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Abstract

Be stars are characterized by the presence of a circumstellar Keplerian disk formed from
material ejected from the rapidly rotating stellar surface. This article presents recent observa-
tional and theoretical progress on two central aspects of this phenomenon: the mechanisms
driving mass loss, and the fate of the ejected material. Using simultaneous TESS photome-
try and ground-based spectroscopy, we examine the short-term variability associated with
discrete mass ejection events, or “flickers”, and review strong evidence linking them to
pulsational activity near the stellar surface. Complementary 3D hydrodynamic simulations
reproduce key observational signatures and establish that disk formation requires compact
and asymmetric ejection sites with sufficient angular momentum to overcome re-accretion.
In systems with binary companions, new high-resolution simulations resolve the outer
disk for the first time and identify five dynamically distinct regions, including a circumsec-
ondary disk and a circumbinary spiral outflow. Together, these results provide a coherent
framework that traces the full life cycle of disk material from pulsation-driven ejection near
the stellar surface to its final destination, whether re-accreted by the companion or lost
from the system entirely.

Keywords: Be stars; mass loss; emission-line; winds; outflows; spectroscopic; photometry;
circumstellar matter; disks

1. Introduction

Mass loss in stars is quite literally a universal phenomenon. Ubiquitous across all
kinds of stellar types and spectral classes, it derives from multiple mechanisms, some
better understood than others. The most notable case is probably mass loss through stellar
winds, which is known to accompany the evolution of intermediate- and high-mass stars
throughout their lifetimes. Already starting on the pre-main sequence objects (e.g., Herbig
Ae/Be [1]), winds continue to be relevant during the main sequence (MS) as well as post-
main sequence phases such as blue supergiant, red supergiant, and Wolf-Rayet stages. In
hot massive stars (O and early B-type) as well as intermediate-mass stars [2], this kind of
mass loss is primarily caused by radiation pressure on metal lines—a process described by
the line-driven wind theory developed by [3] and subsequently refined by many authors
(e.g., [4-6]). As they evolve off of the MS, additional mass loss mechanisms come into
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play. Red supergiants exhibit slow and dense winds, likely driven by a combination of
pulsations and dust formation (e.g., [7]), while luminous blue variables (LBVs) can undergo
eruptive episodes of intense mass loss (e.g., [8]). At later stages, Wolf-Rayet stars lose mass
at extremely high rates via strong and optically thick winds (e.g., [9]), which are essential
in stripping the star of its outer layers and shaping the final pre-supernova structure.

However, mass loss takes on a new dimension in Be stars, a subclass that includes both
intermediate- and high-mass objects. Decades of observational evidence and modeling
have revealed particular mechanisms that differ from those in other stars (at least in their
combination), emphasizing that understanding this phenomenon is essential to interpreting
their observables. As such, one of the main objectives in this subfield is to uncover how
exactly these stars lose mass (discussed in Sections 1.2 and 2) as well as the ultimate fate of
the ejected material (discussed in Section 3).

1.1. Defining the Object: Be Stars

A large fraction of B-type stars are, in fact, Be stars, that is, stars that show (or have
shown in the past) Balmer emission lines in their spectra. These emission lines originate in
a Keplerian decretion disk composed of material ejected from the star itself [10].

According to the leading hypothesis, this ejection can be explained as a combination
of fast rotation speeds and non-radial pulsations, two essential characteristics that are
present across the entire Be population. While Be stars are known to rotate rapidly, with the
fastest rotation among non-degenerate stars [10], current evidence suggests that they are
all subcritical rotators and exhibit a wide range of rotation rates [11]. Regarding pulsation,
recent studies based on space photometry of large samples of Be stars clearly show that this
phenomenon is ubiquitous [12]. The specific ways in which both of those factors influence
mass loss will be discussed in Section 1.2.

