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ABSTRACT

The observed emission lines of Be stars originate from a circumstellar Keplerian disk that are gen-

erally well explained by the Viscous Decretion Disk model. In an earlier work we performed the

modeling of the full light curve of the bright Be star ω CMa (Ghoreyshi et al. 2018) with the 1-D

time-dependent hydrodynamics code SINGLEBE and the Monte Carlo radiative-transfer code HDUST.

We used the V -band light curve that probes the inner disk through four disk formation and dissipation

cycles. This new study compares predictions of the same set of model parameters with time-resolved

photometry from the near UV through the mid-infrared, comprehensive series of optical spectra, and

optical broad-band polarimetry, that overall represent a larger volume of the disk. Qualitatively, the

models reproduce the trends in the observed data due to the growth and decay of the disk. However,

quantitative differences exist, e.g., an overprediction of the flux increasing with wavelength, too slow

decreases in Balmer emission-line strength that are too slow during disk dissipation, and the discrep-

ancy between the range of polarimetric data and the model. We find that a larger value of the viscosity

parameter alone, or a truncated disk by a companion star, reduces these discrepancies by increasing

the dissipation rate in the outer regions of the disk.

Keywords: Line: profiles; Polarization; Techniques: photometric, polarimetric, spectroscopic; Stars:

massive, rotation, circumstellar matter, variables: Be, individual star: ω CMa

1. INTRODUCTION

Be stars are a specific subclass of main sequence B-

type stars (Jaschek et al. 1981; Collins 1987) that are

characterized by the presence of one or more hydrogen

emission lines in their spectrum. The emission includes

mainly the first members of the Balmer line series. They

originate in a circumstellar environment that is in the

form of an equatorial, dust-free disk that rotates in a

(nearly) Keplerian fashion. The Be stars have initial

masses from ≈ 3.5 M� to ≈ 17 M�. In a statistical anal-
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ysis, Cranmer (2005) found that they rotate moderately

fast (≈ 0.47 vcrit, usually seen in the early types; e.g., κ

CMa; Meilland et al. 2007) to close to the critical rota-

tional speed (≈ 0.95 vcrit, usually seen in the late types;

e.g., α Eri; Domiciano de Souza et al. 2012). Due to fast

rotation, the stellar equatorial material is loosely bound

but an additional mechanism is required to launch the

material with sufficient angular momentum (AM) to re-

main in orbit.

Non-radial pulsations (NRP; e.g., Rivinius et al. 2003;

Kee et al. 2016b) are a mechanism that may facilitate

the release of material and, in turn, may play a role in

the variability of Be stars (Rivinius et al. 2013b; Baade

et al. 2017, 2018a; Semaan et al. 2018, see Section1.1).
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Changes in both brightness and spectral line profiles

are typical variations in Be stars. They are known

to be variable on a range of timescales from hours to

years (Peters 1986; Hanuschik et al. 1993; Baade et al.

2016). Associated with the photosphere, NRPs are the

cause of both short- (Baade 2000; Huat et al. 2009) and

intermediate-period variability, the latter through the

non-linear coupling of several NRP modes (Baade et al.

2018a). Disk processes, on the other hand, cause vari-

ability on all timescales. For instance, one-armed den-

sity oscillations (Okazaki 1997; Štefl et al. 2009) usually

result in variations from months to several years. The

most frequent cause of disk variability is changes in the

rate of AM injection from the central star into the disk,

J̇ , which manifests itself on all timescales from days to

weeks (e.g., Carciofi et al. 2007; Levenhagen et al. 2011)

to years and decades (Haubois et al. 2012; Ŕımulo et al.

2018). Finally, binarity effects are also an important

source of intermediate-period disk variations (Panoglou

et al. 2018, and references therein).

Outbursts and quiescence are routinely observed

states in Be stars (Rivinius et al. 1998) and they are

attributed to long term, secular variations in the disk.

When the variations are both of lower amplitude and

duration, outbursts are commonly referred to as flick-

ers (e.g., Keller et al. 2002; Ŕımulo 2017; Ŕımulo et al.

2018). For a (nearly) pole-on system, an outburst is

typically exhibited by a rapid rise in the visible and

infrared emission. Outbursts are commonly associated

to disk formation due to mass being ejected by the star,

and the excess is caused by a larger light emitting and

scattering area (see Haubois et al. 2012). Conversely,

if the system is seen edge-on the outburst will appear

as a quick decline in brightness because the cooler disk

obscures part of the hotter surface of the star. Usually,

an outburst is followed by a more gradual decay (or rise,

in the edge-on case) back to quiescence. A quiescence

phase is associated with either the cessation or reduc-

tion of AM loss and the ensuing dissipation of the disk

(Haubois et al. 2012; Ghoreyshi et al. 2018).

The Viscous Decretion Disk (VDD) model has been

successful in reproducing the observed variations of

these disks (e.g., Carciofi et al. 2009, 2010, 2012; Kle-

ment et al. 2015, 2017, 2019; Faes et al. 2016; Baade

et al. 2018a; Ŕımulo et al. 2018; Ghoreyshi et al. 2018;

de Almeida et al. 2020; Suffak et al. 2020). In the VDD

model, the material ejected by the star carries AM which

is redistributed within the disk facilitated by viscosity.

Some material remains in orbit and slowly diffuses out-

ward to form the disk, while most of it falls back onto

the star (Okazaki et al. 2002).

For approximately steady state disks (i.e., a disk fed

at a constant rate for an extended period of time)

the VDD model has a straightforward solution if one

assumes the disk is isothermal (e.g., Bjorkman 1997;

Okazaki 2001; Bjorkman & Carciofi 2005). The first

attempt to understand the dynamical evolution of cir-

cumstellar disks around isolated Be stars was done by

Jones et al. (2008). This was later followed by a sys-

tematic study by Haubois et al. (2012) who coupled

the 1-D time-dependent hydrodynamics code SINGLEBE

(Okazaki 2007, see Section 3.1) and the HDUST radia-

tive transfer code (Carciofi & Bjorkman 2006, 2008, see

Section 3.2).

Shakura & Sunyaev (1973) introduced the α-viscosity

prescription that links the scale of the turbulence to the

(vertical) scale of the disk by a constant called viscosity

parameter, α, with the following formula

ν =
2

3
αcsH, (1)

where ν represents the viscosity, cs is the isothermal

sound speed and H is the disk scale-height. The α pa-

rameter is usually assumed to be constant and it controls

the timescale of disk evolution. A large α speeds up the

diffusion process and vice versa.

1.1. ω Canis Majoris

ω (28) CMa (HD 56139, HR 2749; HIP 35037; B2 IV-

Ve) is one of the brightest Be stars in the sky (with

mv ≈ 3.6 to 4.2 mag) and has caught attention of ob-

servers for more than five decades. It is a nearly pole-

on star (i ≈ 15◦) so the measured projected rotational

velocity of 80 km s−1 (Slettebak et al. 1975) is only a

fraction of the true equatorial velocity, estimated to be

350 km s−1 (Maintz et al. 2003). A 1.37-day line-profile

variability has been observed in ω CMa suggesting that

it is a non-radial pulsator (Baade 1982). Later, this

was confirmed by Štefl et al. (1999) and Maintz et al.

(2003) by studying the line-profile variations caused by

NRP for various photospheric absorption lines of dif-

ferent species including Balmer lines, He i, Mg ii, and

Fe ii. Recently, from space photometry with BRITE-

Constellation (Weiss et al. 2014), Baade et al. (2017)

found that the 0.73 d−1 frequency (corresponding to the

1.37-d period) is part of a NRP frequency group be-

tween ∼0.55 d−1 and ∼0.8 d−1. Another frequency

group between ∼1.15 d−1 and ∼1.45 d−1 seemed to ex-

hibit a much increased amplitude at a time when the

mean brightness also increased, i.e., matter was ejected

into the disk when the NRP amplitude was high. Obser-

vations with the TESS satellite of hundreds of Be stars

have established such a correlation in dozens of other Be
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stars (Labadie-Bartz et al. 2020), suggesting that non-

linear coupling of NRP modes (Baade et al. 2018b) can

indeed lead to mass ejection events in Be stars. The

stellar parameters of ω CMa used in this study are sum-

marized in Table 1 and were obtained by Maintz et al.

