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Abstract. Massive stars emit X-rays. Despite modest X-ray luminosities of single hot massive
stars, the ongoing large observing campaigns combining X-ray and UV spectroscopy provide a
tomographic view of stellar winds. It is now established that X-ray radiation is modulated with
stellar rotation and shows the same period as discrete absorption components (DACs) in the UV
resonance lines. The latter are associated with corotating interaction regions (CIRs) in stellar
winds, therefore the mechanisms responsible for generation of X-rays and CIRs appear to be
physically linked. Binary massive stars with accreting compact companions – high-mass X-ray
binaries (HMXBs) – are routinely observed by modern X-ray observatories at Mpc distances.
Joint observations in X-ray and UV allow to determine realistic properties of these systems.
The brightest sources among HMXBs are ultraluminous X-ray sources (ULXs). Their power-
ful radiation is an important source of stellar feedback. HMXBs are the products of massive
binary evolution and are typically found in the vicinity of young massive star clusters. The
superstar clusters blow hot superbubbles which fill large areas in star-forming dwarf galaxies.
Recent models show that X-ray emission from superbubbles is likely the dominant source of He ii
ionization in metal-poor star-forming dwarf galaxies. To conclude, X-ray observations provide
an important window for studying massive stars and their feedback near and far.
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1. Introduction

Since the first discovery of X-rays from sources outside of the Solar System exactly
sixty years ago (Giacconi et al. 1962), X-ray observations remain at the frontiers of space
observational astronomy. Among currently operating X-ray telescopes, two observato-
ries are of special importance for studies of massive stars. The NASA’s Chandra X-ray
observatory provides an unprecedented sub-arcsecond angular resolution, as well as pos-
sibilities for low- and high-resolution X-ray spectroscopy. The ESA’s X-ray Multi-Mirror
Mission (XMM-Newton) is the largest X-ray telescope operating simultaneously all its
instruments, including two high-resolution X-ray spectrographs. Chandra and XMM-
Newton have similar passband (1.2 − 120 Å). Data obtained by these telescopes during
more than 20 yr of operations are accumulated in the most recent XMM-Newton and
Chandra catalogs – 4XMM-DR11 and CSC 2.0. The median X-ray flux of objects in these
catalogs is FX ∼ 10−14 erg s−1 cm−2 in the 0.3 − 7.0 keV band (for comparison, the most
sensitive Chandra observations reach a point source sensitivity ∼ 10−18 erg s−1 cm−2).

Distances at which telescopes detect stars chiefly depend on the stellar X-ray lumi-
nosity and the intervening absorbing column. The typical X-ray luminosity of an O-type
supergiant is ∼ 1033 erg s−1 (Nebot Gómez-Morán & Oskinova 2018) – therefore these
objects could be detected with median length exposures within 30 kpc. Colliding wind
binaries have an order of magnitude higher X-ray luminosities (Rauw & Nazé 2016),
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and a higher than usual X-ray luminosity of a massive star is a reliable indicator of its
binarity (Oskinova 2016). On the other hand, normal or low X-ray luminosity does not
rule out that a massive star is a binary – enhanced X-ray luminosity is not a necessary
attribute of massive binaries (Oskinova 2005, Nazé 2009). By now we know that all types
of single hot massive stars, except of WC stars and LBVs, are X-ray sources. The X-ray
loud WC stars and LBVs are colliding wind binaries (Oskinova et al. 2003, Nazé et al.
2012).

Massive stars which have a relativistic companion, a neutron star or a black hole,
accreting stellar matter are called high-mass X-ray binaries (HMXBs). Typically, X-
ray luminosities of persistent HMXBs are > 1035 erg s−1 while their X-ray spectra are
hard. This allows easy detection of HMXBs at distances up to ∼ 300 kpc. The hardness
of spectra drastically reduces the influence of the interstellar absorption and allows to
observe HMXBs across the Galaxy. In fact, the census of persistent HMXBs is nearly
complete in the Galaxy and in the Magellanic Clouds (Liu et al. 2006, Krivonos et al. 2012,
Haberl & Sturm 2016). The most luminous sources among the HMXB population belong
to the class of ultraluminous X-ray sources (ULXs) with LX > 1039 erg s−1 (Walton et al.
2022). These enigmatic objects are easily detectable within ∼ 3 Mpc.

2. X-rays from single massive stars are modulated with stellar
rotation

X-ray spectroscopic diagnostics revealed that in single massive stars X-rays are gener-
ated close to photosphere in hot plasma expanding with velocities similar to the general
cool wind velocity (Waldron & Cassinelli 2007). X-rays suffer absorption in the cool
wind but wind clumping allows more radiation to escape than would be possible if winds
were smooth (Oskinova et al. 2006). Observations of HMXBs allow to directly detect
spectroscopic signatures of clumps which are optically thick for X-rays (Goldstein et al.
2004, Oskinova et al. 2012, Mart́ınez-Chicharro et al. 2021). At the same time, dedicated
searches using excellent data ruled out the presence of stochastic variability which could
be linked to strong shocks in stellar winds (Nazé et al. 2013, Nichols et al. 2015).

