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A B S T R A C T 

We search for γ -ray emission from 114 Galactic high-mass X-ray binaries, including four well studied catalogued sources, in 

12.5 yr of Fermi -LAT data in conjunction with the 10-yr point source catalogue. Where a γ -ray excess appears to be spatially 

coincident with an X-ray binary, further investigation is performed to ascertain whether this excess is the product of physical 
processes within the binary system itself. We identify γ -ray excesses coincident with 20 high-mass X-ray binaries where there 
is little or no prior evidence for γ -ray emission. Ho we v er, we find that man y of these are false positives caused by source 
confusion or the γ -ray background. None the less, tentative but promising indicators of γ -ray emission are identified for several 
new systems, notably including 1A 0535 + 262, RX J2030.5 + 4751, and SAX J1324.4 −6200. 

Key words: surv e ys – X-rays: binaries – gamma-rays: stars. 
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 I N T RO D U C T I O N  

-ray binaries (e.g. Verbunt 1993 ; Casares, Jonker & Israelian 2016 )
re systems where a compact object (the accretor), either a stellar
ass black hole or neutron star, and a companion star (the donor)

re in orbit around a common gravitational barycentre. They can be 
ivided into two broad sub-populations based on the mass of the 
onor star. The high mass X-ray binaries (HMXBs; e.g. Reig 2011 ;
alter et al. 2015 ; Kretschmar et al. 2019 ) have massive companion

tars which continually lose mass through stellar winds; these winds 
re then accreted on to the compact object and are heated, causing X-
ay emission. The low-mass X-ray binaries (LMXBs; Van Paradijs & 

an der Klis 2001 ) have lower mass companion stars which fill,
nd exceed, their Roche lobe as part of the latter stages of stellar
volution. As a result, matter from these companion stars o v erflows
o the compact object through the first Lagrangian point, and thence 
s accreted (Paczynski 1971 ; Tout & Hall 1991 ). 

Gamma-rays have been detected from a variety of binary star 
ystems, including X-ray binaries. In the most recent catalogue 
rom the Fermi Large Area Telescope ( Fermi -LAT; Atwood et al.
009 ), the 4FGL-DR2 (Abdollahi et al. 2020 ; Ballet et al. 2020 ),
 total of 22 1 binary systems are listed as γ -ray sources, 8 of
hich are HMXBs. These 8 objects can be divided broadly into two

lasses: γ -ray emitting microquasars and γ -ray binaries (Mirabel 
012 ; Dubus 2015 ; Paredes & Bordas 2019 ). These classes are
ot mutually e xclusiv e with one another, with microquasars being 
istinguished by their physical properties and γ -ray binaries being 
n e xclusiv ely phenomenological label. Additionally, γ -rays are seen 
 E-mail: max.harv e y@durham.ac.uk 
 We consider the sources with either the ‘HMB’, ‘LMB’, ‘NOV’, or ‘BIN’ 
ource class in the 4FGL-DR2 to be Fermi -LAT detected binary systems. Two 
urther 4FGL sources are known: 4FGL J1405.1 −6119 (Corbet et al. 2019 ) 
nd HESS J1832 −093/4FGL J1832.9 −0913 (Mart ́ı-Devesa et al. 2020 ). We 
o not discuss these in depth as they do not have the HMB source class. 
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rom 13 nearby γ -ray novae 2 (e.g. Morris et al. 2017 ; Franckowiak
t al. 2018 ) and the colliding wind binaries, η-Carinae (Abdo et al.
010 ) and γ 2 -Velorum (WR11) 3 (Pshirkov 2016 ; Mart ́ı-Devesa et al.
020 ). We do not consider these here, nor do we deal with the LMXB
opulation (Liu, van Paradijs & van den Heuvel 2007 ), which will
e discussed in a later paper. 

.1 Microquasars 

n both LMXBs and HMXBs, matter f alling tow ards the accretor
eleases large amounts of gravitational potential energy, primarily 
n the form of X-ray emission, the distinguishing feature of these
ystems. This emission is not constant; variability is a common 
eature of X-ray binary systems as X-ray emission is fundamentally 
inked to accretion rate, which is itself inherently variable. The 
ehaviour of X-ray binary systems is described by the Hardness–
ntensity model (Fender, Belloni & Gallo 2004 ), where accretion 
iscs build o v er time and then drain on to the central object,
roducing a relativistic jet similar to those seen in active galactic
uclei (AGNs). This jet gives rise to a class of X-ray binaries known
s the microquasars (e.g Mirabel & Rodriguez 1994 ; Corbel 2010 ).
ypical radio-loud AGNs are distinguished by their radio jets [for 
xample in the well-studied radio galaxy M 87 (Turland & Scheuer
975 ; Biretta, Sparks & Macchetto 1999 ; Walker et al. 2016 )]. The
icroquasar binary systems also have strong radio emission from 

heir jets in addition to luminous X-ray emission from the central
inary system, making these systems stellar mass analogues to the 
GN population. Ho we ver, the microquasar population is small and
iverse; while there are hundreds of known X-ray binary systems 
dentified in the Milky Way and in the Large and Small Magellanic
louds (Liu, van Paradijs & van den Heuvel 2006 ; Liu et al. 2006 ),
nly 10s of these have been identified as microquasars. 
 Only one γ -ray nova is included in the 4FGL-DR2, V5668 Sgr. 
 Of these two binaries, only η-Carinae is included in the 4FGL-DR2. 

http://orcid.org/0000-0003-4752-1236
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The first microquasar disco v ered, and one of the best studied,
s SS433, a HMXB system with resolvable jets (Fabian & Rees
979 ). SS433 is thought to be a unique object, with persistent jets
ue to a persistently super-Eddington accretion disc (Fabrika 2004 ).
everal studies have identified evidence for γ -ray emission from the

ets of SS433 (e.g. Bordas et al. 2015 ; Rasul et al. 2019 ; Li et al.
020 ). Ho we ver, neither the binary nor any components of the jets
re catalogued γ -ray sources in the 4FGL-DR2 due to the fact that
his emission does not reach the typical z = 5 σ level required for a
onventional claim of detection at the catalogue position of SS 433
 v er the energy range used in the production of the 4FGL. 
Two 4 microquasars are listed in the 4FGL-DR2: Cyg X-3 (Abdo

t al. 2009b ) and Cyg X-1 (Bodaghee et al. 2013 ). In these
icroquasars, particle acceleration occurs down the jet, resulting

n a non-thermal electromagnetic (EM) emission component which
s seen from radio through to γ -ray wavelengths (Orellana et al. 2007 ;
raudo, Bosch-Ramon & Romero 2009 ). Unlike SS433, neither
yg X-1 nor Cyg X-3 has persistent jets, and γ -ray emission is

een only when a jet is present or ejections take place from the
ystem. Bodaghee et al. ( 2013 ) report that for Cyg X-3 (the more
ignificant γ -ray emitter of the two) these γ -ray emitting episodes
ast for 10s of days, with intervals of 100s of days between them, and
hat there is strong evidence for multiwavelength correlation between
he soft X-ray and radio emission (Corbel et al. 2012 ), with γ -ray
mission occurring at least when there is recurring radio emission
Abdo et al. 2009b ). In the case of Cyg X-1, transient emission is
lso detected with Fermi -LAT on daily time-scales, but at a lower
tatistical significance than Cyg X-3, and occurs during the low-hard
-ray state in the Cyg X-1 system (Zanin et al. 2016 ). 

.2 γ -ray binaries 

he remaining 6 HMXBs in the 4FGL-DR2 fall into a broad category
nown as the γ -ray binaries. These have the peak of their emission in
he γ -ray waveband, compared to the microquasars which generally
ave the peak of their emission in X-rays (Dubus 2013 ), although
here is some de generac y between the two categories. Of these 6
ystems, PSR B1259 −63 (Aharonian et al. 2005 ; Abdo et al. 2010 ),
FGL J1018.6 −5856 (Corbet et al. 2011 ), LS 5039 (Paredes et al.
000 ), HESS J0632 + 057 (Aharonian et al. 2007 ; Hinton et al. 2009 ),
nd LS I + 61 303 (Lamb & Macomb 1997 ) are in the Milky Way and
MC P3 is in the Large Magellanic Cloud (Corbet et al. 2016 ). All of

hese systems are also detected by the current generation of ground-
ased TeV observatories. 
Whilst γ -ray production in microquasars is most likely due to

ccretion on to the compact object and subsequent particle accelera-
ion in a jet, γ -ray binaries are distinct in that their γ -ray emission
omes from shocks between the wind of the accretor and the stellar
ind of the companion star (Dubus 2015 ), or possibly through an

ccretion–ejection regime if the source is also a microquasar. 
Young pulsars, such as PSR B1259 −63, continually lose kinetic

nergy in the form of a pulsar wind. For an isolated pulsar, this results
n the formation of a pulsar wind nebula (PWN), a cloud of relativistic
articles accelerated by the central pulsar. PWN are luminous across
he EM spectrum, and produce non-thermal emission through shocks
ith the interstellar medium (Amato 2014 ; Amato 2020 ). 17 PWN
NRAS 512, 1141–1168 (2022) 

 Although they may also be microquasars, we discuss LS 5039 and 
S I + 61 303 as γ -ray binaries in Section 1.2 ; here we discuss the micro- 
uasars Cyg X-1 and Cyg-X-3 which show emission characteristics different 
rom the γ -ray binaries (Chern yako va & Malyshev 2020 ). 
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re seen with Fermi -LAT and recorded in the 4FGL-DR2, with 14 of
hese being extended sources. When a rotation-powered pulsar forms
 wind in a binary system around a high-mass star, this interacts with
he dense wind of the companion star, producing shocks between the
wo winds within the binary system rather than at the extended scales
bserved in PWN. This leads to orbitally modulated γ -ray emission
n some systems; for example, the light curve of PSR B1259 −63
hows increased γ -ray emission at periastron (Aharonian et al. 2005 ;
hang et al. 2018 ). 
Whilst this scenario requires the accreting compact object to be

 neutron star rather than a black hole, the existence of a neutron
tar is confirmed in only PSR B1259 −63 and possibly LSI + 61 303
Torres et al. 2011 ), although there is an ongoing debate regarding
he phenomenology of this source and whether an accreting compact
bject is present (e.g. Massi et al. 2020 ). This is thought to be because
he pulsars in the remaining systems are so deeply embedded within
heir systems’ circumstellar winds that coherent radio pulsations
annot be detected (Dubus 2006 ). Nevertheless, this model is
a v oured for the γ -ray HMXB systems other than the microquasars.
etter knowledge of these systems and an expanded catalogue of γ -

ay binaries are needed to build an impro v ed picture (Dubus 2015 ). 

.3 Sur v eying the HMXB population 

n this paper, we present an independent surv e y of Galactic high
ass X-ray binary systems using the Fermi Large Area Telescope

nd the data from Liu et al. ( 2006 ), with the intention of increasing the
atalogue of potential γ -ray emitting X-ray binaries. The catalogue
f Liu et al. ( 2006 ) contains 114 HMXBs, including 4 sources already
dentified as γ -ray emitters in the 4FGL (Cyg X-1, Cyg X-3, LS 5039,
nd LSI + 61 303). This leaves 110 HMXBs to be surv e yed which
re not previously detected with Fermi -LAT. We build individual
odels of the region of interest around each binary system, and use
aximum likelihood estimation to fit this model to the data. We use

ur model to test the hypothesis that there is a γ -ray point source
oincident with the position of an HMXB. If we find it likely that this
s the case, then we investigate the source’s spectral properties and
emporal variability. We also consider the possibility that some weak
-ray emitting objects may only be seen sporadically and would not

each the statistical threshold for detection (5 σ ) when integrated over
he full mission duration of Fermi-LAT (12.5 yr). 

 FERMI -LA  T  OBSERVA  T I O N S  A N D  DA  TA  

NALYSI S  

.1 Data reduction and modelling 

he vast majority of X-ray binary systems are located close to the
alactic plane, which itself is an extremely luminous background

ource of γ -rays when observed with Fermi -LAT. Modelling the
alactic plane accurately is non-trivial; many extended sources (such

s supernova remnants and pulsar wind nebulae) are present on the
alactic plane, in addition to a densely packed field of point sources.

n addition to these, the Galactic plane diffuse background is still
oorly understood and is distinctly non-uniform, although the most
ecent Galactic diffuse model provides a better representation of the
ackground when compared to previous versions (Acero et al. 2016 ).
We follow the maximum likelihood modelling method of Mattox

t al. ( 1996 ) in order to model the Fermi -LAT data in a region of
nterest (ROI) centred around the position of each HMXB. Although
here is considerable o v erlap between ROIs, for simplicity and
larity we treat each system independently rather than considering
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Table 1. The parameters used in the likelihood analysis of the regions of interest around the 
X-ray binary systems in the Liu et al. catalogue. 

Observation period (Dates) 04/08/2008–05/02/2021 
Observation period (MET) 239557417–600307205 
Observation period (MJD) 54682–58423 
Energy range (GeV) 0.1–500 
Data ROI width 10 ◦
Model ROI width 15 ◦
Zenith angle < 90 ◦
GTI filter DATA QUAL > 0 && LAT CONFIG = = 1 
Instrument response P8R3 SOURCE V2 
Isotropic diffuse model iso P8R3 SOURCE V2 v1 
Galactic diffuse model gll iem v07 
Point source catalogue 4FGL-DR2 
Extended source templates 8-yr templates 
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5 The PSF of Fermi -LAT is large and energy-dependent and therefore the 
‘position’ of a source is simply the point where the origin of the γ -rays is 
most likely to be, given the PSF. The angular positional uncertainty is the 
statistical uncertainty on this likely position. 
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ultiple HMXBs in the same ROI simultaneously. We use the 
ermitools v1.2.23 in conjunction with the PYTHON module 
ermipy v0.19.0 (Wood et al. 2017 ). We then follow a standard
ata reduction chain consisting of photon selection followed by 
omputing instrument exposure and live time. The selected photons 
re binned into spatial bins of 0.1 ◦ width and into 8 energy bins per
ecade. We then set up our model using the parameters described 
n Table 1 , including the most recent point source catalogue, the
0-yr 4FGL-DR2. The gta.optimize routine is used to push the 
arameters of the model closer to their global maxima iteratively, 
nd the gta.find sources routine is then used to populate 
he model with any additional, uncatalogued sources detected that 
re more than 0.5 ◦ away from the nearest neighbour. We free the
ormalization of all sources within 1 ◦ of the centre of the ROI,
ncluding the isotropic and Galactic background components, and 
 x ecute a full likelihood fit, using the MINUIT optimizer, until an
ptimal fit quality of 3 is obtained. 
In order to test the accuracy of our model, we generate residual
aps of each ROI, which reflect the difference between the model and 

he data. Certain regions of the Galactic plane are prone to o v erfitting
r underfitting, particularly at higher photon energies where statistics 
re poor. Ho we ver, in the v ast majority of cases the model reflects
he data accurately enough for our purposes. We also generate test
tatistic maps, which indicate the positions and significance of any 
xcess γ -rays which are not accounted for in our model. 

On completion of this procedure, we have a fully fitted model 
entred around the position of each HMXB, with statistical maps to 
est how accurately the model reflects the LAT data. 

