find the V-band percent
polarization fits the observations at all times, but the
degree of variation is relatively small.

To align the precessing disk model’s polarization po-
sition angle to observations, we find that the precession
axis of the star must lie at 115° east of north when pro-
jected onto the sky. This is in approximate agreement
with the value of ~ 122° determined by Hirata (2007)
with their model based on observations of the polariza-
tion position angle.

We further compared our observed polarization po-
sition angles to the interferometric disk normal posi-
tion angle inferred from interferometric observations.
Our values were consistent with those of Touhami et al.
(2013) who found a value equivalent to 69° in 2008, and
with Cochetti et al. (2019) who found a value equivalent
to 63° in 2014 (recall the red dots in the bottom left and
right panels of Figure 14).

Overall, the precessing model (in which the whole disk
precesses with the same rate and orientation) failed to
address most of Pleione’s observational features.

Inspired by the recent models of Kraus et al. (2020)
and Suffak et al. (2022), we created an ad-hoc disk tear-
ing model which incorporates our precessing disk model
and explains the large-scale variations of Pleione’s ob-
servables, and also seemlessly incorporates the results of
Hirata (2007), Tanaka et al. (2007) and Nemravova et al.
(2010). In our ad-hoc model, the disk initially is whole
and tilted away from the stellar equator. At some point
(likely once the disk becomes sufficiently massive), the
disk is torn into two parts: an inner part still anchored
to the star, having therefore an inclination angle of 60°,
and an outer part which is free to precess around the
star. What follows is a slow increase in size and density
of the inner disk and a gradual dissipation of the outer
disk, which is no longer fed by the central star.

Previously, Hirata (2007) and Tanaka et al. (2007)
also found that Pleione’s disk inclination changes over
time. Using a precessing disk model, Hirata (2007)
reproduced the change in polarization position angle
across the Be-shell to Be transition in 1989. Using the
times between edge-on events, they also found the pe-
riod of precession to be 80.5 years, the same value we
determined. Building on Hirata (2007)’s model, Tanaka
et al. (2007) claimed that the precessing disk had par-
tially re-accreted leading to the rapid drop in brightness
in 2007. They also proposed that the sudden appearance
of shell lines alongside the drop could be explained by
a secondary disk forming in the stellar equatorial plane,
which is consistent with our ad-hoc disk tearing model.
Nemravovd et al. (2010) also explained the appearance

of shell lines with the formation of a new disk, and we
expand on this below.

Our best-fit disk model shows that during the Be to
Be-shell transition, that shell lines appear at inclina-
tions near 40° and greater. We acknowledge that these
inclinations are smaller than typically assumed for the
appearance of Ha shell lines. Hanuschik (1996) studied
the geometry of Be star disks including the range of incli-
nations typical for shell lines. They find that shell lines
most frequently occur for disk inclinations of 75° 4+ 5°.
However, they focused only on changes in geometry and
did not consider disk temperature and the associated
changes in ionization fraction nor did they consider the
density law. Our best-fit model has a disk density slope
of n = 2.7, meaning that the density falls more grad-
ually with increasing radius, allowing for shell lines to
appear at lower inclinations. Also, viscous disks flare
with radial distance from the central star (see, e.g., Car-
ciofi 2011) resulting in more material further from the
equatorial plane with increasing radial distance. Silaj
et al. (2014) also showed that shell lines could form at
lower inclinations. For example, for the B8 Ve star, 4
Aql, they modelled shell lines at inclinations of 46° with
n = 2.5, and at 43° with n = 3.0 and 3.5. Further-
more, in Pleione’s tilted disk, the path length through
the disk along the line of sight changes over time as the
disk inclination varies as well. We also believe that the
disk may be warped which could also affect shape of the
emission lines although our models only include tilted
disks and not warped disks.

We see that when the disk is aligned at the stellar
inclination of 61 + 9°, the model agrees with each of
the observables, suggesting that our disk model is well
constrained. Hirata (2007) noted that at the onset of
a shell phase in 1973, the disk’s inclination was known
to be 60° through polarimetric means. From this, they
inferred the star’s inclination is also 60°.

We find that our ad-hoc disk tearing model largely re-
produces the observed trends of Pleione’s circumstellar
environment, and agrees with previous descriptions of
the disk from the literature. Some details of our model
should be examined in further detail, such as the chang-
ing thermal structure with a tilting disk, and the dy-
namical evolution of the disk considering the compan-
ion’s influence. We also noted a number of other minor
discrepancies with work in the literature that we now
discuss.

While our model reproduces observations by changing
inclination only, we see that small changes to the phys-
ical parameters and geometry may help the disk model
fit the observables better. In particular, our model suf-
fers from the drawback that the disk is axisymmetric



and flat, while the geometry of a precessing disk is more
likely curved or warped, with possible density enhance-
ments (Martin et al. 2009). Because of this, we did not
attempt to reproduce the excess Ha flux at high ve-
locities (> 180 km/s) observed from 2006 December to
2007 February. These bumps (recall the middle panel
in Figure 9), which were also noted by Nemravové et al.
(2010), cause an increase in the EW of the line in the
transition to the Be-shell phase. At this time, there is
a clear transition where the core of the profile decreases
while the flux in the wings of the profile increases. This
is strongly indicative of a new disk forming at the equa-
tor of the star, while at larger radii the disk continues
to dissipate. We expect a fully dynamical computation
following our ad-hoc disk tearing model would repro-
duce these features, as after the disk tears the inner
disk would continue to contribute to the high-velocity
component of the Ha line profile.

Silaj et al. (2014) modelled Pleione’s disk using the
same 2007 Dec 18 Ha observation used in this work, and
found the disk’s density to be pop = 6.2 x 10712 g cm ™
and n = 2.5, at an inclination of 76°. However, we note
that our fit is constrained by a series of Ha observations
and confirmed by V-band photometric and polarimet-
ric observations which show a clear trend, providing a
stronger constraint (Klement et al. 2015).

Pleione is presently in a Be-shell phase which began
in 2007. As the inclination of the Ha emitting region
is once again nearly edge-on, this marks the half-way
point to the next rapid drop in brightness. We highly
encourage astronomers to continue collecting high time-
resolution data on this unique system, to motivate not
only the study of Pleione, but other Be stars, such as y
Cas and 59 Cyg (Hummel 1998), that have been found
to have variable disk inclinations. In addition to study-
ing the large-scale variations caused by the influence of
companions on the disk, the impact of smaller scale dy-
namical changes on the disk, such as those found by
Wang et al. (2017), should be investigated as well. Fu-
ture work should also investigate whether SPH simula-
tions using Pleione’s orbital parameters are able to ex-
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plain both the disk tearing period and the outer disk
precession period. In our follow-up work, we will deter-
mine the effect of disk tilting on the thermal structure
of Pleione’s disk.
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