The presence of such high rotation speeds raises the question of how Be stars acquire
them in the first place. Historically, three main formation scenarios have been proposed:
(i) Be stars are born as fast rotators [13]; (ii) they gain their high rotation rates through
interaction with a companion [14]; and (iii) they evolve into fast rotators during the MS
evolution [15].

In scenario (i), the Be star inherits its angular momentum from its natal molecular
cloud, forming with significantly higher rotation speeds than other non-Be massive stars.
For scenario (ii), formative Be stars are thought to begin as ordinary B-type companions
to more massive stars, which is a common occurrence for intermediate- and high-mass
stars [16]. As the primary evolves off the MS, it expands to fill the secondary’s Roche lobe,
initiating a phase of mass and angular momentum transfer [17]. During this interaction,
the secondary star destined to become the Be star spins up due to the accreted angular
momentum, while the donor star becomes increasingly stripped. The outcome for the
donor depends on its initial mass, potentially resulting in a compact object or He-rich hot
subdwarf (sdOB) star [14]. Such a scenario is also invoked to explain how Wolf-Rayet
stars lose their outer shells, as opposed to the wind scenario explained in Section 1. This
binary interaction scenario is supported by observational studies. For instance, [18] found
a notable lack of Be stars with MS companions, while such companions are common for
normal B-type stars. This result is expected if a significant number of Be stars are post-mass
transfer systems, as its companion would no longer be a regular MS star. Another possible
pathway involving stellar interactions involves close companions in hierarchical triple
systems. In this context, dynamical interactions with the third body can induce inward
migration of the inner binary, eventually leading to mass transfer, or in some cases a
merger [19] These processes can spin up the primary star to near-critical rotation, providing
the necessary conditions for the Be phenomenon. Recent population synthesis models
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(e.g., [20]) suggest that such triple-induced pathways may account for a substantial fraction
of systems that form stripped companions, consistent with the observed lack of Be binaries
at separations where direct mass transfer is not expected.

Scenario (iii) also posits that Be stars begin their life as ordinary B-types, but states
that structural changes occur as they evolve along the MS, most notably, growth of the inert
helium core. This leads to a redistribution of mass within the star, changing its moment of
inertia. To conserve angular momentum, the outer layers respond by spinning up, poten-
tially reaching near-critical rotation rates without the need for external interaction [15,21].
Evolutionary models that include internal angular momentum transport via meridional
circulation and shear instabilities support this mechanism, although its efficiency in pro-
ducing the observed Be population is up for debate (see [22,23]). Of the three scenarios, this
is the only one that is necessarily always present. Even if it may not account for the bulk of
the rotation, it can prolong the life of a Be star as a fast rotator [24] by counterbalancing the
angular momentum lost through the disk [25].

The relative importance of each formation scenario remains an open question. It may
even depend on environmental factors tied to the properties of the parent molecular cloud
that gave rise to the particular stellar cluster being analyzed. Studies have shown that
characteristics of the star-forming environment such as turbulence, density, and metallicity
can significantly influence the initial angular momentum distribution of stars, potentially
affecting the likelihood of Be star formation [26]. Regardless of the origin of this rapid
rotation, its presence has profound effects on the chemical composition and evolution of Be
stars, distinguishing them from other B-type stars. Rapid rotation can lead to enhanced
mixing processes within the stellar interior, altering surface abundances and extending the
MS lifetime compared to non-rotating counterparts [24].

1.2. Mass Loss in Be Stars

All B-type stars exhibit mass loss through stellar winds during their MS lifetimes [6],
and Be stars are no exception. Given this, several mechanisms based on radiative mass loss
have been proposed over the years to explain the formation of Be disks. One prominent
early model was the wind-compressed disk (WCD) scenario [27], in which radiatively
driven winds from a rapidly rotating star are deflected toward the equatorial plane due
to the conservation of angular momentum, leading to the accumulation of material in a
disk-like structure.

