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A B S T R A C T 

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 
disco v ered 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). 
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 I N T RO D U C T I O N  

he production of very-high-energy (VHE) gamma-ray emission
rom astrophysical sources requires both a powerful particle ac-
elerator and the existence of fa v ourable ambient conditions upon
hich these particles can interact. The latest generation of Cherenkov

elescopes have imaged about a hundred such TeV emitters, the
ast majority of which are located in the Galactic plane (H.E.S.S.
ollaboration 2018 ). While VHE emission from a variety of Galac-

ic sources has now been revealed (including pulsars and pulsar
ind nebulae, gamma-ray binaries, supernova remnants, and stellar

lusters) so far gamma-ray binaries are, together with pulsars and
ovae, the only Galactic cases in which variable TeV emission has
een reported. Gamma-ray binaries are high-mass binary systems
hich consist of a neutron star or black hole, which orbits an O
r Be-type companion, and which produce persistent non-thermal
mission which peaks (in a νF ν distribution) in the gamma-ray
egime (e.g. Dubus 2013 ). Gamma-ray binaries represent a unique
ramework to study the mechanisms through which VHE emission is
roduced, as they provide variable photon- and matter-field ambient
onditions in the emitter. Observations of gamma-ray binaries can
 E-mail: vansoelenb@ufs.ac.za (BvS); pbordas@fqa.ub.edu (PB) 
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ender key information on the particle acceleration mechanisms and
adiation/absorption processes taking place in the close vicinity of a
ompact object. 

So far, only nine gamma-ray binaries have been
dentified, namely PSR B1259 −63, LS 5039, LS I + 61 303,
ESS J0632 + 057, HESS J1832 −093, 1FGL J1018.6 −5856, LMC
3, PSR J2032 + 4127, and 4FGL J1405.1 −6119 (Aharonian et al.
005a , b ; Albert et al. 2006 ; Aharonian et al. 2007 ; H.E.S.S.
ollaboration 2015a , b ; Corbet et al. 2016 ; Abeysekara et al.
018 ; Corbet et al. 2019 , respectively). 1 All of them are high-mass
ystems composed of a compact object in the mass range of a
lack hole or a neutron star orbiting a luminous O or Be-type
ompanion star, and exhibit the maximum of their non-thermal
mission at gamma-ray energies. In only three of these systems,
amely PSR B1259 −63, PSR J2032 + 4127, and LS I + 61 303
Johnston et al. 1992 ; Camilo et al. 2009 ; Weng et al. 2022 ), is the
ature of the compact object known due to the detection of pulsed
mission. 2 While there are similarities between the gamma-ray
inaries, each source shows its own distinct characteristics in its
 The source HESS J1828 −099 has been recently proposed as a gamma-ray 
inary candidate, see De Sarkar et al. ( 2022 ). 
 An indication of pulsed emission has also been reported for LS 5039 by 
oneda et al. ( 2020 ); Makishima et al. ( 2023 ); but see also Volkov et al. 
 2021 ); Kargaltsev et al. ( 2023 ). 
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pectral properties and phase folded flux profile. Ho we ver, there is a
eneral trend that the gamma-ray binary systems that contain O-type 
tars show more regular orbit-to-orbit behaviour (e.g. LS 5039; 
ariaud et al. 2015 ), while those that contain Be-type stars have

hown super-orbital periods (LS I + 61 303; Ahnen et al. 2016 , and
eferences therein), local maxima in their light curves associated 
ith the compact object crossing the circumstellar disc (e.g. 
ESS J0632 + 057, PSR B1259 −63, PSR J2032 + 4127; Aharonian

t al. 2005b ; Moritani et al. 2018 ; Abeysekara et al. 2018 ), as
ell as significant orbit to orbit variability (e.g. PSR B1259 −63; 
hern yako va et al. 2021 ). There also seems to be a general trend
here O-type systems have shorter orbital periods than Be-type 

ystems (see e.g. table 1 in Chern yako va et al. 2019 ). Deeper studies
re required to understand whether there exists a unified physical 
icture describing all of them as a class. 
HESS J1832 −093 was serendipitously disco v ered close to the rim

f SNR G22.7 −0.2 during observations of the Galactic plane with the 
.E.S.S. telescopes (H.E.S.S. Collaboration 2015a ). The source dis- 
lays a differential TeV flux of (4.8 ± 1.8) × 10 −13 TeV 

