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Abstract: The brightness and proximity of many classical Be stars makes them
perfect laboratories for studying the physics of astrophysical disks. They are also
among the most popular targets for optical/IR interferometers, which are able
to fully resolve their circumstellar disks, to which much of the recent progress
in our understanding of these enigmatic objects is owed. The current consensus
is that classical Be stars eject material from the stellar surface into Keplerian
orbits, thus forming a disk, whose subsequent evolution is governed by turbulent
viscosity, which is the basis of the so-called viscous decretion disk (VDD) model.
Among the main results of the present work is arguably the best-constrained
model of a particular Be star (β CMi). The VDD predictions were confronted
also with radio observations, which allowed for the first determination of the
physical extent of a Be disk. This result subsequently led to the detection of
a binary companion, which is truncating the disk by tidal forces. Extending the
sample to include five more targets led to revealing a similar outer disk structure
in all of them. The range of explanations includes the most plausible scenario, in
which the truncation of Be disks by (unseen) companions is much more common
than previously thought.
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Introduction
The doctoral research was based at the Astronomical Institute of the Charles
University and partly at the European Southern Observatory in Chile. The re-
search was completed under the home supervision by Daniela Korčáková and the
external supervision by Stanislav Štefl (formerly European Southern Observatory,
Chile) and Alex Cavaliéri Carciofi (University of São Paulo, Brazil). Stanislav
Štefl was one of the most active Czech astronomers in the Be star community
and he was a recognized expert in modern observational techniques, especially
optical and radio interferometry. After his untimely death in June 2014, I was
externally supervised for the remainder of the doctoral studies by a long-time
Stan’s collaborator Thomas Rivinius (European Southern Observatory, Chile).

The main body of work is represented by an ensemble of thematically unified
articles, that were published in refereed international journals and in proceedings
of international conferences. The set primarily contains two first-author papers
published in Astronomy & Astrophysics (Klement et al., 2015, 2017b) with the
first one having been included in Astronomy & Astrophysics highlights and the
second one being currently in press. The rest of the ensemble includes one co-
authored paper published in the Astrophysical Journal (Dulaney et al., 2017),
and three first-author contributions to conference proceedings, namely the 2014
’Bright Emissaries’ conference held in London, Ontario, Canada (Klement et al.,
2016), the 2016 ’B[e] phenomenon: 40 years of studies’ conference held in Prague,
Czech Republic (Klement et al., 2017a), and the 2016 conference ’Lives and death-
throes of massive stars’, held in Auckland, New Zealand (Klement et al., in press).
I am a co-author on an additional paper published in the Astrophysical Journal,
which is not included in this thesis (Silaj et al., 2016). The reprints of the
above mentioned publications with introductory commentaries are contained in
Chapters 5 and 6.

The introductory Chapters 1 to 4 contain technical and physical background
to the topics covered in Chapters 5 and 6. In Chapter 1, an introduction to the
topic of classical Be stars and their astrophysical context is given. Chapter 2
contains a review of the observational characteristics of classical Be stars with
a special focus put on the subject of interferometric measurements. In Chapter 3,
the physical characteristics of the central stars are reviewed, while in Chapter 4
the current knowledge of the circumstellar disks is summarized.

Due to the specifications of the PhD project, several topics regarding classical
Be stars are not discussed in detail. As the results concern only nearby galactic
Be stars, we omit the discussion of classical Be stars in the context of different
metallicity environments (see, e.g., Martayan et al., 2006, 2007). Detailed dis-
cussion of the model for one-armed density waves, that are found to be present in
the disks of some classical Be stars, is also left out, as the results concern mostly
temporally averaged properties of Be disks (if interested see, e.g., Sect. 3.2 of
Okazaki, 2016, and references therein).
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1. Classical Be stars
The conspicuous nature of the spectrum of γ Cas, one of the brightest Be stars,
was first reported by Secchi (1866). Secchi noticed a ’curious peculiarity’ in the
observed spectrum, which he described as ’a luminous line very beautiful and
much brighter than the rest of the spectrum’. The line in question was Hβ, in
most stars seen in absorption, and his discovery would become known as the first
observation of a Be star.

Recently, a consensus has emerged as to the nature of classical Be stars:
They are rapidly rotating, non-radially pulsating B stars forming purely gaseous
decretion disks. The term decretion is related to accretion, but indicates opposite
direction of the flow of the mass: instead of matter infalling onto the star, it
originates from the central star itself (Rivinius et al., 2013b). The decretion disks
rotate close to Keplerian way (e.g. Meilland et al., 2007) and only slowly diffuse
outwards. The disk material is ejected from the central star by as of yet not
unambiguously defined mechanism, for which the term ’Be phenomenon’ came to
use. Regardless of the exact nature of the Be phenomenon, the ejected mass is
governed by viscous forces.

The still widely used definition of Be stars was given more than a century
after the discovery of Secchi by Jaschek et al. (1981), and slightly adjusted by
Collins (1987, ’Balmer lines’ instead of ’hydrogen lines’):

A non-supergiant B star whose spectrum has, or had at some time, one or
more Balmer lines in emission.

Such a definition is clearly very broad and it encompasses several different
types of main sequence B-type stars. The reason is that regardless of the nature
of the circumstellar environment, and the mechanism that led to its formation,
its presence and a sufficient density (> 10−12 g·cm−3) will lead to Balmer line
emission.

The term ’classical Be stars’ came to use quite recently to refer to fast rotating
stars with decretion disks such as γ Cas and to exclude objects which can also
show emission in the Balmer series, but possess circumstellar environments of
a different physical nature (Porter and Rivinius, 2003).

The taxonomically similar objects and their main differences with respect to
classical Be stars are the following:

• Supergiants: Although these are evolved stars, they were in the past often
misclassified as being on the main sequence due to the fact that for fast-
rotating supergiants, the spectra can appear almost identical. The Balmer
emission in these objects originates from angular momentum conserving
wind-like outflows rather than Keplerian disks.

• Herbig stars: These are young stars with protoplanetary accretion disks.
The less active later-type Herbig stars do not show inverse P Cygni profiles
and can therefore be quite easily confused with classical Be stars. However,
Herbig stars can be distinguished by the presence of dust in their disks,
which is responsible for continuum excess emission in the IR and radio.
As classical Be stars are dust-free, continuum excess due to dust safely
distinguishes these two classes.
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• B[e] stars: The main distinct property of these objects is the presence
of forbidden spectral lines, suggesting huge gaseous circumstellar environ-
ments. B[e] stars also show infrared (IR) continuum excess due to circum-
stellar dust. Subgroups of stars with B[e] designation include B[e] super-
giants, Herbig B[e] stars, symbiotic binaries, compact planetary nebulae
and FS CMa type objects, which do not fall into any of the other categories
(Lamers et al., 1998; Miroshnichenko, 2007).

• Stars with emission line magnetospheres: These stars have strong fossil
magnetic fields that can trap circumstellar gas in the magnetosphere, which
then rotates as a rigid body (e.g. Petit et al., 2013). Due to the rigid rota-
tion, the emission line appearance clearly distinguishes stars with magne-
tospheres from classical Be stars.

1.1 Astrophysical context
Classical Be stars are among the brightest and most nearby objects on the sky:
2% of stars listed in the Bright Star Catalog are Be stars (Hoffleit and Jaschek,
1991), while roughly 17% of B-type stars in the local environment are in fact Be
stars (Zorec and Briot, 1997). For this reason they are easily accessible to many
observing techniques and their physical nature can be studied in great detail.

The central stars are among the fastest rotating non-degenerate stars, as they
rotate very close to or even at the critical, or break-up, velocity (e.g. Townsend
et al., 2004). The question of how these stars acquired their fast rotation does
not yet have a definitive answer, neither is precisely known how close to critical
classical Be stars actually rotate. Another unknown concerns the related group
of Bn stars, whose photospheric spectra indicate rotational velocities of the same
order as Be stars, but do not seem to form disks, as no line emission is observable.

The fast rotation of the central star has various effects on many physical as-
pects of Be stars. Geometrical deformation and gravity darkening are among the
most obvious outcomes of the near-critical rotation, and the extreme conditions
allow for testing the predicted nature of these phenomena. Other effects include
influence on the internal structure and on the pulsational properties of the star,
both of which will differ from the non-rotating case. Finally, fast rotation is
a major ingredient necessary for the formation of the circumstellar disks and it
can also have strong effects on the structure of stellar winds.

The evolution of classical Be stars is also a major topic of research. They are
more common among later stages of the main sequence, although they can exist
already at the zero age main sequence (ZAMS). The earliest types are believed
to evolve into core-collapse supernovae, while their fast rotation was suggested
to have a connection to long gamma ray bursts (Maeder and Meynet, 2012).
Historically, classical Be stars were proposed to be products of binary evolution
with a companion supplying the disk material via Roche lobe overflow (Kř́ıž and
Harmanec, 1975), thus forming an accretion disk around the star recognized as
a Be star. Although the current consensus is that the disks originate from the
central star, binary evolution may play a role in transferring angular momentum
to the future Be component, thus causing its fast rotation, which is a ubiquitous
property of classical Be stars (e.g. Gies, 2000). Also, there is growing evidence
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that the binary fraction among Be stars is much higher than previously thought,
which is an important clue for understanding the origin of the disks. Recently,
complex evolutionary models of B-type stars aiming to explain the incidence of
Be stars have been developed (Ekström et al., 2008; Georgy et al., 2013; Granada
et al., 2013). However, such models have to take into account many complex
aspects intrinsically present among Be stars, such as the effects of mass loss,
rotation, and multiplicity, which makes the evolution of massive stars in general
an extremely complex topic with many unknowns.

Classical Be stars are among many astronomical objects of different types
and spatial scales that possess disks. The most common examples include young
stellar objects (YSOs) and active galactic nuclei. However, besides classical Be
stars, most astrophysical disks are accretion disks, where mass flows from the
outside onto the central object. Nevertheless, with the exception of the transition
region close to the central object, the physics of decretion disks are the same as
that of accretion disks, with the obvious difference being the direction of the
flow of mass. In most astrophysical disks, viscosity is a mechanism of major
importance, and the accessibility of classical Be stars can reveal important aspects
of the viscous transport of mass and angular momentum, that can be applicable
to other astrophysical systems.

1.2 Classical Be star research
Astronomy in the Czech Republic has traditionally focused on hot stars and
their photometric and spectroscopic observations. The series of papers entitled
’Properties and nature of Be stars’, whose main authors are Petr Harmanec and
Pavel Koubský now contains 30 papers spanning more than 45 years of continuous
research.

There has been a number of recent conferences held over the world, that fo-
cused on the specific topic of Be stars. The most recent ones include the ’B[e]
phenomenon’ meeting held in Prague, Czech Republic, in June 2016 (Mirosh-
nichenko et al., 2017), ’Bright Emissaries’ meeting in London, Ontario, in 2014
(Sigut and Jones, 2016), and ’Circumstellar dynamics at high angular resolution’
held in Foz do Iguacu, Brazil, in 2012 (Carciofi and Rivinius, 2012). The last big
conference on massive stars in general was held in Auckland, New Zealand at the
end of 2016 (proceedings in preparation).

The topic of classical Be star has been a subject of dedicated reviews, most
prominently by Slettebak (1988), Porter and Rivinius (2003) and most recently
by Rivinius et al. (2013b).
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2. Observational characteristics

2.1 Spectral lines
One cannot describe the observable properties of classical Be stars without em-
phasizing the feature first noticed by Secchi, that distinguishes them from ’nor-
mal’ main sequence stars, and that is responsible for the ’e’ in the name ’Be stars’.
The emission observed in the spectral lines of the hydrogen Balmer series is the
most striking feature in Be star spectra, and emission lines have been the major
source of the current knowledge concerning the disks around Be stars. In the
following, I will briefly describe the spectral lines that originate from the stellar
photosphere, and subsequently the lines originating in the disk itself.

The photospheric lines, typically extremely flat and broad, are the major
source of our knowledge about the fast rotation of the central stars. Besides the
rotational broadening of photospheric lines, the fast rotation has an effect on the
properties of the stellar photosphere itself, as it leads to geometrical deformation,
and consequently gravity darkening. For further description of the physics of the
central stars, see Chapter 3.

The strongest emission lines in Be star spectra are hydrogen lines of the
Balmer, Paschen and Pfund series (the last two lying in the IR portion of the
spectrum). Spectroscopic observations reveal that the emission line profiles can
be single-peaked or double-peaked. In the latter case the central reversal can
sometimes be sharp and reach below the continuum level, for which the term
’shell’ line profile came to use, with the stars showing this effect being called
’shell stars’. The seminal work of Struve (1931) brought the realization that
these features could belong to the same type of objects with rotating ring-like
circumstellar environments, that are seen under different inclinations: while the
single-peaked case would belong to objects seen pole-on, shell profiles indicate
that the object is seen close the equator-on, and the non-shell double-peaked
profile would correspond to intermediate inclinations. The schematic illustration
depicting Struve’s scenario is shown in Fig. 2.1. Struve suggested that the group
now known as classical Be stars are ’lens-shaped bodies which eject matter at the
equator, thus forming a nebulous ring which revolves around the star and gives
rise to emission lines’. It is now clear that this statement is essentially correct
in every aspect, although it took many decades to unambiguously confirm the
flattened geometry of the circumstellar environment.

The location of the origin of emission spectral lines can usually be inferred
from their kinematical properties, such as the width at the base of the emission:
lines formed closer to the central stars will be wider, and thus have larger peak
separations than those formed in the extended regions, where the orbital velocity
of the disk is lower. Balmer lines are optically thick recombination lines, that are
formed over large areas of the disk. The strongest emission line is Hα, with the
amount of emission decreasing towards higher Balmer lines. Higher Balmer lines
also originate over smaller areas of the disk, and are formed progressively closer
to the central star. Besides hydrogen lines, many optically thin emission lines of
metals, such as FeII, originate in the circumstellar disk.

For classical Be stars observed close to pole-on, optically thick emission lines

9



Figure 2.1: The schematic picture depicting a fast-rotating central star and a cir-
cumstellar disk. Real examples of observed line profiles are shown for each of the
observer positions (figure adopted from Rivinius et al., 2013b).

can present a ’wine bottle’ line profile shape, seen in Fig. 2.1 in Hα and Hβ for
the observer position A. The peculiar shape is explained by non-coherent scatter-
ing broadening, which affects the line profiles for pole-on orientations (Hummel,
1994).

For intermediate inclinations, the central decrease in the intensity of the opti-
cally thick emission lines comes from the fact that the size of the emitting region
at low radial velocities (RV) is smaller than in the line wings (Bjorkman, 2012,
also see the middle panel of Fig. 2.4). At inclinations close to the edge-on case,
the disk is self-absorbing and also veils the central star, which is why the shell
line profiles have a central reversal that can reach below the level of continuum
(for example Rivinius et al., 2006).

An additional spectral feature caused by the circumstellar disk for edge-on
viewing angles, the so-called central quasi emission (CQE) peak, is sometimes
observed as an emission cusp in the central, deepest part of shell line profiles.
This effect was studied in the context of Be-shell stars by Rivinius et al. (1999).
The CQE peaks are in this case actually absorption features, as less radiation is
absorbed and scattered at zero radial velocity than at slightly different velocities.
The presence of CQE peaks in some Be stars is evidence for the disks being
dominated by rotation instead of a radial outflow. The CQE effect was later
studied in the context of spectro-interferometric observations by Faes et al. (2013).

P Cygni line profiles caused by stellar wind are also present in the spectra of
classical Be stars, especially in the ultraviolet (UV) lines of highly ionized metals.
The role of the stellar wind is discussed in detail in Sect. 4.3.1.
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2.2 Continuum emission

The photospheric radiation from the central star is partly absorbed and partly
reprocessed by the circumstellar disk. The disk emission leads to the character-
istic IR and radio radiation excess with respect to the photospheric continuum,
that can be observed in the spectral energy distribution (SED). Depending on
the inclination of the system, the presence of the disk can lead to dimming of the
spectrum at short wavelengths (UV and visible).

Already the earliest ground-based near-IR flux density measurements of clas-
sical Be stars showed signs of free-free emission from a circumstellar environment
(Johnson, 1967; Woolf et al., 1970; Allen, 1973), although the data were not suf-
ficient to discard the possibility that the IR excess originates from dust emission.
Gehrz et al. (1974) presented observations of 33 classical Be stars that increased
the wavelength coverage to 19.5µm. The presence of dust was ruled out due to
the absence of dust emission features in the IR SED, and strong evidence was pre-
sented in support of the free-free mechanism in an ionized envelope as the origin
of the IR excess. The authors were also able to estimate a characteristic electron
density of 4 × 1011 cm−3 and a radius of the emitting region of four stellar radii.
The ability of an optically thin free-free emitting shell to reproduce the observed
IR excess up to 19.5µm is demonstrated for the case of β CMi in Fig. 3 of Gehrz
et al. (1974). The theory of continuum emission from stellar winds was later
reformulated by Lamers and Waters (1984), who included bound-free opacity in
the models, which turns out to be important for continuum emission shortwards
of 10µm.

The IRAS satellite, which was in operation from January to November 1983,
brought the first space-based observations in the IR domain. Cote and Waters
(1987) and Waters et al. (1987) reported and analyzed IRAS measurements at 12,
25, and 60µm of 101 Be stars. Based on a much extended wavelength coverage, the
authors concluded along the same line as did Gehrz et al. (1974): there is no dust
contribution to the observed continuum excess, which arises due to bound-free
and free-free emission. They also used a simple wedge-shaped disk-like model seen
pole-on (introduced by Waters, 1986) to reproduce the IRAS observations. Using
a power-law density distribution through the disk in the form ρ ∝ r−n, where r is
the distance from the stellar surface, they concluded that the IRAS observations
can be reproduced when using values of n between 2 and 3.5. Signs of correlation
were also found between the spectral type of the Be star and the amount of IR
excess in that the earlier B types have larger excesses and therefore denser disks.
The amount of IR excess was also found to correlate with the Hα emission and
the intrinsic linear polarization in the visual continuum, which indicated that all
these observables originate in the same circumstellar environment. On the other
hand, no correlation was found between the projected rotational velocity and the
amount of IR excess.

Not long after the IRAS observations, the classical Be star ψ Per was the first
one to be detected at the radio wavelength of 6 cm (Taylor et al., 1987). The
authors have selected five Be stars, for which the IR observations were indicative
of the strongest excess emission and radio fluxes of the order of 1 mJy. Although
initially only ψ Per was detected, subsequent studies from the same authors
brought detections of five additional classical Be stars at cm wavelengths, namely
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β CMi, η Tau, EW Lac, γ Cas, and β Mon A (Taylor et al., 1990; Dougherty
et al., 1991).

The measured flux densities at cm wavelengths as well as the derived upper
limits for the stars that were not detected, lie in all cases below of what would
be expected from extrapolation of the IRAS fluxes. Therefore an SED turndown,
i.e., a steepening of the spectral slope, occurs somewhere between IR and radio
wavelengths. To better constrain the location of the SED turndown, the James
Clerk Maxwell Telescope (JCMT) was used to observe the Be stars detected at
cm wavelengths at sub-mm/mm wavelengths (Waters et al., 1989, 1991). All six
stars were detected at 1.1 mm, while three were detected at 0.8 mm. The IR and
radio SEDs for the six stars are shown in Fig. 2.2.

Waters et al. (1991) suggested several causes for the SED turndown, from
which they favored a change in the disk geometry or additional acceleration of
the disk material at large distance from the central star over the possibilities of
the disk having an outer edge or of recombination of disk material in its outer
parts. To this date the exact physical cause for the SED turndown has not been
unambiguously determined, although the current state-of-the-art models favor
disk truncation as the most plausible mechanism to explain the SED turndown
(Klement et al., 2015, 2017b).

Besides the turndown, the SED from UV to IR was in all six cases reproduced
remarkably well by the wedge-shaped disk model (see above) having a simple
power-law density distribution. No correlation was found between the spectral
type and the value of the density exponent n, suggesting that radiation pressure is
not the mechanism responsible for the outflow of the disk material and therefore
that the disks are not equatorially enhanced winds.

Only two more detections of Be stars at cm wavelength were reported in the
two decades following the work of Waters et al. (1991). The southern targets
δ Cen and µ Cen were detected at 3.5 cm by the Australia Telescope Compact
Array (ATCA, Clark et al., 1998). New cm observations of the stars η Tau,
EW Lac, ψ Per, and γ Cas (all of them were part of the original Waters et al.
sample), which brought detections at several wavelengths in the cm domain for
each target, were presented by Klement et al. (2017b).

Regarding the continuum emission, much progress has been made in recent
years by the combination of physically realistic models with strong observational
support, and state-of-the-art radiative transfer calculations. These works show
that the circumstellar disk can be divided into optically thick and optically thin
parts, with the optically thick part forming a pseudo-photosphere (Carciofi and
Bjorkman, 2006; Vieira et al., 2015). Due to the fact that the free-free opacity
rises with wavelength, the size of the pseudo-photosphere, and therefore the size
of the emitting region, rises with wavelength. In the limiting case of short wave-
lengths and/or tenuous disk, all of the continuum emission is optically thin and
no pseudo-photosphere is formed. The other limiting case corresponds to long
wavelengths and/or dense disks under the assumption that the disk is somehow
truncated. This case can result in the presence of a truncated pseudo-photosphere
with no optically thin emission. The effect of the truncated pseudo-photosphere
case on the observed SED is that the excess emission no longer rises longwards of
the wavelength, at which the pseudo-photosphere radius equals to the truncation
radius (Vieira et al., 2015).
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Figure 2.2: The IR to radio SEDs of the sample of six Be stars studied by
Waters et al. (1991). What is shown as filled circles are IRAS, JCMT, and VLA
measurements. The solid line is a linear fit to the IRAS points, while the dotted
line is a linear fit to the mm and cm points. The slopes in all cases disagree,
while the SED turndown is clearly seen in all stars with the exception of β Mon.
Figure was adopted from Waters et al. (1991).
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2.3 Polarization in the continuum
Stellar light can become polarized in a circumstellar environment via Rayleigh
scattering (off atoms and molecules), Mie scattering (off dust particles), and
Thomson scattering (off free electrons). One or more of these mechanisms can
be responsible for an intrinsic level of polarization of the stellar light. Such
intrinsic polarization can be however difficult to measure, since interstellar dust
can also introduce a non-zero polarization signal. Luckily, this problem is mostly
alleviated for the nearby and bright classical Be stars, as the observed level of
interstellar extinction is usually very low.

In classical Be stars, up to 2% of the radiation in the visible domain is observed
to be intrinsically linearly polarized. In ionized circumstellar environments, elec-
tromagnetic radiation becomes polarized via Thomson scattering off free elec-
trons. However, the light becomes polarized preferrably in a certain direction
only if the circumstellar environment is aspherical, as in a perfectly spherical en-
velope, the polarization originating in different parts of the envelope will cancel
out. For the case of classical Be stars, the light is polarized in the direction per-
pendicular to the scattering plane formed by the incident and scattered direction
of the light ray. The fact that we observe non-zero polarization clearly indicates
a non-spherical shape of the circumstellar envelope and provides evidence for
a flattened shape.

The degree and spectral shape of polarization in classical Be stars depend
principally on the density of the inner parts of the circumstellar disks. However,
the level of polarization does not grow linearly with the disk density, as multiple
scattering and high hydrogen opacity at high densities prevent the increase of the
polarized signal. As an absorption of a photon (both before and after possible
scattering off free electrons) prevents the detection of its polarization, the spectral
shape of polarization will anticorrelate with the spectrally dependent bound-free
and free-free opacities of hydrogen. This results in two possible cases for the
polarized spectrum, which are illustrated in Fig. 2.3:

• Tenuous disk (left panel of Fig. 2.3): As the Thomson scattering opacity
dominates over the hydrogen opacities, the polarized spectrum is mostly
gray and the polarization level low.

• Dense disk (right panel of Fig. 2.3): Bound-free and free-free opacities dom-
inate over the gray Thomson opacity and therefore the polarized spectrum
attains a characteristic shape with the spectral slope being negative in the
Paschen continuum.

The observed level of polarization is strongly dependent on the system incli-
nation. For disks seen pole-on, the observed level of polarization will be zero, as
the scattering planes are distributed uniformly. The polarization will rise with
increasing inclination, but attains a maximum at an inclination of 70–80◦ rather
than when observed exactly edge-on (Halonen and Jones, 2013). The reason is
similar to the one mentioned above for an upper limit in the observed polarization
level: When seen edge-on, the radiation has to pass through a higher amount of
disk material, which results in a higher likelihood of photons being absorbed or
multiply scattered, resulting in a decrease of the polarization level.
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Figure 2.3: The polarized spectrum of the reference model of Faes et al. (2013)
for two disk densities and an inclination of 70◦. The left panel shows the tenuous
case, in which the electron scattering optical depth dominates over the optical
depth due to bound-free and free-free transitions, and therefore the polarized
spectrum is close to being gray. The right panel shows the situation for a dense
disk, in which the level of polarization becomes strongly wavelength-dependent.
In general, the slope of the polarized spectrum in Paschen and Brackett continua
will be almost linear, while the shape in the Balmer continuum will be more
complicated due to the opacities of metal lines. Figure was adopted from Rivinius
et al. (2013b).

In case of a rotating central star surrounded by a circumstellar disk, the
polarization level and spectral shape will also depend on the exact value of the
stellar rotation rate. The reason is the effect of gravity darkening, which causes
dimming of the equatorial parts of a rapid rotator. As a result, fewer photons are
polarized, and therefore the level of polarization will decrease with the increasing
rotation rate. Gravity darkening will be discussed in more detail in the section
describing the central stars which form Be disks.

Considering polarized spectra with high spectral resolution, it was found that
the spectrum gets depolarized at wavelengths corresponding to the location of
emission lines (e.g. Poeckert, 1975). This occurs because it is mostly the stellar
radiation that gets scattered and polarized, while the line emission originating
in the disk itself is mostly unpolarized. Therefore, the line emission diminishes
the continuum polarization at the corresponding wavelengths, which leads to the
characteristic line depolarization. However, the detailed properties of the line
depolarization can be complex due to additional scattering of line photons and
possibly other effects that are still not fully understood (Harrington and Kuhn,
2009).

2.4 Interferometric techniques
Since a large part of the data used in the present study consists of interferometric
data, the basic principles of the technique will be introduced and also a brief
historical overview of how interferometry contributed to our knowledge of classical
Be stars will be given. A brief comparison between the interferometric technique
implemented at optical/IR wavelengths to the one employed in radio astronomy,
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where it is often required to reach reasonable angular resolution, will be given. In
the following I mostly focus on optical/IR (hereafter optical) interferometry, but
the basic principles apply to radio interferometry as well, as the two techniques
basically differ only in technical implementation.

2.4.1 Introduction
Thanks to their brightness, proximity, and the presence of circumstellar disks,
classical Be stars have been among the primary targets for optical/IR interfer-
ometers. The optical long baseline interferometry (OLBI) technique is capable
of achieving up to sub-milliarcsecond angular resolution, which is enough to fully
resolve the disks of nearby classical Be stars. For the most nearby targets, even
the central star can be spatially resolved (for example Achernar; Domiciano de
Souza et al., 2014).

In single dish telescopes, the finest achievable angular resolution is limited by
the diffraction limit (Rayleigh criterion), which states that two point-like objects
separated by a certain angular distance are resolved from each other when the
center of the diffraction pattern of one of the objects falls onto the first minimum
of the diffraction pattern of the second object or farther. The widely used formula
for the Rayleigh criterion is Θ = 1.22λ/D, where Θ is the finest achievable angular
resolution (in radians), λ is the wavelength, D is the diameter of the aperture, and
the numerical term 1.22 comes from the fact that a circular aperture is considered.

The currently available 8-meter class telescopes are capable of reaching the
diffraction limit of up to ∼ 20 mas in the visible. Such angular resolution is
usually not achievable even at the best observing sites due to turbulent mixing
of the Earth’s atmosphere, which causes local changes of the optical refractive
index. The atmospheric turbulence causes blurring of astronomical objects when
exposures longer than the characteristic turbulence timescale are used. The full
width at half maximum (FWHM) of the blurred image of a point source is usu-
ally referred to as astronomical seeing with the typical values being of the order
of a few arcseconds, but values reaching 0.4 mas can be achieved at the best
observing sites. The angular resolution of 8-meter class telescopes is therefore
usually referred to as being ’seeing-limited’ and not ’diffraction-limited’, which
is the case for small telescopes. To overcome this problem for large single-dish
telescopes, various techniques such as lucky imaging (extremely short exposures)
or adaptive optics (real-time correction for atmospheric turbulence by mirror de-
formation) have been developed. However, even after the upcoming generation
of 40-metre class telescopes with adaptive optics is available, the angular resolu-
tion achievable by OLBI techniques is still much greater. The subsequent step
towards 100-metre class telescopes will be a long and complicated one, which is
why OLBI techniques will remain crucial for observational astronomy at least for
the upcoming decades.

2.4.2 Basic principles of the technique
The basic idea of the interferometric technique is to combine light beams from
two or more individual telescopes. The finest angular resolution of a 2-telescope
interferometer is given by Θ = λ

2B
, where B is the projected baseline, i.e., the
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telescope separation projected on the sky in the direction of the observed target,
which can reach much higher values than would correspond to the diameter of
a single-dish telescope.

The basic tasks of interferometry after receiving light by the individual tele-
scopes are the following:

1. Relay of the individual beams to a beam-combining laboratory

2. Correction for the relative path difference between the beams

3. Combination of the beams in order to form an interference pattern (fringes)

4. Detection of the fringe pattern and measurement of the fringe contrast and
position

The basic interferometric observable is then the complex visibility:

Vab = |Vab| exp (iϕab), (2.1)

where the amplitude |Vab| is the fringe contrast (visibility) and ϕab is the fringe
position (phase) measured when combining beams from telescopes a and b. The
baseline lengths between individual pairs of telescopes are described via the so-
called uv-plane, in which the baselines projected on the sky are measured in the
units of the working wavelength. The lengths of projected baselines are then
referred to as spatial frequencies.

The basic theorem of interferometric techniques is the Van Cittert-Zernike
theorem, which connects the complex visibility V measured at a given spatial
frequency to the actual brightness distribution on the sky I via a normalized
Fourier transform:

V (u, v) =
∫ ∫

I(l,m) exp (−i2π[lu+mv]) dldm∫ ∫
I(l,m) dldm , (2.2)

where u and v are the coordinates in the uv-plane and l and m are the angular
coordinates on the sky. Thus, by measuring complex visibility at a certain point in
the uv-plane, we obtain one component of the Fourier transform of the brightness
distribution on the sky.

2.4.3 Atmospheric effects
The biggest obstacle to obtaining good quality interferometric measurements is
the atmosphere of the Earth. The atmospheric turbulence distorts the incoming
wavefront across the apertures of individual telescopes, while also introducing
a global shift, sometimes called atmospheric piston, between the individual tele-
scopes. To correct for the former and regarding OLBI, it is crucial to use adaptive
optics. At sufficiently long wavelengths, the turbulence across an aperture will be
negligible (correspondingly, one can use smaller apertures to decrease the effect of
atmospheric turbulence). If the atmospheric turbulence is not properly corrected
for, fringes will get blurred and the visibility amplitude will decrease.

The atmospheric piston between the individual telescopes prevents us from
using exposure times longer than the characteristic timescale of the atmospheric
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turbulence, which at optical/near-IR wavelengths is of the order of tens of mil-
liseconds. This unfortunately usually limits the use of optical interferometers to
bright targets only, for which a reasonable signal-to-noise ratio is achieved with
such short exposures. A workaround is to use a special instrument, the so-called
fringe tracker, which can measure the fringe jitter caused by the atmospheric
piston on a bright object, and this measurement is simultaneously used to track
the fringes of a faint object. Close proximity of the bright and faint objects
on the sky (< 1 arcmin) is required for the fringe-tracking to work. Although
technically difficult to implement, much longer exposure times can be used when
fringe-tracking is employed.

The complex visibility is always affected by the atmosphere, and to be able
to recover it, one generally needs to switch between observing the science target
and a nearby calibration source of a known angular size (ideally a point source)
to allow for proper calibration. This allows for recovering the absolute visibil-
ity, but the phase information is usually lost. There is a way of recovering the
phase information independently of the atmospheric turbulence if at least three
telescopes are used. Assuming a three telescope interferometer forming a closed
triangle, we can measure the so-called closure phase, which is the phase of the
product of the three complex visibilities measured by the three pairs of telescopes
(first introduced by Jennison, 1958). If we divide the measured phase between
each pair of telescopes into the intrinsic one and the one introduced by the at-
mosphere, we can get rid of the atmospheric contribution by co-adding the three
phases:

ϕ1−2 = ϕ1−2
0 + (ϕ1

atm − ϕ2
atm), (2.3)

ϕ2−3 = ϕ2−3
0 + (ϕ2

atm − ϕ3
atm), (2.4)

ϕ3−1 = ϕ3−1
0 + (ϕ3

atm − ϕ1
atm), (2.5)

where ϕa−b and ϕa−b
0 are respectively the observed and intrinsic phase shifts be-

tween the telescopes. The terms ϕatm correspond to the atmospheric contribution
to the observed phases. After co-adding these equations, the atmospheric terms
cancel out and we arrive at the closure phase CP, which contains contributions
only from the intrinsic phases:

CP = ϕ1−2
0 + ϕ2−3

0 + ϕ3−1
0 . (2.6)

Phase-referencing is another method that can lead to recovering the phase in-
formation. When the interferometric signal is dispersed over a number of spectral
channels, we can choose a reference spectral channel, in which the visibility and
phase is assumed to be known, and obtain differential phases for the other spec-
tral channels (for more details see Sect. 2.4.5). The other way to phase reference
is to have a dual-star observation capability, which allows for simultaneous ob-
serving of the science target and a bright calibrator, which are close to each other
on the sky. Besides such ’astrometric phase-referencing’, the dual-field option can
be used for precise astrometry of the science target.
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2.4.4 The uv-plane coverage
The observed image of an astronomical object is generally a convolution of the
true brightness distribution on the sky by the point spread function (PSF, in radio
terminology called dirty beam), which is the Fourier transform of the aperture
shape. In the case of a point source and circular aperture, the result of the
convolution is the Airy diffraction pattern.

In interferometry, the aperture is not circular, but consists of an ensemble
of small, sparsely distributed, circular apertures. Consequently, imaging as with
a single telescope would work only if the uv-plane was fully filled, which is never
the case. For technical reasons, in OLBI techniques only a very small number of
telescopes can be used as an interferometer (the situation is different in radio, see
below), and therefore imaging without prior assumptions is extremely difficult.

Improving the uv coverage of an interferometer is crucial for measuring the
brightness distribution of the astrophysical object in more detail. There are three
basic ways in which the uv coverage can be improved.:

• Combining more telescopes and thus making use of more baselines and/or
moving the telescopes to different positions between subsequent measure-
ments.

• Making use of the Earth rotation, which leads to continuously changing
projected baselines.

• Spectrally dispersing the interferometric signal - measurements at different
wavelength correspond to different points in the uv plane, since the spatial
frequency is measured in the units of wavelength. The disadvantage of
spectral dispersion is however the decrease in sensitivity, since fringes need
to be measured in each spectral channel.

If the uv-plane is filled sufficiently, the PSF will have a strong maximum in
the center of the field of view, and its size will depend on the maximum spatial
frequency (maximum baseline length) of the interferometer. However, PSF ar-
tifacts will still appear, since the uv plane is never filled entirely. Nevertheless,
employing a deconvolution algorithm on the observed image in order to suppress
the PSF artifacts, imaging (or aperture synthesis) of celestial objects with a very
high angular resolution can be achieved without any prior knowledge about the
brightness distribution of the observed object. However, since the uv-plane cov-
erage is in the optical regime always sparse, image reconstruction without prior
assumptions about the target structure is usually not possible. In these cases,
a model prediction is usually confronted with the available measurements in order
to infer information about the brightness distribution. However, thanks to the
improving capabilities of optical interferometers, that allow for combining light
from an increasing number of telescopes, model-independent image reconstruc-
tion algorithms similar to the ones employed in radio interferometry are starting
to be used by the community (see Berger et al., 2012, for a recent review).

2.4.5 Spectrally dispersed interferometry
In the previous discussion monochromatic light was considered. Since the band-
pass is never infinitesimally small, the fringe contrast is always diminishing to-
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wards the edges of the interference pattern. Although a broad-band filter with
no spectral dispersion allows for observing much fainter objects, using spectrally
dispersed interferometry has several crucial advantages.

As was shown above, the absolute value of the phase of the complex visibility
is hard to recover due to atmospheric turbulence. Spectrally dispersing the inter-
ferometric signal offers the possibility to use the phase referencing method. When
dispersing the interference pattern over a number of spectral channels, a reference
channel can be chosen and differential phases with respect to the reference can
be measured for the other spectral channels.

Practically, when using the spectro-interferometric technique, the wavelength
filter is usually centered on a spectral line, but contains also the continuum on
the sides of the line. In astrophysical objects such as classical Be stars, certain
lines have an emission component, that is formed in the circumstellar envelope,
and therefore the object will have a larger angular size when observed in the line
than in the surrounding continuum. If we are not interested in measuring the
angular size of the central star (which is in fact usually point-like for classical
Be stars), but are interested in recovering the differential information about the
line-emitting region, the visibility and phase in the continuum is normalized to 1
and 0 respectively. The differential visibilities recovered in this way then provide
information about the line-emitting region relative to the continuum. In this case,
regular observation of a calibrator source is not necessary.

The typical differential spectro-interferometric signature of a classical Be star
across a strong emission line (in this case Brγ) is illustrated in Fig. 2.4. The dif-
ferential visibilities and phases provide us with complementary information about
the observed target: the visibility is sensitive to the size of the emitting region,
while the differential phase is sensitive to the kinematics of the line emitting
region. In other words, the phase provides information about the photocenter
displacement corresponding to the breaking of centrosymmetry. If the object is
only marginally resolved (|V | > 0.8), the differential phase is proportional to the
photocenter displacement, but the relation is more complicated in the resolved
case (for more details see Faes et al., 2013).

2.4.6 Comparison of optical and radio interferometry
Although the basic principle of the interferometric technique is the same in optical
and in radio, there are certain technical aspects that make interferometry in the
radio easier to implement practically.

In optical interferometry, it is not possible to digitize the signal at the telescope
level, and therefore it cannot be amplified. The individual light beams have to
follow the light paths towards the beam-combining laboratory, which means that
the beams are reflected many times before they can interfere with each other. As
a consequence, a significant part of the signal is lost before the interferometric
pattern can be formed on the detector. Furthermore, the difference in the optical
path lengths of the individual beams is corrected for in a delay line tunnel, which
requires metrology with a much better precision than the value of the observed
wavelength. Consequently, the delay line tunnels have to be completely free from
any vibrations, which are eventually the biggest ’killers of fringes’.