(2003).

Carciofi et al. (2012) used SINGLEBE and HDUST to

study the disk dissipation of ω CMa between 2003 and

2008. With time-dependent models of the dissipating

disk they determined the α parameter. Moreover, they

showed that the stellar wind is not a probable mecha-

nism for AM injection into the disk. Later, their work

was followed up by Ghoreyshi et al. (2018, hereafter

G18) who presented a model of the full V -band light

curve, spanning more than 30 years of data. The model

addressed any photometric variability larger than 0.05

mag and longer than 2 months. Any shorter variability

was excluded because the contribution to the total gas

content of the disk is small and these are usually poorly

sampled.

G18 showed that the VDD model could reproduce the

data well. It was determined that α changes during the

different epochs of the disk life as J̇ varies over time.

They also found that the light curve could only be re-

produced if quiescence phases be interpreted as a reduc-

tion of J̇ , rather than a complete cessation of it, as it is

commonly assumed (see Carciofi et al. 2012).

In G18, the V -band photometric data were investi-

gated in detail and the results relevant to this study

are summarized here. Since 1982, ω CMa exhibited

quasi-regular cycles, each one lasting between about 7.0

to 10.5 years. Each cycle consists of two main parts:

1) an outburst phase represented by a fast increase in

the brightness and a subsequent plateau. This increase

is not always smooth, and the peak brightness plateau

lasts about 2.5 to 4.0 years. 2) a quiescence phase last-

ing about 4.5 to 6.5 years that is characterized by a fast

decline in brightness and a subsequent slow fading. Dur-

ing these phases the brightness of the system in the V

band changes from about 0.m3 to 0.m5. Throughout this

text we refer to the cycles by Ci and to the phases by

Oi and Qi for outburst and quiescence1, respectively,

where i is the cycle number. All four cycles are labeled

in Figure 1.

Because the V -band excess comes from the innermost

part of the disk (Carciofi 2011), the numerical solutions

used in G18 were not constrained past a few stellar radii

from the star. In this paper, the same parameters as the

1 Note the difference between regular font Q for quiescence and
italic font Q for the Stokes parameter, and also Q1 and Q3 for the
VISIR band-passes.

model of G18 are used to study other observables of ω

CMa including polarimetric, spectroscopic, and photo-

metric data at other wavelengths. Our goal is to com-

pare the predictions of the G18 model for a much larger

volume of the disk out to 30 stellar radii. For this

work, and following G18, only variability longer than

two months is investigated.

Different observables emanate in different parts of the

disk (Carciofi 2011). For example, continuum polar-

ization originates near the star and spectral lines form

in various locations based on the wavelength-dependent

opacity and the source function for the line. Therefore,

probing Be star disks with a variety of observational

techniques and in a variety of wavelength regimes allows

us to perform comprehensive studies of these systems.

The main goal of this paper is to use the VDD model

to study the temporal variations seen in ω CMa’s data

by a variety of observational techniques. Reproducing

the observed data in a wide range of wavelengths is a new

challenge for the VDD model that was not previously

performed.

Section 2 describes the observational data available for

ω CMa. Section 3 presents the theoretical concepts that

were used in this work. In Section 4 the modeling of the

available multi-observing-technique data are presented.

Finally, in Section 5 possible solutions to solve the dis-

crepancies between data and models are discussed. In

Section 6 our conclusions and plans for future work are

presented.

2. OBSERVATIONS

A wealth of data from different observational tech-

niques has been collected since 1963. The rich dataset

covering the most recent outburst with several different

techniques is an important addition for this paper. In

the following we present a summary of the observed data

by each technique. The epochs of all available observa-

tions are shown in Figure 2. We note that the data that

were observed prior to C1 (December 1981) or after C4

(December 2015) were not included in our analysis but

are shown in Figure 2 for completeness.

2.1. Photometry

At the end of 2008, Sebastian Otero alerted the com-

munity (in a private communication to our deceased

colleague Stanislav Štefl) that a new outburst had be-

gun, thus a broad suite of observations was undertaken.

In addition to visual photometry, JHKL photometry

were obtained with the Mk II photometer (Glass 1973)

of SAAO (South African Astronomical Observatory)

and the CAIN-II (CAmara INfrarroja) Tenerife/TCS

(Telescopio Carlos Sánchez) camera (Cabrera-Lavers
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Table 1. Stellar, disk, and geometrical parameters of ω CMa. m∗
v is the magnitude of the star during a diskless phase.

Parameter Value reference

in
p

u
t

p
a
ra

m
et

er
s

fo
r

m
o
d

el
in

g

st
a
r

M 9.0 M� Maintz et al. 2003

L 5224 L� Maintz et al. 2003

Tpole 22000 K Maintz et al. 2003

Rpole 6.0 R� Maintz et al. 2003

Req 7.5 R� Maintz et al. 2003

log gpole 3.84 Maintz et al. 2003

vrot 350 km s−1 Maintz et al. 2003

W 0.73 Maintz et al. 2003

d
is

k

Ṁinj (min) 2.0×10−10M�yr−1 G18

Ṁinj (max) 3.7×10−7M�yr−1 G18

−J̇∗,std (min) 2.9×1033g cm2 s−2 G18

−J̇∗,std (max) 5.4×1036g cm2 s−2 G18

T0 13200 K Carciofi et al. 2012

Rout 1000 Req G18

o
th

er
p

a
ra

m
et

er
s i 12–18◦ this work

vcrit 436 km s−1 Maintz et al. 2003

m∗
v 4.22 ± 0.05 G18

d 280+13
−11 pc Gaia Collaboration et al. 2016, 2020

et al. 2006), Q1- and Q3-band measurements were made

with VISIR (VLT Imager and Spectrometer for mid-

InfraRed; Lagage et al. 2004) on the VLT/ESO (Very

Large Telescope/European Southern Observatory). Fi-

nally, we also included photometric data in the UBV

Johnson and uvby Strömgren (Strömgren 1956; Craw-

ford 1958) filters collected in the Long-Term Photome-

try of Variables (LTPV) project (Manfroid et al. 1995)

during C1.

2.2. Spectroscopy

The above campaign also produced optical echelle

spectra from UVES (Ultraviolet and Visual Echelle

Spectrograph; Dekker et al. 2000) and VLT (Oct 2008-

Mar 2009), feros (Fiber-fed Extended Range Optical

Spectrograph)/La Silla (Kaufer et al. 1999) and the

1.6m telescope at Observatório Pico dos Dias (OPD; Jan

2009 - 20164ri) initially using the ECASS spectrograph2

and, since 2012, the MUSICOS spectrograph (Baudrand

& Böhm 1992).

In addition to the observational effort described above

for C4 (see Figure 1), we obtained other data for some

of the previous cycles in the literature. For C1 and C2,

we acquired spectroscopy from the Short-Wavelength

2 This Cassegrain spectrograph consists of a 600 groove mm−1

grating blazed at 6563 Å at the first order, resulting in a reciprocal
dispersion of 1.0 Å pixel−1.

Prime (SWP) camera of IUE3 (International Ultravi-

olet Explorer) and heros (Heidelberg Extended Range

Optical Spectrograph4)/feros, respectively. For C3, we

found spectroscopy from the CES (Coudé Echelle Spec-

trometer5), feros, Lhires spectroscope in Observatoire

Paysages du Pilat6, and Ondrejov Observatory7. Addi-

tional spectroscopic data for C4 came from ESPaDOnS

(Echelle SpectroPolarimetric Device for the Observation

of Stars; Donati 2003), OPD, PHOENIX (Hinkle et al.

1998), Ritter Observatory8, and UVES.

