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ABSTRACT

Context. y Cas stars are early-type Be stars that exhibit an unusually hard and bright thermal X-ray emission. One of the proposed
scenarios to explain these properties postulates the existence of a neutron star companion in the propeller stage, during which the
magnetosphere of a rapidly rotating neutron star repels infalling material.

Aims. To test this model, we examined the fluorescent Fe Ka emission line at ~6.4keV in the X-ray spectra of y Cas stars, which
offers a powerful diagnostic of both the primary source of hard X-rays and the reprocessing material.

Methods. We computed synthetic line profiles of the fluorescent Fe Ko emission line in the framework of the propelling neutron star
scenario. Two reservoirs of material contribute to the fluorescence in this case: the Be circumstellar decretion disk and a shell of cool
material that surrounds the shell of X-ray-emitting plasma around the putative propelling neutron star.

Results. We analysed the synthetic line profiles and expected equivalent widths of the lines for three well-studied y Cas stars. The
predicted line strengths fall short of the observed values by at least an order of magnitude. Pushing the model parameters to reproduce
the observed line strengths led to column densities towards the primary X-ray source that exceed the observationally determined values
by typically a factor of 20, and would further imply a higher X-ray luminosity than observed.

Conclusions. The strengths of the observed Fe Ka fluorescent emission lines in y Cas stars are inconsistent with the expected

properties of a propeller scenario as proposed in the literature.
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1. Introduction

The unusually hard and bright X-ray emission of the B0.51Ve
star vy Cassiopeiae has been a puzzle ever since its discovery
(see Smith et al. 2016 for a review and Rauw et al. 2022 for a
recent observational study). Over the last two decades, a number
of similar objects have been identified (e.g. Lopes de Oliveira
et al. 2006; Nazé & Motch 2018; Nazé et al. 2020, 2022b; Nazé
& Robrade 2023), and y Cas is now the prototype of a steadily
growing class of over 30 (currently) known objects (Nazé &
Robrade 2023). All of them are early Be or late Oe stars. They
display log Lx values (in the 0.5-10keV band) ranging from
~31.6 to 33.2, log (Lx/Lyo) between ~—6.2 and —4, and their
X-ray emission is due to a thermal plasma with a temperature
kT > 5keV.

Several scenarios have been formulated to explain this X-ray
emission. Historically, the first explanation that was proposed
was accretion onto a neutron star (NS) companion (White et al.
1982). However, the absence of pulsations and X-ray bursts as
well as the thermal nature and luminosity of the X-ray emission
are arguments against this scenario. Postnov et al. (2017) nev-
ertheless revived the idea of a NS companion. They suggested
that the properties of y Cas could be explained provided the
companion were a rapidly spinning magnetic NS. This object
would then be in the propeller regime, where the rapid rotation
of the magnetosphere prohibits accretion. Accretion onto a white
dwarf companion was proposed by several authors as an alterna-
tive to the NS scenario (e.g. Murakami et al. 1986; Tsujimoto

et al. 2023; Gies et al. 2023, and references therein). To power
the observed level of X-ray emission, this white dwarf scenario
would require a rather large mass-transfer rate from the Be star.
In view of these difficulties and to account for the observed cor-
relation between X-ray and UV variability, Smith et al. (1998)
and Smith & Robinson (1999) elaborated another scenario in
which small-scale magnetic fields at the Be star surface interact
with a magnetic field generated in the Be disk. Finally, Langer
et al. (2020) proposed that the hard X-ray emission might come
from the collision between the wind of a stripped helium subd-
warf (sdO) companion and the circumstellar disk of the Be star.
In addition to a number of conceptual problems, this scenario
was refuted by observing the X-ray properties of a sample of
established and suspected Be + sdO systems (Nazé et al. 2022b).

Much like other Be stars, y Cas and a number of its siblings
have been found to be binary systems with orbital periods in the
range of several weeks to several months (Nazé et al. 2022a,
and references therein). The nature of the companions remains
uncertain, but the most likely values of the companion masses
allow for stripped helium subdwarfs, white dwarfs, or, in some
cases, NSs.

To discriminate between the various scenarios, a different
road must be followed. In the present work, we focus on the
fluorescent Fe Ka emission line near 6.4keV seen in the X-
ray spectra of y Cas stars (e.g. Giménez-Garcfia et al. 2015, and
references therein). The strength of these lines offers a diag-
nostic of the properties of the illuminating hard X-ray source
and of the illuminated material. Moreover, in the future, X-ray
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microcalorimeters on board the X-ray and Imaging Spectroscopy
Mission (XRISM, Ishisaki et al. 2022) and Athena (Barret et al.
2023) will provide high spectral resolution over the 6-7keV
energy band. This will then allow the detailed morphologies of
the Fe Ka line to be observed, thereby offering an even more
powerful diagnostic. As a first application, the present paper con-
centrates on the Postnov et al. (2017) scenario, in which the hard
X-rays are thought to arise from a shell of hot material around a
NS in the propeller regime. Section2 describes the ingredients
of our calculations of synthetic fluorescent Fe Ka line profiles in
the propelling NS scenario. The results of the model applied to
the specific case of y Cas are presented in Sect. 3, whilst Sect. 4
outlines the cases of two other y Cas stars. The implications of
our results are discussed in Sect. 5.

2. The Fe Ka fluorescent line

The illumination of a cloud of relatively cool gas by a bright
source of hard X-rays leads to inner-shell photoionization of the
atoms and ions in the cool material. In this process, a photon with
an energy above the K-shell ionization edge of the corresponding
ion is absorbed, thereby creating a vacancy on the K shell. This
vacancy is filled by an electron from the L or M shell decaying
to the K shell. The excess energy of this electron is shed either
via Auger auto-ionization or by the emission of a fluorescent
line photon (e.g. Palmeri et al. 2003). When the de-excitation
involves an electron from the L shell or the M shell, the fluo-
rescent photons are named respectively Ka or KB. Fluorescent
emission of Fe Ka photons is of particular interest, because the
corresponding line occurs in a relatively clean spectral domain
around 6.4 keV and because Fe ions have relatively high fluores-
cent yields! near 0.3 (Kallman et al. 2004). In X-ray astrophysics,
the Fe Ka line bears a considerable diagnostic potential for both
the properties of the primary source of hard X-rays and the prop-
erties of the illuminated gas. Observationally, fluorescent Fe Ka
lines have been found in various astrophysical environments,
including accretion disks around supermassive black holes in
active galactic nuclei (e.g. Tanaka et al. 1995; Brenneman &
Reynolds 2006), accretion disks around NSs in low-mass X-ray
binaries (e.g. Cackett et al. 2008), accretion flows onto white
dwarfs (e.g. Ezuka & Ishida 1999; Xu et al. 2016), flaring or
outbursting pre-main-sequence stars (e.g. Skinner et al. 2016;
Hamaguchi et al. 2010), and highly active late-type stars (e.g.
Drake et al. 2008; Czesla & Schmitt 2010). However, with the
clear exception of y Cas stars (Giménez-Garcfia et al. 2015) and
possibly some Wolf-Rayet stars (Oskinova et al. 2012), fluores-
cent Fe Ko emission is not seen in the X-ray spectra of massive
stars (e.g. Rauw 2022, for a review on X-ray emission of massive
stars).

