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ABSTRACT

The viscous decretion disc (VDD) scenario has been used to model the observables of the Be stars. Its capability to predict
individual observables has been confirmed for several Be stars. Here, we simultaneously analyse the spectroscopic and BV I-
band photometric data for the Be star MT91-213 with the Monte Carlo radiative-transfer code hdust to determine the stellar
parameters, geometry, and physical conditions for its circumstellar disc. MT91-213 is the primary component of a binary system
whose companion is the pulsar PSR J2032+4127. We find that the VDD model can simultaneously reproduce the multiple
observables qualitatively, but not quantitatively. We determine the mass of the primary star to be 13.1 Mg which is smaller than
reported in the literature. We present a dynamical scenario for the evolving disc density from a diffuse to a dense phase. Also,
we determine that the inclination of the disc is about 40° which means it is 20° tilted from the orbit of the secondary star. Our
results indicate that the mass loss rate for MT91-213 is ~ 10~7 to 10"°M, yr~! which is in agreement with the suggested values

in the literature, required to explain the observed X-ray synchrotron luminosity, Ly, for PSR J20324-4127.
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1 INTRODUCTION

Members of a subclass of non-supergiant B-type stars are called
Be stars (Jaschek, Slettebak & Jaschek 1981; Collins 1987). They
are distinguished from their normal counterparts by fast rotation,
comparable to their critical speed, and the presence of hydrogen
emission lines in their optical spectra at some epochs during their
life. The emission lines originate from a dust-free, nearly Keplerian
disc whose inner regions are geometrically thin, and optically thick
(Quirrenbach et al. 1997; Rivinius, Carciofi & Martayan 2013).

Be discs are built by the material ejected from the Be star.
Since after injection into the disc, the radial movement of the
particles is outward, the Be discs are sometimes called ‘decretion
discs’. However, they include both accretion and decretion phases
at different stages of their life. The Viscous Decretion Disc (VDD)
model, originally proposed by Lee, Osaki & Saio (1991) has been
extensively used to explain Be phenomena in Be stars (e.g. Carciofi
et al. 2006; Klement et al. 2019; Suffak et al. 2020; de Almeida
et al. 2020; Ghoreyshi et al. 2021; Marr et al. 2021, 2022). The VDD
model, however, does not explain how the material gains enough
angular momentum to escape the star and remain in orbit around
it. We assume that the material is ejected at a distance Ry, slightly
larger than the star’s equator (Rimulo et al. 2018). Most of the ejected
material (~90 to 99 per cent) falls back onto the star’s surface, but
the remainder slowly diffuses outward (Okazaki et al. 2002). The
fate of the material with enough velocity and angular momentum
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to remain in orbit is governed by gravity and viscous forces (e.g.
Okazaki 2001; Bjorkman & Carciofi 2005). In the VDD scenario,
the viscosity in the Be disc is described by the a-disc prescription
proposed by Shakura & Sunyaev (1973) for accretion discs. Note
that, the main difference between accretion and decretion discs is the
direction of material flow.

An important part of the Be phenomena is the variability of the
observations of these star/disc systems. The time-scales of these
variations are from hours to years (Peters 1986; Hanuschik et al.
1993; Baade et al. 2016). Common sources of variability in these
systems include non-radial pulsations (Rivinius et al. 2013; Kee et al.
2016b), disc density enhancements, for example, one-armed density
oscillations (Okazaki 1997, Stefl et al. 2009), changes in the mass
injection rate from the star into the disc (e.g. Carciofi et al. 2007;
Haubois et al. 2012; Ghoreyshi et al. 2018), and binarity (Panoglou
et al. 2018, and references therein). Within the list above, changes
in the rate of mass (or alternatively angular momentum) loss of the
central star is the most frequent cause of disc variability, which in
turn causes changes in both the brightness and spectral line profiles
of these stars. Typically, we define two phases in the life cycle of Be
discs: disc formation, when the star builds the disc by mass injection
into the orbit, and disc dissipation, when mass injection stops and
the disc dissipates (Haubois et al. 2012).

Ghoreyshi et al. (2018) used the VDD model to reproduce the
V -band photometric data collected over three decades for the Be star
w CMa (B2.5Ve). This data included several periods of disc build-up
and dissipation. It was the first thorough analysis of the disc evolution
in a Be star. Later, Ghoreyshi et al. (2021) extended the same model
to polarimetric and spectroscopic data and found that a single VDD
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model, in its current formalism, cannot account for the variability of
all observables simultaneously. More specifically, the authors found
that different regions of the disc (probed by different observables,
with the V band responding to changes in the inner disc and the
H o resulting from emission of the entire disc) experience different
rates of dissipation, which led the authors to suggest that a radially
variable viscosity « parameter, and/or radiative ablation may help to
resolve this problem.