Figure 3 provides an example of the observed hydro-
gen lines of ω CMa. The top panel shows the V -band

photometric data with the date the spectroscopic data

were observed, indicated by the colored vertical solid

line. The bottom panels show the flux relative to the

local continuum for the four main hydrogen lines. Usu-

ally the peak emission to the continuum ratio (E/C)

of the Hα and Hβ lines is largest at the end of quies-

cence, and lower during the outburst. This seemingly

contradictory behavior is well explained by the models

3 https://archive.stsci.edu/iue/
4 www.lsw.uni-heidelberg.de/projects/instrumentation/Heros/
5 www.eso.org/public/teles-instr/lasilla/coude/ces/
6 www.parc-naturel-pilat.fr/nos-actions/

architecture-urbanisme-paysage/observatoire-du-paysage/
7 stelweb.asu.cas.cz/web/index.php?pg=2mtelescope
8 www.utoledo.edu/nsm/rpbo/

https://archive.stsci.edu/iue/
stelweb.asu.cas.cz/web/index.php?pg=2m_telescope
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Figure 1. The model fit of the full V -band light curve of ω CMa obtained in G18. Each colored solid line illustrates an
individual value for the α parameter, as indicated. The observed data are shown by the dark grey triangles (see the caption
of Figure 1 in G18 for references for the data). The horizontal grey band represents the visual magnitude of the star when it
has no disk, determined by G18 (see Table 1). Selected epochs for modeling the multi-technique observations of ω CMa are
marked with yellow stars (see Section 4). Ci, Oi and Qi stand for cycle, outburst and quiescence phases, respectively, where i
is the cycle number. The vertical dashed lines display the boundaries between the cycles. The vertical dotted lines show the
boundaries between outburst and quiescence phases.

as will be seen in Section 4.3. The observational logs

of the spectroscopic and polarimetric data used in this

paper are listed in Appendix A, and in Tables 3 and 4,

respectively. Also, the data are available at CDS9.

2.3. Polarimetry

BVRI imaging polarimetry was obtained with the 0.6-

m telescope at OPD (Magalhães et al. 2006). Reduction

of the OPD polarimetric data, observed by the IAGPOL

instrument, followed standard procedures outlined by

Magalhães et al. (1984, 1996) and Carciofi et al. (2007).

The IAGPOL has an instrumental polarization smaller

than about 0.005% (Carciofi et al. 2007). The middle

panel of Figure 4 displays the polarimetric data of C4 of

ω CMa in B, V , R, and I filters, alongside the V -band

photometric data (top panel) and polarization angle, θ,

measured east from celestial north (bottom panel). The

polarization level is very small, as expected by the fact

that ω CMa is observed at rather small inclination an-

9 http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/ApJ

gles (Halonen & Jones 2013). This happens because at

nearly pole-on orientations an axi-symmetric disk will

appear as an almost circular structure that results in

the cancellation of the polarization vectors. The small

observed polarization level indicates that the interstel-

lar (IS) polarization is likely also very small. Both com-

bined factors makes analysis of the polarization data

uncertain, as will be discussed in Section 4.1.

3. MODEL DESCRIPTION

The principal properties of the VDD model are out-

lined here, and the main methods and approximations

used to obtain the solutions are described in G18. In

this model, the central star is located at the origin of a

cylindrical coordinate system whose vertical axis is par-

allel to the rotational axis of the star (z direction). The

star is oblate with equatorial and polar radii Req and

Rpole, respectively, polar temperature Tpole, mass M ,

luminosity L, and rotational velocity vrot that is a frac-

tion of the critical velocity vcrit. The values adopted for

these parameters in this work are presented in Table 1.

The disk is assumed to lie in the equatorial plane of the

http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/ApJ
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(a) (b) [S17]

(c)

Figure 2. Epochs of all available data of ω CMa in (a) polarimetry, (b) photometry, and (c) spectroscopy. Each vertical solid
line represents the epoch when the data were observed. The instruments, observatories, or the photometric bands are indicated
in the legend and defined in the text. The dark grey triangles in each panel display the observed V -band photometric data as a
reference. Ci, Oi and Qi stand for cycle, outburst and quiescence phases, respectively, where i is the cycle number. The vertical
dashed lines display the boundaries between the cycles. The vertical dotted lines show the boundaries between outburst and
quiescence phases.

star. The rotational velocities of the star and the disk

are vectors in the azimuthal direction, φ. Also, the disk

has a radial velocity component, vr, that can be nega-

tive (i.e., inflow) or positive (i.e., outflow). The most

important parameters describing the disk are the AM

flux injected into the disk from the star at the steady-

state limit (J̇∗,std), the disk base temperature, T0, and

the outer radius of the disk, Rout. We note that an al-

ternative way of describing the disk feeding mechanism

uses the mass injection rate into the disk, Ṁinj which is

related to J̇∗,std by

−J̇∗,std = Λ (GM∗Req)
1
2 Ṁinj

(
r̄

1
2

inj − 1
)
, (2)

where Λ is a dimensionless quantity greater than 1 and

is given by Λ = 1/(1− r̄−
1
2

out ), with r̄out = Rout/Req and

Rout � Req (Ŕımulo et al. 2018). One of the reasons

that we do not investigate Ṁinj in this paper is because

it cannot be determined observationally. More details

and discussion about the relationship between Ṁinj and

J̇∗,std can be found in Ŕımulo et al. (2018) and G18. The
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Figure 3. Top panel: The V -band light curve with vertical colored solid lines marking the dates the spectra shown in the
bottom panel were taken. Bottom panel: Continuum normalized hydrogen lines of ω CMa observed by feros using the same
color scheme as the upper panel. The spectra were arbitrary shifted vertically for ease of comparison. Ci, Oi and Qi stand for
cycle, outburst and quiescence phases, respectively, where i is the cycle number. The vertical dashed lines display the boundaries
between the cycles. The vertical dotted lines show the boundaries between outburst and quiescence phases.

magnitude of Ṁinj alongside the values of the parameters

used for modeling are listed in Table 1.

The calculations presented here were mainly com-

pleted by two computational codes: the 1D time-

dependent hydrodynamics code SINGLEBE and HDUST.

In the following the codes are briefly introduced.

3.1. The SINGLEBE code

SINGLEBE solves the isothermal 1D time-dependent

fluid equations (Pringle 1981) in the thin disk approxi-

mation, and provides the disk surface density, Σ(r, t).

The 1D grid used in the SINGLEBE code models the

disk between Req (the equatorial radius of the star) and

Rout (the outer radius of the disk). The grid is a loga-

rithmic array with an optional number of cells. One cell

is arbitrary selected as the location where mass from

the central star is entirely injected, r̄injReq, where r̄inj

is a dimensionless quantity. The viscosity parameter,

as a function of time, α(t), and J̇∗,std(t) are the input

parameters of the code. SINGLEBE determines how the

injected matter spreads in the disk. More details about

SINGLEBE can be obtained in the original publication

(Okazaki 2007), and a description of the boundary con-

ditions adopted can be found in Ŕımulo et al. (2018).

3.2. HDUST code

The Monte Carlo radiative transfer code HDUST is a

fully three-dimensional (3D) code that simultaneously
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Figure 4. Top panel: The V -band photometric data of ω
CMa. Middle panel: Polarization level in the fourth cycle in
the BVRI bands. Bottom panel: The observed position an-
gle. C4, O4 and Q4 stand for the fourth cycle, outburst and
quiescence phases, respectively. The vertical dashed lines
display the boundaries between the cycles. The vertical dot-
ted lines show the boundaries between outburst and quies-
cence phases.

solves the radiative equilibrium, the radiative transfer,

and non-LTE statistical equilibrium equations to obtain

the ionization fraction, hydrogen level populations, and

electron temperature as a function of position in a 3D

envelope around the star (Carciofi et al. 2004; Carciofi

& Bjorkman 2006, 2008). In order to convert the surface

density provided by SINGLEBE to volume density, HDUST

uses a Gaussian vertical density profile with a 1.5 power-

law isothermal disk scale height. With these quantities,

HDUST produces the emergent spectral energy distribu-

tion (SED), including emission line profiles, as well as

the polarized spectrum and synthetic images.

To date, HDUST has been used in a variety of theo-

retical studies of Be stars disks (e.g., Carciofi & Bjork-

man 2006, 2008; Haubois et al. 2012, 2014; Faes et al.

2013). The most relevant study for this work is Haubois

et al. (2012) who used the hydrodynamic simulations

to show the capability of the VDD model for reproduc-

ing the light curves of Be stars. In addition, HDUST was

used in several studies where the model predictions were

constrained by observations such as visible and infrared

photometry (e.g., Carciofi et al. 2012; Baade et al. 2018a;

Ŕımulo et al. 2018; Ghoreyshi et al. 2018), radio pho-

tometry (e.g., Klement et al. 2017, 2019), polarimetry

(e.g., Carciofi et al. 2007, 2009; Faes et al. 2016), spec-

troscopy (e.g., Carciofi et al. 2010; Suffak et al. 2020),

and spectro-interferometry (e.g., Carciofi et al. 2009;

Klement et al. 2015; Faes et al. 2016; de Almeida et al.

