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ABSTRACT

Context. The Be star ¢ Tau was recently reported to be a y Cas analog; that is, it displays an atypical (bright and hard) X-ray emission.
The origin of these X-rays remains debated.

Aims. The first X-ray observations indicated a very large absorption of the hot plasma component (Ny ~ 10 cm™2). This is most
probably related to the edge-on configuration of the ¢ Tau disk. If the X-ray emission arises close to the companion, an orbital modu-
lation of the absorption could be detected as the disk comes in and out of the line of sight.

Methods. New XMM-Newton data were obtained to characterize the high-energy properties of £ Tau in more detail. They are comple-
mented by previous Chandra and SRG/eROSITA observations as well as by optical spectroscopy and TESS photometry.

Results. The high-quality XMM-Newton data reveal the presence of a faint soft X-ray emission, which appears in line with that
recorded for non-y Cas Be stars. In addition, ¢ Tau exhibits significant short-term variability at all energies, with larger amplitudes at
lower frequencies (“red noise”), as is found in X-ray data of other yy Cas stars. Transient variability (softness dip, low-frequency signal)
may also be detected at some epochs. In addition, between X-ray exposures, large variations in the spectra are detected in the 1.5-4 keV
energy band. They are due to large changes in absorption toward the hottest (9 keV) plasma. These changes are not correlated with
either the orbital phase or the depth of the shell absorption of the Ha line. These observed properties are examined in the light of

proposed vy Cas models.

Key words. stars: emission-line, Be — stars: individual: { Tau — X-rays: stars

1. Introduction

A prominent star in the night sky, { Tau (B1Ve, V = 3.03) has
been known for more than a century to be a binary system
with a P ~ 133 days orbit (see RuZdjak et al. 2009 and refer-
ences therein). Its companion is a low-mass (~1 M) object of
unknown nature that could be a hot stripped Helium star or a
white dwarf (WD). Such low-mass companions appear common
for Be stars (e.g. Wang et al. 2021; Nazé et al. 2022a). In fact,
in the current paradigm, they should naturally result from binary
interactions that led to the formation of the fast-rotating Be star
(Pols et al. 1991; van Bever & Vanbeveren 1997; Shao & Li
2014).

The “shell” profile of the Ha emission line of ¢ Tau, with its
prominent central absorption, suggests a high inclination for its
circumstellar disk. Values of 70-90° have been derived using Ha
fitting, polarimetric analyses, and/or interferometric measure-
ments (Quirrenbach et al. 1997; Tycner et al. 2004; Grundstrom
& Gies 2006; Gies et al. 2007; Carciofi et al. 2009; Touhami et al.
2013; Cochetti et al. 2019). As is common for Be stars, the usual
disk tracer, the He profile, evolves over decades, with minimal
emissions being notably recorded at the end of the 1980s and
around 2013 (RuZzdjak et al. 2009; Pollmann 2017). In addition,
changes in the violet-to-red (V/R) peak ratio and/or the central
absorption strength have also been detected (Ruzdjak et al. 2009;

* F.R.S.-FNRS Senior Research Associate.

Stefl et al. 2009; Nazé et al. 2022c). A complicated profile, with
multiple emission peaks, is also sometimes observed (Ruzdjak
et al. 2009; Stefl et al. 2009). It can be noted that such profiles
can be interpreted as either triple emissions or a double absorp-
tion (Stefl et al. 2009). In the 1990s and 2000s, the He line of
{ Tau presented a stable cycle of about 1400 days. It was inter-
preted as the effect of a precessing disk (Schaefer et al. 2010)
or of a one-arm spiral oscillation in a viscous disk (Carciofi
et al. 2009). More recently, the variations changed, with little
V/R variability but a strong modulation of the central absorp-
tion depth (Nazé et al. 2022c). Contrary to older observations,
no periodicity was detected; rather, there appears to be some
cyclicity over timescales of hundreds of days.

The X-ray emission of {Tau was examined only recently.
Our study of Be+sdOB binaries or candidates used an archival
Chandra 10ks-exposure (ObsID = 26239), in which ¢ Tau
appeared heavily piled-up' (Nazé et al. 2022c). To overcome this
problem, the data were extracted in an annulus rather than a cir-
cle. This degraded the signal-to-noise but allowed us to examine

1 “Pile-up” in X-ray observations occurs when several photons impact

the same pixel or neighbouring pixels during one observing frame (i.e.
one read-out cycle). These photons are then erroneously recorded as
a single photon with an energy corresponding to the sum of those of
the incoming photons. One notable consequence is a spectral distortion,
with the X-ray source appearing harder than it really is.
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the X-ray emission, for which the presence of a strongly absorbed
hot X-ray plasma was clearly detected. The high luminosity com-
bined with the high temperature of the X-ray emitting plasma
revealed that £ Tau belongs to the growing class of y Cas analogs.
This y Cas character was subsequently confirmed thanks to the
first four semesters of eROSITA observations (Nazé & Robrade
2023), although the short exposure time (even when combining
all semesters) and the presence of optical loading (i.e., contam-
ination of X-ray data by optical and/or UV photons) limited the
quality of these data.

v Cas analogs share unique X-ray characteristics (Smith et al.
2016; Nazé & Motch 2018): high temperatures (k7' > 5keV),
high luminosities (log(LgorL/Le) of —6.2 to —4, which are in
between values for “normal” OB stars and X-ray binaries), short-
term “shots”, and the presence of an iron fluorescence line at
6.4keV. To date, peculiarities have only been found for these
stars in the X-ray range. The origin of the y Cas phenomenon
remains a puzzle. Several scenarios have been proposed to
explain the presence of such a hot plasma. One of them envisages
the X-rays arising from localized magnetic star-disk interactions
(Smith et al. 1998). Others rather invoke a major role for the
companion to the Be star, with either accretion onto a WD
(Hamaguchi et al. 2016), accretion onto a neutron star in the
propeller stage (Postnov et al. 2017), or a collision between the
wind of a subdwarf companion and the Be disk (Langer et al.
2020). Both observational and theoretical arguments could dis-
card the latter two ideas (Smith et al. 2017; Nazé et al. 2022c;
Rauw 2024). However, the non-detection of subdwarf stars in
some y Cas systems, suggesting that the companions are WDs,
may provide some support for the accreting WD idea (Gies
et al. 2023). Two scenarios thus remain, with or without the
(contemporary) involvement of a companion.

To better characterize the high-energy emission of ¢ Tau,
and gain further insight into the origin of the X-ray emission,
we obtained two high-quality XMM-Newton exposures of ¢ Tau.
They were taken at two very different orbital phases, allowing us
to probe the system first when the Be star appears in front of its
companion and then in the opposite situation. If the X-rays arise
close to the companion and the absorption is due to the Be disk,
then a strong modulation of the absorption with orbital phase
should be detected — but alternative configurations are possible.
The XMM-Newton data will therefore be interpreted consider-
ing the previous X-ray observations but also optical spectroscopy
and broad-band photometry from TESS. The data are presented
in Sect. 2, the observational results are provided in Sect. 3 and
discussed in Sect. 4, and Sect. 5 summarizes our conclusions.

2. Data

The XMM-Newton data were acquired in March and October
2023 (ObsID = 0920020301, 0920020401). These epochs corre-
spond to two opposite orbital phases, ¢ = 0.0 and 0.5 (Be star in
front and companion in front, respectively, using the ephemeris
of Nazé et al. 2022c). The observations used a thick filter to avoid
optical contamination from the very bright optical emission of
that object (V = 3.03). In addition, the “small window” mode
was used to avoid pile-up.

The data reduction was done with the Science Analysis Soft-
ware (SAS) v21.0.0 and calibration files available in September
2023. First, the pipeline processing was applied to both Euro-
pean Photon Imaging Camera (EPIC) cameras, then a filtering
was done on the event files to keep only the best-quality data
(PATTERN 0-12 for MOS and 04 for pn). Following the
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Fig. 1. Field of view (15’ radius) of both XMM-Newton exposures (all
EPIC cameras combined; March 2023 on top, October 2023 at the bot-
tom). The yellow arcs mark the limit of the stray light contamination,
the blue circles correspond to the source extraction regions (30" radius),
and the green circles are the background extraction regions (their size
is limited by the “small window” mode: the smaller ones are for MOS
cameras, the larger one for the pn camera).

inspection of global light curves at energies above 10keV, no
contamination by background proton flares was detected.