The other star for which a dynamical VDD was developed was
660Oph (Marr et al. 2021). This star is also an early Be star,
B2Ve, similar to @ CMa. Marr et al. (2021) modelled the complete
dissipation of the disc over a 21-yr period and found that an
isothermal disc with a constant & = 0.4 matched the observations
during dissipation. After dissipation, 66 Oph remained bright in the
radio, consistent with observations, suggesting that a reservoir of
disc material remained at large distances. However, it should be
pointed out that the successful fit of the dissipation could only be
achieved when the authors assumed an ad hoc model that matched
observations at the start of dissipation since a model for the entire
growth phase of 66 Oph could not be developed, due to lack of data.
When considered collectively, these prior studies indicate that, in
its current form, the VDD lacks the ability to predict either the
structure of the disc at the end of its construction (as indicated
by the ad hoc model required by Marr et al. 2021) or additional
mechanisms controlling the dissipation. Clearly, both issues could
be interconnected, suggesting that key pieces of the puzzle may still
be missing.

MT91-213 (Cyg OB2-4B) is a BO star, with a reported mass
between 14.5 Mg (Wright, Drew & Mohr-Smith 2015) and 17.5 Mg
(Kiminki et al. 2007) in the Cygnus OB2 stellar association, at a
distance d = 1330 pc (Kiminki et al. 2015). The bolometric lumi-
nosity of the star reported by Wright et al. (2015) is L = 15100 L.
According to a recent observation and parallax measurement by
Gaia, the inferred distance of MT91-213 is d = 1760739 pc (Gaia
Collaboration et al. 2021). MT91-213 is the primary component
of an X-ray binary system. The companion is the young pulsar PSR
J2032+-4127 which is orbiting around the Be star in a highly eccentric
orbit (e = 0.94 ~ 0.99), and a period of 45~50yr (Ho et al. 2017).

MT91-213 has been observed extensively during the last decade
by many observers. We observed and collected photometric and
spectroscopic data for MT91-213, during the last six years. This gives
us a chance to use the VDD model for the simultaneous modelling
of the two data sets. In addition to extracting the disc parameters, we
investigate the agreement between the model and data in terms of
the EW of H line. Indeed, the main goal of this paper is to apply
the same methodology as Ghoreyshi et al. (2021) to a portion of
the well-sampled data of MT91-213 to see if the same results and
issues appear. Be stars whose discs were explored and modelled in
the frame of the dynamical VDD are scarce. Thus, it is important at
this early stage to increase the number of samples to discover any
pattern in the results.

In Section 2, we present the observed data. In Section 3, we
introduce the theory and tools that are used to model the data.
In Section 4, we describe how the stellar parameters of MT91-
213 were determined. Then, we present our models for the BV I-
band photometric, and H « spectroscopic data. Section 5 provides a
discussion of our results, and finally, in Section 6, our conclusions
are presented.

2 OBSERVATIONS

The photometric data for MT91-213 were collected from many
sources starting in 2013 April. The full V-band light curve of
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Figure 1. V-band photometric data for MT91-213. The coloured solid
vertical lines represent the epochs when the spectroscopic data were observed.
The C8 observations were used to compare with the models presented in
Sections 4 and 5.

MTO91-213 is shown in Fig. 1. A cyclic variation is seen, with 10
distinguishable cycles. Throughout this text, we refer to the cycles
by Ci, where i is the cycle number, as indicated by grey strips in the
Fig.

Cycles C1 to C4 were sampled by observations from the Tartu
Observatory.! in Estonia, an 0.31-m RAITS telescope equipped with
an Apogee Alta U42 CCD camera and Johnson-Cousins BV RI
filters. Cycles C4 (partially), C5, C6 (partially) were covered by
Gaia DR2 G-magnitudes adjusted accordingly to the V-filter data?
The brightness values for cycles C6 (late epochs), C7, C8 (early
epochs) were adopted from the ASAS-SN data base.? using boxcar
filtering within a 5-d window. The ASAS-SN flux of MT91-213 was
blended by neighbouring stars which are assumed to be constant. The
blending level was estimated at epochs when ASAS-SN and other
telescope observations coincide (Gaia DR2 in C6 and iTelescope.net
in C8). The cycle C8 data were obtained with the iTelescope.net
robotic telescopes T7 and T21. Cycle C9 and C10 data were measured
on frames obtained with the RAITS telescope, and with the 60-
cm telescope (Kolka et al. 2017) at Tartu Observatory. Differential
aperture photometry has been used in all cases using the nearby
comparison star MT91-227 (O9V). The most recent photometric
data (from ¢t = 58040 MJD and onward) were observed at Tartu
Observatory with the ‘iTelescope.net’ robotic telescopes T7 and T21,
and with the 60 cm telescope (Kolka et al. 2017).

Spectra of MT91-213 were also obtained at Tartu Observatory
with the 1.5-meter telescope AZT-12 (Folsom et al. 2022). We
used the long-slit spectrograph ASP-32 with the Cassegrain focus
and a 1200 lines/mm grating, providing a resolution of R ~ 4700
near the Ho line. The spectra covered the red spectral region
from 6200 to 6900 A. For the wavelength calibration, we used
comparison spectra from a ThAr lamp, taken before and after the
target exposure(s), approximately every half an hour during the long-
time series. Observational data were reduced using ESO-MIDAS*
long-slit reduction package.