2020).

As mentioned earlier, the central star is oblate. Con-

sequently, the polar regions of the star have a greater

effective gravity than the equatorial regions. Accord-

ing to the von Zeipel (1924) theorem, this latitudinal

dependence of the effective gravity causes a latitudinal

dependence of the flux, in the sense that the poles are

brighter (hotter) and the equator darker (cooler). This

gravity darkening effect plays a key role in determining

the surface distribution of the flux, and therefore the

latitudinal dependence of the temperature.

In its original formalism, applicable for a purely ra-

diative envelope, the von Zeipel theorem can be written

as

Teff(θ) ∝ gβeff(θ) , (3)

with β = 0.25. However, interferometric studies of stel-

lar spectral classes of F to B suggested that the β pa-

rameter is typically in the range of 0.18–0.25 (van Belle

et al. 2006; van Belle 2012; Monnier et al. 2007; Che

et al. 2011; Hadjara et al. 2018; Domiciano de Souza

et al. 2018) with the most likely value of 0.21 (van Belle

2012). The theoretical study of Espinosa Lara & Rieu-

tord (2011) suggested that the value of β is a function of

the rotational rate of the star. Following these authors,

G18 adopted a β of 0.19 for ω CMa. The same value

was used in this paper. Using the β parameter, the polar

radius of the star (Rpole), and the critical fraction of the

rotational velocity (W , see Rivinius et al. 2003, for how

this parameter is defined) as input parameters, HDUST

calculates the geometrical oblateness and gravitational

darkening of the star.

Although HDUST has the ability to take into account

the opacity of dust grains (e.g., for B[e] stars, Carciofi

et al. 2010), our models were calculated for dust-free

gaseous disks consistent with our current understanding

of Be stars.

4. MULTI-OBSERVING-TECHNIQUE MODELING

Recall, in G18 our model was limited to the V -band

which in turn is sensitive only to variations in the disk

regions very close to the star (see Figure 1 of Car-

ciofi 2011). An important next step consists of extend-

ing the analysis to the other observables (photometry

at longer wavelengths, polarimetry and spectroscopy),

which probe different disk regions.

Here, various line profiles and the entire emergent po-

larized spectrum from the UV to the mid-infrared for

about 80 selected epochs covering different phases of the

disk evolution were computed using HDUST. The selected
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epochs are denoted with yellow stars in Figure 1. It is

substantial to note that we do not have simultaneous

observations for all the considered techniques and wave-

length regions. This means there are some epochs for

which only one type of observed data (for example, only

spectroscopic data at the beginning of Q2) is available.

4.1. Polarimetry

The linear polarization level can be expressed in terms

of the Stokes parameters, Q and U (Clarke 2010) as

P =
√
Q2 + U2 . (4)

The polarization position angle is

θ =
1

2
arctan

(
U

Q

)
. (5)

One common issue regarding interpretation of polari-

metric data is the removal of the IS contribution to the

observed signal. The observed polarization, decomposed

in its Stokes Q and U parameters, can be written as:

Qobs = QIS +Qint , (6)

and

Uobs = UIS + Uint , (7)

i.e., without knowing the IS components (QIS and UIS)

of the observed polarization, the components (Qint and

Uint) of intrinsic polarization are unknown. This is

shown schematically in the top panel of Figure 5. Mea-

suring the IS component of the polarization can be a

challenging task (e.g., Wisniewski et al. 2010). As there

is no reliable information about this quantity for ω CMa

in the literature, we employ below three different meth-

ods, to determine the position angle of the intrinsic po-
larization and to estimate the IS polarization (θIS and

PIS).

4.1.1. Q− U method

The first method explores the fact that the intrinsic

polarization is variable, while on the same timescale and

at a given wavelength, the PIS is not. We begin exam-

ining the bottom panel of Figure 5, that shows, in a

schematic way, how the process of formation and dissi-

pation of a Be disk appears in the Q−U diagram. The

intrinsic polarization angle on the sky is θint. When

Pint is zero (no disk), the observed polarization will

be due solely to the IS component (Pobs = PIS). As

the disk grows (and dissipates), the magnitude of Pint

changes, but not the angle (assuming that the disk is

axi-symmetric and lies along equatorial plane). This

is shown in the bottom panel of Figure 5 as the track

(a)

(b)

Figure 5. Schematic diagrams showing the components and
the temporal variability of the observed polarization. Note
that no actual data for ω CMa have been presented here. (a)
The components of the observed polarization vector (Pobs) in
the Q−U diagram: PIS and Pint. θobs, θIS and θint represent
the observed, IS and intrinsic polarization angle, respectively.
(b) The variations of the polarization vector and its compo-
nents with the disk growth and decay. The red stars and
black circles show the schematic observed polarization level
during disk growth (toward up and left) and decay (toward
down and right), respectively.

of points along the 2θint direction, which indicates that

the angle of the track is a measure of θint (Draper et al.

2014). More specifically, θint should be parallel to the
minor elongation axis of the Be disk (we note that the

disk may not be elliptic but appears as an ellipse in the

plane of the sky in the line of sight of observer, if it is

not seen pole-on). In the case of disks confined to the

equatorial plane, θint also describes the position angle

of the spin axis of the star, measured east from celestial

north.

Figure 6 shows the Q − U diagram of the polariza-

tion data of C4. The original data have some individual

points with significant variations and large error. There-

fore, we binned the data in time intervals of 100 days.

For all four bands, the measurements form a straight

path in the Q−U diagram as explained above. A simple

linear least squares regression fit (solid red lines in Fig-

ure 6) indicates that the angle of this path is 117◦±7.6◦,

102◦ ± 5.8◦, 110◦ ± 4.6◦, and 104◦ ± 4.8◦ for B, V , R,

and I, respectively, which means that θint should be half
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Figure 6. Q−U diagram of polarization data of the fourth
cycle of ω CMa. The date of observations are indicated in
the legend on the right. The red solid lines are linear fits to
the data. The cyan bands show the range of uncertainties in
the fit. The data are binned in 100-day time intervals.

of this value. The errors were estimated using ±1σ un-

certainty. These numbers are listed in Table 2 with the

QU superscript, to indicate that they were obtained us-

ing the Q−U diagram method. The average value of the

intrinsic position angle for the four filters is 54.2◦±2.9◦,

where the quoted uncertainty is the standard deviation

of the mean.

The Q−U method requires that the position angle of

the disk remains relatively constant over time. We can

estimate the validity of this assumption by measuring

the correlation between the Stokes Q and U . ρ ≈ −1

as measured, e.g., by the method of Pearson correlation

coefficient indicates a strong correlation. A weak corre-

lation, i.e., ρ ≈ 0, means the disk behavior is complex

and the validity of the method is compromised. We

obtained ρ = -0.34, -0.51, -0.35, and -0.60 for B, V ,

R, and I filters, respectively, which infer that the er-

rors derived by the linear least squares regression fit are

underestimated. However, our results suggest that the

intrinsic polarization angle of the star might be close to

52◦ corresponding to the correlation coefficient closest

to -1 (I-band).

4.1.2. Light curve method

The second method uses the light curve itself. The

results of G18 indicate that at the end of C4, the V -

band excess is very small. According to the best G18

model fits, the inner disk at that phase is very tenuous

(Figure 1, see also second panel of Figure 11 of G18).

Therefore, if one assumes that Pint at that phase is very

small, the observed polarization should be very close to

PIS. According to the relatively nearby distance of ω

Figure 7. Top: The V -band observed photometric data for
ω CMa. Two vertical red lines indicate the epoch during
which the star was assumed to be diskless. Bottom: The ob-
served (grey circles) and intrinsic polarization (blue circles)
of the fourth cycle of ω CMa in the V filter, measured by
the field star method. The estimate of P field

IS is shown by
the horizontal orange line. Ci, Oi and Qi stand for cycle,
outburst and quiescence phases, respectively, where i is the
cycle number. The vertical dashed lines display the bound-
aries between the cycles. The vertical dotted lines show the
boundaries between outburst and quiescence phases.