2.1. Modelling fluorescent emission

In y Cas stars, several media provide reservoirs of material that
can potentially contribute to the fluorescent line emission. These
include cool plasma in the vicinity of the primary source of hard
X-rays, the Be circumstellar disk and the Be photosphere. If the
fluorescence arises from hard X-rays illuminating an optically
thin slab of cold material, then the ensuing line emission strength
is essentially proportional to the column density of the slab. For

I The fluorescent yield is the probability that inner-shell photoioniza-
tion is followed by fluorescent line emission (either Ka or Kg) rather
than Auger auto-ionization (e.g. Palmeri et al. 2003).
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re-processor column densities higher than 10%* cm™2, this sim-
ple relation breaks down, and absorption and scattering effects
become important (Kallman 1995). For a given column density
of the fluorescent material, the Fe Ko line luminosity scales
mostly with the flux of the illuminating source at the position
of the fluorescent material. The equivalent width (EW) of the
fluorescent Fe Ko line is mostly set by the solid angle occupied
by the fluorescent material as seen from the illuminating hard
X-ray source. In the present work, where we focus on the pro-
peller scenario, we can safely neglect the contribution from the
Be photosphere as the source of hard X-rays is typically located
at a distance of several tens of Be stellar radii (@ ~ 35 R, for
v Cas), therefore leading to a very small contribution to the EW.

We provide here an overview of our model calculations for
the fluorescent line profile. We started by considering a cell of
material at location d from the primary X-ray source and at loca-
tion r from the centre of the Be star. The cell has a hydrogen
particle density ny(r) and its volume is dV. To compute the iron
K-shell ionization in the cell, we integrated the hard X-ray pho-
ton flux per unit energy f(E,d) attenuated by the optical depth
(7(E, d)) along the path of the incoming ionizing photon times
the K-shell ionization cross-section o(E). The hard X-ray spec-
trum is represented by an APEC optically thin thermal plasma
model (Smith et al. 2001) of solar abundance (Asplund et al.
2009) extended at energies above 100keV by a bremsstrahlung
continuum. 7(E, d) is obtained by multiplying o(E) by the col-
umn density of iron atoms along the line joining the cell to
the source of hard X-rays. The K-shell photo-ionization cross-
sections are modelled using the parametrizations of Verner &
Yakovlev (1995) for the Fe ion under consideration. The Fe Ka
emissivity of a cell of material that is exposed to the hard X-
ray source (i.e. the primary source as seen from the cell is not
occulted by the Be star) is given by

jK(Y(r7 d) = EKq ZFe Xion Wion+1 NH(F)

fm o(E) f(E,d) exp(—7(E,d))dE, 1)

Evthres

where Eqs 1S the threshold energy for K-shell ionization (Verner
& Yakovlev 1995), Ex, is the energy of the Ke line (Yamaguchi
et al. 2014), zg. is the abundance of iron with respect to hydrogen
(Asplund et al. 2009), x;o, is the relative abundance of a specific
Fe ion, and wjy4+; the associated Ka fluorescent yield (Kallman
et al. 2004).

The contribution of the cell to the total line luminosity is then
evaluated as

dLKa/(r3 d) = jK(l/(r’ d) exp (_T(EKQ, r, d9 n)) dv Obs(r, da n)s (2)

where jk, given by Eq. (1) is expressed in units ergs~! cm™>,
and the obs(r, d, n) parameter is equal to 1 or 0 depending on
whether or not the cell can be seen by the observer located in the
direction n. The quantity 7(Exy, 1, d, n) yields the optical depth
at the energy of the Ka line from the position (r, d) along the
direction n.

To compute synthetic line profiles as they would be seen by
an external observer, we distinguished between the individual
line profiles and the morphology of the full Fe Ka complex.
Indeed, we must keep in mind that what we call the Ka line
is actually an unresolved array of transitions that arise from the
various combinations of L and K shell electronic configurations
(Palmeri et al. 2003). Each of these transitions has its own energy
and intrinsic strength. The resulting morphology of the Fe Ka
line is thus obtained by convolving the energy distribution of
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the transitions with the individual line profile weighted by the
intrinsic strength of the transitions. For the computation of the
individual line profile, we accounted for the Doppler shift of each
cell of fluorescent material and built a histogram of the line emis-
sion in radial velocity bins of 50 kms~!. Doppler shifts arise for
instance from the Keplerian rotation of the material in the cir-
cumstellar Be disk. As the illuminating source (in the present
scenario associated with the NS) orbits around the Be star, the
Doppler shift of those parts of the Be disk that are closest to the
source, and thus produce the strongest contribution to the fluo-
rescent line, varies. Therefore, the contribution of the Be disk to
the individual line profile is expected to change its morphology
as a function of orbital phase.

2.2. Fluorescence from the circumstellar Be disk

The decretion disk of the Be star provides an important reservoir
of relatively cool material that can contribute to the formation
of the Fe Ka line. In the scenario that we test here, the disk is
illuminated by a roughly point-like source associated with the
hot shell around the NS’s magnetosphere. To model the fluores-
cence from the disk, a number of input parameters are needed.
These include the properties of the hard X-ray emission, esti-
mates of the mass and radius of the Be star, the density profile of
the circumstellar disk, the disk’s inclination to our line of sight,
as well as orbital parameters of the binary system.

The X-ray spectrum of y Cas is described well by a combina-
tion of up to four optically thin thermal plasma components, with
the hottest plasma providing the dominant contribution. For this
hot component, Rauw et al. (2022) determined a mean plasma
temperature of k7 = 12.5keV and a mean flux, corrected for
absorption by the interstellar medium, of 1.5x 1071 ergcm™2 57!
in the 2.0-10.0 keV energy band. To convert the fluxes into lumi-
nosities, we adopted a distance of 190 pc (Nazé & Motch 2018).
The fluorescent Fe K line observed in the XMM-Newton and
Chandra spectra of y Cas has an EW in the range between 34
and 59eV (Rauw et al. 2022).

The mass of the B0.5 Ve star is usually estimated between
15 and 17 M, (Stee et al. 1998; Sigut & Jones 2007). We thus
adopted a value of 16 M. Estimates of the stellar radius range
between 8.2 and 10 R, (Quirrenbach et al. 1997; Stee et al. 1998,
2012; Sigut & Jones 2007; Klement et al. 2017), with a majority
of values at 10 R,.

There is considerably more dispersion among the literature
values of the disk parameters. This could result from either
a genuine epoch-dependence of the disk properties or degen-
eracies of the model parameters. For the disk inclination, the
literature values, based either on interferometric observations or
fitting of the He line profile, range between 42° (Stee et al. 2012)
and 59° (Sigut et al. 2020). The majority of the values gather
around 45° (Quirrenbach et al. 1997; Stee et al. 1998; Silaj et al.
2010) and we thus adopted this value. With the stellar mass and
radius considered here, the Keplerian rotation speed at the inner
edge of the disk amounts to v (R.) = 550 km s7!, in agreement
with the (550 + 50)kms~! obtained by Stee et al. (2012) using
interferometry. For the hydrogen number density distribution of
the decretion disk, we adopted the commonly used power-law
relation (e.g. Hummel & Vrancken 2000)

—a 1 2
nu(r,2) = n (Ri) exp[ (Hir))] 3)

where r and z are the radial and vertical coordinates of the
axisymmetric disk, ng is the hydrogen number density at the

Table 1. Model parameters for three y Cas binary systems.