.2 Testing for persistent γ -ray emission 

o assess whether γ -ray emission is detected from the position of a
MXB, we perform a statistical test of significance. For a likelihood 
odel such as ours we can use a hypothesis test, which provides us
ith a test statistic (TS) measuring the goodness of fit of an alternate
ypothesis ( � 1 ) against a null hypothesis ( � 2 ). In this case, our
lternate hypothesis is that there is a γ -ray point source present at a
articular position in our model, and the null hypothesis is that there
s not. The TS is given by equation ( 1 ): 

S = 2 ln 
L ( � 1 ) 

L ( � 2 ) 
. (1) 

Here, L ( � 1 ) and L ( � 2 ) are the likelihoods of the two hypotheses.
he TS itself is distributed as a χ2 statistic for k statistical degrees
f freedom between the two hypotheses (see Wilks’ Theorem; Wilks 
938 ). As a result, the TS directly translates to a z-statistic, a more
niversally understood measure of statistical significance. 
The gta.find sources algorithm from Fermipy generates 
 TS map of our ROI and then iteratively fits point sources to the
ost significant peaks of γ -ray emission which cannot be accounted 

or by existing model components. The algorithm will fit point 
ources to the 4 highest TS peaks, and then repeat either 5 times,
r until there are no more peaks abo v e a user-defined minimum TS
alue, which we set to TS = 9, being equivalent to z = 3 σ . As a
easure to a v oid source confusion (where γ -ray emission between

wo close sources becomes indistinguishable), we define a minimum 

eparation for our algorithm, whereby a source cannot be fitted 
ithin 0.5 ◦ of a higher TS peak. 
Each γ -ray source added to our model by the 
ta.find sources algorithm has a positional uncertainty, 
hich reflects the systematic uncertainty of the instrument. We 
efine a γ -ray source as being spatially coincident with the position
f an HMXB if the angular offset from the position of the HMXB is
ess than the 95 per cent angular positional uncertainty 5 of the point 
ource, i.e. the HMXB lies within the positional uncertainty of the
-ray source. 
In most cases, we do not expect to see a γ -ray source co-

ncident with the position of a binary through the use of the
ta.find sources algorithm alone. Whilst many of the HMXBs 
imply will not produce any detectable γ -ray emission, the use of the
ta.find sources algorithm has some limitations. In each ROI, 
e are limited to fitting sources to only the 20 highest TS peaks. This
 xcludes an y sources that are not necessarily one of these 20, but still
ave a TS > 9 and would otherwise be considered γ -ray point sources
ithin our surv e y . Additionally , with a minimum separation of 0.5 ◦,

t is entirely possible for an HMXB to be emitting detectable and
istinguishable γ -ray emission, but to be within this minimum angu- 
ar separation. This is a particular issue on the Galactic plane, where
atalogued point sources are packed closely together, and would 
 xclude man y of our HMXBs from the disco v ery of γ -ray emission.

To mitigate this, following our full likelihood fit (and after 
ta.find sources has been run), we add a point source at

he position of the central HMXB manually in each ROI if there
s no coincident source identified by the gta.find sources 
lgorithm. This added source has an initial soft power-law spectrum 

ith spectral index � = 2.0. We then free all parameters of this
dded source and the normalization of the sources within 1 ◦ of it, and
MNRAS 512, 1141–1168 (2022) 
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oth components of the γ -ray background. We then e x ecute another
aximum likelihood fit which gives a TS for this added source. 
As is conventional in γ -ray astronomy, we use a TS threshold of 25

 z = 5 σ ) to claim full detection of a γ -ray source coincident with the
osition of an HMXB. We also report γ -ray fluxes for γ -ray excesses
n the 9 ≤ TS < 25 (3 σ ≤ z < 5 σ ) range as, while these do not meet
he conventional significance for detection and often lack the photon
tatistics for further analysis, they may be worthy of further study.
or those sources (either detected using the gta.find sources
lgorithm, or added later) which exceed the 3 σ threshold, we carry
ut further investigation detailed in Section 4 , in order to explore
hether this γ -ray emission is likely to originate from the binary. 

.3 Testing for transient/variable γ -ray emission 

hree of the eight HMXB systems catalogued in the 4FGL-DR2
ave a variability index > 18.48, indicating a less than 1 per cent
hance of their being steady γ -ray sources (Abdollahi et al. 2020 ),
n monthly time-scales. These 3 variable sources are: PSR B1259-
3 (4FGL J1302.9-6349), Cygnus X-3 (4FGL J2032.6 + 4053), and
SI + 61 303 (4FGL J0240.5 + 6113) (Ballet et al. 2020 ). In all cases,

heir γ -ray emission correlates with multiwavelength emission,
rmly identifying these 4FGL sources as the γ -ray counterparts
f the HMXBs. Additionally, possible orbital modulation in SS 433
Rasul et al. 2019 ; Li et al. 2020 ), the intermittent nature of the
-ray emission from Cyg X-1 correlating with the low-hard X-ray

tate (Bodaghee et al. 2013 ), and periodic variability from LS 5039
Abdo et al. 2009a ; Hadasch et al. 2012 ; Yoneda et al. 2020 ) suggest
hat the HMXB population is generally variable at γ -ray wavelengths
rrespective of emission mechanisms, although short-term variability
ay not be detectable with Fermi -LAT due to sensitivity limitations.
In order to check for transient or variable γ -ray emission

rom the positions of the HMXBs, we construct a light curve at
heir positions using either the coincident source found by the
ta.find sources algorithm or the source we add afterwards.
e use approximately 6 month time bins (25 bins o v er our obser-

ation period) in all cases. To produce the light curves, we use the
ta.lightcurve algorithm which carries out a full likelihood fit
f the ROI in each time bin to calculate an integrated flux and TS value
or the source on a bin-by-bin basis. For each bin we report an energy
ux value if TS ≥ 4, or a 95 per cent confidence limit otherwise. 
In order to see whether a light curve shows evidence for emission

n any bin(s), we employ a mathematical ‘light-curve condition’
hich, when satisfied, indicates that there are bins in a light curve
ith significant γ -ray flux. If the condition is satisfied, we can then

xamine these bins to see whether γ -ray emission is constant (non-
 ariable), the flux v alues v ary (v ariable), or a γ -ray flux appears only
uring a for a certain time interval (transient). The likelihood fitting
sed in gta.lightcurve results in a TS value for each bin giving
s a measure of how significant the γ -ray flux is in this bin. Using
ilks’ Theorem, we are then able to calculate a p -value for each bin,
hich gives the probability that each bin arises by chance. We then

ake all of the p -values for each bin with TS > 4, and use equation ( 2 )
elow to calculate a p -value for all the significant ( > 2 σ ) bins: 

 lc = 1 ×
n ∏ 

i= 1 

p i , (2) 

where n is the number of bins with TS > 4, and p i is the p -
alue of each bin. We exclude bins with TS < 4, because these
ave insufficient statistics to provide a reliable flux value and are
herefore generally less useful for trying to understand the properties
NRAS 512, 1141–1168 (2022) 
f a source. This is particularly true on the Galactic plane (where
ost of the HMXB population lies) where the luminous diffuse γ -

ay emission and crowded field mean that bins with TS < 4 are likely
o be noise dominated. 

We consider a source to have satisfied the light-curve condition
nd to have evidence for significant emission in its light curve if p lc 
 5 × 10 −7 , the p -value for z = 5 σ . This is consistent with our

hreshold for testing for persistent γ -ray emission, as described in
ection 2.2 . It is important to note that the light-curve condition does
ot provide information on the nature of any transient emission or
ariability, but only that significant γ -ray emission is present in the
ight curve itself. 

 SURV EY  RESULTS  

e consider any ROI from our modelling which has a source
oincident with the position of the binary and TS ≥ 25 to show signif-
cant evidence for γ -ray emission from the binary’s position. These
ources are significant enough (and have enough photon statistics) for
pectral analysis and γ -ray localization using the gta.localize
lgorithm. We describe the results on a source-by-source basis in
ection 4 , and discuss whether the γ -ray emission detected in each
OI is likely to be from the spatially coincident HMXB. In total, we
etect 5 significant new γ -ray sources coincident with the positions
f HMXBs with TS ≥ 25 in the 13-yr data set. These are listed with
heir TS values and integrated energy fluxes in Table 2 . 

For ROIs, where a γ -ray excess coincident with the position of
he binary lies in the 9 ≤ TS < 25 range it is often impossible to
arry out meaningful spectral analysis or localization. Additionally,
hese sources lie below the threshold for a conventional detection,
nd therefore ascertaining the presence of γ -ray emission from such
ystems is challenging. None the less, temporal qualities such as
ares or phased emission can still be used to associate a sub-threshold
-ray excess with an X-ray binary. We find a total of 11 γ -ray sources

n the 9 ≤ TS < 25 range. These are also listed with their TS and
ntegrated energy flux in Table 2 . 

For ROIs from which no significant γ -ray flux (TS < 9) is detected,
e report a 95 per cent confidence upper limit on flux in Table A1 . 
Several X-ray binaries with known γ -ray emission are also

ncluded in the Liu et al. ( 2006 ) HMXB catalogue. These are the
icroquasars Cyg X-1, Cyg X-3, and SS433, and the γ -ray binaries
S 5039 and LS I + 61 303. With the exception of SS433, we detect
ll of these sources with a z-score within a factor of 3 of their 4FGL-
R2 values. These values are shown in Table 3 . That we do not detect
S433 in our analysis in contrast to previous studies is unsurprising
s Li et al. ( 2020 ), the most recent study of the system, used a phased
nalysis in order to resolve the extended emission of SS 433 from the
ighly luminous, nearby pulsar PSR J1907 + 0602, which we do not
se here. Previous studies, including Rasul et al. ( 2019 ) use different
ackground models, and a different catalogue without the inclusion
f maximum likelihood weighting, which makes a direct comparison
ifficult. Finally, the position of the γ -ray emission from SS 433
ppears to correspond to the jet termination lobe, itself offset from
he central position of the binary which we analyse (Rasul et al. 2019 ).

We find 16 HMXB systems where the light-curve condition is
et. The majority of these (12 systems) also have persistent γ -ray

mission with TS ≥ 9, including all of the HMXBs with persistent
S ≥ 25 emission. We also find significant ( z > 2 σ ) bins in the

ight curves of two additional sources with TS < 9, and two where
o fit is found for a point source at the position of the HMXB.
espite the lack of a persistent γ -ray excess coincident with these
inaries, multiwavelength data can be used to identify features (such
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Table 2. All HMXBs with a spatially coincident γ -ray source (of TS ≥ 9), and/or the LC condition is fulfilled, along with 
the calculated TS, z-score, and energy flux value (units of MeV cm 

−2 s −1) integrated across the analysis energy range (100 
MeV–500 GeV). Those sources which show evidence for only intermittent γ -ray emission (i.e. the LC condition is fulfilled) 
and have TS < 9, or where no source is fitted over the full observation period, do not have values of energy flux listed here. 
The Radio column indicates whether there is a measured radio flux for the associated HMXB in the SIMBAD astronomical 
database. In the case of these HMXBs we calculate 95 per cent confidence upper limits on energy flux, which are given in 
Appendix A . The ‘section’ column gives the subsection of the paper in which more detailed discussion of each ROI is given. 
As in the Liu et al. catalogue, HMXBs are ordered by declination, from south to north. This convention is used throughout 
this paper. 

Binary name TS z-score Energy flux ( MeV cm 

−2 s −1) LC condition Section Radio 

SAX J1324.4 −6200 12 .8 3.6 σ 2.98 × 10 −6 Yes 4.1 No 
1H 0749 −600 14 .4 3.8 σ 7.23 × 10 −7 No 4.2 No 
1H 1238 −599 10 .6 3.3 σ 1.70 × 10 −6 Yes 4.3 No 
GRO J1008 −57 24 .3 4.9 σ 3.24 × 10 −6 Yes 4.4 Yes 
IGR J16320 −4751 31 .1 5.6 σ 8.31 × 10 −6 Yes B1 No 
IGR J16358-4726 9 .5 3.1 σ 4.86 × 10 −6 Yes B2 No 
IGR J16465 −4507 50 .8 7.1 σ 9.71 × 10 −6 Yes B3 No 
1WGA J0648.0 −4419 18 .5 4.3 σ 8.64 × 10 −7 No B4 No 
AX J1740.1 −2847 7 .2 2.7 σ N.A. Yes B5 No 
IGR J17544 −2619 19 .7 4.4 σ 4.33 × 10 −6 No 4.5 No 
H 1833 −076 29 .2 5.4 σ 6.74 × 10 −6 Yes B6 No 
GS 1839 −04 17 .8 4.2 σ 4.76 × 10 −6 Yes B7 No 
IGR J19140 + 0951 N .A. N.A N.A. Yes 4.6 No 
1A 0535 + 262 12 .4 3.5 σ 1.45 × 10 −6 Yes 4.7 Yes 
GRO J2058 + 42 16 .4 4.0 σ 2.44 × 10 −6 No 4.8 No 
W63 X −1 13 .1 3.6 σ 1.51 × 10 −6 Yes 4.9 No 
SAX J2103.5 + 4545 N .A. N.A. N.A. Yes B8 No 
RX J2030.5 + 4751 30 .8 5.5 σ 2.10 × 10 −6 Yes 4.10 No 
4U 2206 + 543 30 .5 5.5 σ 1.71 × 10 −6 Yes 4.11 No 
IGR J00370 + 6122 7 .3 2.7 σ N.A. Yes 4.12 No 

Table 3. The four 4FGL sources included in the HMXB catalogue, together with the TS value and 
corresponding z-score from our analysis o v er the full 12.5 yr of LAT data. For comparison, we include 
the detection z-score for each source provided in the 4FGL-DR2. It should be noted when comparing the 
z-score values that the photon selection for the computation of the 4FGL parameters is different (100 MeV–
1 TeV compared with 100 MeV–500 GeV for our analysis), and the observation time is lower (10 yr versus 
12.5). Our analysis methodology is also different. 

Binary name TS z-score 4FGL z-score Energy flux ( MeV cm 

−2 s −1) 

LS 5039 18000 130 σ 62 σ 2.14 × 10 −4 

Cyg X-1 88 9.4 σ 8.6 σ 3.49 × 10 −6 

Cyg X-3 860 29 σ 11 σ 2.42 × 10 −5 

LS I + 61 303 170000 410 σ 250 σ 4.67 × 10 −4 
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s flares) across different wavebands coincident with the apparent γ - 
ay emission. To this end, we use light-curve data (where available) 
or these 16 systems in the X-ray waveband from the Swift Burst
lert Telescope (BAT) which operates in the 15–50 keV range 

nd the Monitor of All Sky X-ray Image (MAXI), which operates 
n the 2–20 keV energy range. We also use any available V -band
ptical photometry data from the American Association of Variable 
tar Observers (AAVSO). These sources, along with those which 
how persistent γ -ray emission, are considered in Section 4 and 
ppendix B . 

 DISCUSSION  

.1 SAX J1324.4 −6200 

AX J1324 −6200 (henceforth SAX13) is an X-ray pulsar, thought 
o be an accreting high-mass neutron star in orbit with a Be star
Angelini et al. 1998 ; Mereghetti, Romano & Sidoli 2008 ; Kaur
t al. 2009 ). No orbital period is known for this system. We report
 persistent TS of 12.8 o v er the full 12.5 yr data set; ho we ver, there
s some evidence for sustained γ -ray emission from the position of
AX13 o v er an 18 month period throughout 2018 and 2019 (MJD
7972–58520), at the 2 σ to 3 σ level, suggesting this emission is
ikely transient. The γ -ray light curve for this source is shown in
ig. 1 . There is no Swift -BAT or MAXI light curve for SAX13, nor
re there any optical photometry measurements in the AAVSO data 
ase for the time period in question. 
There are several catalogued sources near SAX13. The closest 

f these are 4FGL J1328.4 −6231 (TS = 69.7 at an angular offset
rom SAX13 of 0.690 ◦), 4FGL J1321.1 −6239 (TS = 116, offset:
.749 ◦), 4FGL J1320.5 −6256c (TS = 22.4, offset: 1.033 ◦) and
FGL J1329.9 −6108 (TS = 545, offset: 1.093 ◦). Additionally, we
dd a new source to our model with the gta.find sources
lgorithm, PS J1317.8 −6157 (TS = 20.0, offset: 0.779 ◦). None of
hese have a 4FGL variability index high enough to indicate vari-
bility on monthly time-scales. We generate light curves for each of
MNRAS 512, 1141–1168 (2022) 
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Figure 1. The Fermi -LAT 6-monthly binned light curve of 
SAX J1324.4 −6200, showing the energy flux in the top panel, and 
the corresponding TS of each bin in the bottom panel. For bins with TS < 4 
we calculate a 95 per cent confidence upper limit on flux. The vertical dotted 
lines indicate the beginning and the end of the γ -ray excess. 
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Figure 2. The TS map of the central 3 ◦ of the SAX J1324.4 −6200 ROI 
during the 18 month period during which the γ -ray excess is observed. Here, 
the positions of the closest 4FGL sources are indicated by blue crosses, 
whilst the position of SAX J1324.4 −6200 is indicated by a white cross. This 
TS map is generated after our ROI optimization and fit, but before a point 
source for SAX J1324.4 −6200 is fitted to the model to highlight the spatial 
coincidence between the excess and the position of SAX J1324.4 −6200. Bin 
widths are 0.1 ◦. 

