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ABSTRACT

HESS J1832—093 is a member of the rare class of gamma-ray binaries, as recently confirmed by the detection of orbitally
modulated X-ray and gamma-ray emission with a period of ~86 d. The spectral type of the massive companion star has been
difficult to retrieve as there is no optical counterpart, but the system is coincident with a near-infrared source. Previous results
have shown that the infrared counterpart is consistent with an O or B-type star, but a clear classification is still lacking. We
observed the counterpart twice, in 2019 and 2021, with the X-Shooter spectrograph operating on the Very Large Telescope
(VLT). The obtained spectra classify the counterpart as an O6 V-type star. We estimate a distance to the source of 6.7 & 0.5 kpc,
although this estimate can be severely affected by the high extinction towards the source. This new O6 V classification for
the companion star in HESS J1832—093 provides further support to an apparent grouping around a given spectral type for all
discovered gamma-ray binaries that contain an O-type star. This may be due to the interplay between the initial mass function
and the wind momentum—luminosity relation.

Key words: binaries: spectroscopic—stars: neutron—gamma-rays: stars—X-rays: binaries—X-rays: individual: (HESS

J1832—-093, 2MASS J18324516—0921545).

1 INTRODUCTION

The production of very-high-energy (VHE) gamma-ray emission
from astrophysical sources requires both a powerful particle ac-
celerator and the existence of favourable ambient conditions upon
which these particles can interact. The latest generation of Cherenkov
telescopes have imaged about a hundred such TeV emitters, the
vast majority of which are located in the Galactic plane (H.E.S.S.
Collaboration 2018). While VHE emission from a variety of Galac-
tic sources has now been revealed (including pulsars and pulsar
wind nebulae, gamma-ray binaries, supernova remnants, and stellar
clusters) so far gamma-ray binaries are, together with pulsars and
novae, the only Galactic cases in which variable TeV emission has
been reported. Gamma-ray binaries are high-mass binary systems
which consist of a neutron star or black hole, which orbits an O
or Be-type companion, and which produce persistent non-thermal
emission which peaks (in a vF, distribution) in the gamma-ray
regime (e.g. Dubus 2013). Gamma-ray binaries represent a unique
framework to study the mechanisms through which VHE emission is
produced, as they provide variable photon- and matter-field ambient
conditions in the emitter. Observations of gamma-ray binaries can
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render key information on the particle acceleration mechanisms and
radiation/absorption processes taking place in the close vicinity of a
compact object.

So far, only nine gamma-ray binaries have been
identified, namely PSRB1259-63, LS5039, LSI+61303,
HESS J0632+4-057, HESS J1832—093, 1FGLJ1018.6—5856, LMC
P3, PSRJ2032+4127, and 4FGL J1405.1—6119 (Aharonian et al.
2005a, b; Albert et al. 2006; Aharonian et al. 2007; H.E.S.S.
Collaboration 2015a, b; Corbet et al. 2016; Abeysekara et al.
2018; Corbet et al. 2019, respectively).! All of them are high-mass
systems composed of a compact object in the mass range of a
black hole or a neutron star orbiting a luminous O or Be-type
companion star, and exhibit the maximum of their non-thermal
emission at gamma-ray energies. In only three of these systems,
namely PSR B1259-63, PSR J2032+44127, and LSI+61303
(Johnston et al. 1992; Camilo et al. 2009; Weng et al. 2022), is the
nature of the compact object known due to the detection of pulsed
emission.> While there are similarities between the gamma-ray
binaries, each source shows its own distinct characteristics in its

!"The source HESS J1828—099 has been recently proposed as a gamma-ray
binary candidate, see De Sarkar et al. (2022).