Stray light from the Crab Nebula, which lies at 1.1° of { Tau,
contaminates the field of view (Fig. 1). Fortunately, it does not
impact { Tau or its close surroundings so that a clean extraction
can be done for the target. The source counts were extracted in
a circle centered on the Simbad coordinates of ¢ Tau and with
a radius of 30”. Background regions were chosen on the same
central CCD, at a location as nearby as possible from the source
and with the largest radius possible (see Fig. 1).
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Fig. 2. X-ray light curves recorded for { Tau with EPIC-MOSI1 (left), MOS2 (middle) and pn (right) in the 0.5-10keV energy band and for three
time bins. The data points and their error bars are shown in red for the two longer bins. The first XMM-Newton observation is shown on top and the

second one at bottom.

Using these regions and the dedicated SAS reduction tasks,
spectra and their response matrices were built, as well as light
curves corrected to provide equivalent full-PSF, on-axis count
rates. To assess the effect of time binning, light curves were
calculated for 10, 100, and 500 s bins in the 0.5-10keV energy
band. In addition, to investigate changes in hardness, light
curves were constructed for two energy bands, 0.5-2keV and
2-10keV with the 500s bin. To investigate the presence of
“softness dips” (Hamaguchi et al. 2016), three additional energy
bands were considered (0.5-1.5, 1.5-4, 4-10keV) but only with
a 1000 s time bin in view of the low number of counts in the soft
band. These bands also correspond to three zones with different
long-term behavior (see Sect. 3.2). The average count rates in
the total band are 0.41 and 1.32ctss™! for MOS and pn in the
first exposure, respectively, and 0.51 and 1.45ctss™! for the
same cameras in the second exposure. The counts in 0.5-2keV
represented only about 2% of all recorded counts in the first
exposure, but that fraction doubled in the second one.

In support of the XMM-Newton data, we made use of the
Chandra and eROSITA data previously published (Nazé et al.
2022c; Nazé & Robrade 2023). In addition, optical amateur data
presented in Nazé et al. (2024), and taken close to the time of the
X-ray exposures, are also used. Finally, £ Tau has been observed
by the TESS mission, with a 2 min cadence, during Sectors 43
to 45 (in 2021) as well as Sectors 71 and 72 (in 2023). These
light curves were downloaded from MAST archives” and filtered

2 https://mast.stsci.edu/portal/Mashup/Clients/Mast/
Portal.html

log(Amplitude in cts s7')

100s bips| | L L
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Fig. 3. Fourier transform of the EPIC-pn light curves in total band,
shown with log—log scaling. The 10 and 100s binning are used on
top and bottom, respectively, and the first and second XMM-Newton
observations are represented by the solid black and dotted red lines,
respectively. The blue line provides A o 7% while the green line
shows A o 703,

to keep only the corrected points of highest quality (null quality
flag and PDCSAP — Pre-search Data Conditioning Simple Aper-
ture Photometry — to eliminate instrumental, long-term trends).
Fluxes were converted into magnitudes and the average value
was subtracted.
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Fig. 4. Curves in three energy bands and their ratios. Left and middle: EPIC light curves in the two XMM-Newton observations (March in the left
panel, October in the middle panel) in the 0.5-1.5, 1.5-4., and 4-10keV energy bands with a 1ks time bin. EPIC-MOS]1 data are shown with a
solid black line and dots, MOS2 with a dashed red line and crosses, and pn with a dotted green line and triangles. Right: ratios of these count rates

for the first (top) and second (bottom) XMM-Newton observations.

3. Results
3.1. Intra-pointing light curves

Figure 2 shows the X-ray light curves in the total energy band for
the three EPIC cameras and both exposures. All three cameras
display a similar behavior, with variations well over the expected
Poisson noise. In the first XMM-Newton observation, the count
rate increases over the whole duration of the exposure. In addi-
tion, several short-term flux increases can be discerned: a narrow
one at the start of the exposure, followed by approximately three
broader ones. In the second observation, we can see the end of
such an event at the start of the exposure, followed by a shal-
low general increase superimposed on several narrow increases
(“shots” and shot aggregates) of various amplitudes and dura-
tions. Such features are regularly seen in y Cas analogs (Lopes
de Oliveira et al. 2010; Torrejon et al. 2012; Nazé et al. 2017) and
can even be considered as typical of this class, as they are not
detected in “normal” OB stars (Smith et al. 2016).

A Fourier algorithm (Gosset et al. 2001) was applied to the
total band curves for both 10 and 100 s bins, which yields similar
results (Fig. 3). No persistent periodic signal is detected although
a small (transient) peak appears at a timescale of 3.7 ks (about
1 h) in the first XMM-Newton observation. As in other y Cas
analogs (Lopes de Oliveira et al. 2010; Torrején et al. 2012; Nazé
et al. 2017), a decreasing amplitude as the frequency increases is
detected. The trend follows A oc £~%735, which is slightly steeper
than the A o £~ found for y Cas in Lopes de Oliveira et al.
(2010) and Smith et al. (2016), but the periodogram is not as pre-
cise as in y Cas so that the exponent is less well constrained and
an exponent of —0.5 cannot be excluded. At higher frequencies,
Poisson noise comes into play and the upper limit of the curve
flattens, so that the two-slope break near 0.01 Hz seen in y Cas
(Lopes de Oliveira et al. 2010) cannot be detected here.

Turning to the hardness ratios, no significant correlation
between the count rate in the total band and hardness can be
discerned. However, Hamaguchi et al. (2016), Smith & Lopes
de Oliveira (2019), and Rauw et al. (2022) reported on the pres-
ence of “softness dips” in the light curve of y Cas; that is, time
intervals with a lower fraction of very soft counts in the sig-
nal (whatever its overall amplitude). A feature of this type may
have been possibly detected at the end of the first XMM-Newton
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observation, although it was detected only in the pn camera and
with a low significance (Fig. 4). We note however that the soft
count rate is very low and the noise in the MOS cameras is larger
than for the pn.

3.2. TESS

The TESS light curves of { Tau are shown on Fig. 5. The ampli-
tude of the variations is rather small, generally below 10 mmag
as in other yCas analogs (Nazé et al. 2020). However, the
light curve shape is not constant as there are short intervals at
which oscillations clearly display larger amplitudes. The transi-
tion to such changes appears rather abrupt. The periodograms
for individual as well as combined sectors has no significant
high-frequency signal (10-360day~') but display broad multi-
frequency peaks at low frequencies (“frequency groups”) as
often found in Be stars (Nazé et al. 2020; Labadie-Bartz et al.
2022). These periodograms display similar, but not exactly iden-
tical, features. In particular, the amplitude of the signals do con-
siderably vary with the considered sector, as could be expected
from the light curve behavior. The structure of the frequency
groups also changes from sector to sector. The most common
signals are detected near 0.23-0.24 day~!, near 0.95-1.08 day ',
near 1.26-1.32day!, and near 2.0-2.5 day ™.

All TESS photometric datasets was gathered as the Ha line
strength was declining (i.e. its core absorption was growing, see
Sect. 4.1), but there does not seem to be any simultaneous mono-
tonic trend in the TESS data. The fourth eROSITA scan was
performed at the start of the 2021 TESS observations, just before
the strong oscillation episode. Nothing particular is detected
in the optical light curve at the time of these X-ray observa-
tions (Fig. 5). The last XMM-Newton observation was taken just
before the 2023 TESS data were gathered hence nothing can be
concluded regarding the optical behavior at that specific epoch.

The largest amplitude of the oscillations is detected near
¢ = 0. The 2021 and 2023 TESS datasets cover different orbital
phase intervals, but there is a small phase overlap near ¢ = 0.9—
0.95. When those two datasets are directly compared (Fig. 5),
the TESS data show no sign of a recurrent behavior with orbital
phase: the zero phase of the strongest oscillations in 2021 thus
probably is a coincidence.
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Fig. 5. TESS data of ¢ Tau. Top: the TESS light curves of £ Tau in sec-
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overlapping in orbital phase. Bottom: periodograms of the combined
(43-45 and 71-72) light curves with insets showing the individual peri-
odograms for each Sector.

3.3. Spectra

As can be seen in Fig. 6, the spectrum of £ Tau is dominated by
hard X-rays. This emission comes from a very hot plasma, as the
intense iron lines at 6.7-7.0keV testify. However, this emission
suffers from a strong absorption that removes most flux below
4keV. At the lowest energies, the flux decrease stops and a faint
soft component starts to appear. It could not be seen in the previ-
ous Chandra and eROSITA data due to their low signal-to-noise
at these energies.

Comparing the two XMM-Newton exposures reveals that the
spectrum remains the same at the lowest and highest energies,
but not in between (Fig. 6). It is only between 1.5 and 4 keV that

pn spectra - XMM1 (black), XMM2 (red)

normalized counts s-' keV-!

2
Energy (keV)

Fig. 6. X-ray spectra recorded for £ Tau by the EPIC-pn camera in the
first (black) and second (red) XMM-Newton observations, along with
their best-fit models (top of Table 1).

changes are seen. At first sight, this seems to suggest a change
in the absorption toward the hottest plasma. To ascertain what
exactly happens, the spectra were fitted for £ > 0.3 keV, within
Xspec v.12.11.1, using solar abundances of Asplund et al. (2009).