Figure 3. The spectral energy distribution of the SAX J1324.4 −6200 coin- 
cident source during the 18 month excess, with our power-law fit indicated by 
the black dotted line. We place upper limits on any bin with TS < 4. Whilst 
our baseline analysis uses 8 energy bins per decade, here we use 2 energy 
bins per decade to ensure sufficient photons for an accurate flux measurement 
in each bin. 
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hese sources (with the exception of the faint 4FGL J1320.5 −6256c
nd PS J1317.8 −6157 because these sources are sufficiently faint
nd have a large enough angular distance from SAX13 that we
an be confident that they are not causing source confusion at the
osition of SAX13) using identical binning to the SAX13 light
urve, and do not see any significant enhancement in these light
urves at the time of the 18 month apparent SAX13 γ -ray excess,
eaning that it is likely that this excess is independent of these 

ources. 
Considering only the photons detected within the 18 month excess

e carry out an independent analysis of the same ROI o v er this 18
onth period (using the same parameters, other than observation

ime, as in Table 1 ). We generate a TS map (Fig. 2 ) of the centre
f the ROI, and find that the peak of this excess is approximately
patially coincident with the position of SAX13. Fitting a power-law
oint source to the position of SAX13, we free this source and those
ithin 1 ◦ of the central position of SAX13 and e x ecute a likelihood
t. We then run the gta.localize algorithm on the added SAX13
ource, and find that the optimal position of the added source is
II = 306.8362 ◦ ± 0.0699 ◦, BII = 0.5534 ◦ ± 0.0826 ◦, offset from
AX13 by 0.0707 ◦. Considering that this offset is less than the 95
nd 68 per cent containment radii of the added source (0.1859 ◦ and
.1152 ◦, respectiv ely) this e xcess can be re garded as spatially coinci-
ent with the location of SAX13. With the point source at its optimal
osition, we calculate a TS of 28.7 o v er this 18 month period. Over the
ame period, there is no significant detection of 4FGL J1256.1 −5919
r 4FGL J1320.5 −6256c. 4FGL J1321.1 −6239 is detected with a
S of 24.9 and 4FGL J1329.9 −6108 with a TS of 49.4, making the
AX13 source comparable to these objects in terms of statistical
ignificance during this time. 

Given that the TS of the SAX13 source exceeds 25, we have
ufficient photon statistics to carry out a spectral fit, shown in Fig. 3 .
e find the best-fitting spectrum is a power law with normalization
 0 = 1.95 × 10 −12 , spectral index � = −2.43, and scale energy
 0 = 1000 MeV . 
It is entirely possible that this γ -ray emission is associated with the

ystem. The power-law spectral fit and calculated spectral index are
NRAS 512, 1141–1168 (2022) 
onsistent with those known HMXB systems in the 4FGL with lower
etection significances (the more significantly detected systems are
est fit by a log parabola spectral model). These are the Cyg X-1
ith � = −2.13 and z = 8.55 σ , HESS J0632 + 057 with � = −2.17

nd z = 4.62 σ and PSR B1259 −63 with � = −2.75 and z = 5.64 σ ,
ompared to SAX13 which we observe to have � = −2.43 and z =
.36 σ . Considering that the accretor in this system is known to be a
ulsar, and SAX13 is not a known microquasar, if this γ -ray emission
oes indeed come from SAX13 then it is likely to be from a pulsar
ind interaction as seen in the γ -ray binary population. Ho we ver,
ithout any corroborating multiwavelength data, it is difficult to be

ertain that this is indeed from SAX13 and not another undetected
ource nearby . Additionally , if this γ -ray emission is indeed from
 pulsar wind interaction, the fact that we see only one emission
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Figure 4. The Fermi -LAT light curve of the γ -ray excess coincident with 
1H 0749-600 shown in 6-month time bins. Upper limits are placed on any 
time bin where the TS of that bin is less than 4. The vertical dotted lines 
indicate the beginning and end of the apparent γ -ray excess. 
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Figure 5. The Fermi -LAT light curve of the γ -ray excess coincident with 
1H 1238 −599 with time bins of 6 month width. Upper limits are placed on 
any time bin where the TS of that bin is less than 4. 
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pisode during the lifetime of Fermi -LAT suggests that the period 
f the system may be so long that it would be difficult to obtain the
requency of these interactions. 

.2 1H 0749-600 

H 0749-600 (henceforth 1H07) is a HMXB with an unknown 
ccretor and a Be companion star (Apparao 1994 ). Over the 12.5
r observation period we find a spatially-coincident excess with a TS
f 14.4, which we assign the name PS J0750.5-6116, and with a slight
ngular offset from the position of 1H07 of 0.170 ◦. The nearest 4FGL
ources are 4FGL J0807.0-6102, which is the blazar PMN J0806- 
101 (TS = 69.7 at an angular offset from 1H07 of 2.028 ◦) and
FGL J0756.3-6431, which is the BL Lac blazar SUMSS J075625- 
43031 (TS = 52.53, offset 3.489 ◦). As neither of these blazars is
articularly luminous, it is unlikely that source confusion is the cause 
f the persistent γ -ray excess PS J0750.5-6116. 
We calculate the light curve of PS J0750.5-6116, shown in Fig. 4 ,

nd find a γ -ray excess in one bin with TS = 16.4 (4.05 σ ) (MJD
5597–55779), and upper limits in the other 24 bins. As blazars 
re a generally variable class of γ -ray emitters, we produce light 
urves of the two nearest 4FGL sources, but see no enhancement in
he same bin as the PS J0750.5-6116 excess. This suggests this 4 σ
ime bin is independent of the γ -ray emission of the blazars. It is
ikely that this single 6-month period is responsible for the majority 
f the γ -ray emission observed from the position of PS J0750.5- 
116. A re-analysis of this 6-month period results in a slightly
ncreased TS of 17.2, having used the gta.localize algorithm 

o obtain a best fit position of LII = 273 . 8571 ◦ ± 0 . 0816 ◦, BII
 −16 . 8787 ◦ ± 0 . 0688 ◦. This gives an angular offset of 0.1581 ◦

rom the (IR) position of 1H07. Given that the 95 per cent positional 
ncertainty of PS J0750.5-6116 is 0.1814 ◦, this is still spatially 
oincident with 1H07. 

This low-significance excess cannot be firmly associated with 
H07. Furthermore, as the nature of the accretor in this system is
nknown, and no microquasar-like behaviour or pulsations have been 
bserved, the physical mechanisms behind any γ -ray emission from 

his system are unclear. No orbital period is known for this system,
o examining the γ -ray emission by orbital phase is not possible.
e conclude that whilst it is entirely possible that PS J0750.5 −6116

epresents faint γ -ray emission from 1H07, a lack of information 
akes a firm detection claim impossible. 

.3 1H 1238-599 

H 1238-599 (henceforth 1H12) is an X-ray pulsar HMXB system 

Huckle et al. 1977 ). Over the full 12.5 yr data set, the TS is
0.6, with the light curve (Fig. 5 ) showing borderline significance
approximately 2 σ ) γ -ray excesses across 6 of the 25 bins (MJD
4865–55231, MJD 55962–56145, MJD 57241–57425, and MJD 

7607–57973). The nearest catalogued sources are 4FGL J1256.1- 
919 (TS = 174 and an angular offset from 1H12 of 1.983 ◦), which
s the blazar PMN J1256 −5919, 4FGL J1244.3 −6233 (TS = 428,
ffset: 2.370 ◦), and 4FGL J1253.3 −5816 (TS = 48.1, offset: 2.404 ◦),
hich is the pulsar PSR J1253 −5820. None of these sources has
 catalogue variability index which would indicate variability on 
onthly time-scales. As these sources are at some distance from the

osition of 1H12, it is unlikely that any γ -ray signal from the position
f 1H12 is due to source confusion with a 4FGL source. Similarly,
o uncatalogued sources of γ -rays are detected close to 1H12 by
ta.find sources , the closest such source being approximately 
 

◦ away. 
Given that the bins in which we measure an apparent flux are

ll at the 2 σ level, it is difficult to perform any detailed tests of
mission (for example, localization) at the position of 1H12. As 
ultiwavelength data for this HMXB are not available, we cannot 

ross-correlate the γ -ray light curve with other wavelengths. Finally, 
n orbital period for this binary has not been measured, therefore we
annot correlate the light curve with the system period. As a result,
hile it is possible that the light curve of 1H12 is showing a very faint

ignal that could be from the binary, we could equally be measuring
uctuations in the Galactic diffuse background. 

.4 GRO J1008 −57 

R O J1008 −57 (henceforth GR O10) is an X-ray pulsar/Be star
MXB system (Petre & Gehrels 1993 ), with an orbital period
MNRAS 512, 1141–1168 (2022) 
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Figure 6. The TS map of the central 4 ◦ of the GRO J1008 −57 ROI, after 
our likelihood fit and the gta.find sources algorithm, but with the 
coincident source, PS J1014.5 −5834, remo v ed from the model to reveal 
the TS of the coincident γ -ray emission. Here, the yellow and orange 
crosses refer to the positions of PS J1014.5 −5834 both before and after the 
gta.localize algorithm, which the corresponding circles referring to the 
95 per cent positional uncertainty of the source before and after localization. 
The white cross indicates the catalogued location of GRO J1008 −57, the blue 
crosses indicate the positions of other 4FGL sources, and the green crosses 
indicate the positions of the other uncatalogued sources added to the model 
by gta.find sources . 
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Figure 7. The daily binned light curve of GRO J1008 −57 from Swift -BAT 

(P anel A) and MAXI (P anel B). The calculated monthly binned Fermi -LAT 

light curve for a source fitted to the position of GRO J1008 −57 is shown 
below in Panel C, and the corresponding TS values of these bins shown in 
Panel D. We place 95 per cent confidence limits on any Fermi -LAT energy 
flux bins with TS < 4. The vertical orange line reflects the centre of the bin 
with peak γ -ray emission, and the v ertical gre y lines mark each periastron 
passage of GRO J1008 −57 o v er the observation time. 
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f 135.0 d. Over the 12.5-yr observation time, we find a source,
S J1014.5 −5834, that is spatially coincident with GRO10 with
ta.find sources . The angular offset between GRO10 and
S J1014.5 −5834 is less than the 95 per cent positional uncer-

ainty of the source. Ho we ver, PS J1014.5 −5834 has an unusually
arge positional uncertainty of approximately 0.7 ◦. Running the
ta.localize algorithm, we find that, while the position of

he source does not change significantly, the positional uncertainty
ecreases to the extent that this source is no longer coincident with the
osition of GRO10. Fig. 6 shows the position of GRO10 together with
he positional uncertainty of PS J1014.5 −5834 both before and after
ocalization, and shows a somewhat extended γ -ray structure around
S J1014.5 −5834.This is likely the cause of the large positional
ncertainty, as gta.find sources does not account for spatially
xtended γ -ray structures. 

GRO10 is a well-studied system, particularly in the X-ray wave-
and, with semi-predictable X-ray flares occurring at periastron
K ̈uhnel et al. 2013 ), the most recent of which was observed in 2020
Nakajima et al. 2020a , b ). Xing & Wang ( 2019 ; henceforth Xing 19)
tudied the possibility of γ -ray emission using approximately 9 yr of
ermi -LAT observations but employing the 4-yr LAT catalogue and
orrespondingly older background models. We use the 10-yr 4FGL-
R2 with the corresponding Galactic and isotropic diffuse models,

nabling more accurate modelling of the region around GRO10 than
as possible with the older models and catalogue. Xing 19 observed
 γ -ray excess at the position of GRO10 to a TS of 7 ( z = 2.65 σ ) by
dding a point source to the model, and carrying out a likelihood fit.
hey then carried out a stacked temporal analysis binned by orbital
hase, dividing each orbit into 10 equal time bins and summing
he bins from each orbit. Through this method, Xing 19 identified 3
xcesses, two around the middle of GRO10’s orbit with TS ≈ 5 ( z ≈
 σ ), and one in the penultimate orbital phase bin preceding periastron
ith TS ≈ 20 ( z ≈ 4.8 σ ) Additionally, Xing 19 identified 3 excesses
NRAS 512, 1141–1168 (2022) 
y deriving a light curve for their entire observation time and found
S ≈ 9 excesses in the bins centred on MJD 55135 and MJD 55559
nd a TS ≈ 17.5 excess in the bin centred on MJD 56383. Given the
ignificance of these excesses, and the lack of other emission, it is
ikely these dominate their stacked orbital analysis and are primarily
esponsible for the TS values seen in the phased light curve. 

As we reject the hypothesis that PS J1014.5 −5834 represents γ -
ay emission from GRO10, we manually add a point source to our
odel and fit to it (after we have localized PS J1014.5 −5834). We
nd a total TS of 7.9 o v er the 12.5-yr observation time of this source,
onsistent with the TS of 7 found by Xing 19 given the increased
bservation time used in this w ork. We tak e a slightly different
pproach to Xing 19 by using monthly time bins (rather than dividing
ach orbit into 10 phases), so that there are approximately 8 time
ins per orbit, and 149 bins in total, one per month. Fig. 7 shows
ur Fermi -LAT light curve together with the Swift -BAT and MAXI
ight curves of this source, where four significant outbursts are seen
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Figure 8. This figure displays the variability of GRO J1008 −57 based on 
orbital phase, showing two full orbits. Panels A and B, respectively, show the 
TS and γ -ray flux of each monthly bin from Fig. 7 , plotted by orbital phase. 
We do not include bins from the monthly light curve where upper limits on 
flux were calculated. Panels C and D, respecti vely, sho w the γ -ray flux and 
TS of the phase folded light curve of GRO J1008 −57, with the orbit divided 
into 10 equal intervals. Here, we fix upper limits on flux for any phase period 
where the TS < 4. On the left vertical axis of the flux plots (B and C) we plot 
energy flux ( E 

2 d N 
d E ). On the horizontal phase axis, phase is defined so that 

0 , 1 , 2 refer to periastron. 
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id-orbit, along with periodic brightening events which correspond 
o the periastron of GRO10’s orbit. With respect to the 3 excesses
bserved by Xing 19, we identify the MJD 55135 (TS = 9.7) excess
o TS = 9.0, the MJD 55559 (TS = 9.1) excess to TS = 4.4, and
he MJD 56383 (TS = 17.5) excess to TS = 15.6, although our
ins are approximately 20 per cent longer than those of Xing 19, 
nd are not perfectly contemporaneous. In total, we observe one bin 
ith approximately 4 σ γ -ray emission, two with approximately 3 σ

mission and five with approximately 2 σ emission, although it must 
e stressed that the 2 σ bins are very marginal, with an approximately
 per cent chance that these individually arise by coincidence, and 
iven the 25 bins present in the light curve, one would expect 1.25
 σ bins to appear by chance. 
Using the Fermitools algorithm GTOPHASE , we are able to 

ssign a phase to each photon in our analysis. Whilst GTOPHASE
s typically used for assigning phases to pulsars, Rasul et al. ( 2019 )
emonstrate its suitability for dealing with the orbital phases of binary
ystems, and presumably this is the method that employed, although 
his is not clear in the paper. In assigning the photon phases, we take
he orbital ephemeris and period from Bissinger et al. ( 2013 ) and
ssume that the first and second deri v ati ves of period are zero. Given
hat the period of the orbit is of the order of hundreds of days, we
o not expect the period to change significantly o v er the Fermi -LAT
ission time. Having assigned phases to each photon, we e x ecute
 likelihood analysis in 10 evenly spaced phase bins to produce a
hase-folded light curve, analysing γ -ray emission by orbital phase 
n the same way as Xing 19. 