2 An indication of pulsed emission has also been reported for LS 5039 by
Yoneda et al. (2020); Makishima et al. (2023); but see also Volkov et al.
(2021); Kargaltsev et al. (2023).
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spectral properties and phase folded flux profile. However, there is a
general trend that the gamma-ray binary systems that contain O-type
stars show more regular orbit-to-orbit behaviour (e.g. LS 5039;
Mariaud et al. 2015), while those that contain Be-type stars have
shown super-orbital periods (LS 1461 303; Ahnen et al. 2016, and
references therein), local maxima in their light curves associated
with the compact object crossing the circumstellar disc (e.g.
HESS J0632+057, PSR B1259—63, PSR J2032+4127; Aharonian
et al. 2005b; Moritani et al. 2018; Abeysekara et al. 2018), as
well as significant orbit to orbit variability (e.g. PSR B1259—63;
Chernyakova et al. 2021). There also seems to be a general trend
where O-type systems have shorter orbital periods than Be-type
systems (see e.g. table 1 in Chernyakova et al. 2019). Deeper studies
are required to understand whether there exists a unified physical
picture describing all of them as a class.

HESS J1832—-093 was serendipitously discovered close to the rim
of SNR G22.7—0.2 during observations of the Galactic plane with the
H.E.S.S. telescopes (H.E.S.S. Collaboration 2015a). The source dis-
plays a differential TeV flux of (4.8 £ 1.8) x 10713 TeV~'cm 25!
with a spectral index I', = 2.6 £ 0.4, and appears point-like
at TeV energies. No statistically significant variability was found
in the TeV data, and its identification remained uncertain. Three
possibilities were presented given its point-like nature: a gamma-ray
binary scenario, a young pulsar wind nebula, or a background Active
Galactic Nucleus (H.E.S.S. Collaboration 2015a).

A search for multiwavelength counterparts was conducted to
further constrain the system properties. Observations with XMM-
Newton in 2011 revealed a relatively faint (¢ jokev = 6.93:; X
10" B ergem=2s7"), hard (I'x = 1.3793) and highly absorbed (Ny =
10.5735 x 10%2 cm~2) point-like X-ray source coincident with the
position of the TeV source (H.E.S.S. Collaboration 2015a). In addi-
tion, an infrared counterpart, 2MASS J18324516—0921545 (Skrut-
skie et al. 2006; apparent magnitudes J = 15.52 £ 0.06 mag,
H = 1326 £ 0.04mag, and Ks = 12.17 £ 0.02mag), was
found ~1.9” away from the best-fitting XMM-Newton position. The
chance probability of such a spatial coincidence was found to be
<2percent, prompting an association between HESS J1832—093
and 2MASS J18324516—0921545 (H.E.S.S. Collaboration 2015a).

Further X-ray observations strengthened the case for a gamma-
ray binary. Eger et al. (2016) reported that observations of
HESS J1832—093 with Chandra in 2015 displayed a 2-10 keV flux
~6 times higher than the one obtained with XMM-Newton in 2011,
with the spectral parameters remaining essentially unchanged. Note,
however, that a smaller change in the flux was found in a re-analysis
by Mori et al. (2017). Additionally, Eger et al. (2016) placed a limit
on the pulsed fraction at the level of ~45 per cent. These observations
also refined the X-ray source position to within 0.3” of its proposed
infrared counterpart. Further NuSTAR observations of the source in
2016 showed that the X-ray spectrum is well fitted with a power law
(I' = 1.5) up to 30keV, with no indication of a break (Mori et al.
2017). This is consistent with gamma-ray binaries that do not show
the characteristic break of High-Mass X-ray Binaries (HMXBs) at
keV energies (e.g. Dubus 2013). Mori et al. (2017) also undertook
timing analysis which showed no evidence of pulsation or accretion
signatures. In the GeV domain, HESS J1832—093 has been detected
with the Fermi-LAT by Marti-Devesa & Reimer (2020). Critically,
these authors reported on the discovery of orbitally modulated
emission at both X-ray and gamma-ray energies, with a period of
~86.3d in the Swift data, and ~87.0d in the Fermi-LAT data. This
detection confirmed that this source is a gamma-ray binary.