These technical limitations of the OLBI technique are the reason why only
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Figure 2.4: Upper row: The profiles of differential phase, visibility and emission
line (Brγ) for a typical Be disk. The baseline direction is along the semimajor
axis of the disk, that is seen under intermediate inclination. Middle row: The line
formation regions for different wavelengths indicated in the upper row. Bottom
row: The same as middle row, but zoomed in. The shift in the position of
the photocenter is indicated to illustrate the effect on the observed differential
phase. In this case we are in the marginally resolved regime and therefore the
differential phase is proportional to the photocenter displacement, resulting in
the characteristic S-shaped phase profile. Figure was adopted from Faes et al.
(2013).
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a small number of individual telescopes can be used (the highest number of simul-
taneous beams is currently six). Therefore, imaging is very time consuming and
the interferometric data are usually analyzed via model fitting. The fact that the
light signal is digitized only at the fringe detector, after it has been reflected many
times, presents another limitation to the brightness of the observed target. Be-
sides the technical difficulties, the Earth atmosphere is responsible for extremely
short coherence times at optical and near-IR wavelengths (milliseconds).

In the radio the situation is dramatically different. The signals can be digitized
already in the focus of each telescope, in which case we talk about heterodyne
interferometry. The signals can be amplified, which allows for the combination of
many beams and therefore imaging of astronomical objects is much easier than
at optical wavelengths. As for the Earth atmosphere, it does not represent such
an obstacle for radio interferometry as it does for optical interferometry. At long
wavelengths, the coherence time of the atmospheric effects is of the order of tens
of minutes, which is enough for phase calibration when switching between the
science and calibration target. Among the main complications of radio inter-
ferometry in comparison with the optical one is the presence of radio frequency
interference, i.e., contamination by man-made radio waves propagating through
the atmosphere.

The angular resolution of optical interferometer with hectometric baselines
(order of 0.1 mas) greatly exceeds the angular resolution of radio interferometers
with baselines of the order of tens of kilometers (order of 10 mas). Optical
interferometry therefore allows for studying astronomical objects at much finer
spatial scales.

2.4.7 Interferometric techniques applied to classical Be
stars

The simplest application of the interferometric technique is the measurement
of the angular size of the astrophysical object in the direction of the projected
baseline at a certain wavelength. In analogy to Young’s double slit experiment,
infinitesimally small apertures (point source) will result in the highest contrast
of the observed fringes (visibility equal to 1). However, if the size of the slit is
increased, the fringes will be smeared and the visibility will drop below one. Mea-
suring the decrease of visibility with increasing baseline thus allows to measure
the angular size of the object (the object is resolved). Since the number of avail-
able baselines is usually small, the object is usually assumed to have a brightness
distribution corresponding to a uniform or a limb-darkened disk or to a 2D Gaus-
sian. Rivinius et al. (2013b, Table 2) list all the pre-2013 results of Gaussian
fitting to interferometric measurements of classical Be stars, which reveal that
the FWHM of the Gaussian fit is of the order of several mas for the Hα emitting
region and around 1 mas for the near-IR continua (photometric bands H and K).
The few measurements at mid-IR wavelengths clearly show that the emitting re-
gion gets larger with increasing wavelength, reason for which was explained in
Sect. 2.2.

Interferometric measurements were instrumental for the advancement of our
understanding of the physical nature of classical Be stars. In the following I will
mention several studies based on the interferometric technique, that are consid-
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Figure 2.5: The azimuthally averaged visibility data of Dougherty and Taylor
(1992, points with error bars), showing a systematic decrease with increasing
baseline (spatial frequency). The thick line shows a simple Gaussian fit to the
visibility data, with the best-fit FWHM being 74 mas, corresponding to 17 astro-
nomical units at the distance of 155 pc. The dotted thin line shows the visibility
curve that would be expected of a point-like (unresolved) source. Figure was
taken from Dougherty and Taylor (1992) and slightly adapted.

ered as the biggest milestones in the research of classical Be stars.
Dougherty and Taylor (1992) were the first ones to angularly resolve the cir-

cumstellar environment of a classical Be star at radio wavelengths (λ = 2 cm,
Fig. 2.5) using the Very Large Array (VLA) interferometer. While they were
able to determine the angular size along a certain baseline direction, for the per-
pendicular one only an upper limit could be derived. This fact strongly implied
that Be star envelopes are flattened. To this date, the work of Dougherty and
Taylor (1992) remains the only one that reports a successful angular resolution
of a Be disk at radio wavelengths.

The unambiguous confirmation of the flattened structure and the final rejec-
tion of spherical models is attributed to the works of Quirrenbach et al. (1993)
and Quirrenbach et al. (1994), who used optical interferometry to fully resolve the
disks of γ Cas and ζ Tau respectively in a narrow-band channel containing Hα
emission. The measured visibility values for the longest baselines were found to be
strongly variable depending on the baseline position angle, which is a direct piece
of evidence of the flattened shape of the circumstellar envelope. Together with
contemporary spectroscopic evidence for rotation-dominated disks (Hanuschik,
1994), the disk paradigm for the envelopes of classical Be stars became widely
accepted. However, it remained unclear whether the disks are geometrically thin
or thick, as there is a degeneracy between the actual thickness of the disk and
the inclination under which the disk is seen.

Quirrenbach et al. (1997) combined Hα interferometry of seven Be stars with
contemporaneous spectro-polarimetric measurements, which allowed the authors
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to confirm that the circumstellar disks of classical Be stars are geometrically thin,
as the position angles derived from interferometry and polarimetry were found
to be perpendicular to each other. Comparison of the results for the star ψ Per
with the results of Dougherty and Taylor (1992) for the same star also revealed
that the position angle of the disk on the sky remains the same over large spatial
extents.

As predicted by Quirrenbach et al. (1997), the spectrally dispersed interfer-
ometric measurements across an emission line allowed for the first direct deter-
mination of the rotation law in Be disks. Spectro-interferometric measurements
across the Brγ line with a modest spectral resolution of R = 1500 were enough
to unambiguously show that Be disk rotate very close to Keplerian way, i.e.,
vϕ ∝ r−1/2, where vϕ is the orbital velocity of the disk material, and r is the
distance from the central star (Meilland et al., 2007).

2.4.8 The current OLBI facilities
The currently most widely used OLBI facilities in the world that in principle allow
for imaging of astrophysical objects are the Very Large Telescope Interferometer
(VLTI) at the Paranal observatory in Chile (public access to competition for ob-
serving time) and the Center for High Angular Resolution Astronomy (CHARA)
at the Mount Wilson Observatory, California, USA (limited public access to com-
petition for observing time). In the following I will very briefly mention the main
characteristics of these state-of-the-art observatories.

VLTI

The VLTI currently allows for using three- and four-beam combination using
either the 1.8 m Auxiliary Telescopes (ATs), that can be moved around, or the
8.2 m Unit Telescopes (UTs), which are at fixed positions. The available telescope
separations range from 8 to 200 m for the ATs and from 47 to 130 m for the UTs.
VLTI operates at the near-IR wavelengths in the photometric bands J , H, and
K and the finest angular resolution reaches 1 mas. Adaptive optics are currently
available only at the UTs (MACAO), while the ATs provide a tip/tilt correction
only, which is one of the most basic implementation of adaptive optics. Full
adaptive optics (NAOMI) will be installed at the ATs in the near future.

The currently offered instruments include the 3-beam combiner AMBER
(Petrov et al., 2007), whose acronym stands for Astronomical Multi-BEam com-
bineR. It operates at the wavelengths of 1–2.5µm and allows for three spectral
resolutions: low (R = 30), medium (R = 1500) and high (R = 12000). The
3-beam fringe tracker FINITO (Fringe-tracking Instrument of NIce and TOrino,
Gai et al., 2004) can be used for simultaneous observations with AMBER. It mea-
sures the phase on a bright target and sends corrections to the delay lines, which
then lock the fringes onto the detector. This allows for using longer integration
times, but also brings calibration problems.

The 4-beam combiner PIONIER is a VLTI instrument that was commissioned
in 2010 (Le Bouquin et al., 2011). The acronym stands for Precision Integrated-
Optics Near-infrared Imaging ExpeRiment. As the name suggests, the individual
beams are actually combined on a small plate with integrated optics. It operates
in the H and K and provides only low spectral resolution of R = 40.
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The second generation instrument GRAVITY is a 4-beam combiner that ob-
serves in conjunction with a dedicated fringe tracker (Eisenhauer et al., 2011).
The fringe tracker can be used in an on-axis (single-field) or off-axis (dual-field)
mode. This allows for phase referenced imaging and in the near future an astro-
metric mode with a precision of the order of 10 microarcseconds will be available.
GRAVITY works in the K-band and allows for medium (R = 500) and high
(R = 4000) spectral resolution. As the acronym - General Relativity Analysis
via Vlt InTerferometrY - suggests, GRAVITY will test the predictions of general
relativity, specifically in the strong-field case in the vicinity of the supermassive
black hole in the center of the Galaxy.

CHARA

CHARA is a 6-telescope (1 m) interferometer, that currently offers the longest
telescope separation available for the OLBI technique - 331 m. Furthermore, by
having instruments dedicated to the visible part of the spectrum, even sub-mas
angular resolution can be achieved. CHARA currently contains six instruments,
that are used for scientific observations.

The Michigan InfraRed Combiner (MIRC Monnier et al., 2006) operates in
the near-infrared H-band in low spectral resolution (R ∼ 35, 150 or 450) and
allows for a combination of up to 6 beams. Together with the very high precision
of closure phase measurements, MIRC allows for model-independent imaging of
astrophysical objects.

Visible spEctroGraph and polArimeter for the CHARA array (VEGA,
Mourard et al., 2009) is a spectro-interferometer that currently offers the highest
spectral resolution (R = 30000) as well as the highest angular resolution (0.3 mas).
It allows for a combination of up to 4 telescopes.

The other beam-combiners that are available at CHARA include CLASSIC
(2-beam H and K-band combiner, ten Brummelaar et al., 2005), CLIMB (3-
beam extension of CLASSIC, Sturmann et al., 2010), JouFLU (2-beam K-band
combiner, Lhomé et al., 2012), and PAVO (2-beam combiner in the visible,
Coudé du Foresto et al., 2003).

2.5 Variability
Variability of classical Be stars on practically all timescales is one of their typical
observational signatures. Variability on the shortest timescales is usually con-
nected with the variations of the stellar photosphere, while variability on longer
timescales stems from changes in the disks or due to binarity. In the following
I will mention the most typical variations observed in classical Be stars and the
interpretation of these variations will be discussed.

2.5.1 Short timescales (less than 2 days)
Line profile variations

Periodic line profile variations (LPVs) on the timescales of 0.5 to 2 days were
detected in spectra of most early-type Be stars (e.g. Baade, 1982; Rivinius et al.,
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2003), while they are seemingly absent in later spectral types (e.g. Baade, 1989).
It is now widely accepted that the LPVs are caused by non-radial pulsation of
the Be star, although rotational modulation due to the presence of star spots for
a while offered a viable competing mechanism to explain the variations
(Porter and Rivinius, 2003). Furthermore, it is thought that all classical Be stars
pulsate, but in later spectral types the corresponding LPVs are probably below
the detection level (see Sect. 3.2.2 for more details on pulsation of classical Be
stars).

Small-scale light variations

Short period light variations have been detected in all classical Be stars that were
observed with sufficient sensitivity (Rivinius et al., 2013b). As the variations
are often minute, ground-based photometry generally does not provide sufficient
sensitivity due to atmospheric effects. Consequently, space-based photometry is
often necessary for the detection of the low-amplitude light variations.

Photometric satellite missions have brought important advances in our un-
derstanding of classical Be stars, as they have led to routine detection of mul-
tiperiodic light variations in the studied objects, which include late-type stars.
For example, Saio et al. (2007) reported the detection of periodic (∼0.3 days),
low-amplitude (∼1 mmag) light variations in the B8Ve star β CMi, detected by
the Microvariability and Oscillations of Stars (MOST) satellite, that are consis-
tent with non-radial pulsations. Additional examples of space-based photometric
observations of light variations in Be stars and their interpretation via non-radial
pulsation include the works of Semaan et al. (2011, the CoRoT space mission),
Baade et al. (2016b, the BRITE satellite), and Rivinius et al. (2016a, the Kepler
spacecraft).

2.5.2 Binarity-induced variations (weeks to months)
In some classical Be stars, the double peak emission lines show periodic variations
of the ratio of the intensities of the blue-shifted and red-shifted peaks. This is
usually referred to as violet-to-red peak variation, or simply V/R variation. Such
variation is believed to originate either from a disk inhomogenity that is phase-
locked with a binary orbit or from a density wave propagating through the disk.
The properties of V/R variations in Be stars (not only binarity-driven, see below)
were reviewed by Okazaki (1991).

Many Be stars are identified as spectroscopic binaries, as their spectral lines
exhibit periodic RV variations. In several such cases, when the Be star was
a confirmed binary with a known orbital period, the period of the V/R variations
of emission lines was found to be equal to the orbital period (for example π Aqr
Pollmann, 2012). In these cases, the density perturbation was most likely excited
by the tidal influence of the companion, and its propagation is phase-locked with
the binary orbit. The results from hydrodynamic simulations suggest that the
inhomogenities take the form of two-armed spiral waves (Panoglou et al., 2016).

There are also known cases in which small absorptions components (sometimes
called satellite absorptions), that are observed on top of the peaks of emission
lines, were found to be phase-locked with the binary orbit. The examples include
4 Her (Koubský et al., 1997) and κ Dra (Saad et al., 2004).

26



Several classical Be stars are known to have hot subdwarf O-type/B-type
(sdO/sdB) companions, which are cores of stars that were stripped of the outer
layers via mass transfer (for example ϕ Per Gies et al., 1998). Subdwarf com-
panions are hotter than the Be stars that they orbit and the strong radiation
interacts with the outer parts of the disk of the Be primary. The disk region
irradiated in this way forms an additional emission component, usually best seen
in the UV, whose RV variation is in anti-phase with respect to the motion of the
primary Be star. For modeling of the disk structure in a Be+sdO/sdB system,
see for example Hummel and Štefl (2001, ϕ Per).

The so-called Be/X-ray binaries consist of a classical Be star and a neutron
star or black hole companion. Accretion of the material from the outer parts of the
Be disk onto the compact object is responsible for the emergence of characteristic
X-rays. The nature of the binary orbit as well as inhomogenities in the disk lead
to modulation of the X-ray emission. The modulation of the X-rays is responsible
for two types of X-ray outbursts, that are observed in high mass X-ray binaries:
Type I outbursts are regular and short-lived enhancements of the observed X-ray
flux by the order of tens to hundreds, which occur close to the periastron passage
of eccentric systems, while Type II outbursts lead to the increase of X-ray flux
by the order of 103–104, which can occur anytime during the orbit, lasts longer
than the Type I outbursts, and can even lead to the destruction of the Be disk
(Reig, 2011).

There are several known cases in which the primary Be star has a companion
in a highly eccentric orbit. Notable examples include δ Sco (e.g. Miroshnichenko
et al., 2003) and Pleione (Nemravová et al., 2010). These systems provide us
with the means of studying the effects on the disk during the periastron passage,
and in this way allow for finding out additional structural information about the
disk. For example, in the case of δ Sco, the perturbation of the disk, including its
outer parts, was found to be surprisingly low during the last periastron passage
in 2011. This would be expected in case when the orbital plane of the binary
would be misaligned with the orbital plane of the disk. However, in this partic-
ular case, an analysis of interferometric phase signatures led to the conclusion
that the orbital planes of the disk and the binary are aligned, but rotate in the
opposite direction (Štefl et al., 2012). This effectively lowers the timescales of the
interaction between the disk and the companion and explains the fact that the
disk was affected by the periastron passage quite weakly.

2.5.3 Long timescales (months to decades)
One-armed density oscillations in the disk

Many Be stars show V/R variations with periods of the order of years to decades,
which are not connected to the presence of a binary companion. The density
asymmetry between the approaching and receding parts of the disk can in this
case be explained by global oscillations of the disk. The original idea was given by
Kato (1983), who proposed the possible existence of precessing, one-armed, spiral-
shaped waves in a geometrically thin disk rotating in a Keplerian way. The model
for the density perturbation in the context of classical Be stars was developed by
Okazaki (1991), refined by Papaloizou et al. (1992), and more recently by Ogilvie
(2008).
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In their detailed multi-technique study of ζ Tau, one of the prototype Be V/R
oscillator, Carciofi et al. (2009) were able to confirm the spiral shape of the density
wave from radiative transfer simulations of spectro-interferometric observations.
Furthermore, they were able to fit the V/R cycle of Hα and Brγ, including the
time lag between the cycles of the respective lines. Shortcomings of the vertically-
averaged model for the one-armed density perturbation include the prediction of
variation in the observed level of polarization, which is not observed, and the
inability to correctly reproduce the phase of the V/R variation in the Br15 line.
Since both the polarization and the Br15 are expected to originate from the inner
parts of the disk only, the shortcomings indicate that the geometry of the one-
armed oscillation is not predicted correctly for these parts. As a follow-up on the
work of Carciofi et al. (2009), Escolano et al. (2015) developed a 2.5D model for
the global-disk oscillations, which partly alleviates the problems of the vertically
averaged 2D model.

Disk growth and dissipation

Some classical Be stars, such as for example β CMi or ζ Tau, have possessed sta-
ble disks for at least several decades, which indicates that mass is supplied from
the central star on a continuous basis. However, many Be stars have also been
observed to lose existing disks or build up new disks on the time scales of weeks
to years. The disk dissipation/growth is usually manifested by gradual loss/gain
of the disk-forming observables, specifically line emission, excess continuum emis-
sion, and continuum polarization. However, in certain cases when the Be star is
seen close to edge-on and the disk that is being formed is very dense, growth in
line emission can be accompanied by dimming at short wavelengths.

Other Be stars show episodes of irregular disk growth or dissipation, that do
not lead to a complete loss or build-up of the disk, while for others this variability
was found to be (quasi-)periodic. The best-studied example of the latter is the
Be star ω CMa (Štefl et al., 2003a). The complex quasi-periodic V -band light
curve, covering four long cycles of disk growth and dissipation (and including
several short-term growth and dissipation episodes) was more recently studied by
Ghoreyshi and Carciofi (2017).

In line with the current consensus that Be disks originate from the central
stars, spectroscopic evidence was presented in support of the disk inner parts
being cleared prior to the outer parts (for example Rivinius et al., 2001).

Disk precession

Three classical Be stars (γ Cas, 59 Cyg, and Pleione), all confirmed binaries,
were observed to show transition between a normal Be spectrum and a Be-shell
spectrum on the timescales of months to years. This indicates that the inclina-
tion angle under which the disk is observed can in some cases be variable. The
first known Be star γ Cas went through shell phases in 1935–36 and 1939–40,
after which it appeared as a normal B star for a short while (Harmanec, 2002;
Nemravová et al., 2012), before becoming a Be star apparently seen under inter-
mediate inclination (Stee et al., 2012). In 59 Cyg, at least two shell phases were
observed in the past (Barker, 1982, (the last one in 1974–75). Pleione is the only
star were such variations seem to be ongoing and periodic with a cycle length of
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∼ 35 years and with the last transition from normal Be to shell phase occurring
in 2005 (Tanaka et al., 2007).

Disk precession as a consequence of a misaligned binary orbit was suggested
to explain the spectral variations of γ Cas and 59 Cyg by Hummel (1998). For
the case of Pleione, Hirata (2007) presented long-term polarimetric monitoring,
which revealed strong variation of the polarimetric position angle from 60◦ to 130◦

during the years 1974–2003, which provides direct evidence for the disk precession
as the cause for the spectral and polarimetric changes.
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3. Central stars
In this section I will review the three most important properties of the central
stars. These are extremely rapid rotation, characteristic non-radial pulsation, and
the lack of detectable surface magnetic fields. It is currently thought that the
proper combination of these three properties leads to the occurrence of classical
Be stars in general. For example, there are rapidly rotating B-type stars that do
not form disks (Bn stars), which could be due to distinct pulsational properties
of the two classes.

3.1 Rapid rotation

3.1.1 Introduction
The central stars in classical Be stars are non-supergiant B-type stars, whose
average projected rotational velocity v sin i is higher by as much as 150 km s−1

than that of normal B-type stars (e.g. Slettebak, 1949). Thus Be stars rotate at
a significant fraction of the critical (break-up) velocity, which is given by:

vc =
√
GM/Re, (3.1)

where G is the gravitational constant, M is the stellar mass, and Re is the stellar
equatorial radius. The main consequence of the fast rotation, which is assumed to
be rigid, is geometrical deformation of the star due to the centrifugal force acting
against the gravitational force at the equatorial parts. With an increasing rate of
rotation, the equatorial radius of the starRe grows, while the polar radiusRp stays
roughly the same. Considering a critical rotation in the Roche approximation
(uniform rotation and centrally condensed mass), the maximum value of the
oblateness specified via the ratio Re/Rp is 1.5 (for example chapter 2 of Maeder,
2009).

How close to the critical Be stars actually rotate has been a matter of debate
since their identification as fast rotators. The traditional means of estimating
the rotation rates is to measure the rotational broadening of photospheric lines
such as, for example, HeII 4471 and MgII 4481, and use it to infer the projected
rotational velocity vrot sin i. The obvious complication is the need to disentangle
the real (not projected) value of vrot, for which the system inclination i has to be
known. Another complication is that the masses of Be stars are usually assumed
according to their spectral type, which itself is uncertain due to the rotation, and
thus the masses for individual cases are uncertain. This means that even if one
can measure vrot, the exact value of vc and therefore the critical fraction remains
uncertain. Nowadays, OLBI techniques are capable of measuring the geometrical
deformation of the nearest fast rotators, which provides a more direct way of
determining the rotation rates (see van Belle, 2012, for a review on interferometric
observations of rapidly rotating stars).

Struve (1931) originally assumed that it is the critical rotation that is respon-
sible for the formation of the flattened circumstellar environment, as the effective
gravity on the equator would in this case be zero and thus only a small additional
velocity component in the radial direction would lead to lifting the material above

31



the stellar surface. However, later the consensus shifted towards classical Be stars
rotating subcritically at around 70–80% of the critical (for example Porter, 1996),
which means that an additional mechanism besides the fast rotation is required
to lift material above the stellar surface. The currently accepted view is that Be
stars can rotate at 75–100% of the critical (Sect. 3.1 of Rivinius et al., 2013b,
2016c).

Instead of expressing the rotation rate by the critical fraction vrot/vc, where
vrot is the rotational velocity at the stellar equator, it is more appropriate to
use the fraction W = vrot/vorb, where vorb is the Keplerian orbital velocity just
above the stellar surface. The quantity W is useful, since the difference vorb −vrot
corresponds to the value of the additional velocity, that is needed for the gas at
the stellar surface to reach Keplerian velocity. For example, if we consider that
vorb = 500 km s−1 and that W = 0.95, the additional velocity boost required to lift
the material into orbit is 25 km s−1. The thermal energy of the gas in the stellar
atmosphere can be represented via the square of the local sound speed cs, and
thus the sound speed is a way of specifying the velocity boost that is available
freely to the gas at the stellar surface. The typical sound speeds are assumed
to be ∼25 km s−1, therefore in the example mentioned above, some material can
reach Keplerian velocity even when W = 0.95.

3.1.2 Gravity darkening
von Zeipel (1924) studied radiative equilibrium in rotating bodies of gas and
he noted that in the case of radiative equilibrium and barotropicity (physical
properties at any point depend only on the density and temperature), the local
flux is proportional to the local surface gravity. This is sometimes referred to as
the von Zeipel effect and is usually expressed in the simplified form:

Teff ∝ gβ
eff , (3.2)

where the exponent is sometimes referred to as von Zeipel’s β. For a rigidly
rotating and purely radiative atmosphere, the von Zeipel’s β attains the value of
0.25 (von Zeipel, 1924; Lucy, 1967; Claret, 2000a; Townsend et al., 2004). On
the other hand, Lucy (1967) derived the value of 0.08 for stars with convective
subphotospheric layer, which are associated with fast rotators of later spectral
types. For a review of the development of ideas concerning gravity darkening, see
Rieutord (2006).

Gravity darkening represents a major obstacle to the proper measurement
of vrot sin i, since the equatorial parts get dimmer with increasing rotation rate.
Therefore the high-velocity wings of the photospheric lines will become less con-
spicuous with increasing rotation. This means that if the gravity darkening is not
taken properly into account, the vrot sin i measurements will be systematically un-
derestimated. This fact was first noted by Stoeckley (1968, see their Fig. 4) and
more recently studied in detail by Townsend et al. (2004).

A not entirely proper treatment of gravity darkening when measuring vrot sin i
from broadened line profiles, which was according to Townsend et al. (2004)
caused by the fact that the work of Stoeckley (1968) was not widely recognized
in the community, led to the consensus that classical Be stars rotate at around
70–80% of the critical (Porter, 1996; Chauville et al., 2001).
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Figure 3.1: The width ∆ of the HeI 4471 line as a function of the critical ratio
vrot sin i/vc. The numbers that lable the individual solid lines indicate the system
inclination by means of vrot sin i. The dotted line corresponds to the case of no
gravity darkening. Figure was adopted from Townsend et al. (2004).

Townsend et al. (2004) explained that the fact that we do not observe classical
Be stars to rotate critically is because the equator becomes so dim due to gravity
darkening that it does not contribute to the high-velocity wings of photospheric
lines. Therefore, even if the star rotates critically, the rotation rate measured
from line profiles would not exceed 80% of critical. The degeneracy of the line
width of HeI 4471 with respect to the critical ratio for different inclinations is
illustrated in Fig. 3.1. This means that the possibility that classical Be stars
rotate close to or at the critical velocity remains open.

The study of Domiciano de Souza et al. (2003) brought the first direct inter-
ferometric measurement of the oblateness of the nearest Be star Achernar using
the VLTI K-band commissioning instrument VINCI (Kervella et al., 2003). At
the time of the observations, Achernar was thought to be in a normal (diskless)
state, due to negligible emission in Hα according to the authors. It came as quite
a surprise that the resulting oblateness Re/Rp turned out to be 1.56 ± 0.05 (as-
suming a uniform elliptical disk as a representation for the stellar surface), which
is more than is considered as the maximum value of oblateness in the Roche ap-
proximation. The authors questioned the validity of the Roche approximation for
the gravitational potential distribution in critical rotators, while it was argued
that differential rotation may lead to an oblateness exceeding the value of 1.5
(Jackson et al., 2004).

However, later it was revealed that in fact there was a small emission compo-
nent in Hα at the time of the VINCI observations (Vinicius et al., 2006). This
would mean that a residual disk could contribute to the observed interferomet-
ric visibilities and therefore be responsible for the extremely large value of the
oblateness derived from the VINCI observations. Carciofi et al. (2008) used this
assumption and were able to reproduce the VINCI measurements using a central
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star rotating close to critical in the Roche approximation (i.e. Re/Rp ≤ 1.5)
and including a circumstellar disk. Later, Achernar was studied by Domiciano
de Souza et al. (2014), who used a complex fast-rotator photospheric model (in-
cluding gravity darkening) to reproduce multi-technique observations including a
much more precise (compared to VINCI) VLTI interferometry from AMBER and
PIONIER to constrain the photospheric parameters. At the time of these ob-
servations, Achernar was truly in a diskless state and the oblateness was derived
to be equal to 1.352 only, which corresponds to rotational velocity of 88% of the
critical or to W = 0.84. Unfortunately, such a detailed study of a photosphere
of a Be central star is possible only for Achernar, as it is the closest Be star and
the brightest Be star on the sky.

Following the publication of the work of Townsend et al. (2004), which itself
was sparked by the original VINCI results for Achernar, several statistical studies
were performed in order to constrain the rotational velocity of large samples of
classical Be stars. The non-exhaustive list includes the work of Cranmer (2005),
Frémat et al. (2005), and Rivinius et al. (2006) and the results are summarized in
Sect. 3.1 of Rivinius et al. (2013b). Rivinius et al. (2016c) concludes that classical
Be stars rotate at 75–100% of the critical and these numbers are independent of
the spectral type. However, it has to be noted that fast-rotating stars exist in this
range which are not Be stars - the so-called Bn stars (e.g. Regulus; McAlister
et al., 2005). The threshold in the rotation rate above which Bn stars are no
longer observed (i.e., above this threshold all B-type fast rotators become Be
stars) does seem to depend on the spectral type and rises from 75% of the critical
in early B-type to 90% in late B-type stars (Huang et al., 2010).

The subject of the true distribution of rotational velocities of classical Be
stars was more recently revisited by Zorec et al. (2016) with the intention to
disentangle the real rotational velocities from the measured vrot sin i of 233 Be
stars. Besides the effect of the gravity darkening described above, the authors
took into account also possible additional broadening of the observed line profiles
due to macroturbulent motions in the stellar atmospheres as well as due to orbital
motion caused by (undetected) binary companions. Consequently, they arrived
at a very wide distribution of the true critical fraction among classical Be stars,
which strongly favors subcritical rotation (down to 30%). In the next paper in
the series, Zorec et al. (2017) discuss the effect of differential rotation on the
line broadening and conclude that depending on the specifics of the differential
rotation law, it can lead both to under- and overestimation of the number of Be
stars rotating close to critical.

Oblateness was directly measured for a number of non-Be main sequence fast
rotators (including a Bn star Regulus). Assuming the traditional prescription for
gravity darkening (Eq. 3.2) and rigid rotation, it was found that keeping the grav-
ity darkening exponent β as a free model parameter leads to better reproduction
of the interferometric measurements. The results showed that the values of β
deviate from the value expected for radiative envelopes (0.25) and get lower with
increasing oblateness (see the caption of Fig. 3.2 for references). This can be ex-
plained by the existence of a convective subphotospheric layer at the equatorial
parts, where the temperature decreases substantially, and therefore the result-
ing value of β lies in between of what is expected for radiative (β = 0.25) and
convective (β = 0.08) energy transport in the subphotospheric layers.
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Figure 3.2: The functional dependence of the gravity darkening exponent β on
the rotational flattening ϵ = 1 −Rp/Re according to the model of Espinosa Lara
and Rieutord (2011). The model provides a reasonable explanation of the values
derived from interferometric observations of six fast rotators: α Lyr (Vega, A0V;
Monnier et al., 2012), α Eri (Achernar, B3-6Vpe; Domiciano de Souza et al.,
2014), α Leo (Regulus, B8IVn; Che et al., 2011), β Cas (Caph, F2IV; Che et al.,
2011), α Aql (Altair, A7IV–V; Monnier et al., 2007) and α Cep (Alderamin,
A7IV; Zhao et al., 2009). The figure was adopted from Domiciano de Souza
et al. (2014).

These results prompted the development of more realistic physical models for
gravity darkening in rapidly rotating stars, most notably the model of
Espinosa Lara and Rieutord (2011). The authors relaxed the barotropicity as-
sumption (the fact that it does not hold in rapid rotators was already noted by
Eddington, 1925) and considered the energy flux in the stellar interior to be a
divergence-free vector antiparallel to the effective gravity. This led to a reasonable
reproduction of the values of β derived from the interferometric observations for
a given oblateness. Although Espinosa Lara and Rieutord (2011) do not express
the gravity darkening law as a power-law, for easier comparison with previous
works they derived β as a function of the rotation rate W . This function is
shown in Fig. 3.2 together with the results for the individual targets.

3.1.3 Rapid rotation and stellar evolution
The evolution of a rapidly rotating star is substantially different from slowly
rotating stars. Due to the centrifugal force acting against the gravity, fast rotators
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evolve more slowly than non-rotating stars of the same mass and their main
sequence lifetime can be up to 40% longer (Maeder and Meynet, 2010). Due to
the effects of gravity darkening, classical Be stars also appear fainter than their
non-rotating counter-parts.

Fast rotation is also expected to lead to internal mixing of the stellar material,
which affects the chemical composition of different parts of the star from its core
to the surface. While in slow rotators, the observations of the surface chemical
enrichment agree with the theoretical expectations (Rivinius et al., 2016c), for
the fastest rotators, i.e., classical Be stars, the situation is different. It is expected
that faster rotation should lead to more effective rotational mixing, a situation
which is not observed (e.g. Dunstall et al., 2011). This most likely indicates that
certain aspects, important for the fastest rotators, are missing in the current
theory of rotational mixing.

Nonetheless, since rapid rotation is one of the primary properties of classical
Be stars, the fundamental question, to which no definitive answer exists yet, is
what caused the Be star to acquire such a rapid rotation rate in the first place.
On the other hand, Be stars could acquire their fast rotation via different channels
and it might not be possible to determine how exactly it happened for individual
targets. The most widely suggested scenarios for the spin-up of the Be stars are
the following:

• They were born as fast rotators. Zorec et al. (2005) studied the evolutionary
status of 97 galactic Be stars and came to the conclusion that classical
Be stars can exist even at the ZAMS evolutionary stage. Furthermore,
classical Be stars should exist throughout the whole main sequence, but the
earlier type Be stars seem to prefer the initial stages of the main-sequence
lifetime, while the later type are observed mostly towards the end of the
main sequence.

• They were spun up by mass overflow during binary evolution. During the
evolution of a binary star, the initially more massive component will be the
first one to evolve from the main sequence and become a supergiant. Under
certain circumstances, this will lead to the more evolved component swelling
up beyond its Roche envelope, and the material from the outer layers will
accrete onto the less massive star that is still on the main sequence. To-
gether with transferring the material, this may lead to angular momentum
transfer from the primary to the secondary, and thus the secondary (future
Be star) will be spun up. After the mass transfer phase, the initially more
massive component will appear as a sdO/sdB star, which is the stellar core
that is left after the outer parts are stripped. Such sdO/sdB companions
are very difficult to detect, although they might exist in abundance even
in Be stars appearing as single. Due to their extremely high temperatures,
they are most easily detected via time-series of ultraviolet spectra, or via
fluorescence line emission that can take place in the part of the outer disk
of the Be star facing the sdO/sdB companion. Currently, there are 5 con-
firmed Be+sdO/sdB systems: φ Per (Gies et al., 1998), FY CMa (Peters
et al., 2008), o Pup (Koubský et al., 2012), 59 Cyg (Peters et al., 2013),
and HR 2142 (Peters et al., 2016).

Since it is widely believed that rapid rotation is one of the necessary conditions

36



for the formation of the circumstellar disk in classical Be stars, it is clear that
rotation is at least partially responsible for the mass loss from the underlying star.
Mass loss obviously has an effect on the evolution of the star, however, Granada
et al. (2013) argue that for the typical mass loss rates in Be stars (10−13 −
10−9 M⊙yr−1), the impact on the stellar evolution is ’very modest’.

3.2 Pulsation

3.2.1 Introduction
The field of asteroseismology studies the internal structure of stars by interpret-
ing the properties of their oscillationary patterns, that can be directly observable
(Aerts et al., 2010). Stars are known to pulsate across almost all evolutionary
stages and spectral types. The basic type of stellar oscillation is the radial pulsa-
tion, during which the star expands and contracts without breaking its spherical
symmetry (such as, e.g., in Cepheids, RR Lyrae variables, etc.). However, pulsa-
tions in some stars are also known to have transverse components in addition to
the radial ones, in which case we talk about non-radial pulsations. The mecha-
nism responsible for exciting pulsations in stars can be the presence of convective
layers and/or the so-called κ mechanism.

Non-radial pulsations are characterized by the non-radial wavenumbers l and
m, which represent the total number of surface nodal lines and the number of
nodal lines in the north-south direction respectively. For example, if the non-
radial oscillation pattern was characterized by l = 1 and m = 0, there would
be only one nodal line along the equator. In this case, the northern hemisphere
would shrink, while the southern expands, and vice versa. Such non-radial pul-
sation detectable on the surface is an extension of large-scale oscillations of the
stellar interior, which are described by the radial wavenumber n, that specifies
the number of nodal surfaces in the stellar interior.

The two main types of stellar pulsations are pressure modes (p-modes) and
gravity modes (g-modes). In the p-modes, the restoring force is the pressure
force, while in g-modes the restoring force is the buoyancy force. The typical
periods of p-modes and g-modes in main sequence massive stars are hours and
days respectively. Obviously, a number of modes can be present simultaneously
in the same star, in which the star has multiperiodic pulsations, which interfere
with each other and produce beating patterns with periods of the order of weeks
and months for the p-modes and g-modes respectively.

Rapid rotation strongly affects the pulsational properties of classical Be stars.
Specifically, it can lead to the excitation of the so-called r-modes by the combi-
nation of the κ mechanism and Coriolis force and for the earliest types possibly
through convection (Neiner et al., 2012). In case of a rotating star, one also needs
to distinguish between prograde and retrograde modes. For a summary of the
effects of fast rotation on stellar oscillations see, for example Saio (2013).

3.2.2 Classical Be stars as pulsators
Classical Be stars are now recognized as a class of pulsating stars, with most of
them showing multiple pulsational periods (Rivinius et al., 2013b). The presence
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of characteristic non-radial pulsation is thought to be the second necessary con-
dition (the first one being rapid rotation) for the B-type star to become a Be
star (e.g. Baade et al., 2016a). The observational signatures of non-radial pulsa-
tion, which include small-scale line profile and light variations, have been touched
upon in Sect. 2.5.1, and the importance of space-based photometry to measure
the latter was mentioned. It is important to stress that signatures of non-radial
pulsations were found in all classical Be stars that were observed with sufficient
precision, which is strong evidence in favor of the combination of fast rotation
and non-radial pulsations being at the core of the mass ejection mechanism (the
Be phenomenon), that leads to the formation of Be disks.

It was initially unclear what is the exact cause of the observed LPVs with
periods in the 0.5–2.0 day range. While Baade (1982) presented evidence in sup-
port of non-radial pulsations as the cause of the observed line profile variations
of ω CMa, Balona (1990) argued for rotational modulation caused by surface
areas with different properties (starspots). Later, Rivinius et al. (2003) studied
over 3000 spectra of 27 early-type Be stars and arrived at the conclusion that the
observed LPVs in most early-type Be stars are due to non-radial pulsations with
l = m = 2.

Current state-of-the-art asteroseismic modeling generally favors prograde g-
modes with l ≤ 4 as the dominant type of non-radial pulsations present in classical
Be stars, although the theory of stellar pulsations currently does not deal with
the extreme rotation rates of classical Be stars. On the other hand, spectro-
scopic analyses of the LPVs rather favor retrograde low-order g-modes, although
variations consistent with p-modes have also been found (Rivinius et al., 2013b,
2016b). For a list of classical Be stars that were studied by space photometry
(prior to 2013), and the frequencies and pulsation mode types that were inferred
from the periodic light variations, see Table 1 of Rivinius et al. (2013b).