The first fitting trial considered a single thermal compo-
nent (apec) absorbed by the interstellar medium (NII_ISM =2.7x%

10%° cm™2, see Nazé et al. 2022¢) and some local material. While
this fits well the high-energy part, the spectrum at low energies is
not at all reproduced. We therefore introduced a second, cooler,
component. This was still insufficient, so a third thermal com-
ponent was added. This improved the situation at low energies
although some small features near 1 keV were still not perfectly
reproduced, suggesting the need of a fourth thermal compo-
nent. In addition, a Gaussian was clearly needed to reproduce
the iron fluorescence line at 6.4keV (the line energy was fixed
to that value and the line width was set to zero as the line is not
resolved by the EPIC instruments). Adding a separate absorption
for the warm thermal components resulted in an absorbing col-
umn compatible with zero, so it was discarded. Our final model
thus consisted in four thermal components, plus one Gaussian
and some absorption for the hottest component: phabs(ISM) x
[apec; + apec; + apecs + phabs X apecy + Gaussian].

While the fitting used all EPIC spectra simultaneously, the
two observations were fitted independently. As the first, sec-
ond, and last best-fit temperatures agreed well, within errors,
they were fixed and the fit was re-done with k7T = 0.085 keV,
kT, = 0.55keV, and kT4 = 9.10keV. The resulting parameters
are provided in Table 1. A last trial was inspired by the anal-
ysis of the XMM-Newton spectra of y Cas (Smith et al. 2004;
Rauw et al. 2022): it considers kT3 = kT4; in other words, only
part of the hot component suffers from a (large) local absorption.
The temperatures converged to similar values in both observa-
tions and thus were fixed (kT; = 0.085keV, kT» = 0.55keV,
and kT3 = kT4 = 9.05keV). The results of this trial are pro-
vided at the bottom of Table 1. We note that most of the hot
plasma is strongly absorbed. The normalization factor of apecy
is at least 99.7% of the full normalization of the hot compo-
nent (apecs + apecy). Using a formal model of partial covering
absorption (i.e. phabs(ISM) X [apec; + apec, + pcfabs X apecs +
Gaussian]) with the same temperatures confirms these results:
the best-fit covering fraction is 1, with an error of 0.001.

A181, page 5 of 14



Nazé, Y., et al.: A&A, 688, A181 (2024)

Table 1. Results of the spectral fitting of XMM-Newton spectra.

ObsID HJID-2.4e6 ¢ norm, norm, kT; normsy Nu normy
(10*cm™) (105 cm™) (keV) (1073 cm™) (102 cm™2) (1072 cm™)
2nd row normg x2/dof F ;’(bs inergem2s™!
(107 ph (0.5-10.) (0.5-2.) (2.-10.)
cm~2s7!) (1071 (10714 (1071H
0920020301 60024.054 0.02 3.55+0.40 6.05 = 1.51 4.16 = 1.80 2.95+3.03 17.21+£0.20 2.63+0.03
2.52+0.31 648.87/565 1.77+£0.02 4.65 +0.56 1.76 £ 0.01
0920020401 60221.177 0.50 2.49 +0.37 7.51 £ 1.65 2.58+1.39 416+ 1.13 9.41+0.10 2.00+0.02
2.60+0.25 854.63/658 1.70+0.01 11.5+0.7 1.69 +0.01
0920020301 60024.054 0.02 3.56+0.40 6.10 £ 1.50 = kT, 344 +0.77 17.26 £0.19 2.64 +0.03
2.51 £0.31 649.12/566 1.77+0.03 4.68 £0.26 1.76 +£0.01
0920020401 60221.177 0.50 2.43+0.36 7.05+1.62 = kT, 5.87 +1.01 9.47 +£0.09 2.01 +£0.02
2.59+0.25 858.86/659 1.70+0.01 11.6 04 1.69 +0.01

Notes. The absorbed thermal model has the form phabs(ISM) X [apec; + apec, + apec; + phabs X apec, + Gaussian]. The ephemerids of Nazé
et al. (2022c) are used, i.e. P = 132.987 days and T, = 2458 159.8 (with ¢ = 0 corresponding to the Be star in front of its companion). The
interstellar absorption is fixed to NSM = 2.7 x 10* cm™2 (Nazé et al. 2022c). The errors correspond to 1o~ errors, with the largest values provided
if asymmetric. In the models of the top part of the Table, kT, = 0.085keV, kT, = 0.55keV, and kT, = 9.1 keV while for the bottom part kT, =

0.085keV, kT, =0.55keV, and kT3 = kT, = 9.05 ke V.

Table 2. Similar to Table 1 but for Chandra and eROSITA spectra.

ID HID ) Ny norm y*d.of Fg» Ctrate (ctss™!)
—2.45e6 (102 cm™?) (102¢cm™) (2-10keV) 2-5keV 5-8keV

26239 9573.664 0.63 15.7+2.0 2.38+0.24 30.80/36  1.63+0.10

eROSITA1-4 - - 13521 1.64 +£0.31 22.55/27 1.19+0.16

eROSITA1 8935.809 0.84 13.3(10.2-18.7) 2.77(1.79-4.45) 21.69/22 2.03+0.70 0.42+0.08 0.16+0.07
eROSITA2 9120.731 0.23 22.2(14.6-35.7) 1.78 (1.00-3.04) 1.04+0.38 0.22+0.05 0.11+0.05
eROSITA3 9297.519 0.56 13.0 (6.7-17.9)  2.23 (0.99-3.28) 1.65+0.49 046+0.08 0.18+0.07
eROSITA4 9480.901 093 46.0 (30.8-66.6) 4.64 (2.49-7.88) 1.71£0.69 0.09+0.03 0.20+0.06

Notes. The absorbed thermal model has the form phabs(ISM) X phabs x apec with Np™ = 2.7 x 10%° cm™ and kT = 9.1 keV. Fluxes are provided
in units 107" ergcm™2 s~!. For individual eROSITA spectra, the errors on absorbing column and normalization factors were very asymmetric,

hence the 10 confidence interval is provided instead.

Overall, both model choices provide fits of similar quality,
with the parameters agreeing well. Comparing the two obser-
vations, { Tau appeared only slightly (4%) brighter in the first
XMM-Newton observation. One major change appears obvious,
however: the near halving of the local absorbing column toward
the hot component in the second observation (see also Fig. 6),
which results in a large (+150%) variation in the flux in the soft
band.

A specific feature in these X-ray spectra is the presence
of the iron fluorescence line at 6.4keV, a typical characteristic
of the y Cas phenomenon. Examining the fitting, we find that
there appears to be a shift of the feature toward lower ener-
gies compared to the models. It is particularly detectable for
the pn data of the second XMM-Newton observation (Fig. 7),
but a slight shift may also exist for MOS2 and the other pn
spectra. This probably comes from imperfections in the charge
transfer efficiency calibration. To solve this issue, the XMM-
Newton EPIC-pn team recommended that we allow for slight
adjustments in the response matrices using the “gain fit” com-
mand under xspec. However, this solution remains approximate
and therefore should be used with caution. In particular, the fit-
ting should be restricted to a narrower energy band than the full
energy range (we use 5.0-10.0 keV) and with an offset of the gain
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kept within =10 eV. Three models were used. The first one was a
simplified version of the above model; that is, apec + gaus-
sian with the temperature fixed to 9.1keV and the line center
and width fixed to 6.4 and OkeV, respectively. The second and
third models considered a continuum emission combined with
three Gaussians of null intrinsic width centered on 6.4, 6.7, and
6.97keV, as was done for vy Cas (Rauw et al. 2022). The con-
tinuum was either a bremsstrahlung with temperature allowed to
vary (second model) or a power law (third model). The EPIC
spectra were fitted all simultaneously or individually, to assess
the errors. All three modeling methods yielded similar results.
The gain adjustment, used for MOS2 and pn spectra, always
resulted in a lower strength for the fluorescence line: the average
equivalent width (EW) of the fluorescence line decreased from
72+18 to 59+11 eV for the first XMM-Newton observation after
response adjustment and from 89+14 to 65+11 eV for the second
XMM-Newton observation. In any case, the EWs appear sim-
ilar in both observations as well as similar to or slightly higher
than the fluorescence values recorded for y Cas itself (Rauw et al.
2022).