There is firm evidence that X-rays from single O and WR stars are variable at
∼ 10 − 20% level on the rotational time scale (Oskinova et al. 2001, Ignace et al. 2013,
Massa et al. 2014). Nichols et al. (2021) found that the X-ray flux of the prototypical
O-type supergiant ζ Puppis (O4I) is modulated with P = 1.78 d, i. e. the same period as
observed in the broad-band optical photometric light-curve albeit in anti-phase with it.

The association of X-rays with the large scale structures in rotating star winds –
corotating interaction regions (CIRs) – has been long predicted (Mullan 1984). The
signatures of the CIRs are observed as discrete absorption components (DACs) in the UV
resonance lines which originate in stellar winds (Prinja & Howarth 1986, Hamann et al.
2001). To obtain a tomographic view of stellar winds and uncover links between the
CIRs and X-ray emission we initiated observing campaigns using the HST STIS UV
spectrograph and the XMM-Newton X-ray telescope. We selected two fast rotating single
O-type stars: ξ Per (O7.5III) and ζ Oph (O9.2IV). These objects have different wind
strengths, with ξ Per’s wind being more dense than ζ Oph’s wind, and also different
pulsation and rotation periods.

Massa et al. (2019) presented the results of joint XMM-Newton and HST observations
of ξ Per. The detailed study of the UV spectral variability revealed that it remains con-
sistent for at least 22 years elapsed since the previous UV spectral study of this object.
The DACs recurrence time, 2.1 d, remained stable. The X-ray variability period is the
same as the DACs period, however we established that there is a phase shift between
normalized X-ray and the UV wind line fluxes.

https://doi.org/10.1017/S1743921322003404 Published online by Cambridge University Press

https://doi.org/10.1017/S1743921322003404


X-raying massive stars 481

Full Band 0.2 - 10.0 keV

2.5

2.6

2.7

0 5 10 15 20

 Time [hr]

 c
o

u
n

t 
ra

te
 [

s-1
]

 Oph

 Per

OVIII

XMM-Newton RGS

λ0

18.8 18.9 19.0 19.1

Wavelength (A
o

)

N
o

rm
a
li

z
e
d

 f
lu

x

Figure 1. Left: XMM-Newton EPIC pn background-subtracted X-ray light curve of ζ Oph
in the 0.2− 10.0 keV band. The data are binned to 30min. The horizontal axis denotes the
time after the beginning of the observation in hours. The vertical axis shows the count rate
as measured by the EPIC pn camera. The error bars (1σ) correspond to the combination of
the error in the source counts and the background counts. Right: XMM-Newton RGS spectra
of the resonance line Oviii λ18.97 Å obtained during the observations of ξ Per (red error bars)
and ζ Oph (black error bars). The solid lines show corresponding line profiles predicted by our
clumped wind models (Oskinova et al. 2006).

Similar results are found from the analysis of the recent XMM-Newton observations of
ζ Oph which covered the full rotational period of the star, Prot ≈ 15.28 hr, as well as its
DACs recurrence period, PUV ≈ 20.8 hr (Howarth et al. 1993). As illustrated in Fig. 1, the
X-ray light curve is modulated with rotational period. The analysis of HST spectroscopic
observations which are nearly simultaneous with the X-ray observations is ongoing.

Thus, the current data point out that the generation of X-rays in massive stars is
linked with rotation and is associated with large scale wind structures. Furthermore,
the presence of the CIRs was invoked by Bozzo et al. (2017) to explain the observed
super-orbital modulation of the X-ray flux in supergiant HMXBs.

3. Hot winds as an explanation of the weak-wind problem

Figure 1 shows the Oviii λ18.97 Å resonance line in the spectra of ξ Per and ζ Oph.
The strong absorption of X-rays in the dense wind of ξ Per leads to the line blue-shift
(Oskinova et al. 2006). In contrast, the wind of ζ Oph is essentially transparent for emer-
gent X-rays in agreement with the low mass-loss rates inferred from the analyses of
UV spectra (Martins et al. 2005). As a result, the observed X-ray emission line is not
blue-shifted.

X-rays associated with hot plasma distributed in stellar winds have long been invoked
as a promising solution of the so-called weak wind problem (Cassinelli et al. 1994,
Martins et al. 2005, Lagae et al. 2021). Lucy (2012) suggested that in the late-type
O-dwarfs the bulk of the wind is hot, with temperatures of a few MK. The cool radia-
tively driven gas is confined to dense clumps. Further out in the wind, these cool clumps
are destroyed by heat conduction, and the outflow is dominated by a hot thermal wind
which reaches a supersonic terminal velocities.

Independently, similar solution to the weak-wind problem was proposed by
Huenemoerder et al. (2012) based on the empiric study of the high-resolution X-ray
spectra of late O-type dwarfs, μCol and σ Ori AB. It was shown that the emission mea-
sure of the X-ray emitting plasma is much larger than emission measure of the cool wind.
Huenemoerder et al. (2012) proposed that the weak-wind problem is resolved when the
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hot dominant component of the wind is accounted for in the total mass-loss rate budget.
It was suggested that “the wind is not weak, but it is hot and its bulk is only detectable
in X-rays.” The preliminary results of our ongoing study of another O-dwarf, ζ Oph,
corroborate this conclusion.