Connection to the Be phenomenon

As classical Be stars in general are not thought to be critical rotators (see
Sect. 3.1), at least for some of them an additional mechanism is needed to lift
material into orbit so that it forms a circumstellar disk. Non-radial pulsations
were thought to be one of the most promising mechanisms that could provide
the additional push (Baade, 1988). However, the velocity amplitudes caused by
pulsation are of a similar order as the sound speed, and therefore in general not
high enough to eject matter into Keplerian orbits (Owocki, 2006). On the other
hand, the presence of multiple pulsational periods can lead to beating phenomena
that can periodically enhance the velocity amplitude caused by pulsation so that
it temporarily exceeds the sound speed (see below).

Rivinius et al. (1998) was able to show that line emission outbursts (indicating
mass ejection events that lead to the formation of the disk) in the classical Be
star µ Cen coincide with the timing of constructive interference of different non-
radial pulsation modes. In this particular case, the pulsation modes differ in
the number of radial nodal surfaces n, while having identical surface node lines
(l and m). This means that during constructive interference, the pulsational
velocity amplitudes are enhanced across the entire stellar surface, which results
in some fraction of the stellar material reaching Keplerian orbits and settling into
a disk. Unfortunately, µ Cen remains the only Be star for which the disk ejection
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mechanism could be unambiguously identified, as the pulsational properties of
µ Cen are rather uncommon among classical Be stars. The dominant frequencies
in Be stars showing multiperiodicity often correspond to non-radial modes with
different values of l and m, for which the acquirement of high pulsational velocities
via constructive interference is not as efficient as in the case of µ Cen (e.g. Baade
et al., 2016b).

Nevertheless, the pulsational properties of several Be stars are known to
change during outbursts, although it is not entirely clear whether the pulsation
changes as a consequence of the outburst, or whether it is somehow the cause
for the outburst. For example, in ω CMa, which has only one stable pulsational
period and shows periodic outbursts on the timescale of months, the phase of the
oscillation is significantly shifted after each outburst (Štefl et al., 2003b).

3.2.3 Magnetic fields
There is a class of rotating Be stars with strong magnetic fields, that can trap
material leaving the star via stellar wind along its magnetic field lines and thus the
stars can come to possess rigidly rotating magnetospheres, that are responsible for
the observed line emission (see Shultz et al., 2016, for a recent review). However,
this is a class of objects that has to be distinguished from classical Be stars, as
the nature of the circumstellar environment is clearly of a different origin (see
Sect. 1).

While the rate of detection of magnetic fields among non-Be B-type stars
is around 5–10%, in classical Be stars, any sort of magnetic field, both large-
scale and small-scale, is yet to be directly detected (e.g. Wade et al., 2016).
Consequently, it is thought that the presence of a classical Be disk is incompatible
with the presence of a magnetic field, that is sufficiently strong to be detected,
as it would lead to the destruction of the circumstellar disk on short timescales
(e.g. Ud-Doula et al., 2017).
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4. Circumstellar disks
In the context of astrophysical disks and disk-like structures, the circumstellar
disks surrounding classical Be stars have a special place. Due to the proximity
and brightness of many classical Be stars, their disks are easily observable by
many different techniques including interferometry, which allows for their direct
detection. As was mentioned in Sect. 1, it is now widely agreed that the disks
of classical Be stars are purely gaseous, mostly ionized disks originating from the
central star and rotating close to Keplerian way while slowly diffusing outwards.

In this section I will revise the historical development and the current know-
ledge concerning circumstellar disks of classical Be stars.

4.1 Disk formation
The binary scenario, in which mass transfer from a Roche lobe filling companion
is responsible for the formation of the line emission in Be stars, was in the past
suggested to explain the incidence of Be stars in general (Kř́ıž and Harmanec,
1975). However, this suggestion was critically assessed by Plavec (1976), who
pointed out that there is no reason to believe that all Be stars are binaries, since
also single stars can become Be stars either via critical rotation, or when they are
still embedded in primordial star-forming disks (Herbig stars). He also estimated
that if the scenario suggested by Kř́ıž and Harmanec (1975) was universal for
Be stars, more than 25% of Be stars should present eclipses, which was not
observationally confirmed. Since then, a significant number of Be star companions
were found not to be filling their Roche lobes and therefore they cannot be the
source of the disk material (see e.g. Miroshnichenko, 2016, and references therein).
The role of duplicity in the Be phenomenon was recently reexamined by Harmanec
et al. (2002), who suggested that the presence of a companion can lead to the local
reduction of the effective gravity in an almost critically rotating star, and thus to
the ejection of material into orbit. However, this mechanism already requires an
almost critical rotation, and at such rates, other small-scale mechanisms (thermal
motions, pulsations,...) can lead to ejection of material and formation of a disk
(e.g. Owocki, 2003).

There is also observational evidence that classical Be disks are not supplied
with material from any other outside source, such as the remnants of a protostellar
or protoplanetary disks. As classical Be disks are known to form and dissipate on
relatively short timescales, and furthermore, classical Be stars are known to exist
at ages too high to still possess remnants of primordial disks (e.g. Bjorkman,
2000), the possibility that it is accretion disks surrounding them can be excluded.

Circumstellar disks in classical Be stars thus originate from the central object,
which in this case is a rapidly rotating, non-radially pulsating B-type star without
strong magnetic fields (Sect. 3). The term ’decretion’ came to use to describe
classical Be disks in order to emphasize the opposite direction of the flow of
material as opposed to accretion disks, that are commonly present around many
different types of astrophysical objects.

The precise nature of the mechanism that ejects material into Keplerian orbits
still remains surrounded with uncertainty. In the previous chapter I described
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the properties of the central stars, whose combination is likely unique to classical
Be stars and therefore some sort of interplay between these properties is most
probably responsible for the Be phenomenon. In any case, some mechanism has
to continuously supply material and angular momentum at the inner boundary
to sustain the disk and prevent the re-accretion of material that is already in
orbit. The mechanism needs to be also able to switch on and off on time scales
much shorter than the evolutionary time scale of the star in order to explain the
episodes of disk formation and dissipation observed in a large number of classical
Be stars. Furthermore, the mechanism cannot have a strong effect on material
that is already in orbit, since otherwise it would not be able to maintain Keplerian
rotation (Okazaki, 2001).

It remains unclear if rotation alone can be responsible for building and main-
taining Be disks (see Sect. 3.1), as originally suggested by Struve (1931), although
indirect evidence for critical rotation was presented for some Be stars (e.g. β CMi
Saio et al., 2007; Klement et al., 2015). However, at least some classical Be stars
do rotate substantially subcritically, which means that additional effects have to
be taken into account to explain the continuous supply of material to maintain
the disk (e.g. Meilland et al., 2012).

An important clue for the mass ejection mechanism was found in the classical
Be star Achernar, in which a temporal enhancement of the surface rotational
velocity, observed via enhanced line broadening, was found to correlate with
mass ejection and the formation of a disk (Rivinius et al., 2013a, 2016d). Two
possibilities arise: Either the star is temporally spun-up by angular momentum
transport from the stellar interior, which leads to mass ejection and formation
of a disk, or the star is spun-up only after the mass ejection due to some of the
ejected material reaccreting on the stellar surface. The available observational
evidence seems to point towards the latter option, although the picture is quite
puzzling as on at least one occasion, the spin/up of the stars precedes a disk
growth episode (Rivinius et al., 2016d). Similar behavior was also found in the
Be stars 66 Oph and π Aqr (Rivinius et al., 2016d).

The connection of non-radial pulsation of the central star to the Be phe-
nomenon was discussed in Sect. 3.2.2. To summarize, the additional velocity
contribution associated with non-radial pulsations is thought to generally not be
sufficient to drive the formation of the disk. However, beating phenomena in case
of multiple nearby frequencies with the same non-radial mode numbers l and
m can temporarily lead to sufficient velocity for some of the material to settle
into a Keplerian orbit. This scenario was confirmed the classical Be star µ Cen,
however, µ Cen analogues have not been found (Baade et al., 2016a).

Magnetic fields were also considered as a viable mechanism for disk formation
and the idea gave rise to the magnetically torqued disk model, that could explain
the lifting of material into orbit around rapidly rotating stars (Cassinelli et al.,
2002). However, besides several physical problems hindering the applicability of
this model to classical Be stars in general, the magnetically torqued disk model
can be ruled out by the fact that no magnetic fields of sufficient strength have
been detected in classical Be stars (see Sect. 3.2.3).
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4.2 Disk structure

4.2.1 Disk geometry
Although a disk-like shape of the circumstellar envelope of classical Be stars was
first suggested by Struve (1931) on the basis of rapid rotation of the central star
and the shapes of emission line profiles (Fig. 2.1), spectroscopic measurements
alone are not sufficient to directly detect the disk (e.g. Oudmaijer, 2012).

Detection of intrinsic linear polarization in the spectra of Be stars was already
early-on correctly attributed to the presence of non-spherical circumstellar enve-
lope (e.g. Brown and McLean, 1977, also see Sect. 2.3). Already
Poeckert and Marlborough (1977) modeled the polarized spectrum of γ Cas, in-
cluding depolarization and small position angle changes across the Hα line, and
arrived at the conclusion that the observed polarization features are best ex-
plained by a rotating, disk-like circumstellar envelope.

The onset of interferometric techniques allowed for the first direct detections
of circumstellar disks. The contribution of interferometry to our understanding
of classical Be stars is detailed in Sect. 2.4.7. To summarize, it was radio in-
terferometry that led to the first measurements directly indicating a flattened
circumstellar envelope around the classical Be star ψ Per (Dougherty and Taylor,
1992). Using optical interferometry, Quirrenbach et al. (1993) and Quirrenbach
et al. (1994), fully resolved the elongated envelopes of γ Cas and ψ Per, and Quir-
renbach et al. (1997) subsequently confirmed (using contemporary polarimetric
measurements) the presence of circumstellar disks around several more Be stars.
For ζ Tau, they found the disk’s half-opening angle (measured from the equator
to the north or south) to not exceed 20◦. Shortly after, Wood et al. (1997) found
that to reproduce the observed polarization level of ζ Tau on both sides of the
Balmer jump, the disk has to have either a very small (2.5◦) or quite large (52◦)
half-opening angle, and it can be therefore concluded that disk of ζ Tau is geo-
metrically thin with a very small opening angle. The geometrically thin scenario
was later confirmed for many other objects (e.g. δ Sco, Carciofi et al., 2006) and
is now accepted for classical Be stars in general.

The fact that the disks are geometrically thin is in accordance with the ex-
pectation for disks that are hydrostatically supported in the vertical direction
(e.g. Bjorkman, 2012). This implies that the disks are dominated by rotation
rather than outflow, which was later confirmed by spectro-interferometry and
spectro-astrometry (see Sect. 4.2.2).

As will be shown in Sect. 4.3.3, the disks are also found to be flaring, i.e.,
the opening angle increases with increasing distance from the central star, which
means that the disks are not simply wedge-shaped, but the geometrical thickness
increases more rapidly. Observationally, this was indicated by the discrepancy
between the opening angles derived from different observables. For example, while
the combination of polarimetry and interferometry indicates very small opening
angles (see above), the statistical study of the incidence of shell line profiles
among Be stars led to the conclusion that the average half-opening angle is ∼ 13◦

(Hanuschik, 1996). Considering flaring disks, this can be simply explained by
the fact that different observables originate in different parts of the disk: while
polarimetry probes the very inner parts, strong emission lines such as Hα originate
over much larger areas of the disk.
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4.2.2 Disk kinematics
Three limiting cases are usually considered for the rotation law of circumstellar
disks, that can be expressed in the form vϕ ∝ r−j, where vϕ is the azimuthal
velocity of the disk and r is the distance from the central star. The limiting cases
for the values of the exponent j can be considered the following:

• j = 1 - angular momentum-conserving: This rotation law is attained for
radiatively driven stellar winds. As the radiative pressure exerts no torques,
the specific angular momentum of the disk material is conserved.

• j = 1/2 - Keplerian: In this case the centrifugal force has to balance the
gravitational force throughout the disk. Keplerian rotation requires that
the specific angular momentum increases with the distance from the star.
The mechanism that can provide means for the specific angular momentum
transport is viscous shear. This is the law for disks dominated by rotation
rather than outflow.

• j = −1 - rigid rotation: The case when the azimuthal velocity increases
proportionally to the distance from the central star. As discussed already
in Sect. 1, this case corresponds to hot stars with strong large-scale magnetic
fields that trap the stellar wind along the magnetic field lines.

Rigid rotation is easily distinguishable from the other two laws, as the emission
line wings are found to be strongest at velocities of 2–3 times the observed vrot sin i
(see, e.g., Sect. 4 of Shultz et al., 2016). Furthermore, classical Be stars are
known not to possess strong magnetic fields, so that the rigid rotation law can
be discarded and will not be considered further.

Although already early interferometric measurements were sufficient to unam-
biguously confirm that it is geometrically thin disks that are responsible for the
characteristic observational properties of classical Be stars, it remained uncon-
firmed for some time whether the disks are similar to radiatively driven winds,
and are therefore dominated by outflow, or whether the disks are Keplerian, and
therefore dominated by rotation.

Although the definitive answer as to the rotation law in Be disks being close to
Keplerian came only from spectro-interferometric measurements (see Sect. 2.4.7),
there had been indirect indication already before, mostly from spectroscopy. For
example, the interpretation of the occurrence of the central quasi-emission peaks
in the line profiles of some Be-shell stars requires that the disks are dominated by
rotation with only slow radial motions (Hanuschik, 1995; Rivinius et al., 1999).
As another example, the interpretation of the observed V/R variations of the
emission lines by one-armed density waves precessing in the disk (Kato, 1983;
Okazaki, 1991) requires that there is only small radial velocity component in the
disk, as otherwise the density waves would not be able to survive.

The definitive answer in favor of the Keplerian rotation came from the spectro-
interferometric measurements, specifically the spectrally-resolved (R = 1500) dif-
ferential phase signal across the emission line Brγ of the Be star α Ara. The
spectral shape of the phase could only be reproduced by assuming Keplerian
rotation law (Meilland et al., 2007). The result was later confirmed using high-
resolution spectro-interferometry (R = 12000 in the K-band Kraus et al., 2012)
and spectro-astrometry (Wheelwright et al., 2012) for the star β CMi.
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4.2.3 Density structure
The density structure of the circumstellar disks of classical Be stars is commonly
assumed to attain the following form:

ρ(r, z) = ρ0

(
r

R∗

)−n

exp
[
−1

2(z/H(r))2
]
, (4.1)

where r is the distance from the central star, ρ0 is the base density (density at the
inner boundary of the disk), R∗ is the stellar equatorial radius, n is the volume
density exponent, and H is the disk scale height. This distribution corresponds
to a power-law decrease in the radial direction, which is typical for astrophysical
disks, and to a Gaussian distribution in the vertical direction, which corresponds
to what is expected of a pressure-supported isothermal disk.

In a recent analysis of the infrared SEDs of 80 classical Be stars, Vieira et al.
(2017) showed that the values of ρ0 typically range from 10−12 to 10−10 g cm−3

(with the former being the most probable value), while the values of n span the 1.5
to 3.5 interval. This is in good agreement with previous studies of large samples
of color excesses (130 Be stars Touhami et al., 2011) and Hα line profiles (56
stars, Silaj et al., 2010). More detailed analyses of multi-technique observations of
individual targets also agree with this scenario (e.g. Carciofi et al., 2009; Klement
et al., 2015).

4.3 Physical models
Following the mounting evidence that the circumstellar envelopes of classical Be
stars are geometrically thin disks that originate from the central star, several
physical models were developed to explain the disk formation mechanism as well
as the behavior of the disk itself. In the following I briefly describe the models
based on radiatively driven outflow that were eventually discarded as the correct
ones for classical Be disks, and then proceed to the viscous decretion disk (VDD)
model, which is currently the generally accepted model, that has been able to
withstand all observational tests it was subjected to.

4.3.1 Bi-stability in a radiatively-driven wind
Hot stars in general have radiatively driven winds (see Puls et al., 2008, for
a review). Due to their high luminosity-to-mass ratio, the radiation force due to
scattering off free electrons almost balances the gravitational force of the star.
The extra force necessary to overcome gravity is supplied by radiation scattering
in the resonance lines of heavier elements and the fact that in an accelerating
wind, the lines are Doppler shifted in a manner depending on the location where
they are formed and as a result they can absorb a substantial fraction of the
stellar continuum radiation (e.g. Owocki, 2004).

Classical Be stars have stellar winds similar to non-Be B-type stars and the
typical signatures are P Cygni line profiles of ultraviolet lines such as CIV and
SiIV. These species are ’superionized’ (so that they have higher excitation state
than expected from the spectral type) by shock-induced X-ray emission due to the
intrinsic instability of the radiative driving mechanism (Puls et al., 2008). Such

45



’normal’ B-type winds originate mostly from the polar regions of the rapidly
rotating classical Be stars. The fact that, at intermediate inclinations, the winds
in classical Be stars seem to be stronger than in non-Be stars (e.g. Doazan
et al., 1986), indicates the wind material may originate from the disks themselves
rather than the underlying star. This process is dubbed disk ablation and may
play a role in the relatively rapid dissipation of the disks in certain, especially
early-type, objects (Kee et al., 2016).

The bi-stability of radiation-driven winds, discovered by Pauldrach and Puls
(1990) in the B-type supergiant P Cygni, was initially thought to provide suitable
mechanism for the two circumstellar components in classical Be stars: the fast
and tenuous polar wind component and the slow and dense equatorially enhanced
wind component. The basis of the bi-stability mechanism is that below a certain
effective temperature (21000 K according to Lamers et al., 1995, although the
exact values differ throughout the literature), the change in ionization properties
results in a different set of lines being responsible for driving the wind (see Puls
et al., 2008, and references therein). Since the equatorial parts are much cooler
than the polar parts, the bi-stability mechanism could be responsible for the
occurrence of distinct regions corresponding to the polar wind and equatorial
disk, such as in P Cygni. However, for the bi-stability mechanism to work,
the wind mass loss rate has to be high enough so that at the equatorial parts
(corresponding to temperatures on the cool side of the bi-stability jump) the wind
becomes optically thick. While this is true for hot supergiants, main-sequence
Be stars have much lower luminosities, so that the modest mass loss rate does
not lead to the formation of an equatorial outflow dense enough to explain the
observational properties (e.g. Lamers and Pauldrach, 1991; Bjorkman, 1994).

4.3.2 Wind-compressed disk model

The idea that the effect of rapid rotation on the stellar wind can lead to enhanced
flow of the wind material to the equatorial parts and thus naturally cause the for-
mation of a disk was at the basis of the wind-compressed disk model of Bjorkman
and Cassinelli (1993). The authors showed that with a sufficiently fast rotation,
the wind streamlines originating from the two hemispheres would cross the equa-
torial plane and intercept with each other. This would theoretically lead to the
formation of a dense equatorial disk that is sustained by the ram pressure from
the incoming wind from the two hemispheres. However, later calculations showed
that the proper inclusion of non-radial components of the line-driving force and
the effect of gravity darkening leads to the prevention of the disk formation, and
furthermore, it can lead to enhanced polar flows (Owocki et al., 1996).

However, there is another fundamental problem concerning the wind-compres-
sed disk model and radiative outflow-based models in general: Since the radiative
force exerts no torque, there is no mechanism for angular momentum transport,
that needs to be present in a Keplerian disk, and the rotation law is thus angular
momentum-conserving. The possibility of line-driven winds being responsible for
the formation of classical Be disks was more recently revisited by Curé (2004) and
Silaj et al. (2014), who found a new solution to line-driven winds in case of very
fast rotation. Although the disk densities attainable in this way are compatible
with the observed ones, the main problem of the rotation law being Keplerian
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rather than angular momentum-conserving remains.

4.3.3 Viscous decretion disk model
The VDD model provides a mechanism for angular momentum transport through
the disk and naturally leads to near Keplerian rotation (in the inner parts of the
disk, see below). However, the model does not explain the material ejection
mechanism and relies on the fact that somehow particles are lifted into Keplerian
orbits above the stellar surface. As discussed in Sect. 4.1, this can be naturally
achieved by thermal motions on top of (almost) critical rotation, or by a proper
combination of non-radial pulsation modes and rapid rotation.

The VDD model is currently accepted as the standard model for the disks
of classical Be stars and it is able to explain the structure, evolution, and the
variability timescales inferred from the available observations (Okazaki, 2016).
The VDD model was first proposed to explain Be disks by Lee et al. (1991). The
basic physics are the same as those of accretion disks for example in young stellar
objects with the main difference being the direction of the flow of matter.

In viscous decretion disks, it is the kinematic viscosity that is responsible for
the transport of angular momentum from the inner boundary of the disk out-
wards. This requires that angular momentum is continuously supplied from the
central star, most probably by the internal evolution of the star, which produces
excess angular momentum (Granada et al., 2013). The so-called eddy (or tur-
bulent) kinematic viscosity ν ∼ vl (in SI units m2s−1), which is proportional
to the product of the turbulent velocity and the size scale of the largest eddies,
as introduced by Shakura and Sunyaev (1973) for accretion disks in interacting
binaries, is needed to explain the characteristic timescales of the disk evolution
(Bjorkman and Carciofi, 2005). The size of the largest eddies can be of the order
of the disk scale height H, while the velocity is a fraction of the speed of sound cs,
since shocks would be introduced if the turbulence was supersonic. The turbulent
viscosity can be then expressed as

ν = αcsH, (4.2)

where the proportional constant α is the so-called viscosity parameter, that can-
not exceed unity. Astrophysical disks using this prescription are the so-called
α-disks. The sound speed is given by

cs = [(kT )/(µmH)]1/2 , (4.3)

where k is the Boltzmann constant, T is the temperature, µ is the mean molecular
weight of the gas, and mH is the mass of hydrogen.

Density structure of the VDD model

The hydrostatic structure of a VDD, under the assumption that it is fed from the
central star at a constant mass loss rate Ṁ , has been derived from the steady-
state fluid equations (equation of continuity and three momentum equations cor-
responding to the three directions r, z, and ϕ in cylindrical coordinates) by several
authors (Bjorkman, 1997; Porter, 1999; Okazaki, 2001; Bjorkman and Carciofi,
2005; Carciofi, 2011), who arrived at similar conclusions. Assuming circular orbits
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of the disk particles, axisymmetric shape of the disk, the thin disk approxima-
tion (z ≪ r, where r, z, and ϕ are cylindrical coordinates), and at first ignoring
viscosity, the equations simplify to Keplerian rotation and hydrostatic vertical
structure. The resulting density structure is the following:

ρ(r, z) = ρz=0(r) exp[−0.5(z/H)2], (4.4)

where ρz=0(r) is the disk density at the midplane (z=0), and the disk scale height
is:

H(r) = cs

vϕ

r. (4.5)

Since the azimuthal velocity vϕ ∝ r−1/2, the result is a flaring disk with H ∝ r3/2.
Including the turbulent viscosity in the equations means adding the radial

velocity component vr in the continuity equation and the viscous shear stress
tensor in the ϕ-momentum equation. Introducing the surface density

Σ(r) =
∫ ∞

−∞
ρ(r, z)dz (4.6)

the viscous outflow speed is then from the continuity equation given by:

vr(r) = Ṁ

2πrΣ(r) . (4.7)

The ϕ-momentum equation can then be used to derive an analytical expression
for the disk density structure (while still assuming Keplerian rotation):

Σ(r) = ṀvorbR
1/2
∗

3παc2
sr

3/2

[(
R0

r

)1/2
− 1

]
, (4.8)

where R0 is an integration constant connected with the disk size (or time since the
onset of the disk growth). The viscosity parameter α is assumed to be constant
throughout the disk and the disk density scale is then given by the ratio Ṁ/α.
For sufficiently large disks (r ≪ R0) the surface density becomes a simple power
law:

Σ(r) ∝ r−2 (4.9)
and since ρ ∝ Σ/H, we obtain that ρ ∝ r−3.5. This results provides physical
basis for the use of simple power-law density distributions in decretion disks, as
in Eq. 4.1, and the value of the exponent n = 3.5 is the canonical value expected
for isothermal Keplerian disks.

As the outflow speed increases with radius (Eqs. 4.7 and 4.9), at a certain
point the outflow speed reaches the value of the speed of sound (which is con-
stant throughout the disk as it is isothermal). Thus the disk is divided between
the inner subsonic and outer transonic parts. Within the subsonic part, the disk
is dominated by gravity and thus rotates close to the Keplerian way on nearly
circular orbits and the surface density structure in these parts closely follows
a power-law decrease in the radial direction (Eq. 4.9). This part represents the
actual viscous disk, since in the transonic part the angular momentum is con-
served. The radial density decrease in the transonic part is much faster than
in the subsonic part and therefore the sonic point is associated with the disk
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outer (truncation) radius for cases of no outside influence on the disk. Krtička
et al. (2011) derived an approximate relation for the location of the sonic point
or critical radius Rc in the context of the VDD model:

Rc = 3
10

(
vorb

cs

)2
, (4.10)

where Rc is in the units of stellar equatorial radii. The typical values of Rc are
of the order of hundreds of stellar radii.

Temperature structure of the VDD model

Although the assumption that the disks have isothermal temperature structure
is a reasonable starting point for deriving their properties, numerical simulations
indicate that the disk can be highly non-isothermal, especially in the inner parts.
The temperature structure of the adhoc Be disk model of Poeckert and Marlbor-
ough (1978) was first studied by Millar and Marlborough (1998). The authors
calculated the energy balance of the disk and were able to derive a self-consistent
solution for the disk electron temperature structure. The result was a moderately
strong positional dependence of the temperature, but for the specific case of γ Cas,
which was studied by Poeckert and Marlborough (1978), the authors concluded
that an isothermal disk structure was a ’reasonable first-order approximation’.

The major drawback of the calculations of Millar and Marlborough (1998) was
that a pure hydrogen composition was assumed. The effect of iron line cooling was
included in the temperature solution by Jones et al. (2004) and it was concluded
that iron does make the disk cooler overall, but the disk is still roughly isothermal
with electron temperature of about half the stellar effective temperature.

Carciofi and Bjorkman (2006) used a Monte Carlo radiative transfer approach
to obtain a self-consistent electron temperature solution of a VDD with a pure
hydrogen composition. Considering the disk midplane (where |z| ≤ H), the
resulting temperature distribution is a combination of a YSO-like temperature
structure in the vicinity of the central star decrease) and a hot stellar wind-like
temperature structure in the more extended parts (roughly isothermal). In the
inner dense parts of the disk the temperature initially drops, then rises back up
to about 60% of the stellar effective temperature and stays roughly constant.
The initial decrease is caused by the vertical electron scattering optical depth,
which prevents the stellar photoionizing radiation from reaching the central parts
of the disk. With increasing density, the temperature decrease will become more
pronounced and the temperature minimum will occur farther from the star. The
initial decrease is similar to the radial effective temperature decrease in the disks
of YSOs:

T (r) ∝ r−m, (4.11)

where m is in the range 1
2 to 3

4 .
Unlike the disk midplane, the higher layers of the disk (where |z| > H) are

close to being isothermal at 50% of the stellar effective temperature. These parts
become optically thick only at longer wavelengths (typically > 10µm), and thus
they control the continuum excess at long wavelengths. This means that the
continuum excess at these long wavelength will be reproduced reasonably well by
assuming an isothermal disk.
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Sigut and Jones (2007) introduced for the first time a solar chemical com-
position for the calculation of the disk temperature. The resulting temperature
structure of a low density disk is cooler than that of a purely hydrogen disk by up
to 2000 K, as in this case the metals are responsible for the cooling of the disk via
escape of collisionally excited line radiation. However, for denser disks the metal
cooling is roughly balanced by photoinization heating, and thus the temperature
structure is quite similar to that of a hydrogen disk.

In the studies of Carciofi and Bjorkman (2006) and Sigut and Jones (2007),
the disk density structure was assumed to be fixed as a power-law in the radial
direction and a Gaussian distribution in the vertical, corresponding to a simpli-
fied, isothermal VDD structure. However, the disk non-isothermality affects the
viscous diffusion as well as the hydrostatic solution for the disk vertical structure,
and thus can strongly modify the overall density structure. Making the density
structure consistent with the temperature solution in turn influences the heating
of the disk and hence the temperature structure. The fully self-consistent solu-
tion thus requires an iterative procedure, such as the one used by Carciofi and
Bjorkman (2008). The resulting density structure of a non-isothermal disk devi-
ates from that of an isothermal disk quite significantly, with the effects getting
stronger for higher disk densities. The lower temperatures in the inner disk cause
the disk to collapse towards the midplane and enhance the midplane density. In
Sect. 4.3.3, the canonical value of the radial density exponent n was found to be
3.5 for isothermal disks. However, due to the inner disk non-isothermality, the
density initially decreases more slowly (n < 3.5 as the temperature decreases)
and beyond the temperature minimum more rapidly (n > 3.5 as the temperature
increases). For the outer isothermal parts, the exponent is expected to attain
the isothermal value of 3.5. In terms of the disk flaring, initially the flares mini-
mally (for large densities it can even flare negatively), after which the disk flares
dramatically before attaining the familiar value of the exponent β = 1.5 in the
isothermal parts of the disk.

Time-dependent VDDs

The notion that classical Be stars are inherently variable on many timescales
was introduced in Sect. 2.5. With the exception of the shortest timescales, that
are associated with the photospheric activity of the central star, the variability
originates from the changing properties of the disk. It is of particular interest
to confront the observed phase of disk growth and dissipation with the physical
models, as they have to be able to explain the characteristic timescales on which
this happens. As was already mentioned, the VDD model is able to predict
reasonable timescales consistent with the observed light curves if the value of the
α-parameter is roughly between 0.1 and 1 (Okazaki, 2001; Carciofi et al., 2012;
Ghoreyshi and Carciofi, 2017).

The evolution of the disk density structure depending on varying mass injec-
tion rate into the disk was studied in detail by Haubois et al. (2012). Since the
disks originate from the central star, both the disk growth and dissipation occur
from the inside outwards, i.e., the inner part of the disk is the first to appear or
disappear. Consequently, in case when no disk is present and the mass injection
is switched on, the disk will at first have a very steep density profile (n ≫ 3.5),
that will over time asymptotically approach the steady state structure (n = 3.5).
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On the other hand, when a steady state disk is present and the mass injection
is switched off, the disk will start reaccreting and will attain a shallower density
profile (n < 3.5) inwards of a certain stagnation point, where the radial velocity
is zero. The parts outwards of the stagnation point will continue slowly decreting
before the disk eventually disappears. The disk structure can get more compli-
cated if the situation is something in between these two limiting cases, such as if
the mass injection is switched on and off on timescales shorter than those of the
disk growth (from nothing) and dissipation (from a steady-state disk). In such
a case, the inner disk can switch between accretion and decretion phases, while
the outer parts can in fact reach a steady state.

The fact that VDDs can form and dissipate over relatively short timescales
thus represents another cause for the deviation of the density exponent n from
the canonical value of 3.5. Together with the non-isothermal effects this means
that n can in fact be a complicated function of the distance from the star.

VDDs in binary systems

Massive stars in general are more likely to be found in binary systems than as
single stars. The fraction of O stars that will exchange mass with a companion
during their evolution is expected to be more than 70% (Sana et al., 2012). Radial
velocity search for spectroscopic binaries in a large sample of galactic B-type stars
was recently performed by Chini et al. (2012) with the conclusion that the fraction
of spectroscopic binaries drops from 61% for B0 stars to ∼ 15% for B9 stars (but
note that these are lower limits only due to the random distribution of orbital
inclinations). In a similar study targeting B-type stars in the Large Magellanic
Cloud (LMC), the modeling of the properties of the spectroscopic measurements
led to an estimate of the intrinsic binary fraction among LMC B-type stars being
58 ± 11% (Dunstall et al., 2015).

These results strongly indicate that binarity should play an important role
in Be stars as well. Recently, Oudmaijer and Parr (2010) performed a K-band
adaptive optics-aided imaging search for companions of Be star and used the
same technique to observe a similar number of non-Be B-type stars for compar-
ison. The binary ratio was found to be ∼ 30% for both normal B-type and Be
stars. However, the employed technique was able to reveal only wide companions
(separations of 20–100 astronomical units), which do not significantly affect the
Be disk formation or evolution.

Searching for binary companions at lower separations is complicated by the
intrinsic nature of classical Be stars. Most importantly, the photospheric spectral
lines, which are usually used in radial velocity searches for binarity, are broad-
ened by the fast rotation of the central star, making low-amplitude radial veloc-
ity variations very difficult to detect. The same goes for the wide emission lines
formed in the disk, although the problem is slightly alleviated in shell Be stars,
which show sharp absorptions in the center of the emission lines (Sect. 2.1, Riv-
inius et al., 2006). Still, several classical Be stars were revealed to be single-line
spectroscopic binaries from detailed analyses of the line radial velocity variations.
Notable examples include ζ Tau (Harmanec, 1984), γ Cas (Harmanec et al., 2000;
Miroshnichenko et al., 2002; Nemravová et al., 2012), π Aqr (Bjorkman et al.,
2002), and β CMi (Dulaney et al., 2017).
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The influence of an orbiting companion on the density structure of the VDD
was first studied in detail in the context of Be/X-ray binaries by Okazaki et al.
(2002) and more recently by Panoglou et al. (2016) using smoothed particle hy-
drodynamic simulations. The presence of a companion in an orbit aligned with
the plane of the disk affects the VDD density structure in two ways:

1. Truncation of the disk: The disk truncation is expected to occur close
to the 3:1 resonance radius, where the tidal torque from the secondary
balances the viscous torque. The truncation radius is considerably smaller
than the binary separation. However, the disk is not entirely cut off at
the truncation radius, which rather represents a point, outwards of which
the disk density starts to decrease much more rapidly, i.e., n ≫ 3.5. With
decreasing viscosity (expressed by the α-parameter), the truncation will get
more pronounced, i.e., the value of n outwards of the truncation radius will
be higher.

2. Accumulation effect: Inwards of the truncation radius, the disk will attain
a higher density and a shallower density slope, i.e., n < 3.5. This happens
because the mass accretion rate on the secondary is usually lower than
the mass loss rate of the Be star, thus causing the material in the disk
to accumulate. The magnitude of this effect will increase with decreasing
orbital period and viscosity and with increasing mass ratio of the two binary
components.

Thus, binarity is another mechanism that can strongly influence the VDD density
slope and cause the n exponent to deviate from 3.5.

The typical variations of Be star observables caused by orbiting companions
were summarized in Sect. 2.5.2. It is important to add that faint, low-mass
companions such as late-type main sequence stars are extremely hard to detect,
since they are completely hidden in the composite spectrum and cause only small-
scale radial velocity variations that can be below the detection limit. Therefore,
the possibility that all classical Be stars are in fact in binary systems cannot be
excluded.

A possible indirect way of detecting low-mass companions is offered by the
fact that the disks are truncated, which should lead to a decrease in the observed
long wavelength fluxes, which originate from the outer parts of the ionized disks
(Sect. 2.2). Such a decrease would be most easily detectable at radio wavelengths.
Indeed, a turndown in the SED, i.e., a steepening of the spectral slope between
far-IR and radio wavelengths, was detected for the several stars with available
radio measurements (e.g. Waters et al., 1991, see also Sect. 2.2). In the context
of the VDD model, the most straightforward explanation is offered either by
the presence of a binary companion truncating the disk, or by the transonic
transition occurring several hundred stellar radii from the central star. Radio
flux measurements of a classical Be star were first confronted with the predictions
of the VDD model in the multi-technique study of β CMi by Klement et al.
(2015, 2017a). To reproduce the radio SED, disk truncation well inwards of the
expected value of the sonic point had to be assumed, suggesting the presence
of a previously undetected binary companion. The suggested companion was
subsequently detected by careful radial velocity analysis of the Hα line, thus
confirming the suggested binary scenario (Dulaney et al., 2017, for more details

52



see Chapter 5). A similar result was reached in a subsequent SED modeling of
five additional stars, revealing signs of the disk truncation at closer distances
from the central star than were the sonic point is expected to be for each of the
studied targets (Klement et al., 2017b, for details see Chapter 6).

In several cases of known Be binaries, periodic V/R variations of strong emis-
sion lines and other spectroscopic features were found to be phase-locked with
the binary orbit (see Sect. 2.5.2). The examples of phase-locked V/R variations
include π Aqr (Pollmann, 2012) and probably β CMi (Folsom et al., 2016), al-
though Dulaney et al. (2017) was able to detect the V/R period corresponding to
the orbital period only marginally. This is qualitatively explained by the model
of Panoglou et al. (2016), in which the presence of a binary (after being allowed to
evolve for a sufficiently long time) was shown to be responsible for a phase-locked
density inhomogenity propagating through the disk. The V/R periods observed
in some binary Be stars are much longer than the orbital periods, a notable ex-
ample being the stable V/R variations of ζ Tau. It is not entirely clear if binarity
can also be responsible for causing such long-period V/R variations, as they are
present also in some apparently single Be stars, such as 48 Lib (Silaj et al., 2016,
but see above).

The role of binarity in the formation of the decretion disk was summarized in
Sect. 4.1. Although binarity is not directly responsible for the formation of the
disk (Baade, 1992), binary evolution under specific conditions could lead to the
spin-up of the B-star that is later recognized as a classical Be star (see Sect. 3.1.3).

4.4 VDD modeling
In order to be able to confront the VDD model predictions with observations, it
is necessary to be able to compute realistic synthetic observables from the model
assumptions. This can be done by solving the transfer of the stellar radiation
through the circumstellar envelope with a pre-defined density distribution, which
leads to obtaining the distribution of temperatures defined by radiative equilib-
rium, and at the same time determining all the radiative and collisional transition
rates, which can be used to compute the level populations from statistical equilib-
rium. The circumstellar environment with a known distribution of temperatures
and level populations can then be used to compute the model observables. To
make the structure self-consistent, the temperature solution should be used to
adjust the density distribution, and the whole cycle needs to be repeated until
the solution converges.

For the circumstellar disks of classical Be stars, which have complicated geom-
etry and relatively low densities, a full 3D non-local thermodynamic equilibrium
(NLTE) treatment of the radiative transfer is needed. The method often em-
ployed to solve the radiative transfer in this context is Monte Carlo, as it allows
for easy implementation of complex 3D geometries of the circumstellar envelope
(e.g. Whitney, 2011). The Monte Carlo radiative transfer code used in the
present work is the HDUST code (Carciofi and Bjorkman, 2006, 2008), that has
been used mostly for modeling of classical Be stars.

