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Abstract
Be stars are usually thought to be born in binary interactions. The presence of the companion
has been proposed to play a role in the peculiar X-ray emission recorded for a subgroup of Be
stars called the γ Cas analogs. In this contribution, we report on a multiwavelength investigation
of one of them, the Be binary ζ Tau. Using data from TESS, Chandra, SRG/eROSITA, and
XMM-Newton, we derive the high-energy properties as a function of time and orbital phase.
The results are then used to test the proposed γ Cas models.
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1. Introduction
The Be category was originally defined by the detection of Balmer emission lines in the

spectrum of some non-supergiant B-type stars. Such emissions were found to be linked to the
presence of circumstellar decretion disks around the stars. The origin of these disks and even
of the Be stars themselves has been a subject of debate for decades. In this context, it has
long been proposed that the formation of Be stars could involve binary interactions (van Bever
and Vanbeveren, 1997) although the exact incidence of this scenario remained unclear. Several
observational studies recently brought further support to the binary scenario through, e.g., the
analysis of runaway fractions and SED turndowns, or the detection of stripped companions
(Boubert and Evans, 2018; Klement et al., 2019; Wang et al., 2021).

In the X-ray range, a subgroup of Be stars appears particularly remarkable (for a review,
see Smith et al. 2016). They are collectively called γ Cas analogs, from their prototype (the
first identified Be star, γ Cas). Their X-ray emission is particularly bright and hard, in clear
contrast with other groups of Be stars. Indeed, “normal” OB stars, and Be stars in particular,
are usually quite faint and soft X-ray emitters, while Be+WD in nova stage are very bright
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and extremely soft, and Be+NS systems are very bright, very hard, and usually non-thermal in
X-rays (see Nazé and Robrade 2023 and references therein). The nature of this peculiar high-
energy emission is debated, with several proposed scenarios: (1) star-disk interactions through
small-scale magnetic fields, (2) accretion onto a WD, (3) accretion onto a NS, and (4) collision
between the Be disk and the wind from a sdO companion. The last two scenarios could be
discarded, for both observational and theoretical reasons (Smith et al., 2017; Nazé et al., 2022b;
Rauw, 2024).

A bright object of the Winter night sky, ζ Tau is a binary system with P ∼ 133 d composed
of a B1Ve star and a low-mass (∼ 1M⊙) object of unknown nature (Ruždjak et al., 2009). It was
recently found to belong to the class of γ Cas analogs (Nazé et al., 2022b). Its X-ray emission
suffers from a high absorption, which is probably linked to the high inclination (70–90◦) of the
disk. Thanks to new observations, we were able to monitor the X-ray emission throughout the
orbit and we summarize here the results of our analysis (Nazé et al., 2024b).

2. Data and Results
ζ Tau was observed several times in the X-ray range. The first dataset is a short Chandra

exposure of December 2021 in which the binary appears off-axis and heavily piled-up (Nazé
et al., 2022b). The second group of observations comprises four sets of eROSITA data (taken
over 1 d in each of the four semesters between March 2020 and September 2021). In those data,
the binary suffers from contamination by UV/visible photons (optical loading) at low energies
(Nazé and Robrade, 2023). The last dataset is composed of two XMM-Newton exposures, taken
in March/October 2023, which have been carefully designed to avoid both pile-up and optical
loading. Stray light from the nearby Crab nebula is seen close to ζ Tau, but this does not affect
its analysis. The particularity of the XMM observations is that they were taken at two opposite
orbital phases (Be star in front of its companion and the reverse situation - Nazé et al. 2024b).
X-ray light curves and spectra were extracted in the usual way for these datasets. To support the
X-ray data analysis, we have analysed the optical behaviour of the star using amateur spectra
(BeSS, Nazé et al. 2022b, 2024a) and TESS photometry (Sectors 43–45 in 2021 and 71–72 in
2023).

As usual in γ Cas analogs, the XMM intra-pointing light curves display significant varia-
tions on short timescales. Their periodograms reveal an intermittent signal in one of the expo-
sures and an overall decreasing trend in all datasets (with Amplitude ∝ freq−0.75). Both features
are regularly seen in other analogs (see, e.g., Smith et al. 2016). No correlation between hard-
ness and count rate can be detected, although a possible “softness dip” may have been observed
towards the end of the first XMM exposure. Periodograms associated to the TESS high-cadence
photometry display strong frequency groups, with variations from sector to sector, both com-
mon features amongst Be stars. No correlation is seen between the (then decreasing) overall
strength of the Hα line and the TESS photometry and nothing particular is seen in the photom-
etry at dates of (or close to) X-ray observations.