Spectroscopic monitoring was carried out over 50 nights from
2017 20 October, to 2022 12 April. Spectra taken during one night did

https://kosmos.ut.ee/en
2https://gea.esac.esa.int/archive/documentation/
GDR2/Data_processing/chap_cu5pho/sec_cuSpho_calibr/
ssec_cuSpho_PhotTransf.html
3https://asas—sn.osu.edu/variables
4https://www.eso.org/sci/software/esomidas/
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Figure2. MT91-213 He line profiles at different epochs of its disc evolution.
The colours of each line profile correspond to the stars in Fig. 3.

Table 1. Spectra of MT91-213 shown in the Fig. 2.

MID Number of spectra Total exp. (s) S/N
58051 11 12600 300
58126 6 5400 150
58203 4 3600 110
58263 9 8100 140
58329 6 5400 150
58343 4 3600 120
58395 9 8100 200
58535 7 6300 130
59191 10 9000 140

not show variability exceeding 1 per cent of the flux level and were
co-added for improved signal-to-noise. The vertical brown and green
lines in Fig. 1 represent the epochs when the spectroscopic data were
observed. Since most of the cycles were monitored sparsely, we only
model C8 which has simultaneous spectroscopic and photometric
data, with clear disc formation and dissipation phases. Fig. 2 shows a
subset of spectra representing the main stages of disc formation and
dissipation during C8 and C9. The observational logs of the selected
spectra are given in Table 1. The line colours match the colours of
the stars on the orbit of the companion in Fig. 3. Some spectral lines
are asymmetric. In general, the asymmetry in the spectral lines of
Be stars can be due to m = 1 density waves and/or m = 2 binary
interaction. An interesting epoch is at MJD = 58051. By matching
the epochs in Figs 2 and 3, MJD = 58 051 is coincidentally when the
companion is close to the periastron (~10 AU), but the asymmetry
may be due to normal V /R variations such as an m = 1 mode (Kato
1983; Okazaki 1991; Carciofi et al. 2009) since the secondary is too
far away to cause any meaningful perturbations on the primary’s disc.
Note that, the typical distance between the components of a Be star
in which m = 2 plays a role is about 10 R.q (Panoglou et al. 2016).

3 METHODOLOGY

3.1 The singlebe code

To model Be star discs, the surface density of the disc, X(r, t) is
required, where r is the distance to the centre of the star.’ This
is provided by the singlebe code (Okazaki 2007), which solves

SWe assume our models are axisymmetric, so X is not a function of azimuth

The disc around the Be star: MT91-213 2869
r 200 *17 1
o) i : e I.J'Li{.:_;,*' —t ”‘*‘: bt 7
L oo~ ' —200 # 1
s F * + 1
9 ol
88 T
- Tp]
= T 1
o F T 1
= 31 o€ ]
o
Al 1 _
Al 1 i
r -t To Earth 1
| Lo T o Ear 1 ]
(=]
=il i 1 -
8 — Discovery . -
- L L | L L " L | L PR L | " L L " L L L
! —15000 —10000 -5000 0

X (light—sec)

Figure 3. Approximate orbits for MT91-213 and PSR J2032+4127 around
their mutual centre of mass calculated by Ho et al. (2017). The coloured stars
correspond to the epochs when the spectroscopic data in Fig. 2 were observed.

the isothermal 1D time-dependent fluid equations in the thin-disc
approximation (Pringle 1981). singlebe uses a 1D grid to model the
disc at a distance between the equatorial radius of the star, R.q, and
the outer radius of the disc, Roy. A logarithmic array with an optional
number of cells is used for the grid. Our models in Section 4 have 400
cells. The central star ejects material into orbit at an arbitrary cell at
a distance of R;,j. Ghoreyshi, Jones & Granada (2023) showed that
%, and consequently the observables, are not sensitive to variation
of R, as long as the range of variation is small in comparison to the
size of the disc. The input parameters of singlebe are stellar mass,
M, stellar effective temperature, 7., mass injection rate, Mmj(t),
surface density of the disc at Rj,j, Xo, temperature of the disc, Tyisc,
Req, Routs Rinj, the viscosity parameter, a(t), and the duty cycle of
each cycle, DC, defined as the ratio of the duration of the active phase
— during which mass is being lost — to the total length of the cycle. A
small fraction of Minj, given by Minj [(Rinj/ ch)'/ 2 — 1], remains in
the disc while rest of material falls back onto the star. Hereafter and
following the VDD model, the viscosity controls the spread of the
injected matter in the disc. For more details about the singlebe code,
see Okazaki (2007).

We usually use singlebe when the dynamical evolution of the Be
disc is being studied. Haubois et al. (2012, 2014), Ghoreyshi et al.
(2018, 2021), Rimulo et al. (2018), and Marr et al. (2021) are some
examples where singlebe was used to provide a dynamic X for Be
star discs.