In the HDUST implementation, the central star is a rigid rotator described by
its mass, polar radius, luminosity, and rotation rate. Its geometrical deformation
due to the fast rotation is approximated by a spheroidal, rotationally oblate shape.
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Gravity darkening is implemented in the simple von Zeipel form as in Eq. 3.2,
with the gravity darkening exponent β being an additional free parameter. In
this work, β is assumed to be a function of the rotation rate according to the
model of Espinosa Lara and Rieutord (2011). Limb darkening is included using
the law of Claret (2000b).

For the modeling purposes of the present work, the density and velocity struc-
ture of the disk were described in two forms:

• Parametric model. The density structure in this case corresponds to a po-
wer-law radial and a Gaussian vertical distribution as given in Eq. 4.1. This
is a reasonable approximation if the non-isothermal effects on the density
structure in the inner disk are neglected. The velocity field corresponds to
pure Keplerian rotation, with vorb set by the stellar mass and radius. The
free parameters are the base density ρ0, the radial density exponent n, and
the characteristic disk temperature, that is used to set up the scale height
H via the value of sound speed cs in Eq. 4.3.

• Self-consistent model. The surface density structure of this model is given
by Eq. 4.8. The sound speed cs depends on the temperature, and therefore
it can be computed from the vertically averaged temperature at each ra-
dial point, and used as an input for the Eq. 4.8, thus taking into account
non-isothermal effects on the surface density structure. The vertical den-
sity structure is computed from the non-isothermal hydrostatic equilibrium
equation, thus making the density structure fully consistent with the tem-
perature solution. The velocity field is given by the viscous outflow (Eq. 4.7)
for the radial component, and by Keplerian rotation in the azimuthal di-
rection. The free parameters of the self-consistent model are the mass-loss
rate Ṁ , the viscosity parameter α, and the integration constant R0, which
can be set to very high values for well-developed disks.

The advantage of the parametric model is that it allows for arbitrary values
of the density exponent n, and thus in this way it is possible to take into account
the change in the density slope due to growth/dissipation of the circumstellar
disk and/or due to the accumulation effect (see Sect. 4.3.3). On the other hand,
the self-consistent structure provides the better description for isolated, steady-
state disks, as it makes the density consistent with the temperature solution. In
the results presented in Chapter 5, the solutions from both the parametric and
self-consistent models are compared.

To obtain the gravity-darkened photospheric spectrum, the surface of the cen-
tral star is divided into a number of latitude bins, each of which is assigned a Ku-
rucz model atmosphere spectrum (Kurucz, 1979) according to its temperature
and gravity. The photospheric spectrum described in this way then represents
the input into the Monte Carlo simulation.

The circumstellar environment is divided into a grid of 3D cells, inside which
the disk properties, namely the density, electron temperature, level populations,
and transition rates are assumed constant. The optimal number of grid cells was
found to be 30 in the radial direction and 20 in the vertical direction. The radial
grid cells were divided so that they have equal electron scattering optical depth.
Consequently, the radial cells are small close to the central star and grow in size
with increasing radial distance. The situation is similar for the vertical cells,
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which are equally spaced in density, and thus are small close to the disk midplane
and get larger farther away from it. The Monte Carlo simulation then proceeds
in two steps:

1. Iteration phase. The physical characteristics (temperature, level popula-
tions, and for the self-consistent model also density) of the disk are com-
puted for each grid cell.

2. Post-processing phase. Simulation is performed for a given wavelength range
and observer position in order to compute synthetic observables, such as
polarized spectra and images.

The model further requires the specification of the chemical composition of
the circumstellar envelope. The version of HDUST used for the results presented
in Sects. 5 and 6 contained only hydrogen, for which a 25-level model with 12
NLTE levels was adopted.

The basic idea of the Monte Carlo simulation is to propagate the stellar pho-
tons through the circumstellar envelope, where they can be subjected to different
types of interactions with the circumstellar material. The stellar radiation is di-
vided into a number of equal-energy and monochromatic photon packets, whose
energy E can be expressed as

E = L∆t/N, (4.12)

where L is the stellar luminosity, ∆t is the simulation time, and N is the total
number of photon packets. How each photon packet propagates through the
envelope is determined by probability density functions (PDFs) P (x), that are
assigned to every event that can happen, and are defined as

ψ(x0) =
∫ x0

a P (x)dx∫ b
a P (x)dx

, (4.13)

where ψ(x0) is the cumulative probability distribution, which ranges uniformly
from 0 to 1, x0 is the value of the quantity that has to be determined, and a and
b represent the interval of values that the quantity x0 can attain. The value of
x0 for a given photon packet can then be calculated from Eq. 4.12 after using
a random number between 0 and 1 as the value of the cumulative probability
distribution ψ(x0).

One of the simple examples of a PDF is the one concerning the path length
that a photon travels through the envelope before it is absorbed or scattered. In
this case, the quantity x0 that is to be determined is the optical depth τ0, to
which the photon travels. The PDF is then given by

P (τ)dτ = e−τdτ. (4.14)

Using Eq. 4.13 and considering a random number ξ as the value of ψ(τ0), the
resulting optical depth τ0 is

τ0 = − ln(1 − ξ). (4.15)

Each photon packet has a random starting position on the stellar surface, from
which it propagates in a random direction to an optical depth given by Eq. 4.15.
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At this point the photon packet is absorbed or scattered, depending on the PDF
of each process. If the photon packet is absorbed, its energy is used to heat up
the corresponding grid cell, and a new photon packet is emitted with a random
frequency and direction, which means that radiative equilibrium in the circum-
stellar environment is enforced. If the photon is scattered, it becomes polarized.
Each photon packet goes through a series of absorptions and/or scatterings until
it leaves the circumstellar environment. If the stellar radiation is divided into
a sufficiently large number of photon packets, the Monte Carlo simulation sta-
tistically samples the flow of energy through the system, which in other words
means that it solves the radiative transfer through the envelope.

An initial assumption of the disk properties is needed for the Monte Carlo
simulation to proceed. Thus, an iterative scheme is employed, in which after
each simulation, the disk properties are updated and used as the input for the
next simulation until the solution converges. How fast the solution converges
depends primarily on the choice of the number of the photon packets and on the
number of grid cells that the circumstellar envelope is divided into. Obviously,
more photon packets and more grid cells will mean a more realistic result at the
cost of computational effort, which usually requires a parallel computing cluster
to ensure a reasonable time duration for the solution to converge.

Once the physical properties of the disk have converged, the fully character-
ized disk is used in the post-processing phase to compute synthetic observables
for given viewing angles and wavelength ranges. The spectra and synthetic im-
ages are calculated by sampling photon interactions and measuring the escaping
energy for different directions. The synthetic images can be easily used to calcu-
late interferometric visibilities and phases for given configurations, that can be
directly compared with interferometric observations. To be able to compare the
synthetic SED with the observed one, the distance to the star has to be speci-
fied to set the absolute level of the synthetic spectrum. Since the photons get
polarized when they are scattered, the polarization of the synthetic SED is also
fully determined. Thus, all the needed synthetic observables are computed and
the model predictions can be directly compared with the observable features.
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5. β CMi - Multi-technique
testing of the VDD model
The Chapter contains a set of publications concerning the classical Be star β CMi,
whose principal authors are myself, my advisers, and close collaborators. β CMi
is of particular interest, as it is one of the most stable stars, showing very little
of the characteristic large-scale variability connected with phases of disk growth
and dissipation or a density wave propagating through the disk. For this reason,
a vast amount of observations exist, and it is possible to combine them into
a single dataset, even if they were obtained at different epochs.

Thanks to the stability of the disk, it was possible to confront arguably the
most diverse set of measurements of an individual objects with the detailed pre-
dictions of the VDD model. The dataset contained ultraviolet and optical high-
resolution spectroscopy, photometric measurements covering the interval from
optical to radio (λ = 2 cm), spectro-polarimetric measurements from 3000 to
1000 Å, and (spectro-)interferometric measurements from various instruments in-
stalled at the OLBI arrays VLTI, CHARA, and NPOI (see Sect. 2.4.8 for a brief
description of the interferometric facilities). While most of the observations were
taken from publically available archives or via collaborations, part of the observa-
tions was specifically obtained and reduced for the purpose of this study. These
include part of the polarimetric measurements, the most recent spectra from the
Ondřejov observatory, and radio flux measurement from the APEX and CARMA
telescopes (the radio measurements were obtained via public competition for ob-
serving time).

The contribution to the ’Bright Emissaries’ conference entitled ’Detailed mod-
eling of β CMi: A multi-technique test of the viscous decretion disk scenario’
contains preliminary results, that were subsequently published in full detail in
the dedicated Astronomy & Astrophysics paper entitled Multitechnique testing of
the viscous decretion disk model I. The stable and tenuous disk of the late-type
Be star β CMi. In the contribution to the ’B[e] phenomenon’ conference, enti-
tled ’The viscous decretion disk model of β CMi revisited’, the model was slightly
corrected and improved.

In the series of these three publications, synthetic observables were computed
using the VDD model predictions implemented in the 3D NLTE Monte Carlo code
HDUST. The comparison of the observations with the model predictions revealed
a very good agreement, showing the ability of the VDD model to explain a vast
set of multi-technique and multi-wavelength observations simultaneously. The
main results and new findings include:

• Diagnostic potential of the calibrated ultraviolet spectrum: With fixed val-
ues of the stellar mass, rotation rate, and the system inclination, the mag-
nitude and slope of the ultraviolet spectrum can be used to constrain the
values of the stellar luminosity and radius, respectively. This is because
at such short wavelengths and for other than edge-on inclinations, the cir-
cumstellar does not influence the observed spectrum, which is then purely
photospheric.
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• Diagnostic potential of the spectral shape of polarization: The unusual
positive slope of the polarized spectrum in the Paschen continuum (see
Sect. 2.3) was found to be caused by the combination of very low density
of the circumstellar disk and extremely fast rotation of the central star,
consistent with the critical value.

• The disk density structure in the radial direction is inconsistent with the
predictions for steady state VDD structure in that the best-fit value of the
density exponent n is 3.0 rather than the canonical value of 3.5. Since
the disk is known to be stable, it is safe to exclude the possibility that
the disk is dissipating, so that the lower value of n is probably caused
by the accumulation effect due to an unseen secondary component or by
other second order effects, such as possible additional cooling of the disk by
heavier elements at large radii.

• The SED turndown occurring at radio wavelength (first reported by
Waters et al., 1991) could not be explained by a simple VDD model with
no outside influence. To correctly reproduce the observed flux at λ = 2 cm,
the disk has to be truncated at the distance of 40+10

−5 stellar equatorial radii.
It was proposed that the disk truncation is caused by an unseen secondary
companion in orbit, that could possibly explain also the shallow slope of
the density profile via the accumulation effect.

The suggestion that the disk of β CMi is truncated by an unseen binary
companion prompted a detailed search for periodic radial velocity variations in
high-resolution spectra taken since the year 2000. The result of the search was
the detection of the orbital period of 170 ± 4 days, thus confirming the presence
of an orbiting companion. The companion was found to have a very low mass
(< 1M⊙) and an orbit consistent with the position of the truncation radius being
close to 3:2 resonance. Hence, the radio measurements, initially used to predict
the presence of the companion, can provide the means of indirectly detecting faint
binary companions.

The result was published in the co-authored Astrophysical Journal paper enti-
tled ’A spectroscopic orbit for the late-type Be star β CMi’. My main contribution
to this study was the computation of high-resolution photospheric spectra for the
best-fit model parameters presented in the original study of β CMi. These were
used to estimate the continuum level on the sides of the Hα emission line, that
was needed for the correct measurement of the radial velocities.
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Abstract. β CMi is a well-known close and bright classical Be star. Its observa-
ble properties, especially the little variability of line emission, point at an exceptional
stability of the circumstellar disk at least on a scale of decades, which makes β CMi
an ideal laboratory for a detailed test of the viscous decretion disk (VDD) scenario
currently assumed to explain the formation and evolution of Be disks. A large set
of multi-wavelength and multi-technique observations is used to produce arguably the
most constrained model to date. The SED has been, for the first time with a physical
model, reasonably reproduced from ultraviolet up to radio wavelengths. In this contri-
bution we present the general aspects of the model and look more closely on the diag-
nostic potential of the ultraviolet spectrum and the spectral shape of visual polarisation
in constraining some of the central star parameters for the case of β CMi.

1. Introduction

β CMi (B8Ve) is a well-known close and bright (V = 2.89 mag) classical Be star. It has
been selected as an ideal laboratory for executing one of the most detailed tests of the VDD
scenario to this date which will represent an important step forward from previously published
attempts at evaluating its predictive power (e.g. Carciofi et al. 2006; Tycner et al. 2008; Carciofi
et al. 2009). The specific characteristics of β CMi and its disk that make this star particularly
suited for this project include the temporal stability of most of the observables and a probable
isolation of its disk in the sense that it is seemingly not affected by a binary companion.

In this contribution the current state of the model is revised and besides presenting its
general properties, more detail is put on some specific aspects: The diagnostic potential of the
ultraviolet (UV) spectrum in constraining the central star parameters and effects of the rotation
rate on the spectral slope of visual polarisation in the Paschen continuum. The complete study
will be published in a dedicated paper.

† Deceased
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2. Observations

2.1. Spectroscopy
The main spectroscopic set is made up of Hα, Hβ and a few Hγ observations from the Ondřejov
observatory. The Hα measurements cover the time interval 2001 - 2014. Several spectra from
the BeSS database have been used to check for a possible variability in the time intervals not
well covered by Ondřejov spectra. With the exception of the 2001 spectra, which are slightly
below the average value, the Hα profile has been remarkably stable (left panel of Fig. 3), though
small V/R variations, possibly suggesting an unseen companion, have been recently reported
(Miroshnichenko et al., these proceedings). The average of the Ondřejov spectra was used for
the model fitting.

2.2. Photometry
The compiled photometric observations cover 5 orders of magnitude in wavelength all the way
from the UV up to radio. The observations include: UV spectra from International Ultraviolet
Explorer (IUE), standard Johnson UBVRI photometry (Ducati 2002), near-infrared photometry
(Dougherty et al. 1991), fluxes from the infrared space probes Spitzer, AKARI, IRAS (colour-
corrected values), WISE, archival radio measurements from James Clerk Maxwell telescope
(JCMT, Waters et al. 1991) and the Very Large Array (VLA, Taylor et al. 1990) and our own
recent radio observations from APEX and CARMA millimeter observatories. Since β CMi is
quite stable over the years, the photometric data can be safely assembled in a single SED, shown
in Figs. 1 and 2.

2.3. Polarimetry
There are several spectro-polarimetric measurements from the HPOL observatory available in
the MAST archive that we make use of along with our recent broadband measurements from
OPD/LNA. The HPOL data suggest temporal variability, though on average the data are con-
sistent with a low polarisation of 0.04 – 0.08% in the visual domain. Our recent OPD/LNA
measurements are on the lower end of this interval.

2.4. Interferometry
We have at our disposal two high resolution (R = 12000) measurements from
VLTI/AMBER in the Brγ region (Fig. 4). The dedicated paper will include also analysis of
data from CHARA/MIRC, VLTI/PIONIER and NPOI.

3. The model

3.1. The modeling procedure
The 3D NLTE radiative transfer Monte-Carlo code HDUST (Carciofi & Bjorkman 2006) is
used to compute our steady-state VDD models (Carciofi 2011). The results presented here are
for what we call a mixed model, which stands for a power-law disk density fall-off in the radial
direction and a hydrostatic equilibrium structure in the vertical direction (Carciofi & Bjorkman
2008). In the dedicated paper the changes in the model observables for the model sequence
starting with a parametric VDD model (radial power-law and vertical Gaussian distribution)
and ending with a full solution of viscous decretion (with mixed model as the middle step) will
be discussed.

http://basebe.obspm.fr/basebe/

http://archive.stsci.edu/hpol/
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Table 1. Best fit mixed model parameters of β CMi.

Parameter Value Reference

Rpole 2.8 R⊙ this work
M 3.5 M⊙ this work, Kraus et al. 2012
L 175 L⊙ this work
W 0.99 this work
βGD 0.136 this work, Espinosa Lara & Rieutord 2011

ρ0 2.8 × 10−12 this work
n 3.5 isothermal solution
Rout ≥ 75 R⊙ this work
vturb 10 kms−1 this work

i 42.5◦ this work
d 49.6 ± 0.5 pc van Leeuwen 2007

The parameters needed to fully describe the rotating central star are: mass M, polar radius
Rp, rotation rate W, luminosity L and gravity darkening (GD) exponent β. The disk is for the
mixed model fully described by base density ρ0, power-law exponent n, disk outer radius Rout
and turbulent velocity vturb. Additionally two geometrical parameters are needed: inclination i
and distance d.

3.2. The model results
The best-fit parameters are listed in Table 1, while the comparison between model and observa-
tions is plotted in Figs. 1, 2, 4, right panel of Fig. 3 and left panel of Fig. 5.

The first guess values of the central star parameters were based on the spectral type B8Ve
(Abt et al. 2002) and on previous studies of β CMi (Kraus et al. 2012; Wheelwright et al.
2012). The UV spectrum helped significantly with correcting the first guess values of the central
star parameters, as in the case of β CMi the UV flux originates almost entirely in the stellar
photosphere. The value of M was taken from the spectro-astrometric analysis of Kraus et al.
(2012) and it was found to be well in line with the remaining parameters.

Recent theoretical developments and interferometric observations indicate that the GD law
in the form Teff ∝ gβeff with β = 0.25 is valid only in the limit of slowly rotating stars (Espinosa
Lara & Rieutord 2011). Keeping the GD law in the same form, lower values of β have to be
adopted for rapidly rotating stars. The simple model of Espinosa Lara & Rieutord (2011) in
which β is a function of a single parameter - rotation rate W - has been adopted.

The slope of the near to mid-IR SED and the low polarisation level indicate a very low base
density of the disk (ρ0 = ∼1×1012 cm−3), which means that non-isothermal effects will not have
a strong influence on the disk structure and the observables as opposed to high density disks (1
×1013 – 1×1014 cm−3, see e.g. Fig. 4 of Carciofi & Bjorkman 2008). The disk density exponent
n was therefore fixed at the isothermal value of 3.5. The value of the disk size Rout needed to
reproduce the VLA flux at 2 cm was found to be at least 75 R∗, while a turbulent velocity of
∼10 kms−1 is needed to reproduce the line emission.

As for the geometrical parameters, i is clearly of an intermediate value and previous in-
terferometric studies (e.g. Kraus et al. 2012) point at i being in the interval 35 – 45◦ in good
agreement with our best-fit value of 42.5◦. The Hipparcos distance is 49.6 ± 0.5 pc (Van
Leeuwen 2007).

The SED fit (Fig. 1 and 2) reveals a good ability of the VDD model to reproduce the
observed fluxes over the whole wavelength interval. Closer look at the residual structure of
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Figure 1. The best model fit (black) to the IUE UV spectrum (grey)

Figure 2. The model (solid line) vs. observed (plus signs) SED (top). The resi-
duals of the fit are shown in the bottom panel.

Figure 3. The Hα emission line. Left: The set of Ondřejov Hα profiles from 2001
– 2014 (grey) with their average plotted as a thick black line. Right: The model
(solid grey) vs. the average observed (dashed black) Hα line profile.

the SED fit (lower panel of Fig. 2) reveals that in the mid-IR and millimeter wavelengths, the
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precise slope of the SED is influenced by second order effects which our current model is
not able to reproduce. The model flux level seems to be slightly overestimated in the mid-IR
and underestimated in the radio. This is currently under investigation: a low-density model
describes better the mid-IR and worse, the radio. Conversely, a high-density model describes
worse the mid-IR and better, the radio. The radio mismatch might be caused by an assumption
of a pure hydrogen composition of the disk in our model.

As the disk is of a low density, majority of the flux comes from its inner parts (≤ 15 R∗).
The only effect of increasing Rout beyond this value is the enhancement of the model radio
fluxes at centimeter wavelengths. To fit the archival observation from VLA, a disk with radius
of the above mentioned value of ≥ 75 R∗ is needed, while increasing the radius further no
longer enhances the radio flux. Therefore we have found a lower limit of the disk size to be
75 R∗, however, if the model fluxes are underestimated at cm wavelengths as they are in mm
wavelengths, the actual disk radius might be even smaller.

The Hα line profile is well reproduced with the exception of the central reversal. This is
possibly an effect of the turbulent velocity, which is assumed to be constant throughout the disk.
Fits to other available hydrogen lines will be presented in the dedicated paper.

The model polarisation has been fitted to the HPOL measurement from 1991 (left panel of
Fig. 5). Our new measurements and their constraints on the model parameters are discussed in
section 4.2.

Figure 4. The VLTI/AMBER data (thin error bars) and model fits (thick line).
Left: 2009 data. Right: 2010 data.

4. Diagnostic potential

4.1. Constraining central star parameters by the UV spectrum
In our case of intermediate inclination and a low disk density the UV fluxes are made up almost
entirely of the photospheric flux. The modeling points at the influence of the disk on the UV
fluxes to be less than 1% in the 1000 to 2500 Å interval and around ∼ 2% at most in the
2500 to 3000 Å interval. Therefore, a large set of purely photospheric (i.e. diskless) models
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was computed to test the diagnostic potential of the UV spectrum for finding the central star
parameters.

Two sets of model grids were computed: The first for a grid of L, Req/Rp (W) and i with β
fixed at 0.25 and the second one for the same grid, but with β paired to W according to Espinosa
Lara & Rieutord (2011). The value of radius projected on the sky Req was kept fixed at the value
from our best fit model. Changing the mass M has no effect on the UV fluxes.

The results of the first set of models show that the UV spectrum alone does not allow to
distinguish between the effects of changing L, W and i, as all these parameters shift the whole
model UV spectrum in magnitude and do not influence its slope. Therefore equally good fits
can be obtained for several combinations of these parameters, e.g. for L = 160 L⊙, Req/Rp =
1.4, i = 35◦ and L = 200 L⊙, Req/Rp = 1.3, i = 45◦.

For the second set (W and β paired), there is still a degeneracy between the effect of chang-
ing i and changing L, the β exponent however does influence the UV spectral slope and therefore
we are able to use this simple test to find the best-fit values of W with the associated β for our
assumption of Req. The results of this test are in good agreement with previous modeling efforts
and point at a very large oblateness Req/Rp ∼ 1.475, corresponding to rotation rate W ∼ 0.975
with the associated β = 0.14.

While the diagnostic potential of the UV spectrum alone is quite limited, under the as-
sumption of GD exponent dependence on oblateness and with a known angular size of the star
on the sky, the slope of the UV spectrum can be used to find W with the associated β, but not L
and i unambiguously. Therefore other observations have to be used together with the UV spec-
trum: One of the possibilities is constraining inclination i by combining interferometry with
polarimetry and then using the UV spectrum to find correct luminosity L for the given i.

4.2. Constraining the rotation rate by the spectral shape of polarisation
The linear polarisation is very sensitive to the inner disk density and inclination, but it also holds
important constraints on the stellar rotation rate W.

Figure 5. Modeling the visual polarisation. Left: The best fit mixed model (black)
to the 1991 HPOL data (grey). The Balmer and Paschen discontinuities can be seen
on the sides of the Paschen continuum. Right: The change in the polarisation slope
in the Paschen continuum of a low density model with increasing W. Paschen contin-
uum linear fits of models with W = 0.9 (dotted), W = 0.95 (dashed), W = 0.975 (dash
dot) and W = 0.99 (dash dot dot) are plotted along with the 2013/2014 OPD/LNA
data and their linear fit (solid). To reproduce the level of OPD/LNA measurements,
the base density has to be decreased by a factor of 1.5.

The polarisation percentage is expected to get lower for higher rotation rates, as the star
becomes more gravity darkened, which results in less flux coming from the equatorial parts,
where most of the polarisation originates. As for the spectral shape, the polarisation is in the
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case of a low density disk expected to be mostly flat in the Paschen continuum. For a higher
density disk the polarisation slope becomes anti-correlated with hydrogen bound-free opacity,
and therefore attains a negative slope (Haubois et al. 2014, their Fig. 1).

Our recent broadband OPD/LNA measurements show that the polarisation slope is posi-
tive, i.e. it increases with wavelength in the Paschen continuum (Fig. 5). The modeling efforts
point at the fact that the polarimetric spectral slope in the Paschen continuum is dependent not
only on the base density ρ0, but also on the rotation rate W and GD exponent β. The slope gets
more positive with increasing W (right panel of Fig. 5), while decreasing β has an opposite,
but only marginal effect. Using again the β dependence on W according to Espinosa Lara &
Rieutord (2011), a very high rotation rate of W = 0.975 is needed in order to match the slope of
the OPD/LNA measurements.

Finding ρ0 by other means (e.g. from the slope of IR SED) therefore in principle allows
for using the spectral shape of polarisation in the Paschen continuum to find out W.

5. Conclusion

The current state of the detailed modeling of β CMi is presented: The VDD scenario is capable
of reproducing very well the whole set of multi-technique and multi-wavelength observations
included while small discrepancies seem to originate from the simplified model assumptions
and will be used to improve the model prescription. There is still a small part of data yet
to be included and it is possible that the resulting parameters will have to be adjusted in the
dedicated paper. The diagnostic potential of the UV spectrum and the spectral slope of the
visual polarisation in constraining the central star parameters has been discussed and both of
these observables seem to further point at almost critical rotation of the central star.
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Discussion

Miroshnichenko: Where did you get the near-IR photometry from?

Klement: Thanks to your help I was able to replace the lower quality near-IR photometry from
the 2MASS database with a more precise measurements from Dougherty et al. (1991). The
best way to find near-IR photometry seems to be checking the II/225 catalogue on the Vizier
website, which also contains the necessary references to original sources.

http://vizier.u-strasbg.fr/viz-bin/VizieR
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ABSTRACT

Context. The viscous decretion disk (VDD) model is able to explain most of the currently observable properties of the circumstellar
disks of Be stars. However, more stringent tests, focusing on reproducing multitechnique observations of individual targets via physical
modeling, are needed to study the predictions of the VDD model under specific circumstances. In the case of nearby, bright Be star
β CMi, these circumstances are a very stable low-density disk and a late-type (B8Ve) central star.
Aims. The aim is to test the VDD model thoroughly, exploiting the full diagnostic potential of individual types of observations, in
particular, to constrain the poorly known structure of the outer disk if possible, and to test truncation effects caused by a possible
binary companion using radio observations.
Methods. We use the Monte Carlo radiative transfer code HDUST to produce model observables, which we compare with a very large
set of multitechnique and multiwavelength observations that include ultraviolet and optical spectra, photometry covering the interval
between optical and radio wavelengths, optical polarimetry, and optical and near-IR (spectro)interferometry.
Results. A parametric VDD model with radial density exponent of n = 3.5, which is the canonical value for isothermal flaring disks,
is found to explain observables typically formed in the inner disk, while observables originating in the more extended parts favor a
shallower, n = 3.0, density falloff. Theoretical consequences of this finding are discussed and the outcomes are compared with the
predictions of a fully self-consistent VDD model. Modeling of radio observations allowed for the first determination of the physical
extent of a Be disk (35+10

−5 stellar radii), which might be caused by a binary companion. Finally, polarization data allowed for an
indirect measurement of the rotation rate of the star, which was found to be W � 0.98, i.e., very close to critical.

Key words. stars: emission-line, Be – stars: individual: beta CMi – radio continuum: stars – submillimeter: stars –
techniques: polarimetric – techniques: interferometric

1. Introduction

The gaseous circumstellar disks around classical Be stars are
special universal laboratories. Although Be stars have been
known for 150 years (Secchi 1866) and the idea of a flattened en-
velope has existed since 1931 (Struve 1931), consensus regard-
ing the physical process governing the disk structure, the viscous
decretion disk (VDD) model, has emerged only recently.

� Based partly on observations from Ondřejov 2-m telescope, Czech
Republic; partly on observations collected at the European Southern
Observatory, Chile (Prop. No. 093.D-0571); as well as archival data
from programs 072.D-0315, 082.D-0189, 084.C-0848, 085.C-0911,
and 092.D-0311; partly on observations from APEX collected via
CONICYT program C-092.F-9708A-2013, and partly on observations
from CARMA collected via program c1100-2013a.
�� Appendix A is available in electronic form at
http://www.aanda.org
��� Deceased.

The VDD model, first introduced by Lee et al. (1991) and
further developed by, e.g., Bjorkman (1997), Porter (1999),
Okazaki (2001), and Bjorkman & Carciofi (2005), is now widely
accepted as the best physical model for describing the circum-
stellar disks of Be stars. Among the growing evidence support-
ing the VDD model is the confirmation that the disks rotate
in a Keplerian way (Meilland et al. 2007; Kraus et al. 2012;
Wheelwright et al. 2012), allowing for the identification of vis-
cosity as the mechanism that makes the disk grow: Viscous
torques transfer angular momentum from the base of the disk
outward, thus allowing the gas particles to reach progressively
wider orbits. Decretion disks share most of the physical charac-
teristics with accretion disks known, e.g., from protostars, with
their name referring to the outward direction of the mass flow.
The mass gets injected into the decretion disk by an as of yet
not unambiguously defined mechanism, most probably a combi-
nation of nonradial pulsations, fast rotation, and possibly small-
scale magnetic fields (Rivinius et al. 2013a).

Article published by EDP Sciences A85, page 1 of 33
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Stringent tests of the VDD model focusing on reproducing
the observables of individual targets are however still very few
in number. The VDD model implemented in the Monte Carlo ra-
diative transfer code HDUST (Carciofi & Bjorkman 2006, 2008)
was used to reproduce the violet-to-red peak ratio (V/R) spec-
troscopic variability along with photometry, polarimetry, and
near-infrared (IR) interferometry of ζ Tau, providing firm evi-
dence that the V/R oscillations are an effect of one-armed density
waves in the disk (Carciofi et al. 2009). Other successful HDUST
applications include the visual light-curve modeling of the 2008
outburst of 28 CMa along with the first determination of the vis-
cosity parameter (Carciofi et al. 2012), and the modeling of vi-
sual and IR spectral energy distribution (SED) and visual spec-
tropolarimetry of δ Sco (Carciofi et al. 2006). Further studies of
individual stars include those of Jones et al. (2008) and Tycner
et al. (2008) in which the BEDISK code (Sigut & Jones 2007)
was used. Circumstantial evidence supporting the VDD model
is also provided, e.g., by Haubois et al. (2012), who were able
to reproduce observed light curves of Be stars with dynamical
models; by Silaj et al. (2010), who reproduced generally well
the observed Hα profiles of 56 Be stars; and by Touhami et al.
(2011), who were able to reproduce the statistical properties of
the color excesses of a sample of 130 stars. The basic character-
istics of the VDD model and HDUST code are described in Sect. 3.
For an extensive review on classical Be stars and their disks, see
Rivinius et al. (2013a).

When studying a complex astrophysical system, such as a
star irradiating a surrounding circumstellar disk, it is crucial to
combine different observational techniques, as each probes dif-
ferent aspects of the disk physics. The combination of radiative
transfer and disk dynamics governs most observables, and their
disentangling is the central goal of the modeling process. The
most characteristic observables of Be stars are the often double-
peaked hydrogen emission lines and the disk excess IR emission
due to free-free and bound-free emission in the ionized circum-
stellar disk. Observed optical and near-IR radiation is partially
linearly polarized as a result of scattering off free electrons in the
inner disk. Medium- and high-resolution differential spectroint-
erferometry across an emission line, such as Brγ, also shows
patterns in visibilities and phases that are characteristic of cir-
cumstellar disks rotating in a Keplerian way. The combination
of spectroscopic, photometric, polarimetric, and interferomet-
ric observations is therefore particularly strong for the case of
circumstellar disks, removing some of the degeneracies arising
from fitting single observations.

The main goal of this study is to apply the VDD model to
the case of the well-known Be star β CMi and to test how well
it handles arguably the largest set of multiwavelength and mul-
titechnique observations of a Be star so far, thereby broadening
the sample of detailed VDD tests applied on individual targets.
The data set includes a compiled SED covering the ultraviolet
(UV) to radio wavelengths, high-resolution spectroscopy of the
emission lines, polarimetry, and high-resolution spectrointerfer-
ometry (see Sect. 2).

Besides being nearby, bright and therefore often observed,
β CMi was chosen as the target for this study for two addi-
tional reasons. Firstly, the disk of β CMi has been been present
and stable for decades. Slettebak (1982) reported “no appre-
ciable change” in line emission in the years 1950 to 1982 and
the same holds for measurements from 1989 and 1991, which
were published in Hanuschik et al. (1996). This implies that
the disk does not go through major mass ejection and dissipa-
tion episodes often observed in many Be stars. The absence of
high-amplitude V/R variations is also evidence of no large-scale

density fluctuations throughout the disk. The uncertainties aris-
ing from combining observations from different epochs should
therefore be minimized. Secondly, β CMi represents one of the
first detailed VDD applications to a late-type Be star (B8Ve,
Abt et al. 2002), thus enabling testing of the universality of
the VDD model throughout emission line stars of the spectral
class B. Moreover, it is not entirely clear whether late-type Be
stars differ qualitatively from the early-type stars with respect to,
e.g., the observed variability (which seems to be lower for later
types) and the rotation rate (higher for later types, see Sects. 3.1
and 3.2 of Rivinius et al. 2013a).

Probing the outer reaches of the disk by analyzing radio
observations is another main goal of our research. For cases
nonedge-on, the SED fluxes can be interpreted as the super-
position of the photospheric and disk contributions. The free-
free mechanism dominates the disk opacity in the near-IR and
longward, and increases with wavelength approximately as ∝λ2.
Consequently, in a typical Be disk the central parts are optically
thick along the line of sight and act like a pseudophotosphere,
which longward of a density-dependent λ0 grows in size accord-
ing to the approximate relation R ∝ (λ/λ0)0.41, where R is the
pseudophotosphere radius (Vieira et al. 2015). Therefore, dif-
ferent wavelengths probe distinct regions of the disk (see, for
instance, Fig. 2 of Rivinius et al. 2013a). In this context, radio
observations are of particular interest in studying the outer parts
of the disk, and may eventually impose important constraints to
the disk physical size. Radio observations were used to study the
structure of the outer Be disks in the pioneering works of Taylor
et al. (1990), Waters et al. (1991), and Dougherty et al. (1991b),
however, since then no more radio studies of Be stars were pub-
lished until very recently (see Sect. 2.2).

The binary nature of β CMi is still an open question. It
was suggested as a spectroscopic binary by Jarad et al. (1989);
however, their data cover less than two cycles (considering
their period of 218.5 days) and the spectral lines in the inter-
val 3700–4700 Å, which they used to determine the radial ve-
locities, could be contaminated by disk emission. Their results
for the radial velocities are therefore questionable and have not
been confirmed. Recently, Folsom et al. (2015) reported weak
V/R oscillations (V/R = 0.98–1.04) of the Hα emission line with
the period of 182.83 days discovered by a spectroscopic moni-
toring campaign in the years 2000–2014. These variations may
be interpreted as arising from disk asymmetries triggered by the
tidal interaction between the disk and an unseen binary compan-
ion. In this case, the V/R oscillations would be phase-locked with
the binary orbit and therefore the V/R period would be equal to
the binary orbital period.

Binary interaction is the only known mechanism that can
truncate the disk interior to the photoevaporation radius. The so-
called truncation radius represents a position in the disk where
the tidal torque caused by the companion is in balance with the
viscous torque. At this radius the disk is not simply cut off, but
rather separated into two density regimes: Within the truncation
radius the radial density decrease dependence can become shal-
lower than an equivalent, isolated disk, and outside the trunca-
tion radius it becomes steeper, while the magnitude of this ef-
fect depends on the viscosity parameter (Okazaki et al. 2002;
Panoglou et al. 2015) and on the binary mass ratio (Sect. 5). If
the reported V/R variations are indeed the effect of a binary orbit,
radio observations might in principle be used to detect and quan-
tify the truncation of the disk by the companion. In view of the
possible change of the density structure with respect to steady
viscous decretion caused by a binary truncation or a nonsteady
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Table 1. Observed IR and radio fluxes.

λ (μm) Flux (Jy) Instrument
9 4.892 ± 0.005 AKARI
8–13 3.31 ± 0.27a MIDI
11.6 2.78 ± 0.03 WISE
12 3.21 ± 0.16 IRAS
18 1.988 ± 0.061 AKARI
22.1 1.58 ± 0.03 WISE
23.7 1.47 ± 0.01 SST
25 1.52 ± 0.15 IRAS
60 0.59 ± 0.06 IRAS
71.4 4.23e-1 ± 0.51e-1 SST
870 3.35e-2 ± 0.65e-2 APEX/LABOCA
1100 3.7e-2 ± 0.6e-2 JCMT
3265 9.6e-3 ± 0.6e-3 CARMA
20000 0.69e-3 ± 0.10e-3 VLA

Notes. (a) The flux value is for the central N-band wavelength
of 10.5 μm.

decretion (Haubois et al. 2012), we investigate whether steady
viscous decretion provides an adequate description or whether a
more complicated density structure is necessary.

The last goal is to look for observable signatures of the disk
nonisothermality, which is expected from theory. Be disks be-
come nonisothermal because the inner, dense parts of the disk
are optically thick to the photoionizing stellar radiation, caus-
ing an initial temperature decrease in the radial direction. As the
density gets lower further from the star, the temperature rises to
about 60% of the stellar effective temperature and the disk be-
comes roughly isothermal. The temperature structure is expected
to have an effect on the density structure of the disk, which then
affects the observables (Carciofi & Bjorkman 2008).

In Sect. 2 the observations are described, while Sect. 3 briefly
describes the adopted modeling procedure. In Sect. 4 the model
predictions are presented and with their help the observations are
interpreted. The conclusions follow.

2. Observations

2.1. Optical and IR photometry

Standard Johnson UBVRI photometry was taken from the cata-
log of Ducati (2002). The UBVRI photometry was dereddened
with the reddening curve of Cardelli et al. (1989) using the ex-
tinction coefficient RV = 3.1 and the interstellar color excess
E[B − V] = 0.01 adopted from the analysis of Dougherty et al.
(1994). The overall reddening effects are found to be very weak
(and negligible longward of 7000 Å), as is also indicated by
the very low extinction toward β CMi (AV = 0.05 according to
Wheelwright et al. 2012).

IR photometry in filters JHKLM was adopted from
Dougherty et al. (1991a). We also make use of the color-
corrected IRAS measurements of β CMi published in Coté &
Waters (1987). The remaining IR photometry was taken from the
published measurements from the AKARI/IRC mid-IR all-sky
Survey (Ishihara et al. 2010), from the Spitzer Space Telescope
(SST; Su et al. 2006) and from the Wide-field Infrared Survey
Explorer (WISE; Cutri et al. 2014). Finally, we use the N-band
flux calibrated spectrum (R = 30) measured by the VLTI/MIDI
interferometer. The compiled IR data set is listed in Table 1.