Finally, spectra were extracted before and during the shal-
low “softness dip” detected at the end of the first XMM-Newton
observation (i.e. HID < or > 2460024.1, see Sect. 3.1). We
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Fig. 7. Zoom on the 5-10keV interval, showing the iron complex
recorded by EPIC-pn in the second XMM-Newton observation, with the
best-fit model superimposed. The top panel corresponds to the normal
fit, while the bottom one makes uses of the response adjustment.

performed a spectral fitting similar as for the full observation. We
allowed however the absorbing column toward the warm plasma
components to vary (phabs(ISM) X [phabs X (apec; + apec, +
apecs) + phabs X apecy + Gaussian], with k7 = 0.085keV,
kT, = 0.55keV, and kT4 = 9.10keV). This yielded inconclusive
results, since parameters agreed within errors. A trial was then
made to fit both subexposure spectra together, letting absorptions
vary but allowing only for a global scaling of the normalization
factors between the two observations. The resulting 1-o- con-
fidence intervals for the absorbing columns toward the warm
plasma components are 0 — 0.10 and 0.09-0.24 x 10*? cm™
before and during the dip, respectively. This shallow softness dip
thus appears consistent with a marginal increase in absorption,
but it is certainly not a drastic change.

To complement the XMM-Newton results, the Chandra
(Nazé et al. 2022¢) and eROSITA (Nazé & Robrade 2023) spec-
tra were fitted again. This time, we fixed the hot temperature to
the same value as for XMM-Newton and did not consider warm
plasma components since they cannot be detected in these lower
quality spectra (Table 2). The fitting of the Chandra observation
indicated a large absorbing column, which agreed with that of
the first XMM-Newton exposure, within errors. The absorption
found for the average eROSITA spectrum appears intermediate,
at 20 of each of the XMM-Newton values. For eROSITA obser-
vations, we further investigated the spectral shape in each of
the four survey semesters. These individual exposures are short
(200 s) but each dataset consists of several scans taken over ~1d

(i.e. at the same orbital phase). They thus enabled us to derive
further constraints on orbital variations (if any). As in Nazé &
Robrade (2023), the fitting to eROSITA data was performed
with a power law to constrain the optical loading contribution
(dominating below 1keV) in addition to the absorbed thermal
component. We considered the four individual spectra together,
allowing only for local absorptions and normalization factors to
vary freely while forcing other parameters to keep the same val-
ues in the four individual fits. This allowed us to better constrain
the optical loading, which should remain constant (within errors)
between exposures. Results are provided in Table 2. It may be
noted that similar results are achieved (1) if the optical loading
power law has parameters fixed to those found for the best-fit to
the average eROSITA spectrum and (2) if the spectral bins below
1keV are ignored and the remaining spectral bins are fitted with
a simple thermal component. In the XMM-Newton datasets, the
largest variations appear in the 2—4 keV energy band. This can be
confirmed by eROSITA observations, as the survey data analysis
provides equivalent on-axis, full-PSF count rates in the 2-5 keV
and 5-8 keV energy bands (Table 2). These count rates confirm
the behavior observed for XMM-Newton, with similar values,
within errors, at the highest energies and larger variations in the
medium energy range. This is directly reflected in the spectral fit-
ting by larger absorbing columns when the 2—5 keV count rates
are lower.

{ Tau (type B1IVe) is an early B-type star. The presence of
the warm plasma components in its X-ray spectrum could sim-
ply reflect the typical X-ray emission of massive stars. To test
this idea, we evaluated the unabsorbed (i.e. corrected for inter-
stellar absorption) flux of these components in the 0.5-10keV
band. In our first model, this intrinsic flux would correspond to
the sum of the fluxes of the first three apec components, even
if the last one has a rather high temperature for such intrinsic
X-rays. This flux amounts to 7.3 and 8 x 10~ ergcm=2s~! for
the first and second XMM-Newton observations, respectively. For
the second model, the intrinsic flux would correspond to the sum
of the fluxes of the first two apec components; that is, 2.8 and
2.5 x 107 ergem™2s7! for the first and second XMM-Newton
observations, respectively. Given the distance and the bolometric
luminosity of ¢ Tau (136 pc and log(Lgor/Le) = 3.75, see Nazé
et al. 2022¢ and references therein®), these fluxes convert into
X-ray luminosities of 0.6-1.8x10?° ergs™!; hence, a luminosity
ratio log(Lx /Lgor) between —8.6 and —8.1. Such values seem rea-
sonable for this type of star. They appear at the faint end of what
was found for Be stars in X-rays (Nazé & Motch 2018; Nazé &
Robrade 2023). The faint and soft X-ray emission is therefore
most probably intrinsic to the Be star itself. In comparison, we
note that the full X-ray luminosity of £ Tau, after correcting for
interstellar absorption, is much larger, around 4 x 10*' ergs~!.

4. Discussion
4.1. The variations in ¢ Tau

The X-ray observations indicate the presence of both warm and
hot plasma, with the latter component suffering from a very
strong local absorption. This strong absorption appears unrelated
to the “softness absorption dips” apparently occurring randomly

3 This bolometric luminosity is different from that used in Nazé &
Robrade (2023). This luminosity difference mostly comes from a dif-
ferent choice of bolometric correction. It was based on the effective
temperature of £ Tau in Nazé et al. (2022¢) and on the spectral type of
¢ Tau in Nazé & Robrade (2023). However, the effective temperature of
{ Tau appears lower than usual for its spectral type.
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in time, detected for y Cas (Hamaguchi et al. 2016; Rauw et al.
2022) and possibly toward the end of the first XMM-Newton
observation of ¢ Tau. Such dips affect the very soft energy
range (below 1.5keV) and correspond to increased absorption
(up to 10?2 cm™?) toward the warm+hot plasma components. In
¢ Tau, the main absorption is large (at least 10%* cm™2), impacts
only the hottest plasma component, and affects the flux in the
medium energy range (1.5-4 keV, see Fig. 6). The strong absorp-
tion therefore represents a different, additional, feature from the
softness dips. In this context, it is important to note that this
strong absorption is detected in all X-ray observations, taken
by independent facilities (Chandra, eROSITA, XMM-Newton) at
different epochs; hence, it is not a transient feature observed only
once.

An additional characteristic of the strong absorption is its
variability, with a doubling of the absorbing column between the
two XMM-Newton exposures. This is found whatever the spec-
tral model choice, and hence is a very robust result. The origin
of this variability can be discussed. The first thing that comes to
mind is of course an orbital effect. The first XMM-Newton obser-
vation was taken close to conjunction, when the Be star was in
front of its companion (¢ = 0.02), while the second one, with a
lower absorbing column, was taken at the opposite phase, when
the companion was in front of the Be star (¢ = 0.50, Fig. 8).
One would off-hand think that the X-ray absorption increases
as the Be star and its disk enter the line of sight toward an
X-ray emitting region attached to the companion. We note in
this context that the fast rotation of Be stars is thought to orig-
inate from a mass-transfer event, suggesting that the orbital and
rotational axes should be nearly coincident. It is worth consider-
ing also that a Be disk inclined with respect to the orbit would
lead to regular outbursts at companion’s crossing in the case of
accretion-powered X-rays (as seen in high-mass X-ray binaries),
but none are seen for { Tau or other y Cas analogs. The orbital
plane of the ¢ Tau binary can thus be considered to be similar to
that of the Be disk.

Although the Chandra data were gathered at a phase (¢ =
0.63) just after that of the second XMM-Newton observation,
with the companion in front, they present an absorbing column
close to that of the first XMM-Newton observation, when the Be
star was in front. In addition, the four eROSITA datasets were
taken at various phases: before the first XMM-Newton exposure
for the first and fourth eROSITA observations (¢ = 0.84,0.93),
in between the second XMM-Newton and single Chandra expo-
sures for the third eROSITA one (¢ = 0.56), and at quadrature
(¢ = 0.23, between the two XMM-Newton exposures) for the
second eROSITA one (see top panel of Fig. 8). However, their
absorptions can hardly be reconciled with an orbital effect.
Indeed, the first and third eROSITA spectra (¢ = 0.84,0.56)
share similar absorptions to those of the Chandra and first XMM-
Newton spectra (¢ = 0.63,0.02) despite all four observations
having very different phases. Much larger absorptions are found
in the second and fourth eROSITA datasets (¢ = 0.23,0.93)
although the latter one has a phase close to that of the first
eROSITA scan (¢ = 0.84). The middle right panel of Fig. 8 sum-
marizes the variations in the absorbing column with respect to
phase, graphically demonstrating the absence of the link that has
just been described. At similar phases, very different absorptions
can be observed. Therefore, a coherent, phase-locked absorption
effect seems unlikely.