3.2 The hdust code

3(r, t), provided by singlebe, is used by the Monte Carlo radiative
transfer, fully 3D code hdust. It solves the radiative transfer, radiative
equilibrium, and non-LTE statistical equilibrium equations to obtain
the hydrogen-level populations, ionization fraction, and electron
temperature as a function of position in a 3D envelope around the
star (Carciofi, Bjorkman & Magalhdes 2004; Carciofi & Bjorkman
2006, 2008). We adopt a Gaussian vertical density profile with an
isothermal disc scale height (H) to convert ¥ to volume density (o)
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given by the following formula:

(r )_7(;*,1‘) ex (—7Z2 > )]
P T I H G P\ 2m0)

where z is the vertical distance from the disc equator. The isothermal
scale height, H(r), defines the disc flaring as a function of r. H(r)
is given by

r O\
H(r)=Ho(R ) ; 2
eq

where 1 is the disc flaring component. For an isothermal disc, 1
equals to 1.5 (Carciofi & Bjorkman 2006). Hy, the scale height at

7 = Reg, is defined as
C

Hy= —Req, 3)
Vorb

where C; is the sound speed of the disc, and vy, is the orbital
velocity at the base of the disc. In addition to the parameters named
above, hdust has the following input parameters: stellar mass (M),
stellar luminosity (L), stellar polar radius (Ryo), linear rotational
speed ratio (W = vo/vorp), the Von Zeipel gravitational darkening
exponent 8 (von Zeipel 1924), R,y, and Ty. hdust uses these
quantities to calculate the emergent flux including observables such
as the emission line profiles, the polarized spectrum, and synthetic
images over desired wavelengths.

In the hdust models, the central star is located at the origin of
a spherical coordinate system. The star and disc are concentric.
Although the plane of the Be discs can be tilted (Suffak, Jones &
Carciofi 2022, 2024), in our models using hdust, the disc is assumed
to be in the equatorial plane. The spherical envelope surrounding
the star is divided into a grid with an optional number of cells. Our
models in Section 4 consist of a grid with 40 radial, one azimuthal,
and 20 polar cells. The interactions between photons and gas particles
happen individually in each cell. Then, the code calculates the total,
scattered, emitted, and transmitted flux at each wavelength.

During the last decade, hdust has garnered good success for
modelling Be stars and their discs. There are several theoretical
studies, namely, Carciofi & Bjorkman (2006, 2008), Haubois et al.
(2012, 2014), and Faes et al. (2013) where hdust was used as the
main tool to explore Be discs. hdust has also been used extensively
for reproducing the observables of the Be stars such as visible
and IR photometry (e.g. Carciofi et al. 2012; Baade et al. 2018;
Ghoreyshi et al. 2018, 2021; Rimulo et al. 2018; Vieira et al. 2021),
radio photometry (e.g. Klement et al. 2017, 2019), polarimetry (e.g.
Carciofi et al. 2007, 2009; Faes, Carciofi & Domiciano de Souza
2016), spectroscopy (e.g. Carciofi, Miroshnichenko & Bjorkman
2010; Suffak et al. 2020; Ghoreyshi et al. 2021; Marr et al. 2022),
and spectro-interferometry (e.g. Carciofi et al. 2009; Wheelwright
et al. 2012; Klement et al. 2015; Faes et al. 2016; de Almeida et al.
2020).

3.3 The BeAtlas models

A challenge in reproducing the observables of the individual Be stars
is acquiring accurate stellar parameters for the starting point of the
data fitting process. To address this problem, the BeAtlas project was
designed for a comprehensive investigation of Be stars and the VDD
scenario. The project covers a range of stellar parameters for the stars
from O9 to AO sub-spectral types, with a systematic grid of models
generated by the hdustcode (Rubio et al. 2023).

BeAtlas adopts the evolution of the stars based on the stellar
evolution models from Geneva Group (Georgy et al. 2013; Granada
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et al. 2013), for the stars at O to 1 times their main-sequence lifetime.
The models were computed for a range of W between 0.0 and 0.99,
%o between 0.02 and 4.0 g cm™2, inclination angle (i) between 0 and
90°, the n parameter between 1.5 and 4.5, and R, between 10 and
100 Req.

To determine the stellar and/or disc parameters, we use an
algorithm based on the Markov Chain Monte Carlo (MCMC)
sampling method developed by Foreman-Mackey et al. (2013) which
determines the posterior probabilities of a set of model parameters.
Having the observed data as an input, BeAtlas explores the model
grid to find the probability distribution function (PDF) of the stellar
and/or disc parameters. The likelihood function used in BeAtlas is
as follows

2
o P ) @

log p(D|®, 1) = —0.5 (
&p UFobs/Fobs

where D and © represent the observational data and the model
parameters, respectively. Fops is the observed flux, Fi,oq is the model
flux, and o, is the error of the observed fluxes. Also, if some
information about a given parameter, for instance, the distance, is
already known, BeAtlas can take this information into account.

In Section 4, we use BeAtlas to determine the stellar parameters of
MT91-213. Then, we model its photometric and spectroscopic data
by using the singlebe and hdust codes.

4 MODELLING

4.1 Determining the stellar parameters

We used the BeAtlas to determine the stellar parameters for MT91-
213. Usually, an observed spectrum including the hydrogen lines is
read by the BeAtlas as Fyps. It is usually much simpler to model a
discless stage to avoid possible interference of the disc on the stellar
parameters (Rubio et al. 2023). The data collected att = 58 395 MJD
(the lowest line profile in Fig. 2) shows an absorption He« line. The
two spectra observed at epochs before and after + = 58 395 MJD
reveal emission in Ha which means a disc was present then. Thus,
it seems likely that the Ho line at # = 58395 MJD may not be
purely photospheric, but rather it may be influenced by some small
disc emission. Therefore, we cannot use it with confidence for our
modelling to determine the stellar parameters. Instead, the helium
lines are not generated at typical temperatures of the Be discs and
can be treated as purely photospheric lines.