Fig. 8 shows the phase-folded light curve of GRO10, alongside the 
ux points from the monthly binned light curve (Fig. 7 ) with a phase
alculated for each bin. We see that of the 10 bins across the orbit, a
-ray flux is apparent in 3 of these, the 2nd (TS = 4.6), 6th (TS =
.5), and 9th bins (TS = 14.7). The latter two bins are consistent
ith the results of Xing 19. Ho we v er, where the y measured a γ -ray
ux in the 7th bin, we find only an upper limit. The monthly bins
ppear to cluster into two groups, with the first being coincident in
hase with the 6th phase-folded bin (2.9 σ ), and the second being
oincident with the 9th bin (3.8 σ ). We see no monthly flux points
oincident with the third phase-folded flux measurement, but given 
he result in this bin is marginal in significance, this is unsurprising. 

Considering the flux measurements in each bin are all below 5 σ ,
e do not claim detection of any γ -rays from this system. While
ing 19 establish that the most significant flux point (in the ninth
hase bin) precedes periastron by a bin, the lack of detectable 
mission in either the first or 10th bin (immediately following 
nd preceding periastron) casts some doubt on these being due to 
mission from GRO10. That said, the fact that every detectable 
onthly bin in the light-curve clusters around one of the two points

ndicates that there is likely some pattern to the apparent γ -ray 
xcesses in this system, as it is unlikely 6 that these flux points would
luster by chance in phase space, were they random background 
uctuations. 

.5 IGR J17544 −2619 

GR J17544 −2619 (henceforth IGR17) is a HMXB system and the 
rototypical super-fast X-ray transient consisting of a likely pulsar 
n an unusually short 4.926 ± 0.001 day orbit with a massive (likely
-type) donor star (Bozzo et al. 2016 ). Over the 12.5-yr Fermi -LAT
bservation period, we detect a γ -ray excess coincident with the 
 We find a 4.13 × 10 −9 chance of these two clusters occurring by chance. 

3  

p
a

osition of IGR17 with TS = 19.7 (4.4 σ ), at a slight angular offset
rom the position of IGR17 of 0.151 ◦. Using the gta.localize
lgorithm, we find a best-fitting position for this excess of LII =
.3742 ◦ ± 0.0402 ◦, BII = −0.2747 ◦ ± 0.0441 ◦. At this best-fitting
osition, the new angular offset from the position of IGR17 is 0.0372 ◦

nd the TS of the excess increases slightly to 23.7. 
MNRAS 512, 1141–1168 (2022) 
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Figure 9. The Fermi -LAT light curve of the γ -ray excess coincident with 
IGR 17544 −2619 with 6-month time bins. Upper limits are placed on any 
time bin in which the TS is less than 4. 

 

4  

9  

T  

J  

v  

w  

d  

b  

s  

w
 

c  

t  

W  

t  

a  

H  

w

4

I  

w  

s  

U  

i  

i  

s  

e  

d
 

f  

1  

1  

0  

p  

o  

c  

Figure 10. The daily binned light curve of IGR J19140 + 0951 taken with 
Swift -BAT shown in Panel A, with the 6-monthly binned Fermi -LAT light 
curve for a source fitted to the position of IGR J19140 + 0951 shown below 

in Panel B, and the corresponding TS values of these bins shown in Panel C. 
We place 95 per cent confidence limits on any Fermi -LAT energy flux bins 
with TS < 4. 
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7 Supernova remnants are a non-variable class of γ -ray emitter, and S 147 has 
a variability index of 6.7 in the 4FGL-DR2 which supports the hypothesis 
that no variability is observed on monthly time–scales. 
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The nearest 4FGL sources in the sky are a source of unknown type,
FGL J1754.4 −2649 (angular offset from IGR17 of 0.499 ◦, TS =
3.8), 4FGL J1755.4 −2552 (SNR G003.7 −00.2, offset: 0.506 ◦,
S = 157), and the luminous unassociated γ -ray source 4FGL
1753.8 −2538 (TS = 1500, offset: 0.703 ◦). There is no detectable
ariability in the 6-monthly binned light curve (Fig. 9 ) of the excess,
ith 3 bins having a TS in the 2 σ ≤ z < 3 σ range. These 3 bins
o not correlate with any significant enhancements in the 6 monthly
inned light curves of the 3 closest γ -ray neighbours in the sky. This
uggests that the γ -ray emission is unlikely to be due to confusion
ith a flare from a nearby object. 
We are unable to fit a model reliably to the SED of the IGR17

oincident excess due to limited photon statistics, and are thus unable
o compare the spectrum of the excess with those of nearby sources.

e cannot conclusively ascribe this excess to source confusion with
he brightest nearby catalogued 4FGL source, 4FGL J1753.8 −2538,
nd we cannot associate any features of the excess with IGR17 itself.
o we ver, as 4FGL J1753.8 −2538 is very luminous (TS = 1500),
e cannot rule this out either. 

.6 IGR J19140 + 0951 

GR J19140 + 0951 (henceforth referred to as IGR19) is a HMXB
ith a likely neutron star accretor (Hannikainen et al. 2004 ) and a

upergiant B star donor (Zand et al. 2006 ; Hannikainen et al. 2007 ).
nlike most cases discussed in this paper, no persistent γ -ray excess

s identified coincident with the position of IGR19. Ho we ver, we
dentify 3 bins with a TS > 4 in the 6 monthly binned light curve
hown in Fig. 10 . None of these 3 bins corresponds to any significant
nhancement in the X-ray waveband indicated by the Swift -BAT
aily light curve, also shown in Fig. 10 . 
Three catalogued sources lie within a 0.5 ◦ angular separation

rom the position of IGR19. These are 4FGL J1912.7 + 0957 (TS =
88 and an angular offset of 0.335 ◦), 4FGL J1914.7 + 1012c (TS =
10, offset: 0.369 ◦), and 4FGL J1913.3 + 1019 (TS = 137, offset:
.476 ◦), confirmed to be the pulsar PSR J1913 + 1011. The three flux
oints do not correlate with any enhancements in the light curve
f any of the three closest sources, so it is unlikely that source
onfusion is responsible for these γ -ray excesses. As there is no
NRAS 512, 1141–1168 (2022) 
nown orbital information for IGR19 it is not possible to perform
 phased analysis for this system, and the lack of a persistent γ -ray
xcess means that neither spectral analysis nor source localization
re possible. Although the small excesses at the position of IGR19
re independent of nearby sources, they are not significant enough to
laim a detection, nor is there evidence to associate them with IGR19.

.7 1A 0535 + 262 

A 0535 + 262 (henceforth 1A05) is a well-studied pulsar-Be star
inary system with an orbital period of 110.3 d (Finger , W ilson &
armon 1996 ). 1A05 has been the target of previous searches for
-ray emission (Acciari et al. 2011 ; Lundy et al. 2021 ) and is well
nown for its giant X-ray outbursts, the most recent of which was in
020 No v ember (Bernardini et al. 2020 ; Jaisa wal et al. 2020 ) in addi-
ion to being a known source of non-thermal radio emission (van den
ijnden et al. 2020 ). We find a γ -ray excess at the position of 1A05
ith TS = 12.4, with the binary system itself being located roughly

t the edge of the extended γ -ray source 4FGL J0540.3 + 2756e: the
upernova remnant S 147, which has an extension radius of 1.5 ◦

Abdollahi et al. 2020 ). The centroid of S 147 is offset from 1A05 by
.625 ◦, and S 147 has a TS of 1080. The closest nearby 4FGL sources
ie within S 147, the most significant of which is the unattributed point
ource 4FGL J0533.9 + 2838 (TS = 146, angular offset from 1A05
f 2.572 ◦). Given the large (several degree) separation of the nearest
-ray point sources and the position of 1A05, if source confusion is

esponsible for the 1A05 coincident γ -ray excess, the confusion is
ikely with S 147, which is a steady source. 7 
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Figure 11. Light curves for 1A 0535 + 262 – Panel A: AAVSO V- band optical 
light curv e; P anel B: Swift -BAT daily light curv e; P anel C: MAXI daily X-ray 
light curv e. P anel D shows the γ -ray energy flux measurements of the excess 
coincident with the position of 1A 0535 + 262 with approximately 6 month 
bins, and Panel E shows the respective TS values of these bins. Upper limits 
on energy flux are calculated for any bin where TS < 4. The vertical dotted 
orange lines indicate the start and end times of the γ -ray flux bin which is 
temporally coincident with the 2009 December Type II X-ray outburst, and 
the vertical grey dotted lines indicate the time interval of the γ -ray flux bin 
which is coincident with the 2020 No v ember Type II X-ray outburst. 
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Figure 12. The orbital phase-folded light curve of the γ -ray excess coin- 
cident with 1A 0535 + 262 o v er the phase range 0 ≤ φ < 2, with 10 phase 
bins per orbit. Panel A shows the phase folded energy flux of 1A 0535 + 262, 
and Panel B shows the respective TS values of these phase bins, where upper 
limits are placed on any bins where TS < 4. We note that our likelihood fit 
fails to identify a point source in the second and fourth orbital phase bins, 
thus no upper limit or TS is calculated for these bins. We define φ = 0, 1, 2 as 
periastron and φ = 0.5, 1.5 as apastron; the entire γ -ray excess is distributed 
in the phase bin immediately preceding orbital periastron. 
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1A05’s giant Type II X-ray outbursts peak at several times the 
rightness of the Crab Nebula. Fig. 11 shows the multiwavelength 
ight curve of 1A05, with three very bright X-ray outbursts and 
umerous smaller outbursts seen with Swift -BAT. There is no 
bvious correlation between these outbursts and the AAVSO optical 
easurements, although these observations do not co v er the entire
ermi -LAT mission. 
The two brightest outbursts occurring during the Fermi -LAT 

bservations analysed in this work occur during 2009 December, with 
 peak X-ray flux of 1 . 2 counts cm 

−2 s −1 , and during 2020 No v ember,
ith a peak X-ray flux of 2 . 4 counts cm 

−2 s −1 . We measure a γ -ray
ux in the 2 σ ≤ z < 3 σ significance range in the 6 month bin
ontemporaneous with both of these outbursts, with these two bins 
eing the most significant in the entire light curve. In addition to
hese tw o bins, tw o additional γ -ray flux measurements are made
ith slightly lower significance, one of which immediately precedes 

he third largest observed outburst in the Swift -BAT light curve. We
bserve that for the majority of our Fermi -LAT observation time (the
ajority of the 2010s) 1A05 appears to be in relative quiescence, and

hat our γ -ray flux points are broadly concentrated around the active
eriods near the 2009 December and 2020 No v ember outbursts.
lthough the bins are all of low significance (and thus have limited
hoton statistics), and longer than the X-ray outbursts themselves, 
here does appear to be some correlation between the evidence for
-ray emission and X-ray activity. 
1A05 has a known orbital period of 110.3 d, which enables us

o phase-fold the γ -ray data using GTOPHASE . Fig. 12 shows the
hase-folded light curve of the excess coincident with 1A05. This 
hows that the only measurable γ -ray emission occurs in the range
.9 ≤ φ < 1.0, immediately preceding periastron. This flux bin has 
 TS of approximately 12 ( z = 3.5 σ ), which is comparable to the
ignificance of the excess over the total Fermi -LAT observation time;
 significance map for this flux bin is shown in Fig. 13 . All other bins
ave a TS of approximately 0, and in two bins it was not possible to
MNRAS 512, 1141–1168 (2022) 
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Figure 13. The significance map of the central 5 ◦ of the 1A 0535 + 262 
ROI, after our likelihood fit and the gta.find sources algorithm, in 
the phase range 0.9 ≤ φ < 1.0. The blue crosses refer to the positions of 
4FGL sources and the green crosses refer to the positions of uncatalogued 
sources. The orange circle and cross refer to the extent and centroid of the 
supernova remnant S 147. The white cross indicates the catalogued location of 
1A 0535 + 262. The γ -ray excess appears to be slightly offset from the position 
of 1A 0535 + 262, ho we ver such of fsets are common with lo w significance 
excesses. Furthermore, the combination of several lower significance bins 
causes the 3.5 σ excess we observe from 1A 0535 + 262. 
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t a point source at the position of 1A05 at all. This indicates that
ssentially all of the γ -ray flux from the excess coincident with 1A05
s concentrated in the one phase bin preceding periastron. Whilst it
s possible for a phase folded light curve to be dominated by a short,
ingle, significant event, Fig. 11 shows that the flux is spread across
everal bins, each with comparable significance, so this is not the
ase here. 

Given the 1A05 γ -ray excess has only a 3.5 σ significance, we lack
he photon statistics to generate an SED of the source. A combination
f this with the fact that 1A05 lies on the edge of the diffuse emission
f S 147 also makes positional localization impossible. Nevertheless,
he evidence (if only at the 3.5 σ level) suggests that 1A05 could be a
ery faint γ -ray binary fueled by wind–wind interactions, or neutron
tar accretion. This is further supported by the fact that there are
o other variable γ -ray sources near 1A05. Finally, the γ -ray flux
rom the mission-long light curve of the 1A05 excess shows a weak
orrelation between γ -ray flux and X-ray activity, with measurable
-ray fluxes generally corresponding to periods when 1A05 was in
utburst, suggesting that neutron star accretion outbursts could be
esponsible for the γ -ray emission. 

In order to reach the 5 σ threshold required for a typical claim of
isco v ery, another 12.5 yr of all-sky observations would be needed
ith Fermi -LAT, assuming the object’s emission characteristics do
ot change. It is unlikely that Fermi -LAT will continue to operate for
his long, but future observatories [for instance, AMEGO (McEnery
t al. 2019 )] which will operate in the MeV gap where the peak γ -ray
mission of many XRBs may be located could detect the emission
rom 1A05 more significantly. 

.8 GRO J2058 + 42 

RO J2058 + 42 (henceforth GRO20) is a pulsar-Be star HMXB
Wilson et al. 2005 ) with a 55-d orbital period (Wilson, Finger &
cott 2000 ), disco v ered with the Compton observatory during a
ype II outburst in 1995 (Gro v e 1995 ; Wilson et al. 1995 ). The
ost recent outburst of GRO20 was in 2019 March, with triggers

rom both Swift -BAT (Barthelmy et al. 2019 ) and Fermi -GBM, and
dditional follo w-up observ ations from AstroSat (Mukerjee, Antia &
atoch 2020 ). 
There is a small γ -ray excess coincident with the position of

RO20 with a TS of 16.3 ( z = 4.0 σ ), with a single flux measurement
MJD 55414–55596) in the 6-month binned light curve (Fig. 14 ) and
pper limits otherwise. This measurement is not coincident with the
019 March X-ray enhancement, which is the only known outburst
uring the mission time of Fermi -LAT. 8 Additionally, given that the
ost significant bin in the light curve of the excess reaches only
S = 8.61, evidence for long-term variability is very weak. 
Fig. 15 shows the TS map of the region around GRO20, with the

MXB located within a wider γ -ray excess. There are no catalogued
-ray sources within the immediate vicinity of GRO20, the closest

ources being 4FGL J2050.0 + 4114c (TS = 34.0 and an angular
ffset of 1.729 ◦) and 4FGL J2056.4 + 4351c (TS = 297, offset 2.122 ◦)
ssociated with the X-ray source 1RXS J205549.4 + 435216. Neither
f these sources displays any variability according to their variability
ndices in the 4FGL-DR2. 

Gi ven the lo w ( z < 5 σ ) significance of the observed excess, we
annot carry out a spectral analysis or localization. Ho we ver, we
o have an orbital period and ephemeris for this system (Wilson
NRAS 512, 1141–1168 (2022) 

 The outburst in 2008 May (Krimm et al. 2008 ) occurred several months 
efore the beginning of Fermi -LAT observations. 
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t al. 2000 ) so are able to produce a phase-folded light curve with
hase steps of 0.1. Given that GRO20 is a pulsar system with a
e companion star, one might expect γ -ray emission to peak around
eriastron ( φ = 0, 1, 2), where the shocks between the pulsar wind and
tellar wind are most intense, although if the neutron star is accreting
uring outburst it is likely that γ -ray emission could be fuelled by the
ccretion processes rather than a wind–wind interaction at periastron.
ur phase folded light curve of the GRO20 excess is shown in Fig. 16 .
here are weak ( z ≈ 2 σ ) indications of γ -ray emission in the phase

anges 0.2 ≤ φ < 0.3 and 0.8 ≤ φ < 0.9. We conclude that there
s likely no orbital modulation in the weak γ -ray excess we observe
rom the position of GRO20. 