Another possible explanation for the absorption variabil-
ity is a change in the disk. With this aim we examine in the
top panel of Fig. 9 the evolution of some common disk diag-
nostics. On the one hand, there does not seem to be drastic
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Fig. 8. Comparison of optical and X-ray characteristics. Top panel:
radial velocities of the Be star in { Tau, measured from the He line using
the double Gaussian method (filled triangles from Nazé et al. 2024 and
empty triangles from the appendix of Nazé et al. 2022c¢) and phased
with the ephemeris of Nazé et al. (2022c). Vertical lines show when
X-ray observations were taken. Orbital phases 0 and 0.5 correspond to
conjunctions with the Be star and its companion in front, respectively,
while phases 0.25 and 0.75 correspond to quadratures. Bottom panels:
comparison between the X-ray absorbing column and various diagnos-
tics: orbital phase as well as EW, central absorption depth, and peak
separation of the He line. The colors are the same as in the top panel.

photometric changes between the times of the X-ray exposures,
although the AAVSO* B,V magnitudes (reported by a sin-
gle contributor, the University of Illinois) are quite noisy, and
hence could hide small-to-moderate (<0.2 mag) variations. On
the other hand, the He line is continuously varying. Nazé et al.
(2022c) showed that the recent Ha changes mostly consists
of a varying central absorption, without much V/R asymme-
try and without a specific recurrence timescale. In the last two
optical observing seasons (2022-23 and 2023-24), the triple-
or multiple-peaked profile returned when the central absorp-
tion was minimum, as did some slight V/R asymmetry at some
epochs (Nazé et al. 2024). However, the situation still appears
far from the cyclic changes with strong asymmetries observed in
1997-2008 (Stefl et al. 2009). The EWs of the He line, mea-
sured from —-600kms~! to +600kms~! on the BeSS amateur

4 https://www.aavso.org/
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Fig. 9. Optical behavior of { Tau. Top panels: evolution with time of EW
and central depth of the Ha line from amateur spectra (BeSS database
— black dots from Nazé et al. 2022c, circles from Nazé et al. 2024), as
well as B, V magnitudes of ¢ Tau as reported in the AAVSO database.
Bottom panel: Ha line profiles at times closest to those of the X-ray
observations.

spectra closest to the X-ray observations®, yield a range of val-
ues: —10.9, -9.1, —-13.4, -15.8, -13.4, —-17.0, and —14.4 A for the

5 See http://basebe.obspm. fr/basebe/ and the tables in Nazé
et al. (2022c, 2024). The BeSS spectra closest to XMM-Newton obser-
vations were taken on 2023 March 20 and October 3, respectively; in
other words, the optical and X-ray data were taken less than a day apart.
A snapshot covering only the Her line was taken five days before the
Chandra exposure (on 2021 December 20) but the closest echelle spec-
trum is dated from 11 days before (2021 December 13). For eROSITA
data, optical spectra covering Ha were taken within a day of the first
two X-ray observations (2020 March 27 and September 29). The opti-
cal spectra closest to the third and fourth eROSITA observations were
however taken 16 and 25 days later (2021 April 8 and October 28),
respectively. Echelle spectra were obtained at even more distant dates.

four eROSITA observations, the single Chandra exposure, and
the two XMM-Newton observations, respectively.

More precisely, when examining the line profiles (see bottom
panel of Fig. 9), the wings of the Ha line always remain sim-
ilar, but both the asymetry and central absorption depth differ.
At the epoch of the second XMM-Newton and third eROSITA
observations, the violet peak appears slightly dominant, while
the red one is dominant for the first XMM-Newton exposure
and Chandra dataset. The profile remained nearly symmetric
at the time of the other eROSITA observations. Again, there is
no obvious link with the X-ray absorption changes. In parallel,
the first two eROSITA observations were taken when the central
absorption in Ha was very strong. The third eROSITA, single
Chandra, and second XMM-Newton observations were acquired
when that central absorption presented a medium depth, while
the central absorption displayed small depth values during the
last eROSITA and first XMM-Newton observations. Other lines
(such as HB, He 116678 A, Si1115321,5363 A, N11.16242-8 A,
and O117771-5 A, using amateur echelle spectra) confirm these
trends although their variations are much smaller (due to their
different formation regions).

In contrast, the X-ray absorbing column is largest for the sec-
ond and fourth eROSITA datasets, which lie at opposite extremes
of the Ha central absorption strength (minimum below the con-
tinuum level or at twice the continuum value, respectively, see
Fig. 9). Also, the X-ray absorbing column appears the lowest
in the second XMM-Newton observation while a medium depth
is then recorded for Ha. In fact, for the more precise XMM-
Newton exposures, the smallest central absorption depth in Ha
is detected in the first XMM-Newton exposure, when the X-ray
spectra presented the largest(!) absorbing column. Again, no
obvious link between the two absorptions can be seen (see bot-
tom panels of Fig. 8). In recent years, the peak separations in
the Her line profiles appear anticorrelated with the strengths of
the central absorption (i.e. deeper central absorptions are gen-
erally associated with more separated peaks — see Nazé et al.
2024). The optical spectra taken at the phases closest to the
X-ray observations follow this trend (Fig. 8). As for the central
absorption depth, there is no clear relationship between peak sep-
aration and X-ray absorption (Fig. 8). Therefore, (1) there is no
drastic global change in the Be disk (i.e. build-up or disappear-
ance), as traced by the B, V magnitudes and the optical spectra,
between the different epochs of X-ray observations and (2) the
detailed Ha profile properties (depth of the central absorp-
tion, symmetry, peak separation, and EW) appear uncorrelated
with the X-ray absorbing column values. A direct link between
the Be disk properties and the X-ray absorption thus appears
unlikely.

In £ Tau, the X-ray absorption changes therefore seem unre-
lated to the orbital phase or to the disk variations detected in
the Ha line. This is not unexpected for y Cas objects. Indeed,
no evidence of a phase-locked behavior was found in the (only)
two previously thoroughly monitored cases, y Cas (Smith et al.
2012b; Rauw et al. 2022) and m Agr (Nazé et al. 2019). In addi-
tion, the link between the X-ray emission and the Ha properties
appears far from obvious in previous studies, with some objects
keeping their y Cas peculiarities while displaying very little Ho
emission (Nazé et al. 2022b). This implies that the line of sight
toward the hot plasma is different from the line of sight toward
the companion (and its local environment) or from that in the
disk (as traced by He). In this context, it is also useful to note
that the EW of the fluorescence Fe Ka X-ray line remains rather
stable in the datasets of both y Cas (Rauw et al. 2022) and ¢ Tau
(this work).
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4.2. ¢ Tau in context: The star-disk interaction scenario

With its high temperature, high luminosity, strong iron fluo-
rescence line, and short-term variations, ¢ Tau clearly displays
all characteristics of the y Cas analogs. Its particularity is the
presence of a strong and varying absorbing column toward the
emission by the hottest plasma. To underline this uniqueness
of { Tau, one may compare with the detailed spectral fitting of
v Cas. Rauw et al. (2022) used a combination of absorbed warm
and hot plasma components, as above. They only found large
absorptions toward the hottest component, up to 2 x 10?* cm™2,
if such absorptions applied to a small fraction (<20%) of the
hot component emission. When that fraction was larger, notably
when it reaches over 90% as found in ¢ Tau (see Sect. 3.2), the
column appeared much more modest (up to 1.4 x 10?2 cm~2). The
X-ray absorption of { Tau therefore truly appears exceptionally
high.

However, it may be noted that, among the y Cas analogs
with known inclinations, ¢ Tau is also the only one with the
Be disk seen edge-on. Most probably, high absorption and high
inclination are related. In the context of the magnetic star-disk
interaction scenario, hard X-rays arise from regions close to the
star and the disk. This implies that they may suffer from absorp-
tion due to the Be disk. To assess whether this is in line with
observations, we calculated the absorbing column due to the Be
disk material along the line of sight. To this aim we considered
the usual density dependencies for Be disks:

n(r, Z) = no(R/r)%e~2"/CH) with r the distance to the star’s cen-
ter in the equatorial plane, Z the distance above the equatorial
plane, and the scale height H = Hy(r/R,)GP/2,