−1 cm 

−2 s −1 

ith a spectral index � γ = 2.6 ± 0.4, and appears point-like 
t TeV energies. No statistically significant variability was found 
n the TeV data, and its identification remained uncertain. Three 
ossibilities were presented given its point-like nature: a gamma-ray 
inary scenario, a young pulsar wind nebula, or a background Active 
alactic Nucleus (H.E.S.S. Collaboration 2015a ). 
A search for multiwavelength counterparts was conducted to 

urther constrain the system properties. Observations with XMM- 
ewton in 2011 revealed a relatively faint ( φ2 –10 keV = 6 . 9 + 1 . 7 

−2 . 8 ×
0 −13 erg cm 

−2 s −1 ), hard ( � X = 1 . 3 + 0 . 5 
−0 . 4 ) and highly absorbed ( N H =

0 . 5 + 3 . 1 
−2 . 7 × 10 22 cm 

−2 ) point-like X-ray source coincident with the
osition of the TeV source (H.E.S.S. Collaboration 2015a ). In addi- 
ion, an infrared counterpart, 2MASS J18324516 −0921545 (Skrut- 
kie et al. 2006 ; apparent magnitudes J = 15.52 ± 0.06 mag,
 = 13.26 ± 0.04 mag, and K S = 12.17 ± 0.02 mag), was

ound ∼1.9 ′′ away from the best-fitting XMM-Newton position. The 
hance probability of such a spatial coincidence was found to be 
 2 per cent, prompting an association between HESS J1832 −093 

nd 2MASS J18324516 −0921545 (H.E.S.S. Collaboration 2015a ). 
Further X-ray observations strengthened the case for a gamma- 

ay binary. Eger et al. ( 2016 ) reported that observations of
ESS J1832 −093 with Chandra in 2015 displayed a 2–10 keV flux
6 times higher than the one obtained with XMM-Newton in 2011, 
ith the spectral parameters remaining essentially unchanged. Note, 
o we ver, that a smaller change in the flux was found in a re-analysis
y Mori et al. ( 2017 ). Additionally, Eger et al. ( 2016 ) placed a limit
n the pulsed fraction at the level of ∼45 per cent. These observations
lso refined the X-ray source position to within 0.3 ′′ of its proposed
nfrared counterpart. Further NuSTAR observations of the source in 
016 showed that the X-ray spectrum is well fitted with a power law
 � = 1.5) up to 30 keV, with no indication of a break (Mori et al.
017 ). This is consistent with gamma-ray binaries that do not show
he characteristic break of High-Mass X-ray Binaries (HMXBs) at 
eV energies (e.g. Dubus 2013 ). Mori et al. ( 2017 ) also undertook
iming analysis which showed no evidence of pulsation or accretion 
ignatures. In the GeV domain, HESS J1832 −093 has been detected 
ith the Fermi -LAT by Mart ́ı-Devesa & Reimer ( 2020 ). Critically,

hese authors reported on the disco v ery of orbitally modulated 
mission at both X-ray and gamma-ray energies, with a period of
86.3 d in the Swift data, and ∼87.0 d in the Fermi -LAT data. This

etection confirmed that this source is a gamma-ray binary. 
No counterpart to HESS J1832 −093 has been identified at optical 

avelengths. Mori et al. ( 2017 ), found that the absolute J and
 magnitudes for the near-infrared (NIR) counterpart would be 
ompatible with a B8V or B1.5V star, based on a hydrogen column
ensity of N H = 1.7 × 10 22 cm 

−2 from radio surv e ys and a distance
f 4.4 kpc, but cautioned that the higher column density for X-ray
bservations suggests this is a lower limit and higher extinction would 
mply an O-type star. More recently, Tam et al. ( 2020 ) reported on
emini NIR spectroscopic observations which found the counterpart 

o 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-

itude of the optical counterpart, as well as new NIR spectroscopic
bservations undertaken with the X-shooter spectrograph operating 
n the Very Large Telescope (VLT) in Paranal, Chile, intended to
efinitively classify the spectral type of the proposed counterpart. 