2.2. Radio measurements

Radio observations of Be stars have been very scarce throughout
decades past. However, recent years saw a great technological
improvement in the instruments allowing for precise measure-
ments even of very low fluxes. We briefly discuss the historic
measurements and then describe our own from recent years.

Already in the late eighties, several Be stars including β CMi
were detected at 2 cm wavelength by the Very Large Array
(VLA; Taylor et al. 1990) and at mm wavelengths by the James
Clerk Maxwell Telescope (JCMT; Waters et al. 1991). We use the
published JCMT and VLA data in our analysis (see the respec-
tive references for the description of the data). To our knowl-
edge, these had been the only radio observations of Be stars
up until a few years ago, when 28 CMa was observed by
the Atacama Pathfinder Experiment (APEX) millimeter tele-
scope (Štefl et al. 2011) and δ Sco was observed by APEX
and by the Combined Array for Research in Millimeter-wave
Astronomy (CARMA, Štefl et al. 2012). More recently, we used
the APEX bolometer camera LABOCA (Siringo et al. 2009) and
the CARMA array (Bock et al. 2006) in its photometric mode to
observe β CMi. The sub-mm and radio observations are included
in Table 1.

The APEX/LABOCA camera operates at the central fre-
quency of 345 GHz, corresponding to the wavelength of 870 μm
with a bandwidth of 150 μm. It consists of a 295-channel
bolometer array laid out in concentric hexagons around a central
channel. The sub-mm radiation is absorbed by a heat-sensitive
semi-conductor, which measures temperature variations of a thin
titanium film. Our measurement consists of five scans with a to-
tal integration time of 53.8 min. The data were reduced with
the help of the free reduction software CRUSH1 version 2.20-3
(Kovács 2008).

The CARMA observations were executed with the
15-antenna subarray (nine 6.1-m and six 10.4-m diameter an-
tennas) in the D configuration, in which the distances between
the individual antennas are 11–150 m. The central frequency of
the observations was ∼100 GHz (∼3 mm) with the bandwidth
of ∼500 MHz. The total integration time including the calibra-
tors was 2.60 hours. The data were reduced using the MIRIAD
software package2.

2.3. Spectroscopy

The spectral coverage of the compiled SED is extended into ul-
traviolet (UV) wavelengths by including spectra measured by the
International Ultraviolet Explorer (IUE)3. We observed β CMi
by IUE five times in high dispersion mode with the total spectral
coverage of 1150–3350 Å. The spectra were averaged and then
dereddened with the same approach as the optical photometry
with the reddening curve updated for the near-UV according to
O’Donnell (1994). Strong reddening is usually indicated by an
interstellar absorption feature around 2200 Å. The fact that this
feature is absent from the observed spectra is a further indica-
tion of low extinction toward β CMi and overall weak reddening
effects.

In the optical region, the Johnson UBVRI photometry
is complemented with several flux-calibrated low-resolution
spectra covering the interval 3200–10 500 Å measured by

1 http://www.submm.caltech.edu/~sharc/crush/index.html
2 http://carma.astro.umd.edu/miriad/
3 https://archive.stsci.edu/iue/
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Table 2. Spectroscopic data set.

Date Telescope Instrument No. of spectra R Spectral range (Å)

1986-04-05–1987-12-05 IUE IUE_SWP_HL 4 18 000 1150–1975
1987-02-10 IUE IUE_LWP_HL 1 13 000 1850–3350
1995-02-08–2000-02-12 PBO 36” telescope HPOL 3 600 3200–10 500
2001-11-16–2007-01-08 Ondřejov 2 m coudé spectr. 11 12 500 6300–6700
2004-08-01–2004-09-01 ESO - La Silla 2.2 m FEROS 2 48 000 3600–9200
2007-01-08–2014-02-23 Ondřejov 2 m coudé spectr. 9 18 500 4760–5000
2008-01-26 Meade LX200 LHIRES 1 17 000 6300–6700
2009-02-14 C11 LHIRES 1 17 000 6300–6700
2009-12-31–2010-04-23 VLTI AMBER 2 12 000 21 580–21 760
2010-01-16 Takahashi CN212 LHIRES 1 15 000 6300–6700
2010-10-29 C11 LHIRES 1 17 000 6300–6700
2011-10-20–2013-09-26 OPD 1.6 m ECass 9 5 000 6120–6880
2011-11-05–2011-11-11 CFHT 3.6 m ESPaDOnS 80 68 000 3700–9000
2013-12-09–2014-11-18 OPD 1.6 m MUSICOS 3 30 000 5020–9020
2013-02-08–2014-02-23 Ondřejov 2 m coudé spectr. 7 12 500 6300–6700
2013-11-09–2014-02-23 Ondřejov 2 m coudé spectr. 3 16 500 4280–4500

the HPOL spectropolarimeter4 mounted on the Pine Bluff
Observatory (PBO) 36′′ telescope. As the absolute flux cali-
bration of the spectra is not reliable, however, only the shape
of the spectra was used. The individual measurements were
scaled to the V-band magnitude before they were averaged and
dereddened.

The spectroscopic observations of hydrogen Balmer emis-
sion lines (R = 5000–30 000) in the 2001–2014 interval were
carried out using the slit spectrograph mounted at the coudé fo-
cus of Ondřejov 2 m telescope in the Czech Republic and the
Cassegrain (ECass) and MUSICOS spectrographs at the 1.6 m
telescope at the Observatório Pico dos Dias (OPD) in Brazil.
The gaps in the time coverage were filled in by several amateur
spectra from the BeSS database5. The Balmer lines are comple-
mented with Brγ profiles extracted from two sets of AMBER in-
terferometric measurements (Sect. 2.5). Overall, the line profiles
show only small-scale temporal variability, although some show
a weak V/R assymetry, in line with the results of Folsom et al.
(2015). In Fig. 1 we show the Ondřejov and AMBER line pro-
files, the averages of which were used for the modeling process.

Two spectra from the high-resolution (R = 48 000) fiber-fed
spectrograph FEROS (Kaufer et al. 1999), mounted at the 2.2 m
ESO telescope at the La Silla observatory, Chile and a set of
spectroscopic measurements from the ESPaDOnS6 echelle spec-
trograph (R = 68 000), installed at the 3.6 m Canada-France-
Hawaii Telescope (CFHT) in Hawaii, USA, allowed us to inves-
tigate the whole spectrum in the 3600–9200 Å range.

The information on the spectroscopic data set is summarized
in Table 2.

2.4. Linear polarimetry

β CMi was observed by the HPOL Spectropolarimeter mounted
on the PBO 36′′ telescope six times during the years 1991–2005.
The first measurement was done with a Reticon dual array

4 http://archive.stsci.edu/hpol/
5 http://basebe.obspm.fr/basebe/
6 http://www.ast.obs-mip.fr/projets/espadons/
espadons.html
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Fig. 1. Balmer line profiles from Ondřejov and Brγ profile from
AMBER (black) overplotted with their averages (red), which were sub-
sequently used in the modeling process. Telluric features can be seen in
most of the Hα and Brγ profiles.

detector, while a CCD detector was used for the remain-
ing scans. The wavelength coverage of the CCD observations
is 3200–10 500 Å with a spectral bin size ∼10 Å.

Recent broadband polarimetric measurements in the Johnson
filters BVRI were obtained on five observing nights during the
years 2011–2014 at 1.6 m telescope of the OPD observatory
in Brazil (Table A.1). For the instrument description, observ-
ing setup and calibration and reduction procedures see Sect. 2
of Carciofi et al. (2007) and references therein.

As discussed in Sects. 2.1 and 2.3, the interstellar extinction
toward β CMi is almost negligible, therefore, we perform no cor-
rections for the interstellar polarization.

A85, page 4 of 33



R. Klement et al.: Multitechnique testing of the viscous decretion disk model. I.

Table 3. Interferometric observations from VLTI and CHARA.

Date Instrument Spectral band R NPa Telescope configuration
2008-12-02 MIRC H 35 1 S1-E1-W1-W2
2008-12-17 MIDI N 30 1 UT1-UT4
2009-01-11 MIDI N 30 1 UT1-UT4
2009-11-10 MIRC H 35 3 S1-E1-W1-W2
2009-12-31 AMBER K 12 000 1 UT1-UT2-UT3
2010-04-23 AMBER K 12 000 1 K0-G1-A0
2010-10-30 CLIMB K’ – 2 S2-W1-W2
2010-11-02 MIRC H 35 3 S1-E1-W1-W2
2010-11-03 MIRC H 35 2 S2-E2-W1-W1
2010-12-02 CLIMB K’ – 1 S1-E2-W1
2010-12-03 CLIMB K’ – 4 S2-E2-W2
2010-12-14 MIRC H 35 1 S1-E2-W1-W2
2013-10-21 MIDI N 30 1 UT1-UT4
2014-03-06 FSU-A K – 2 J3-K0, G1-A1
2014-03-07 FSU-A K – 1 K0-A1

Notes. (a) Number of pointings obtained on the science star.

2.5. Interferometry

The interferometric observations were obtained at three in-
terferometric facilities: Very Large Telescope Interferometer
(VLTI) at the Paranal observatory in Chile, Center for High
Angular Resolution Astronomy (CHARA) at the Mount Wilson
Observatory in California, USA, and the Navy Precision Optical
Interferometer (NPOI) located in Arizona, USA. The VLTI
instruments include the 2-telescope beam combiners PRIMA
FSU-A (Sahlmann et al. 2009) and MIDI (Leinert et al. 2003)
and the 3-telescope beam combiner instrument AMBER (Petrov
et al. 2007). We also observed β CMi for two nights (May 1–
May 3, 2014) with the 4-telescope beam combiner PIONIER (Le
Bouquin et al. 2011), but these measurements were mostly lost
due to bad weather conditions. The CHARA instruments used
are the 4 to 6-telescope beam combiner MIRC (Monnier et al.
2006) and a 3-beam combiner CLIMB (Sturmann et al. 2010).
The AMBER, MIRC, and CLIMB data were already analyzed
by Kraus et al. (2012) and part of the MIDI observations was
published in Meilland et al. (2009). The observation logs for in-
terferometric observations from VLTI and CHARA are listed in
Table 3 and the full NPOI data set is given in Table A.2.

The former PRIMA (Phase-Referenced Imaging and Micro-
arcsecond Astrometry) facility at VLTI consisted of two iden-
tical fringe sensor units (called FSU-A and FSU-B) but only
FSU-A was publicly offered for observations. The FSU-A op-
erates in the K-band between 2.0 μm and 2.5μm. The light is
chromatically dispersed over five spectral pixels. Three visibil-
ity measurements were obtained with pairs of 1.8 m Auxiliary
Telescopes (ATs). For more details on the observing setup and
the reduction procedure, see Sect. 4 of Müller et al. (2014).

The MIDI data consist of three measurements executed with
pairs of 8.2 m Unit Telescopes (UTs) with spectral dispersion
R = 30 across the N-band (8–13 μm). For more details on the
data acquisition and reduction, see Meilland et al. (2009) and
references therein.

The AMBER observations were obtained in the high spectral
resolution mode (HR mode, R = 12 000) in the K-band spec-
tral region centered around the hydrogen Brγ line (λvacuum

Brγ =

2.166078 μm). The pointing from December 31, 2009 was ob-
tained with three 8.2 m UTs, while for the observation from
April 23, 2010 three 1.8 m ATs were used. For our purposes, we
rereduced the data using the amdlib V3.0 data reduction software

(Tatulli et al. 2007; Chelli et al. 2009). As absolute calibration of
the AMBER data is not reliable, we normalized the continuum
region and used the differential visibilities and phases for our
analysis. As the measurement error for all data points we used
the standard deviation computed from the continuum region. For
more details on the observing setup and the reduction procedure
see Sect. 2 of Kraus et al. (2012).

The observations from MIRC were obtained with low spec-
tral dispersion, R = 35, in the H-band continuum. The light from
four 1 m telescopes was combined with the baseline lengths
reaching 330 m. The CLIMB observations include eight point-
ings in the K′-band continuum. The observing setup and the re-
duction process are detailed in Sect. 2 of Kraus et al. (2012).
For the uv-plane coverage of the CHARA measurements as com-
pared to AMBER coverage, see their Fig. 1.

The NPOI is a long-baseline, multielement, optical interfer-
ometer that can combine light beams from up to six elements si-
multaneously (Armstrong et al. 1998). Before the fringe contrast
is recorded between the beams, the light combined at the beam
combiner is dispersed using a prism onto a lenslet array con-
nected by optical fibers to a series of photon-counting avalanche
photodiodes, which results in data stream from 16 spectral chan-
nels covering the wavelength range of 560–870 nm. For B-type
stars with an Hα emission line, it allows interference fringe
contrast (in the form of squared visibility) to be recorded for
a single 15-nm wide spectral channel that contains the entire
emission line from the circumstellar region (we refer to this as
Hα channel when the 656.28 nm line is centered in the spectral
channel).

The NPOI observations of β CMi utilized in this study were
obtained on 40 nights from November 2010 to April 2011. The
entire data set resulted in 720 unique squared visibility measure-
ments from the Hα channel. The processing of NPOI data was
conducted using a custom suite of programs developed specif-
ically for the instrument known as the Optical Interferometer
Script Data Reduction package. The processing of the raw
fringe data frames follows the procedures outlined in Hummel
et al. (1998) with additional bias corrections using off-fringe
measurements described in Hummel et al. (2003). Furthermore,
in the case of Hα-emitting sources, where the signal of interest
is confined to a single spectral channel per baseline, the addi-
tional step of removal of small channel-to-channel variations has
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also been conducted as described in Tycner et al. (2006) utiliz-
ing a calibrator star λ Gem (FK5 277, HR 2763). The last step
of calibration of the Hα squared visibilities involved calibration
with respect to the continuum channels, which are assumed to be
represented by a uniform disk model with a known angular di-
ameter (Tycner et al. 2003). In the case of β CMi, we adopted an
angular diameter of the central star of 0.675 mas, which was ob-
tained based on a Hipparcos distance of 49.6 pc (van Leeuwen
2007), the best-fit value for stellar polar radius (Rp) of 2.8 R�
based on UV spectrum fitting (see Sect. 4.1.1) and a multiplica-
tive factor of 1.29, which accounts for the average effect due to
the rapid stellar rotation7.

3. Model description

We modeled β CMi as a combination of a fast-rotating central
star surrounded by a VDD with the help of the computer code
HDUST. The code HDUST uses the Monte Carlo method to solve
the radiative transfer, radiative equilibrium, and statistical equi-
librium in 3D geometry for arbitrary density and velocity distri-
butions assuming pure hydrogen composition. For details on the
HDUST code and the hydrodynamics of a VDD; see Carciofi &
Bjorkman (2006, 2008) and Carciofi (2011).

3.1. Central star

The code HDUST takes into account both the geometrical defor-
mation of the star due to fast rotation and the latitude-dependent
flux from the stellar surface due to gravity darkening. The stel-
lar surface itself is divided into a number of latitude bins each
with its own local gravity and temperature with a corresponding
Kurucz (Kurucz 1979) synthetic spectrum assigned to it.

A rotating star is fully described by five parameters: mass M,
polar radius Rp, luminosity L, rotation rate W, and gravity dark-
ening exponent β. The star is a geometrically deformed isopo-
tential surface in the Roche approximation based on the rotation
rate W, defined as W = vrot/vorb, where vrot is the rotational ve-
locity at the stellar equator and vorb is the Keplerian velocity of
orbiting material just above the stellar equator (Sect. 2.3.1 of
Rivinius et al. 2013a). In the case of critical rotation, the param-
eter W becomes unity. The gravity darkening law is adopted in
the classical form Teff ∝ gβ (von Zeipel 1924).

Two additional geometrical parameters are needed to be able
to compare the model with observations: The distance d and the
inclination angle i of the spin axis of the star with respect to the
observer.

3.2. The disk

The VDD model in which turbulent viscosity is responsible for
the disk growth and transport of the angular momentum outward
has so far been able to explain most observational aspects of the
Be star disks (Bjorkman 2012).

The VDD is flaring with the following dependence of the
scale height H on the distance r from the stellar surface, if one
assumes hydrostatic equilibrium and an isothermal disk

H(r) = H0

(
r

Re

)3/2

, (1)

7 To account for the rapid stellar spin, we take the average between
equatorial radius Re = 1.49 Rp (see Table 6) and the projection of
the equatorial radius due to inclination i of 43◦ (see Sect. 4.4), i.e.,
cos(43) = 0.731 resulting in average effective radius of 1.29 Rp.

where Re is the equatorial radius of the rotationally deformed
star and H0 = csv

−1
orbRe is the scale height at the base of the disk.

cs = [(kBTk)/(μmH)]1/2 is the isothermal sound speed, kB is the
Boltzmann constant, Tk is the gas kinetic temperature, μ is the
mean molecular weight, and mH is the mass of hydrogen atom.
Haubois et al. (2012) studied the hydrodynamics of Be disks and
explored how the disk surface density evolves with time in re-
sponse to varying disk feeding rates. Even though a dynamically
active disk can have a quite complex structure, a much simpler
situation arises when the disk is fed at a constant rate for a suf-
ficiently long time. In this case, the surface density structure of
a VDD under the assumption of an isothermal gas and purely
Keplerian circular orbits can be described by

Σ(r) =
ṀvorbR1/2

e

3παc2
sr3/2

[
(R0/r)1/2 − 1

]
, (2)

where α is the viscosity parameter (assumed to be constant
throughout the disk), Ṁ is the mass decretion rate, r is the
distance from the stellar equator, and R0 is an integration con-
stant connected with the physical size of the disk (Bjorkman &
Carciofi 2005). For r � R0, the dependence of Σ(r) becomes a
power-law Σ(r) ∝ r−2. The disk is in hydrostatic equilibrium in
the vertical direction, which in the isothermal case corresponds
to Gaussian distribution. The falloff of the volume density is then

ρ(r, z) =
Σ(r)√
2πH(r)

exp

⎡⎢⎢⎢⎢⎢⎣−
1
2

(
z

H(r)

)2⎤⎥⎥⎥⎥⎥⎦ , (3)

therefore

ρ ∝ Σ/H ∝ r−n, (4)

with the radial density exponent n equal to 3.5, however, the disk
is not radially isothermal. Initially the temperature falls with ra-
dius to a minimum that occurs in the dense inner parts of the
disk. The location of the minimum depends on the disk density;
for higher densities it shifts outward. The temperature minimum
results in a local change of the radial density falloff exponent n
and of the flaring coefficient (Carciofi & Bjorkman 2008).

Numerical solutions (e.g., Okazaki et al. 2002) show that
the disk is separated into two parts: a subsonic inner part (radial
velocity vr � cs), where the outflow is driven by viscosity; and
a transonic outer part (vr � cs), where the outflow is driven by
the gas pressure. The photoevaporation radius where the transi-
tion occurs is the so-called transonic critical radius Rc, which is
on the order of hundreds of stellar radii (Krtička et al. 2011).
However, what is considered to be the outer radius of a Be disk
depends on whether the star is in a binary system or not. If the
star is in a binary system, the disk may be truncated at the tidal
radius, which can be a complicated function of the binary pa-
rameters and of the viscosity parameter α (Panoglou et al. 2015).
For isolated stars or well-detached binaries, however, we expect
Rout ≈ Rc. Radio observations have to be used to investigate
these outer parts of the disk.

3.3. Modeling procedure

For the present study, we have adopted two VDD models for the
disk. First we start with a simplified analytical power-law model
followed by the fully self-consistent solution of steady viscous
decretion. As the latter model modifies the prescribed density
structure according to the temperature solution, comparing the
results of the two models allows us to test how the disk non-
isothermality affects the observables. Improvement of the global
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Table 4. Characteristics and free parameters of the adopted VDD models.

Model Characteristics Free parameters
Parametric power-law radial density and vertical scale height structure ρ0, n, H0 (Tk), Rout

Self-consistent full solution of the viscous decretion Ṁ/α, R0, Rout

fit to the observations after introducing the full VDD solution
would then represent an indirect observational proof of the struc-
tural changes due to the disk nonisothermality.

The first model, which we dub parametric model, is based on
the isothermal VDD density structure for which the vertical dis-
tribution is Gaussian and the radial distribution is a power law in
the form ρ ∝ ρ0r−n, where ρ0 is the density at the base of the disk.
Although this corresponds to the theoretical density structure of
an isothermal disk (when n = 3.5), the disk itself is not isother-
mal as its temperature is calculated in radiative equilibrium by
HDUST. Values of ρ0 were explored in the interval 1 × 10−12–1 ×
10−10 g cm−3, which is typical for Be disks. The scale height at
the base of the disk H0 is an additional parameter, which is set by
the sound speed cs and the disk orbital speed vorb (see Eq. (1)).
As vorb is given by M, Rp, and W, only a proper choice of the
kinetic temperature Tk (to calculate cs) is needed to determine
the scale height H0. We chose the mass-averaged temperature of
the disk to represent Tk.

Varying the density falloff exponent n allows us to explore a
standard, isolated disk with isothermal density structure (n= 3.5)
as well as a disk truncated by a binary companion, in which
the parts inward of the truncation radius may attain a shallower
density profile (n < 3.5). Density profiles associated with a disk
that has not yet reached a quasi-steady-state configuration (n >
3.5, see Porter 1999; Haubois et al. 2012) were also explored
(although this case is unlikely for β CMi, as its disk has been
present and stable for a long period already). In our modeling,
n was allowed to vary in the interval 3.0–4.0.

The second, self-consistent model calculates the full solu-
tion of steady viscous decretion following Carciofi & Bjorkman
(2008). In this case, the radial and vertical density structures are
solved to become consistent with the temperature solution and
therefore the parameters n and H0 are no longer needed. Instead
of ρ0 describing the base density, the ratio of the mass decretion
rate and the viscosity parameter Ṁ/α needs to be specified (see
Eq. (2)). The Ṁ/α parameter was chosen to correspond to the
ρ0 of the parametric model so that the resulting mass of the disk
would remain approximately constant, thus allowing for a di-
rect comparison between the models. The observables we study
are only sensitive to the density scale of the disk, and do not
carry any information about its radial velocity because it is much
smaller than the sound speed. For this reason, the mass-loss rate
Ṁ cannot be determined uniquely; we can only determine ρ0 or
equivalently the ratio Ṁ/α. Finally, there is an additional pa-
rameter in the form of the integration constant R0, which was
assumed to correspond roughly to the critical radius Rc given by
the approximate relation of Krtička et al. (2011), i.e.,

Rc

Re
=

3
10

(
vorb

cs

)2

· (5)

The parameter Rc, calculated from the best-fit model values,
is ∼450 Re.

In both models, we also need to specify the disk outer ra-
dius Rout, which in the modeling context represents the outer
edge of the grid used for the Monte Carlo simulation, beyond

which matter is absent. This parameter allows us to explore pos-
sible truncation of the disk by a binary companion.

The basic characteristics and free parameters of the models
are listed in Table 4.

3.4. Initial estimates for the central star parameters

β CMi has already been a subject of several detailed studies fo-
cusing on different observational and physical aspects. β CMi
was previously studied by Saio et al. (2007), whose analysis of
MOST satellite observations led to the first detection of nonra-
dial pulsations in a late-type Be star with evidence for an almost
critical rotation. Elsewhere, high-resolution spectrointerferome-
try and spectroscopy of β CMi was used to provide evidence of
Keplerian rotation of the disk (Kraus et al. 2012; Wheelwright
et al. 2012). The central star parameters adopted in these studies
were used as initial constraints for our modeling.

The value of M = 3.5 M� was adopted in accordance with in-
dividual literature estimates (Kraus et al. 2012; Saio et al. 2007)
and stellar evolution models for the spectral type B8. Although
M influences the scale height of the disk as well as the critical
rotation rate, changing it over the interval 3–4 M� has little over-
all influence on the observables, and it was therefore kept fixed
at the value of 3.5 M�.

We explored the possible values of Rp and L in the inter-
vals 2.4–3.6 R� and 160–240 L�, respectively. The rotation rate
W was assumed to be 0.7–1.0, corresponding to the observed
rotation rates of Be stars (Sect. 3.1 of Rivinius et al. 2013a).

Recent interferometric observations as well as theoretical de-
velopments indicate that the gravity darkening law in the clas-
sical form Teff ∝ gβ with β = 0.25 is valid only in the limit
of slow rotators, while in rapidly rotating stars β can be signif-
icantly lower. The recent model of Espinosa Lara & Rieutord
(2011) in which the barotropic assumption (pressure dependent
only on density) is relaxed is in general agreement with six in-
terferometric measurements of the β parameter in rapid rotators,
as is shown in Fig. 13 of Domiciano de Souza et al. (2014). In
this work we treat the gravity darkening exponent β as a func-
tion of W, according to the model of Espinosa Lara & Rieutord
(2011). However, in their model, gravity darkening is in fact not
described by a power law (see their Eq. (31)).

3.5. Geometrical parameters

The distance d to β CMi is 49.6 ± 0.5 pc as measured by the
Hipparcos satellite (van Leeuwen 2007). As varying d in such
a low uncertainty interval has little effect on the model observ-
ables, d was kept fixed at the value of 49.6 pc. The inclination
angle i is clearly of an intermediate value with the most precise
estimate from modeling of AMBER observations being 38.5±1◦
(Kraus et al. 2012). We explored the possible values of i in the
interval of 35◦–50◦.

4. Results

In this section the ability of the VDD model, in the two particu-
lar formalisms adopted (parametric vs. self-consistent), to repro-
duce individual observations is detailed.
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Table 5. Model parameters.

Parameter Best-fit value Type Adopted range Ref.
Stellar parameters

Spectral type B8Ve 2
Rp 2.8 R� free 2.4–3.6 R� 1, 3, 4
M 3.5 M� fixed 4, 5
L 185 L� free 160–240 L� 1, 3, 4, 5
W >∼0.98 free 0.7–1.0 1, 5
β 0.1367+0.0025

−0.0013 function of W 6

Disk parameters – Parametric model
ρ0 2.0 × 10−12 g cm−3 free 1.0 × 10−12–1.0 × 10−10 g cm−3 1, 3
n 3.0–3.5 free 3.0–4.0 1
Tk

a 6500 K fixed 1
Rout 35+10

−5 Re free 10–100 Re 1

Disk parameters – Self-consistent model
Ṁ/α 1.88 × 10−12 M� yr−1 free 1.0 × 10−12–1.0 × 10−11 1
R0 450 Re fixed 7
Rout >100 Re free 10–200 Re 1

Geometrical parameters
i 43+3◦

−2◦ free 35–50◦ 1, 3, 4
d 49.6 pc fixed 8
PAb 133+4◦

−3◦ free 0–360◦ 1

Notes. (a) Assumed to be equal to the mass-averaged temperature of the disk. (b) The projected position angle of the semimajor axis of the disk
measured from north to east.
References. 1 – this work; 2 – Abt et al. (2002); 3 – Wheelwright et al. (2012); 4 – Kraus et al. (2012); 5 – Saio et al. (2007); 6 – Espinosa Lara
& Rieutord (2011); 7 – Krtička et al. (2011); 8 – van Leeuwen (2007).

Table 6. Derived model parameters.

Parameter Value
Re/Rp 1.49

Re 4.17 R�
vrot 396 km s−1

v sin(i) 270 km s−1

log(g)pole 4.09
Tpole/Teq 1.91
Teff,pole 13 740 K

The fitting procedure was executed in the following way:
First, the almost purely photospheric UV spectrum was used to
constrain the central star parameters Rp and L. Next, the SED
from IR to radio wavelengths, where the disk significantly con-
tributes to the observed flux, was used to determine the disk pa-
rameters ρ0 and n (or Ṁ/α). Finally, the spectral slope of the
linear polarimetry allowed us to determine the rotation rate W
(and β), while we used the interferometric shape extracted from
the AMBER observations to constrain the geometrical parame-
ter i. The resulting best-fit parameters for both models are listed
in Table 5 and the derived stellar parameters are listed in Table 6.

The remaining observations were used as consistency checks
for the parameters determined in the way described above. The
polarization level allows us to check the consistency of i, ρ0, and
n in the inner parts of the disk. The equivalent widths of the dif-
ferent hydrogen lines provide us with another way to check the
density structure in the various parts of the disk where the emis-
sion from the respective lines originates. The final consistency
checks are provided by the observed interferometric visibilities,
which measure the sizes of the corresponding emitting regions,
along with the interferometric phase shifts, which depend on
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Fig. 2. Model fraction of the disk flux contribution in the 1000–3000 Å
interval computed by dividing a model containing the disk contribution
by the purely photospheric model.

both the velocities and densities of the corresponding parts of
the disk.

Comparing the outcomes of the best-fit (parametric and
self-consistent) VDD models then allows us to explore the
nonisothermal effects on the observables caused by structural
changes in the disk introduced with the nonisothermal density
solution. Finally, we look at the evidence in our data for the disk
truncation and the presence of an unseen binary companion by
exploring the outer parts of the disk using the radio data and
several unexpected nonhydrogen spectral features.

4.1. SED

4.1.1. UV spectrum

The observed UV spectrum was found to represent the pho-
tospheric spectrum of the central star (Fig. 2) almost purely.
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Fig. 3. Parametric (n = 3.5) model fit (solid black) to the average IUE and HPOL data (dotted red). The average HPOL spectrum was scaled to the
V-band photometry. The broadband UBVRI photometry is plotted with red crosses.

Therefore the fluxes in the UV region are only influenced by the
central star and can be used to constrain its parameters. As M is
kept fixed and β is a known function of W, the parameters that
remain to be determined are Rp, L, and W. While varying L in
the interval 160–240 L� shifts the flux in the whole UV interval
mostly in magnitude, varying Rp has a much larger effect on Tpole
and hence on the spectral slope. With W (and the correspond-
ing β) fixed at the value determined from the analysis of visual
polarimetry (Sect. 4.3), and i fixed at the value determined from
fitting AMBER interferometry (Sect. 4.4), Rp and L can be de-
termined by fitting the UV spectral slope and the UV flux level,
respectively. Out of the grid of models computed, the resulting
best-fit parameters are Rp = 2.8 R� and L = 185 L�. The model
reproduction of the SED structure in the 1000–10 000 Å inter-
val is shown in Fig. 3 (as the disk contribution is less than 3%
in these parts on average, the outcomes of the two VDD model
formalisms are identical).

4.1.2. Optical and IR SED

As discussed in the Introduction, the size of the disk pseudopho-
tosphere grows with wavelength. Consequently, the near-IR
regions are useful to probe the inner parts of the disk and con-
strain the disk base density ρ0, while the SED structure at longer
wavelengths traces the density falloff exponent n. The resulting
ρ0 from the best-fit parametric model is 2.0 × 10−12 g·cm−3; the
implications for n in the light of the whole SED structure are
discussed below.

The parametric model with a single value of n throughout
the whole disk does not seem to provide an entirely satisfac-
tory description of the density profile. In Fig. 4 we see that the
parametric model with n = 3.5 reproduces the SED well only un-
til ∼15 μm, while it underestimates the far-IR and radio fluxes by
about 40–70%. A shallower density profile with n = 3.0 (and the
same ρ0) reproduces the SED longward of ∼15 μm much better
at the expense of the mid-IR fluxes, which become slightly over-
estimated by about 20%, as may also be seen in Fig 5, which
shows the comparison of the parametric model to the N-band
MIDI photometry.

The self-consistent model SED is very similar to the para-
metric n = 3.0 model at wavelengths up to ∼15 μm, showing only
slight effects of nonisothermality in the inner, central parts of
the disk, which are consistent with the predictions: The temper-
ature initially decreases, which leads to a shallower radial den-
sity profile in the inner parts of the disk (see Fig. 4 of Carciofi
& Bjorkman 2008). At longer wavelengths, the self-consistent

model approaches the n = 3.5 model, as the disk tempera-
ture rises and becomes roughly isothermal in its more extended
regions.

Overall, we find that neither the parametric model with a
single n, nor the self-consistent model, are able to perfectly re-
produce the observed SED structure, which suggests that the
disk has a more complicated density profile than a simple power
law, or steady decretion. We discuss the density structure further
when we compare the model to the remaining observables, and
we return to the issue of nonisothermality in Sect. 4.7.

4.2. The hydrogen emission line profiles

The overall shape, equivalent width, FWHM, and the ratio of
maximum to continuum intensity of the observed Hα line pro-
file is in reasonable (with respect to the used methods) agreement
with the historic measurements from 1950 to 1991 (Slettebak &
Reynolds 1978; Slettebak 1982; Andrillat & Fehrenbach 1982;
Hanuschik et al. 1996). The hydrogen lines Hα, Hβ, Hγ, and
Brγ all show evidence of a double-peaked emission component.
Using the best-fit parametric and self-consistent models, we cal-
culated both line profiles and images to provide an additional
consistency check of the disk density structure, as the higher
Balmer lines originate progressively closer to the star. The line
profile results (Fig. 6) clearly show that a model with a single
power law describing the radial density falloff is unable to simul-
taneously fit all four lines. While Hβ and Hγ, which originate in
the inner regions of the disk, are reproduced well with n = 3.5,
Hα and Brγ, which come from much more extended parts of the
disk, require n = 3.0 to attain the observed level.

The outcome is similar to what was suggested by the
SED analysis. A steeper falloff (higher n) is needed in the inner
parts, where Hβ, Hγ, and near-IR continuum (but also the visual
polarization, see the following section) originate, while in the
more extended parts, where Hα, Brγ, and far-IR emission come
from, a shallower density profile is needed to increase the size
of the optically thick emitting area and hence the line equivalent
width. This again indicates that a single power law throughout
the disk is not a suitable description of the density profile. The
outcome of the self-consistent model for these four lines is al-
most identical to the parametric model with n = 3.5.

For very optically thick emission lines, such as Hα, the
line photons are absorbed and re-emitted many times within the
Sobolev zone before they escape. This diffusion process greatly
increases the probability that some fraction of the Hα line pho-
tons are scattered by free electrons, which have much larger
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Fig. 5. Parametric model with n = 3.5 (black) and n = 3.0 (blue) mid-IR
flux predictions compared to the MIDI N-band photometry.

thermal velocities than the hydrogen lines. To simulate this ef-
fect, we thermally broadened a fraction, f = 0.6, of the Hα pho-
tons by convolving those photons with a Gaussian of width ves =
300 km s−1. The remaining fraction (1− f ) of the Hα photons are
left unbroadened. The values of f and ves were chosen empiri-
cally to best reproduce the wings of the observed Hα profile. The
electron thermal velocity at Tk = 6500 K is 310 km s−1, which is
roughly what we determined empirically for ves. The remaining
Balmer lines (Hβ, Hγ and Brγ) are much weaker, so we applied
no electron scattering broadening to those lines.

4.3. The optical polarization

The HPOL measurements show a level of variability, which is
hard to quantify due to their large errors and scarce temporal

coverage throughout the years 1990–2005. They are consis-
tent though with a very low level of polarization in the range
of 0.01–0.10%, suggesting no large-scale mass injection or dis-
sipation episodes have occured over the past few decades. The
OPD data covering approximately the last four years show a po-
larization level of∼0.02–0.07% in the BVRI Johnson filters, with
less scatter compared to the HPOL data and also very little tem-
poral variation (Table A.1).

For the modeling purposes, we used the averaged values of
the OPD measurements. Despite the uncertainties being quite
large, the data clearly show a positive spectral slope of the po-
larization level in the Paschen continuum (see Fig. 7). This is an
unusual feature and is not seen in any of the theoretical polar-
ization spectra shown by Haubois et al. (2014); in that work,
low-density models have either flat spectra, indicative of the
prevalence of Thomson scattering in the total opacity (i.e., low-
density models), or negative slopes for the cases where H opacity
contributes significantly to the total opacity (i.e., high-density
models). In view of that, we explored which model parameter
could be responsible for the positive slope. We used only the
Paschen continuum polarization levels to compare the model and
observed slopes to avoid the influence of Balmer and Paschen
jumps.

Increasing the rotation rate W closer to the critical value
was found to be the major factor causing the polarimetric slope
to attain the unusual positive slope shown by the observations.
The dependence of model polarization on W is shown in Fig. 8.
Only rotation rates higher than about 0.90 produce a positive
polarimetric slope, while rotation rates higher than W = 0.98
are required to reproduce the observations within the error bars.
The dependence of the polarimetric slope on the rotation can be
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Fig. 6. Hydrogen line profiles for the parametric model (solid lines) with
n = 3.5 (black) and n = 3.0 (blue) compared to the averaged observed
hydrogen line profiles (dotted red lines). The self-consistent model (not
shown) is almost identical to the n = 3.5 parametric model. While Hβ
and Hγ are reproduced well with n = 3.5, Hα and Brγ need n = 3.0 for
their emission to reach the observed values.

probably explained by the fact that the flux constrast between the
pole and the equator gets stronger at shorter wavelengths (e.g.,
Fig. 6 of Rivinius et al. 2013a). Since polarization is the ratio
between the scattered to direct startlight, it follows that polariza-
tion should be smaller where the flux constrast is the strongest.
This effect is only valid for tenuous disks whose dominant opac-
ity (Thomson scattering) is gray. Denser disks attain a negative
slope reflecting the strong contribution of H to the total opacity.
The finding of such a fast rotation is supported by the results
of Saio et al. (2007), who found nonradial pulsation modes (pro-
grade sectoral g-modes of m = −1) excited in β CMi, which they
only predict to be stable if the star rotates nearly critically.

The predictions of the adopted models with W = 0.99, com-
pared to the average of OPD measurements, are shown in Fig. 7.
The parametric model with n = 3.0 overestimates the polariza-
tion level, while using n = 3.5 matches the observed level well.
This further corroborates what was suggested by the SED and
line profile analysis, i.e., a steep density falloff in the inner parts
and a shallower profile farther on.

The polarization level is strongly dependent on the inclina-
tion angle i with the maximum level observed when i ∼ 70−80◦
(Halonen & Jones 2013). However, the inclination was found to
be well constrained by the AMBER data (see Sect. 4.4), which
allows us to use the polarization level to constrain the density
structure of the inner disk without a degeneracy with respect to i.

4.4. AMBER spectrointerferometry

AMBER data allow us to study the geometry and extension of
the Brγ emitting region. To accomplish this, we calculated the
synthetic Brγ images (several shown in Fig. 9) across the emis-
sion lines, depicting the corresponding isovelocity regions. From
these images we determined the predicted AMBER visibilities
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Fig. 7. Spectral shapes of polarization (dashed lines) overplotted with
their linear fits (solid lines) in the Paschen continuum: parametric model
with n = 3.5 (black), parametric model with n = 3.0 (blue), and self-
consistent model (green). The OPD measurements are plotted in red and
for comparison we show the binned 1991 HPOL measurement (gray
plus signs with dotted error bars).