Several sets of parameters were considered for these calcu-
lations, inspired by Rauw (2024). The equatorial radius of the
star was set to 7.7 Ry and the density at the inner edge of disk
1.3 x 10719 gecm™ (corresponding to ng = 5.8 x 10'3 cm™ since
the absorbing column Ny concerns only hydrogen). The latter
value is an average based on published densities (Gies et al.
2007; Carciofi et al. 2009; Touhami et al. 2011), but values of
no = 1.5 and 2.6 x 103 cm™3 were also tried. Indeed, it may be
noted that the Ha line has recovered from its 2013 minimum.
The maximum amplitude is about 2.5 times the normalized con-
tinuum and the EW was around —15 A at the time of the Chandra
and XMM-Newton observations (Fig. 9). This can also be com-
pared to values of about 3 times the continuum and around —20 A
during the well-studied V/R cycles of 1997-2008 (Stefl et al.
2009; Pollmann 2017). Therefore, a somewhat lower density may
be expected. The exponents @ and p were assumed to be 3 and
0 by default, respectively, but values of 3.5 and 0.25 were also
considered. Inclinations of 75, 80, 85, and 90° were examined
(with 85° the default value). The disk was assumed to extend
either to the Roche lobe radius (149 Ry) or to the 3:1 trunca-
tion radius (118 Ry). The emitting point, at which the integration
starts, was set at a distance R;, from the star’s center and at a dis-
tance z above the equatorial plane. Values for Ry, were R, (at the
photosphere, default case) or 2R, and extreme z values are +R,.
The longitude of the emitting point was allowed to vary between
0 = 0° (i.e. emission arising on the meridian facing the observer)
and 90° (i.e. perpendicular to the meridian). The initial scale
height is given by Hy = cs(R.)R./Vkep, With Vi, the Kepler
rotational velocity at the photosphere (Vke, = VGM./R.) and
cs the sound speed; that is, cs = +/ykT/(umy). Depending on
the choice of y (1 if isothermal, 5/3 if adiabatic) and temper-
ature (2/3, 0.8, or 1.0 times the effective temperature T.g of
19300 K), various Hj values are found; we used 0.272, 0.248,
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Fig. 10. Evolution of the predicted absorbing column from disk material
as a function of position above the equatorial plane z and various param-
eters (the baseline parameters are noted in black and the thick black line
provides the associated column; # = 0° everywhere unless otherwise
stated). The observed range of columns is shown by the shaded light
lavender area.

and 0.304 R. Finally, the parameters of Carciofi et al. (2009)
were considered: Roy=130Rs, Rin = R., np = 2.6 x 103 cm™3,
Hy =0.230R,; (fromy =1and T = 18000K), i = 85°, @ = 3.5
and p = 0.

Figure 10 graphically shows the predicted columns. As was
expected, the columns are larger if the emitting point is closer
to the equatorial plane and “below” the disk (seen from the
observer’s point of view, corresponding to z < 0). The “above”
and “below” difference is of course larger for lower inclinations.
Longitude has only a small impact on the predicted column,
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and changing the outer radius in a reasonable range has no sig-
nificant consequence. Enlarging the initial radius R;, decreases
the maximum, but has less impact if emission occurs outside of
the equatorial plane. Absorptions for such emissions outside the
plane are much more sensitive to the density exponent «. Finally,
modifying the initial density ny produces a simple global scaling
of the derived absorbing column. Overall, a deeply embedded
emitting region — in other words, near the photosphere and on
the equatorial plane — would suffer from very large (more than
one dex!) absorptions compared to those derived from the X-ray
fitting (N = 1-5 x 10%3 cm™2, see Tables 1 and 2). However, the
derived absorbing columns appear similar to the observed ones
for moderate elevations above the equatorial plane. The observed
columns are thus not incompatible with absorption by the Be
disk.

Finally, it may be noted that the absorbing column toward
equatorial emission remains large for putative { Tau-like sys-
tems with low inclinations: 0.5-2 x 10?* cm™2 for i = 20° vs.
0.4-1.6 x 10¥ cm™2 for i = 90°, depending on the choice of
disk parameters (see above). As absorbing columns toward other
known y Cas analogs are lower, this suggests that either X-ray
emissions always arise outside of the equatorial plane of the Be
disk, or that the Be disk model is inadequate in regions very close
to the star. Also, the lack of correlations with spectroscopic fea-
tures linked to the Be disk remains puzzling. Unfortunately, no
precise long-term X-ray and visible photometry is available to
make a comparison as for y Cas (Motch et al. 2015; Rauw et al.
2022). Clearly, detailed MHD modeling of this scenario would
be needed to clarify the emission processes.

4.3. ¢ Tau in context: The accreting white dwarf scenario

White dwarfs have been proposed as the sources of the X-ray
emission of y Cas analogs (Hamaguchi et al. 2016; Gies et al.
2023). In this subsection, we take a look at their properties and
compare them to those recorded for £ Tau. Up to now, only a
few cases of WDs paired with Be stars have been reported in
literature and their X-ray emissions are very bright and supersoft
(Kahabka et al. 2006; Orio et al. 2010; Li et al. 2012; Sturm et al.
2012; Cracco et al. 2018; Coe et al. 2020; Kennea et al. 2021), in
stark contrast with the high-energy properties of £ Tau and other
v Cas analogs.

Other WD systems, in particular the cataclysmic variables
(CVs), may appear hard at X-ray wavelengths, though (for a thor-
ough review, see Mukai 2017). In these short-period (<2 days)
binaries, mass is transferred from a late-type star to the WD
through the L1 Lagrangian point. The material can then form
an accretion disk (for non-magnetic cases, such as dwarf novae),
fall directly on the WD surface (for the highly magnetic cases
called polars), or fill a truncated disk and then fall into the WD
following the magnetic field lines (for intermediate polars, IPs).
Symbiotic systems may also emit hard X-rays but the configura-
tion is different: the companion of the WD is a giant star, typical
orbital periods are longer and the accretion is fueled by winds
(although disks have been detected in some cases).

Unfortunately, no identified accreting WD system displays
a geometry close to that expected for y Cas analogs in general
and ¢ Tau in particular. In addition to its long orbital period, the
decretion disk, possibly truncated at the 3:1 resonance (118 R
for £ Tau, see above), lies well inside the Roche lobe of the Be
star. The flow of matter entering the WD Roche lobe would then
be concentrated along the plane of the decretion disk with veloc-
ities dominated by the Keplerian tangential component. Such an
accretion geometry and velocity pattern contrast with those in

CVs and symbiotic stars. In CVs, the mass donor, companion to
the WD, fills its Roche lobe and matter enters the WD Roche
lobe through L1 while most symbiotic stars are fed by winds
flowing from the giant companion star. A comparison neverthe-
less remains interesting, to assess the plausibility of the accreting
WD scenario®.

Regarding temperatures, there are usually two types of spec-
tral components in X-rays from accreting WDs, a soft one
(arising at or near the WD surface, at tens of eV) and a hot one
arising in the accreting flow, with values well above 5keV and
typically of several tens of keV. Because of the latter, an intense
iron complex naturally arises in the X-ray spectrum. Since cooler
material is present, such as the WD surface, a fluorescence line is
also detected for these systems. Comparing the properties of the
lines in the iron complex (fluorescent Fe Ka, Fe XXV, Fe XxXVI),
{ Tau appears to lie among accreting WDs, but between IPs and
quiescent dwarf novae (Xu et al. 2016).

Regarding variability, accreting WDs display several types,
each with different characteristics. Over the long term, there
are of course nova events, recurrent or not, resulting in X-ray
outbursts. No outburst has been detected for yCas analogs
up to now, however. Over the short term, there is also an
aperiodic variability called “flickering”. In both non-magnetic
CVs (dwarf novae, Balman 2019) and magnetic CVs (IPs,
Revnivtsev et al. 2011), the power spectra of the X-ray light
curves first follow P oc f~! then P oc f~2 with a break near (a
few) mHz for non-magnetic cases or (a few) 10 mHz for mag-
netic cases. This dual slope is interpreted as reflecting density
fluctuations in the outer or inner disk, respectively. These fluc-
tuations are thought to be linked to variations in the accreted
mass flow (Balman 2020). When there is no disk, as in polars,
the fluctuating accretion directly affects the X-ray emission.
For example, in the polar AM Her, after taking out the orbital
modulation, the X-ray light curve displays variations follow-
ing P oc f~13* (Beardmore & Osborne 1997, see also Fig. 4 of
Christian 2000). In the extremely hard { Tau, Fig. 3 above pro-
vides the periodogram amplitude — the squared root of power
— so that P = A? « f~!° with no clear break between 1 and
10 mHz. Due to noise (see Sect. 3.1 above), the exponent is not
well defined, however, and P = A% « f~! could also fit. A bet-
ter characterization was done for the brighter y Cas, revealing
P o« f~1% at low frequencies and a break near 5 mHz followed
by a steeper trend P oc f~!* (Lopes de Oliveira et al. 2010).
Overall, the frequency behavior thus appears quite similar in all
these sources. One must remain careful, however, as this does
not necessarily point toward the same underlying physical pro-
cess being at work. In this context, a comparison could also be
made on the properties of X-ray “shots” (or quasi-flares, a word-
ing used by Smith et al. 2016). Such “shots” were found to be
not only ubiquitous but also gray (i.e. spectral properties were
similar whatever the recorded amplitude) for the two y Cas cases
with sufficient signal-to-noise to study them in detail; that is,
v Cas itself and HD 110432 (Smith et al. 1998, 2012a). In con-
trast, only a few accreting WDs are found to display a strong
flaring behavior. It is interpreted as being due to highly inhomo-
geneous (“blobby”) accretion and it usually occurs during bright
and soft X-ray-dominated states (e.g. the soft polars V1309 Ori,

6 Contrary to the case of neutron stars, the WD formation process is not
expected to apply any significant kick to the orbit. If tidal spin alignment
occurred during the mass-transfer episode that spun up the former sec-
ondary star (and now Be star), the orbital plane will nearly match that of
the decretion disk and that of any accretion disk created around the WD.
We therefore will consider the system coplanar in all its components.
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Schwarz et al. 2005, AI'Tri, Traulsen et al. 2010, and QS Tel,
Traulsen et al. 2011). A last case displaying “shots” is AE Aqr,
but it corresponds to a propeller stage, not a typical accreting
WD case (Itoh et al. 2006). The light curves of these systems
exhibit very different color temperatures during flares and in the
background flux (Beardmore & Osborne 1997; Schwarz et al.
2005 — see also discussion in Smith et al. 2016).

