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A B S T R A C T 

IGR J17091 − 3624 is a distinctive black hole X-ray binary exhibiting exotic variability, including complex ‘heartbeat’ 
oscillations in its X-ray light curves, similar to those observed in GRS 1915 + 105, a system renowned for its structured, 
r apid X-r ay v ariability but heavily obscured at optical w avelengths. In contr ast, IGR J17091 − 3624 is less obscured, making 

it a more accessible target for optical investigations. Due to its weak radio emission, optical and infrared data are essential 
to probe the jet and outer disc behaviour of IGR J17091 − 3624. This study presents the first long-term optical monitoring 

of IGR J17091 − 3624, using data from the Las Cumbres Observatory over its 2011, 2016, and 2022 outbursts. We combine 
these observations with quasi-simultaneous X-ray data from Swift /XRT, RXTE, and NICER, employing light curve and 

v ariability analysis, spectr al energy distributions, colour–magnitude diagr ams, and optical/X-r ay correlations t o inv estigat e 
optical emission mechanisms. We find that the optical and X-ray fluxes are significantly correlated, following a power- 
law relation ( F opt ∝ F 

0 . 40 ±0 . 04 
X 

), suggesting that the optical emission in IGR J17091 − 3624 is dominated by an X-ra y - 
irradiated accretion disc. Based on optical spectral slope constraints, we estimate the extinction towards IGR J17091 −
3624 as A V = 4.3–6.6 mag, which translat es t o N H 

= 1.3–1.9 ×10 

22 cm 

−2 . The global optical/X-ray correlation suggests a 

distance estimate of 8–17 kpc, in line with previous findings. High-cadence optical observations show t entativ e evidence 
of optical oscillations that may arise from reprocessed X-ray modulations, although confirming this will require higher 
time-resolution optical data. 

Key wor ds: accr etion, accr etion discs – black hole physics – ISM: jets and outflows – X-rays: binaries – X-rays: individual: 
IGR J17091 − 3624. 
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 INTRODUCTION  

lack hole X-ray binaries (BHXBs) are binary systems comprising 
 stellar-mass black hole (BH) that accretes material from a sec-
ndary donor star through an accretion disc enveloping the cen- 
ral BH. The majority of BHXBs are transient in natur e, pr edomi-
antly dwelling in quiescence with minimal accretion. However, 

hey sometimes enter outbursts characterized by a substantial 
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ncr ease in accr etion rat e and luminosity, bright ening by orders
f magnitude at all wavelengths. During an outburst, distinct 
pectral states emerge, notably the hard state (HS), the soft state
SS), and the int ermediat e stat es (see e.g. J. E. McClint ock & R.
. Remillard 2003 ; T. M. Belloni 2010a ). In the HS, the X-ray

pectrum is dominated by a power -la w component. In the SS,
hermal emission from an accretion disc becomes the primary 
ontribut or t o the energy spectrum, charact erized by variability
ith low fractional rms. The int ermediat e stat es occur during the

ransition between HS and SS, r epr esenting a mix of both spectral
omponents. The HS and hard-int ermediat e stat e (HIMS) exhibit
 This is an Open Access article distributed under the terms of the 
/by/4.0/ ), which permits unrestricted reuse, distribution, and 
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 obust br oad-band noise and type-C quasi-periodic oscillations
QPOs; A. R. Ingram & S. E. Motta 2019 ) in the power den-
ity spectra (PDS). The soft-int ermediat e stat e (SIMS) typically
isplays red noise and type-B QPOs (P. Casella, T. Belloni & L.
tella 2005 ). The spectral evolution of BHXBs often traces a ‘q-
haped’ hysteresis loop in the hardness–intensity diagram (HID;
. Miyamoto et al. 1995 ; J. Homan et al. 2001 ; R. P. F ender, J .
oman & T. M. Belloni 2009 ; T. M. Belloni 2010b ), moving coun-

erclockwise (although see R. J. H. Dunn et al. 2010 ; P. Saikia et al.
023a , for rare exceptions). 