 OBSERVATI ONS  O F  HESS  J 1 8 3 2  −0 9 3  

.1 TJO and NOT obser v ations 

bservations were undertaken on 2015 October 31 to search for 
he optical counterpart of 2MASS 18324516 −0921545 (RA = 

8:32:45.162s, DEC = −09:21:54.55) in the R band using MEIA2 
n the fully robotic 0.8-m Joan Or ́o telescope (TJO) at the Montsec
bservatory (OdM; Vilardell et al. 2013 ). MEIA2 is a 2048 × 2048
ack-illuminated Charge-Coupled Device (CCD) detector achieving 
 12.3 ′ ×12.3 ′ field of view. No optical counterpart could be found
n the R -image in the 900 s observations. The closest sources, with
 magnitude of 19.3, are located at 5.6 ′′ and 8.2 ′′ (calibrated with
tars from the USNO B-1.0 catalogue, yielding an astrometric 
MS uncertainty of 0.4 ′′ ) from the Chandra and 2MASS source

astrometric precision of 20 mas). Follow-up imaging observations 
sing the 2.65-m Nordic Optical Telescope (NOT) telescope were 
btained (proposal 118-Multiple-2 16A) with ALFOSC (2016 March 
2) and NOTCam (2016 August 12). Optical observations were 
aken with ALFOSC with a 2048 × 2064 CCD detector achieving a
.4 ′ ×6.4 ′ field of view, while infrared observations were taken with
OTCam which has a 1024 × 1024 detector which achieves a 4 ′ ×4 ′ 

eld of view. The optical observations constrained the magnitude 
f the counterpart to be fainter than B ∼ 21.1, R ∼ 22.3, and I

21.8 mag (3 σ CL), while the infrared observations found J =
5.54 ± 0.01 mag, consistent with the 2MASS catalogue. 

.2 X-shooter obser v ations and data reduction 

he infrared counterpart associated with HESS J1832 −093, 
MASS J18324516 −0921545, was observed twice using X-Shooter 
Vernet et al. 2011 ) on the VLT, on 2019 October 4 and 2021 June
8. X-Shooter, mounted at the Cassegrain focus of the 8.2-m UT3
elescope, consists of three echelle spectrographs which co v er the
ltraviolet, optical, and NIR wavelength range. Both observations 
ere undertaken in ‘AutoNodOnSlit’ mode, and consisted of a 
 × 175 s exposure of the target using only the NIR detector,
ith the 0.9 ′′ slit ( R ∼ 5600). The first observ ation achie ved a

ignal-to-noise ratio of ∼136 and ∼138 in the H and K bands
espectively, while the second observation achieved ∼98 and ∼102. 
oth observations were undertaken with seeing < 1 ′′ . Data reduction
nd spectral extraction was performed with the ESO XShooter 
ipeline (Modigliani et al. 2010 ). Telluric correction was performed 
sing MOLECFIT (Kausch et al. 2015 ; Smette et al. 2015 ) within
he REFLEX interface (Freudling et al. 2013 ). The two observations
ere barycentric corrected (determined with ASTROPY ; Astropy 
ollaboration 2018 ), continuum corrected by dividing by a low- 
MNRASL 529, L102–L107 (2024) 
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rder polynomial, fit to the background continuum, and averaged
ogether for the spectral analysis. 