v Cas m Aqr { Tau
Primary X-ray emission
kT (keV) 12.5 11.5 9.0
fx (107" ergem=2s71) 15.0 1.1 1.8
Be star
M, (M) 16 12.7 11.2
R. (Ro) 10.0 6.5 7.7
Terr (kK) 25 25 20
Be disk
i(®) 45 70 85
ny (1013 cm™3) 2.2 0.45 5.8
a 2.5 2.5 3.0
Rout (Ro) 176 91 118
Binary orbit
Porw (d) 203.523 84.1 132.987
a (Ro) 375 193-198 252

inner edge of the disk, and H(r) is the disk scale height, which
varies with r as

cs(ROR, [ r ki
Urot(Ry) (R_*) ’ @)

H(r) =
with ¢s(R.) the speed of sound at the inner disk edge and p
is the power-law exponent of the radial temperature profile of
the disk as introduced by Kurfiirst et al. (2014). According to
these authors, p should be in the range 0-0.5. Here we adopt
p = 0.25. Assuming solar chemical composition, the density
determinations in the literature correspond to ng in the range
3.6 x 102 cm™ and 3.6 x 10'* cm™ (Stee et al. 1998; Sigut &
Jones 2007; Silaj et al. 2010; Grzenia et al. 2013; Klement et al.
2017; Sigut et al. 2020). This rather wide range probably reflects
a mix of genuine variability, model degeneracy, and model lim-
itations. Discarding the two most extreme values yields a mean
of 2.2 x 10'3 cm™, which we adopted as our default value. For
a, one can find values ranging from 1.5 to 3.95 (Silaj et al. 2010;
Grzenia et al. 2013; Klement et al. 2017; Sigut et al. 2020). We
adopted @ = 2.5 as our default value. In low-eccentricity Be
binary systems, the circumstellar disk is expected to be truncated
by gravitational interaction with the companion at the 3:1 reso-
nance radius (Okazaki & Negueruela 2001). In the case of y Cas,
this resonance radius corresponds to about 176 R, (Rauw et al.
2022), which we adopted as the outer radius of the Keplerian
disk.

The binary orbit of y Cas has a period of 203.523 days
and is nearly circular (Nemravova et al. 2012; Smith et al.
2012). The semi-amplitude of the radial velocity curve of the
Be star amounts to 4.1 kms~! and leads to a mass function of
0.00146 M, (Rauw et al. 2022). Adopting a mass of 16 M, for
the Be star and an orbital inclination of 45° yields a mass esti-
mate of 1.1 My for the companion and an orbital separation of
a = 375 Ry (Rauw et al. 2022). This corresponds to a mass ratio
g = = = 0.07. Using the formalism of Eggleton (1983), we
estlmated the radii of the Roche lobe of the binary components to
be 0.61 a for the Be star and 0.18 a for the NS. Our default model
parameters for y Cas are summarized in Table 1. Throughout
this paper, we assume that the companion’s orbital plane coin-
cides with the Be star’s equatorial plane, which itself contains
the circumstellar Be disk.
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Fig. 1. Distribution of the ionization parameter, &, over the Be decretion
disk for our y Cas default model (Table 1). The hard X-ray source is
located to the right at x = 375R,, y = 0. The labels on the different
contours correspond to the value of log ¢ (from —4.0 for the blue-violet
contour to —6.5 for the red contour). The hatched area lies in the shadow
of the Be star and is thus not illuminated by the hard X-ray source.

The presence of a hard X-ray source near the disk could
in principle alter the ionization of the disk material. This is
expressed via the & parameter defined as

g d7hx )
Ne

where 7, is the electron density and F is the X-ray flux over the
1-1000Ry energy domain (e.g. Kallman et al. 2004). Figure 1
illustrates the distribution of this ionization parameter over the
Be decretion disk. The value of £ inside the disk is the result of
two competing effects. On the one hand, the r~* dependence of
ne with distance from the centre of the Be star implies higher
& values as r increases for a given Fx. On the other hand, the
dependence of Fx on d~2 where d is the distance from the source
of hard X-rays (located here at x = 375Ry, y = 0), leads to a
reduction of & as we move away from the NS’s position. The
largest values of ¢ are thus logically expected in the outer areas
of the Be disk facing directly the source of hard X-rays. Our cal-
culations show that the highest values of log £ is expected to be
about —4.0. Given this low value of &, the ionization state of
the Be disk is not strongly impacted by the presence of the hard
X-ray source (Kallman et al. 2004).

The vertical column density of the Be disk, measured from
the disk plane where most of the fluorescence takes place, is
given by

fo ny(r,2) dz = no (Ri) H(r)\/g

3-

T (ROR
= no (L) GRIR. 7 (6)
R* Urot(R*) 2
Because 3_7‘" — « is negative for all values of a that have

been proposed for y Cas, the maximum value of the column
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density occurs at the inner edge of the disk and amounts to

no % Vr/2. With the default model parameters of Table 1,

this quantity amounts to 6.3 x 10?* cm~2, making the inner disk
mildly optically thick. In the present case, most of the fluores-
cence occurs however in the outer disk regions where the column
density is significantly lower and the relevant parts of the disk are
thus optically thin.

2.3. Fluorescence from the cool propeller shell

Postnov et al. (2017) proposed that the y Cas phenomenon could
be explained if the companion of the Be star is a rapidly rotating
magnetic NS in the so-called propeller stage. In this situation,
direct accretion of material onto the NS is inhibited by the
centrifugal barrier of the NS’s rigidly rotating magnetosphere,
which at its outer boundary rotates faster than the Keplerian
velocity. As a result, the gravitationally captured material from
the Be star outflow would accumulate in a shell around the
magnetosphere. Postnov et al. (2017) infer a gravitational lumi-

G Mns Mpur
Ra

nosity of the shell equal to Lx = where Mys is the

mass of the NS, Mgy is the rate at which mass is accumulated
via the Bondi-Hoyle-Lyttleton mechanism, and R, is the NS’s
Alfvén radius. At Ru, for which Postnov et al. (2017) propose a
value of 10* km, the shell material would reach temperatures of
order Tp ~ 100 MK as the infalling material bounces against the
rigidly rotating magnetosphere.

This shell of gravitationally captured material should extend
between R, and the Bondi-Hoyle-Lyttleton radius for capture

of material from the Be outflow Rpyp = ZGJZWNS. Here vy is the

U,

relative velocity at which the material from tlole Be wind or disk
outflow encounters the NS. For a NS mass near 1.1 M and con-
sidering vy ~ 100km s~ (Smith et al. 2017), Rgyr, amounts to
about ~2.9 x 107 km or 42 R;,.

Postnov et al. (2017) consider that the material in the shell
behaves as an adiabatic ideal gas. This assumption then leads
to a radial profile of the temperature and density that decreases
outwards as

R
T(s) = Ta TA )
and
R 2/3
ne(s) = nea (TA) , ®)

where s is the radial distance from the NS.
Postnov et al. (2017) further consider that the gas in the shell
moves in turbulent motion at a velocity

®

Vb (8) = € (M)

m

with e < 1,y = %, and m the mean mass of particle. Postnov
et al. (2017) adopt vy, = 1000kms™! for the hottest gasz. Over
the radiative cooling time of ~1000 s, the hot gas would therefore
travel out to a distance of order Rg ~ 100 Ry ~ 10° km. This dis-
tance is significantly (29 times) smaller than Rppyr . We can thus

2 Smith et al. (2017) pointed out that this value of vy is a factor of
2-3 higher than the actual line broadening measured in high-resolution
X-ray spectra of y Cas, suggesting that the value of v, might have to
be reduced to below 1000 kms~'.
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RBHL

cool shell

Fig. 2. Schematic illustration of the shells of hot and cool material in
the propeller NS scenario. The different radii (Ra, R and Rgyy) are not
to scale. The curved trajectories illustrate the motion of heated particles
as they drift outwards over the cooling time.

assume that the hot plasma, which would constitute the primary
X-ray source located between Ra and Rp, should be surrounded
by a second shell of cooler gas (T < 1 MK) possibly extending
out to Rgyr. A schematic view of this situation is provided in
Fig. 2. The boundary between these two shells is somewhat arbi-
trarily set to the radial coordinate s where a temperature of 1 MK
is reached according to Eq. (7). In reality, due to the turbulence
(see Eq. (9)), several gas temperatures likely coexist over a given
range of the radial coordinate s.