However, subsequent observational and theoretical work has shown that radiative
pressure alone is insufficient to produce the dense and long-lived Keplerian disks observed
around Be stars. In particular, the WCD model predicts equatorial infall and fails to
account for the angular momentum required to sustain a Keplerian disk. Combined with
inconsistencies with spectroscopic and interferometric data, these limitations have led
to the rejection of purely radiative mechanisms as the primary drivers of disk formation
(e.g., [28,29]).

Despite not being able to explain the formation of Be disks, stellar winds do have
significant effects on the disks themselves, making their expression quite unique for Be stars.
As shown by [30] using ultraviolet observations, these stellar winds exhibit orientation-
dependent behavior, appearing much stronger in shell stars (Be stars observed edge-on).
Recent studies by [31,32] have further elucidated the impact of stellar winds on Be disks.
Their simulations demonstrated that line-driven ablation can effectively erode the disk,
particularly in early-type Be stars. This ablation process is so efficient in O-type stars
that it likely accounts for the scarcity of observed Oe stars (O-type stars that present the
Be phenomenon), as their disks are rapidly destroyed by the intense stellar radiation.
Ablation (or lack thereof) is also commonly invoked as one of the mechanisms explaining



Galaxies 2025, 13, 77

4of 16

the increased Be fraction in metal-poor environments, where the absence of metals inhibits
the formation of stellar winds, facilitating the formation of disks [33]. While disk ablation
is recognized as a significant factor in disk dissipation, its exact role in the broader context
of the Be phenomenon remains poorly understood.

Having discarded radiative means as a viable explanation, multiple studies have
since proposed several mechanical mass loss mechanisms. Among these, models involv-
ing magnetically induced mass ejection [34] and convectively driven waves [35] have
been proposed, but either lack sufficient observational support or fail to reproduce key
characteristics of Be disks [36].

The scenario that has best withstood scrutiny is the combined action of Be stars’
characteristic fast rotation speeds and non-radial pulsations [12,37,38]. Due to their fast
rotation, Be stars maintain surface material—especially near the equator—with energies
nearly sufficient to overcome the stellar gravitational well. The non-radial pulsations, on
the other hand, are thought to provide the additional momentum or “trigger” needed to
lift material off the stellar surface and inject it into orbit, particularly modes that couple
effectively with the surface layers. While neither pulsations nor fast rotation appear to
be sufficient alone, their interplay offers a compelling framework to explain the episodic
and variable nature of mass ejection events that feed the circumstellar disk in Be stars (see,
e.g., [10,28]).

One of the first studies to suggest a connection between mass loss and stellar pulsations
was [37]. The first clear observational evidence came from [39], who studied the Be star u
Cen. Their work revealed that outbursts of mass ejection were closely linked to changes
in the star’s non-radial pulsation modes, with enhanced pulsational activity preceding or
accompanying the disk feeding events. Further links are now abundant (see, e.g., [40]).
Today, it is understood that mass loss events in Be stars tend to coincide with an increase in
overall pulsational amplitude and complexity [12], reinforcing the idea that pulsations act
as the crucial “final push” to launch material into the disk. In Section 2, we review recent
results from both observations and models that shed further light on the elusive mass loss
process in Be stars.

As the star injects mass and angular momentum into the disk, the structure expands
further. After multiple proposed theories [36], it is now understood that the disk’s internal
dynamics are best described by the viscous decretion disk (VDD) model [41,42]. Most of
the material injected at the base of the disk acts as an angular momentum donor through
viscous shear interactions and ultimately falls back onto the star—up to 99.9% in some
cases [43]. The remaining fraction, having acquired sufficient angular momentum, reaches
larger orbits, contributing to the disk’s overall radial growth.

Hydrodynamic models such as the VDD, supported by observations, demonstrate
that both the build-up and dissipation of the disk proceed from the inside out [25,42,44—46].
In stars that are initially diskless, the inner regions fill rapidly following the onset of a
mass outburst, while further expansion occurs at a much slower rate [42]. This behavior
is highly variable; while some stars can sustain long-lived outbursts that maintain stable
disks for years (e.g.,  CMi, [47]), others exhibit short intermittent mass loss episodes (e.g.,
u Cen [40]), and many fall somewhere in between. Consequently, dissipating disks can be
“revived” by subsequent outbursts. See [48] for a recent study of a large sample of Be stars
in the Magellanic Clouds.