3000 4000 5000 6000 7000 8000 9000 10000
λ (Å)

0.02

0.04

0.06

0.08

0.10

P
(%

)

Fig. 8. Influence of W on the model spectral slope in the Paschen con-
tinuum for the parametric model with n = 3.5. The plotted models are
for W = 0.80 (black), W = 0.95 (blue), W = 0.97 (green), W = 0.99
(yellow), and W = 1.0 (purple). The average of OPD measurements in
the BVRI filters is plotted in red.

and phase shifts across the Brγ line. AMBER’s high spectral res-
olution reveals the spectrointerferometric signatures in the dif-
ferential visibilities and phases that are expected for circumstel-
lar disks. As was reported by Kraus et al. (2012), and discussed
theoretically by Faes et al. (2013), phase reversals occur in the
differential phase signatures of β CMi across the Brγ line. Using
the terminology of Faes et al. (2013), the disk of β CMi was
observed outside the astrometric regime, which means that the
ratio between the baseline length and the distance to the star
exceeds 1.5 m pc−1. Thus the differential phases are no longer
proportional to photocenter displacement and phase signatures
are more complicated than simple S-shaped profiles usually ob-
served for marginally resolved disks.

Similar to the observables believed to originate in the more
extended parts of the disk, a shallower density profile with
n = 3.0 is needed to reproduce the AMBER observations, while
the predictions of the n = 3.5 parametric model and the self-
consistent model are almost identical, clearly underestimating
the size of the line emitting region (Fig. 10). The fit of the
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Fig. 9. Synthetic images of the isovelocity regions across the Brγ emission line. The zero velocity corresponds to the line center.
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Fig. 11. NPOI Hα channel squared visibilities (red with gray error bars) overplotted with the corresponding parametric, n = 3.5, (black), and
n = 3.0 (blue) model predictions (compare with the upper left panel of Fig. 6).

n = 3.0 parametric model to the two sets of AMBER data is
remarkable, with a reduced χ2 = 1.20. This kind of good agree-
ment again implies that the disk velocities are Keplerian, which
is strong support for the VDD model. The inclination is well
constrained by the shape implied by the visibilitiy data along
the various baseline orientations with the best-fit value being
i = 43+3◦

−2◦ . The position angle, PA, of the disk major axis pro-
jected on the sky was found to be 133+4◦

−3◦ (from north to east) in
a reasonable agreement with the value of 140.0 ± 1.7◦ found by
Kraus et al. (2012). The average polarization position angle from
the HPOL synthetic UBVRI filter data and OPD measurements
is 41.6 ± 1.8◦ and 50.0 ± 17.8◦, respectively, in a good agree-
ment with the interferometric PA, as the polarization direction is
usually perpendicular to the disk major axis, but small variations
can be expected from the disk asymmetries responsible for the
V/R variations.

4.5. NPOI interferometry

The NPOI data, which contain the Hα line emission in its 15 nm-
wide channel, provide an important consistency check of the
modeling of the Hα line profile, which could only be reason-
ably reproduced with a shallow, n = 3.0, radial density falloff.
Indeed, the NPOI visibilities are better reproduced with the n =
3.0 model (χ2 = 1.40), revealing a larger Hα emitting region
than expected from the n = 3.5 model (χ2 = 2.08). The predic-
tions of the two models are compared with the data in Fig. 11.
We used an average angular radius of the central star to calibrate
all the PAs, while the proper approach would be to use the ex-
actly corresponding angular radii to calibrate the individual PAs.

Table 7. Model fits to the interferometric measurements.

Instrument Spectral band χ2 (n = 3.5) χ2 (n = 3.0)
NPOI R (Hα) 2.08 1.40
MIRC H 2.27 2.08
FSU-A K 0.84 0.91
AMBER K (Brγ) 3.90 1.20
CLIMB K’ 1.58 1.45
MIDI N 1.80 1.91

Notes. AMBER and NPOI, for which extended line emission plays a
major role, are clearly better reproduced by the n = 3.0 model. The
MIDI, CLIMB, and MIRC data, for which we would expect a better
fit by the n = 3.5 model, are also slightly better reproduced by the n =
3.0 model, but not much weight should be put on these results given the
overall low quality of the respective data.

However, we expect that this would bring only minor improve-
ment of the overall good fit.

4.6. FSU-A, MIDI, PIONIER, and CHARA interferometry

The remaining interferometric measurements are either very
scarce in their uv-plane coverage or too noisy to provide a
reliable consistency checks of the best-fit model parameters.
Nevertheless, the model reproduces these data reasonably well
(Table 7).
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Fig. 12. MIRC H-band visibilities (red with gray error bars) and the corresponding parametric (n = 3.5) model predictions (black).

4.6.1. VLTI

The fit to the three FSU-A K-band visibilities is shown in
Fig. A.1. The MIDI data covering the N-band spectral region
are consistent with an unresolved disk, i.e., values of visibili-
ties ∼1 within 1–2σ in a good agreement with both the n = 3.5
and n = 3.0 parametric models (figure not shown). The only us-
able outcome of the PIONIER observations was a closure phase
measurement consistent with zero (± 1.5◦), which eliminates any
companion up to 5% flux contrast in the 1.5–50 mas separation
range.

4.6.2. CHARA

Despite the MIRC data having the best uv-plane coverage and
the longest projected baselines of all the interferometric mea-
surements presented, significant scatter of the data, often of mea-
surements taken during the same night for almost identical base-
lines prevented the data from being of much use (Fig. 12). The
cloud of residuals is not centered on zero, but below, i.e., the
observations often show a lower fringe contrast than predicted.
Diminished fringe contrast could be explained by observing is-
sues and/or weather conditions that were not accounted for.

Finally, the model comparison to the K’-band CLIMB data
is plotted in Fig. A.2.

4.7. Nonisothermal effects on the observables

So far, we have mostly focused on presenting the results of
the parametric model as it allows us to test alternative density

profiles. In this section, we compare the outcomes of the para-
metric model with n = 3.5 and the self-consistent model and
discuss the nonisothermal effects on both the disk structure and
model observables that arise when the density structure is self-
consistently calculated together with the temperature structure.

The temperature, level populations, and density structures of
the two models along the disk midplane are plotted in Fig. 13.
The temperature is found to decrease up to about 3 Re, then
to steeply rise, and from about 5 Re further the disk becomes
isothermal and almost neutral. Introducing the self-consistent
solution leads to a slight compression of the disk in the vertical
direction, while the radial density structure changes as expected
from the temperature structure, i.e., the falloff is shallower where
the temperature gradient is negative and steeper where the tem-
perature gradient is positive (Carciofi & Bjorkman 2008). This
has an effect on the near-IR SED structure, as shown in Fig. 4,
and also on the polarization level, which slightly increases be-
cause of enhanced density in the inner parts.

The effect of the self-consistent solution on the density struc-
ture and SED is opposite to what was inferred from the SED
and spectral line analysis, a steep density falloff followed by
a shallower falloff. This appears to indicate that some mecha-
nism, other than nonisothermality, is modifying the disk struc-
ture. Note, however, that the non-isothermal effects on the ob-
servables are small, as expected for a low-density disk around
a late-type B star (Carciofi & Bjorkman 2008). The presence
of a possible unseen binary companion would most likely have
stronger effects on the disk structure, and would prevent us from
finding a global improvement of the model fit to the observations
when making the model fully self-consistent.
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Fig. 13. Electron temperature (Te), hydrogen level populations (log(ni)),
and number density (n) structures along the disk midplane of the para-
metric model with n = 3.5 (black), n = 3.0 (blue) and the self-consistent
(green) model. The middle panel contains the n1 (solid), n2 (dotted),
and n3 (dashed) level populations.

It is also interesting to note that the model Brγ visibilities
and phases are identical for the parametric model with n = 3.5
and the self-consistent model, which means that while the den-
sity structure changes locally, the outcome for the whole Brγ-
emitting region for these two models is the same. We next turn
to the evidence in our data for the presence of an unseen binary
companion.

4.8. Estimating the disk size from radio fluxes

Contrary to the near-IR, which probes the inner disk, the radio
fluxes probe the outermost reaches of the disk. For an isolated
disk, the disk can grow to the photoevaporation radius. However,
if the disk is physically truncated by a binary, the pseudophoto-
sphere effective radius eventually reaches the disk physical size
and the disk flux excess no longer increases with wavelength.
Consequently, the SED presents an inflection at the wavelength
where Rλ ≈ Rout, and follows the photospheric spectral slope at
longer wavelengths (see Fig. 11 of Vieira et al. 2015, for an illus-
tration). Therefore, the observation of this kind of transition in
the SED slope can place important constraints on the disk phys-
ical size.

Under the assumption that the shallower density profile
needed to reproduce the mid- to far-IR SED structure also holds
throughout the radio emitting region, we tested which disk radii
reproduce best the mm and cm SED structure. In the upper
panel of Fig. 14, we plot the sub-mm to cm SED for models
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Fig. 14. Upper: sub-mm to cm SED structure of the parametric model
(n = 3.0). The red crosses correspond to the observed fluxes from APEX
(870 μm), JCMT (1.1 mm), CARMA (3.265 mm), and VLA (2 cm).
The plotted parametric model (with n = 3.0) SEDs (black solid lines)
are for Rout/Re = 10; 20; 25; 30; 35; 40; 45; 50; 60; 70; 80; 90, and 100
from bottom to top. Lower: reduced χ2 dependence on Rout for APEX
(solid), CARMA (dotted) and VLA (dashed). The combined χ2 for all
four observations is plotted as a red solid line.

with different Rout and, in the lower panel, the corresponding re-
duced χ2. The APEX and JCMT fluxes are already reproduced
for Rout = 20 Re and increasing Rout beyond this value does not
lead to further enhancement of the model flux. The physical ex-
planation for this is that the size of the pseudophotosphere at
these wavelengths is about 10–20 Re, so increasing the disk size
beyond this value does not result in an increase in the disk emis-
sion. The behavior at CARMA wavelength is similar, but Rout of
at least 40 Re is needed. At 2 cm, however, the situation is differ-
ent. While the lowest residual between the model and observed
flux is seen for Rout = 35 Re, a higher value of Rout overesti-
mates the observed flux. The best-fit value of Rout is found to
be 35+10

−5 Re.
In Fig. 15 we show the synthetic images and graphical rep-

resentation of the brightness profiles at wavelengths correspond-
ing to the APEX, CARMA, and VLA observations with the esti-
mates of the corresponding pseudophotosphere sizes. Indeed, as
expected from the model behavior, at the shorter wavelengths Rλ
is between 10–20 Re. However, Rλ at 2 cm is about 40 Re, thus
larger than the estimated disk size. The 2 cm results can therefore
be interpreted as a clear sign of truncation by an unseen binary
companion, however, this conclusion rests on the reliability of a
single non-contemporaneous data point.

4.9. Spectral features of other elements

To explore the additional spectral features in the interval cov-
ered by the FEROS and ESPaDOnS spectra, we used an up-
dated version of the BRUCE3 code (see Rivinius et al. 2013b,
and the references therein) to compute a purely photospheric,
high-resolution spectrum for the stellar parameters listed in
Table 5.
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Fig. 15. Synthetic images computed with HDUST (upper panels) and their respective radial brightness profile curves (lower panels), at 870 μm,
3.26 mm, and 2 cm. In all cases, the maximum disk emission was normalized to unity. Overplotted to the images are the contours of same flux,
at log(I/IMAX) = −0.2, −1.5, −2.5, and −3.5 (which correspond to 63%, 3%, 0.3%, and 0.003% of the disk maximum brightness, respectively).
The transition between the optically thick region (pseudophotosphere) and the diffuse part of the disk is indicated by a vertical dotted line over the
plots, as estimated from the extrapolation of the distinct brightness profile regions (gray dashed curves).
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Fig. 16. Ca triplet spectral feature. The BRUCE model photospheric spectrum (black) is plotted alongside the averaged normalized spectrum
observed by ESPaDOnS (red) and the difference between the two, which represents the pure emission component (blue). Both the observed and
pure emission spectrum show that the Paschen lines Pa16, Pa15, and Pa13 blended with calcium emission CaII λ8498, 8542, and 8662, respectively,
are much stronger than the emission from the unblended Paschen lines.

An unusual feature is present in both the FEROS and
ESPaDOnS spectra. The calcium triplet (CaII λ8498, 8542,
and 8662 Å) is in emission (blended with the Paschen lines Pa16,
Pa15, and Pa13), but is noticeably stronger than the emission
from the unblended Paschen line Pa14 (Fig. 16). This effect was
linked to possible binarity of Be stars by Polidan (1976), while a
correlation of the presence of this feature in a number of B sub-
dwarf (sdB) stars with a cool companion was reported by Jeffery
& Pollacco (1998). The emission in this case probably originates
in the very outer disk, which is possibly partially accreting onto
the secondary component.

Moreover, in the CaII λ3934 line, the emission component is
noticeably narrower than the absorption component (left panel
of Fig. 17), while the opposite is expected for a line originating
in the fast-rotating inner disk. Therefore, similarly to the calcium
triplet mentioned above, the emission seems to actually originate
in the outer disk, close to a possible secondary companion.

Finally, the ultraviolet CIV λ1548 line exhibits a P Cygni
profile with a blue edge velocity of ∼230 km s−1 (right panel
of Fig. 17), which is a clear signature of a fast stellar wind.
The presence of this line is not expected in this late-type B star
(see Fig. 11 of Rivinius et al. 2013a). Additionally, the observed
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What is plotted is the azimuthally averaged surface density after 30 orbital periods. The truncation occurs where the density slope changes to a
much steeper slope.

velocity is lower than is typical for late B stars. This suggests
that this kind of wind might be excited by the radiation of a
companion, which interacts with the outer disk of the primary
Be star.

5. Discussion on the possible binarity

Using the radio flux measurement at the wavelength of 2 cm in
combination with a well-sampled SED at shorter wavelengths,
we found observational evidence suggesting truncation of the
disk of β CMi at about 35 Re. The most probable mechanism
that can truncate the disk at this radius is the tidal influence of
an orbiting binary companion. The presence of an unseen binary
companion is also suggested by weak V/R oscillations of the
Hα line and the appearance of the CaII λ3934 emission line and
the triplet CaII λ8498, 8542, 8662. Additionally, the CIV λ1548
line sugggests a hot, possibly subdwarf (sdB or sdO) compan-
ion. The proposed companion has to be faint, as its signatures
are seen neither in the spectra nor in the SED. The detection
limits from interferometric measurements set the spectral type
of a main-sequence companion to be F5 or later, thus putting an
upper limit of ∼0.5 on the mass ratio q.

To test whether a binary companion could truncate the disk
at the radius estimated from the modeling, we made the as-
sumption that the V/R variations in Hα are indeed caused by

a companion, in which case the period of these oscillations
(∼183 days, Folsom et al. 2015) can be used as an estimate of the
orbital period. We then performed simulations of the binary sys-
tem in a circular orbit with a smoothed particles hydrodynamics
(SPH) code (Okazaki et al. 2002), which assumes an isothermal
disk, to determine the truncation radius, Rt, resulting from the
presence of the possible companion. In the SPH simulation, the
Be star disk is initially nonexistent. We then assume a constant
mass injection rate from the equator of the star onto the equa-
torial plane, so that after letting the system evolve, we achieve
a base density ρ0 equal to its constrained value (Table 5). We
explored the outcome of those simulations (shown in Fig. 18)
for different viscosity parameters, α ∈ {0.1, 1.0}, and mass ra-
tios, q ∈ {0.1, 0.5}. Figure 18 shows the surface density struc-
ture of representative models after a long period of disk evolu-
tion (30 orbital periods) to ensure that the disk has reached a
quasi-steady-state configuration (Panoglou et al. 2015; Haubois
et al. 2012). Following Okazaki et al. (2002), the truncation ra-
dius is estimated by fitting the expression

Σ = A
(r/Rt)−k

1 + (r/Rt)l
(6)

to the results of the SPH simulations, where A, Rt, k, l are con-
stants to be fit. The resulting truncation radii range from ∼18 Re
(α = 0.1; q = 0.5) to ∼25 Re (α = 0.1; q = 0.1), as compared to

A85, page 17 of 33



A&A 584, A85 (2015)

an Rout of 35+10
−5 Re determined from the SED fitting. A certain

discrepancy is to be expected because in the HDUST model,
the disk is entirely cut off at ∼35 Re. In contrast, the trunca-
tion radius in the SPH simulations represents a point were the
density falloff becomes steeper (Fig. 18), but the disk still exists
beyond this point. This means that the size of the pseudophoto-
sphere at 2 cm should in principle be somewhat larger than Rt,
which would reconcile the two results.

Out of the explored mass ratios and viscosity parameters, the
q = 0.5 and α = 0.1 simulation is the only one that clearly causes
the density structure of the disk inward of Rt to attain a shallower
profile of n = 3.0, which is the value that was determined for
intermediate part of the disk (inward of Rout) from the HDUST
modeling. However, the steeper density profile in the very inner
parts of the disk is not reproduced by the simulation, although
there is a possibility that the introduction of nonisothermality
into the SPH simulation might show the desired effect.

In any case, although the proposed binarity is quite probable,
this must be viewed with caution. Firstly, the evidence for the
disk truncation is based only on one single measurement from
more than 30 years ago. Despite the apparent stability of the
disk over the last ∼15 years, as shown by our spectroscopic data
set, and an overall stability over the last ∼65 years according to
the literature, we cannot exclude the possibility that the mass in-
jection rate into the disk has changed over the last decades to
a degree that would destroy evidence of truncation. Secondly,
it is unclear whether the complicated density structure includ-
ing the inner parts is compatible with the presence of the binary
companion, although the tidal interaction seems to offer the most
straightforward explanation. A careful analysis of nonisothermal
SPH simulations is necessary to explore if the presence of the
companion offers the explanation, or if other causes are needed.
Since this is beyond the scope of the present analysis, we plan to
return to this issue in a follow-up paper. In that paper, we intend
to study the density profile in more detail as well as execute our
own analysis of the V/R oscillations using all available measure-
ments of Hα and possibly other emission lines.

In addition to binarity, possible mechanisms for truncating
the disk are photoevaporation by gas pressure and line driven ra-
diative ablation (Feldmeier et al. 1999; Gayley et al. 1999). The
former was already examined in Sect. 3.2 and affects the disk
structure only at very large radii. The latter, however, is a possi-
bility to consider. Using the stellar wind mass-loss rate estimate
of Castor et al. (1975), Krtička et al. (2011) have determined that
the disk wind mass-loss rate scales with the stellar wind mass-
loss rate, but with values lower by more than an order of mag-
nitude. This implies that the disk ablation produces a mass loss
much lower than that of a main-sequence star. As the winds of
late-type main-sequence B stars are typically weak, we conclude
that for stars, such as β CMi, wind ablation should not play a role
in the truncation of the disk.

6. Conclusions

We tested the ability of the VDD model to reproduce arguably
the largest data set of multiwavelength and multitechnique ob-
servations of a Be star (β CMi), including the SED covering
five orders of magnitude in wavelength, emission line profiles
of four hydrogen lines, visual polarimetry, high-resolution, near-
IR spectrointerferometry and visual, near-IR, and mid-IR broad-
band interferometry. Neither a single power-law structure nor
steady viscous decretion appears to be an entirely adequate de-
scription of the density profile. Observables originating in the in-
ner disk (polarization, higher Balmer lines, near-IR photometry)

require the steeper radial power-law exponent n = 3.5, while
observables originating from more extended regions (Hα, Brγ,
mid- to far- IR photometry, sub-mm/mm photometry) require the
shallower n = 3.0. It is shown that nonisothermal effects on the
disk structure cannot account for this more complicated density
behavior. Instead, an outer tidal influence most probably exerted
by an unseen binary companion is needed, which remains a pos-
sibility to be investigated in detail in the future.

Analysis of radio observations suggests truncation of the
disk at the distance of 35+10

−5 Re from the star. This value was
compared with the truncation radius exerted by a possible binary
companion with the orbital period corresponding to the period of
weak V/R oscillations of the Hα line with an overall good agree-
ment. Together with spectroscopic evidence and a nondetection
by any of the other observations, either a late (F5 or later) main-
sequence companion or a subdwarf (sdB or sdO) companion is
favored.

We report on the diagnostic potential of the polarimetric
slope in the Paschen continuum for constraining the rotation
rate W. The observed positive slope could only be reproduced
with rotation rates very close to critical, with a favored value
of W � 0.98. The almost purely photospheric UV spectrum al-
lowed us to constrain the polar radius Rp = 2.8 R� and luminos-
ity L = 185 L� of the central star. Finally, AMBER spectroint-
erferometry facilitated a precise estimation of the inclination an-
gle (i = 43+3◦

−2◦). Therefore, to conclude, these results underscore
the utility of multitechnique and multiwavelength observations
to constrain the disk structure unambiguously, as well as the use
of radio observations to study the properties of the outer parts of
Be disks.
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Abstract. We revisit the viscous decretion disk (VDD) model of the classical Be star
β CMi as presented by Klement et al. (2015) using an updated version of the radiative
transfer code HDUST. A software bug was causing the mean intensities to be slightly
underestimated in the equatorial region of the disk, with small but detectable effects
on the disk temperature and emergent spectrum. The new model fixes an unexplained
feature of the original model, which was able to reproduce the observations only when
considering a dual density behavior: a steep density fall-off in the very inner parts of the
disk followed by a shallower density profile. The new model is able to reproduce all the
observables reasonably well using a single power-law for the density profile throughout
the whole disk, as predicted by the VDD model. All the other original conclusions, most
importantly the reported truncation of the disk at the distance of 35 stellar equatorial
radii from the central star, remain unchanged.

1. Introduction

The viscous decretion disk (VDD) model of β CMi presented by Klement et al. (2015)
remains one of the most detailed physical models of an individual Be star to this date.
In that study, VDD model predictions implemented in the radiative transfer code HDUST
(Carciofi & Bjorkman 2006) were confronted with a large multi-technique dataset in-
cluding spectral energy distribution (SED) measurements covering the interval from
the ultraviolet (UV) to radio wavelengths, spectral line profiles, linear polarimetry and
several optical/near-IR interferometric datasets. The modeling revealed a very good
agreement with the observations when using a simple VDD model with a power law
density fall-off. Complications arose for the observables originating in the very inner
parts of the disk (. 5 Re, where Re is the stellar equatorial radius), which needed a
lower density model to be reproduced. As for the outermost parts of the disk, observ-
able at radio wavelengths, the modeling revealed signs of the disk being truncated at the
distance of 35+10

−5 Re from the central star. The disk truncation was interpreted to arise
due to a previously undetected binary companion tidally influencing the outer parts of
the Be disk. Subsequent radial velocity analysis of the Hα line brought the detection

1
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of the orbital period of 170.36 ± 4.27 days (Dulaney et al., in prep.) and therefore a
confirmation of the presence of the companion. The orbital period of a particle at the
truncation radius is very close to the 3:2 resonance with the derived orbit.

Since the publication of the study of Klement et al. (2015), a software bug was
found in the HDUST code version 2.02, causing the resulting mean intensities to be
slightly underestimated in the equatorial region, with small but detectable effects in
the disk temperature and emergent spectrum. The new, corrected version (HDUST 2.10)
causes the temperature to be slightly lower and the level populations more neutral.
The changes in the resulting synthetic observables are mostly minor: a decrease in
polarization percentage, line emission, and the IR flux levels. However, the differences
between the old and new versions get larger with the increasing rotational velocity
of the central star, because the emerging flux becomes strongly dependent on stellar
latitude. β CMi was found to rotate very close to (or even at) the critical rate, therefore
the results that were published previously need to be revisited.

2. Observations

We use the same set of observations as in the original paper. For details see Sect. 2 of
Klement et al. (2015).

A minor change regards the observed flux density from APEX1/LABOCA. New
reduction using the updated Crush2 data reduction software version 2.32-1 results in
the observed flux density of 38.6 ± 3.1 mJy. The value of the originally published flux
density was 33.5±6.5 mJy, so the result remains consistent also within the smaller errors
of the new reduction. We also use a more conservative estimate of the flux error from
the CARMA array flux measurement at 3 mm: we use a 10% relative error of 0.96 mJy
as opposed to previously assumed 0.60 mJy, which was most probably underestimated.

3. Results

Here we discuss the changes to the model when using the corrected version of HDUST.
We use the parametric VDD model, as described in Sect. 3 of Klement et al. (2015).
In that model, the radial density profile of the disk is a simple power law in the form
ρ(r) = ρ0r−n, where r is the distance from the star, ρ0 is the disk base density and
n is the power law density exponent. This model has three free parameters: ρ0, n
and the physical extent of the disk (outer disk radius Rout). We recall that n = 3.5
is the canonical value for isothermal Be disks in steady state, that are not affected by
outside influences, such as a close orbiting companion. Note that second-order effects,
currently not taken into account, may cause a deviation from n = 3.5 even in a steady-
state, isolated disk. One such effect is cooling by heavier elements. When the disks are
in steady state, the values of n actually seem to range from 3.0 to 3.5 (Vieira et al. 2016).
By letting the value of n (the same throughout the whole disk) to vary in our model, we

1This publication is based on data acquired with the Atacama Pathfinder Experiment (APEX). APEX is a
collaboration between the Max-Planck-Institut fur Radioastronomie, the European Southern Observatory,
and the Onsala Space Observatory

2http://www.submm.caltech.edu/~sharc/crush/index.html
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Figure 1. Upper: The best-fit parametric model with ρ0 = 2.0 × 10−12 g cm−3,
n = 2.9 and Rout = 35 Re (solid line) reproducing the visual, IR and radio SED
(crosses). The purely photospheric SED is plotted as a dashed line. Lower: Resi-
duals of the best-fit model.

allow for the possibility that the disk may be growing (n > 3.5) or dissipating (n < 3.0,
see Haubois et al. 2012). Also, we account for possible accumulation and truncation
effects due to an orbiting secondary companion. These effects cause n to get lower
than 3.5 inwards of the truncation radius and much higher than 3.5 outwards of the
truncation radius. The impact of the accumulation effect gets larger with decreasing
orbital period, decreasing viscosity, and increasing binary mass ratio (Panoglou et al.
2016).

Below we follow the same order of comparing the synthetic observables to the
observations as in the original paper. We discuss the changes to the SED structure, the
synthetic line profiles, linear polarimetry and finally the optical/near-IR interferometry.

3.1. SED

To perfectly reproduce the full SED, combination of two models had to be originally
used. While the inner parts followed a steep density fall-off with n = 3.5, the remainder
of the disk followed a shallower profile with n = 3.0. Furthermore, the observed flux
density at 2 cm could be reproduced only when using a disk truncated at 35 Re from the
central star.

The new model reveals that the dual density behavior was an artifact caused by
the underestimation of the model fluxes in the near-IR. Using the corrected version, the
full SED is now very well reproduced by a single power-law with n = 2.9 (Fig. 1).
The conclusion regarding the disk truncation at 35 Re from the central star and the
interpretation as being caused by an unseen secondary companion remains unchanged.
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Figure 2. Hydrogen line profiles for the parametric model with n = 2.9 (solid
lines) compared to the averaged observed line profiles (dotted lines).

3.2. Hydrogen emission line profiles

Similarly to the SED, in the original study the emission line profiles could not be repro-
duced by a model with a single value of n throughout the whole disk. The lines Hβ and
Hγ, originating closer to the central star needed the n = 3.5 model, while the lines Hα
and Brγ, originating over much larger volume of the disk, were well reproduced with
n = 3.0. This result further corroborated the fact that there seemed to be a dual density
behavior throughout the disk.

The new model reveals that that is no longer the case. All lines are now reproduced
reasonably well by the n = 2.9 model, which best fits the observed SED. There are
some small discrepancies, such as the amount of emission in the Hα line being slightly
underestimated, while being overestimated for the Hβ and Brγ lines. However, the new
result is still a major improvement over the original fit to the lines when using a single
value of n.

3.3. Optical polarization

Analysis of the observed linear polarization and the comparison with our models again
showed a result consistent with what was stated above for the SED and emission line
profiles. Since the optical polarization originated in the very inner parts of the disk, a
steeper density profile (n = 3.5) was needed in order to match the observed polarization
level.
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Figure 3. Spectral shape of polarization of the parametric model with n = 2.9
(solid line). The OPD measurements are plotted as plus signs with error bars.

The situation changed after recomputing the model with the fixed version of the
code. Even the n = 2.9 model now reproduces the observed polarization level within the
observed error bars, while the slope of the polarization in the Paschen continuum agrees
perfectly with the observations. The result that the slope of the optical polarization of
tenuous disks becomes negative with increasing rotation rate (Fig. 8 of Klement et al.
2015) and that β CMi rotates very close to critical (W & 0.98) remains unchanged.

4. Optical/near-IR interferometry

The changes to the interferometric part of the original study are mostly minor. In Table
7 of the original paper, we compared the resulting χ2 values of the 2 parametric models
with n = 3.5 and n = 3.0 respectively. The recomputed values can be found in Table 1,
in which we also include the n = 2.9 model, which best reproduces the observed SED.
The fit of the n = 2.9 model to the AMBER data unfortunately shows a slight decline in
agreement as compared to the n = 3.0 model. The resulting χ2 values of the fits to the
rest of the data have remained very similar. This is not surprising since most of these
observables originate over large areas of the disk.

5. Conclusions

We have presented the changes to the VDD model of β CMi, that occured after fixing
an issue with the HDUST code. Unlike the original conclusion of Klement et al. (2015),
the whole multi-technique and multi-wavelength dataset is now well reproduced by a
parametric model with a single power-law density exponent (n = 2.9) throughout the
whole disk. This improves the agreement between the VDD model predictions and the
multi-technique observations as compared to the results presented in the original study.
Therefore the VDD model is further established as the correct one for the disks of Be
stars.
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Table 1. Model fits to the interferometric measurements.

Instrument Spectral band χ2 (n = 2.9) χ2 (n = 3.0) χ2 (n = 3.5)

NPOI R (Hα) 1.37 1.37 1.92
MIRC H 2.17 2.24 2.39
FSU-A K 0.89 0.87 0.83
AMBER K (Brγ) 1.52 1.20 4.30
CLIMB K’ 1.48 1.53 1.64
MIDI N 1.83 1.86 1.95

The other conclusions of the original study remain unchanged, most importantly,
the radio flux measurement at 2 cm still shows clear truncation effects with the best-fit
disk size being 35 stellar equatorial radii. The subsequent detection of an orbital period
of 170.36 ± 4.27 days from radial velocity analysis of the Hα line confirms that it is
indeed a previously unknown binary companion that is the cause of the disk truncation.

Acknowledgments. The research of R.K. was supported by grant project number
1808214 of the Charles University Grant Agency (GA UK). A.C.C. acknowledges sup-
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6. Revealing the structure of the
outer disks of classical Be stars
The results presented in the previous Chapter showed the potential of (spatially
unresolved) radio measurements in revealing the structure of the outer disks of
classical Be stars. This led to the analysis of five additional targets with previ-
ously published radio data. For four of these targets, new radio data at several
wavelengths were obtained (by succesfully proposing for observing time), which
substantially increased the wavelength coverage of the radio SED. This enabled
the revealing of the precise shape of the radio SED and further constraining of
the nature of the disk truncation. The paper entitled ’Revealing the structure of
the outer disks of Be stars’, in which the results are presented, was accepted for
publication in Astronomy & Astrophysics and is currently in press. The specific
case of ψ Per, which remains the only classical Be star to be angularly resolved
in the radio (Dougherty and Taylor, 1992), is discussed also in the short contri-
bution to the ’Lives and death-throes of massive stars’ conference entitled ’The
outer disk of the classical Be star ψ Per’.

The SED covering the interval from ultraviolet to radio was compiled for each
of the targets. The VDD model predictions were applied to the observed SEDs
by means of radiative transfer modeling using the HDUST code. The ultraviolet
spectrum was again used to constrain the luminosity and radius of the central
star, while we relied on literature values regarding the stellar mass and system
inclination. All of the studied objects show the SED turndown with the exception
of β Mon A, for which the lack of high quality radio measurements prevented us
from drawing firm conclusions.

Similar to β CMi, only the employment of truncated models led to correct
reproduction of the SED turndown, but only in the first approximation. New
multi-wavelength radio measurements revealed that the slope of the radio SED
past the turndown is too shallow to be reproduced by using a simple truncated
model, in which the disk is entirely cut off at the truncation radius. Although the
current state-of-the-art hydrodynamic simulations predict that in the presence of
a binary companion the disk reaches beyond the truncation radius, its density
should decrease very rapidly, so that these parts should contribute to the observed
spectrum very little, if not negligibly (Panoglou et al., 2016, see also Sect. 4.3.3).
The cause of the shallow slope of the radio SED is currently under investigation.

Concerning the star ψ Per, the disk size determined from the interferomet-
ric measurements was found to be different from the disk size derived from the
modeling of the radio SED (∼400 stellar radii as opposed to ∼100 stellar radii).
The problem might be a very low signal-to-noise ratio of the old interferometric
measurements (see Fig. 2.5), making the result obtained from fitting the inter-
ferometric visibilities quite uncertain. The discrepancy will be the subject of an
upcoming project aiming the to spatially resolve the largest Be disks, including
ψ Per, using the current capabilities of radio interferometers, which allow for re-
peating the original observations that led to the resolution of ψ Per at a small
fraction of the original observing time.
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ABSTRACT

Context. The structure of the inner parts of Be star disks (. 20 stellar radii) is well explained by the viscous decretion disk (VDD)
model, which is able to reproduce the observable properties of most of the objects studied so far. The outer parts, on the other hand,
are not observationally well-explored, as they are observable only at radio wavelengths. A steepening of the spectral slope somewhere
between infrared and radio wavelengths was reported for several Be stars that were previously detected in the radio, but a convincing
physical explanation for this trend has not yet been provided.
Aims. We test the VDD model predictions for the extended parts of a sample of six Be disks that have been observed in the radio to
address the question of whether the observed turndown in the spectral energy distribution (SED) can be explained in the framework
of the VDD model, including recent theoretical development for truncated Be disks in binary systems.
Methods. We combine new multi-wavelength radio observations from the Karl. G. Jansky Very Large Array (JVLA) and Atacama
Pathfinder Experiment (APEX) with previously published radio data and archival SED measurements at ultraviolet, visual, and in-
frared wavelengths. The density structure of the disks, including their outer parts, is constrained by radiative transfer modeling of the
observed spectrum using VDD model predictions. In the VDD model we include the presumed effects of possible tidal influence from
faint binary companions.
Results. For 5 out of 6 studied stars, the observed SED shows strong signs of SED turndown between far-IR and radio wavelengths.
A VDD model that extends to large distances closely reproduces the observed SEDs up to far IR wavelengths, but fails to reproduce
the radio SED. Using a truncated VDD model improves the fit, leading to a successful explanation of the SED turndown observed for
the stars in our sample. The slope of the observed SEDs in the radio is however not well reproduced by disks that are simply cut off at
a certain distance. Rather, some matter seems to extend beyond the truncation radius, where it still contributes to the observed SEDs,
making the spectral slope in the radio shallower. This finding is in agreement with our current understanding of binary truncation
from hydrodynamical simulations, in which the disk does extend past the truncation radius. Therefore, the most probable cause for
the SED turndown is the presence of binary companions that remain undetected for most of our sources.

Key words. Stars: emission-line, Be – Stars: circumstellar matter – Stars: binaries: general – Radio continuum: stars – Submillimeter:
stars

1. Introduction

Be stars offer unique possibilities for studying circumstellar
disks. Because they are common among the bright, nearby stars
– 17% of B-type stars are Be stars (Zorec & Briot 1997) –
their disks are among typical targets for modern optical/near-
infrared interferometers that have resolved them at the milliarc-
sec level. As a result, the structure of the inner parts of the disks
is now well understood in the framework of the viscous de-
cretion disk (VDD) model, first proposed by Lee et al. (1991)
and further developed by, for example, Bjorkman (1997), Porter

? Based on observations from the Karl J. Jansky Very Large Array
collected via programme 10B-143, on observations from APEX col-
lected via CONICYT programmes C-092.F-9708A-2013 and C-095.F-
9709A-2015 and on observations from CARMA collected via pro-
gramme c1100-2013a.
?? Deceased

(1999), Okazaki (2001), and Bjorkman & Carciofi (2005). The
central stars rotate close to break-up velocities, and an uncer-
tain mechanism – the so-called Be phenomenon – acts in ad-
dition to rotation, leading to episodic or continuous mass ejec-
tion from the stellar equator. Subsequently, outflowing, ionised,
purely gaseous disks, rotating in a nearly Keplerian way are
formed (see Rivinius et al. 2013, for a recent review). In the
VDD model, it is the turbulent viscosity that is responsible for
the transport of the angular momentum outwards, and therefore
for the growth of the disk.

In the last decades, observational techniques such as spec-
troscopy, linear polarimetry, and optical/near-IR interferometry
have been used to constrain the physical structure of VDDs.
Combining polarimetric and interferometric measurements, the
disk-like structure of the circumstellar matter was unambiguosly
confirmed (Quirrenbach et al. 1997) and the rotation law was
subsequently confirmed to be nearly Keplerian (Meilland et al.
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2007; Wheelwright et al. 2012; Kraus et al. 2012). However, it
is important to note that these results apply to the inner parts
of VDDs only (. 20 stellar radii, Vieira et al. 2015), that are
responsible for the bulk of the disk emission in the optical and
infrared (IR), as well as for the Balmer lines (Carciofi 2011). At
larger radii, the disks are detectable only at radio wavelengths.

In this work, we are interested in the overall density structure
of VDDs, focusing on the parts outwards of ∼20 stellar radii. We
constrain the density structure by compiling the observed spec-
tral energy distribution (SED) from ultraviolet (UV) up to radio
wavelengths. Due to the nature of the disk continuum emission
– bound-free and free-free emission from the ionized hydrogen
in the disk – fluxes at longer wavelengths originate from pro-
gressively larger areas of the disk. At the UV wavelengths, the
SED usually consists of the stellar photospheric flux only, al-
though in shell stars (Be stars seen close to edge-on), the UV
photospheric spectrum can be dimmed by the surrounding disk
and also strongly blanketed by the disk line absorption (mostly
Fe). At longer wavelengths, the disk contribution to the SED be-
comes more significant until it dominates the SED in the mid-IR
to radio domains. This is well explained in terms of the gas in
the disk forming an optically thick pseudo-photosphere, whose
size grows with increasing wavelength (see Vieira et al. 2015,
for more details on the pseudo-photosphere concept applied to
the continuum emission of Be disks).