It is also usual to find in the light curves of CVs a modula-
tion with either the WD spin or the orbital period, but no such
variations have been detected for y Cas analogs up to now (Smith
et al. 2016). Regarding the spin signal, however, it remains to be
examined what the expected WD spin would be in the case of
v Cas analogs as the known y Cas binaries display much longer
orbital periods than CVs. In fact, this will sensitively depend
on the accretion parameters. The starting point may be a slow
spin. Indeed, isolated WDs have a mean rotation period of 35h
with a standard deviation of 28 h (Hermes et al. 2017), and the
mass transfer from the WD progenitor onto the (future) Be star
may have led to a further spin-down of the WD remnant. How-
ever, if accretion onto the WD occurs, this will rapidly spin it
up, which is why we now examine this process. This requires
one to consider whether an accretion disk is formed. To the
first order, the conditions to form such an accretion disk do not
depend on the nature of the compact object. Several 3D smooth
particle hydrodynamics (SPH) models have studied such con-
ditions for compact companions in the framework of Be/X-ray
binaries. In most cases an accretion disk can indeed be formed
around the neutron star (Okazaki et al. 2013; Hayasaki et al.
2004), although Martin et al. (2014) do not find evidence of
a disk in their simulations. Observational evidence such as the
detection of a soft excess probably due to the X-ray heated disk
remains ambiguous (Hickox et al. 2004). However, the spin-up
witnessed during outburst and spin-down in quiescence are best
explained by the coupling between the disk and the magneto-
sphere (Ghosh & Lamb 1979). To adapt to the case of WDs,
which are larger than neutron stars, one needs to calculate the
circularisation radius R.;... In order for an accretion disk to form,
this radius must exceed the WD radius Rwp and the effective
size of its magnetosphere Ry;. Frank et al. (2002) proposed as a
condition for disk formation R > 0.37 Ry, with R.ie = Rwp
and R = J>/GMx (where J is the initial specific angular
momentum of the accreted material). The magnetospheric radius
is Rm = 5.5 x 10% Mwp Ry>7 L7 137 em (Frank et al. 2002),
where Ry is the WD radius in units of 10° cm, L33 the X-ray lumi-
nosity in units of 10°3 erg s™! and 3y the WD magnetic moment
in units of 103* G cm?. The angular momentum J cannot be accu-
rately calculated without resorting to hydrodynamical modeling.
The SPH modelings of 4U 0115+63 by Hayasaki et al. (2004)
and of A 05354262 by Okazaki et al. (2013) in coplanar config-
urations suggest Rire ~ 0.01 X a where a is the semi-major axis
of the orbit. If similar values of R apply to ¢ Tau, for which
a ~ 252 Ry, only WDs with very high magnetic fields (like those
seen in polars, see e.g. Ferrario et al. 2015) could prevent the
formation of an accretion disk. One can thus reasonably expect
spin-up because of this disk. Assuming that Qwp < Qmax
where Qpax is the breakup angular velocity, the angular veloc-
ity increase is given by Q = I M(GMwpR)"/?, with I the WD
moment of inertia and R the WD radius if accretion occurs
through a disk extending down to the surface or the magne-
tospheric radius if the accretion disk is truncated by the WD
magnetic field. In the slow rotator case, the spin-up rate can be
written as

Jaise = 3.64x 107" Isg Mg (Ry Mwp)'* Hzs™!
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for disk accretion and

Frnag = 1.96 x 1078 15o 787 M3/ 121 Ha ™!

for magnetic accretion (Frank et al. 2002). I5yp is the WD
moment of inertia in units of 1050gcm’2 (Isp = 1.0), and
M, the mass accretion rate in units of 10710 M yr~'. Start-
ing from the extreme case of a non—rotatjng WD, disk accre-
tion yields Pgpin(s) = 8700 (t/ 1Myr)‘1 Ml_()l while Pgpin(s) =
2200 (t/1 Myr)™! M;06/ 7 for accretion linked to a magnetically

truncated disk with B ~ 10° G, typical of IPs (Ferrario et al.
2015). Therefore, for mass accretion rates of the order of
107 Mg yr~!, typical of high-luminosity IPs (de Martino et al.
2020), X-ray pulsations with periods similar to those of IPs in
equilibrium (Pgpin ~ 300-3000 s, de Martino et al. 2020) should
already be detectable for { Tau (and more generally for y Cas
analogs) after only one Myr of activity. As no such stable X-ray
period attributable to WD spins has been observed in y Cas
analogs, this configuration can probably be discarded. In the
case of disk accretion, high accretion rates (hence high spin-up
rates) are also possible: observations of dwarf novae in outburst
or nova-like objects could imply accretion rates of up to a few
1078 M yr~! due to the low hard X-ray efficiency of the bound-
ary layer (Balman 2020). However, the WD rotation usually is
undetectable for such systems in X-rays (Balman 2020) so that
this configuration cannot be a priori excluded for y Cas systems.

A last parameter needs to be examined: absorption. In the
context of X-rays born close to the WD companion of the Be star,
there are two possible sources of absorption. One is due to the
decretion disk of the Be star that crosses the line of sight toward
the companion in some phases — and only some phases, since
no such absorption should occur when the companion appears
in front of the Be star. The absence of phase-locked variations
in the absorbing column of ¢ Tau was noted earlier, but another
point can be made in this context. Using the same disk model
as in Sect. 4.2, the absorbing column toward an emission region
located in the equatorial plane, at 252 R, of the Be star (i.e. at
the expected distance of the companion in ¢ Tau, Ruzdjak et al.
2009; Rauw 2024), can be calculated. For the favored inclination
angle of 85° and considering the worst case (i.e. with the Be star
in front of its companion), we find values of 0.6—-8 X 1022 cm2,
depending on the chosen set of disk parameters. Lower incli-
nations (75-80°) yield much lower columns (<2 X 102 cm™?),
while inclinations close to 90° would lead to an eclipse of the
X-ray emission zone, which has not been detected. The pre-
dicted absorption due to the disk should thus be (much) lower
than observed which, combined to the absence of phase-locked
modulation, suggests that the accretion scenario requires another
absorber, close to the WD, to ensure orbital phase independence.
The best candidate is of course linked to the accreting flows
themselves and we now examine observational results regarding
such absorption.

In non-magnetic CVs such as dwarf novae, the disk extends
down to the WD surface and X-rays are emitted from a boundary
layer that may be optically thin at low to medium accretion rates
with temperatures similar to those of y Cas analogs (Patterson
& Raymond 1985). Since we assumed decretion and accretion
disks to be virtually coplanar and since { Tau is seen under a
high inclination, we focus on cases of high-inclination CVs. A
select number of dwarf novae in the quiescent state exhibit high
inclination (Mukai 2017). For instance, XMM-Newton obser-
vations of OY Car (i = 83°, Lx ~ 5 x 10%ergs™!) require
Nu ~ 10?2cm™2, with a covering fraction of ~50% (Pandel
et al. 2005). HT Cas (i = 81°, Lx = 1.33 x 10*! ergs™!) displays
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Nu ~ 1.6-3.3 x 10! cm™ (Nucita et al. 2009). In a similar
manner, the X-ray spectrum of the partially eclipsing dwarf
nova V893 Sco (i ~ 74°, Lx ~ 1.1 x 10% ergs™!) shows Ny ~
3-6 x 10! cm~2 with a covering fraction of ~ 55% (Mukai et al.
2009). These observations suggest that, among dwarf novae, the
optically thin X-ray emitting boundary layer extends above the
optically thick accretion disk which therefore does not block the
view toward the emitting region (Mukai 2017): any emission
arising there is not fully absorbed by the disk. Noticeably, the
hard X-ray luminosities radiated by such sources in quiescence
often are one or two orders of magnitude below those emitted
by vy Cas analogs. For larger mass accretion rates, the boundary
layer becomes optically thick, leading to enhanced UV and soft
X-ray emission. With their ~ 100-fold higher M, dwarf novae
in outburst and nova-like objects still exhibit hard X-ray lumi-
nosities in the range of 10%° to 10*?ergs™' (see e.g. Balman
2020 and Suleimanov et al. 2022). In the few cases documented,
nova-like X-ray spectra require Ny < 10*2cm™2 (Zemko et al.
2014). It is therefore unclear how disk accretion onto a WD could
account for the high Ny, high temperature, and high intrinsic
X-ray luminosity of £ Tau.