Outbursts are often accompanied by the ejection of compact,
teady jets in the HS and ballistic jets during the transition to the
S (R. P. Fender et al. 2009 ). A robust observational link between
ccretion and ejection during the HS is evident, demonstrated by
he correlation between the radio and X-ray emission of BHXBs
e.g. S. Corbel et al. 2003 ; E. Gallo, R. P. Fender & G. G. Pooley
003 ; S. Corbel et al. 2013 ; M. Espinasse & R. Fender 2018 ; E.
allo , N . Degenaar & J. van den Eijnden 2018 ), a relationship that

xt ends t o supermassiv e BHs (e.g. A. Merloni, S. Heinz & T. di
atteo 2003 ; H. Falcke, E. Körding & S. Markoff 2004 ; P. Saikia,

. Körding & H. Falcke 2015 ; P. Saikia et al. 2018 ). A similar global
orrelation is also observed between the optical/infrared and X-
ay emission of BHXBs in the HS, roughly following the relation
 OIR ∝ L 

0 . 6 
X for an X-ray irradiated accretion disc, spanning eight

rders of magnitude in X-ray luminosity (D. M. Russell et al. 2006 ;
. M. Russell, R. P. Fender & P. G. Jonker 2007 ; M. Coriat et al.
009 ; T. Shahbaz et al. 2015 ). 

The BHXBs GRS 1915 + 105 and IGR J17091 − 3624 are two
emarkable systems known for exhibiting high-amplitude, highly
tructured sub - second time- scale v ariability in the X-r ay energy
ands (see e.g. D. Altamirano et al. 2011 ; J. Wang et al. 2024a ,
 ). The variability is a characteristic predicted by the thermal-
iscous instability of the accretion disc and can be theoretically
escribed by accretion disc instability driven by dominant radi-
tion pr essur e (see e.g . A. P. Lightman & D. M. Eardley 1974 ;
. Belloni et al. 1997 ; A. J aniuk, B . Czerny & A. Siemiginowska
000 ; S. Nayakshin, S. Rappaport & F. Melia 2000 ; A. Janiuk &
. Czerny 2005 ). This is likely the r esult of r ecurring episodes
f r apid mat ter depletion and replenishment in the inner disc,
ossibly accompanied by ejections during the recovery from X-ray
ips (T. Belloni et al. 1997 ). Recent studies indicate that at high
ccretion rates, disc instabilities can drive relativistic ejections
uring state transitions, leading to continuous disc depletion and
eplenishment (F. M. Vincentelli et al. 2023 ). These X-ray varia-
ions make IGR J17091 − 3624 and GRS 1915 + 105 stand out
s two uniquely peculiar BHXBs. However, while both have been
xt ensiv ely inv estigat ed in the X-rays over different outbursts (see
.g. D. Altamirano et al. 2011 ; J. Rodriguez et al. 2011 ; D. Al-
amirano & T. Belloni 2012 ; A. L. King et al. 2012 ; A. Rao & S.
. Vadawale 2012 ; N. Iyer, A. Nandi & S. Mandal 2015 ; Y. Wang
t al. 2018 ; J. Wang et al. 2024a , b ), ther e ar e not many detailed
ptical/UV/infrared studies of these sources. 

While GRS 1915 + 105 exhibits a rich range of X-ray vari-
bility, none have been observed at optical wavelengths, as the
 xtr eme e xtinction towar ds the sour ce ( A V = 19 . 6 ± 1 . 7 mag; C.
hapuis & S. Corbel 2004 ) prevents detection of any optical vari-
bility. Radio observations of GRS 1915 + 105 throughout differ-
nt outbursts show the presence of a self-absorbed compact jet in
he HS, and discrete ejections associated with the state transition,
ith detections at the 1–2 mJy level (J. Rodriguez et al. 2011 ). Ra-
io emission was not det ect ed in the HS/SS, with an upper limit
orresponding to the image background rms of ∼ 0.13 mJy (A. L.
NRAS 546, 1–21 (2026) 
ing et al. 2012 ). E. T. Neil, C. D. Bailyn & B. E. Cobb ( 2007 ) moni-
ored GRS 1915 + 105 for 7 yr in the infrared ( K band) and reported
ositive correlations between infrared flux and X-ray flux. GRS
915 + 105 showed slow infrared oscillations, with the infrared
mission highly correlated with radio flares, hinting at the origin
f such flares being relat ed t o synchrotron emission coming from
jections (R. P. Fender et al. 1997 ). GRS 1915 + 105 provided the
rst clear evidence of jet emission in the infrared in a BHXB.

nfrar ed flar es in GRS 1915 + 105 w ere found t o be associat ed
ith dips in X-rays (S. S. Eikenberry et al. 1998 ). A detailed study

f the evolution of the X-r ay and infr ar ed cr oss-corr elation func-
ion (CCF) in this source reported consistently significant anti-
orrelations during the high X-ray variability epochs, with the X-
ay preceding the infrared by ∼ 13 ±2 s (N. M. Lasso-Cabrera &
. S. Eikenberry 2013 ). Recent studies have reported both long-
nd short-term mid-infr ared v ariability in GRS 1915 + 105 using
ide-field Infrared Survey Explorer ( WISE ) and James Webb Space

elesc ope ( JWST ) data, respectiv ely, with fractional rms ampli-
udes of ∼1 per cent (P. Gandhi et al. 2025 ). 