CMa, small values for PIS are expected (e.g., Serkowski

et al. 1975; Yudin 2001).

Figure 7 presents the photometric and polarimetric

data of ω CMa in the V band. The observed polariza-

tion is shown as grey circles. Two vertical red lines in

Figure 7 indicate the boundaries of the phase assumed

for the star to be almost diskless. An average of the data

at this phase (a single point for the B, V , and R filters,

and a few points for the I filter; see Figure 18), gives

us QLC
IS and ULC

IS , which in turn provide the values for

PLC
IS and θLC

IS , listed in Table 2 for each filter. Here the

superscript LC indicates that the estimates were made

using the light curve itself. Using Eqs. 4 to 7 and the

estimated value of interstellar polarization, the intrin-

sic polarization of ω CMa, Pint and θint, was calculated.

The average value of θ̄LC
int is 60.2◦ ± 2.9◦, in good agree-

ment with the value estimated using the Q−U method.

We defer for later a discussion on the intrinsic polariza-

tion levels.

4.1.3. Field star method

Finally, we estimated the PIS using the field star

method, by which one or more stars that are physically

close to the target star and that are known to have no in-

trinsic polarization are used as a proxy of the interstellar
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Table 2. Different estimates of the IS polarization and the position angle of the intrinsic polarization. QU , LC, and field
indicate the Q − U diagram, the light curve, and the field star, respectively, as the methods that have been used to estimate
the intrinsic polarization of ω CMa. The numbers in bold give the average value of the intrinsic position angle of four different
filters measured by each particular method.

Method Parameter B Filter V Filter R Filter I Filter average

QU θQU
int (◦) 58.4 ± 3.8 51.2 ± 2.9 55.2 ± 2.3 52.0 ± 2.4 54.2 ± 2.9

PLC
IS (%) 0.12 ± 0.01 0.15 ± 0.01 0.11 ± 0.01 0.11 ± 0.01 0.12 ± 0.02

LC θLC
IS (◦) 56.4 ± 1.5 53.5 ± 1.8 56.0 ± 2.1 56.6 ± 1.9 55.6 ± 1.2

θ̄LC
int (◦) 56.2 ± 10.9 62.9 ± 9.8 63.1 ± 2.8 58.8 ± 9.3 60.2 ± 2.9

P field
IS (%) 0.13 ± 0.02 0.12 ± 0.03 0.11 ± 0.01 0.08 ± 0.01 0.11 ± 0.02

Field θfield
IS (◦) 59.7 ± 4.6 53.5 ± 6.6 57.9 ± 2.9 60.8 ± 1.6 58.0 ± 2.8

θ̄field
int (◦) 54.5 ± 11.3 62.7 ± 10.7 58.2 ± 8.0 55.0 ± 11.6 57.6 ± 3.3

polarization. By the IAGPOL, we observed HD56876,

a B5Vn star (Houk 1982) with mv ≈ 6.4, a Gaia dis-

tance of 282+4
−3pc and an angular distance of 0.67◦ from

ω CMa. The distance of ω CMa inferred from the paral-

lax measured by Gaia is 280+13
−11 pc (Gaia Collaboration

et al. 2016, 2020).

The results of this method are listed in Table 2 with

the “field” superscript. The agreement with the previ-

ous method based on the light curve is quite good, as

both results have very similar values for PIS and θIS.

Furthermore, the three estimates of θint (shown by bold

numbers in Table 2) also agree. By modeling the Br-

γ interferometric data for ω CMa, Štefl et al. (2011)

showed that the position angle of the major axis of the

star’s disk is -29◦ (see the lower left panel of Figure 1

in their paper). Since there is a 90◦ difference between

the elongation of the minor and major axes, this means

the position angle for the minor axis of the disk is 61◦

which is in agreement with the results presented here.

The estimated Pint level from the field star method is

illustrated with blue circles in the bottom panel of Fig-

ure 7. A positive correlation between the polarization

level and the brightness of the star can be seen. It ap-

pears that the polarization level follows the variation of

the V -band photometric data with a lag, for instance, in

the dissipation phase the drop of polarization is slower

than the drop in brightness. This agrees with the the-

oretical studies of Haubois et al. (2014). This behavior

is easily explained when we consider that the V -band

polarization probes a slightly larger volume of the disk

than the V -band (see Figure 1 of Carciofi 2011) and,

therefore, the timescales for viscous dissipation will be

longer. There is also some intrinsic scatter in the data

that is likely the result of disk variability. As shown

by Haubois et al. (2014), the polarization level responds

quickly to changes in the J̇ . The flickers seen in the

V -band light curve of ω CMa should, therefore, have a

polarimetric counterpart. Indeed, some of the polariza-

tion variability seems to be directly related to flickering

events (e.g., epochs 56300 to 56800).

Below we use the values of the field star method, be-

cause the light curve method can have systematic errors

if the Pint at the epochs chosen (bracketed by the red

lines in Figure 7) is non-zero. In fact, our model cal-

culations (see Figure 8 below) indicate that this may

be the case. The same can be said about the field star

method, of course, as the field star may not probe the

same PIS as the target star. Our choice for the field star

method is thus based solely on the fact that one method

(the light curve one) very likely suffers from systematic

errors while for the other method this is unknown.

4.1.4. Model-data comparison

The top panel of Figure 8 displays the G18 model

for three different inclination angles. To increase the

signal-to-noise (S/N) of the data, we use an inverse-

error-weighted average of all filters (i.e. grey filter) avail-

able for each epoch. The model was also averaged in

the same way, to ensure a proper comparison with the

data. The agreement between the G18 best fit model

(for which i = 15◦ and reduced χ2, χ2
red = 50) and the

data from C4 is reasonable. Recall that this model was

developed based solely on the V -band photometry, so

the broad agreement for the polarization level is encour-

aging. The model seems to reproduce the variations due

to the short (partial) formations and dissipations during

the main formation phase (O4). However, it is apparent

that the model cannot reproduce the rate of polarimet-

ric variations during Q4, as Pint drops faster than the

model does. The implications of this result will be fur-

ther discussed in Section 4.3.

In the bottom panel of Figure 8 we display θint, aver-

aged for all filters (i.e., grey filter) in the same way as

was done for P . Interestingly, there is clear evidence for

a trend in θint, from about 40◦ at the beginning of O4

to 60◦ towards the end of this phase. After that the po-
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(a)

(b)

Figure 8. (a) The averaged polarimetric data of ω CMa
vs. the model for the last cycle. The data are presented
with blue circles. The colored lines represent the synthetic
polarization, with the colors representing different inclina-
tions as indicated in the legend. The best fit is for i = 15◦

with χ2
red = 50 compared with 107 and 215, for i = 12◦ and

18◦, respectively. For calculating χ2
red the data were binned

(green circles) in time intervals of 100 days to combine the
observed points in the vicinity of epochs for which the model
was computed. (b) The averaged polarization position an-
gle of ω CMa. In all panels, the red points indicate data
taken in epochs with a clear photometric flicker. The V -
band photometric data are shown with grey triangles in the
background. Ci, Oi and Qi stand for cycle, outburst and
quiescence phases, respectively, where i is the cycle number.
The vertical dashed lines display the boundaries between the
cycles. The vertical dotted lines show the boundaries be-
tween outburst and quiescence phases.

sition angle remains constant, with the exception of one

point near MJD = 57300. This last point is marked in

red, as well as two points at MJD = 54500, to indicate

that they coincide precisely with a photometric flicker

in the light curve. The behavior of θint might be an in-

dication of matter being injected in the disk outside of

the equatorial plane. Evidence for this comes from the

fact that whenever matter is fed into a low-density disk

(red points and the beginning of O4) the angle is differ-

ent than when a fully formed disk is present (end of O4)

or no matter is being ejected (Q4). In this scenario, the

position angle of the disk would be about 60◦, while the

position angle of the injected matter would be roughly

20◦ different. It should be emphasized that the above

trend for θint can only be seen in the averaged data, and

is not discernible in the data for each filter (Figure 18).