Adopting the value ny s = 10" cm™ advocated by Postnov
et al. (2017), the ionization parameter & (Eq. (1)) amounts to 0.22
at the inner boundary of the cool shell (Rg). This parameter
decreases outwards as s~*/3, reaching 0.0024 at Ry . According
to Fig. 5 of Kallman et al. (2004), photoionization of iron would
then result in Fe vI and Fe viI being the dominant ionization
stages near the inner boundary of the cool shell. Farther out in
the cool shell, photoionization would have a significantly lower
impact, leaving Fe IV and Fe v as the dominant ionization stages.
If we instead adopted ny s = 5 x 10" cm™ (see Sect. 3.2), then
log & would be reduced by —1.70 and photoionization plays no
significant role in setting the ionization stage of iron. Whilst we
assume here for simplicity that the fluorescent emission involves
ions of a single ionization stage, this assumption has no impact
on our main conclusions regarding the overall strength of the
fluorescent line.

We thus considered the contribution of this putative cool
shell to the fluorescent emission. For this purpose, we discretized
the cool shell into 100 sub-shells of linearly increasing radius.
Each of these sub-shells is discretized according to polar angle
(in steps of 1°) as measured from the direction of the line of
sight towards the observer. Whilst the properties of the cool shell
solely depend on the radial coordinate s and are independent of
polar angle, the column density along the pathway from each
sub-shell element to the observer does depend on polar angle.
This column density is integrated numerically to compute the
optical depth 7 at the energy of the Fe Ka photons. The total flu-
orescent line emission results from the sum of the emission of
each sub-shell element attenuated by the associated exp(—7).

We can estimate the column density towards the primary X-
ray source that this shell of cool material would produce

RpHL RBHL R 32
NH = f ny ds = f NH A (—A) ds
Rp Rp S

12
Ra Rg
= 2ngaRa (2] |1-
MHATA (RB) [ RpnL

]. (10)

With nga = 103 cm™ and Ry = 10* km (Postnov et al. 2017),
we obtain a column density of around 1.6 x 10?! cm~2. This value
is comparable to the column densities found empirically in the
spectral fitting of the X-ray spectra of y Cas, although the obser-
vationally determined column density varies strongly from one
epoch to the other (Rauw et al. 2022). The existence of a shell
of cool material around the primary X-ray source is thus not
inconsistent with the observations.

As indicated in Eq. (9), the motion of the gas in the Bondi-
Hoyle-Lyttleton volume is assumed to be dominated by turbu-
lence with a turbulent velocity that is a fraction of the local
speed of sound. As the temperature decreases outwards, the tur-
bulent velocity should thus decrease from about 100 kms~! at
Rp to about 20km s~ at Rgy.. Hence, we expect the contribu-
tion of the cool shell to the Fe K line profile to have a relatively
narrow shape, consisting of the combination of Gaussian line
profiles of decreasing widths as we consider the contribution of
layers of larger radii. The centre of this profile is expected to be
shifted in velocity by the NS’s orbital motion. From the most
recent orbital solution of y Cas, we can estimate an amplitude of
the orbital motion of the companion of Kyg =~ 60km s~!. In our
model, we thus assume that the line flux from a layer of radius s
in the cool shell is distributed in a Gaussian profile of variance

o = Ué“%{f;) and centred at Kngs sin (27 ¢). Here ¢ is the orbital

phase with ¢ = 0 at the inferior conjunction of the NS star®. The
contribution of the entire cool shell to the individual line pro-
file is then obtained by combining the contributions from each
sub-shell of radius s between Rg and Rgyy..

3. Results
3.1. Fe Ka emission from the Be disk

We discretized the Be disk into 18 000 cells, each of them span-
ning 2° in azimuthal angle, and extending over a radial distance
dr = (Royt — R.)/100. Our code computes the contribution of
each cell according to Eq. (1), accounting for the cell’s vis-
ibility and illumination by the primary X-ray source. We ran
our code assuming seed Fe ions of Fel, Fell, Felll, or Fe1v.
The resulting line luminosities and EWs are very similar for
each of these ions. In the following we focus on the line pro-
files and line characteristics obtained assuming Fe IV seed ions.
With our default parameters, we obtain a total line luminos-
ity* of 9.1 x 10® ergs~! and an EW of 1.35eV. The individual
line profiles for three different orbital phases are shown in
Fig. 3. As expected, the line emission from the Be disk displays
phase-dependent shifts of the line centroid (by about 200 kms™!
peak-to-peak) as well as phase-dependent changes of the full

3 Nemravova et al. (2012) defined phase 0.0 as the time of minimum
radial velocity of the Be star. Hence, our phases are shifted by 0.25 with
respect to theirs: ¢ = dnemravova + 0.25.

4 The line luminosities and EWs quoted in this paper refer to the inte-
grated quantities of the entire Ka line complex, rather than the values
of a specific transition of the array.
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Fig. 3. Predicted normalized individual Fe Ke line profiles for the Be disk. The line profiles are binned into velocity bins of 50km s~
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normalized by dividing by the total flux over the entire line profile. The blue, black and red profiles correspond to orbital phases 0.75, 0.00 and
0.25 where phase 0.0 corresponds to the inferior conjunction of the NS. The left and right panels respectively illustrate the profiles obtained with
our default set of parameters (Table 1) and with the disk density distribution of Silaj et al. (2010).

width at half maximum (FWHM). The most important conclu-
sion though is the fact that, with our default parameters, the
predicted line EW is much lower than the observed range of
EWs (from 34 to 59 eV, Rauw et al. 2022). Whilst we focus
mostly on the comparison between the observed and synthetic
EWs, exactly the same conclusions are reached by comparing
observed and synthetic line fluxes. Indeed, in our calculations
the continuum radiation against which the EW is computed is
evaluated from the model that best fits the observed spectra, thus
making both quantities, line flux and EW, equivalent.