We model the helium spectra of MT91-213 from the ING archive
observed with WHT ISIS spectrograph on 2012 September 25 (r =
56195 MJD) with R ~ 3000. fig. 3 in Salas, Maiz Apelldniz &
Barba (2015) demonstrates that MT91-213 (Cyg OB2-4B) was at
a minimum state, apparently without disc, at this epoch.

Fig. 4 shows the model fit reproduced by BeATlas compared to the
observed spectra for MT91-213. The grey line is the observed data.
The red and blue lines are the synthetic spectra based on the stellar
parameters reported in the literature and determined by BEMCEE,
respectively. The three main lines that are modelled are H y, He 4388,
and He 4471 from left to right. Although the red curve matches better
the H y line, it fails to reproduce the helium lines. On the other hand,
the blue curve best fits the helium lines that are good representatives
of the photospheric spectrum.

The stellar parameters calculated by the BEMCEE are compared
to those reported in the literature in Table 2. Our model suggests a
smaller mass, a lower inclination angle, and a closer distance. With
a rotational speed ratio of W = 0.81, MT91-213 spins above the
average value of 0.75 for the Be stars (Rivinius et al. 2013).
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Figure 4. The model fit of the Hy, He4388, and He4471 lines. The
black line shows the observed spectra for MT91-213 at t+ = 56 195 MID.
The red and blue lines represent the model fits calculated by using the
stellar parameters for MT91-213 from the literature (Kiminki et al. 2015;
Wright et al. 2015; Gaia Collaboration et al. 2021) and our BeAtlas model,
respectively.

Table 2. The stellar parameters of MT91-213 determined in this work and
reported in the literature (Kiminki et al. 2015; Wright et al. 2015; Gaia
Collaboration et al. 2021). The uncertainties are for 1o error.

Parameter this work literature
M (Mg) 13.1 £0.2 14.5-17.5
L (Lg) 17000 £+ 500 15100
Ryole (Ro) 5.73 £ 0.05

Req (Ro) 7.61 +0.05

Tpole (k) 29000 £ 500 28 900-30 900
Vror (km's™1) 457+ 45

i(°) 40+£5 60

d (pc) 1430 £ 70 1760

p (mas) 0.701 0.568
w 0.81 +0.07

B 0.173 £ 0.05

4.2 Modelling the data

C8 was much better sampled than other cycles. Therefore, our main
focus is to model this cycle in great detail. This cycle started at about
t = 58 000 MJD. Note that, the star was brighter at the end of C7 than
at the end of C8. This means that the star began mass ejection before
the disc drained completely at the end of C7, or that the star had not
gone into a true quiescence phase during C7. Consequently, residual
disc gas remained which resulted in an excess in the brightness. This
phenomenon was also noted by Ghoreyshi et al. (2018) for the case of
w CMa. Therefore, the mass reservoir (Ghoreyshi et al. 2018, 2023;
Rimulo et al. 2018) accumulated during the previous cycles (C1 to the
end of C7) must be taken into account in our models. Thus, we start
the modelling process by reproducing seven cycles before C8. We do
not intend to model the short-term brightness variations (flickers);
rather, we model the events that were arbitrarily chosen to be longer
than one month which form the overall shape of the light curve. The
goal is to match the model and observed magnitudes of the system
at the end of the seventh disc dissipation phase. The free parameters
are X, Minj, a, and the DC. We found that the best agreement
between the model and observed magnitudes can be achieved with
the following values for each free parameter: Xy = 2.50 gcm™2,
Min; = 5.00 x 107 Mg yr!, & = 0.90, and DC = 0.36. The latter
means that the average length of disc formation and disc dissipation
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Table 3. The range of free parameters in our models.
%o My o DC
(gem™2)  (x107Mgyr™h)
Formation phase ~ 1.60-3.30 3.0-8.0 0.25-1.0 0.27-0.42
Dissipation phase 2.36 0 0.05-1.0 0.36

Table 4. «q4 and i for the C8 dissipation phase.

Filters B |4 1
ag 0.43 0.50 0.50
i(°) 45 35~40 35
fre=
=
©
=
T
o
st
=

WD a¥aP Rk X OO R0 PP
I(g/lem?) M (107° M, /yr) i)

Figure 5. Best-fitting disc model based on the BV I photometric and H o
spectroscopic data for MT91-213. The top panels show histograms of the
posterior probabilities. The off-diagonal panels show two-by-two correlations
of the free parameters.

phases during the first seven cycles are 0.26, and 0.46 yr, respectively,
i.e. DC = 0.26/(0.26 4- 0.46) = 0.36 (Table 4).