Finally, similar to the polarization level, the polar-

ization angle has a large scatter, much larger than the

observational errors. The scatter in the data may also

be related to the disk feeding process: depending on how

matter is ejected from the star, an axial asymmetry may

develop in the inner disk, which can cause large varia-

tions in the polarization position angle. For instance,

Carciofi et al. (2007) detected changes in Pint of up to

8◦ in less than one hour for the star Achernar, following

putative mass loss events. Similar variations in θint have

been observed for other Be stars, and some of these could

be related to specific outburst events (see discussion in

section 4 of Draper et al. 2014).

The similarity of the results for each method that have

been discussed in Sections 4.1.1 to 4.1.3 suggests that

the results presented here would not be altered with

minor changes in PIS.

4.2. Magnitudes and colors

In this section our comparison of the model with pho-

tometric data in wavelengths other than the visible is

presented.

Figure 9 displays the synthetic light curves of ω CMa.

The top panel of Figure 9 illustrates the V -band mod-

eling presented in G18. The second panel shows the

synthetic UBV bands together. Interestingly, the U -

band light curve displays the largest variations, which

is expected as this band should be more sensitive to the

inner disk conditions, where the density varies widely

(see Figure 11 in G18). The model predicts a complex

behavior. In general, we see that the longer the wave-

length, the slower the rate of magnitude variations in

the model light curve. This is explained by the fact

that larger disk volumes (from where the long wave-

length continuum fluxes originate; see Figure 7 of Riv-

inius et al. 2013b) respond more slowly to variations in

the inner disk. One interesting feature of the models

is that each subsequent dissipation reached a lower flux

level when compared to the previous. This reflects the

finding in G18 that in ω CMa a true quiescence value is

never realized, but rather the star transitions between

high and low mass loss rate states.

The left panel of Figure 10 shows the comparison be-

tween the observed UBV data and color-indices with the

model. The model fits the data generally well. There are

a few outliers, which are likely explained by the fact that

we did not model the short term flickering events (i.e.,
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Figure 9. Synthetic light curves of ω CMa at different bands
from the UV to the far IR. The upper plot shows the fit of the
VDD model to the V -band photometric data (see Figure 11
of G18 for more details). The other plots display the model
light curves for different band-passes as indicated. The ver-
tical dashed lines display the boundaries between the cycles.
The vertical dotted lines show the boundaries between out-
burst and quiescence phases.

events shorter than two months, see G18) of the light

curve as mentioned previously. A systematic mismatch,

however, is seen in the color indices, most notably at

B − V .

The Strömgren LTPV data (uvby-bands) are demon-

strated in the right panel of Figure 10. The general

behavior is similar to the UBV data. The general shape

of the curve, as well as the colors, are however quite well

reproduced by the model.

The rough agreement between the VDD model and the

uvby-bands data is a significant result, as these band-

passes probe slightly different regions of the disk. In

general the flux level is related to the disk density, while

the colors probe the density gradients. Our results in-

dicate that the density scale of the inner disk is well-

reproduced by the model, but the mismatch in the col-

ors may point to inaccuracies in the density gradient.

This is not surprising, given the simplistic nature of our

assumptions for the disk inner boundary conditions (see

G18 and Ŕımulo et al. 2018, for more details).

Figure 11 shows the comparison between the observed

JHKL magnitudes, colors and the model. The top panel

reveals that the model is consistently brighter than the

data. This discrepancy is maximum for the L band and

minimum for the J band. Thus, the longer the wave-

length, the larger the discrepancy. The middle and bot-

tom panels display that the color indices are also, in gen-

eral, systematically shifted with respect to the models.

It should be noted that it is unlikely that the discrepan-

cies seen for the JHKL bands are due to uncertainties in

the inclination angle. For instance, changing the inclina-

tion angle to 18◦ in the models would cause a magnitude

increment of only ≈ 0.02.

Although the scarcity of IR data makes a firm conclu-

sion difficult, it still appears that the JHKL color indices

are more or less well reproduced by the VDD model,

while the actual magnitudes are not. The model is al-

ways systematically brighter in the JHKL bands than

the observations, which means that the model may be

too dense in the outer disk regions. This might suggest

a larger α in the outer disk that would drain it faster,

making it less dense. This is discussed in Section 5.

Figure 12 displays the model and data in the VISIR

Q1 (∼16.7–18.0 µm) and Q3 (∼19.1–20.0 µm) bands.

Unlike the JHKL magnitudes, the data and models agree

within the errors. Because the observational errors are

large and only two points of the Q1 and Q3 data in total

are available, these data do not allow us to confirm or

disprove the tendencies seen for the JHKL bands.

4.3. Spectroscopy

We have a comprehensive dataset of spectra for ω CMa

covering the cycles 3 and 4 (Figure 2c), as well as Q2.

As examples, we show the comparison between the VDD

model and observed equivalent width (EW), E/C, and

peak separation (PS) for Hα and Hβ in Figure 13. The

results for Hγ and Hδ are qualitatively similar, and are

shown in Appendix C.
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(a) (b)

Figure 10. Comparison between the observed magnitudes and color-indices (stars) and the VDD model (lines) (a) UBV
filters (b) Strömgren uvby filters, both from LTPV. C1, O1 and Q1 stand for the first cycle, outburst and quiescence phases,
respectively. The models shown here are limited only to the first cycle because we do not have data for the rest. The vertical
dashed lines display the boundaries between the cycles. The vertical dotted lines show the boundaries between outburst and
quiescence phases.

These spectra have good S/N and medium-to-high res-

olution. Thus, the uncertainties of the quantities are

small. The uncertainties for the line profile E/C and

EW are dominated by their continuum determination,

while for the PS the resolution is the limiting factor.

It is important to emphasize that we did not adjust
the model to obtain an optimum fit. We used the same

model and scenario described in G18 to calculate these

profiles, in order to evalutate how this model performs

when compared to multi-technique data.

The second and third panels of each plot in Figure 13

display the EW and E/C of the line. The EW and the

E/C ratio of a line reveal a complex interplay between

the line emission and that of the adjacent continuum.

The Hα line emission comes from a large volume of the

disk, which responds very slowly to changes in the disk

feeding rate. Conversely, the adjacent continuum re-

sponds very quickly to these changes. Therefore, when

the continuum emission rises (e.g., during an outburst),

the EW initially drops in magnitude and the E/C ratio

falls, as well. However, when the continuum emission

drops (e.g., during quiescence), the EW will increase in

magnitude and the E/C ratio will increase. These effects

are more moderate for Hβ since at 4861 Å the adjacent

continuum displays a much smaller range of magnitude

variation along a given cycle than at 6562 Å (Figure 9).

Figure 13 can be interpreted with the above scenarios

in mind. In all quiescence phases, the EW increases in

magnitude (becoming more negative) and the E/C in-

creases, as a result of the quick suppression of the inner

disk, that causes the emission in the adjacent continuum

to drop quickly. This initial dissipation of the inner disk

does not affect the line emission. Only much later in

the dissipation when the entire disk empties, the line

emission drops. Then, the EW decreases in magnitude

and E/C also drops. At outburst, the converse happens:

the inner disk fills up quickly, giving rise to a sudden in-

crease in the continuum out to the IR. As a result, the

EW decreases in magnitude and E/C decreases (recall

the apparent contradiction mentioned at the end of Sec-

tion 2 and also, see Figure 3).

The PS was computed by fitting a Gaussian curve to

each emission peak, in order to determine its height com-

pared to the adjacent continuum (which was normalized

to one), as well as its velocity. The low inclination an-

gle of ω CMa causes an almost single-peak profile in Hα
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Figure 11. Comparison between magnitudes and color in-
dices of the VDD model and observed data in the JHKL
filters. The VDD models are demonstrated with solid lines
and the data are shown with colored stars as indicated in the
legend of the plot. C4 and O4 stand for the fourth cycle and
outburst phase, respectively. The models presented here are
limited to this cycle for which we have data. The vertical
dashed lines display the boundaries between the cycles. The
vertical dotted lines show the boundaries between outburst
and quiescence phases.

whose flux comes mainly from the larger part of the disk

(in comparison to the other hydrogen lines) where the

Keplerian velocities are lower. Also, some of the data

are of low resolution, which makes our analysis difficult.

For this reason we show the PS in Figure 13 only for the

spectra with a clear double-peaked structure. Compar-

ison with the model reveals that, similarly to what was

seen for the EW and E/C, there is a better agreement

during the outburst phases than during dissipation.