A lingering question concerns the ultimate fate of the ejected material: the VDD model
predicts that after mass loss is interrupted, the now-unsupported disk begins to dissipate,
eventually vanishing completely. In Section 3, we review recent results suggesting that a
fraction of this material may escape to the interstellar medium (ISM), while some may be
accreted by a stripped binary companion. This would be a remarkable reversal, in which
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matter originally lost by the donor star—formation scenario (ii) above—is later re-accreted
by its own remnant via the disk of the Be star.

2. Mass Loss Front

Mass loss (in any star) often has direct observational counterparts. Historically, the
most important source of information for mass loss in Be stars has been spectroscopy, with
polarimetry and photometry—especially space-based—gaining more ground as of late.
This section mainly discusses differential photometry and spectroscopy, as they relate more
closely to recent developments. We also present unpublished data on the Be star 12 Vul
that traces mass ejection in polarimetry.

With the advent of the Transiting Exoplanet Survey Satellite (TESS) mission [49], high-
precision differential photometry has become available for hundreds of Be stars. This
unprecedented dataset was analyzed in detail by [12], who studied the light curves for
430 Be stars located in the southern ecliptic hemisphere. In addition to their findings on
pulsational properties and variability, the study reported the presence of flickers in 18%
of the full sample, or 31% of early-type stars. Observationally, a flicker is defined as a
deviation from the baseline photometric level that lasts from a few days to several weeks.
In TESS data—collected through a broad-band filter covering the red part of the visible
spectrum extending into the near-infrared—typical flicker amplitudes range from 0.1 to
0.3 magnitudes, although smaller and larger amplitudes are also seen. The vast majority
of flickers are characterized by a net brightening, but a small number of dimming flickers
having much lower amplitudes have also been observed. Furthermore, the growth phase
is typically faster than the decay phase (see [12] for further details). These flickers are
interpreted as the photometric counterpart of short-lived mass loss events, providing a
unique window into the dynamics of disk feeding in real time. Despite their significance,
photometric flickers are primarily sensitive to the amount of mass ejected, offering limited
insight into the geometry and kinematics of the outflowing material.

To address this limitation, an ongoing campaign was launched in 2020 using the
Network of Robotic Echelle Spectrographs (NRES [50]). This effort targets the most active
stars identified in the TESS sample, aiming to complement the photometric data with
spectroscopic diagnostics that can trace the structure and evolution of the ejected material in
greater detail. The four-year effort succeeded in capturing around fifty flickers in thirteen Be
stars observed simultaneously with both TESS and NRES, in addition to seven other events
already reported in the literature, although these were only detected spectroscopically. One
of the best-captured is for f Car, shown in Figure 1. According to the TESS data in the second
row, this Be star displayed two photometric flickers: one of small amplitude, followed by
another of larger amplitude. They are among the clearest flickers in the sample. Other cases
exhibit multiple overlapping events, lack well-defined baselines and appear permanently
active, or even maintain stable disks throughout the observed period, highlighting the
wide diversity of photometric manifestations of mass loss in Be stars.

Both of f Car’s flickers are also visible in the Ha equivalent width (EW, middle row).
However, it is clear that the photometry varies more rapidly than the EW, suggesting that
the former originates in a smaller volume closer to the stellar surface [51]. The fourth panel
shows the line asymmetry calculated using the following formula:

EWy o1 f—édv
=
EWR fUO 1-— EdU

(1)

where vy is the systemic velocity of the star, F, is the observed flux, and Fc is the continuum
level; in addition, EWy /EWR measures the net asymmetry of the line with respect to the line
center. This metric has a distinct advantage over the traditional V/R' ratio commonly used
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in Be star research, as it can be applied to any type of line profile. Indeed, even moderate
departures from a clean double-peaked Ha profile render the V /R ratio unreliable [52]. A
striking behavior seen not only in f Car but in all stars of the sample is that the line becomes
strongly asymmetric during the rising phase of the flicker (see the example profiles in the
top panels). As the flicker fades, the asymmetry also diminishes, typically vanishing within
a few days.