Given our above discussion about the uncertainties affecting
the density profile of the Be disk, we can ask ourselves what
would be the impact of a different assumption on ny and @. The
highest value of n (3.6 X 10'*cm=3) was proposed by Grzenia
et al. (2013), along with a value of @ = 3.95 (i.e. the steepest
density profile proposed for the disk of y Cas). We thus tested
this combination of parameters in our model, keeping all other
parameters identical. This results in an EW of 0.83 eV, lower
than what we have found with our default parameters. The reason
is the high value of @, which leads to low densities in the outer
disk regions, which are closest to the hard X-ray source. Hence,
instead of looking for higher values of ny, we tried a flatter power
law. We thus adopted the density distribution proposed by Silaj
et al. (2010) who derived @ = 1.5 and ng = 4.5 x 103 cm™3.
These parameters lead to an EW of 5.90eV, about 4.5 times
higher than the value for our default model. The correspond-
ing line profiles are shown in the right panel of Fig. 3. Yet, this
value of the EW is still well below the observed values. As a last
step, we thus assumed that, instead of being truncated at the 3:1
resonance radius, the disk extended out to the radius of the Be
star’s Roche lobe, namely Rqy¢ = 229 R. For our default density
profile, this assumption leads to EW = 2.18 eV, while we obtain
13.6eV when adopting the most extreme density profile (Silaj
et al. 2010). The 13.6 eV value likely represents an upper limit to
the contribution that we can expect from the Be disk in the case
of y Cas and assuming the NS propeller scenario.
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Whilst Postnov et al. (2017) attributed the observed Fe Ka
line to fluorescence from the Be disk, our results show that the
EWs of the line contributed by the Be disk would be significantly
smaller than the observed values. Therefore, we conclude that,
additional contributions to the line are needed if the properties
of y Cas are to be explained by a propeller NS scenario.

3.2. Fe Ka emission from the cool propeller shell

As a next step, we considered the contribution to the Fe Ka line
from the cool shell around the NS’s magnetosphere. If we use the
parameter ny 4 = 10'* cm™ advocated by Postnov et al. (2017),
we obtain an EW of the shell contribution of 0.77 eV. Together
with the disk contribution for the default parameters this yields a
total EW of 2.12 eV. This is again much lower than the observed
line strength. If we rather set ny o = 5.0 x 10 cm™3, the shell
contributes 33.9 eV and the total EW becomes 35.3 eV. The cor-
responding individual line profiles are illustrated in Figs.4 and
5, respectively, for nyg o = 103 cm™ and ng o = 5.0x 10'* cm ™.

As pointed out above, the Fe Ka feature is not a single
line, but instead a complex array of transitions. To illustrate
this, the total simulated profiles computed for the set of default
parameters are displayed for four orbital phases in Fig. 6. For
the purpose of this figure, we have adopted an Fe 1V ionization
stage for the fluorescent material, though we stress that very
similar results are obtained for other ionization stages. In this
plot, the blue histograms illustrate the synthetic spectrum with
energy bins of 1eV. The black curves illustrate the result of a
convolution of this synthetic spectrum with a Gaussian whose
FWHM is equal to 6 eV, which roughly mimics the instrumen-
tal response of the Resolve X-ray microcalorimeter aboard the
XRISM satellite. Whilst the strength of the line simulated here
(EW = 2.12¢eV) is well below the actually observed value, it is
worth stressing that the expected global shifts of the centroids
with orbital phase are very similar if we assume higher values
of ny A or a flatter disk density profile. The amplitude of these



Rauw, G.: A&A, 682, A179 (2024)

0.6 T T ‘ T T T ‘ T
| EW(Fe Ka) = 0.77 eV i

0.4

0.2

Normalized Line Flux: cool shell

0.6 T T T T T T T T

0.4

0.2

Normalized Line Flux

Fig. 4. Predicted normalized individual Fe K line profiles for the propeller NS scenario with ny 4 = 10! cm™. The line profiles are binned into
velocity bins of 50kms™! and are normalized by dividing by the total flux over the entire line profile. The blue, black, and red profiles correspond
to orbital phases 0.75, 0.00, and 0.25. The left and right panels respectively display the contribution of the cool shell around the propelling NS and

the sum of this contribution and of the emission arising from the Be disk.
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Fig. 5. Same as the right panel of Fig. 4, but for ny 4 = 5.0 x 10'*cm™.

shifts are well within the reach of future high-resolution and
high-sensitivity instruments such as Resolve on XRISM or the
X-ray Integral Field Unit (X-IFU) on Athena, which should have
energy resolutions of 5-7 eV and <4 eV, respectively.

As we have shown before, the hydrogen column density
towards the primary X-ray source scales linearly with nga
(Eq. (10)). As long as the cool shell remains optically thin,
the EW of the fluorescent line also scales linearly with ny 4.
At high densities, the relation between EW and Ny deviates
however from a straight line because of the increasing optical
depths. These relations are illustrated in Fig.7. The horizon-
tal axis of this figure indicates Ny in logarithmic scale. The
vertical axis yields the EW of the full fluorescent Fe Ka line
(i.e. including the contribution from the Be disk) in logarithmic
scale. The corresponding curve is shown by the red line for
the Be disk with the default parameters. The magenta lines
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Fig. 6. Illustration of the global line profile (i.e. combining the disk
and shell contributions and accounting for the full array of transitions),
adopting the default parameters of y Cas at four different orbital phases.
The blue histogram shows the spectrum binned in energy bins of 1 eV,
whereas the black line provides the result of the convolution with an
instrumental response of 6 eV. The magenta lines indicate the position
of the centroids of the Ka; and Ka, subgroups at phase ¢ = 0.0.

delimit the range of observed values of EW(Fe Ka) from 34
to 59eV. The cyan hatched area corresponds to the values of
Ny towards the hot component as determined observationally
(Rauw et al. 2022). These values range between 0.035 X
102cm™2 and 1.38 x 10*2cm~2. Figure 7 shows that the EW
model curve does not cross the intersection between the cyan
and magenta areas. Reproducing the observed EW range requires
ny.a of 4.7 x 10" cm™3-10' cm=3, whilst the highest observed
absorbing column density restricts nya to values below 8 x
10" cm™. The highest value of the observed column density
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Fig. 7. Dependence of the total EW(Fe Ka) from both the cool shell
around the propelling NS and the Be disk on the hydrogen column den-
sity towards the hot X-ray plasma (evaluated according to Eq. (10)). The
red and dashed blue curves illustrate the total EW(Fe Ka) computed
respectively for the default model parameters and assuming a Be disk
with a Silaj et al. (2010) density profile and extending out to the radius
of the Roche lobe. The horizontal magenta lines illustrate the range of
the observed EW values. The hatched cyan area illustrates the range of
observed hydrogen column densities.

(1.38 x 10%2 cm™2) was measured in an XMM-Newton observa-
tion in January 2021 when the X-ray spectrum of y Cas was
extremely absorbed (Rauw et al. 2022). The second highest
value (1.16 x 10?2 cm™2) was observed in January 2022. How-
ever, those high values are thought to be due to transient clouds
crossing our line of sight. Most of the time, the column density
is at least a factor of 3 lower than in January 2021 (Rauw et al.
2022), which pushes the upper limit on ny o towards even lower
values of about 2.5 x 10'3 cm™3. Therefore, in the propeller sce-
nario with the default model parameters we obtain a mismatch
by typically a factor of 20 between the values of ny A required to
explain the EW(Fe Ka) and the values allowed by the observed
column density?.

A by-product of the above is that, as long as the reprocess-
ing material remains optically thin, one would expect a linear
relation between the column density of cool material towards
the primary X-ray source and the EW of the fluorescent Fe
Ke line. Such a relation is indeed expected theoretically for a
spherically symmetric distribution of the reprocessing material
(e.g. Kallman et al. 2004), and was empirically established for
a sample of X-ray binaries (Torrejon et al. 2010). Yet, no such
correlation was found in multi-epoch X-ray data of y Cas (Rauw
et al. 2022).