In general, the results for Hβ are similar to those for

Hα. The EW curve is qualitatively reproduced, but

a quantitative comparison fails mainly during the qui-

escence phases. Of particular significance is the close

match between the data and the model for the fast de-

cline in EW of O4. The E/C is also well reproduced.

It is important to recall that, since the Hβ opacity is

smaller than Hα, the formation volume of this line is

smaller (Carciofi 2011). This can be seen by the PS val-

ues, which lie ≈ 40 km s−1 for Hβ, while for Hα they are,

in general, smaller than 20 km s−1. The larger PS indi-

Figure 12. Comparison between magnitudes of the VDD
model and the observed data in the Q1 and Q3 filters. The
VDD models are demonstrated with solid lines and the data
are shown with colored stars as indicated in the legend of the
plot. C4, O4 and Q4 stand for the fourth cycle, outburst and
quiescence phases, respectively. The models presented here
are limited to this cycle for which we have data. The vertical
dashed lines display the boundaries between the cycles. The
vertical dotted lines show the boundaries between outburst
and quiescence phases.

cate that Hβ is indeed formed closer to the star, where

the rotational velocities are larger. The fact that the

model reproduces this behavior is a significant result.

The model can reproduce these variations qualita-

tively, but not quantitatively. After the quick increase

in magnitude of the EW at the onset of dissipation, the

observed EW decreases in magnitude at a much faster

rate than the model does (the same is observed with the

E/C). Since the predictions from G18 fit the visual and

infrared band light curves well, the problem likely lies

in the outer disk. It appears that while G18’s model

predicts the correct rate of density variation in the in-

ner disk, the corresponding rates in the outer part are

too slow. In other words, the outer disk is not being

drained of material fast enough. Further support to this

comes from polarimetry. Recall that the observed rate

of polarimetric variation is larger than the model cal-

culations, also indicating faster emptying than in the

model.

In the following, we provide some tentative explana-

tion for this mismatch between the model and the data.

One way to achieve faster dissipation rates in the outer

disk is to have larger values of the viscosity; this could

happen either because the temperature rises with radius

(which is not physically justified) or the α parameter

increases with distance from the star. Therefore, this

might be the first hint of a radially varying α in a Be

star. Another possibility is to consider that there is an

unknown binary companion truncating the disk at radii

smaller than the 1000Req assumed here (note that this

was an arbitrary assumption for the disk size in G18).
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(a) Hα (b) Hβ

Figure 13. Comparison of the models (lines) and the (a) Hα and (b) Hβ EW, E/C, and PS. The top plot in each panel displays
the V -band light curve with vertical blue dashed lines marking the date the spectrum was taken. Observed EW, E/C, and PS
are shown with blue circles, triangles, and pentagons, respectively, in the second to the fourth panels. Ci, Oi and Qi stand for
cycle, outburst and quiescence phases, respectively, where i is the cycle number. Models for the first cycle are not presented
due to lack of data. The vertical dashed lines display the boundaries between the cycles. The vertical dotted lines show the
boundaries between outburst and quiescence phases.

If this were the case, the mass reservoir of the outer

disk would be smaller and the whole disk would dissi-

pate faster, as suggested by the observations. Finally,

a third possible explanation for the mismatch is radia-

tive ablation. In the absence of active feeding, ablation

could act in addition to viscosity to dissipate disk ma-

terial. However, the results of Kee et al. (2016a, and

subsequent papers) indicate that ablation is more effi-

cient at clearing the inner disk rather than the outer.

Therefore, ablation, if included in our models, would

likely make the mismatch between the rates of the dis-

sipation of the inner and outer disk worse. In the next

section, we investigate the first two possibilities, namely

larger α in the outer disk and binary truncation. Also,

we discuss the influence of ablation in more details.

5. TESTING ALTERNATIVE MODELS

So far, we showed that the model presented in G18 is

unable to reproduce some of the characteristics of the

observed spectra, multi-wavelength photometry and op-

tical polarimetry. These discrepancies seem to indicate

that the models predict an outer disk that is too mas-

sive and a rate of dissipation during quiescence phases

that is too slow. Thus, we need to adjust our models

so that the disk dissipation rate at larger radii is larger.

We investigate two possible solutions, namely: 1) larger

values of the α parameter, and 2) disk truncation by a

binary companion.

In the first test, we compare the new models based

on larger values of α with the polarimetric data and Hα

EW during the quiescence phase of the fourth cycle, C4,

to probe the effectiveness of the method for two datasets

originating from regions within the disk at greater radii

from the central star. (We note that C4 is the only

cycle for which we have simultaneous polarimetric and

spectroscopic data.) To further support our findings,

we verify this approach by using it to model also the Hα

EW during the second quiescence (Q2) since the EW

data for Q2 show a clearer pattern.

Figure 14 displays the results of this test for the po-

larimetric data and confirms that larger values of α of
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about 0.17 (with reduced χ2, χ2
red = 11) enhance the fit

significantly. Recall that the optimum value found for

the α parameter for Q4 by fitting the V -band data was

0.11 (G18, with χ2
red = 69; also see Figure 1). With a

greater α, the rate of polarimetric variation of the model

is larger due to the increased dissipation rate, matching

the lower data points that were not reproduced by the

original model (see Figure 8).

Figure 15 confirms that an even larger value of α such

as 0.22, leading to quicker disk evolution, is required

for a better agreement between the model and the data.

With a larger value for α, the EW rises fast enough to

match the data and later, at the middle of the dissipa-

tion phase, starts to drop simultaneously with the Hα

EW data.

Since the EW data for the Hα line in C4 are sparse,

we repeat this test for Q2. Figure 16 demonstrates a

result similar to Q2: a larger value of α of about 0.25

with χ2
red ≈ 7.0 (rather than the original value of 0.13

with χ2
red ≈ 130 determined from V -band photometric

modeling) provides much more consistency between the

data and the model. These tests indicate a common pat-

tern: larger values of α than what was obtained for the

V -band lightcurve are required to match the observed

rate of variations for the polarization (Q4) and Hα EW

(both Q2 and Q4). Therefore, recalling that the polar-

ization and Hα probe a radial extent of the disk of about

1.5 – 5 times larger than the V -band continuum, respec-

tively, this may suggest that the α parameter grows with

distance from the star.

For the second test (disk truncation), we calculated

the Hα EW during Q2 for a disk with Rout = 25Req.

The result for the Hα line is shown in Figure 17 with

χ2
red ≈ 210 and is compared with the result of G18 that

uses Rout = 1000Req (the same model as α = 0.13 in

Figure 16 with χ2
red ≈ 130). The mass reservoir (see

Ŕımulo et al. 2018, for details) for the smaller disk is

reduced, therefore, the smaller disk dissipates faster and,

consequently, the EW drops faster. On the other hand,

the smaller disk mass produces a smaller Hα strength, as

shown in Figure 17. Thus, although the truncated disk

hypothesis seems a viable solution for increasing the rate

of dissipation, it creates another problem, namely an Hα

emission that is too small. It is worth mentioning that

Harmanec (1998) and Štefl et al. (2003) did not find

any evidence of binarity. However, if the orbital plane

and the circumstellar disk plane are about the same, the

radial velocity signature of a companion is very difficult

to find owing to the small inclination angle, especially

if it is a subluminous star. The results discussed above

are unchanged regardless of the cycle, because the trends

seen in the EW curve of all cycles are similar.

Finally, it is worth discussing an effect that was not

included in our models but could affect the results by

increasing the disk dissipation rate. Kee et al. (2016a)

showed that radiation forces, especially for the very hot

O-type stars with strong winds, can ablate the entire

disk in timescales of the order of days to years. They

suggest that this is the reason why disks are not com-

monly observed surrounding these types of stars. They

also showed that for a B2-type star it would take a cou-

ple of months to destroy an optically thin, low density

disk. However, Kee et al. (2018a) concluded that, for

a more massive optically thick disk (like ω CMa) this

effect would decrease the ablation rate by only 30% or

less. Therefore, although the ablation does not seem ad-

equate for the disk dissipation timescale of ω CMa (≈
4.5 to 6.5 years), it is possible that radiative ablation

plays a role in Be disk dynamics, but the extent of this

role remains to be determined and the most significant

ablation would occur for the innermost disk. In princi-

ple, if radiative ablation is important in the case of ω

CMa, the values of α for the dissipation phases quoted in

G18 and Section 5 of this paper would represent upper

limits. However, since this mechanism does not seem to

be strong enough in the outer parts of the disk, it can-

not help the problem of slow dissipation of the disk seen

in our models. Future work, combining viscosity and

ablation, is necessary to properly address this problem.