.3 Spectral analysis 

he 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
eported in Hanson et al. ( 2005 ; lower black line). The identified
ines are indicated on the figure. The H (Brackett series) and the
e lines are the strongest features in the spectrum. The H lines are

ll in absorption, with no indication of emission lines that would be
ssociated with an Oe/Be star. The He II line at 2.1885 μm is present,
s found in O-type stars, while H I lines are present indicating a type
ater than O3 (e.g. Hanson et al. 2005 ). The relative ratio between
he He II and He I lines, at 1.6918 μm and 1.7002 μm , respectively,
s consistent with an O6 star. Upon comparison with the spectra
resented in Hanson et al. ( 2005 ), our best spectral fit points to
n O6 V star. The spectrum also shows N III (or possibly C III line)
t ∼2.116 μm in emission, as has been previously identified in O-
ype dwarf stars, as well as the unknown line at 1.650 μm (Hanson,
onti & Rieke 1996 ; Hanson et al. 2005 ). The expected C IV emission

ine at 2.078 μm (Hanson et al. 2005 ) is not seen but, due to the
eakness of the line, it may have been lost in the correction for

elluric absorption. In addition, an unknown line is observed at
.567 μm , which is consistent with the spectrum of an O6 V star
s reported in Roman-Lopes et al. ( 2018 ). We therefore conclude
hat 2MASS J18324516 −0921545 is an O6 V-type star. 

.4 Radial velocity search 

he two X-Shooter observations were taken at different times in
rder to search for a change in the radial velocity of the source. For
omparison to the phase folded Fermi -LAT and Swift light curves
hown in fig. 8 in Mart ́ı-Devesa & Reimer ( 2020 ), we adopt T 0 =
4524.9979255 MJD and the orbital period of P = 87.016 d which
laces the two X-Shooter observations at orbital phases φ = 0.67 and
= 0.94. 3 Note that the value of the orbital phase is v ery sensitiv e

o the orbital period used. 
We searched for a difference in the radial velocity between the two

bservations by fitting a Gaussian profile to several spectral lines.
he noise on some individual lines prevented good-quality fits to

he data, while for the cleaner cases we did not find a statistically
ignificant difference between the mid-point. We note that the lack of
 radial velocity difference in the two observations could also indicate
hat the intrinsic radial velocity is small, depending on the orbital
eometry and the inclination angle of the binary system. Additional
bservations will allow a cross-correlation between spectra to be
erformed, which can achieve a higher precision measurement of
he radial velocities of HESS J1832 −093. 

 DISCUSSION  

.1 Spectral type of the massi v e companion 

he X-shooter observations, obtained with a signal to noise of > 100,
learly classify the proposed counterpart as an O6 V-type star. This
NRASL 529, L102–L107 (2024) 

 The correct value of the period found and used in figs. 7 & 8 in Mart ́ı- 
evesa & Reimer ( 2020 ) is given in their figure captions, and is not 

he value given in the body of the text (Mart ́ı-Devesa & Reimer, pri v ate 
ommunication). 

F  

t  

a  

w  

e  
lassification is consistent with the earlier ranges proposed by Mart ́ı-
evesa & Reimer ( 2020 ) and Tam et al. ( 2020 ). It is interesting to note

hat, with this spectral classification, the massive companions of all
amma-ray binaries that contain an O-type star have a similar spectral
ype. The massive companions in LS 5039, 1FGL J1018.6 −5856,
MP P3, and 4FGL J1405.1 −6119 are an ON6.5 V ((f)), O6 V

(f)), O5 III , and an O6.5 III star, respectively (Casares et al. 2005 ;
eward et al. 2012 ; Waisberg & Romani 2015 ; Corbet et al. 2019 ).
herefore, to date, no gamma-ray binary has been detected with a
pectral type later than O6.5 if the optical companion is not a Be star.
ll the known gamma-ray binaries containing Be stars also have
 very similar spectral type of O9.5 Ve or B0 Ve (Casares et al.
005 ; Camilo et al. 2009 ; Aragona, McSw ain & De Beck er 2010 ;
egueruela et al. 2011 ). Ho we ver, this is not unexpected as gamma-

ay binaries are likely precursors to more typical accretion-driven
MXBs (e.g. Dubus et al. 2017 ), and Be X-ray binaries are known

o show a peak at spectral type B0, which is linked to the evolution
f these binary systems (e.g. Negueruela & Coe 2002 ). 
The reason for this apparent grouping around an O5/O6 spectral

ype is unclear. The initial mass function (IMF) predicts that
he number of stars, N , decreases with increasing mass M as
 N /d(log M ) ∝ M 