- T T T T T T T T T T T T T T
—=1500 —-1000 -500 0 500 1000 1500 —1500 —-1000 -500 0 500 1000 1500
V [km/s] V [km/s]

T | I | T T
| I |l | |
¥ |
Mn.a..-_a.. A.Mﬁw
Ml e ) A aaaddid 0 M Aad

T T T T
] 1 - |
f.eggl,egh},##ﬁnﬁ-#.ﬁ-ﬂh;. PR AN i A
] 1N LU |

II II T I T T II T II
B | | | | | = | | |

1o T %0 | I
1 R * *tae, I . I

kB

II . II T T T II T Il
T e e
_;:‘l‘#‘.:t%’!’!:. !=ii=!!‘:i!%i=o...!..% ' ¢

s - . ' ¢

II I‘II T .;’I '.I II T II

T T [T (] T T
i ¢ [
_'."'.‘IH} :f...fl“- : 1 0

: :':';' p:..l-- '0.0..:00...0.": ’
-5 CI) 5 lIO l|5 2|0 2|5 3|0 3|5 40

BJD - 2460000

Figure 1. Observables of the Be star f Car (HD 75311). The top panels display six individual Ha
spectra (three per panel). Different colors represent different observation dates marked by dashed
vertical lines in the bottom panels (see [53]). The second row shows the TESS light curve with data
from two consecutive sectors. The same data are shown in the third row with the long-term trends
removed. The forth row illustrates the EW Ha evolution over time and the fifth presents the temporal
variation of the line asymmetry (EWy /EWR; see Equation (1)). The last row shows the temporal
variation of the metric defined in Equation (2).

Another commonly used metric in Be star research is the peak separation (PS) between
the violet and red peaks of the emission line. The PS is often used as a proxy for the
projected orbital velocity of the ejected material; however, it becomes ambiguous in profiles
lacking a clear double peak, as first demonstrated by [54] and later quantified by [55]. In
cases of single-peaked emission or when circumstellar and photospheric contributions are
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of comparable strength, the PS cannot be reliably defined, resulting in the irreversible loss
of critical information about the dynamics of the initial ejecta. For this reason, we adopt
the following metric, inspired by Equation (1) and based on the first momentum of the
line profile:

w _Fv vo ., Fu
_fvovﬁdv / vEdv

~ (W Fv B 755 Fv ()
fvo Fedv 2, Fedv

where v can be interpreted as the separation between the photocenter of each side of the
line. The bottom row of Figure 1 shows the results, in which the integrals were computed
with w = 380 kms~! (approximately V4, sini for this star), where V,, is the orbital speed
at the stellar equator and i is the inclination angle. A notable property of this quantity is
its sensitivity to flux increases at higher velocities. This is illustrated by the orange profile
in the top-right panel, corresponding to the observation at BJD — 2.45 x 10° ~ 14 d. This
profile exhibits flux enhancements at velocities significantly greater than V{4, sin7, which is
uncommon, whereas enhancements at lower velocities are universally observed during
the rising phase of a flicker. This may indicate material being ejected at super-Keplerian
speeds. Other examples of structures at super orbital speeds can be found in the literature,
e.g., [39,56].