No counterpart to HESS J1832—093 has been identified at optical
wavelengths. Mori et al. (2017), found that the absolute J and
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K magnitudes for the near-infrared (NIR) counterpart would be
compatible with a B8V or B1.5V star, based on a hydrogen column
density of Ny = 1.7 x 10?2 cm™2 from radio surveys and a distance
of 4.4kpc, but cautioned that the higher column density for X-ray
observations suggests this is a lower limit and higher extinction would
imply an O-type star. More recently, Tam et al. (2020) reported on
Gemini NIR spectroscopic observations which found the counterpart
to be consistent with a late O-type or early B-type star.

In this letter, we report on new upper limits on the optical mag-
nitude of the optical counterpart, as well as new NIR spectroscopic
observations undertaken with the X-shooter spectrograph operating
on the Very Large Telescope (VLT) in Paranal, Chile, intended to
definitively classify the spectral type of the proposed counterpart.

2 OBSERVATIONS OF HESS J1832-093

2.1 TJO and NOT observations

Observations were undertaken on 2015 October 31 to search for
the optical counterpart of 2MASS 18324516—0921545 (RA =
18:32:45.162s, DEC = —09:21:54.55) in the R band using MEIA2
on the fully robotic 0.8-m Joan Oré telescope (TJO) at the Montsec
Observatory (OdM; Vilardell et al. 2013). MEIA2 is a 2048 x 2048
back-illuminated Charge-Coupled Device (CCD) detector achieving
a 12.3'x12.3’ field of view. No optical counterpart could be found
in the R-image in the 900 s observations. The closest sources, with
a magnitude of 19.3, are located at 5.6” and 8.2” (calibrated with
stars from the USNO B-1.0 catalogue, yielding an astrometric
RMS uncertainty of 0.4”) from the Chandra and 2MASS source
(astrometric precision of 20 mas). Follow-up imaging observations
using the 2.65-m Nordic Optical Telescope (NOT) telescope were
obtained (proposal 118-Multiple-2 16A) with ALFOSC (2016 March
22) and NOTCam (2016 August 12). Optical observations were
taken with ALFOSC with a 2048 x 2064 CCD detector achieving a
6.4'x6.4' field of view, while infrared observations were taken with
NOTCam which has a 1024 x 1024 detector which achieves a 4’ x4’
field of view. The optical observations constrained the magnitude
of the counterpart to be fainter than B ~ 21.1, R ~ 22.3, and /
~ 21.8mag (30 CL), while the infrared observations found J =
15.54 £+ 0.01 mag, consistent with the 2MASS catalogue.

2.2 X-shooter observations and data reduction

The infrared counterpart associated with HESSJ1832—-093,
2MASS J18324516—0921545, was observed twice using X-Shooter
(Vernet et al. 2011) on the VLT, on 2019 October 4 and 2021 June
28. X-Shooter, mounted at the Cassegrain focus of the 8.2-m UT3
telescope, consists of three echelle spectrographs which cover the
ultraviolet, optical, and NIR wavelength range. Both observations
were undertaken in ‘AutoNodOnSlit” mode, and consisted of a
9 x 175s exposure of the target using only the NIR detector,
with the 0.9” slit (R ~ 5600). The first observation achieved a
signal-to-noise ratio of ~136 and ~138 in the H and K bands
respectively, while the second observation achieved ~98 and ~102.
Both observations were undertaken with seeing <1”. Data reduction
and spectral extraction was performed with the ESO XShooter
pipeline (Modigliani et al. 2010). Telluric correction was performed
using MOLECFIT (Kausch et al. 2015; Smette et al. 2015) within
the REFLEX interface (Freudling et al. 2013). The two observations
were barycentric corrected (determined with ASTROPY; Astropy
Collaboration 2018), continuum corrected by dividing by a low-
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order polynomial, fit to the background continuum, and averaged
together for the spectral analysis.