There is no evidence for any significant variability o v er the mission
ime of Fermi -LAT, nor is there evidence for any significant orbital
odulation of the putative γ -ray flux. We conclude that there is

o evidence for γ -ray emission from GRO20. As the immediate
rea around GRO20 appears to contain diffuse γ -ray emission, it is
ossible that a weak, unknown, extended source could be causing
ource confusion at the position of GRO20. There could also be one,
r multiple, unresolved γ -ray point sources. 

.9 W63 X-1 

63 X-1 is a pulsar X-ray binary system, likely with a Be or OB star
ompanion (Rho et al. 2004 ) and located within the W63 supernova
emnant, itself located within the Cygnus X star-forming region
Sabbadin 1976 ). We observe a persistent γ -ray excess coincident
ith the position of W63 X-1 with TS = 13.2 ( z = 3.6 σ ). W63 X-1

s a poorly studied X-ray binary system; no orbital period is known
nd there is no recorded flux variability in any waveband. 

The closest γ -ray neighbour to the W63 X-1 excess is the highly
ariable BL Lac type blazar 4FGL J2012.0 + 4629 also known as
C 2010 + 4619. We detect 4FGL J2012.0 + 4629 to a significance of
S = 4710, and with an angular offset from the position of W63 X-1
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Figure 14. The Swift -BAT and MAXI daily binned light curves of 
GRO J2058 + 42 are shown in Panels A and B, respectively, with the 6-month 
energy flux measurements and respecti ve TS v alues of the coincident γ -ray 
excess shown in Panels C and D, respectively. We place 95 per cent confidence 
limits on any Fermi -LAT energy flux bins with TS < 4. There is only one flux 
measurement from the light curve of GRO J2058 + 42; this is not coincident 
with the March 2019 X-ray enhancement, the beginning of which is indicated 
by the vertical grey dotted line. 
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Figure 15. The TS map of the central 3 ◦ of the GRO J2058 + 42 ROI, after 
our likelihood fit and the gta.find sources algorithm. The blue crosses 
refer to the positions of 4FGL sources and the green crosses refer to the 
positions of uncatalogued sources. The white cross indicates the catalogued 
location of GRO J2058 + 42. Our spatial bins have an angular width of 0.1 ◦. 

Figure 16. The orbital phase-folded light curve of the γ -ray excess coinci- 
dent with GRO J2058 + 42 o v er the phase range 0 ≤ φ < 2, with 10 phase bins 
per orbit. Panel A shows the phase folded energy flux of GRO J2058 + 42, and 
Panel B shows the respective TS values of these phase bins, where upper limits 
are placed on any bins where TS < 4. We note that our likelihood fit fails to 
identify a point source in the first, fifth, and eighth orbital phase bins, thus no 
upper limit or TS is calculated for these bins. We define φ = 1 as periastron 
and φ = 0.5 as apastron. We note that there is a very large uncertainty 
( ± 4 . 18 × 10 −5 MeV cm 

−2 s −1 ) associated with the flux measurement in the 
second and twelfth bins due to the very limited photon statistics. 

s  

4  

y
t  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/512/1/1141/6530664 by D
urham

 U
niversity user on 26 M

ay 2022
f 1.435 ◦. Although it is unlikely, given the separation between the
63 X-1 excess and the blazar, the highly variable and luminous 

ature of this source means we must test for source confusion, which
e do by generating comparative light curve of the blazar using the

ame binning scheme which we use at the binary position. 
Fig. 17 shows the light curves of both the W63 X-1 coincident

xcess, and 4FGL J2012.0 + 4629. There is weak evidence (2 σ ≤ z 

 3 σ ) for emission from the position of W63 X-1 in 4 time bins, all
pread across the first half of the Fermi -LAT mission. At this time,
FGL J2012.0 + 4629 appears to be in a lower flux state before a
r-long flux enhancement, the beginning of which corresponds with 
he last γ -ray bin in the light curve of the apparent W63 X-1 excess.
MNRAS 512, 1141–1168 (2022) 
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Figure 17. Panels B and A show the γ -ray fluxes and associated TS values 
for the excess coincident with the optical position of W63 X-1. Panels C 

and D show the γ -ray fluxes and associated TS values for the nearby Bl Lac 
4FGL J2012.0 + 4629, without the excess in the model. We use approximately 
6 month bins in each of these light curves, and 95 per cent confidence upper 
limits on flux are used for any bin where the corresponding TS value is less 
than 4. 
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Figure 18. The AAVSO V -band optical light curve of RX J2030.5 + 4751 is 
shown in Panel A, with the 6-monthly binned Fermi -LAT light curve for a 
source fitted to the position of RX J2030.5 + 4751 shown below in Panel B, 
and the corresponding TS values shown in Panel C. We place 95 per cent 
confidence limits on any Fermi -LAT energy flux bins with TS < 4. The 
vertical dashed lines indicate the beginning and end of the 6-month period in 
which there is a significant enhancement of the excess. 
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onfusion with the blazar is therefore unlikely to be the source of
he γ -ray excess. 

Given the marginal nature of all of the γ -ray flux measurements
n the light curve, the lack of measurable variability of the excess
nd a lack of multiwavelength data, it is impossible to identify
ny correlations between wavebands. Poor photon statistics preclude
pectral analysis or localization. We cannot associate the γ -ray excess
ith W63 X-1, but nor can we exclude the possibility that the excess

s caused by W63 X-1. Given that both the excess and W63 X-1 lie
ithin the larger supernova remnant W63 itself, it is possible that
NRAS 512, 1141–1168 (2022) 
he small γ -ray excess represents very faint γ -ray emission from the
upernova remnant rather than the binary system. 

.10 RX J2030.5 + 4751 

X J2030.5 + 4751 (henceforth referred to as RX20) is a HMXB
ystem consisting of a neutron star or black hole and a Be star
Belczynski & Ziolkowski 2009 ). The orbital period of this system
s unknown, but the 100-yr optical light curve indicates long-term
ariability on the time-scale of decades (Servillat et al. 2013 ). We
dentify a γ -ray excess spatially coincident with the position of RX20
ith a TS of 30.81. The 6-monthly binned light curve (Fig. 18 ) of

he source indicates that this excess seems to be largely dominated
y one bin from MJD 56145-56328 (which reaches approximately
 σ ). A measurable flux is observed in 7 other time bins, although at
 lower level and with larger uncertainties, so we place upper limits
n those bins. There is no enhancement contemporaneous with this
-ray enhancement in the optical AAVSO V band. There are no X-

ay light curves for this source available from either Swift -BAT or
AXI. 
The nearest γ -ray sources to RX20 are 4FGL J2026.0 + 4718

TS = 25.4 and an angular offset of 0.942 ◦), 4FGL J2035.9 + 4901,
ssociated with the blazar 2MASS J20355146 + 4901490 (TS = 25.4,
ffset: 0.942 ◦) and 4FGL J2029.5 + 4925, associated with the BL
ac type blazar MG4 J202932 + 4925 (TS = 454, offset: 1.567 ◦).

n addition to these catalogued sources, we also identify a second
-ray excess which we name PS J2027.4 + 4728 (TS = 25.4, offset:
.942 ◦). 
Whilst the observed excess exceeds 5 σ in significance, we note

hat the photons almost entirely lie at just abo v e 100 MeV, meaning
ny SED of the excess would not provide any meaningful observation
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Figure 19. Panels B and A show the γ -ray fluxes and associated TS values 
for the excess coincident with the optical position of RX J2030.5 + 4751. 
Panels C and D show the γ -ray flux and associated TS values for the nearby 
γ -ray source 4FGL J2029.5 + 4925, without the excess in the model. We use 
6-month bins in each of these light curves, and 95 per cent confidence upper 
limits on flux are used for any bin where the corresponding TS value is less 
than 4. The dotted lines indicate the duration of the observed soft γ -ray flare. 
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as a γ -ray flux would only be measured in one bin). We note that this
s also the case during the time bin of the flare. The very soft nature of
he γ -ray excess coincident with RX20 is somewhat problematic, as 
ermi -LAT’s angular resolution in the MeV range is several degrees. 
oupled with the relati vely lo w photon count (a few thousand),

his means the gta.localize algorithm is unable to properly 
onverge in this case and we cannot unambiguously associate the 
xcess with RX20. As two of the three nearest 4FGL sources to
X20 are blazars, which are usually variable, and the third source is
f unknown nature and may also be variable, we generate light curves
f each source in order to examine whether a flare from one of these
ources is causing source confusion. Whilst 4FGL J2026.0 + 4718 
nd 4FGL J2035.9 + 4901 are not significantly variable, the BL Lac
bject, 4FGL J2029.5 + 4925, is. Fig. 19 shows the light curve of
FGL J2029.5 + 4925, and clearly shows that for approximately the 
rst two yrs of the Fermi -LAT mission the blazar is in an enhanced
ux state relative to the rest of the mission. Ho we ver, during the time
here we observe the flare coincident with RX20, there are only flux
pper limits from 4FGL J2029.5 + 4925. Hence we are confident that
he γ -ray excess observed at the position of RX20 is independent of
earby 4FGL γ -ray sources. 
The orbital period and the nature of the accretor in RX20 are

nknown, and the system is not a known microquasar which makes 
-ray emission from a jet unlikely. Given that most Be star HMXBs
ave a neutron star accretor (Belczynski & Ziolkowski 2009 ), it is
ikely that this is also the case for RX20, and it is possible that the
oft γ -ray flare we observe coincident with RX20 is representative 
f either a wind driven interaction at the periastron of the system,
s observed in the known γ -ray binary population, or a neutron star
ccretion outburst. Ho we ver, without X-ray data for this time we
annot be certain. 

.11 4U 2206 + 543 

U 2206 + 543 (henceforth 4U22) is a HMXB system with a Be star
ompanion, a pulsar accretor (Negueruela & Schurch 2007 ; Finger 
t al. 2009 ; Wang 2013 ) and a 9.57-d orbital period. We find a γ -ray
xcess coincident with the position of 4U22 with a TS of 30.53. With
 Galactic latitude of BII = −1.11 ◦, 4U22 is on the Galactic plane;
o we ver, it is relatively isolated from other γ -ray point sources. The
earest catalogued source is the pulsar 4FGL J2215.6 + 5135 (PSR
2215 + 5135), with a TS of 1940 and an angular offset from the
osition of 4U22 of 3.149 ◦. This is a highly significant source,
ut given the separation between the pulsar and the position of
U22, it is unlikely that source confusion explains the excess at 
U22’s position. We also identify 4 uncatalogued, sub-threshold γ - 
ay excesses between 2 ◦ and 3 ◦ angular offset from 4U22; these are
lso unlikely to cause source confusion with 4U22 given that they 
re all less significant than the excess coincident with 4U22, and are
 2 ◦ from 4U22. 
Similar to RX20 (Section 4.10 ), 4U22’s spectrum is extremely soft

ith the entirety of the γ -ray flux being concentrated at just abo v e
00 MeV, making any meaningful spectral analysis impossible for 
his source. Given the very soft nature of this apparent excess, the
ocalization fit fails and as shown in the TS map (Fig. 20 ) there is no
isually obvious excess centered on the position of 4U22. 
Fig. 21 shows the multiwavelength light curve of 4U22, with daily 

-ray data from both MAXI and Swift -BAT, optical AAVSO V -band
hotometry, and the 6-month binned Fermi -LAT energy flux and 
ssociated TS of the spatially coincident excess. The γ -ray flux of the
xcess coincident with the position of 4U22 is generally consistent for 
he bins where a measurement is made, and the upper limits consistent
therwise. The statistical significance of all bins is relatively low, with 
 maximum measured TS of approximately 9 (3 σ ). Due to the short
rbital period of 4U22, we cannot identify any regular Type I X-ray
utbursts, nor it is possible to identify orbital periodicity from the
ermi -LAT data. 
An enhancement of emission between 20 and 100 k eV w as

bserved from 4U22 in 2017 June with INTEGRAL (Di Gesu et al.
017 ), together with a small enhancement we observe in the Swift -
AT data. No MAXI data are available during the INTEGRAL 

bservation period. There is a measurable γ -ray flux in the 6-month
MNRAS 512, 1141–1168 (2022) 
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Figure 20. The TS map of the central 3 ◦ of the 4U 2206 + 543 ROI across 
the full 12.5-yr observation time. The positions of the closest 4FGL sources 
are indicated by blue crosses, whilst the positions of sources identified with 
the gta.find sources algorithm are indicated by green crosses. This TS 
map is generated after our ROI optimization and fit, but before a point source 
for 4U 2206 + 543 is fitted to the model, to highlight the spatial coincidence 
between the excess and the position of 4U 2206 + 543. Bins are 0.1 ◦ across. 
We note that given the soft nature of this excess, it is possible that this is 
a product of very soft photons from the Galactic plane itself, rather than a 
genuine signature of γ -ray emission from a HMXB. This would explain why 
no excess is observed at the position of the white cross, as this apparent 
‘source’ is a product of background photons. 
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Figure 21. The multiwavelength light curve of 4U 2206 + 543, and the 
coincident γ -ray e xcess. P anel A shows the Swift -BAT X-ray data, which 
does not co v er the entirety of the LAT observations, and Panel B shows 
the MAXI daily X-ray light curve. The bin sizes for each X-ray light curve 
are the same, with 1-d bin widths. Panel C shows the available AAVSO V - 
band optical photometry observations of 4U 2206 + 543 for the duration of 
the LAT mission. Panels D and E show the energy flux and respective TS of 
4U 2206 + 543 from the Fermi -LAT light curve, where upper limits are fixed 
to any flux bin where TS < 4. The vertical grey dotted line indicates the 
beginning of the INTEGRAL period where an enhancement in X-ray data is 
observed. 
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in coincident with the 2017 enhancement (denoted by the grey
ertical line in Fig. 21 ), but such a flux is not unique to this time.
s the hard X-ray/soft γ -ray enhancement lasted only days, we also
enerate a daily γ -ray light curve to establish whether any γ -ray
mission exists on the timescale of this enhancement. This light
urve is shown in Fig. 22 . No significant γ -ray emission is detected
n daily time-scales during 2017 June and July, with only upper
imits measured. We conclude that the enhancement reported by Di
esu et al. ( 2017 ) produced no measurable, contemporaneous, high-

nergy γ -ray flux. 
A lack of variability from the excess coincident with the position

f 4U22 and a lack of information regarding the true position of this
ery soft excess (which has a PSF of 3.5 ◦) makes it impossible to
ssociate this excess with 4U22. Given the soft nature of this excess,
t is possible that this apparent source is a product of excess very
oft photons from the Galactic plane itself, which is very difficult
o model, rather than a genuine signature of γ -ray emission from a
MXB. This hypothesis is further supported by the apparent lack of

ny point source excess shown in the TS map (Fig. 20 ), coincident
ith the position of 4U22, despite a 5.5 σ point source being fitted to

his position. 