As a whole, the observed sample of flickers shares a common set of properties, as
follows: all mass-loss events exhibited line profile asymmetries, with frequencies rang-
ing from 0.3 to 1.9 c/d; stars displaying multiple flickers consistently showed similar
EWy /EWR periods; all mass ejections were initially highly asymmetric, indicating local-
ized emission regions near the stellar equator; following the peak of the flicker, the line
asymmetries diminished over timescales of several days, suggesting that the ejecta gradu-
ally circularized, i.e., became more azimuthally symmetric. Furthermore, in every observed
flicker, an increase in pulsation power (high-frequency signals, as clearly seen between
BJD — 2.45 x 10° ~ 11 and 13 d in the third row of Figure 1) coincided with the mass loss
event—consistent with the connection between pulsation power and flickers reported in
the literature (e.g., [12]).

One interesting result of [53] stemmed from a comparison between the observed
line profile asymmetry periods—measured individually for all stars and flickers, and
linked to the Doppler shifts of the emission lines during the ejecta’s first few orbital cycles
before circularization—and certain characteristic frequencies of the system, namely, the
Keplerian orbital frequency at the stellar equator, the Keplerian orbital frequency at the
critical radius?, and the stellar rotational frequency. The conclusion reached was that the
observed EWy, /EWR frequency is more compatible with the Keplerian orbital frequency
at the stellar equator, as illustrated in Figure 2. This in turn suggests that the material is
launched by mechanisms operating very close to the stellar surface, and retains at least
its characteristic orbital frequency for a few orbital cycles while remaining near the star.
Although this may seem intuitive, it provides a direct observational constraint on the mass
loss mechanism. In addition, it may reinforce the key role played by pulsations, which also
originate in the near-surface layers of the star.
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relation approaches one-to-one for the Keplerian orbital frequency at the stellar equator (top panel).
The data point corresponding to f Car is shown as orange symbols. Figure adapted from [53], ©ESO,
distributed under the terms of the Creative Commons Attribution License (CC BY 4.0).

In recent months, the observational campaign has been expanded to include polari-
metric monitoring. The most notable case so far is the Be star 12 Vul, shown in Figure 3.
The left and top panels display variations in Ha consistent with those reported by [53].
These changes are accompanied by significant changes in both the polarization level and
angle (right panels). The four bottom panels highlight the short-term variability of the
observables, focusing on the periods with the largest observed changes in line emission
(right) and polarization (left). Note in particular the large polarization variability—both in
level and angle—seen in timescales of hours. This is reminiscent of the variations reported
by [58] on Achernar. Together, these findings provide strong evidence that 12 Vul is under-
going active mass loss, in agreement with the spectroscopic indicators, and that this mass
loss presents a complex geometry.

Recent Modeling Advancements

In a soon-to-be-submitted paper, Rubio et al. (in prep.) present the first direct com-
parison between 3D smoothed particle hydrodynamics (SPH) simulations of localized
mass ejections in Be stars and observational data from the above campaign. f Car was
specifically used as a template, given the quality of the observations and its clear and
well-resolved flickers. Motivated by evidence that mass ejection events in Be stars are
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inherently asymmetric, the simulations explore mass loss from a confined region—referred
to as the injection volume—located at the stellar equator. Different values for the size and
rotation rate of this injection volume as well as for the viscosity of the ejected material were
explored in the simulations. The rotation rate of the injection volume may differ from that
of the star itself, as it is assumed that an additional unspecified mechanism helps to lift the
material into orbit.
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Figure 3. Observables of the Be star 12 Vul (HD 187811). The top two panels display four individual
Hu spectra (two per panel). Different colors represent different observation dates marked by dashed
vertical lines in the bottom panels. (Left): the second and third rows show the evolution of the Ha
EW and asymmetry, respectively. The fourth and fifth rows focus on epochs with the largest line
emission variability. (Right): the second and third rows display the V-band polarization level and

angle, respectively. The fourth and fifth rows focus on epochs with the largest polarimetric variability.