The X-ray spectrum of ζ Tau is revealed in detail in the XMM observations. Notably, they
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unveiled the presence of a faint soft component, the intensity of which appears comparable to
that detected in “normal” Be stars. In addition, the iron fluorescence line at 6.4 keV appears
similar in both observations and also to values recorded for γ Cas itself. Finally, X-ray spectra
from the various facilities show long-term variations to occur. The observed flux in the 2–
10 keV range appears in the range 1–2×10−11 erg cm−2 s−1, and the changes are largest in the
1.5–4.0 keV range. These variations are due to changes in the absorbing column towards the
hottest (kT = 9.1 keV) plasma component. The absorption variations are clearly not phase-
locked, nor are they correlated to changes in the disk as traced by the Hα line (overall strength,
depth of the central absorption of the shell profile, peak separation). For example, when the
X-ray absorption is highest or lowest, the central absorption depth in Hα is clearly not at an
extremum. This is reminiscent of other γ Cas analogs for which no correlation with phase or
Hα properties has been detected – in some cases, the peculiar X-ray emission may still exist
while Hα is seen in absorption (Smith et al., 2012; Nazé et al., 2019, 2022a; Rauw et al., 2022).

3. Discussion
The behaviour of ζ Tau can now be compared to expectations of the two proposed γ Cas

scenarios. First, we examine the star-disk interaction scenario. Using the usual density depen-
dency of Be disks, we modelled the absorption along the line-of-sight for various parameters
(notably considering several inclinations – 75, 80, 85, and 90◦, basal densities, scale heights,
disk sizes). If the X-ray source is located near the equator of the star, the absorbing column
may reach very high values (over 1025 cm−2). However, the observed columns agree with disk
absorptions if the X-ray source is located at moderate elevations (0.5–1.0 R∗) above the equato-
rial plane, which is not unexpected in this scenario. The lack of correlations with disk features
remains puzzling, but requires more investigation to draw secure conclusions.

The second scenario involves an accreting white dwarf (WD), and many such objects are
known. Only a few of them are paired with Be stars, however, and those systems are very bright
and extremely soft (in other words, nova-like), contrary to γ Cas analogs (Kennea et al. 2021
and references therein). Other accreting WDs have different configurations, with short periods
(often below 2 d) and the WD paired with a low-mass star (either overfilling its Roche lobe
or providing the accretion material through its wind). Depending on the strength of the WD
magnetic field, the accreted material can fall directly on the WD surface, fill a truncated disk
before falling onto it, or form a disk around it. Temperatures recorded for such accreting WDs,
the strength of their iron lines, and the frequency behaviour of their short-term variability are
comparable to those reported for γ Cas analogs. While the observed absorbing column in ζ Tau
appears comparable to those regularly observed for magnetic WDs, the link with inclination
(since only the edge-on ζ Tau system shows such a high absorption) and the absence of stable
short-term periodicity (despite the detection of intermittent features) in γ Cas analogs strongly
disfavor such cases. For non-magnetic cases, the absorption is usually smaller, except at high
accretion rates but then the soft X-ray emission dominates, contrary to observations of γ Cas
stars. Only a small group of symbiotic stars, the so-called δ -type objects, appear to display
highly absorbed hard X-rays, although they do so at somewhat lower inclinations too. In addi-
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tion, while “shots” are ubiquitous in γ Cas analogs, they are much rarer in accreting WDs and
the few exhibiting them display a different spectral behaviour during “flaring”. It thus remains
to be seen whether all γ Cas characteristics (temperature, absorption, variability, luminosity)
can be accounted for with an accreting WD.

The wealth of available observations of γ Cas analogs is putting strong constraints on both
scenarios envisaged to explain them. However, up to now, adequate theoretical predictions
are not available. Indeed, modelling of large-scale magnetic fields and Be disks have been
performed, but not of small-scale fields. Similarly, models of accreting WDs coupled to low-
mass stars in tight orbits exist, but that is not the case of WDs coupled to distant high-mass stars
with decretion disks. Such modelling efforts, adapted to γ Cas configurations, are now urgently
needed, to fully assess the compatibility of the proposed scenarios with the X-ray and optical
observations.
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