At this stage, it is important to point out that increasing the
value ny o to match the strength of the observed fluorescent line
would also impact the overall X-ray luminosity of the propelling
NS. According to Eq. (6) of Postnov et al. (2017), the X-ray lumi-
nosity of the hot shell scales with nlzi 4+ Therefore, increasing
nga by a factor of ~20 would not only lead to a mismatch with
the observed column density, but would also imply a theoretical
X-ray luminosity that exceeds the observed one by a large factor.

We tested whether extending the outer radius of the cool
shell to the NS’s Roche lobe radius would make a significant
change. The answer is no: compared to the situation where the
outer radius was set to Rpyy , the EW of the line arising from the
cool shell increases only by <10%.

5 Assuming here that the entire observed column density stems from
the cool shell.
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As we have shown in Sect. 3.1, the contribution from the disk
would be an order of magnitude higher if we adopt a flatter disk
density profile (Silaj et al. 2010) and assume the disk to extend
out to the Be star’s Roche lobe radius. The dashed blue line in
Fig.7 illustrates this situation. In this case, a range of ny s val-
ues between 2.7 x 10'* and 7.0 x 10'* cm™ would allow a match
between the total theoretical EW and the range of observed val-
ues. Even for this extreme disk model, we still find a mismatch
by an order of magnitude between the ny o densities required to
explain the EW(Fe Ka) and the values of ny 5 allowed from the
observed column density.

4. Other y Cas stars

We now turn to the question whether other y Cas stars display
Fe Ka lines that agree with the predictions of the Postnov et al.
(2017) model. For this purpose, we consider the cases of m Aqr
and ¢ Tau. Though there are other y Cas stars that are brighter
in X-rays (e.g. BZ Cru), we focus here on objects with well-
established orbital periods and Be disk density profiles. Indeed, a
good knowledge of both properties is crucial for our modelling.
Among the known y Cas stars that are established binary sys-
tems, 7 Aqr has the shortest orbital period (84.1 days; Bjorkman
et al. 2002), thus illustrating a situation where the companion is
closer to the Be disk, which should lead to an enhanced fluores-
cence by the disk material. On the other hand, £ Tau illustrates
the case of a shell star, where the system is seen in the plane
of the Be disk. The parameters of these stars are discussed in
Appendix A and are summarized in Table 1.

4.1. & Agr

Applying our code to the parameters of the m Aqr system (assum-
ing an amplitude of 8.1kms™' for the Be star’s RV curve,
Nazé et al. 2019a; Tsujimoto et al. 2023), we obtained once
again rather low EWs. The contribution from the Be disk would
only amount to 0.32eV. Assuming ny s = 103 cm™3, the cool
shell would provide 0.75eV. The combined EW then amounts
to 1.07 eV, which is much smaller than the observed value of
68 + 8eV (Tsujimoto et al. 2023), and such a weak line would
simply remain undetected with current X-ray observatories.

Adopting the same parameters, the value of the column den-
sity due to the cool shell would become 1.6 x 102! cm~2, which
is close to the observed value (2.6 x 10*! cm™2). If the cool
propeller shell were to account for most of the observed fluo-
rescent line, and taking optical depth effects into account, the
np.a density would have to be at least 120 times higher than our
assumed value. This would then lead to a column density near
1.9 x 10?* cm~2 towards the primary X-ray source. This value is
75 times higher than the observational column density, which de
facto rules out the existence of such large values of ny 4.

For the m Aqgr system, we note that Rgyp =~ 38 Ry, is essen-
tially identical to the radius of the NS’s Roche lobe (37.4 Ry),
provided that the NS has a mass of 1 My (which is the case
for the 8.1 kms~! amplitude). If instead, we adopt the larger RV
amplitude found by Bjorkman et al. (2002) then the NS mass
becomes 2.1 M and the Bondi-Hoyle-Lyttleton radius (80 Ry)
would exceed the NS’s Roche lobe radius (47.3 Ry) by a signif-
icant factor. Hence, if the larger RV amplitude holds, we would
have to stop the integration at the NS’s Roche lobe radius, and
the EW contributed by the cool shell would thus only increase
by 0.03 eV reaching 0.35eV.

Likewise, if we allow the Be disk to extend out to the Roche
lobe radius of the Be star, but keeping the same density profile
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as before (19 = 0.45 x 103 cm™3, @ = 2.5), we obtain an EW of
0.45 eV, which will not resolve our issue. Explaining a significant
fraction of the observed fluorescent line strength by the effect of
the disk, would typically require an increase in ng by at least an
order of magnitude, as well as a flatter density profile.

We thus conclude that, in the case of m Aqr, we are left
with the same dilemma as for y Cas: with the best estimates
of the system characteristics it is simply not possible to explain
the strength of the observed Fe Ka line within the framework of
the propelling NS scenario.

4.2. ¢ Tau

Finally, we consider the ¢ Tau system. Using our code with the
default parameters yields an EW of the truncated Be disk con-
tribution between 1.14 and 1.20eV depending on orbital phase.
If instead the disk extended out to the Be star’s Roche lobe,
then it would contribute between 1.67 and 1.73eV. The mild
phase dependence arises from the near edge-on inclination of
the Be disk: depending on the orbital phase the Be star occults
some parts of the disk illuminated by the primary X-ray source.
Accordingly, the highest and lowest emission strengths would be
observed respectively at inferior and superior conjunction of the
NS. Likewise, adopting ny 4 = 10'3 cm™2, the cool shell around
the propeller would provide 0.70eV (or 0.73eV if the shell
extends out to the NS’s Roche lobe). This results in a combined
EW of 1.84-1.90 eV if we consider the default parameters, which
is again much smaller than the observed strength of ~55 + 8eV
(Nazé et al., in prep.).

The associated column density towards the primary source
due to the cool shell would be equal to 1.6 X 102! cm~2, which
is much smaller than the value determined from the Chandra
spectrum (1.55 x 102 cm™2, Nazé et al. 2022b) or from a recent
XMM-Newton observation (1.76 x 102> cm~2, Nazé et al., in
prep.). Due to the orientation of the Be disk with respect to
our line of sight, such an extremely high value could, to a large
extent, reflect the absorption by the Be disk rather than the sole
effect of the shell. In the context of our present study, where we
wish to test the scenario of a primary X-source arising from the
hot shell of a NS in the propeller stage, the observational column
density could be reproduced by an increase in ny a by a factor of
~100to nyg o = 1.0x 105 cm™. Such a value of the density at the
Alfvén radius would render the cool shell mildly optically thick.
Accounting for the optical depth, we estimate an EW of 54.5eV
for the corresponding cool shell contribution. Compared to an
optically thin shell, the optical depth of the shell leads to a reduc-
tion of the EW by 22%. Whilst a value of nga = 1.0 X 109 em™3
could thus explain both the observed column density and EW of
the Fe Ka line, according to Eq. (6) of Postnov et al. (2017), it
would imply a drastic increase in the X-ray luminosity of the hot
shell well beyond the observed value.

5. Discussion

X-ray spectra of y Cas stars display a prominent Fe line com-
plex that includes a clear contribution of a fluorescent line due
to low-ionization Fe atoms. Our calculations indicate that the
model proposed by Postnov et al. (2017) struggles to account for
the observed strengths of these fluorescent Fe Ka lines. With
the default parameters of the propeller model, the predicted line
strength would be way too low for this line to be detectable in all
three of the stars investigated in this study.