Now that, an adequate mass reservoir has been built, we model
C8. We follow the modelling procedure explained in Ghoreyshi et al.
(2018) for the Be star @ CMa. In short, we start by modelling the
formation phase only. When a good model fit is found, we then model
the dissipation phase. However, Ghoreyshi et al. (2018) modelled
only the V band. Hence, the goodness of their model fit was examined
for only the V band. But in this work, we provide a model that
reproduces the BV I bands and the EW of H « line, simultaneously.

For the disc formation phase, we created a grid of models by using
the singlebe and hdust codes with a range of input parameters listed
in Tables 2 and 3. We use the MCMC sampling method to find the
best agreement between the BV I photometric data, the equivalent
width (EW) of the observed H « line, and our models. The MCMC
code returned the following as the best values for input parameters
of the models: g = 2.36 gem™2, My = 5.72 x 107" Mg yr !,
and i = 41° (Table 4).

The corner plots in Fig. 5 show the results obtained by MCMC.
Using these values and fitting the BV I photometric data we find that
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Figure 6. Top: Comparison of the models and V-band photometric data for
MT91-213. The blue stars show the observed data and the solid blue line
represents the best model for the disc formation phase. For the dissipation
phase, each coloured solid line corresponds to the inclination given in the
legend. The best agreement between the models and data is fori = 35° ~ 40°.
Bottom: Comparison between the models and the EW of H« spectroscopic
data for MT91-213.
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Figure 7. The same as Fig. 6 for the dissipation phase. The best agreement
between the models and data is for i = 45°.

the viscosity parameter for formation phase oy = 0.85, and DC =
0.36 provide the best match using the minimum reduced chi-squared
%24 values. The top panel in Fig. 6 displays the model fit of the V-
band light curve of MT91-213. The blue stars are the observed data.
The blue solid line during the disc formation phase corresponds to
the best model determined by MCMC.

Now that, we have a model that reproduces the data during the disc
formation phase in C8, we start modelling the disc dissipation phase.
For this step, the grid is more restricted since the best values for X
and DC are already obtained. Also, we set Minj = 0, corresponding
to a true quiescence phase. Thus, the only free parameter left is «,
ranging between 0.01 and 1.0. The beginning of the disc dissipation
phase when the brightness drops significantly is an important stage
for determining «, since this part of the curve produces the slope.
We find that the value of oy = 0.50 best represents the observed V-
band photometric data. In Fig. 6, each coloured solid line during the
disc dissipation phase represents an individual model at the indicated
inclination. According to the minimum Xid, the optimum model is
ati = 35 ~ 40°. The bottom panel in Fig. 6 shows the observed EW
of H « line compared to the models for a range of inclination angles
between 35° and 60° as indicated in the legend. The model and data
align during the disc formation phase and early in the disc dissipation
phase. However, a noticeable deviation between the model and data
becomes evident in the middle of the disc dissipation phase.

Figs 7 and 8 are the same as Fig. 6, but for B- and [-filters,
respectively. We note that the photometric data for both B- and /-
filters are more abundant than that of V-filter. We determined the oq
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Figure 8. Comparison of the models and /-band photometric data for MT91-
213. The blue stars show the observed data and the solid blue line represents
the best model for the disc formation phase. For the dissipation phase, each
coloured solid line corresponds to an inclination given in the legend. The best
agreement between the models and data is for i = 35°.
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Figure 9. Estimated size of the Ha emitting region versus time. The blue
stars and the purple curve show the size of emitting region calculated from
the PS of the observed and synthetic Ha line, respectively. The green and
red curves show the formation loci of 95 per cent of the integrated flux of the
H o spectrum with and without the continuum, respectively.

to be 0.43 and 0.50 for B- and [-filters, respectively. Recall that we
obtained a value of 0.50 for the V-filter. Also, the best results for
B-, V-, and [I-filters were found for i = 40°, 35° ~ 40°, and 35°,
respectively, which shows the parameters are consistent for the three
filters.

5 DISCUSSION

Modelling the H « line provides an opportunity to estimate the size
of the disc in this particular wavelength which is often considered
to encompass the largest emitting region. Fig. 9 shows the size of
emitting area for Ho which was determined by different methods
which are described as follows. The purple curve was calculated
from the peak separation (PS) of the H « line based on the best model
presented in Fig. 6 for i = 40°. We note that the disc is Keplerian
and therefore an estimation of the size of the emitting area from the
PS is given by

_ GM
7 (v/sini)?’

&)

where R. is the size of the emitting area, G is the gravitational
constant, M is the stellar mass, and v is half the measured peak
separation, determined by a Gaussian fit to both emission peaks. The
blue stars represent the size of the disc based on the PS of the observed
H« line. To calculate the errors, we allow the independent variables
of the Gaussian function to vary and fit each peak separately. Similar
to the EW, there is a good agreement between the model and the
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observed data during the formation phase. However, Fig. 9 shows
that the model predicts a decrease that is not observed (blue stars).