2.3 Spectral analysis

The average spectrum obtained is shown in Fig. 1, binned on 0.25 nm
(upper blue line). This is compared to HD 5689, an O6 V star as
reported in Hanson et al. (2005; lower black line). The identified
lines are indicated on the figure. The H (Brackett series) and the
He lines are the strongest features in the spectrum. The H lines are
all in absorption, with no indication of emission lines that would be
associated with an Oe/Be star. The He 11 line at 2.1885 um is present,
as found in O-type stars, while H1 lines are present indicating a type
later than O3 (e.g. Hanson et al. 2005). The relative ratio between
the He 1l and Hel lines, at 1.6918 pm and 1.7002 pum, respectively,
is consistent with an O6 star. Upon comparison with the spectra
presented in Hanson et al. (2005), our best spectral fit points to
an O6V star. The spectrum also shows N1II (or possibly C1iI line)
at ~2.116 um in emission, as has been previously identified in O-
type dwarf stars, as well as the unknown line at 1.650 pm (Hanson,
Conti & Rieke 1996; Hanson et al. 2005). The expected C IV emission
line at 2.078 um (Hanson et al. 2005) is not seen but, due to the
weakness of the line, it may have been lost in the correction for
telluric absorption. In addition, an unknown line is observed at
1.567 um, which is consistent with the spectrum of an O6 V star
as reported in Roman-Lopes et al. (2018). We therefore conclude
that 2MASS J18324516—0921545 is an O6 V-type star.

2.4 Radial velocity search

The two X-Shooter observations were taken at different times in
order to search for a change in the radial velocity of the source. For
comparison to the phase folded Fermi-LAT and Swift light curves
shown in fig. 8 in Marti-Devesa & Reimer (2020), we adopt Ty =
54524.9979255MID and the orbital period of P = 87.016d which
places the two X-Shooter observations at orbital phases ¢ = 0.67 and
¢ = 0.94.% Note that the value of the orbital phase is very sensitive
to the orbital period used.

We searched for a difference in the radial velocity between the two
observations by fitting a Gaussian profile to several spectral lines.
The noise on some individual lines prevented good-quality fits to
the data, while for the cleaner cases we did not find a statistically
significant difference between the mid-point. We note that the lack of
aradial velocity difference in the two observations could also indicate
that the intrinsic radial velocity is small, depending on the orbital
geometry and the inclination angle of the binary system. Additional
observations will allow a cross-correlation between spectra to be
performed, which can achieve a higher precision measurement of
the radial velocities of HESS J1832—093.

3 DISCUSSION

3.1 Spectral type of the massive companion

The X-shooter observations, obtained with a signal to noise of >100,
clearly classify the proposed counterpart as an O6 V-type star. This

3The correct value of the period found and used in figs. 7 & 8 in Marti-
Devesa & Reimer (2020) is given in their figure captions, and is not
the value given in the body of the text (Marti-Devesa & Reimer, private
communication).
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classification is consistent with the earlier ranges proposed by Marti-
Devesa & Reimer (2020) and Tam et al. (2020). Itis interesting to note
that, with this spectral classification, the massive companions of all
gamma-ray binaries that contain an O-type star have a similar spectral
type. The massive companions in LS 5039, 1FGL J1018.6—5856,
LMP P3, and 4FGL J1405.1—6119 are an ON6.5 V ((f)), 06 V
((f)), OS5 111, and an O6.5 111 star, respectively (Casares et al. 2005;
Seward et al. 2012; Waisberg & Romani 2015; Corbet et al. 2019).
Therefore, to date, no gamma-ray binary has been detected with a
spectral type later than O6.5 if the optical companion is not a Be star.
All the known gamma-ray binaries containing Be stars also have
a very similar spectral type of 09.5 Ve or BO Ve (Casares et al.
2005; Camilo et al. 2009; Aragona, McSwain & De Becker 2010;
Negueruela et al. 2011). However, this is not unexpected as gamma-
ray binaries are likely precursors to more typical accretion-driven
HMXBs (e.g. Dubus et al. 2017), and Be X-ray binaries are known
to show a peak at spectral type B0, which is linked to the evolution
of these binary systems (e.g. Negueruela & Coe 2002).