A way to overcome the problem would be to invoke geo-
metrical effects that either prevent us from seeing the true level

of the intrinsic primary X-ray emission or lead to the true col-
umn density of the reprocessing material being much higher than
what is estimated from the observed photo-absorption column
density. Whilst such a scenario could hold for a single system
observed at a specific phase (e.g. similar to a high-mass X-ray
binary in eclipse), it seems unlikely for three systems that have
been observed at a variety of orbital phases and always yielded a
similar global picture.

In our model, we consider reprocessing by material in the
Be disk and in a cool shell around the propelling NS. One could
speculate that the polar wind of the Be star plays some role in
the fluorescent process. Using International Ultraviolet Explorer
(IUE) spectra, Prinja (1989) detected a wind signature in the C 1v
A4 1548, 1550 doublet of y Cas. From a fit to the line profile, he
inferred a terminal wind velocity of 1500kms~! and a value of
log [M q(C3**)] = —10.46 (in M yr™!). Assuming the same ion-
ization fraction in Be-star winds as in O-star winds, this value
would correspond to a mass-loss rate of 3.8 x 1078 M yr~!.
Smith & Robinson (1999) and Cranmer et al. (2000) measured
a higher terminal velocity of 1800 kms~! from the blue edge of
discrete absorption components in the Si1v A1 1394, 1403 lines
observed in Hubble Space Telescope spectra. Adopting a mass-
loss rate of 5 x 108 M yr~! and a wind velocity of 1500 km s,
a generous upper limit on the electron density at the position of
the NS is ~1.7 x 10°cm™ (see also Cranmer et al. 2000). This
is about 50 times lower than the density of the cool shell at its
outer boundary, Rppr,, assuming nya = 103 cm™3. Hence, this
polar wind is extremely unlikely to play any significant role in
the formation of the fluorescent line.

The results of our calculations depend on the atomic param-
eters that were used. Atomic parameters used in astrophysics are
subject to uncertainties, and the quantities used in our calcula-
tions are no exception to that rule. Comparing Fe K fluorescent
transition probabilities computed with different approximations,
Palmeri et al. (2003) concluded that the atomic parameters are
likely accurate to 10%. To increase the strength of the synthetic
lines up to the level of the observed lines, one would need to
increase the fluorescence yields and cross-section by much more
than this 10%. Moreover, fluorescence yields are by definition
lower than 1, but to match the observed line strengths, one would
have to increase them by more than a factor of 3, which would
make them exceed this upper limit.

Finally, one could ask whether the usage of solar Fe abun-
dance (Asplund et al. 2009) is appropriate. A higher than solar
Fe abundance could indeed alleviate the mismatch between cal-
culations and observations. Yet, we need to keep in mind that
fluorescent Fe Ko is not the only Fe line in the X-ray spec-
trum of y Cas. The primary X-ray spectrum also displays several
Fe xXVvI1I lines around 0.7-0.8 keV as well as the Fe XXV triplet
near 6.7 keV and the Fe XXVI Lya lines at 6.97 keV. These fea-
tures help constrain the Fe abundance in global fits of the X-ray
spectrum. Such fits do not provide any evidence of higher than
solar abundance, and instead yield a sub-solar Fe abundance
(Smith et al. 2004; Lopes de Oliveira et al. 2010; Rauw et al.
2022), which would only increase the discrepancy.

Torrejon et al. (2010) analysed Fe K fluorescent lines in
Chandra High Energy Transmission Grating high-resolution
spectra of a sample of X-ray binaries, including nine high-mass
X-ray binaries (HMXBs) and y Cas. They established that the
wavelengths of the fluorescent Fe Ka lines indicate that they
arise from Fe ions up to Fe X. Torrejon et al. (2010) further found
that the lines are narrow (FWHM < 5 mA), which indicates that
the reprocessing material is unlikely to rotate at high velocities
(as would be the case for the inner regions of an accretion disk
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close to an accreting NS). The empirical relation between the
EW (Fe Ka) and the column density of the absorbing mate-
rial suggests a roughly spherical distribution of the reprocessing
material. Torrejon et al. (2010) also showed that X-ray bina-
ries display a so-called X-ray Baldwin effect, that is to say, an
anti-correlation between the X-ray luminosity and EW(Fe Ka).
This result was confirmed by Giménez-Garcia et al. (2015) based
on an independent sample of the XMM-Newton European Pho-
ton Imaging Camera (EPIC-pn) spectra of HMXBs. This effect
was interpreted as a decrease in the volume of reprocessing
material due to increasing ionization when the X-ray luminos-
ity increases. In the propeller scenario for y Cas stars, one could
expect a very similar behaviour, as the boundary between the hot
and cool shell would move farther out in response to an increase
in the X-ray luminosity, thereby decreasing the available volume
of reprocessing material. Quite interestingly though, this effect
is not observed in y Cas stars as a group (Giménez-Garcia et al.
2015) nor in y Cas itself when considering observations from
different epochs (Rauw et al. 2022). This suggests that the con-
ditions for fluorescence are fundamentally different in supergiant
HMXBs and y Cas stars.

We thus conclude that the observed strength of Fe Ko in
v Cas stars is at odds with the propeller NS scenario. This is actu-
ally not the only problem that this scenario encounters. Smith
et al. (2017) previously refuted the propeller scenario on other
grounds. Indeed, it does not account for the observed correla-
tions between the UV and X-ray emission of y Cas because the
density assumed by Postnov et al. (2017) at the Alfvén radius
is too low compared to the density required to explain the very
short decay time of the shots seen in the X-ray light curve.
Indeed, the X-ray emission of y Cas stars varies over many
different timescales, from a few seconds to months and years.
The most rapid variations take the form of shots on timescales
as short as 4s (Smith et al. 1998). Such short decay times
require densities of >10'* cm™3, which exceed those assumed by
Postnov et al. (2017) for the shell of the propeller NS. Finally,
based on evolutionary considerations, Smith et al. (2017) show
that the short duration of a propeller phase is unlikely to account
for the number of y Cas stars compared to the population of
known Be HMXBs. This argument has been reinforced over the
last few years as the number of known y Cas stars has consid-
erably increased since 2017 (Nazé & Motch 2018; Nazé et al.
2020, 2022b; Nazé & Robrade 2023). Therefore, in view of the
various results and considerations in this paper as well as the
other problems identified by Smith et al. (2017), we can now
answer the question raised in the title of this article: it seems
very unlikely that the y Cas phenomenon traces a population of
Be stars orbited by a propelling NS.
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Appendix A: Stellar and disk parameters of = Aqr
and ¢ Tau

In this appendix we provide an overview of the literature on
m Aqr and ¢ Tau, which is relevant for the input parameters
needed for our model (see Table 1).