.12 IGR J00370 + 6122 

GR J00370 + 6122 (den Hartog et al. 2004 ; henceforth IGR00) is an
-ray binary system with a pulsar accretor (in’t Zand et al. 2007 )

nd a B1Ib class companion star (Negueruela & Reig 2004 ) with an
rbital period of 15.7 d (Grunhut, Bolton & McSwain 2014 ). There is
 very marginal persistent γ -ray excess coincident with the position
f IGR00, with a TS = 7.30 ( z = 2.7 σ ), ho we ver in the six monthly
inned light curve we see evidence for emission at TS = 21.9 ( z =
NRAS 512, 1141–1168 (2022) 
.7 σ ) in one of the bins (MJD 56328 −56511), and see weak (2 σ )
vidence for emission in two other bins (MJD 56693–56876 and
JD 58155–58338). This suggests that there may be transient γ -ray

mission at IGR00’s position. The γ -ray light curve of the excess
nd the IGR00 X-ray light curve are shown in Fig. 23 . There is no
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Figure 22. The multiwavelength light curve of 4U 2206 + 543, and the 
coincident γ -ray excess during 2017 June and July, when the INTEGRAL 

enhancement was detected (the start of which is denoted by the grey dotted 
line). Panel A shows the Swift -BAT X-ray data, which co v ers the time of the 
enhancement and Panel B shows the MAXI X-ray data, available only for the 
time period after the enhancement measured with Swift -BAT. The bin sizes 
for each X-ray light curve are the same, with 1 d bin widths. Panel C shows 
the available AAVSO V -band photometric observations of 4U 2206 + 543; no 
significant optical enhancement is seen. Panels D and E show the energy flux 
and respective TS of 4U 2206 + 543 from the Fermi -LAT daily light curve, 
where upper limits are fixed to all flux bins, as no bin has a TS greater than 4. 
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Figure 23. The Swift -BAT daily binned light curve of IGR J00370 + 6122 
is shown in Panel A, with the 6 month energy flux measurements and 
respecti ve TS v alues of the coincident γ -ray excess sho wn in Panels B and 
C, respectively. As is consistent with the other light curves we produce, we 
place 95 per cent confidence limits on any Fermi -LAT energy flux bins with 
TS < 4. 
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pparent correlation between the X-ray light curve of IGR00 and the 
-ray light curve of the excess. 
There is a variable blazar 4FGL J0035.8 + 6131 (also known as

QAC 008 + 061, TS = 71.3 at an angular offset of 0.225 ◦) close to
he position of IGR00. Given the small angular offset between the 
lazar and position of IGR00, it is likely that source confusion is
esponsible for the excess, rather than it being a genuine signature
f γ -ray emission from an HMXB. We generate a light curve of
FGL J0035.8 + 6131 using the same 6-month binning scheme used
or the light curve of the excess (Fig. 23 ), which is compared with that
f the excess coincident with IGR00 in Fig. 24 . Where we see appar-
nt emission in the excess light curve, a similar flux is observed in the
ight curve of the blazar. Furthermore, the two proceeding bins (an up-
er limit and a flux measurement) are also similar in value to those of
he blazar. A third, lower significance, flux measurement is observed 
ater in the light curve of the IGR00 excess where only an upper limit
s observed from the blazar. This is likely a chance fluctuation. 

The light curve alone suggests that source confusion is likely the
ause of the excess at the position of IGR00. None the less, we
eanalyse the ROI using the same parameters as described in Table 1
 v er the time range of the most significant γ -ray bin in Fig. 23 (MJD
6328–MJD 56510). Following this reanalysis, we add a point source 
o the position of IGR00, and perform a localization fit in order to
ptimize the positional fit of the excess. 
Fig. 25 shows the position of the blazar, 4FGL J0035.8 + 6131,

ogether with the position of IGR00 and the positional uncertainty 
f the localized excess. As both the position of the blazar and the
inary lie within the 95 per cent uncertainty bound, it is impossible to
etermine which of these is the cause of the excess, or indeed if there
s an unresolved source causing it. Therefore we conclude that this
-ray excess is unlikely to represent γ -ray emission from IGR00. 

.13 Confirmed false positi v es 

f the 20 binaries where we detect either a persistent or
ransient γ -ray excess, we determine that 8 of these have 
ignificant evidence which suggest that this is a false positive 
esult. Discussions of each of these false positive excesses are 
MNRAS 512, 1141–1168 (2022) 
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Figure 24. Panels B and A show the γ -ray flux and associated TS 
values of these flux points for the excess coincident with the position of 
IGR J00370 + 6122. Panels C and D show the γ -ray flux and associated TS 
values of these flux values for the nearby γ -ray blazar 4FGL J0035.8 + 6131, 
without the excess in the model. We use approximately 6 month bins in each 
of these light curves, and 95 per cent confidence upper limits on flux are used 
for any bin where the corresponding TS value is less than 4. 
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Figure 25. The TS map of the central 3 ◦ of the IGR J00370 + 6122 ROI 
across the MJD 56328–MJD 56510 period. Here, the positions of the closest 
4FGL sources are indicated by blue crosses, whilst the positions of sources 
identified with the gta.find sources algorithm are indicated by green 
crosses. The position of IGR J00370 + 6122 is indicated by a white cross, the 
position of the blazar is indicated by a yellow cross and the localized excess 
is indicated by an orange cross, with the 95 per cent positional uncertainty on 
the excess indicated by the orange circle. As both the blazar and the binary lie 
within the positional uncertainty of the excess, we conclude it is not possible 
to determine which object is the cause of the excess. Bin widths are 0.1 ◦. 

d  

a  

t  

s  

a

5

W  

f  

i  

X  

n  

t
 

F  

(  

p  

m  

d  

r  

e  

o  

i  

b  

p

5

M  

p  

a  

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/512/1/1141/6530664 by D
urham

 U
niversity user on 26 M

ay 2022
ncluded in Appendix B . The binaries with confirmed false
ositive results are: IGR J16320 −4751, IGR J16358 −4726,
GR J16465 −4507, 1WGA J0648.0 −4419, AX J1740.1 −2847,
 1833 −076, GS 1839 −04, and SAX J2103.5 + 4545. 
The false positives can be broken down into two categories; the first

s where we see a significant excess which appears to be coincident
ith the position of the HMXB in question. Given the significant
hoton statistics available, we perform a localization of this excess,
nd upon examining the new positional fit find that the excess is no
onger spatially coincident with the position of the binary, greatly
NRAS 512, 1141–1168 (2022) 
ecreasing the likelihood of association between the γ -ray excess
nd the HMXB. The second group of false positive excesses are
hose which are definitively due to source confusion with another
ource. In this case, this excess cannot be proven to be independent,
nd therefore cannot be associated with the HMXB in question. 

 C O N C L U S I O N S  

e surv e y the positions of 114 HMXBs using Fermi -LAT, searching
or γ -ray emission in the MeV–GeV energy range. Our surv e y
ncludes 4 known γ -ray emitting X-ray binaries, LS 5039, Cygnus
-1, Cygnus X-3, and LS I + 61 303. These are all detected more sig-
ificantly than in the most recent Fermi -LAT point source catalogue,
he 4FGL-DR2. 

We employ a binned likelihood method, using the Fermipy and
ermitools software together with the catalogues of Liu et al.
 2006 ) in order to carry out our surv e y, where we test for both
ersistent γ -ray emission, and transient γ -ray emission using a 6
onth binning scheme. Where a γ -ray excess is identified a more

etailed analysis is performed. We identify some evidence for γ -
ay emission from the positions of 20 HMXBs where no previous
mission has been observed. The significances of the γ -ray excesses
bserved varied considerably: from 3 σ over 12.5 yr of observations
n the case of IGR J16358 −4726, to almost 8 σ in a single 6-month
in in the case of SAX J2103.5 + 4545, without any evidence for
ersistent emission. 

.1 Persistent emission 

any cases where an excess is observed are likely to be false
ositives, where a detailed analysis establishes that the excess
t the position of the binary is likely to be caused by some-
hing else. In particular, in the case of 4 HMXBs with a coinci-
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ent excess (IGR J16358 −4726, H 1833 −076, GS 1839 −04, and
AX J2103.5 + 4545), localization of this excess caused its best-
tting position to mo v e, rendering the e xcess no longer spatially
oincident with the position of the HMXB. 

Given the PSF of the LAT instrument, it is possible for photon
ontamination to occur between sources within 1 ◦ of each other, 
articularly at lower photon energies. Such source confusion is espe- 
ially pre v alent on the Galactic plane. We establish that false positi ve
-ray excesses due to source confusion occur in 4 of 20 cases. These
re IGR J16320 −4751, 1WGA J0648.0 −4419, AX J1740.1 −2847, 
nd IGR J00370 + 6122. Additionally, we suspect that source confu- 
ion is also responsible for the excesses observed coincident with IGR
16465 −4507 and IGR J17544 −2619, although further evidence is 
eeded to establish whether this is the case. Finally, in the case of
U 2206 + 543 we observe a very soft, isolated excess which displays
o variability and which cannot be associated with the binary itself.
n this particular case (given that there are no nearby point sources)
he excess may be caused by source confusion with the Galactic 
-ray background. 
In the case of 5 of the excesses, there is a lack of evidence to

ssociate the excess to the binary itself, yet it remains spatially 
oincident when localized (if photon statistics enable localization) 
nd there is no evidence for source confusion. In these cases, the γ -
ay excess may represent γ -ray emission from the binary. Ho we ver,
urther evidence is needed, particularly evidence of time-variability, 
hich may be associated with orbital phase. Systems where there 

s a lack of evidence to determine whether the excess is caused
y the binary are 1H 0749 −600, 1H 1238 −599, IGR J19140 + 0951,
RO J2058 + 42, W63 X-1, and also 4U 2206 + 543, although as
oted abo v e, source confusion with the Galactic background may 
e a factor here. 

.2 Transient emission 

n 2 of the systems, SAX J1324.4 −6200 (SAX13) and 
X J2030.5 + 4751 (RX20), we see evidence for transient γ -ray 
mission across time-scales of months that cannot be attributed to 
he γ -ray background or any known source. In the case of RX20,
here is roughly 5 σ evidence for emission in a 6-month time bin,
nd furthermore a persistent γ -ray excess of 5.6 σ . We rule out
ource confusion as the cause of this excess, and the variability seen
n the light curve suggests that the excess observed comes from a
enuine point source of γ -rays. Given that the orbit of this system is
nknown, the nature of the light curve and companion star suggests
hat this system could be a long-orbit γ -ray binary with the light-
urve enhancement caused by the periastron of a likely neutron star
nd the Be companion star. 

In the case of SAX13, we observe a 5.4 σ γ -ray excess which is
isible o v er a continuous 18 month period. This e xcess is not caused
y source confusion with any known source, and localizing the 
mission reveals that it is consistent with the position of SAX13; it has
 power-law spectrum with � = −2.43, which is broadly consistent 
ith the spectral indices of other power-law HMXBs. Given that 
AX13 is likely a pulsar-Be star system, and has an unknown 
rbital period, it is entirely possible that this excess represents γ - 
ay emission from around the time of the binary’s periastron, which 
 ould mak e SAX13 a γ -ray binary with a long orbital period.
urther, long-term, study and monitoring of this system in both the 
-ray and γ -ray wavebands are needed to test this hypothesis. 
In the final 2 systems, GRO J1008 −57 and 1A 0535 + 262 there is

entati ve e vidence for γ -ray emission which v aries by orbital phase.
 ith GR O10, we see a flux measurement in the MJD 58886–59069

in where z = 3.8 σ , and a less significant bin z = 3.0 σ immediately
fter apastron. A previous study Xing & Wang 2019 suggested that
his represents tentative evidence of orbital modulation and that the 
-ray excess is caused by GRO10. While we find evidence for

ome modulation with the orbital phase of GRO10, the lack of any
easurable γ -ray emission in the 0.9 < φ < 1.1 range makes it

arder to reconcile this with a wind–wind collision emission model, 
here GeV γ -ray emission would be expected to occur at periastron,

lthough emission peaks are seen at times other than periastron in
SI + 61 303. 
The case of 1A 0535 + 262 presents the strongest evidence for new

-ray emission from a HMXB from our surv e y. 1A 0535 + 262 is
 pulsar-Be star system, and not a known microquasar, hence any
-ray activity would be expected to originate from either wind- 
ind interactions or, given that 1A05 is strongly accreting during 
utburst, a no v el accretion related method. We observ e a marginal
ersistent excess coincident with 1A05 with TS = 12.4 (3.5 σ ), and
nd evidence that γ -ray activity may be coincident with the giant
-ray flares the system undergoes from time-to-time. The ‘smoking 
un’ for the γ -ray excess originating from this binary is that all of the
-ray flux is concentrated in the phase bin immediately preceding 
eriastron, with a 3.5 σ measurement in this bin, and ≈0 σ in all other
hase bins. This suggests that the sustained γ -ray excess we observe
cross the 12.5 yr data set is all occurring at periastron. The chances
f another undisco v ered system with this exact periodic behaviour
eing within the source confusion radius of 1A05 is exceptionally 
mall. Therefore, whilst the significance of the persistent flux is only
.5 σ , we are reasonably confident that this represents a sub-threshold
int of γ -ray emission from 1A05. 

.3 Summary 

ight HMXBs have confirmed γ -ray emission and are listed in the
FGL-DR2, with several other HMXBs being confirmed as γ -ray 
mitters but not included in the 4FGL-DR2. In this paper we identify
 promising hint of emission from 1A 0535 + 262, tentative evidence
f γ -ray excesses from a further 3 HMXBs (SAX J1324.4 −6200,
RO J1008 −57, and RX J2030.5 + 4545) and excesses coincident
ith 5 HMXBs (1H 0749 −600, 1H 1238 −599, IGR J19140 + 0951,
RO J2058 + 42, and W63 X-1), although there is a lack of evidence

o establish these 5 γ -ray excesses as being products of processes
ccurring in their respective binary systems. Where we are able 
o produce spectra of these excesses, all appear to be soft, with a
pectrum likely reaching a maximum below the Fermi -LAT energy 
ange. This makes these HMXBs ideal targets for instruments 
ith lower energy (i.e. co v ering the MeV gap), for example the

orthcoming mission AMEGO (McEnery et al. 2019 ). Furthermore, 
f these excesses represent the dip between the synchrotron and 
nverse Compton peaks, then these binaries may be detected by 
nstruments with a higher energy detection threshold in the GeV–
eV energy range. 

ATA  ACCESSIBILITY  

he Fermi -LAT data are all publicly accessible at the NASA LAT
ata server, located at https:// fermi.gsfc.nasa.gov/ ssc/ data/access/ . 
or our LAT data analysis we use Fermitools v1.2.23 
vailable at https:// fermi.gsfc.nasa.gov/ ssc/ data/analysis/ software/ 
nd Python 2.7 package Fermipy v0.19.0 available at 
ttps://fermipy.readthedocs.io/en/latest/install.html. We use the pre- 
omputed Swift -BAT daily light curves available here https://swift. 
sfc.nasa.gov/ results/ transients/ and the AAVSO photometry data 
vailable here https:// www.aavso.org/ data-download . The MAXI 
ata are located at http://maxi.riken.jp/top/lc.html. 
MNRAS 512, 1141–1168 (2022) 
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PPENDI X  A :  H I G H  MASS  X - R AY  BI NARY  

AMPLE  
MNRAS 512, 1141–1168 (2022) 

 column gives the X-ray name of each X-ray binary included in the 
s either the optical name of the system from Liu et al. or the most 
actic coordinates of the system used in our data analysis; the position 
ple, O corresponds to the coordinates of the optical counterpart, X 

em measured in days; where no binary period is known a value of 0 
mit on energy flux (with units of MeV cm 

−2 s −1) obtained from the 
here a measurement of energy flux is made, these are shown in the 

 Position Type Period Flux U.L. ( MeV cm 

−2 s −1) 

1748 O 0 .0 4.19 × 10 −8 

5063 X 0 .0 9.60 × 10 −8 

2109 IR 0 .0 8.66 × 10 −8 

0313 O 0 .0 1.36 × 10 −7 

3512 O 41 .59 2.68 × 10 −7 

9848 O 42 .12 2.59 × 10 −8 

4028 O 187 .5 1.52 × 10 −7 

0938 X 0 .0 N.A. 
0984 O 14 .4 7.37 × 10 −8 

9174 O 0 .0 2.42 × 10 −7 

4742 IR 133 .0 1.32 × 10 −7 

0118 O 52 .46 6.57 × 10 −8 

5817 IR 0 .0 N.A 

2543 X 0 .0 9.76 × 10 −8 

3556 X 2 .09 4.74 × 10 −8 

5032 X 0 .0 N.A. 
7292 O 0 .0 7.96 × 10 −8 

4924 X 0 .0 2.28 × 10 −7 

2173 O 135 .0 N.A 

0047 O 0 .0 1.03 × 10 −7 

326 X 0 .0 2.32 × 10 −8 
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Table A1 – continued 

Binary name Alt. name LII BII Position Type Period Flux U.L. ( MeV cm 

−2 s −1) 