Radio observations longwards of sub-mm wavelengths are
of special interest for studying the outer parts of VDDs, as the
disk pseudo-photospheres are larger at these wavelengths. In this
work, we revisit the Be stars that were detected by the Very Large
Array (VLA) observations at 2 cm by Taylor et al. (1990, six
detected stars) and subsequently observed at mm wavelengths
using the James Clerk Maxwell Telescope (JCMT) by Waters
et al. (1991). The main outcome of the radio measurements was
the discovery of an SED turndown, that is, a steepening of the
spectral slope somewhere between mid-IR (10 – 60 µm, as mea-
sured by the IRAS satellite) and radio wavelengths, in the stud-
ied stars. Using a simple wedge-shaped disk model seen pole-
on, Waters et al. (1991) were able to reproduce the observed
SEDs with the disks having power-law density structure in the
form ρ ∝ r−n, with the exponent n ranging from 2.0 to 3.5.
However, to reproduce the SED turndowns, disks truncated at
a certain radius (ranging from 26 to 108 stellar radii) had to be
used. Although the VDD model was not yet established at that
time, it was already suspected that Be envelopes have disk-like
shapes that originate from the central star and flow outwards. If
the disks are dominated by rotation rather than outflow (as in the
VDD model), it would follow that the most likely reason for the
disk truncation is the presence of an (unseen) binary companion.
However, because Waters et al. (1991) assumed wind-like out-
flows rather than disks dominated by rotation, they found trun-
cation to be an unlikely explanation for the SED turndown, fa-
voring other possibilities, such as changes in the disk geometry
or additional acceleration of the disk material in the outer disk.

In the last decade or so, the VDD model has been firmly
established as the framework in which most of the observable
properties of Be disks can be explained (at least in their inner
parts). Successful VDD reproductions of multi-technique and
multi-wavelength observations of individual objects include, for
example, ζ Tauri (Carciofi et al. 2009), β CMi (Klement et al.
2015, 2017) and 48 Lib (Silaj et al. 2016). This allows us to in-
terpret the radio observations on a firm physical basis and there-
fore distinguish between the suggested scenarios to explain the
SED turndown.

The goal of the present work is to carefully model the com-
piled SEDs of the Be stars detected in the radio by Taylor
et al. (1990) using the VDD model implemented in the Monte
Carlo radiative transfer code HDUST (Carciofi & Bjorkman 2006,
2008). For four of these stars, we have obtained new multi-band
measurements in the cm domain, allowing us to study the proper-
ties of the SED turndown in detail. With the results of this study
we address the question of the origin of the SED turndown, that
is, whether it can be explained in the framework of the VDD
model, which may be truncated by a binary companion, or if
further physical ingredients in the model are needed.

In the following section we focus on the theoretical predic-
tions concerning the structure of the outer disks of Be stars. In
Sect. 3 we describe the observations used, and in Sect. 4 we ex-
plain the VDD model and the modeling procedure. The follow-
ing section details the results for the six individual objects and
the conclusions follow.

2. The outer parts of Be star disks

In an isolated VDD, the outflow velocity in the inner disk is
highly subsonic and grows linearly with the distance from the
central star (Okazaki 2001). At a certain point, sometimes called
the critical or photo-evaporation radius, the outflow velocity
reaches the local sound speed, which marks the transition be-
tween a subsonic inner part and a supersonic outer part of the
disk. Outwards from this point, it is no longer viscosity but rather
the gas pressure that drives the outflow, and the disk becomes
angular momentum conserving. This transition may offer an ex-
planation for the SED turndown, as the density decreases much
more rapidly past the transonic part. However, the transition is
only expected to occur at very large distances from the central
star. An approximate relation for the critical radius Rc was de-
rived by Krtička et al. (2011) for isothermal disks:

Rc

Re
=

3
10

(
vorb

cs

)2

, (1)

where Re is the stellar equatorial radius, vorb is the disk orbital
speed above the stellar equator and cs is the speed of sound.
The typical values of Rc are approximately 350 and 430 R∗ for
spectral types B0 and B9, respectively. According to the pseudo-
photosphere model of Vieira et al. (2015), for typical disk den-
sities, the pseudo-photosphere radius attains such large values
only at wavelengths longer than 10 cm. Unless the disk is ex-
tremely dense, this means that only wavelengths longwards of
10 cm can probe the transonic regions. So far, no detections of
Be disk emission at these wavelengths have been reported. It fol-
lows that the SED turndown is likely unrelated to the existence
of a transonic regime in Be disks.

The only known physical mechanism that can truncate the
disk at a closer distance to the central star is the tidal influence
from an orbiting secondary companion. The effects of such a
scenario on the VDD of the primary have recently been explored
by smoothed particle hydrodynamics (SPH) simulations, under
the assumption that the orbit of the secondary is aligned with
the disk (Panoglou et al. 2016). For circular orbits, the influence
of the secondary has two important effects on the Be disk. The
first is the truncation of the disk at a distance close to the 3:1
resonance radius, which is much smaller than the orbital sepa-
ration. Outwards of the truncation radius, the density starts to
decrease much more rapidly, but these parts can still contribute
to the emergent spectrum. The second is the so-called accumu-
lation effect, which causes the parts of the disk inwards of the
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Table 1. Details of the IR, sub-mm, and radio observations.

Mission/Telescope Epoch of observations λcentral/phot. band Reference
IRAS 1 – 11/1983 12, 25, 60, 100 µm Helou & Walker (1988)
VLA 12/1987 – 9/1988, 2/1990, 8/1991 2, 3.6, 6 cm Taylor et al. (1987, 1990),

Apparao et al. (1990),
Dougherty et al. (1991b),

Dougherty & Taylor (1992)
RAO/NOAO/MKO 4/1988 – 3/1991 JHKLMN bands Dougherty et al. (1991a)
JCMT 8/1988, 8/1989 0.76, 1.1 mm Waters et al. (1989, 1991)
IRAM 3/1991, 12/1992 1.2 mm Wendker et al. (2000)
MSX 1996 – 1997 4.29, 4.35, 8.88, 12.13, 14.65, 21.3 µm Egan et al. (2003)
AKARI 5/2006 – 8/2007 9, 18, 65, 90, 140, 160 µm Ishihara et al. (2010)
WISE 1/2010 – 11/2010 3.3, 4.6, 12 and 22 µm Cutri & et al. (2014)
JVLA 10/2010 0.7, 1.3, 3.5 and 6.0 cm this work
CARMA 9/2013 3 mm Klement et al. (2015)
APEX/LABOCA 9/2013, 7–8/2015 0.87 mm this work

truncation radius to have a slower density fall-off (i.e., a smaller
radial power law exponent). The accumulation effect has a larger
impact with decreasing orbital period, decreasing viscosity, and
increasing binary mass ratio. Considering the possibility that the
orbit of the secondary is misaligned with respect to the equa-
torial plane of the disk, both the truncation and accumulation
effects become much weaker (Cyr et al. submitted).

The incidence of binarity among Be stars remains an impor-
tant open issue. The presence of a close binary companion was,
in the past, believed to be the cause of the Be phenomenon, al-
though that is not likely the case (Oudmaijer & Parr 2010). How-
ever, the evolution of a mass-transferring binary may produce a
low-mass subdwarf O or B star (sdO/sdB, the mass donor that
was originally the more massive component and is now stripped
of its outer layers) and a fast-spinning star (the mass and angular
momentum gainer, that is now the primary star). It is expected
that at least some Be stars may have formed in this fashion. Ow-
ing to their lower luminosity, sdO/sdB companions are difficult
to detect and only five Be+sdO/sdB systems have been reported
so far: ϕ Per (Gies et al. 1998), FY CMa (Peters et al. 2008),
59 Cyg (Peters et al. 2013), o Pup (Koubský et al. 2012), and
HR 2142 (Peters et al. 2016). They were revealed by periodic
signatures in the UV spectra and by traveling emission compo-
nents in the emission lines of the Be star caused by radiative
interaction of the hot sdO/sdB star with the outer disk of the Be
star. Other common companions of Be stars are neutron stars,
which may emit X-rays as they accrete some of the matter from
the disk of the Be primary. Other compact companions should
include black holes and white dwarfs, although only one such
system has been confirmed (Be star + black hole system HD
215227; Casares & Jonker 2014). The companions that are hard-
est to detect, though they are possibly common, are low-mass
main-sequence stars.

Searching for binary companions using radial velocity (RV)
shifts of spectral lines is complicated by their large rotational
broadening. The exceptions from this rule are shell stars, which
have narrow absorption lines in the centers of broad emission
lines formed in the disk and thus orbiting companions are more
easily detectable. Searches for binary companions of Be stars us-
ing speckle interferometry (Mason et al. 1997) and direct imag-
ing with adaptive optics (Roberts et al. 2007; Oudmaijer & Parr
2010) led to the conclusion that the incidence of binaries among
Be stars is around 30%. However, these results apply only for
companions that are farther than 0.1 arcsec (∼ 20 au for the
most nearby targets), with a maximum magnitude difference of

10 mag in the I and K-bands. That means that Be companions
such as main sequence objects of spectral classes F and cooler
or sdO/sdB stars are not detectable with these techniques. Such
binary companions would remain invisible, but could, in prin-
ciple, be revealed through their influence on the density struc-
ture of the disk of the primary. If prevalent, the truncation of Be
disks by such companions could be the cause of the observed
turndown in the SEDs. Considering additional indirect evidence,
line emission in the IR Ca triplet has been suggested to indicate
binarity in Be stars (see, e.g., discussion by Koubský et al. 2011).
Also, in known Be binaries in a close orbit (e.g., γ Cas), the Hα
line often shows no clear peaks or symmetry, which is thought to
indicate disturbances in the disk due to the orbiting companion.

3. Observations

The primary dataset used for the modeling is the SED measure-
ments, namely the absolutely calibrated UV spectra and pho-
tometric measurements from visual to radio wavelengths. The
secondary dataset contains visual spectra and polarimetry. The
spectra were used to search for RV variations that could be as-
signed to the presence of an orbiting companion. The emission
line profiles and the polarimetry were used to check for variabil-
ity in the disk throughout the last decades.

The epochs, wavelengths, and references of the IR, sub-mm,
and radio photometric measurements are given in Table 1. The
epochs of the observations span over three decades. Since Be
disks are often highly variable, this may introduce errors in our
solutions. Nevertheless, the data for each target were still com-
bined into a single dataset, which then represents average prop-
erties of the disk over the last decades. For more details on the
variability of individual targets, and how it affects the solution,
we refer to Sect. 5.

3.1. Ultraviolet spectra

For the UV part of the spectrum, data from the Interna-
tional Ultraviolet Explorer (IUE)1 and the Wisconsin Ultra-
violet Photo-Polarimeter Experiment (WUPPE)2 were used. For
the IUE spectra, large aperture measurements were used in all
cases due to the problems with absolute flux calibration of the
small aperture measurements. When available, we preferred low-

1 https://archive.stsci.edu/iue/
2 https://archive.stsci.edu/wuppe/
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dispersion spectra. The data show very little or no temporal vari-
ation for all stars and were therefore averaged for modeling pur-
poses.

3.2. Visual and IR photometry

To compile all the available visual and IR photometric measure-
ments, we made use of the Virtual Observatory SED Analyser3

(VOSA; Bayo et al. 2008) and the VO Spectral Analysis Tool4
(VOSpec; Arviset et al. 2008). These tools search the available
catalogs and compile the SED for a given object. The visual do-
main catalogs that VOSA and VOSpec searched and that we sub-
sequently used in this study include those of Ducati (2002), Hip-
parcos (Perryman et al. 1997), Mermilliod & Mermilliod (1994)
and Tycho-2 (Høg et al. 2000). For the IR domain, data from
the space mission MSX (MSX6C Infrared Point Source Catalog;
Egan et al. 2003) was used.

In the near-IR domain we made use of JHKLMN magni-
tudes measured at three observatories: the University of Calgary
Rothney Astrophysical Observatory (RAO) 1.5 m telescope, the
National Optical Astronomy Observatory (NOAO), Kitt Peak
1.3 m telescope and the MKO 0.6 m telescope (Dougherty et al.
1991a). In the mid-IR domain, we used available data from IRAS
(Helou & Walker 1988), AKARI (AKARI/IRC mid-IR all-sky
Survey; Ishihara et al. 2010), and WISE (Cutri & et al. 2014)
satellites. The catalog flux values were color-corrected in the
same way as described by Vieira et al. (2017). For β CMi we
also used data from the Spitzer Space Telescope (SST; Su et al.
2006). IR measurements corresponding to upper limits were dis-
carded.

We note that for the star β Mon A, the visual and IR pho-
tometry actually corresponds to the combined photometry of the
three components, all of which are Be stars of similar spectral
types. This may introduce additional errors in our solution.

3.3. Radio observations

3.3.1. Sub-millimeter observations

For the star β Mon A, we used a new APEX measurement from
the bolometer camera LABOCA (Siringo et al. 2009) at the
wavelength of 870 µm. The observed flux is 23.5 ± 3.5 mJy. The
separation between the A and B components is 7.1 arcsec. When
centered on the A component, the B component falls inside the
FWHM of the LABOCA beam, which is equal to 19.2±3 arcsec.
Although close to the edge of the FWHM, the B component may
still slightly contribute to the observed flux.

For β CMi, we also have an APEX/LABOCA measurement,
that was originally published in Klement et al. (2015). How-
ever, we newly reduced the data using Crush5 version 2.32-1
(Kovács 2008), with the updated flux value for β CMi being
38.6 ± 3.1 mJy. This value remains consistent within the error
bars with the value used previously. For a more detailed descrip-
tion of the APEX/LABOCA measurements, see Sect. 2.2 of Kle-
ment et al. (2015). For β CMi, we also use the flux at 3 mm as
measured by CARMA (see Table 1 of Klement et al. 2015).

3 http://svo2.cab.inta-csic.es/theory/vosa/
4 http://esavo.esa.int/vospec/
5 http://www.submm.caltech.edu/~sharc/crush/index.html

3.3.2. Millimeter observations

At mm wavelengths, we used the previously published JCMT
measurements of Waters et al. (1989, 1991) and the IRAM mea-
surements of Wendker et al. (2000).

3.3.3. Centimeter observations

The previously published radio fluxes at cm wavelengths were
taken from the VLA observations presented by Taylor et al.
(1987, 1990), Apparao et al. (1990), Dougherty et al. (1991b)
and Dougherty & Taylor (1992).

New radio observations of four stars were obtained with the
Karl G. Jansky Very Large Array (JVLA) of the National Ra-
dio Astronomy Observatory in October, 2010 (Table 4). Each
star was observed at four different wavelengths (6.0 cm, 3.5 cm,
1.3 cm, and 0.7 cm) in the C configuration (baselines ∼ 0.035 −
3.4 km). For all four observing bands, the WIDAR correlator was
configured using a setup that provided two sub-bands, each with
a 128 MHz bandwidth, 64 spectral channels, and dual circular
polarizations. Typical on-source integration times for each star
were ∼65, 13, 4, and 3.5 minutes at 6.0 cm, 3.5 cm, 1.3 cm, and
0.7 cm, respectively, with the exception of γ Cas, where a second
observation of comparable duration was obtained at each of the
three shortest wavelengths. Observations of each star were inter-
spersed with observations of a neighboring bright point source
to serve as a complex gain calibrator, and each session included
an observation of 3C48 at the appropriate observing band(s) to
serve as an absolute flux density and bandpass calibrator. Data
reduction was performed using the Astronomical Image Process-
ing System (AIPS; Greisen 2003) and followed standard proce-
dures for continuum data obtained with the WIDAR correlator
as described in the AIPS Cookbook6. The data were loaded into
AIPS directly from the archival science data model (ASDM) files
using the Obit software package (Cotton 2008). However, the de-
fault calibration (‘CL’) tables were recreated to update the gain
and opacity information. The antenna positions were also up-
dated to the best available values.

For all of the data obtained for this program it was necessary
to perform an initial delay correction using a short (∼1 minute)
segment of data from the flux/bandpass calibrator. Following the
excision of poor-quality data, the data weights were calibrated
based on the system power measurements from each antenna us-
ing the AIPS task TYAPL. The absolute flux density scale was
determined using the time-dependent 3C48 flux density values
from Perley & Butler (2013). Calibration of the bandpass and the
frequency-independent portion of the complex gains was subse-
quently performed using standard techniques. At the two highest
frequencies, the gain calibration was performed in two steps, first
solving only for the phases using a solution interval of ∼10 sec-
onds. Following the application of these corrections, a second
iteration solved for both amplitude and phase. The flux densities
determined for each of the complex gain calibrators observed in
the present study are summarized in Table 2 (online only).

Imaging was performed using the AIPS task IMAGR with
robust +1 weighting of the visibilities. Table 3 (online only) pro-
vides a summary of the resulting properties of the image and the
synthesized beam. Flux densities for each of the target stars were
then determined based on Gaussian fits to these images using the
AIPS task JMFIT). All of the stars were spatially unresolved,
hence the measured peak flux density is taken to represent the
total flux.

6 http://www.aips.nrao.edu/cook.html
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3.4. Visual spectroscopy

Visual domain spectra for the program stars were obtained from
the following archives:

– Unpublished Heros data, see Štefl & Rivinius (2005).
– The ELODIE archive described by Moultaka et al. (2004).
– The ESPaDOnS archive at CADC7. ESPaDOnS is mounted

at the CFHT on Hawaii and described by Donati et al. (2006).
– The TBL/Narval archive8. NARVAL is a copy of the ES-

PaDOnS instrument, adapted to the 2 m TBL.
– The BeSS database (Neiner et al. 2011). However, data from

this source were not used for velocity measurements; only
for equivalent width (EW) measurements and general trend
descriptions.

3.5. Visual polarimetry

Visual spectropolarimetric measurements were taken from the
archives of the HPOL spectropolarimeter9 mounted on the Pine
Bluff Observatory (PBO) 36” telescope (Meade et al. 2012).

4. SED modeling

4.1. Model description

The adopted model of a Be star system consists of a combination
of a fast rotating central star and a VDD.

The central star is approximated by a spheroidal, rotationally
oblate shape that is gravity darkened according to the von Zeipel
law (von Zeipel 1924). Its surface is divided into a number of
latitude bins, and each one is assigned with a model spectrum
(Kurucz 1979) corresponding to the local values of Teff and log g.

The rotating central star is thus completely described by four
independent parameters: mass M, polar radius Rp, luminosity L,
and rotation rate W. The W parameter is defined as W = vrot/vorb,
where vrot is the rotational velocity at the stellar surface and vorb
is the Keplerian orbital velocity directly above the stellar surface.
The gravity darkening exponent β that appears in the classical
form of the gravity darkening law, Teff ∝ gβ (von Zeipel 1924),
is a function of W as given by Espinosa Lara & Rieutord (2011).

The VDD model is adopted in a simplified parametric form,
in which the density structure follows a power law decrease in
the radial direction and has a hydrostatic equilibrium structure in
the vertical direction:

ρ(r, z) = ρ0

(
r

Re

)−n

exp
(
− z2

2H2

)
, (2)

where r and z are respectively the radial and vertical cylindrical
coordinates, ρ0 is the density of the disk close to the stellar sur-
face, Re is the equatorial radius of the rotationally deformed cen-
tral star, n is the density exponent, and H is the disk scale height.
The disk flares with the following dependence of the disk scale
height H on the distance r from the star:

H(r) = H0

(
r

Re

)3/2

, (3)

where H0 = csv−1
orbRe is the pressure-supported scale height at the

base of the disk, cs = [(kBTk)/(µma)]1/2 is the isothermal sound

7 http://www.cadc-ccda.hia-iha.nrc-cnrc.gc.ca/en/
8 tblegacy.bagn.obs-mip.fr/narval.html
9 http://archive.stsci.edu/hpol/

speed, kB is the Boltzmann constant, Tk is the gas kinetic temper-
ature, µ is the mean molecular weight, and ma is the atomic mass
unit. Tk is the parameter that determines the scale height, and we
choose it to correspond to 60% of the effective temperature at
the stellar equator, following Carciofi & Bjorkman (2006).

For n = 3.5, this structure represents the subsonic parts of
an isolated, isothermal VDD in a steady-state (when mass from
the central star was fed to the disk at a constant rate for a suffi-
ciently long time) and composed purely of hydrogen (Bjorkman
& Carciofi 2005). However, there are effects that can alter the
value of n. Local non-isothermalities in the disk can affect both
the flaring exponent and the radial density fall-off (Carciofi &
Bjorkman 2008), while a non-steady mass feeding rate (Haubois
et al. 2012), and the accumulation effect caused by a close orbit-
ing companion (Panoglou et al. 2016) can also affect the density
profile in quite complicated ways. For instance, Haubois et al.
(2012) found that a forming disk (i.e., a disk being actively fed
by the star but that has not yet reached a steady-state configu-
ration) has a sharp density profile, which, if approximated by
a power-law, results in n larger than 3.5; conversely, a dissipat-
ing disk (i.e., a disk that is no longer being fed and is therefore
accreting back to the central star) has a much flatter density ex-
ponent (n ≈ 3.0). Density exponents smaller than 3.5 are also
believed to ensue from the accumulation effect in Be binaries. In
this regard, varying n in our models allows us to accommodate
these processes in the studied targets.

The only remaining free parameter of the disk is its outer ra-
dius Rout. If not set to a very high number corresponding to a
steadily fed isolated disk, this parameter roughly corresponds to
the truncation radius caused by the tidal influence of a possible
binary companion. In this work, we adopt a sharp truncation, in
which no material exists past Rout. Detailed hydrodynamic cal-
culations, however, show that this is not a realistic assumption,
because some material spills over past the truncation radius. This
material may still contribute to the disk observables (Panoglou
et al. 2016).

To compare the model with observations, we additionally
need the value of interstellar reddening E(B − V) and two ge-
ometrical parameters: the inclination angle i (0◦ for pole-on ori-
entations) and the distance d.

4.2. Modeling procedure

To calculate the synthetic observables, we employ the code
HDUST (Carciofi & Bjorkman 2006, 2008). All the objects are
modeled as a combination of a fast-rotating central star sur-
rounded by a VDD. The code uses the Monte Carlo method to
solve the radiative transfer, radiative equilibrium, and statistical
equilibrium in 3D geometry for the given density and velocity
distributions for pure hydrogen gas. For details on the hydrody-
namics of VDDs, we refer to Carciofi (2011) and Krtička et al.
(2011).

The modeling procedure is similar to the one tested by Kle-
ment et al. (2015) when using a multi-technique and multi-
wavelength dataset. In the present work we used only the SED
flux measurements to constrain the models. As this limits the
constraining ability of the modeling, we keep several parame-
ters fixed, specifically the stellar mass, rotation rate, inclination
and distance, and we focus instead on determining the parame-
ters that are best constrained by the SED structure, namely the
interstellar reddening, the stellar radius and luminosity, the disk
parameters (ρ0, n) and the outer disk radius.

The multi-epoch data were combined into a single dataset,
as the variability of the studied stars was found to be reasonably
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low. Where signs of variability are present, the combined data
represent average properties of the disks in the last decades (for
details see the results for individual targets in Sect. 5).

We started by searching the literature for spectral type classi-
fications of the programme stars. The spectral types were used to
fix the masses of the central stars as given by Harmanec (1988)
for the fundamental parameters of main sequence B-type bina-
ries. The rotation rate was kept at the typical value of W = 0.8
(Rivinius et al. 2013). This value corresponds to a Re/Rp ratio of
1.32. The gravity darkening exponent was correspondingly set
to 0.1728, as given by Espinosa Lara & Rieutord (2011). The
distances to the stars were taken from the Hipparcos measure-
ments (van Leeuwen 2007), and the inclinations from interfero-
metric studies, when available. For the shell stars, we assumed
i > 70◦.The adopted parameters are listed in Table 5.

Interstellar reddenning presents an additional model parame-
ter E(B−V), which needs to be determined in order to be able to
compare the observations to the model. We used the 2200 Å ab-
sorption bump (caused by the interstellar medium) to determine
the E(B−V) of the programme stars (we refer to Zagury 2013, for
discussion of the origin of the bump). During the procedure the
observed UV spectra are dereddened using the reddening curve
of Fitzpatrick (1999) with E(B−V) as a free parameter, until the
2200 Å bump disappears and the spectrum becomes flat in that
region. For the extinction RV we used the standard value of 3.1
(Savage & Mathis 1979). Although values other than 3.1 may
be observed in nebular and star-forming regions, for nearby field
stars such deviations are less likely. The uncertainties of the de-
termined values of the E(B − V) parameter were inferred by a
Markov Chain Monte Carlo (MCMC) method provided by the
emcee Python module10 (Foreman-Mackey et al. 2013).

We proceed to the remaining physical parameters of the cen-
tral star, namely the polar radius Rp and luminosity L. As dis-
cussed in Klement et al. (2015), for non-shell stars or shell stars
with tenuous disks, the disk has very little influence on the ob-
served UV spectrum. In such cases and within a reasonable pa-
rameter range, changing Rp (which in effect means changing the
effective temperature as well) influences the slope of the model
UV spectrum only, while changing L influences mainly its level.
This allows us to constrain these two parameters independently
by computing a grid of purely photospheric, fast-rotating mod-
els (similar to Klement et al. 2015). Furthermore, for tenuous
disks, the visual and near-IR parts of the SED are also devoid
of disk influence. The wavelength interval used to determine Rp
and L was therefore selected on a case-by-case basis (we refer to
Sect. 5 for details on individual targets).

The best-fit Rp and L parameter combination was determined
via χ2 minimization, where for the best-fit model χ2 = χ2

min.
Since we were dealing with SED modeling, where both the
wavelengths and fluxes span many orders of magnitude, we used
the logarithmic version of χ2:

χ2
mod =

N∑

i=1

(
log Fobs,i − log Fmod,i

Ferr,i/Fobs,i

)2

, (4)

where Fobs is the observed flux, Fmod is the model flux, Ferr
is the observed flux error, and N is the total number of fitted
data points. The uncertainties of the best-fit parameters were es-
timated from the ∆χ2

0.683 = χ2
mod − χ2

min contour corresponding
to the 68.3% confidence level (1-σ), where ∆χ2

0.683 is a func-
tion of the number of degrees of freedom of the fit (we refer
10 available online at http://dan.iel.fm/emcee under the MIT Li-
cense

to, e.g., Chapter 11 of Bevington & Robinson 1992). In some
cases the parameter uncertainties turned out to be lower than the
step size adopted for the parameter grid. Since the quality of the
model fit was already sufficient for the aims of this work, we did
not put in the computational effort to further fine-tune the model
parameters and thus lower the uncertainty estimates, and we in-
stead conservatively selected the corresponding step size as the
parameter uncertainty.

The disk itself is non-isothermal with a temperature structure
computed by HDUST, but its density structure is not solved self-
consistently with the temperature solution and remains the same
throughout the simulation. For such a simplified VDD model we
need only three free parameters to fully describe it: the base den-
sity ρ0, the density exponent n, and the disk outer radius Rout.
We set an upper limit to the Rout parameter, so that it cannot ex-
ceed the value of the critical radius Rc estimated by means of
Eq. (1), in which the sound speed cs was computed using the
mass-averaged temperature of the disk.

In our model, we assume a single value of n throughout
the whole disk and by doing so we are neglecting local non-
isothermal density effects in the disk. VDD theory predicts a
temperature minimum to occur in the inner parts of the disk due
to its high opacity to the stellar radiation. However, since we are
interested in the overall density structure of the VDD, of which
the inner non-isothermal part is only a small fraction, these ef-
fects are not important for our analysis.

The modeling procedure was executed as follows. First, we
fixed Rout to an intermediate value of 50 stellar radii, and a grid
of models with ρ0 and n in the range 1×10−13 – 1×10−10 g cm−3

and 1.5 – 5.0, respectively, was computed. To determine the
parameters ρ0 and n, we fit the model grid to the part of the
SED where the disk contribution is significant, but not to the
long wavelength radio data, that are sensitive to the disk size.
While dense disks start to contribute to the SED already at vi-
sual wavelengths, excess radiation due to a tenuous disk might
become observable only at mid-IR wavelengths. Similarly, the
truncation effects in very dense disks will influence the SED at
shorter wavelengths as compared to less dense disks. Therefore,
the SED region used to constrain ρ0 and n will be different from
star to star and will shift towards shorter wavelengths with in-
creasing density of the disk (for details on individual targets see
Sect. 5). The uncertainties of the best-fit values of the parameters
ρ0 and n were determined in the same way as for the central star
parameters Rp and L, described above.

The modeling procedure gets more complicated for shell
stars with dense disks. In these cases, the disk reduces the UV
flux (and sometimes also portions of the visual and near-IR flux)
emitted by the central star and the observed UV spectrum can-
not, therefore, be used to constrain Rp and L in a straightforward
way. We adopted an iterative modeling procedure for such stars:
A first look estimate for Rp and L was done using the photo-
spheric models only, after which the disk was included in the
model to get the first estimates for the disk parameters ρ0 and
n from the IR fluxes. With the values obtained in this way, the
magnitude of the influence of the disk on the UV spectrum could
be estimated and taken into account for the next iteration of pho-
tospheric parameters. After a few such iterations, a satisfactory
fit to both the UV and IR parts of the SED was obtained.

After determining the best-fit values of ρ0 and n, we can pro-
ceed to the determination of the Rout parameter. As mentioned
above, the truncation effects will become detectable at progres-
sively shorter wavelengths with increasing density of the disk.
However, with disk sizes & 20 Re, the influence does not fall
shortwards of sub-mm/mm wavelengths. Therefore, the mm and
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cm fluxes are suitable for constraining the sizes of dense disks,
while cm fluxes only constrain the disk size of the tenuous ones
(e.g., β CMi). In the latter case, the sub-mm/mm region was in-
cluded when searching for the best-fit values of ρ0 and n. Mea-
surements corresponding to upper limits were used for visual
checking, but not for the modeling procedure itself. The uncer-
tainty of the Rout parameter was obtained in the same way as for
the previously mentioned model parameters.

5. Results

In this section we first review the results for βCMi from Klement
et al. (2015). Then we present the results for stars for which we
have new JVLA measurements (η Tau, EW Lac, ψ Per, γ Cas),
followed by the results for β Mon A, which has new sub-mm
data from APEX/LABOCA. We also give a brief overview of
what can be learned from the available visual spectroscopy and
polarimetry for each target. The derived model parameters for all
stars are listed in Table 6. In Table 6 we also include the values
of Rc calculated using Eq. (1).

5.1. β CMi (HD 58715; HR 2845)

The star β CMi was studied in extensive detail by Klement et al.
(2015). As in the present study, the HDUST code was used to
model the SED from the UV to the radio, but additionally a
large data set of spectroscopic, polarimetric, and interferometric
observations was used to further constrain the model. Here we
present a slightly adjusted model of the SED produced using an
updated version of the HDUST code, which fixed some numerical
problems that were slightly affecting the correct computation of
synthetic observables. More details on the fixes of the code and
the changes regarding the results of modeling of the observables
besides the SED are given in Klement et al. (2017).

We recomputed the model and allowed the ρ0, n and Rout
parameters to vary in a small interval around the values orig-
inally determined by Klement et al. (2015), while keeping the
central star parameters the same as in the previous study. The
best-fit value of base density ρ0 remains the same, but a signif-
icant change to the model concerns the density exponent n: the
SED up to mm wavelengths is now reproduced exceptionally
well when using a value of n = 2.9. We recall that in the original
study, the very inner parts of the disk were compatible with a
steeper (n = 3.5) density fall-off, while in the remainder of the
disk it followed a shallower profile (n = 3.0).

Regarding the outer parts of the disk, the original conclusion
was that the disk is truncated at a distance of 35+10

−5 Re, as re-
vealed by the observed radio flux at 2 cm. Here we include three
additional VLA measurements at cm wavelengths that are avail-
able from the literature. The revised model and additional cm
data led to a revised best-fit disk size of 40+10

−5 Re. The best-fit
model is plotted in Fig. 1 as a solid black line, together with the
purely photospheric flux (dashed black line) and a non-truncated
disk model (dotted black line). The model reproduces the full
SED almost perfectly, with the exception of the data point at
6 cm, which lies slightly above our best-fit model.

5.2. η Tau (Alcyone; HD 23630; HR 1165)

This star from the Pleiades cluster has been mostly classified in
the literature as a B7IIIe star (Slettebak 1982; Lesh 1968; Hof-
fleit & Jaschek 1991). The inclination is apparently of an inter-
mediate value. In previous interferometric studies it was quoted

to be higher than 18◦ (Quirrenbach et al. 1997) and equal to 41◦
(Tycner et al. 2005). We adopt the latter value for our model.

No companion was revealed in adaptive optics observations
(Roberts et al. 2007). A total of 47 spectra suitable for RV mea-
surement were found in the archives. The RV was measured
in the Mg ii 4481 line. The mean RV is 6.9 ± 2.1 km/s. Heros
measurements around MJD 52000 are on average approximately
4 km/s lower than ESPaDOnS measurements at MJD 55000, but
given the different instrument parameters, the values are well
compatible and within 3-σ of one another. However, we note
that this by no means excludes the possible presence of a binary
companion. The IR Ca triplet emission, indicative of binarity, is
not present in the spectra.

The spectroscopic data show that the Hα emission was at
a constant level of I/Ic = 2.2, and Wλ = −3.5 Å until approxi-
mately 2005, and since then steadily decreased by a small but de-
tectable amount to I/Ic = 2.0, and Wλ = −2.5 Å. The spectropo-
larimetric measurements available from the HPOL database
show no change of polarization degree or angle between 1992
and 1999.

From the comparison of IRAS and AKARI/WISE measure-
ments, which are separated in time by around two decades, we
also see that the variability of the disk has been relatively low.
This is a common feature of late-type Be stars. The compari-
son of the observed mm fluxes from JCMT and IRAM shows
signs of slight variability at mm wavelengths on the time scale
of years. The archival VLA and the new JVLA measurements
are very much consistent with one another, with the exception of
the observed fluxes at 3.6 cm, which however still lie within 2-σ
of one another.

The results of the SED modeling of η Tau are plotted in
Fig. 2. The non-shell nature of η Tau allows us to use the UV
spectrum to determine the central star parameters Rp and L with-
out any complications. Moreover, the disk of η Tau is apparently
very tenuous and starts to contribute to the observed SED only at
around 5 µm. We thus use both the UV spectrum and the visual
photometry to constrain Rp and L. Changing the disk size influ-
ences the cm fluxes only and has a negligible influence on the
mm fluxes (as expected for tenuous disks). Therefore, the SED
interval from 5 µm to mm was used to find the best-fit values of
the disk parameters ρ0 and n.

The observed radio fluxes are lower than expected from a
non-truncated VDD model. The disk size best reproducing the
cm data is Rout = 40+10

−5 Re. We interpret this as a clear sign of
truncation of the outer disk. However, a simply truncated VDD
does not offer a good fit either, as the observed SED slope in the
radio is flatter than the model predicts. This is most easily seen
in the residuals of the best-fit model with respect to the radio
measurements (bottom panel of Fig. 2).

5.3. EW Lac (HD 21750; HR 8731)

EW Lac was classified as a B3IVe-shell star (Slettebak 1982;
Rivinius et al. 2006), and a B4IIIep star (Lesh 1968; Hoffleit &
Jaschek 1991). No previous interferometric determination of the
disk inclination exists in the literature. However, the shell nature
of the star restricts the inclination angles to ≥70◦. For our study
we adopt the value of i = 80◦, which was found to reproduce
well the shapes of the Balmer and Paschen jumps.

EW Lac has shown remarkable variations in its shell line ap-
pearance in the past, most notably from 1976 to 1986, and a
similar episode lasted from 2007 until 2012 (Mon et al. 2013).
The variations are best explained in terms of V/R variability, that
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Fig. 1. β CMi. The best-fit model is plotted as the black solid line, the photospheric contribution as the dashed black line, and a non-truncated
disk model (Rout = Rc) as the black dotted line. Upper: The SED in the 1000–10000 Å interval. Middle: The SED from 0.1 µm to 10 cm. The
inset shows model predictions for different disk sizes. The observed fluxes are plotted with error bars, which are smaller than the symbol size in
most cases. Lower: The residuals structure of the best-fit model with Rout = 40 Re. The photospheric and non-truncated models are also plotted in
relation to the best-fit model, highlighting where these models deviate from the best-fit one.

is, changes in the peak height ratio of the violet and red side of
the emission. Small V/R differences were present in almost all
spectra at our disposal, taken from 1998 to 2014. However, be-
ginning in the 2007 to 2014 period, that is, for the last V/R cycle,
the amplitudes were greatly enhanced.

There are 13 suitable spectra to measure RVs, from which
the presence of a companion could be neither confirmed, nor

excluded. Values measured in the Fe ii 5169 line obtained from
Heros spectra, from MJD 51000 to 52500, are at approxi-
mately −22 km/s, while ESPaDOnS values, obtained around
MJD 55400, are at −28 km/s. Although this change is very likely
real, it is probably due to a change in the global density oscilla-
tion of the disk rather than binarity. Also, changes in the Hα
equivalent width are due to the variable strength of the central
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Fig. 2. As in Fig. 1, but for η Tau.

absorption core, rather than changes in the strength of the emit-
ting peaks.

Like for ηTau, the HPOL data, taken from 1989 to 1995,
do not show any change in polarization degree or position an-
gle; neither is the infrared Ca triplet observed in emission in our
spectra.

Comparison of the IRAS and AKARI/WISE measurements
reveals a variation in the IR excess emission that is somewhat
stronger than in the other targets in our sample. The mm fluxes
observed by JCMT and IRAM are consistent within the respec-
tive error bars. The comparison of the VLA and JVLA measure-

ments also reveals a slight discrepancy in that one of the VLA
measurements lies a fewσ above the JVLA fluxes. The two VLA
observations at 2 cm are slightly inconsistent, as the upper limit
measurement lies below the detection. This suggests a possible
mild variability of cm fluxes on the time scale of a year.

The results of the SED modeling of EW Lac are plotted in
Fig. 3. Due to the shell nature of the star and the high value
of the disk density, the observed UV spectrum of EW Lac is
slightly dimmed by the surrounding disk. The disk excess starts
to be significant at a wavelength of around 1 µm, allowing for
the inclusion of the visual part of the SED for determining the
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Fig. 3. As in Fig. 1, but for EW Lac.

central star parameters. Since the disk is dense, the IR part of the
SED was used to determine ρO and n, while the mm and radio
part, sensitive to varying the disk size, was used to determine
Rout. The resulting SED fit up to far-IR is satisfactory.