6. CONCLUSIONS

We use the VDD model to study the observed data

from a range of wavelengths and techniques for the Be

star, ω CMa, in a dynamical fashion. We adopt the

same model presented in G18 that was used to study the

V -band continuum emission of this star. In this work,

we compare model predictions with a range of different

observations (multi-band photometry, spectroscopy, and

polarimetry). Since different wavelengths originate from

various parts of the disk (Figure 1 of Carciofi 2011), this

method is a solid test for the VDD model.

The results were mostly positive: qualitative and even

quantitative agreements were found, but in some cases

important differences could be noted. We see the best

agreement for the visible photometric data, but for the

IR band the differences are more significant. This makes

sense because the model parameters used here are the

same as G18 that were used for modeling the V -band

originating mostly from the inner regions of the disk

(. 2Req) while the IR photometric data (e.g., JHKL

and Q1, Q3) come from a much larger volume of the disk

(. 10Req). The models predicted larger IR excesses

than observed, indicating that the disk mass is likely

overestimated.
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Figure 14. Top panel shows comparison between the mod-
els with various α values and observed polarimetric data.
The blue circles display the observed data and the lines rep-
resent the models corresponding to values of α as indicated
in the legend. The V -band photometric data are shown with
grey triangles in the background. The vertical dashed lines
display the boundaries between the cycles. The vertical dot-
ted lines show the boundaries between outburst and quies-
cence phases. C4, O4 and Q4 stand for the fourth cycle, for-
mation and quiescence phases, respectively. Bottom panel
displays the goodness of the fit (χ2

red) for each α value. For
calculating the χ2

red the data were binned (green circles) to
combine the observed points in the vicinity of epochs for
which the model was computed.

The average polarization level was fitted acceptably by

our models, but the model rate of dissipation during qui-

escence was too slow. One important point to stress is

that the observations showed a much slower decline rate

of the polarization than the V -band light curve. This

slower decay indicates that the polarization originates

in a larger radial extent than the V band continuum,

which is consistent with our model predictions.

Although our model could fit the spectroscopic data

qualitatively, we find, similarly to the polarization level,

that the rate of EW decay during quiescence is too slow.

This seems to point to the fact that in the original G18

model the rate of density variation in the outer disk is

too small, meaning that, during quiescence and at larger

distances from the star, the disk is not being drained fast

enough. Two tests were conducted to look for possible

remedies to this issue.

In the first test, we experimented with models with

increased values of α. These models produced an EW

curve very similar to the observed one, specially for Q4.

Given that lower values of α are required to match the

V -band light curve, as in G18, these results hint at the

possibility of a radially increasing α in Be star disks.

As a second alternate scenario we considered the ef-

fect of truncating the disk by an unresolved binary com-

Figure 15. Comparison between the models with a range
of α values and the observed Hα EW. The upper panel shows
the observed V -band photometric data, and the middle panel
displays the EW for each model with the individual α param-
eter. The blue circles display the observed data and the lines
represent the models with different α parameter as indicated
in the legend. C4 and Q4 stand for the fourth cycle and
quiescence phase, respectively. The vertical dashed lines dis-
play the boundaries between the cycles. The vertical dotted
lines show the boundaries between outburst and quiescence
phases. The lower panel demonstrates the goodness of the
fit (χ2

red) for each α value.

Figure 16. Same as Figure 15 for C2.
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Figure 17. Comparison between the model presented in
G18 and the truncated disk model. The top panel illus-
trates the observed V -band photometric data, and the bot-
tom panel displays the EW for each model. The blue circles
demonstrate the observed data and the lines represent the
models with different disk size as shown in the legend. Ci,
Oi and Qi stand for cycle, outburst and quiescence phases,
respectively, where i is the cycle number. The vertical dashed
lines display the boundaries between the cycles. The verti-
cal dotted lines show the boundaries between outburst and
quiescence phases.

panion that could potentially decrease the density in

the outer part of the disk. This effect was considered

by changing the outer radius of the simulation from

1000Req to 25Req. While the rate of line strength varia-

tion approached the observed data, truncating the disk

created the undesired effect of reducing the line emis-

sion.

It is important to note that the above results could be

interpreted in a different way. The discrepancies above

might simply be the result that the V -band photometry

alone cannot fully constrain the disk at all radii. As the

G18 model likely suffers from degeneracies, it is possible

that different model parameters (e.g., different J̇ and

values of the α parameter) might be able to explain the

full set of observations, without the need to resort to the

variable α or truncated disk scenarios. This possibility

will be explored in future models.

Also, it is worth mentioning that line-driven ablation

may play a role helping the disk to dissipate faster (Kee

et al. 2016a, 2018a,b). This means that if this effect

is important, the values we find for the α parameter

are upper limits. However, ablation affects mostly the

inner disk. Therefore, its role, if any, should be more

noticeable in the observables that are more sensitive to

the inner disk variations, e.g., V -band photometry and

polarimetry. In this regard, including ablation in the

model might exacerbate the mismatch between observa-

tions and model concerning the rate of polarimetric and

spectroscopic variations during quiescence.

Finally, it is worth discussing the instability of the disk

of ω CMa. As an early-type Be star, it is more likely

that ω CMa possesses an unstable disk in comparison

to the late-type Be stars (Labadie-Bartz et al. 2018)

and all our multi-technique data confirm this statement,

showing variations on timescales of few days to several

years. The origins of this instability may be caused by

one or more of the following mechanisms: discrete mass-

loss events caused by the nonlinear coupling of multiple

NRP modes (e.g., Baade et al. 2016), fast rotation (e.g.,

Rivinius et al. 2013a reports variations of the width of

photospheric lines likely linked to changes in the rotation

rate of the surface layers), and ablation (e.g., Kee et al.

2016a).

In Section 5 we discussed the possible existence of an

undetected binary companion and its effect on disk size.

Investigating the long-baseline interferometric data of

ω CMa may help us to have a better understanding of

the morphology of the disk and of the possible existence

of a companion object. In the future, we also plan to

extend our analysis to include interferometric data and

long wavelength (radio) photometry and Balmer decre-

ment variations in order to continue to explore the limits

of the VDD model.
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APPENDIX

A. OBSERVATIONAL LOG

Table 3. Spectroscopic Data Logs

Reference Number of Points Time Coverage (MJD) Wavelength (Å)

CES 2 52659 – 52660 4184 – 7314

ESPaDOnS 16 55971 – 55971 3696 – 8868

feros 444 52277 – 54822 3527 – 9215

heros 435 50102 – 51301 3438 – 8629

IUE 12 43833 – 44975 1000 – 3200

Lhires 25 54083 – 57465 6511 – 6610

Ondrejov 7 53060 – 56737 6258 – 6770

OPD 8 56636 – 57645 4118 – 9183

PHOENIX 10 54776 – 55311 21604 – 21700

Ritter 20 57329 – 57496 6471 – 6634

UVES 141 54784 – 54913 3055 – 10426

Table 4. Polarimetric Data Logs, observed by OPD

Reference Number of Points Time Coverage (MJD)

U Filter 3 55497 – 56050

B Filter 39 54765 – 57624

V Filter 81 54505 – 57626

R Filter 37 54975 – 57624

I Filter 39 54975 – 57624
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B. ADDITIONAL POLARIMETRIC DATA

(a) (b)

(c) (d)

Figure 18. Same as Figure 7 for (a) B, (b) V , (c) R and (d) I filters. Also, the position angle for each filter is shown. The
observed (grey pentagons) and intrinsic polarization angles (blue pentagons) of ω CMa. The θfield

IS and the average value of the
intrinsic polarization angle are shown with orange and purple horizontal lines, respectively. The vertical dashed lines display
the boundaries between the cycles. The vertical dotted lines show the boundaries between outburst and quiescence phases.
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C. MODEL FITS FOR Hγ AND Hδ LINES

(a) Hγ (b) Hδ

Figure 19. Same as Figure 13 for (a) Hγ and (b) Hδ lines.