XTE J1543 −568 324 .95121 − 1 .46121 X 75 .56 6.93 × 10 −8 

1H 1555 −552 HD 141926 326 .97618 − 1 .23892 O 0 .0 2.45 × 10 −7 

2S 1553 −542 327 .94412 − 0 .85703 X 30 .6 2.83 × 10 −8 

1H 0739 −529 HD 63666 266 .31268 − 13 .72584 O 0 .0 3.66 × 10 −8 

4U 1538 −52 QV NOR 327 .41949 2 .1637 O 3 .73 4.37 × 10 −8 

IGR J16195 −4945 HD 146628? 333 .53932 0 .33326 X 0 .0 3.56 × 10 −7 

IGR J16318 −4848 335 .61599 − 0 .44776 O 0 .0 2.46 × 10 −8 

IGR J16283 −4838 335 .32671 0 .10203 X 0 .0 2.03 × 10 −7 

IGR J16320 −4751 336 .32997 0 .16892 X 8 .96 N.A. 
IGR J16358 −4726 337 .12311 − 0 .00089 X 0 .0 N.A. 
AX J1639.0 −4642 338 .00124 0 .07508 IR 0 .0 4.89 × 10 −7 

IGR J16418 −4532 339 .19309 0 .51511 X 0 .0 4.72 × 10 −8 

IGR J16479 −4514 340 .16406 − 0 .12466 X 0 .0 6.75 × 10 −7 

IGR J16465 −4507 340 .05357 0 .13505 IR 0 .0 N.A. 
1WGA J0648.0 −4419 HD 49798 253 .70642 − 19 .1412 O 1 .55 N.A. 
IGR J16493 −4348 341 .37079 0 .60251 X 0 .0 1.67 × 10 −7 

GS 0834 −430 262 .02096 − 1 .51074 O 105 .8 4.05 × 10 −8 

AX J1700 −419 344 .04452 0 .23717 X 0 .0 1.70 × 10 −7 

OAO 1657 −415 344 .36915 0 .31918 X 10 .4 1.01 × 10 −7 

4U 0900 −40 HD 77581 263 .05839 3 .92993 O 8 .96 3.22 × 10 −8 

4U 1700 −37 HD 153919 347 .75446 2 .1734 O 3 .41 1.10 × 10 −7 

IGR J17091 −3624 349 .52595 2 .23569 R 0 .0 1.50 × 10 −7 

EXO 1722 −363 351 .49727 − 0 .35395 IR 9 .74 8.00 × 10 −8 

RX J0812.4 −3114 LS 992 249 .57107 1 .5477 IR 81 .3 1.81 × 10 −8 

XTE J1739 −302 358 .06784 0 .44517 X 0 .0 6.75 × 10 −7 

RX J1739.4 −2942 358 .64668 0 .73046 X 0 .0 2.37 × 10 −7 

AX J1740.1 −2847 359 .49377 1 .08387 X 0 .0 1.08 × 10 −7 

AX J1749.1 −2733 1 .5827 0 .06234 X 0 .0 6.49 × 10 −7 

AX J1749.2 −2725 1 .701 0 .1157 X 0 .0 4.06 × 10 −7 

RX J1744.7 −2713 V3892 SGR 1 .35781 1 .05224 O 0 .0 2.09 × 10 −7 

GRO J1750 −27 2 .37283 0 .50774 X 29 .8 1.24 × 10 −7 

IGR J17544 −2619 3 .23599 − 0 .33559 IR 0 .0 N.A. 
3A 0726 −260 V441 PUP 240 .28165 − 4 .05037 O 34 .5 2.91 × 10 −8 

SAX J1819.3 −2525 V4641 SGR 6 .75638 − 4 .79765 O 2 .8 9.69 × 10 −8 

SAX J1802.7 −2017 9 .41747 1 .04356 X 4 .6 1.05 × 10 −7 

SAX J1818.6 −1703 HD 168078? 14 .07813 − 0 .71028 X 0 .0 1.04 × 10 −7 

RX J1826.2 −1450 LS 5039 16 .88157 − 1 .28923 R 3 .9 N.A. 
AX J1820.5 −1434 16 .47185 0 .06991 X 0 .0 2.61 × 10 −7 

4U 1807 −10 18 .60547 3 .85183 X 0 .0 2.91 × 10 −7 

XTE J1829 −098 21 .69699 0 .2786 X 0 .0 3.42 × 10 −7 

H 1833 −076 24 .46252 − 0 .16075 X 0 .0 N.A 

XTE J0658 −073 [M81] I −33 220 .12859 − 1 .76725 O 0 .0 6.26 × 10 −8 

AX J1838.0 −0655 25 .23678 − 0 .19035 X 0 .0 1.47 × 10 −7 

GS 1839 −06 26 .61754 − 0 .50815 X 0 .0 1.05 × 10 −7 

AX J1841.0 −0536 26 .76429 − 0 .23879 O 0 .0 1.52 × 10 −7 

AX 1845.0 −0433 28 .14552 − 0 .65617 X 0 .0 2.62 × 10 −8 

GS 1839 −04 27 .87383 0 .11023 X 0 .0 N.A. 
IGR J18483 −0311 29 .74117 − 0 .75374 X 0 .0 8.30 × 10 −8 

GS 1855 −02 31 .24518 − 2 .70507 X 0 .0 1.25 × 10 −7 

XTE J1855 −026 31 .07627 − 2 .09629 X 6 .067 5.84 × 10 −8 

2S 1845 −024 30 .42054 − 0 .40562 X 241 .0 7.22 × 10 −7 

GS 1843 + 009 33 .03653 1 .6896 O 0 .0 5.24 × 10 −8 

XTE J1901 + 014 35 .38393 − 1 .61576 O 0 .0 2.16 × 10 −7 

4U 1901 + 03 37 .1618 − 1 .25 X 22 .58 4.05 × 10 −8 

XTE J1858 + 034 36 .80574 − 0 .02467 O 0 .0 4.31 × 10 −7 

3A 1909 + 048 SS 433 39 .69421 − 2 .2447 O,R 13 .1 2.13 × 10 −7 

SAX J0635.2 + 0533 206 .15276 − 1 .04229 O 11 .2 1.48 × 10 −7 

4U 1909 + 07 41 .89715 − 0 .81151 IR 4 .4 1.04 × 10 −7 

XTE J1859 + 083 41 .14664 2 .06249 X 0 .0 8.31 × 10 −8 

XTE J1906 + 09 42 .49725 1 .17483 O 0 .0 1.21 × 10 −7 

4U 1907 + 09 43 .74539 0 .47045 O 8 .38 1.04 × 10 −7 

IGR J19140 + 0951 44 .29629 − 0 .46868 X 13 .558 3.68 × 10 −7 

IGR J06074 + 2205 188 .38516 0 .81378 O 0 .0 1.43 × 10 −7 

1A 0535 + 262 V725 TAU 181 .44505 − 2 .64342 O 111 .0 N.A. 
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High mass X-ray binaries with Fermi-LAT 1163 

Table A1 – continued 

Binary name Alt. name LII BII Position Type Period Flux U.L. ( MeV cm 

−2 s −1) 

XTE J1946 + 274 63 .20703 1 .39573 O 169 .2 1.57 × 10 −7 

1H 0556 + 286 HD 249179 181 .28416 1 .85966 O 0 .0 6.33 × 10 −8 

KS 1947 + 300 66 .08802 2 .09797 O 40 .4 7.62 × 10 −8 

4U 0352 + 309 X PER 163 .07842 − 17 .1335 O 250 .3 6.67 × 10 −8 

4U 1956 + 35 Cyg X-1 71 .33508 3 .0668 O,R 5 .0 N.A. 
EXO 2030 + 375 77 .15175 − 1 .24157 O 46 .02 6.64 × 10 −8 

EXO 051910 + 3737.7 V420 AUR 170 .05323 0 .71029 O 0 .0 2.16 × 10 −7 

4U 2030 + 40 Cyg X-3 79 .8426 0 .69512 R 0 .2 N.A. 
GRO J2058 + 42 83 .56978 − 2 .65543 O 55 .03 N.A. 
RX J0440.9 + 4431 LS V + 44 17 159 .84708 − 1 .27013 O 0 .0 4.30 × 10 −8 

W63 X −1 82 .31659 5 .42815 X 0 .0 N.A. 
SAX J2103.5 + 4545 87 .12993 − 0 .68507 O 12 .68 6.76 × 10 −8 

RX J2030.5 + 4751 SAO 49725 85 .2307 5 .04764 O 0 .0 N.A. 
1H 2202 + 501 BD + 49 3718 97 .24782 − 4 .04112 O 0 .0 2.81 × 10 −8 

V 0332 + 53 BQ CAM 146 .05195 − 2 .19388 O 34 .25 7.04 × 10 −8 

1H 1936 + 541 DM + 53 2262 85 .84987 15 .9024 O 0 .0 3.60 × 10 −8 

4U 2206 + 543 BD + 53 2790 100 .60312 − 1 .10596 O 9 .57 N.A. 
XTE J0421 + 560 CI CAM 149 .17637 4 .13342 O 19 .41 5.95 × 10 −8 

1H 2138 + 579 V490 CEP 99 .01253 3 .31318 O 0 .0 9.50 × 10 −8 

2S 0053 + 604 GAMMA CAS 123 .57681 − 2 .14848 O 203 .59 1.01 × 10 −7 

1E 0236.6 + 6100 LS I + 61 303 135 .67529 1 .08626 O,R 26 .496 N.A. 
SAX J2239.3 + 6116 107 .73456 2 .36233 O 262 .0 8.39 × 10 −8 

RX J0146.9 + 6121 LS I + 61 235 129 .54108 − 0 .8001 O 0 .0 1.19 × 10 −7 

IGR J00370 + 6122 BD + 60 73 121 .22213 − 1 .46464 O 15 .665 1.48 × 10 −7 

4U 0115 + 634 V635 CAS 125 .92366 1 .02574 O 24 .3 6.47 × 10 −8 

2S 0114 + 650 V662 CAS 125 .70998 2 .56353 O 11 .6 5.65 × 10 −8 

IGR J01363 + 6610 EM ∗ GGR 212 127 .39482 3 .7248 O 0 .0 4.44 × 10 −8 

IGR J01583 + 6713 129 .35216 5 .18871 O 0 .0 1.08 × 10 −7 
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Figure B1. The Fermi -LAT light curve of the γ -ray excess coincident with 
IGR J16320 −4751 with time bins of 6 month width. Upper limits are placed 
on any time bin where the TS of that bin is less than 4. 
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PPENDIX  B:  FA LSE  POSITIVE  γ -RAY  

XCESSES  

1 IGR J16320 −4751 

GR J16320 −4751 (henceforth IGR1632) is a system thought to be a
ulsar in orbit with either a giant K-type, or O/B, star (Rodriguez et al.
003 ). It is notable for its variable nature in the X-ray waveband and
articularly short orbital period of approximately 9 d (Garcia et al. 
018 ). Over the 12.5-yr observation time, we obtain a TS of 31.1 in
upport of the hypothesis that there is a γ -ray source at this position,
ith numerous bins in the 6-month binned light curve (Fig. B1 ) with
 σ ≤ z < 3 σ , but no clear evidence for variability. 
Whilst it is possible that this coincident γ -ray point source 

s associated with IGR1632, we strongly suspect source confu- 
ion has caused a false detection, as IGR1632 lies 0.087 ◦ away 
rom 4FGL J1631.6 −4756e (TS = 47.3) and 0.198 ◦ away from
FGL J1633.0 −4746e (TS = 4240). Both sources are associated 
n the 4FGL with the TeV PWN HESS J1632 −478 (Aharonian 
t al. 2006 ). Such proximity between any two sources can see
ne source (usually the more significant) contaminating the second 
ith photons. IGR1632 is extremely close to two significant and 

xtended sources rather than a single point source, and lies within 
ur calculated radius of the larger and more significant of the two,
FGL J1633.0 −4746e. Fig. B2 shows the extent of the coincident γ -
ay excess with the position of IGR1632 overlaid, and the extent of the
wo extended sources shown to highlight the positional coincidence 
etween these and the IGR1632 source. 

We generate light curves of both extended sources to compare 
gainst the IGR1632 light curve to identify any correlated variability 
a signature of source confusion), or differences in variability (a 
ignature of source independence); ho we ver, neither of the extended 
t  
ources is significantly variable (4FGL J1633.0 −4746e is variable at 
he 2.00 σ level, 4FGL J1631.6 −4756e at the 0.20 σ level), and no
orrelations are observed between these light curves and the IGR1632 
oincident source light curve. Therefore, the light curve calculation 
oes neither supports nor rejects the hypothesis that the IGR1632 
xcess is the product of source confusion. 

We generate an SED of the IGR1632 coincident source across 
he entire energy range we employ, and find that the best fit to
he data is a power law with spectral index � = −2.04 ± 0.09,
MNRAS 512, 1141–1168 (2022) 
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Figure B2. A TS map showing the excess coincident with IGR J16320 −4751 
(white cross) and the position of the binary, the two extended sources, and 
other 4FGL sources (blue crosses), and additional sources identified by the 
gta.find sources algorithm (green crosses). 
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Figure B3. The SEDs of the added source coincident with 
IGR J16320 −4751 (black), and the two extended sources within which it 
lies: 4FGL J1631 −4756e (blue) and 4FGL J1633.0 −4746e (orange). The 
IGR J16320 −4751 coincident source and 4FGL J1631 −4756e are both 
fitted with power-law spectral models, and 4FGL J1633.0 −4746e is fitted 
with a log-parabola. The number of bins per decade is chosen based on the 
available photon statistics for each source and upper limits are fitted to any 
bin with TS < 4. 
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hich indicates an almost flat spectrum source, although we note
hat this fit to the data appears to be poor. This SED is illustrated
n Fig. B3 . We also generate SEDs of 4FGL J1633.0 −4746e, which
as a log-parabola spectral shape, and 4FGL J1631.6 −4756e which
s best modelled by a hard power law. The 4FGL indicates a power-
aw spectral index of � = 2.17 for the more significant of the two
ources, 4FGL J1633.0 −4746e, marginally softer than that of the
GR1632 coincident source. It is highly likely that the spectrum for
his coincident source is essentially that of 4FGL J1633.0 −4746e
ith a smaller normalization and a contaminating component from
FGL J1631.6 −4756e which slightly hardens the spectral index.
iven this, and the fact that the predicted counts of both extended

ources (in a reference model) decrease by roughly the same number
f counts as is predicted for the IGR1632 coincident source, we
onclude that this apparent source is a false positive, and the emission
riginates from the extended 4FGL sources. 

2 IGR J16358 −4726 

GR J16358 −4728 (Re vni vtse v, Luto vino v & Ebisa wa 2003 ;
odaghee et al. 2012 ) (henceforth IGR1635) is either a HMXB

n which a pulsar orbits a super-giant Be star (Chaty et al. 2008 ;
ahoui et al. 2008 ), or, based on the presence of CO lines in the K-
and spectrum making the companion star a KM giant, a symbiotic
MXB (Nespoli, F abre gat & Mennickent 2010 ). Under this former
ypothesis, one might expect γ -ray emission at periastron. We detect
 γ -ray excess coincident with this source with TS = 9.5 o v er the
AT observation period, and also measure a flux value where TS >

 in 5 light-curve bins. This light curve is shown together with the
aily Swift -BAT light curve in Fig. B4 . Of the 5 bins which exceed
he TS > 4 threshold in this light curve, only one exceeds the 3 σ
evel. This bin, and the preceding bin are the only adjacent bins,

aking it difficult to perform any subsequent analysis of this source.
It seems likely that the origin of this weak γ -ray excess is

ource confusion with the nearby, significantly extended source
FGL J1636.3 −4731e (SNR G337.0 −00.1, TS = 1500) as they are
eparated by an angular offset of 0.087 ◦ and 4FGL J1636.3 −4731e
s extended by a radius of 0.11 ◦, so the apparent excess is within the
-ray extension of this SNR. We generate a light curve for this source
nd find that it is not variable, with the exception of one particularly
NRAS 512, 1141–1168 (2022) 
ow flux point. Both the IGR1635 coincident source and the extended
ource are well fitted by a steady source model. 

We do not have sufficient photon statistics in the IGR1635
oincident excess for a comparative spectral analysis with 4FGL
1636.3 −4731e. As we cannot ef fecti vely distinguish one source
rom the other with variability we cannot pro v e the independence of
he IGR1635 excess from 4FGL J1636.3 −4731e, nor associate this
xcess with the binary in question, hence we conclude it is likely a
alse positive caused by source confusion. 