Figure 4 shows the temporal evolution of the density of the circumstellar material in
the SPH simulation that provided the closest match to the observations. In this simulation,
the injection volume covers a region of 0.2 radians slightly above the stellar equator;
particles are injected with a rotational velocity 5% above the angular orbital speed at the
stellar equator, plus a ballistic velocity of 20 km s~ with a random orientation. Using the
3D radiative transfer code HDUST [59,60], ref. [61] calculated the synthetic observables
for this SPH simulation, also shown in the figure. The key observables, including the
photometric light curve and Ha line profiles, equivalent widths, and asymmetries, are
well-reproduced qualitatively by the model in terms of both amplitude and temporal
behavior. The results suggest that localized mass injection from a restricted zone along
the equator possessing mildly super-Keplerian rotation forms an important ingredient
for reproducing the observed features of outbursting Be stars. It follows that early disk
evolution deviates significantly from the assumptions of the steady-state viscous decretion
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log(Z) [g cm™]

Norm. flux

A TESS flux

disk theory commonly used in the literature (e.g., [62]). This work lays a quantitative
foundation for constraining the mass ejection dynamics underlying the Be phenomenon.
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Figure 4. SPH and HDUST models of a localized mass ejection in a Be star. First row: snapshots of
the temporal evolution of the surface density X in one of the SPH simulations of [61]. Mass is ejected
from an injection volume that rotates 5% faster than the angular orbital velocity in the equator of the
star. Individual particles have an added ballistic velocity of 20 kms~! with a random orientation. The
injection volume covers an azimuthal range of 0.2 radians around the stellar equator. Second row:
Hu line profiles for each snapshot, with the line color indicating the observer inclination angle (see
legend in the third row). Third to fifth rows: the temporal evolution of the photometry, Hx EW, and
EWy /EWR (Equation (1)), respectively. The times of each snapshots shown in the first and second

rows are marked by dashed gray lines.
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3. Disk Front

The previous section explored why mass loss in Be stars is now understood to occur
from a relatively small region across the stellar equator, and how this manifests in observ-
able signatures. However, what happens to the material after it is ejected—its ultimate
fate—remained an open question until recently. Part of the reason for this is an intriguing
consequence of the viscous decretion disk (VDD) model, as all memory of the geometry of
the initial outburst is effectively erased after the ejected material circularizes and the disk
begins to form. This loss of temporal information poses significant challenges to efforts
aimed at reconstructing the disk formation process from the current disk structure alone, as
the observable configuration no longer retains a direct imprint of the launching mechanism.

This section reviews recent high-resolution SPH simulations by [63]. SPH has been
used in numerous recent studies of Be star disks [43,64-69], as it has been found to be
the most adequate method to unravel the complex decretion mechanics at play when a
binary companion is present. The simulations by [63] introduce three key advancements
over previous work: a physically consistent treatment of the secondary star’s gravitational
boundary (i.e., replacing the traditional Roche lobe-sized sink with a sink matching the
actual stellar radius), the inclusion of particle splitting to enhance resolution in low-density
outer regions, and a revised implementation of viscosity that properly accounts for the
gravitational influence of both stars. As a result, the simulations achieve unprecedented
spatial coverage and dynamic resolution, probing regions up to four times farther than was
previously possible.

A key outcome of these simulations is the identification and characterization of five
structurally and dynamically distinct regions within the perturbed Be disk system. These
regions are illustrated schematically in Figure 5 (left) and can be directly mapped onto
the density distribution from one of the simulations presented in the aforementioned

paper (right).
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Figure 5. On the (left), a schematic representation of the disk, with the Be star centered and the
stripped secondary on the right. On the (right), density maps for a model showing the Roche
equipotential contours and the Lagrangian points. The Be star is the centered black dot, the secondary
is the black star on the right. Figure adapted from [63], ©ESO, distributed under the terms of the
Creative Commons Attribution License (CC BY 4.0).