Pi Aqr (also known as HD 212571) is classified as a B1III-
IVe star. The y Cas nature of its X-ray emission was discovered
by Nazé et al. (2017). The hot plasma component has a tem-
perature of 11.5keV (Nazé et al. 2017; Nazé & Motch 2018),
and the flux (corrected for interstellar absorption) amounts to
1.07 x 10" ergem™2s7! in the 0.5-10keV energy range. The
circumstellar hydrogen column density was found to be 0.26 X
10%2cm™2 (Nazé et al. 2017). The EW of the Fe Ke line is
reported at a value of (68 + 8)eV by Tsujimoto et al. (2023).
Bjorkman et al. (2002) observed & Aqr when the disk had cleared
away and showed that it is a binary with an essentially cir-
cular orbit with a period of 84.1 days. These authors obtained
an SB2 orbital solution with a semi-amplitude of 16.7 kms~!
for the Be star, and 101.4kms~!' for the weak Ha emission
line that moved in anti-phase with the absorption line of the
B1 star. Their results imply dynamical masses of mg, sin’i =
12.4M and meomp sin’ i = 2.0M, (Bjorkman et al. 2002).
However, more recent studies, performed when the disk had
re-developed, led to a significantly lower semi-amplitude of
the Be star’s orbital motion of about 8.1 kms~' (Nazé et al.
2019a,b; Tsujimoto et al. 2023). This situation implies consid-
erable uncertainties on the masses of the components: the Be
star’s dynamical mass mg, sin® i = 12.4 M, obtained by Bjork-
man et al. (2002) was converted into a mass of (14 + 1) Mg by
Zharikov et al. (2013), whilst Catanzaro (2013) and Nazé et al.
(2019b) respectively estimate 13 and (11 + 1.5) M. Adopting
the lower semi-amplitude of the Be star’s RV curve, the dynam-
ical masses become mge sin’i = 10.6 Mo and mcomp sindi =
0.85 M. We adopt here a mass of the Be star of 12.7 Mg, which
is the mean of the above estimates. Kepler’s third law then
implies a semi-major axis of 193 Ry for the lower RV semi-
amplitude and 198 Ry for the higher RV semi-amplitude. For
the stellar radius, Zharikov et al. (2013) estimated 13.0 R, whilst
other literature estimates rather fall in the range 5.9 to 7.7Rg
(Catanzaro 2013; Arcos et al. 2018; Nazé et al. 2019b). The larger
radius proposed by Zharikov et al. (2013) most likely stems from
their higher distance estimate of 740 pc, whilst Hipparcos and
Gaia parallaxes rather suggest a distance around 240 pc (Nazé
& Motch 2018; Arcos et al. 2018). Here, we adopt a value of
6.5 R, for the stellar radius. This then leads to a Keplerian veloc-
ity of 610kms™' at the inner edge of the Be disk. Effective
temperatures between 23.3 and 27.6kK are quoted in the liter-
ature (Bjorkman et al. 2002; Frémat et al. 2005; Touhami et al.
2010; Zharikov et al. 2013; Arcos et al. 2018; Nazé & Motch
2018; Nazé et al. 2019b). We take the mean of 25kK. Orbital
and/or disk inclinations are estimated between 50-75° (Bjork-
man et al. 2002), 45° (Silaj et al. 2010), 65-85° (Zharikov et al.
2013), 60° (Arcos et al. 2017), 50-75° (Nazé et al. 2019b), and
(56 £ 5)° (Sigut & Ghafourian 2023). The lowest values would
lead to an unusually large absolute dynamical mass for the Be
star. We thus adopt a value of 70° consistent with the estimated
dynamical minimum mass and our above mass estimate for the
B1 star. The density at the inner edge of the disk was evaluated
to be 107" gem™ (Silaj et al. 2010), 6 x 10713 gcm™3 (Catan-
zaro 2013), 7.5 x 10712-10""" gecm™ (Arcos et al. 2017). This
rather wide range reflects at least partially the epoch-dependence
of the disk strength which has increased significantly over the
last decade (Nazé et al. 2019a; Tsujimoto et al. 2023). The

values of Arcos et al. (2017) were obtained at epochs close to
the XMM-Newton observation. Hence, we adopt here a value of
107" g cm™ which translates into an hydrogen number density
of 4.5 x 10'2cm™3. The disk density power-law exponent a of
m Agr ranges between 2.5 and 3.5 (Silaj et al. 2010; Catanzaro
2013; Arcos et al. 2017). We adopted @ = 2.5, the value from
Arcos et al. (2017). With g = 0.165 (higher RV amplitude) or
g = 0.080 (lower RV amplitude), the Roche lobe radius of the
Be star is estimated respectively to 106.3 or 115.0 R, Likewise,
for the companion we obtain a Roche lobe radius of 47.3 or
37.4R,. Finally, the 3:1 resonance truncation radius of the Be
disk amounts to 91 R,.

Zeta Tau (= HD 37202) is a B11Ve shell star. A first esti-
mate of the characteristics of its X-ray spectrum was derived
by Nazé et al. (2022b) from a heavily piled-up Chandra spec-
trum. A plasma temperature of 11.1 + 4.3keV was inferred,
along with a flux of 1.66 x 107" ergcm™s~! evaluated over
the 0.5-10keV band and corrected for ISM absorption. The cir-
cumstellar absorption column was found to be rather high with
(15.5 +2.0) x 10> cm™2. A recent, pile-up free, XMM-Newton
observation yielded a plasma temperature of 9.0 + 0.3keV, an
ISM-corrected flux of 1.76 x 10~ ergecm™2s~! and a circum-
stellar column density of (17.6 + 0.2) X 10>2 cm™2 (Nazé et al. in
prep.). The mass of the Be star is estimated close to 11.2 M,
(Gies et al. 2007; Carciofi et al. 2009; Ruzdjak et al. 2009;
Touhami et al. 2011). For the mean stellar radius, values of 5.5 Rg
(Gies et al. 2007; Touhami et al. 2011) or 6.1 R (Cochetti et al.
2019) are given in the literature. Carciofi et al. (2009) accounted
for the rotational flattening and rather proposed 5.9 and 7.7 R,
respectively, for the polar and equatorial radii. Since we use the
stellar radius as the inner radius of the disk, which is assumed
to lie in the equatorial plane, we adopt a radius of 7.7 Rs. These
numbers lead to an orbital velocity of 525kms™" at the inner
edge of the circumstellar disk. Mean effective temperatures were
derived in the range from 19.0 to 20.1 kK (Grundstrom & Gies
2006; Gies et al. 2007; Cochetti et al. 2019). Accounting for grav-
ity darkening, Carciofi et al. (2009) inferred 18.0 and 25.0kK,
respectively, at the equator and at the pole. We adopt here a value
of 20kK. The inclination of the Be disk is usually given in the
range from 75° to 89° (Grundstrom & Gies 2006; Gies et al.
2007; Carciofi et al. 2009; Touhami et al. 2011) with the excep-
tion of Cochetti et al. (2019) who rather quote an inclination of
67°. We adopt a value of 85°, consistent with the shell aspect of
the Balmer lines. Estimates of the density at the inner edge of the
disk range from 5.9 x 107" gecm™ to 1.9 x 1071 gecm™ (Gies
et al. 2007; Carciofi et al. 2009; Touhami et al. 2011). The mean
value 1.3 x 1079 gcm™ translates into a hydrogen number den-
sity of 5.8 x 10'* cm™. The a exponent ranges between 2.9 and
3.5 (Gies et al. 2007; Carciofi et al. 2009; Touhami et al. 2011;
Klement et al. 2019) and we adopt a value of 3.0. The p expo-
nent was assumed to be 0 by Carciofi et al. (2009). ¢ Tau has an
orbital period of 132.987 days and a likely companion mass of
0.87-1.02 M, (RuZzdjak et al. 2009), which results in a mass ratio
q = 0.086. Kepler’s third law then yields an orbital separation of
252 R, and the Roche lobe radii are estimated to 148.7 R¢, for
the Be star and 49.9 Ry, for its companion. The 3:1 truncation
radius of the Be disk amounts to 118 Rs. The semi-amplitude of
the Be star’s orbital motion is 7.4 kms™! (Ruzdjak et al. 2009;
Nazé et al. 2022b). For the distance of ¢ Tau, we adopt 136 pc
(Nazé et al. 2022b).
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