If the WD magnetic field strength is high enough to drive
accretion onto its magnetic poles, the inner part of the accretion
disk may be truncated as in IPs. For even higher magnetic fields
(as in polars), matter falls ballistically from L1 onto the WD
and is later captured by the magnetosphere without forming an
accretion disk (see de Martino et al. 2020 for a recent review). In
such systems, most of the photoelectric absorption takes place in
the pre-shock material located above the X-ray emitting region
of the accretion column. Since X-rays emitted in the shock cross
different amounts of pre-shock matter, the emerging X-ray spec-
trum is best described by a partially covering absorber or a more
physically motivated distribution of absorbing columns (Done
& Magdziarz 1998). The XMM-Newton survey of IPs carried
out by Bernardini et al. (2017) reveals the presence of thick pho-
toelectric absorbers with Ny in the range of 1.6-8.7 x 10>} cm™2
with covering fractions spanning from 33 to 76%. Additional
orbital phase-dependent absorption often occurs in IPs at a level
of 10%2 cm™2 (Parker et al. 2005). This absorbing component is
believed to be due to the bulge created by the stream of matter
impacting the external part of the accretion disk. Few IPs are
known to display eclipses testifying to a high inclination. The
best documented case is XY Ari (Zengin Camurdan et al. 2018).
Best fits to its X-ray spectrum require a complex absorption
pattern consisting of a global Ny of ~ 3 X 10?2cm~2 and two
partial absorbers with Ny ~ 10** cm™2 and ~ 6 x 10?2 cm~2 with
covering fractions of 41 and 53% respectively. Polars exhibit
similar partial absorptions with coverage of ~50% and Ny of up
to a few 10?> cm™? (Bernardini et al. 2014; Traulsen et al. 2014;
Rawat et al. 2023). Additional narrow absorption features due to
streams of matter crossing the line of sight may also occur as in
AM Her (Schwope et al. 2020) with a further absorbing column
of 4.1 x 10> cm™? and a covering fraction of 93%. EX Hydrae
is an intermediate case between IPs and polars where the WD
has a 67 min spin period not yet synchronized with the 98 min
orbital period. It also shows partial eclipses by the mass donor
star. In spite of the high inclination, photoelectric absorption
reaches only a few 10?! cm=2 (Allan et al. 1998). In fact, since
the bulk of the photoelectric absorption in magnetic CVs occurs
in the stream of matter driven by the strong magnetic field, there
should be no inclination effect as the magnetic field orientation
is a priori unrelated to that of the accretion disk. Indeed, high
inclination systems do not exhibit much enhanced absorption,
and absorption is always partial. This seems at odds with the

observations of y Cas in general and ¢ Tau in particular, with its
higher absorbing column. This is a second argument, after the
non-detection of stable WD spin signals, against the magnetic
configuration.

A small group of symbiotic stars, called “o-type” objects,
emit optically thin thermal hard X-rays with temperatures in the
range of 15 to 30keV and X-ray luminosities of ~ 10* ergs™!
(Kennea et al. 2009), comparable with those of y Cas analogs.
Global intrinsic absorption with Ny < 2 X 10?2 cm™2 is observed,
in addition to partially covering components of up to ~ 3 X
1023 cm~2 with covering fractions as high as 96% (Kennea et al.
2009). Although accretion mostly occurs through stellar wind,
a disk may form around the WD (Balman 2020). For exam-
ple, the hard component of T CrB has an X-ray luminosity of
~6 x 1032 erg s~ and is best fitted with a cooling flow (kTvux =
15keV) absorbed by Ny = 3-7 x 10?* cm~2 with an extremely
high partial covering factor of 99.7% (Luna et al. 2018; Zhekov &
Tomov 2019). A luminous soft black body appears in the active
state, and so these authors interpret the soft and hard X-ray com-
ponent as being due to the emission of the boundary layer, with
the change of state of T CrB being equivalent to the quiescent
to outburst transition in dwarf novae. However, RT Cru, another
o-type symbiotic star, fails to show the dwarf nova behavior of
T CrB (Luna et al. 2018). Classical CVs do not exhibit such a
high covering factor of their hard X-ray component, suggesting
that the accretion geometry in o-type symbiotic stars is signifi-
cantly different, in particular the visibility of the boundary layer.
It is striking that the observed absorption and covering factors
of TCrB are almost identical with those we derive for ¢ Tau.
However, if the symbiotic star scenario applies to y Cas analogs,
the rather moderate (~60°) inclination of T CrB (Belczynski
& Mikolajewska 1998) would imply similarly high absorptions
and covering factors in other y Cas analogs (which are seen at
lower inclinations than £ Tau). This is not observed. Moreover, in
the absence of known eclipsing J-type symbiotic stars, the role
played by the accretion disk at high inclinations remains uncer-
tain. While symbiotics are the most promising WD proxies for
v Cas stars, much remains to be done to clarify their behavior in
v Cas-like orbital geometries.

5. Conclusions and summary

It was recently discovered that the £ Tau binary displays the pecu-
liar X-ray characteristics of y Cas analogs. To further character-
ize its properties, the system was the target of an XMM-Newton
campaign. The exposures were obtained at two specific orbital
phases, first when the Be star (whose disk is seen edge-on) was
in front of its companion and then in the opposite orbital configu-
ration. These X-ray observations were complemented by archival
X-ray (Chandra, eROSITA) and optical (TESS, BeSS) data.
The XMM-Newton light curves present significant changes
occurring with various timescales. As with other y Cas stars,
no persistent periodic signal is detected. Rather, the variabil-
ity amplitude appears to decrease with increasing frequency,
the power spectrum approximately following P oc 1/f as was
found in y Cas. The ratio between count rates in the 1.5—4.0 and
4.0-10.0keV energy bands varies from epoch to epoch, but it
remains stable during each of the XMM-Newton exposures: the
variations are thus gray on short timescales. The ratio between
count rates in 0.5-1.5 and 4.0-10.0keV is noisier and seems to
slightly decrease at the end of the first XMM-Newton-pn expo-
sure. This may suggest the occurrence of a transient, shallow
“softness dip” that could be related to a slight increase in absorp-
tion toward the warm plasma. In the optical, TESS data of { Tau
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seem quite typical for a Be star, with broad frequency groups
appearing at low frequencies and no significant high-frequency
(10-360 day™!) signal.

The X-ray spectrum presents a very faint soft component
and a bright hard component. The intensity of the former
appears in line with those recorded for non-y Cas Be stars and
could therefore correspond to intrinsic X-rays from the wind
of the massive star. The hard component suffers from a strong
absorbing column (at least 10>} cm™2) that significantly varies
up to a factor of a few. This absorption variation does not appear
phase-locked, nor is it correlated with the properties (overall
strength, (a)symmetry, depth of the core absorption) of the Ha
line, the usual Be disk tracer.

These observed properties challenge the proposed scenarios
to explain the X-ray emission of y Cas analogs. The observed
absence of orbital modulation is expected for a star-disk interac-
tion scenario. In addition, absorptions similar to the observed
values can be reached in that scenario if the X-ray emission
arises from near the star although not exactly at its equator but
slightly above it. However, it remains to be seen how to recon-
cile this scenario with no (or little) correlation between X-ray
and disk properties. For the accreting WD scenario, one could
draw similarities between y Cas analogs and some known accret-
ing WDs regarding for example the frequency behavior of the
stochastic variability, the high plasma temperature, the presence
of a fluorescence line, and even the strong absorption. How-
ever, it remains unclear if the full set of characteristics observed
in 7y Cas analogs can be found altogether in a single type of
accreting WD. For example, CVs may display strong absorption,
but only with a partial coverage, contrary to what is detected
for { Tau. In addition, stable short-term modulations typically
expected to be linked to the WD spin in IPs have not been
detected in y Cas analogs, nor any orbital modulation or any out-
burst typical of novae. It must be noted, however, that the detailed
modeling of both scenarios for y Cas-like configurations is still
lacking, prohibiting a thorough testing. The availability of such
modeling clearly constitutes an essential step in our way toward
understanding vy Cas analogs.
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