The reason for this apparent grouping around an O5/06 spectral
type is unclear. The initial mass function (IMF) predicts that
the number of stars, N, decreases with increasing mass M as
dN/d(logM) o« M~", with I ~ 1.35 (for M > 1 Mo; Salpeter 1955;
Bastian, Covey & Meyer 2010). Therefore, later O-type sources
should be more common than more massive, earlier O-type sources.
One possible reason for the grouping may be that to produce a
gamma-ray binary the wind of the massive companion needs to have
a high enough wind momentum to either produce a strong enough
shock or efficiently confine the pulsar wind, in cases where a neutron
star is powering the system. O-type stars display strong winds,
which are powered by the intense radiation from these hot stars. The
mechanical momentum of their winds depends, therefore, on their
luminosity, L, through the so-called wind momentum-luminosity
relationship (WLR; Kudritzki & Puls 2000), according to which
10gDmom o xlog(L/Lg), where Dyom = Muso(R/Re)*® is known
as the modified stellar wind momentum. Here, M and v, are the
mass-loss rate and velocity of the stellar wind, respectively, and R is
the stellar radius. A fit to O-type stars indicates that x ~ [1.5-2.1],
with a possible indication of a break below L/Lg ~ 10° (see e.g.
Kudritzki & Puls 2000; Bjorklund et al. 2021; Marcolino et al. 2022,
and references therein).

Therefore, this may suggest that there is a preference for gamma-
ray binaries to form with earlier, more luminous, O-type stars as they
will have a higher wind momentum. However, since the IMF shows
that the number of stars decreases with mass, spectral types earlier
than O5 will be rare. This is illustrated in Fig. 2, where the shape of
the IMF is shown in arbitrary units on the left axis, while the WLR
(using the fit from Bjorklund et al. 2021) is shown on the right axis for
OV and O11I stars. Here the relation between stellar luminosity and
stellar mass is estimated by interpolating between the values given in
Martins, Schaerer & Hillier (2005). This will introduce the observed
grouping around a similar spectral type for systems containing O-
type stars. If this is correct, it suggests that gamma-ray binaries will
only be found with later spectral type massive companions if they
are Be stars, as this provides a denser wind in the circumstellar disc.

3.2 Distance to the source and lack of optical counterpart

From the spectral type we can estimate the distance to the source from
the distance modulus formula m — M = —5 + 5log;o(d) + A;.. For
an 06 V-type star we adopt the values from Martins & Plez (2006),
which gives Mx = —4.13 £ 0.15 and (J — K)o = —0.21, where the
error is estimated from the difference in magnitude for the immediate
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Figure 1. X-Shooter spectrum obtained in the analysis reported here, averaged over two observations, and binned on 0.25 nm (upper blue line). This is compared
to HD 5689, an O6V star (lower black line, offset for clarity) as reported by Hanson et al. (2005). The identified H and He absorption lines are marked, as well
as the N 111 (C 111?) emission line. Also marked are the unidentified lines at 1.567 um (Roman-Lopes et al. 2018) and 1.650 pum (Hanson et al. 2005), as well as

the expected position of the C IV emission line (see text for details).
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Figure 2. Sketch of the comparison of the IMF and the wind momentum—
luminosity relation for O-type stars. The IMF is in arbitrary units, assuming
I' = 1.35 (solid black line; left axis), and the wind momentum—luminosity
relation (right axis) for O v (dashed blue line) and O 111 (dash-dotted orange
line) type stars uses the fit from Bjorklund et al. (2021), assuming the relation
between mass and luminosity interpolated from Martins, Schaerer & Hillier
(2005).