1.  Inner Be disk—This is the region closest to the Be star, and is the least perturbed by
the presence of the secondary. It behaves much like the classical VDD, with near-
axisymmetry and quasi-Keplerian rotation [70]. Nevertheless, the tidal torque from
the companion induces the so-called accumulation effect, where material piles up
in the inner disk due to the inhibition of outward angular momentum transport.
This leads to a shallower surface density profile. Observationally, this results in
enhanced V-band flux, different He and Fe emission line strengths, and increased
polarization levels.
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2. Spiral-dominated disk—Beyond a few stellar radii, the companion’s gravitational
potential excites large-scale two-armed spiral density waves. These structures are
dynamically active, produce significant radial velocity fluctuations, and break axisym-
metry. The spiral arms arise from orbital perturbations; they are tightly wound in
high-viscosity disks and more open in low-viscosity systems [67]. This region can
cause cyclic V/R variations in the Balmer lines and changes in the line profiles. A
prime example is the locked V /R variations found in 7r Aqr [71] and several other Be
stars [72].

3.  Bridge—As one of the spiral arms extends into the Roche lobe of the secondary, a
stream of material is channeled directly towards the companion. This narrow elon-
gated structure—dubbed the bridge—acts as a conduit for angular momentum and
mass exchange between the Be disk and the secondary’s immediate environment. Its
presence may lead to transient emission components or asymmetries in spectral lines.

4.  Circumsecondary region—Material entering the companion’s Roche lobe is not in-
stantly removed, as in previous simulations ; instead, it accumulates and circularizes
into a rotationally supported structure, effectively forming a small circumsecondary
disk. The presence of this region is critical for understanding low-level accretion
phenomena, including the possibility of faint X-ray signatures, and may offer indi-
rect observational clues about hidden companions. Emission from this structure has
been already detected in a handful of objects, such as HD 55606 [73], as well as by
spectro-interferometry for HR 2142 [74].

5. Circumbinary region—Not all of the material entering the Roche lobe is accreted; a
significant portion exits the lobe behind the companion, joining the trailing spiral
arm and forming a large-scale one-armed spiral that wraps around the entire binary
system. This circumbinary spiral is dynamically decoupled from the inner disk and
constitutes the only part of the ejected matter that ultimately escapes the gravitational
influence of the system. It may manifest as infrared or radio excess (see, e.g., [75]).

Taken together, these simulations outline the complete cycle of disk material in Be
binaries: mass lost by the rapidly rotating Be star feeds the inner disk; part of it is deflected
and captured by the companion—its former mass donor—and another fraction escapes the
system in a spiral outflow.

4. Conclusions

This work presents coordinated observational and numerical advances that shed new
light on two critical aspects of the Be phenomenon: the process of mass ejection from the
star, and the subsequent evolution of the circumstellar disk.

Regarding the mass-loss front, the combination of space-based photometry and high-
cadence spectroscopy confirms that non-radial pulsations amplified by near-critical ro-
tation are the primary drivers of discrete mass-loss events. These episodes leave both
spectroscopic and photometric signatures consistent with localized ejections near the stellar
equator. Recent still-unpublished models combining SPH simulations of localized mass
ejection with 3D radiative transfer calculations are well able to reproduce the observations
of fCar, the star with the best-sampled mass ejection events. These models suggest that
mass is ejected from the Be star at slightly super-Keplerian velocities over a small region of
the equator. This localized asymmetric ejection is essential to explaining the observed line
profile asymmetries.

On the disk front, state-of-the-art SPH simulations now offer sufficient resolution
to resolve the full structure of Be disks in binary systems. These simulations identify
five morphologically and dynamically distinct regions and demonstrate that a fraction
of the ejected material is re-accreted by the secondary—the former mass donor—while



Galaxies 2025, 13,77 13 of 16

another portion escapes the system in a one-armed spiral. These results provide the first
complete picture of the physical processes that connect the star and the long-term evolution
of its disk.
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Notes

1
2

V/R stands for the ratio between the blue- and red-shifted peaks in a two-peaked line profile.
In the Roche approximation [57], the critical radius is defined as the maximum equatorial radius of a stable fast-spinning star,
and is 50% larger than the polar radius.
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