−� , with � ∼ 1.35 (for M � 1 M �; Salpeter 1955 ;
astian, Co v e y & Me yer 2010 ). Therefore, later O-type sources

hould be more common than more massive, earlier O-type sources.
ne possible reason for the grouping may be that to produce a
amma-ray binary the wind of the massive companion needs to have
 high enough wind momentum to either produce a strong enough
hock or efficiently confine the pulsar wind, in cases where a neutron
tar is powering the system. O-type stars display strong winds,
hich are powered by the intense radiation from these hot stars. The
echanical momentum of their winds depends, therefore, on their

uminosity, L , through the so-called wind momentum–luminosity
elationship (WLR; Kudritzki & Puls 2000 ), according to which
og D mom 

∝ x log( L /L �), where D mom 

= Ṁ v ∞ 

( R/ R �) 0 . 5 is known
s the modified stellar wind momentum. Here, Ṁ and v ∞ 

are the
ass-loss rate and velocity of the stellar wind, respectively, and R is

he stellar radius. A fit to O-type stars indicates that x ∼ [1.5–2.1],
ith a possible indication of a break below L /L � ∼ 10 5 (see e.g.
udritzki & Puls 2000 ; Bj ̈orklund et al. 2021 ; Marcolino et al. 2022 ,

nd references therein). 
Therefore, this may suggest that there is a preference for gamma-

ay binaries to form with earlier, more luminous, O-type stars as they
ill have a higher wind momentum. Ho we ver, since the IMF shows

hat the number of stars decreases with mass, spectral types earlier
han O5 will be rare. This is illustrated in Fig. 2 , where the shape of
he IMF is shown in arbitrary units on the left axis, while the WLR
using the fit from Bj ̈orklund et al. 2021 ) is shown on the right axis for
 V and O III stars. Here the relation between stellar luminosity and

tellar mass is estimated by interpolating between the v alues gi ven in
artins, Schaerer & Hillier ( 2005 ). This will introduce the observed

rouping around a similar spectral type for systems containing O-
ype stars. If this is correct, it suggests that gamma-ray binaries will
nly be found with later spectral type massive companions if they
re Be stars, as this provides a denser wind in the circumstellar disc.

.2 Distance to the source and lack of optical counterpart 

rom the spectral type we can estimate the distance to the source from
he distance modulus formula m − M = −5 + 5log 10 ( d ) + A λ. For
n O6 V-type star we adopt the values from Martins & Plez ( 2006 ),
hich gives M K = −4.13 ± 0.15 and ( J − K ) 0 = −0.21, where the

rror 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 III (C III ?) emission line. Also marked are the unidentified lines at 1.567 μm (Roman-Lopes et al. 2018 ) and 1.650 μm (Hanson et al. 2005 ), as well as 
the expected position of the C IV emission line (see text for details). 

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 
� = 1.35 (solid black line; left axis), and the wind momentum–luminosity 
relation (right axis) for O V (dashed blue line) and O III (dash-dotted orange 
line) type stars uses the fit from Bj ̈orklund et al. ( 2021 ), assuming the relation 
between mass and luminosity interpolated from Martins, Schaerer & Hillier 
( 2005 ). 
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arlier and later type star, listed in the tabulated values. The observed
olour for the NIR counterpart is ( J − K ) 2MASS = 3.35 ± 0.06
hich we correct via the formula outlined in Carpenter ( 2001 ) to the
essell & Brett ( 1988 ) system, giving ( J − K ) = 3.46 ± 0.07. This
ives a colour excess of E ( J − K ) = ( J − K ) − ( J − K ) 0 = 3.67 ± 0.07.
e then calculate the extinction from A K / E ( J − K ) = 2.4( λK / μm) −1.75 