3 IGR J16465 −4507 

GR J16465 −4507 (henceforth IGR1646) (Luto vino v et al. 2004 ;
omano et al. 2014 ) is a supergiant HMXB system consisting of
 Be star (Negueruela & Schurch 2007 ) and a pulsar (Luto vino v
t al. 2005 ) orbiting each other with a period of 30.2 d (La Parola
t al. 2010 ). We detect a point source coincident with the position of
GR1646 to TS = 50.8, equi v alent to z = 7.1 σ , the most significant
f all the coincident sources and excesses in our survey. The nearest
ources to the IGR1646 coincident source are 4FGL J1645.8 −4533c
angular offset = 0.456 ◦, TS = 417.93) which is tentatively
ssociated with the LMXB 4U 1642 −45. Further sources near
he IGR1646 coincident source include 4FGL J1649.2 −4513c
angular offset = 0.456 ◦, TS = 417.93) and 4FGL J1649.3 −4441
angular offset = 0.642 ◦, TS = 205.14). Neither source has a
ultiwavelength counterpart. 
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Figure B4. The daily binned light curve of IGR J16358 −4726 taken with 
Swift -BAT shown in Panel A, with the calculated monthly binned Fermi -LAT 

light curve for a source fitted to the position of IGR J16358 −4726 shown 
below in Panel B, and the corresponding TS values of these bins shown in 
Panel C. We place 95 per cent confidence limits on any Fermi -LAT energy 
flux bins with TS < 4. Whilst some weak periodic activity is seen in the 
Swift -BAT light curve, this does not correspond to any known time-scales for 
the system, nor does it correlate with the γ -ray light curve. 
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Figure B5. A TS map with 0.1 ◦ bins, o v er the full 12.5-yr observation time, 
showing the γ -ray excess and with the localized point source shown by the 
orange cross. The orange circle shows the 95 per cent positional uncertainty 
on the point source, after localization. The white cross indicates the infrared 
position of IGR J16465 −4507. The blue crosses show the position of sources 
from the 4FGL-DR2, and the green crosses show the position of uncatalogued 
sources identified by the gta.find sources algorithm. Note the presence 
of a 4FGL source (a blue cross) behind the legend of this figure. 
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Fig. B5 shows the TS map of the central part of the IGR1646 ROI,
entred on the position of IGR1646. Given the significance of the 
ecorded point source, we are able to localize the emission with the
ta.localize algorithm and refit our point source to the peak of

he γ -ray emission. We find the best positional fit for the point source
s LII = 339.9764 ◦ ± 0.0324 ◦, BII = 0.0557 ◦ ± 0.0498 ◦. There is thus
n angular offset from the position of IGR1646 of 0.1107 ◦, compared
o a 95 per cent positional uncertainty of 0.0981 ◦. The TS of the
ource also increases from 50.8 to 59.7 in its new position. Thus,
ollowing localization we no longer consider this point source to be 
patially coincident with the binary system and find it more likely 
hat this new point source is either a product of source confusion
ith one of the nearby 4FGL sources, or an unkno wn ne w source
hich is unlikely to be associated with IGR1646. 

4 1WGA J0648.0 −4419 

WGA J0648.0 −4419 (also known as HD 49798, and henceforth 
eferred to as 1WGA06) is a binary system consisting of a pulsar
Israel et al. 2009 ) and an O-type sub-dwarf star (Kupfer et al. 2020 ).

e find a γ -ray excess coincident with the position of 1WGA06 
ith a TS of 18.5, giving a z-score of 4.3 σ . The nearest 4FGL

ource to 1WGA06 is 4FGL J0647.7 −4418 (associated with the 
lazar SUMSS J064744 −441946), with an angular offset of 0.068 ◦, 
ess than one spatial bin width from the position of the binary. With
 point source fitted to the position of 1WGA06, the blazar is only
arginally detected, with a TS of 8.18 (slightly below 3 σ ). This is far

ess than the detection significance given in the 4FGL-DR2, which 
s 8.3 σ . It is possible that the γ -ray excess observed at the position
f 1WGA06 is due to source confusion with this blazar; temporal 
ariability is used to test whether this is the case. 
A similar occurrence of source confusion between a γ -ray excess 
t the position of an X-ray binary (in this case V404 Cygni), and a
lazar is dealt with in Harv e y, Rulten & Chadwick ( 2021 ), where the
pparent γ -ray excess was actually originating from a nearby flaring 
lazar. Given that we measure only two γ -ray flux points in the 6-
onth binned light curve of the 1WGA06 excess, we can remo v e this

xcess from the model and generate a light curve of the blazar to see
hether these γ -ray flux points would otherwise be attributed to the
lazar. If this is the case, then the excess at the position of 1WGA06
s not independent of the blazar, and source confusion is occurring.
ig. B6 shows both the light curve of the 1WGA06 excess and the

ight curve of the blazar. Given that we see only two γ -ray flux
easurements amongst an otherwise complete set of upper limits for 

he excess, and we see corresponding flux points in the light curve of
he blazar, the γ -ray excess coincident with 1WGA06 is likely due
o source confusion with the blazar. 

5 AX J1740.1 −2847 

X J1740.1 −2847 (henceforth AX17) is a HMXB system with a
ong-period pulsar (Sakano et al. 2000 ) in orbit around an unknown
ompanion star (Kaur et al. 2010 ). Over the entire observation
indow, we find a γ -ray excess coincident with the position of AX17
ith a TS of 7.17, giving a z-score of 2.7 σ . Across the 6 month binned

ight curve we identify 5 bins with TS > 4, with the peak TS being
2.8 (3.6 σ ). This γ -ray excess is very likely due to source confusion
iven that the nearest sources are 4FGL J1740.4 −2850 (TS = 100
nd an angular offset from AX17 of 0.082 ◦) and 4FGL J1739.7 −2836
TS = 93.9, offset 0.218 ◦). Neither of these sources has any associa-
ion with sources at other wavelengths. The primary source confusion 
ounterpart for the γ -ray excess is likely to be 4FGL J1740.4 −2850,
ith an angular offset that is less than one bin width. This presents
 similar case to 1WGA06, dealt with in Section B4 , where we
stablish that the γ -ray excess is not independent of its nearest
FGL neighbour. We calculate the 6 monthly binned light curves 
f the AX17 excess and 4FGL J1740.4 −2850, shown in Fig. B7 , and
MNRAS 512, 1141–1168 (2022) 
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Figure B6. Panels B and A show the γ -ray flux and associated TS values 
of these flux points for the excess coincident with the optical position of 
1WGA J0648.0 −4419. Panels C and D show the γ -ray flux and associated 
TS values of these flux values for the nearby blazar 4FGL J0647.7 −4418, 
without the excess in the model. We use approximately 6 month bins in each 
of these light curves, and 95 per cent confidence upper limits on flux are used 
for any bin where the corresponding TS value is less than 4. 

a  

U  

a  

 

a  

w  

4  

r  

s  

d  

Figure B7. Panels B and A show the γ -ray flux and associated TS values 
of these flux points for the excess coincident with the optical position of 
AX J1740.1 −2847. Panels C and D show the γ -ray flux and associated TS 
values of these flux values for the nearby γ -ray source 4FGL J1740.4 −2850, 
without the excess in the model. We use approximately 6 month bins in each 
of these light curves, and 95 per cent confidence upper limits on flux are used 
for any bin where the corresponding TS value is less than 4. The grey dotted 
lines indicate bins where source confusion between the 4FGL source and 
γ -ray excess are likely. 
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lso 4FGL J1739.7 −2836 (shown with the AX17 excess) in Fig. B8 .
nlike 1WGA06, source confusion in this case cannot be attributed to
 single source, but rather to contamination from both nearby sources.

Figs B7 and B8 show that the bins from the γ -ray excess where
 flux is measured (as opposed to an upper limit) typically correlate
ith an enhancement in the TS values of one of the two nearby
FGL sources. In particular, four of the five bins with measured γ -
ay flux in the excess light curve correlate in time with the two most
ignificant bins from the 4FGL sources. These are indicated by the
otted grey lines. The evidence suggests that the γ -ray excess is not
NRAS 512, 1141–1168 (2022) 
ndependent of either of its neighbouring sources, and therefore does
ot represent a legitimate detection of γ -rays from AX17. 

6 H 1833 −076 

 1833 −076 [also known as Sct X-1 (Makino & GINGA Team 1988 )
nd henceforth referred to as H18] is a HMXB system, thought to
onsist of an accreting pulsar and red supergiant donor star (Kaplan
t al. 2007 ). We identify a γ -ray excess coincident with the position
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Figure B8. Panels B and A show the γ -ray flux and associated TS values 
of these flux points for the excess coincident with the optical position of 
AX J1740.1 −2847. Panels C and D show the γ -ray flux and associated TS 
values of these flux values for the nearby γ -ray source 4FGL J1739.7 −2836, 
without the excess in the model. We use approximately 6 month bins in each 
of these light curves, and 95 per cent confidence upper limits on flux are used 
for any bin where the corresponding TS value is less than 4. The grey dotted 
lines indicate bins where source confusion between the 4FGL source and 
γ -ray excess are likely. 

o  

0  

u  

r  

p
w
0  

Figure B9. The TS map of the central 3 ◦ of the GS 1839 −04 ROI across 
the full 12.5-yr observation time. Here, the positions of the closest 4FGL 

sources are indicated by blue crosses, whilst the positions of sources identified 
with the gta.find sources algorithm are indicated by green crosses. 
The centroid (shown with a cross) and 95 per cent positional uncertainty 
(shown with a circle) of PS J1842.0 −0418 are given in yellow (before 
source localisation) and orange (after source localisation). The position of PS 
J1842.0 −0418 barely shifts with localisation hence the orange and yellow 

markers o v erlap. The position of GS 1839 −04 itself is indicated by the white 
cross, and is no longer spatially coincident with PS J1842.0 −0418 following 
localization. This TS map is generated after ROI optimization and fit, but 
before a point source for GS 1839 −04 is fitted to the model, to highlight the 
spatial coincidence between the excess and the position of GS 1839 −04. Bin 
widths are 0.1 ◦ across. 
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9 Usually, we lack photon statistics for more advanced analysis methods at 
such low source significance. 
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f H18 with an angular offset from the X-ray position of H18 of
.169 ◦. This excess has a TS of 29.2 and a 95 per cent positional
ncertainty of 0.175 ◦. Given that the position of this excess lies
ight at the edge of the positional uncertainty bound, we localize its
osition to impro v e the uncertainty. Using the localize algorithm, 
e find a best-fitting position for the excess of LII = 24.5019 ◦ ±
.0266 ◦, BII = −0.0371 ◦ ± 0.0325 ◦ with an o v erall 95 per cent
ositional uncertainty of 0.0717 ◦. Given the shift in excess position
nd smaller, impro v ed uncertainty, the γ -ray e xcess is no longer
oincident with the position of H18 and we therefore believe it is
nlikely to represent γ -ray emission from this X-ray binary. 

7 GS 1839 −04 

S 1839 −04 (henceforth referred to as GS18) is an X-ray binary
ystem with an unknown accretor and unknown companion star. 
e observe a γ -ray excess identified by the gta.find sources

lgorithm coincident with the position of GS18 which we designate 
S J1842.0 −0418. This has a TS value of 17.8 and an angular
ffset from the position of GS18 of 0.147 ◦, although the 95 per cent
ositional uncertainty around PS J1842.0 −0418 is unusually large at 
.01 ◦. Contained within this uncertainty region are 7 4FGL sources,
ith the nearest neighbours to PS J1842.0 −0418 being the uniden-

ified source 4FGL J1842.5 −0359c (TS = 318 and an angular offset
rom the position of GS18 of 0.498 ◦) and 4FGL J1840.8 −0453e,
he young supernova remnant Kes 73 (Gotthelf & Vasisht 1997 )
TS = 1050, offset 0.501 ◦). Given that the positional uncertainty
f PS J1842.0 −0418 is so large, encompasses numerous, luminous 
-ray sources and that PS J1842.0 −0418 is extended, we localize its
osition, even though the TS of PS J1842.0 −0418 is below 25. 9 

Fig. B9 shows a TS map centered on GS18, highlighting the extent
f the PS J1842.0 −0418 uncertainty and the sources within it. After
ocalizing the γ -ray emission from PS J1842.0 −0418 we find that the
MNRAS 512, 1141–1168 (2022) 
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igure B10. The Swift -BAT and MAXI daily binned light curves of SAX
2103.5 + 4545 are shown in Panels A and B, respectively, with the 6-month
nergy flux measurements and TS values of the coincident γ -ray excess
hown in Panels C and D, respectively. We place 95 per cent confidence
imits on any Fermi -LAT energy flux bins with TS < 4. The vertical dashed
ines indicate the beginning and end of the 6-month period when there is a
ignificant enhancement in the γ -ray flux. 

5 per cent positional uncertainty shrinks by approximately an order
f magnitude to 0.1234 ◦. As shown by Fig. B9 , this means that the
-ray position of GS18 is no longer within the 95 per cent positional
ncertainty of PS J1842.0 −0418 and therefore PS J1842.0 −0418 is
ery unlikely to represent γ -ray emission from GS18. 

8 SAX J2103.5 + 4545 

AX J2103.5 + 4545 (henceforth SAX21) is a pulsar (Hulleman, in ’t
and & Heise 1998 ) accretor in orbit with a Be star companion (Reig
t al. 2005 ) with an orbit of 12.7 d (Baykal, Stark & Swank 2000 ).
AX21 is the closest known neutron star-Be star system to Earth
Blay et al. 2006 ). SAX21 is a well-studied system, with outbursts
ell documented since its disco v ery, the most recent of which was

n 2019 (Ducci et al. 2019 ), and persistent monitoring with Swift -
AT meaning a wealth of multiwavelength data is available for the
NRAS 512, 1141–1168 (2022) 
ource. Unlike the majority of X-ray binaries we report on here, we
dentify no persistent γ -ray excess coincident with the position of

igure B11. The TS map of the central 3 ◦ of the SAX J2103.5 + 4545 ROI,
fter our likelihood fit and the gta.find sources algorithm, o v er the
JD 55231 – MJD 55414 period. The blue crosses refer to the positions of

FGL sources and the green crosses refer to the positions of uncatalogued
ources. The white cross indicates the catalogued location of SAX21, whereas
he orange cross and circle refer to the central position of the excess, and
5 per cent uncertainty after localization. Our spatial bins have an angular
idth of 0.1 ◦. 

AX21. Ho we ver, we do identify significant transient emission in
he 6-monthly binned light curve. 

Fig. B10 shows the X-ray light curve of SAX21 together with the
-ray light curve generated at the position of SAX21. We measure 2
ux points, one with TS = 63.5 ( z = 8.0 σ ) and the other with TS =
.39 ( z = 2.1 σ ). Given that we have 25 bins, we would expect one of
hese to be of 2 σ in a simply noise-dominated distribution, ho we ver
iven the significance of the 8 σ bin, there is no statistical doubt that
his represents a flaring γ -ray point source of some morphology. 

To test whether this transient point source represents γ -ray
mission from SAX21, or another undisco v ered source, we perform
 full analysis using the same parameters as detailed in Table 1 , with
he exception that our time range now e xclusiv ely encompasses the
in containing the 8.0 σ γ -ray flare (MJD 55231 – MJD 55414).
e then fit a γ -ray source to the position of SAX21 and localize

ts position. We then generate a TS map of the ROI, and plot the
ositions of all known sources, together with the position of SAX21
nd the now localized position of the γ -ray excess, and its associated
5 per cent positional uncertainty. 
Fig. B11 shows the TS map of the SAX21 ROI during the 6 month

eriod of the γ -ray flare, which is the dominant feature of the plot.
hilst the white cross indicates the position of the binary itself, the

range cross indicates the localized position of the γ -ray flare, with
he orange circle representing the bound of the 95 per cent positional
ncertainty of the flare. As can be seen, SAX21 lies outside the
ositional uncertainty bound following localization, so it is unlikely
hat SAX21 is the cause of this flare. 
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