earlier and later type star, listed in the tabulated values. The observed
colour for the NIR counterpart is (J — K)omass = 3.35 £ 0.06
which we correct via the formula outlined in Carpenter (2001) to the
Bessell & Brett (1988) system, giving (J/ — K) = 3.46 & 0.07. This
gives acolourexcess of E(J — K) = (J — K) — (J — K)o =3.67 £ 0.07.
We then calculate the extinction from Ag/E(J — K) = 2.4(Ag/um)~ "7
(Draine 1989) where we use Ax = 2.2 um, which gives an extinction
of Ax = 2.22 + 0.04. From this, and correcting the 2MASS Kj
magnitude to the Bessell & Brett (1988) system (Carpenter 2001),
gives a distance to the source of d = 6.7 & 0.5 kpc, where the error is
mainly due to the uncertainty in the absolute magnitude. This distance
is rather larger than the 4.4 + 0.4kpc, previously assumed in e.g.
Marti-Devesa & Reimer (2020). This would, however, only imply
a luminosity ~2 times larger than previously considered, which
would still imply that HESS J1832—093 is a lower X-ray/gamma-
ray luminosity gamma-ray binary (see e.g. discussions in Eger et al.
2016; Mori et al. 2017, and references therein).

The colour excess in NIR also implies a large extinction at optical
wavelengths. Using the interstellar extinction law from Rieke &
Lebofsky (1985; R = 3.09 £ 0.03) a rather high extinction in the V
band of Ay = 21.6 £ 1.4 is derived. At a distance of 6.7 kpc this
would imply an apparent visual magnitude of V=31 % 1, (assuming
My = —4.99; Martins & Plez 2006) much fainter than the current
upper limits. Similarly we estimated the expected magnitude in 7,
using M; = —4.56 £ 0.15 (based on (I — V)y = 0.43 in Wegner
1994) and A/Ay = 0.482 (Rieke & Lebofsky 1985) which would

MNRASL 529, L102-L107 (2024)
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suggest [ = 20.0 £ 1.4. Given the upper limit established by the
NOT observations (see Section 2.1) is fainter than this, this suggests
that the absorption in the direction of the source is higher than the
standard Galactic extinction.

An estimate of the hydrogen column density in the direction of the
source can also be made from Ny /Ay = (1.79 £ 0.03) x 10?! cm™2
(Predehl & Schmitt 1995). From the value found for the visual
extinction, this gives Ny = (3.9 4 0.3) x 102 cm~2, which is lower
than the Ny = 9.5 x 10?2 cm~2, found from X-ray observations
by Mori et al. (2017). However, the estimates calculated here are
for a standard Galactic extinction, which also implies that there
is additional extinction in the direction of the source. Another
possibility is that there is absorption which is intrinsic to the source,
i.e. not due to interstellar absorption. However, to date this has not
been observed for other gamma-ray binaries (see e.g. Bosch-Ramon
et al. 2007; Takahashi et al. 2009; An et al. 2015; Corbet et al. 2016,
and references therein).

4 CONCLUSIONS

We report on new TJO, NOT, and X-Shooter observations in the NIR
of the proposed counterpart to HESS J1832—093. From a comparison
to the library of sources in Hanson et al. (2005), and the relative
ratios of the He 1 and He 11 lines we classify the star as an O6 V type.
Based on this spectral type, we estimated the distance to the source
to be d = 6.7 £ 0.5 kpc, but emphasize that the high value of the
extinction found in this direction will affect this result. The high
value of the extinction found, suggests that no optical observations
will be possible of the massive counterpart, and all future studies (for
example of the radial velocity of the companion star) will have to
rely on observations in the NIR. This spectral classification further
suggests a possible grouping around spectral type O5/06, for gamma-
ray binaries containing O-type stars. We suggest this grouping may
be due to the interplay between the IMF and the WLR.
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