Draine 1989 ) where we use λK 

= 2 . 2 μm , which gives an extinction
f A K = 2.22 ± 0.04. From this, and correcting the 2MASS K S 

agnitude to the Bessell & Brett ( 1988 ) system (Carpenter 2001 ),
ives a distance to the source of d = 6.7 ± 0.5 kpc, where the error is
ainly due to the uncertainty in the absolute magnitude. This distance 

s rather larger than the 4.4 ± 0.4 kpc, previously assumed in e.g.
art ́ı-Devesa & Reimer ( 2020 ). This would, however, only imply

 luminosity ∼2 times larger than previously considered, which 
ould still imply that HESS J1832 −093 is a lower X-ray/gamma-

ay luminosity gamma-ray binary (see e.g. discussions in Eger et al.
016 ; Mori et al. 2017 , and references therein). 
The colour excess in NIR also implies a large extinction at optical

avelengths. Using the interstellar extinction law from Rieke & 

ebofsky ( 1985 ; R = 3.09 ± 0.03) a rather high extinction in the V
and of A V = 21.6 ± 1.4 is derived. At a distance of 6.7 kpc this
ould imply an apparent visual magnitude of V = 31 ± 1, (assuming
 V = −4.99; Martins & Plez 2006 ) much fainter than the current

pper limits. Similarly we estimated the expected magnitude in I ,
sing M I = −4.56 ± 0.15 (based on ( I − V ) 0 = 0.43 in Wegner
994 ) and A I / A V = 0.482 (Rieke & Lebofsky 1985 ) which would
MNRASL 529, L102–L107 (2024) 
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uggest I = 20.0 ± 1.4. Given the upper limit established by the
OT observations (see Section 2.1 ) is fainter than this, this suggests

hat the absorption in the direction of the source is higher than the
tandard Galactic extinction. 

An estimate of the hydrogen column density in the direction of the
ource can also be made from N H /A V = (1 . 79 ± 0 . 03) × 10 21 cm 

−2 

Predehl & Schmitt 1995 ). From the value found for the visual
 xtinction, this giv es N H = (3 . 9 ± 0 . 3) × 10 22 cm 

−2 , which is lower
han the N H = 9 . 5 × 10 22 cm 

−2 , found from X-ray observations
y Mori et al. ( 2017 ). Ho we ver, the estimates calculated here are
or a standard Galactic extinction, which also implies that there
s additional extinction in the direction of the source. Another
ossibility is that there is absorption which is intrinsic to the source,
.e. not due to interstellar absorption. Ho we ver, to date this has not
een observed for other gamma-ray binaries (see e.g. Bosch-Ramon
t al. 2007 ; Takahashi et al. 2009 ; An et al. 2015 ; Corbet et al. 2016 ,
nd references therein). 

 C O N C L U S I O N S  

e report on new TJO, NOT, and X-Shooter observations in the NIR
f the proposed counterpart to HESS J1832 −093. From a comparison
o the library of sources in Hanson et al. ( 2005 ), and the relative
atios of the He I and He II lines we classify the star as an O6 V type.
ased on this spectral type, we estimated the distance to the source

o be d = 6.7 ± 0.5 kpc, but emphasize that the high value of the
xtinction found in this direction will affect this result. The high
alue of the extinction found, suggests that no optical observations
ill be possible of the massive counterpart, and all future studies (for

xample of the radial velocity of the companion star) will have to
ely on observations in the NIR. This spectral classification further
uggests a possible grouping around spectral type O5/O6, for gamma-
ay binaries containing O-type stars. We suggest this grouping may
e due to the interplay between the IMF and the WLR. 
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ollaboration by the University of Turku and Aarhus University,
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