The radio observations, including the mm measurements, are
inconsistent with a non-truncated disk. The resulting disk size
for the case of simple truncation is 100+30

−20 Re. Moreover, the new
JVLA data set reveals a similar result as given above for η Tau
– the observed slope of the SED in the radio is not as steep as
would be expected for a simply truncated disk.

5.4. ψ Per (HD 22192; HR 1087)

The star ψPer has been classified as a B5Ve-shell star (Lesh
1968; Hoffleit & Jaschek 1991), a B4IVe star (Underhill 1979)
and also as a B5IIIe star (Slettebak 1982; Rivinius et al. 2006).
The inclination angle is > 62◦ according to Quirrenbach et al.
(1997) and 75◦ ± 8◦ according to Delaa et al. (2011); for this
study we adopt the latter value.

No binary companion is evident (Mason et al. 1997; Delaa
et al. 2011). Yet, for this star, the infrared Ca triplet is observed
in clear emission in all available spectra covering that region.

Article number, page 10 of 19



R. Klement et al.: Revealing the structure of the outer disks of Be stars

3.0 3.2 3.4 3.6 3.8 4.0

log(λ [Å])

10-11

10-10

10-9

10-8

F
λ
[e

rg
s−

1
cm

−
2

Å
−

1
]

IUE

WUPPE

Ducati+2002

Mermilliod+1994

Tycho-2

best-fit model (Rout = 100Re)

photospheric flux

non-truncated disk model (Rout =Rc = 250Re)

10-28

10-25

10-22

10-19

10-16

10-13

10-10

10-7

10-4

10-1

F
λ
[e

rg
s−

1
cm

−
2

Å
−

1
]

Ducati+2002

Dougherty+1994

IRAS

WISE

AKARI

JCMT

IRAM

VLA

JVLA

10-1 100 101 102 103 104 105

λ [µm]

2.0

1.5

1.0

0.5

0.0

0.5

1.0

1.5

2.0

(m
ob

s
−
m

m
od

)[
m

ag
]

1 10

λ [mm]

10-26

10-24

10-22

10-20

10-18

F
λ
[e

rg
s−

1
cm

−
2

Å
−

1
] 80Re

100Re

120Re

250Re

Fig. 4. As in Fig. 1, but for ψ Per.

Like for EW Lac, the shell nature permits the measurement of
the RV with a precision of a few dozen m/s. While the RV is
varying by approximately 1500 m/s peak to peak, there are not
enough spectra to say whether this is due to a companion, that
is, clearly periodic, or due to small changes in the disk, in which
case changes could be merely cyclic or secular.

For ψPer, the HPOL data show a clear increase of polariza-
tion degree from 0.4% to 0.8% from 1992 to 1994, which then
remains at 0.8% until at least 2000. All available spectra were
taken in 2000 to 2014, that is, after the polarization changed, and

show a strong and stable disk, with I/Ic = 6 and Wλ = −41 Å.
The V/R ratio of the emission lines is unity; apparent deviations
observed, for example, in Fe ii 5169, are due to blends.

No variability in the IR excess is revealed by comparing
the IRAS and AKARI/WISE data. The mm measurements from
JCMT and IRAM are mostly consistent, although one of the
JCMT detections lies slightly above the others. The old VLA and
the new JVLA data are in good agreement, although the upper
limit of Apparao et al. (1990) at 2 cm lies below the subsequent
detections. It is unclear whether this is caused by radio variabil-
ity or by the low signal-to-noise ratio of the observations.
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The results of the SED modeling of ψ Per are plotted in
Fig. 4. Although ψ Per is a shell star, the disk base density is only
of an intermediate value and does not significantly influence the
UV and visual part of the SED. Therefore the SED interval up
to 1 micron was used to constrain the central star Rp and L. The
disk contribution to the observed SED starts to be significant at
near-IR wavelengths. Although the value of ρ0 is only interme-
diate, the fact that n is very low makes the disk dense in its outer
parts. Correspondingly, the model SED was found to be sensitive
to changing the disk size already at mm wavelengths, therefore
it was only the IR portion of the spectrum that was used to con-
strain the disk density parameters. The resulting fit from UV to
far-IR wavelengths is exceptionally good.

The observed radio SED slope is once again inconsistent
with both a non-truncated and a simply truncated disk. The re-
sulting disk size best reproducing the whole radio data set is
100+5

−15 Re. The result again suggests that the disk density fall-
off regime changes to a steeper one in the outer parts, but the
disk is not simply cut-off, as is assumed in our model.

To this date, ψPer is the only star that has been angularly re-
solved in radio (λ = 2 cm) along the semi-major axis of its disk
(Dougherty & Taylor 1992). In that study, the Gaussian fit to the
azimuthally averaged visibility data indicated a best-fit disk size
(FWHM) of 74 mas, corresponding to 392 Re. In Fig. 5 we plot
the original visibility curve of Dougherty & Taylor (1992), along
with the curves derived from our models with different disk sizes
(azimuthally averaged). Since the absolute flux density values
for each of our models differ, we scale the curves so that at zero
baseline the visibility is equal to unity. The visibility curve of
our best-fit model (Rout = 100 Re) shows that such a disk would
not have been resolved by the observations of Dougherty & Tay-
lor (1992), although the model flux density at 2 cm (1190 µJy) is
relatively close to the measured value (804± 60 µJy). The model
with the disk size of 500 Re shows almost perfect agreement with
the shape of the observed visibility curve. However, the flux den-
sity of this model (9.31 mJy) overestimates the measured value
by more than a factor of 10. As for the apparent disk sizes of our
models, 2D Gaussian fits give FWHMs of 29.5 × 20.1 mas and
85.2 × 47.8 mas for the best-fit and the 500 Re disk models, re-
spectively. The disagreement between our model and the angular
size and fluxes of Dougherty & Taylor (1992) cannot be solved
by the simple models that we employ, and will be the subject of
future research.

5.5. γ Cas (HD 5394; HR 264)

The star γ Cas was one of the first two Be stars to be discovered
(Secchi 1866). It was identified as an X-ray source and there is
an ongoing debate as to the origin of the puzzling X-ray emission
properties (e.g., Motch et al. 2015). γ Cas is a known single-line
spectroscopic binary. The set of orbital parameters was recently
revised by Nemravová et al. (2012), who concluded that the orbit
is circular with an RV semi-amplitude of 4.30 ± 0.09 km/s and
a period of 203.52 ± 0.08 days. γ Cas has a very complicated
observational history, as it has appeared as a shell star, briefly as
a normal B star and since a few decades ago as a Be star seen
under intermediate inclination (see Harmanec 2002, for details).

γCas has been classified in the literature as a B0.5IVe star
(Slettebak 1982). For the inclination, we adopt the value of 42◦,
found in a recent interferometric study by Stee et al. (2012).

In agreement with the suspicion that the infrared Ca triplet
may be linked to binarity (Koubský et al. 2011), γCas does in-
deed show emission in these spectral lines. The strength is some-
what lower than that of the Paschen lines that the Ca triplet lines
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Fig. 5. ψ Per: The azimuthally averaged visibility data of Dougherty
& Taylor (1992, black points with error bars) and a Gaussian fit to
them (thick black line, FWHM of 74 mas corresponding to 518 Re) over-
plotted with the visibility curves derived from our azimuthally averaged
models with several different disk sizes indicated in the legend. The dot-
ted line shows the visibility curve of a point source (visibility equal to
unity with increasing baseline length).

are blended with, but clearly discernible. The shape of the Hα
line also seems to indicate binarity, since it often shows no clear
peaks or symmetry, which are signs of disturbances in the disk.

Judging from the Hβ profiles, which behave closer to the
expectations for a classical Be star than the Hα profiles, γCas
underwent V/R variability before 2000, which weakened be-
tween 2000 and 2005, and is since absent. The available HPOL
data, spanning 1991 to 2000, show a constant polarization. Since
γCas is the brightest Be star in the Northern hemisphere, there is
a great wealth of spectroscopic data available from the archives.
Here spectra taken between 1996 and 2014 are considered. The
value for I/Ic of Hα varied, but remained in the range between
approximately 4 and 5. In other words, while the disk of γCas
is not stable in the same sense as the one of, for instance, ψPer,
it is clearly not currently in a stage of secular build-up or decay,
but fluctuating around a certain state.

The IR measurements do however reveal signs of variability,
as the IRAS fluxes are several σ below those of AKARI/WISE.
The same is true for the observed mm fluxes, as the JCMT and
IRAM measurements are discrepant by several σ. This suggests
mild variability in the disk, consistent with what is observed in
the Hα emission. The VLA and JVLA measurements are in very
good agreement, except for the 3.6 cm VLA upper limit which
lies slightly below the JVLA detection.

The results of the SED modeling of γ Cas are plotted in
Fig. 6. The disk contribution to the observed SED is apparent al-
ready at visual wavelengths, therefore we use only the UV spec-
trum to constrain the central star parameters Rp and L. Owing
to the high density of the disk, the observed fluxes from optical
to far-IR were used to determine the disk parameters ρ0 and n.
The overall model fit to the observed SED from UV to far-IR re-
gion is satisfactory with the exception of the visual and near-IR
fluxes, which are overestimated by the model.

The result from the modeling of the radio SED is that the
disk is clearly truncated, similar to the previous targets. The disk
size best reproducing the radio data is 35+5

−5 Re. However, the ob-
served slope of the radio SED is again flatter than the slope of
the truncated model.
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Fig. 6. As in Fig. 1, but for γ Cas.

5.6. β Mon A (HD 45725; HR 2356)

β Mon A is a component of a visual multiple system, with the B
and C components separated by 7.1 and 10 arcsec, respectively
(Taylor et al. 1990). At such distances the companions cannot
have any tidal influence on the disk of the A component (Riv-
inius et al. 2006). The star has been classified as a B3Ve star
(Lesh 1968; Hoffleit & Jaschek 1991), B4Ve-shell star (Slette-
bak 1982; Rivinius et al. 2006), and a B2III star (Maranon di
Leo et al. 1994). Strong V/R variations with a period of 12.5

years have been observed in the past (1930–1960, Taylor et al.
1990).

The shell nature of the star restricts the inclination angle to
be close to edge-on. Unfortunately no interferometric studies of
this star have been published (although interferometric measure-
ments do exist and are public - Rivinius et al. 2016); the only ref-
erence for the inclination is 67◦ (Frémat et al. 2005). We adopt
an inclination of 70◦ for our model.

There are 48 available spectra taken in four observing sea-
sons between MJD 51000 and 56000. The narrow circumstellar
line Fe ii 5169 shows small RV variations with an amplitude of
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Fig. 7. As in Fig. 1, but for β Mon A.

approximately 3 km/s. Again, however, it is not clear whether
this variation is due to binarity or changes in the disk, since
β Mon A is a V/R variable Be star.

No HPOL data are available for β Mon A. Judging from the
line emission, the disk is generally strong, with values of I/Ic
between 5 and 6. It also underwent a weak V/R cyclic variability
in these years. The spectra do show IR Ca triplet emission on a
similar level to that of γCas.

The disk properties as shown by the observed SED seem
to have been relatively stable in the last decades, with only the
AKARI measurements being slightly discrepant with respect to

those from IRAS and WISE. The sub-mm/mm measurements
indicate a slight variability, similar to the previous targets. New
JVLA observations are not available for this star and the data
set at cm wavelengths consists only of a single VLA detection at
2 cm and three upper limit measurements at 2, 3.6, and 6 cm. The
upper limit at 2 cm lies a few σ below the detection, suggesting
a mild variability of the radio fluxes.

The results of the SED modeling of β Mon A are plotted in
Fig. 7. β Mon A is a shell star and the disk influence is already
clear in the UV spectrum, which is slightly dimmed in compari-
son with a purely photospheric spectrum. The disk of βMon A is
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dense and significant excess radiation is present already at visual
wavelengths. Only the IR part of the SED was used to search for
the disk parameters, as the disk has a high density. The resulting
model SED agrees with the observations reasonably well.

For β Mon A the signs of the disk truncation are the weakest
among our targets. However, the APEX/LABOCA and JCMT
fluxes lie more than 3-σ below what is expected of a non-
truncated disk. The upper limit measurements at 2 and 3.6 cm are
also inconsistent with a non-truncated disk. Nevertheless, addi-
tional radio measurements are necessary to better constrain the
disk size and confirm the signs of truncation. However, even with
the available data, the best-fit disk size is 110 ± 40 Re, which is
significantly lower that the critical radius value of 260 Re.

6. Discussion

The VDD model in its parametric form reproduces the observed
SED of the studied stars generally well. The resulting values of
the density exponent n are in all cases lower than the canonical
value of 3.5 derived for flaring isothermal VDDs in steady-state.
A possible explanation for this was recently given by Vieira et al.
(2017), who studied the IR SEDs of 80 Be stars and determined
their ρ0 and n parameters using a semi-analytic model based on
the pseudo-photosphere concept (Vieira et al. 2015). The deter-
mined values of n are generally not equal to 3.5, with the ma-
jority of the studied disks showing n between 2.0 and 3.0. These
results were proposed to be explained by the dynamical state that
we see the disks in. According to the dynamical models (Haubois
et al. 2012) and assuming additional effects such as cooling by
heavier elements (not taken into account in our model), the disks
with n ≥ 3.5 should correspond to disks that are in the process
of formation, disks with n between approximately 3.0 and 3.5
are in a steady-state, and disks with n . 3.0 are in the process
of dissipation. As presented in Fig. 7 of Vieira et al. (2017), ap-
proximately two thirds of the observed Be disks were found to
be in the dissipating phase, suggesting that the time scales for
disk dissipation are longer than those for disk formation.

Over-plotting the results of the present study on Fig. 7 of
Vieira et al. (2017) shows that the log ρ0 and n parameter combi-
nations determined for the stars in our sample fall within the two
central contours corresponding to the probability density of 0.06
(Fig 8). However, contrary to the study of Vieira et al. (2017),
the majority of our targets seem to be in steady-state (4 out of
6). This apparent disagreement (which might not be significant
given the small number of stars in our sample) is probably due
to the fact that Waters et al. (1991) favored Be stars with large
infrared and radio excesses in their study. Another apparent in-
consistency is that the two targets for which n is well below 3.0
(EW Lac and ψ Per) and should, according to Vieira et al. (2017),
be in a dissipation state, also seem to have stable disks over long
time-scales. We speculate that if these disks are truncated by un-
seen binary companions (see below), the shallower density pro-
file might be due to the accumulation effect, which causes the
disk density profile to become shallower than the steady-state
value (Panoglou et al. 2016).

An SED turndown (i.e., a steepening of the SED slope) is
clearly observed between the far-IR and radio wavelengths in
five out of the six studied stars. The one exception is β Mon A,
for which the presence of an SED turndown is inconclusive.

The results of the modeling show that, to a first approxima-
tion, the observed SED turndown can be explained by assuming
truncated disks. We recall that there are two physical effects that
are predicted to affect the outer disk structure, that could be the
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Fig. 8. Results for the ρ0 and n distributions of the sample of Be stars
studied by Vieira et al. (2017). The main panel shows the probability
density (gray scale contours), while the upper and left panels show the
distributions for the individual parameters. The contour values corre-
spond to the probability density levels. Superimposed as filled circles
are the results of Vieira et al. for individual stars (colors indicate the
stellar effective temperatures computed by Frémat et al. 2005). Over-
plotted as yellow star symbols are the results for the stars studied in this
work.

cause of the SED turndown: the tidal influence from a close bi-
nary companion, or the transonic transition, that occurs when the
outflow velocity of the gas in the disk becomes supersonic.

We found that the disk truncation occurs at much smaller dis-
tances from the central star than where the supersonic point (the
critical radius, Rc, in Table 6) is expected to lie. Therefore we
conclude that the supersonic regime is an unlikely cause for the
SED turndown observed in our sample. As mentioned in Sect. 2,
the effects of the transonic transition in a typical Be disk are
likely to be observable only at even longer wavelengths. The one
exception is EW Lac, for which the non-truncated disk model
SED structure in the radio (dotted line in the lower panel of
Fig. 3) suggests that for this star (and Be stars with similarly
dense disks), the effect of the transonic transition may already
be observable at cm wavelengths. However, we note that the for-
mula for the critical radius (Eq. 1) is only approximate and the
resulting values of Rc are therefore uncertain.

The disk sizes determined by our modeling represent sizes of
truncated disks that best reproduce the data, but it is clear from
the radio SED slope that the situation is not that simple: Some
matter seems to overflow beyond the truncation radius (which is
generally not equal to our parameter Rout), from where it non-
negligibly contributes to the radio SED. Investigating the role of
the material past the truncation radius on the SED will be the
subject of a future study.

For the previously studied star β CMi, the presence of the
companion was not confirmed at the time of the analysis of Kle-
ment et al. (2015). The disk truncation was nevertheless sug-
gested as being caused by the tidal influence of an unseen bi-
nary companion, with further observable evidence, such as the
Ca triplet in emission, supporting this option (we refer to Sect. 5
of Klement et al. 2015). A follow-up RV analysis of the Hα line
led to the detection of the binary, with an orbital period of 170
days and RV amplitude of 2.25 km/s (Dulaney et al. 2017). The
value of the detected period, if a circular, coplanar orbit and a
1 M� companion are assumed, indicates a semi-major axis of
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∼ 50 Re. Based on the results of Panoglou et al. (2016), the trun-
cation radius is expected to lie near the 3:1 resonance with the
binary orbit, corresponding to ∼ 25 Re. The result that the disk is
truncated at ∼ 40 Re rather favors the 3:2 resonance with the or-
bit as the location of the truncation radius for the case of β CMi.

For the other confirmed binary in our sample, γ Cas, the
semi-major axis of the orbit is a ' 1.64 au (Nemravová et al.
2012), corresponding to 38 Re of our model. However, here the
comparison with our best-fit disk size is difficult, since the slope
of the radio SED is not reproduced well. This means that if,
for example, the cm data were ignored, the mm measurements
would point to a much smaller disk size than was derived from
the whole radio data set. This is also the case for the remaining
objects with new JVLA data (η Tau, EW Lac, and ψ Per).

In conclusion, modeling of the radio SED offers the possi-
bility to indirectly detect previously unknown companions of Be
stars. A systematic search for RV periods in stars which show
truncation effects (especially shell stars), but for which no com-
panion was reported, is necessary to confirm that it is indeed
binary companions that cause the SED turndown by truncating
the disk, and not any other so-far undetected mechanism oper-
ating in Be star disks. We performed a search for RV variations
in the available spectra of the unconfirmed binaries in the sam-
ple. However, the data set was limited and the RV amplitudes
caused by low-mass companions are likely of the same order as
the value 2.25 km/s derived for β CMi for late-type Be stars, and
even smaller for earlier types (since the mass ratio is higher).
Detection of such RV amplitudes would probably require dedi-
cated high-resolution spectroscopic campaigns and careful anal-
ysis similar to the one performed by Dulaney et al. (2017). If the
companions are confirmed and are found to be sdO/sdB stars,
this may establish a common evolutionary path for Be stars and
help confirm a possible cause for Be stars being fast rotators.

We note that the original sample of Waters et al. (1991) was
biased towards stars with the flattest spectra, that is, with the
least pronounced SED turndowns. The reason is that only stars
detected at cm wavelengths were analyzed, while those not de-
tected likely have even more pronounced SED turndowns and
therefore stronger signs of truncation.

7. Conclusions

The main conclusions of this work may be summarized as fol-
lows:

– The predictions of the VDD model agree very well with the
observed SEDs covering the wavelength interval from the
UV to the far-IR. This further establishes the VDD model as
the best model so far to explain the structure of Be disks.

– Comparison of our results with the ones of Vieira et al.
(2017) shows that our sample has a much higher prevalence
of steeper density profiles (n ∼ 3, typically associated with
disks in steady-state) than shallower profiles (n ∼ 2, usu-
ally found in Be stars whose disks are dissipating). However,
for these latter cases (namely EW Lac and ψ Per) there is
evidence that the disks have remained stable over the last
decades, suggesting that the shallow density profile may be
caused by the accumulation effect due to the unseen compan-
ions (Panoglou et al. 2016) rather than due to the disks being
in a dissipation phase.

– A clear steepening of the spectral slope at far-IR to radio
wavelengths is observed in the whole sample with the ex-
ception of β Mon A, for which the measurements are not
conclusive. The effect is present both for confirmed binaries

(β CMi, γ Cas) as well as for stars for which no companion
has yet been reported.

– We propose that the SED turndown is caused by truncation
of the disk. The radio data sets are best reproduced by disks
truncated at distances of approximately 30–150 stellar radii
from the central star. The most plausible explanation for the
disk truncation is the presence of (unseen) binary compan-
ions, tidally influencing the outer disk.

– Our simple model for truncation, in which the disk is
abruptly cut at the truncation radius, cannot explain in detail
the shape of the radio SED. This is in line with hydrodynam-
ical simulations that predict that the disk material overflows
past the truncation radius. In a future study we will investi-
gate whether or not this extra material can explain the dis-
crepancies found in this work.

– Comparison of our results with the only previous determi-
nation of the disk size in radio (Dougherty & Taylor 1992,
ψ Per) revealed unexpected inconsistencies. Our model that
best fits the radio flux densities is too small to have been re-
solved by the VLA. Interestingly, it is the model with the disk
size of 500 Re that shows good agreement with the observed
shape of the visibility curve. However, this model clearly
overestimates the observed flux density.
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Table 2. VLA Calibration Sources.

Source α(J2000.0) δ(J2000.0) Date ν0 (MHz) Flux Density (Jy)
J0102+5824a 01 02 45.7624 58 24 11.137 21-OCT-2010 4.894 1.321±0.004

21-OCT-2010 5.022 1.347±0.004
30-OCT-2010 8.394 1.965±0.006
30-OCT-2010 8.522 1.969±0.005
31-OCT-2010 8.394 1.937±0.003
31-OCT-2010 8.522 1.948±0.003
30-OCT-2010 22.394 2.28±0.04
30-OCT-2010 22.522 2.26±0.03
31-OCT-2010 22.394 2.08±0.02
31-OCT-2010 22.522 2.09±0.01
30-OCT-2010 43.342 2.03±0.10
30-OCT-2010 43.470 2.04±0.10
31-OCT-2010 43.342 1.82±0.04
31-OCT-2010 43.470 1.82±0.04

3C48b 01 37 41.2994 +33 09 35.132 11-OCT-2010 4.895 5.3854∗
12-OCT-2010 4.895 5.3855∗
21-OCT-2010 4.895 5.3857∗
31-OCT-2010 4.895 5.3859∗
15-OCT-2010 8.395 3.2074∗
30-OCT-2010 8.395 3.2080∗
31-OCT-2010 8.395 3.2081∗
15-OCT-2010 22.395 1.2422∗
30-OCT-2010 22.395 1.2429∗
31-OCT-2010 22.395 1.2430∗
15-OCT-2010 43.215 0.6739∗
30-OCT-2010 43.343 0.6728∗
31-OCT-2010 43.343 0.6728∗

J0349+4609c 03 49 18.7416 46 09 59.658 31-OCT-2010 8.394 0.5802±0.0005
31-OCT-2010 8.522 0.5772±0.0005
31-OCT-2010 22.394 0.410±0.002
31-OCT-2010 22.522 0.407±0.002
31-OCT-2010 43.342 0.335±0.005
31-OCT-2010 43.470 0.333±0.006

J0359+5057c 03 59 29.7473 50 57 50.162 11-OCT-2010 4.894 8.56±0.02
11-OCT-2010 5.022 8.71±0.02

J0403+2600d 04 03 05.5860 26 00 01.503 31-OCT-2010 4.894 2.344±0.003
31-OCT-2010 5.150 2.357±0.004
15-OCT-2010 8.394 2.190±0.003
15-OCT-2010 8.650 2.187±0.003
15-OCT-2010 22.394 1.55±0.01
15-OCT-2010 22.650 1.56±0.01
15-OCT-2010 43.214 1.15±0.04
15-OCT-2010 43.470 1.15±0.04

J2311+4543e 23 11 47.4090 45 43 56.016 31-OCT-2010 8.394 0.602±0.001
31-OCT-2010 8.650 0.605±0.001
31-OCT-2010 22.394 0.525±0.006
31-OCT-2010 22.650 0.531±0.007
31-OCT-2010 43.342 0.43±0.01
31-OCT-2010 43.598 0.43±0.01

J2322+5057e 23 22 25.9822 50 57 51.964 12-OCT-2010 4.894 1.251±0.008
12-OCT-2010 4.894 1.245±0.008

Notes.
(*) Adopted flux density, based on Perley & Butler (2013) (a) Secondary gain calibrator for γ Cas. (b) Absolute flux density and
bandpass calibrator. (c) Secondary gain calibrator for ψ Per. (d) Secondary gain calibrator for η Tau. (e) Secondary gain calibrator
for EW Lac. For 3C48, the flux density S ν as a function of frequency was taken to be log(S ν) = 1.3332 − 0.7665(log(ν)) −
0.1981(log(ν))2 + 0.0638(log(ν))3, where νGHz is the frequency expressed in GHz.
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Table 3. Deconvolved image characteristics for the new VLA Data.

Source λ [cm] θFWHM [arcsec] PA [degrees] rms [µJy beam−1]
γ Cas 6.0 5.4×4.0 −59.3 11.0
γ Cas∗ 3.5 2.9×2.3 −43.6 16.0
γ Cas∗ 1.3 1.1×0.89 −29.6 56.4
γ Cas∗ 0.7 0.63×0.51 −33.7 156
ψ Per 6.0 6.7×4.7 +88.7 12.3
ψ Per 3.5 2.6×2.3 +9.8 21.9
ψ Per 1.3 1.1×1.0 +12.4 83.5
ψ Per 0.7 0.67×0.55 +29.7 252
EW Lac 6.0 6.3×4.6 −89.6 11.7
EW Lac 3.5 2.7×2.2 +35.1 23.4
EW Lac 1.3 1.2×0.9 +30.6 76.5
EW Lac 0.7 0.60×0.53 +57.0 275
η Tau 6.0 4.6×4.1 −3.2 9.75
η Tau 3.5 2.7×2.2 −2.5 23.9
η Tau 1.3 1.0×0.9 +14.9 91.1
η Tau 0.7 0.62×0.52 +56.9 297.5

Notes.
(*) For γ Cas, observations from 2010 October 30 and 31 were combined to make the final maps.

Table 4. Newly acquired radio observations from JVLA (0.7, 1.3, 3.5 and 6.0 cm).

Star F at 0.7 cm [mJy] F at 1.3 cm [mJy] F at 3.5 cm [mJy] F at 6.0 cm [mJy]
η Tau 2.09 ± 0.30 0.852 ± 0.090 0.237 ± 0.024 0.1432 ± 0.0098
EW Lac <0.83 (3σ) 0.351 ± 0.077 0.133 ± 0.023 0.089 ± 0.012
γ Cas 1.65 ± 0.15 0.710 ± 0.057 0.201 ± 0.016 0.128 ± 0.011
ψ Per 3.47 ± 0.26 1.284 ± 0.083 0.435 ± 0.022 0.241 ± 0.012

Table 5. Adopted model parameters.

Star Spectral typea,b Massc [M�] Distanced [pc] Inclination [◦]
β CMi B8 Ve 3.5e 49.6 43e

η Tau B7 IIIe 3.4 123.6 41f

EW Lac B3 IVe-shell 6.1 252 80b,g

ψ Per B5 IIIe-shell 4.4 178.9 75h

γ Cas B0.5 IVe 13.2 168.4 42i

β Mon A B4 Ve-shell 5.1 208 70b,g

Notes.
(a) Slettebak (1982); (b) Rivinius et al. (2006); (c) Harmanec (1988); (d) van Leeuwen (2007); (e) Klement et al. (2015); (f) Tycner

et al. (2005); (g) This work; (h) Delaa et al. (2011); (i) Stee et al. (2012).

Table 6. Derived model parameters.

Star Rp [R�] Re [R�] L [L�] log ρ0 [g cm−3] n Rout [Re] Rc [Re] E(B − V)
β CMi 2.8 ± 0.2 4.20 185 ± 5 −11.78+0.18

−0.30 2.9 ± 0.1 40+10
−5 400 0.01+0.02

−0.01
η Tau 8.0 ± 0.5 10.56 1750 ± 50 −12.23+0.12

−0.16 3.0 ± 0.4 40+10
−5 140 0.06 ± 0.02

EW Lac 4.5 ± 0.5 5.94 3500 ± 100 −11.60+0.12
−0.18 2.2 ± 0.1 100+30

−20 360 0.11+0.04
−0.03

ψ Per 5.5 ± 0.5 7.26 2100 ± 100 −11.48+0.10
−0.12 2.5 ± 0.1 100+5

−15 250 0.08+0.01
−0.02

γ Cas 7.0 ± 0.5 9.24 19000 ± 500 −10.48+0.10
−0.12 3.3 ± 0.1 35 ± 5 560 0.04+0.03

−0.02
β Mon A 4.0 ± 0.5 5.28 4500 ± 100 −10.60+0.19

−0.18 3.0+0.2
−0.1 110 ± 40 380 0.11± 0.04

Notes. The best-fit model parameters of the central star (Rp, L), the disk (log ρ0, n, Rout), and the interstellar medium (E(B − V)). The calculated
values of Re (for given W), and Rc (Eq. 1) are also listed.
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Abstract. To this date ψ Per is the only classical Be star that was angularly resolved in radio
(by the VLA at λ = 2 cm). Gaussian fit to the azimuthally averaged visibility data indicates a
disk size (FWHM) of ∼ 500 stellar radii (Dougherty & Taylor 1992). Recently, we obtained new
multi-band cm flux density measurements of ψPer from the enhanced VLA. We modeled the
observed spectral energy distribution (SED) covering the interval from ultraviolet to radio using
the Monte Carlo radiative transfer code HDUST (Carciofi & Bjorkman 2006). An SED turndown,
that occurs between far-IR and radio wavelengths, is explained by a truncated viscous decretion
disk (VDD), although the shallow slope of the radio SED suggests that the disk is not simply cut
off, as is assumed in our model. The best-fit size of a truncated disk derived from the modeling
of the radio SED is 100+5

−15 stellar radii, which is in striking contrast with the result of Dougherty
& Taylor (1992). The reasons for this discrepancy are under investigation.

Keywords. stars: individual (ψ Per), stars: emission-line, Be, radio continuum: stars
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Figure 1. Azimuthally averaged visibility data of Dougherty & Taylor (points) and a Gaussian
fit to them (thick line) overplotted with the visibility curves derived from our azimuthally
averaged models with different disk sizes (in stellar equatorial radii Re). The disk size best
reproducing the radio SED is 100Re, which does not agree well with the interferometric data.

References

Carciofi, A.C. & Bjorkman, J.E. 2006, ApJ, 639, 1081
Dougherty, S.M. & Taylor A.R. 1992, Nature, 359, 808

1



Conclusion
The class of Be stars is broadly defined on the basis of observational characteris-
tics, specifically the presence of emission lines in the spectra (Collins, 1987). To
distinguish classical Be stars from different types of objects showing line emis-
sion, a physical definition, based on the recent consensus as to their physical
nature, was given: Classical Be stars are rapidly rotating, non-radially pulsating
B-type stars forming outwardly diffusing Keplerian disks, formed from material
ejected from the central star, and governed by viscosity (Rivinius et al., 2013b).
The biggest unknowns concerning classical Be stars are the precise nature of the
mechanism, that ejects material from the central star to Keplerian orbits, and
the physical nature of the turbulent viscosity operating in the disks.

In the first part of the thesis, the current state of knowledge concerning clas-
sical Be stars was reviewed. The origin of the characteristic observables and their
variability was explained and a more detailed introduction to interferometric ob-
serving techniques was given. The implications of the observational character-
istics as to the physical characteristics of the central star and the circumstellar
disks were detailed before arriving at the currently accepted model for classical
Be stars, the so-called viscous decretion disk (VDD) model, which has been able
to withstand all the observational tests it was subjected to.

The main results of the current work are presented in two parts. First, the
results from a detailed study of the stable, late-type classical Be star β CMi are
presented in the form of a series of publications, which include two first-author
contributions to conference proceedings, one first-author paper, that was pub-
lished in Astronomy & Astrophysics, and one co-authored paper, that was pub-
lished in the Astrophysical Journal. The second part of the main results concerns
spectral energy distribution (SED) modeling of six classical Be stars (including
β CMi), which are presented in a first author paper published in Astronomy &
Astrophysics, and one first-author contribution to conference proceedings.

One of the purposes of the detailed study of β CMi was to test the predictions
of the VDD model by means of radiative transfer modeling of arguably the largest
and most diverse set of observations of an individual object, and to assess the
diagnostic potential of different techniques to constrain the physical parameters
of the central star and its circumstellar disk. Using the compiled SED covering
the interval from ultraviolet to radio, multiple emission line profiles, spectro-
polarimetric measurements, and a set of optical/IR interferometric measurements
from a number of instruments mounted at three different interferometric arrays,
it was possible to determine the values of all the free model parameters with
the exception of the stellar mass. Among the main results, it was found that
the shape of the polarized spectrum in the Paschen continuum can under certain
considerations be used to infer the rotation rate of the central star.

The other main purpose of the modeling of β CMi was to confront the VDD
model predictions for the outer disks of classical Be stars with radio flux mea-
surements, which has not been done before. Using radio data at millimeter and
centimeter wavelengths, it was possible to constrain the physical size of the cir-
cumstellar disk, assuming that it is sharply truncated. As the inferred disk size
was rather small, it was proposed that the disk is truncated by a faint binary com-
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panion, that had remained undetected. This proposition prompted a follow-up
study aiming to use a long time-series of high resolution spectra to detect periodic
radial velocity variations possibly caused by the unseen companion. Unambigu-
ous signs of a low-mass companion were indeed found and its orbit roughly agrees
with the one estimated from the size of the disk. As to the nature of the compan-
ion, additional spectral features indicate that it may be a subdwarf star. This
would mean that the β CMi binary system went through a Roche-lobe overflow in
the past, which stripped the originally primary component of its outer layers and
possibly caused the former secondary, now a classical Be star, to attain its fast
rotation. This evolutionary scenario provides one of the possible explanations for
the origin of the fast rotation of classical Be stars.

The method to constrain the size of the disk of β CMi was subsequently
applied to five additional targets, four of which were newly observed at several
wavelengths in the centimeter domain. Signs of disk truncation were found in all
the studied targets and it was concluded that the most plausible explanation is
the presence of binary companions as in β CMi. However, it was found that the
slope of the radio SED is flatter than expected for sharply truncated disks. The
precise nature of the disk truncation, which probably allows for a non-negligible
part of the disk material to leak beyond the truncation radius, is currently under
investigation.

The ongoing and upcoming continuation of the doctoral project includes an
observational campaign aiming to obtain radio flux measurements of a large sam-
ple of classical Be stars, as well as an upcoming project aiming to image the largest
Be disks (based on the SED modeling) in the radio. If succesful, the result would
be the first ever radio image of a classical Be star. The results presented in
the thesis also prompted further development of the HDUST code, which will
be used to study the precise nature of the truncation of Be disks. Last but not
least, updated smoothed particle hydrodynamic simulations that will investigate
whether the disk material could leak even beyond the orbit of the companion are
in preparation.
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J. Máız Apellániz, and W. D. Taylor. The VLT-FLAMES Tarantula Survey. XXII. Multiplicity properties
of the B-type stars. Astronomy&Astrophysics, 580:A93, August 2015. doi: 10.1051/0004-6361/201526192.

A. S. Eddington. Circulating currents in rotating stars. The Observatory, 48:73–75, March 1925.

F. Eisenhauer, G. Perrin, W. Brandner, C. Straubmeier, K. Perraut, A. Amorim, M. Schöller, S. Gillessen,
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Phenomenon: Forty Years of Studies, volume 508 of Astronomical Society of the Pacific Conference Series,
page 323, February 2017.

D. R. Gies. Glimpses of Be Binary Evolution. In M. A. Smith, H. F. Henrichs, and J. Fabregat, editors, IAU
Colloq. 175: The Be Phenomenon in Early-Type Stars, volume 214 of Astronomical Society of the Pacific
Conference Series, page 668, 2000.

D. R. Gies, W. G. Bagnuolo, Jr., E. C. Ferrara, A. B. Kaye, M. L. Thaller, L. R. Penny, and G. J. Peters.
Hubble Space Telescope Goddard High Resolution Spectrograph Observations of the Be + sdO Binary ϕ
Persei. Astrophysical Journal, 493:440–450, January 1998. doi: 10.1086/305113.
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M. Schöller, W. Solscheid, A. Spang, P. Stee, P. Stefanini, M. Tallon, I. Tallon-Bosc, D. Tasso, L. Testi,
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J. Zorec, Y. Frémat, A. Domiciano de Souza, F. Royer, L. Cidale, A.-M. Hubert, T. Semaan, C. Martayan, Y. R.
Cochetti, M. L. Arias, Y. Aidelman, and P. Stee. Critical study of the distribution of rotational velocities
of Be stars; II: Differential rotation and some hidden effects interfering with the interpretation of the Vsin i
parameter. ArXiv e-prints, February 2017.

128



List of Abbreviations
CHARA - center for high angular resolution astronomy
CQE - central quasi emission
FWHM - full width at half-maximum
IR - infrared
LPV - line profile variations
NLTE - non-local thermodynamic equilibrium
RV - radial velocity
sdO/sdB - subdwarf O-type/B-type star
OLBI - optical long-baseline interferometry
PDF - probability density function
PSF - point spread function
SED - spectral energy distribution
VDD - viscous decretion disk
UV - ultraviolet
VLTI - very large telescope interferometer
YSO - young stellar object
ZAMS - zero-age main sequence

129



130


	Introduction
	Classical Be stars
	Astrophysical context
	Classical Be star research

	Observational characteristics
	Spectral lines
	Continuum emission
	Polarization in the continuum
	Interferometric techniques
	Introduction
	Basic principles of the technique
	Atmospheric effects
	The uv-plane coverage
	Spectrally dispersed interferometry
	Comparison of optical and radio interferometry
	Interferometric techniques applied to classical Be stars
	The current OLBI facilities

	Variability
	Short timescales (less than 2 days)
	Binarity-induced variations (weeks to months)
	Long timescales (months to decades)


	Central stars
	Rapid rotation
	Introduction
	Gravity darkening
	Rapid rotation and stellar evolution

	Pulsation
	Introduction
	Classical Be stars as pulsators
	Magnetic fields


	Circumstellar disks
	Disk formation
	Disk structure
	Disk geometry
	Disk kinematics
	Density structure

	Physical models
	Bi-stability in a radiatively-driven wind
	Wind-compressed disk model
	Viscous decretion disk model

	VDD modeling

	β CMi - Multi-technique testing of the VDD model
	Revealing the structure of the outer disks of classical Be stars
	Conclusion
	Bibliography
	List of Abbreviations