To understand Fig. 9, we should recall from figs 2 and 7 in Rivinius
et al. (2013) that for a typical Be star, most of the V-band continuum
originates from the regions close to the star (~ 2 R.q) while the Ha
extends to farther regions (~ 10 R.q). The green curve is calculated
using 95 per cent of the integrated flux of Ho spectrum, including
both the continuum and the line profile. The red curve shows the same
as the green curve but was calculated by including 95 per cent of the
total flux for the spectral line only. There are two main differences
between green and red curves: (1) when the continuum is included,
the size of the disc appears smaller. This is because the continuum is
greater at smaller radii. (2) The green curve has the same trend as the
EW (dropping by the onset of disc formation and increasing by disc
dissipation) in Fig. 6 and this is because C8 starts before the disc is
completely dissipated in C7. If there were no disc before C8, the H o
size would indicate an increase at the beginning of disc formation.
But when the formation phase of C8 starts, the continuum rises
first, and the total emission from the innermost regions increases.
Therefore, the loci of 95 percent of the integrated flux is closer
to the star than previously (i.e. at end of C7). Consequently, we
see a smaller but brighter disc. Later, at the beginning of the disc
dissipation phase, the continuum drops. Recall that disc draining
begins from the innermost regions. Thus, the dominant emitting flux
will be the H o line whose loci is larger than the continuum at this
wavelength. Thus, the disc seems bigger in radial extent than before.
Later, when the disc draining reaches the outer regions, including the
total volume of the Ho emission, the total emission drops and disc
appears smaller.

We see that the disc around the MT91-213 is small with a radial
extent of the Ha emitting region of about 4.5 R.q. This is reasonable
considering that the disc was built only in three months.

Here, we discuss the mismatch between the observed and modelled
EW of Ha presented in Fig. 6 in more detail. While the data drop
quickly, the model remains relatively flat. Also, it is important to
observe that immediately after dissipation begins, the model magni-
tude of the H o EW increases and only starts decreasing after several
weeks. This phenomenon occurs because the continuum emission
drops faster than the line emission, causing the EW to increase.
Additionally, despite the dissipation process, the disc continues to
grow, contributing to an initial increase in the overall EW. A simple
explanation for this discrepancy is that the disc density at larger radii
could not be emptied fast enough with the value of « determined in
Section 4. Ghoreyshi et al. (2021) also found this issue in the case
of the Be star, w CMa. They suggested that a radially increasing o
could speed up the dissipation process in the outer regions, without
changing the period of disc dissipation in the inner disc that is well
matched the photometric V-band. They modelled the EW data with a
larger o and found better agreement between the data and the model
demonstrating that a higher value of « for larger radii was required.

Following the method presented in Ghoreyshi et al. (2021), we
modelled the EW data of MT91-213 with « greater than what was
found from the results in Fig. 6. The results are shown in Fig. 10.
Although the 2, increased, i.e. the overall fit is not as good as that
of Fig. 6, and the agreement between the data and model for the EW
curve, is only better at the end of the disc dissipation. Recall that in
Fig. 6, the best result was found by oy = 0.50. In the new model,
we find the best result by og = 0.90. We emphasize that this is not
a radially variable & model, but it is a clue that a radially variable «
may resolve this issue.

Since MT91-213 is a BO-type star, radiative ablation (Kee,
Owocki & Sundqvist 2016a, and subsequent papers) could be an
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Figure 10. Same as Fig. 6 but for a higher value of « during the disc
dissipation.
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Figure 11. A comparison of the AAMLR for MT91-213 determined in this
work with AAMLR predicted for a sample of Be stars presented in Ghoreyshi
et al. (2023).

alternative hypothesis to resolve this inconsistency. Ghoreyshi et al.
(2021) also mentioned ablation as a possibility to explain the
dynamics of a Be disc. However, ablation has a greater effect on
the innermost volumes of a co-planar disc due to the proximity
to the central star. Therefore, its role, if any, may not be relevant
in Ha emission level. However, in terms of a tilted disc, ablation
perhaps plays a more significant role because it is proportional to
the solid angle of the disc as viewed by the star, which greatly
increases for tilted discs, leading even to asymmetries in the gas
temperature (Suffak et al. 2023). Ablation within a tilted disc setting
might prove more efficient compared to a coplanar disc. However, a
model incorporating viscosity and ablation is not within the scope of
this study and is planned for future research.

Mass and angular momentum loss rate play an important role in
the fate of Be stars. Modelling the dynamical evolution of Be discs
provides an opportunity to determine the values of these parameters.
The red star in Fig. 11 shows the average angular momentum loss rate
(AAMLR) calculated for MT91-213 based on the model presented in
Fig. 6. The grey dots in Fig. 11 represent the AAMLR for a sample
of 1000 Be stars with a wide range of stellar and disc parameters
determined by Ghoreyshi et al. (2023). The red curve is the fit to
the sample. The AAMLR for MT91-213 is close to the lower limits
of the determined values by Ghoreyshi et al. (2023). This may be
due to a small DC, and an Minj smaller than average for this spectral
type.