4. High-mass X-ray binaries and ULXs

Traditionally, the focus in studies of HMXBs lies on the analysis of their X-ray spectra
and light-curves. However, recent work shows that detailed modeling of donor star spectra
in optical and UV is needed to obtain realistic physical description of these systems.

The HMXBs with OB supergiant donor stars are classified in two groups according to
their X-ray properties: persistent sources and supergiant fast X-ray transients (SFXTs,
Mart́ınez-Núñez et al. 2017). It has been suggested that this dichotomy depends on the
characteristics of stellar winds, such as enhanced clumping or weaker winds in SFXTs
compared to the persistent sources. Hainich et al. (2020) analyzed stellar and wind param-
eters of six HMXBs using UV spectra obtained with the HST. This thorough study
showed that winds of donor stars in SFXTs and persistent HMXBs are similar. Recently,
(Sidoli et al. 2021) detected intrinsic X-ray emission from the O-type donor in a quiescent
SFXT, further confirming that winds of donors in SFXTs are not special. The SFXT phe-
nomenon could be explained by interactions between the neutron star’s magnetic field,
its spin, and the dynamics of donor star wind (Bozzo et al. 2008, Shakura et al. 2014,
Bozzo et al. 2016). Grids of spectral models for OB stars at different metallicities can be
used for analyzes of donor stars in HMXBs (Hainich et al. 2019).

HMXBs and ULXs are important sources of feedback (Lebouteiller et al. 2017,
Sazonov & Khabibullin 2018, Schaerer et al. 2019). Oskinova et al. (2019) discovered
three ULXs in the metal-poor galaxy ESO 338 and suggested that, in order to adequately
model stellar feedback in this and similar low-metallicity dwarf galaxies, X-rays have to
be taken into account.

5. X-ray emission from hot superbubbles explain nebular He ii
emission in metal-poor dwarf galaxies

Star-forming galaxies are filled by diffuse X-rays produced by a few MK hot gas (e.g.
Martin 1996, Tenorio-Tagle et al. 2006, Danehkar et al. 2021). Observations establish that
its X-ray luminosity is proportional to the star-formation rate (SFR) of the host galaxy
(Smith et al. 2019, Mineo et al. 2012, Lehmer et al. 2022). Oskinova & Schaerer (2022)
suggest that the nebular He ii emission observed in dwarf galaxies can be explained by
X-rays from superbubbles blown up by cluster winds of superstar clusters with Mcl >
105 M�. The kinetic energy feedback of massive stars increases as star clusters evolve,
and reaches its maximum in a few Myr old clusters (Oskinova 2005). Initially, the energy
input is dominated by stellar winds, while later on it gradually increases due to the input
from core-collapse supernovae.

The temperature of superbubbles scales with input kinetic energy. Because at lower
metallicities stellar winds are weaker, superbubble temperatures are also lower. Therefore,
at low metallicity, the bulk of the X-rays emerging from superbubbles has energies close
to the He ii ionization edge.

In order to estimate the He ii ionizing power of the whole ensemble of young star
clusters in a star-forming galaxy, Oskinova & Schaerer (2022) employed an empirical
correlation between the cluster formation rate and SFR in galaxies. It was shown that
X-ray luminosity of hot diffuse gas in a galaxy is proportional to its SFR [M� yr−1] as
log LX ≈ log SFR + 39.6 [erg s−1], i.e. similar to observations (Lehmer et al. 2022). Hence,
according to this model, the observed prevalence of He ii nebulae in low-Z galaxies is
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Table 1. He ii ionizing photon rate in WR stars and hot superbubbles (SBB) with
LX(SBB) = 1040 erg s−1. The metallicity is Z = 0.07Z�.

Object Model∗ Temperature logQ(He+)

[s−1]

WNE star WNE-2014 model 16-14 T∗ = 141 kK 48.2

WNL star WNL-H60-20 T∗ = 110 kK 47.8

WC star WC-19-18 T∗ = 200 kK 48.5

WNE star WNE-18-13 T∗ = 178 kK 48.4

WNL star WNL-H60-14-06 T∗ = 112 kK 47.7

SBB apec kT = 0.5 keV 49.7

SBB apec kT = 0.2 keV 50.2

SBB apec kT = 0.1 keV 51.0

(*) For WR stars, the model number is according to the PoWR model grid accessible at www.
astro.physik.uni-potsdam.de/PoWR.

due to the combination of (1) lower temperature of superbubbles, (2) the linear scaling
between the X-ray output of star clusters and the SFR of their host galaxy.

Besides superbubbles, WR stars also contribute to the He ii ionizing flux (Table 1). The
Oskinova & Schaerer (2022) model links star and cluster formation with stellar evolution
and feedback. Consistent modeling of galaxies exhibiting He ii nebula emission is the next
required step in understanding stellar feedback at low metallicity.
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