An estimation of M;nj is one of the outcomes of the dynamic
modelling of the photometric variations of a Be star. For MT91-

MNRAS 533, 2867-2875 (2024)

G20z Aenuer go uo Jesn dsn-seoiwing sep ‘uod op evsjolqig AQ 199/ L/L98E/E/EES/PIONHE/SEIUW/WO0D dNO"0IWePED.)/:SdYY WOy papeojumoq



2874 M. R. Ghoreyshi et al.

0.5F T T T T T " :‘A 4.0
. * Ty _3 5 PR
. Swift ~gowerd
i 5 1307 @
% =
0.3} : 1252 E
S? 2.0 | gﬂ
~ = o -
-0.2F > W
< k2 . g 4158 =
-0_1—. . -,;: L T ;PR . —-10; E
b L P T a i X
oof ™ = ) £ | %, Jdo.5= X
57300 57700 58100 58500
¢ (MJD)

Figure 12. The V-band photometry of MT91-213 (blue circles) versus
the 0.3-10.0keV Swift-XRT energy-flux light curve (red circles) for PSR
J2032+4127/MT91 213 (data from Abeysekara et al. 2018). The vertical
dashed line shows the periastron during C8.

213, we determined Minj = 5.72 x 107° Mg yr~!. Note that, Minj
is the net amount of mass injected into the disc. The total mass-
loss rate of the star can be up to 1000 times greater than Minj
(Ghoreyshi et al. 2023). This means the total mass-loss rate for
MT91-213 could be of the order of 10~7 ~ 107 My, yr~!. This is
in agreement with what Petropoulou et al. (2018) suggested for this
star. Based on the investigation of the X-ray data for MT91-213,
they suggested that a mass loss rate of M >> 10~"My/yr would
be needed to explain the observed X-ray synchrotron luminosity,
L. Fig. 12 shows the V-band photometric variations of MT91-213
(blue circles) against the 0.3-10.0 keV Swift-XRT energy-flux light
curve (red circles) of PSR J2032+4127 observed by Abeysekara
et al. (2018). While the two curves show a similar trend during the
dissipation phase of C8, the X-ray data show increases in advance of
the formation phase of C8. This can be explained by recalling that
the outer part of the disc reacts later than variations in the innermost
regions.

6 CONCLUSIONS

We used the singlebe and hdust codes to apply the VDD model
to simultaneously predict the photometric BV /-bands and Ho
spectrum of the Be star MT91-213 during a well-monitored event
of disc formation and dissipation.

To determine the stellar parameters, we also modelled the photo-
spheric lines of He 4388, and He 4471 lines of MT91-213. We find
a mass of 13.1 Mg which is less than the previous results reported
in the literature (Wright et al. 2015). On the other hand, we find its
luminosity is 17 000 Lg which is greater than reported. Since MT91-
213 is a member of Cygnus OB2 association, where the individual
extinctions and the distance of each star are subject to uncertainty,
these differences are not surprising.

Our multi-observable modelling technique suggests an inclination
of 40° &= 5° for the disc. This is about 20° less than the inclination of
the orbit of PSR J2032+4-4127 which means that the plane of the disc
is tilted from the orbital plane of the companion star.

MTO91-213 is just the third star for which a time-dependent
implementation of the VDD model is applied to study the temporal
variability associated with the growth and dissipation of a circum-
stellar disc. Therefore, a key goal of this paper is to reapply the same
modelling procedure used for the Be star ® CMa (Ghoreyshi et al.
2018, 2021), with the implicit aim of critically assessing the model’s
strengths and weaknesses. With only a few in-depth studies available,
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such controlled investigations are crucial for identifying patterns in
the results.

Like the Be star « CMa (Ghoreyshi et al. 2021), our model for
MTO91-213 offers a reasonable overall fit for the photometric light
curves. However, there is a discrepancy between between the EW of
the observed and synthetic H« spectra. Triggered by this similarity
in the results, we followed the suggestion by Ghoreyshi et al. (2021)
and examined the effect of a higher value of « for the outer regions of
the disc to resolve this issue. This adjustment to the model resulted
in a much improved description of the line variability, although it
significantly worsened the photometric behaviour. This reveals a
consistent pattern between the two stars, where the dynamical time-
scales of the inner disc (as observed in photometry) and the outer
disc (tracked by line emission) cannot be reconciled with the current
VDD models. At this initial stage, only informed speculations can
be made to explain the shortcomings of the model. We propose that
either the model parameters vary in ways that have not yet been
explored (for example, the results may suggest a radially increasing
o parameter), or there are effects not yet considered in the models,
such as ablation.

Dynamically tilted discs are starting to receive attention in the
literature, as seen in recent works such as Suffak et al. (2022) and
Baade et al. (2023). This could be an additional factor contributing
to the discrepancy, as our results indicate a tilt between the disc’s
inclination angle and the orbit’s inclination angle. Due to this tilt,
a disc may experience unequal forces from various directions,
impacting its evolution. Moreover, the dynamical evolution of the
disc influenced by a binary companion requires further investigation.
These challenges will be the focus of future work.

An important result of the dynamical modelling of the temporal
variability of the disc is to determine the average mass- (or angular
momentum) loss rate of these stars. We find that the AAMLR for
MT91-213 is closer to the predicted lower limit found by Ghoreyshi
et al. (2023). This is reasonable, noting that the disc-building phase
for MT91-213 is only about three months. However, we note that
the value we calculated for the AAMLR of MT91-213 is sufficient
to provide the observed X-ray synchrotron luminosity, Ly for PSR
J2032+4127.
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