.1 IGR J17091 − 3624 

he transient microquasar IGR J17091 −3624 (hereafter IGR
17091) is a distinctive BHXB that exhibits peculiar X-ray vari-
bility patterns, with relatively low extinction along its line of 
ight compared to GRS 1915 + 105, making it better suited for
ptical studies. It was discovered in 2003 with the INTErnational
amma-Ra y Astroph ysics Laboratory (INTE GRAL) while in out-
urst (E. Kuulkers et al. 2003 ). Archival data from different X-
ay missions confirmed that the source had previous outbursts
n 1994, 1996, and 2001 (M. Revnivtsev et al. 2003 ; J . J . M. in’t
and et al. 2003 ; F. Capitanio et al. 2006 ), while new outbursts
 ere lat er det ect ed in 2007 (F. Capitanio et al. 2009 ), 2011 (H.
. Krimm & J. A. Kennea 2011 ; H. A. Krimm et al. 2011 ), and
016 (J. M. Miller et al. 2016 ). Each of these outbursts lasted
 few months to a few years, with a quiescent period typically
panning 4 yr between these episodes. X-ray monitoring with the
 eil Gehr els Swift /BAT, and follow -up observ ations with NICER
et ect ed another outburst of IGR J17091 in 2022 March (J. M.
iller et al. 2022 ). The source entered a new outburst in February

025, first det ect ed by INTEGRAL (J. Rodriguez et al. 2025 ), and
ubsequently confirmed by NICER (F. Vincentelli et al. 2025 )
nd optical observations with Las Cumbres Observatory (L C O; K.
ialova et al. 2025 ). The outburst likely ended in the optical bands
round the end of April 2025 (P. Saikia et al. 2025 ), although faint
-ray activity persists till June 2025 (S. A. Woahene-Demehin
t al. 2025 ). 

The lack of a detailed study of the optical counterpart in qui-
scence makes it difficult t o det ermine key parameters of IGR
17091, such as the BH and donor star masses, orbital inclina-
ion, and distance. How ev er, appr o ximat e estimat es hav e been
btained through alt ernativ e methods. The inclination angle of 
he system is between 50 ◦ and 70 ◦ with the upper limit deter-

ined by the absence of any eclipses (A. L. King et al. 2012 ).
t has a low-spin or r etr ograde BH (A. Rao & S. V. Vadawale
012 ; Y. Wang et al. 2018 ). The parallax distance to the source
as not been measured. IGR J17091 is estimat ed t o be within the
ange of 11–17 kpc from the luminosity at the HS to SS transition,
ssuming a BH mass of 10 M � (J. Rodriguez et al. 2011 ; N. Iyer
t al. 2015 ). How ev er, the mass of the compact object as well as the
ompanion star in IGR J17091 are still a matt er of debat e. Giv en
he similarities between IGR J17091 and GRS 1915 + 105, one can
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ssume that the sour ce accr etes at a high-Eddington rate. This
mplies that IGR J17091 probably harbors a very small BH with

ass ∼ 3M �, unless it either has a neutron star (NS) primary, or is
ery distant with d > 17 kpc (D. Altamirano et al. 2011 ). Various
apers suggest a much higher mass in the range of 8.7–12.3 M �
see e.g. D. Altamirano & T. Belloni 2012 ; N. Iyer et al. 2015 ), thus
trengthening the argument that it probably has a large distance 
ith d > 17 kpc. 
For IGR J17091, S. Chaty et al. ( 2008 ) initially reported the

iscov ery of tw o blended candidat e infrared count erparts C1 and
2, separated by ∼1 arcsec, favouring C1 as the more likely coun-

erpart. This finding was later revised by M. A. P. Torres et al.
 2011 ) with optical/infrared observations from the 6.5-m Mag- 
llan Baade telescope (Las Campanas Observatory). They com- 
ared optical imaging of IGR J17091, acquired during both qui- 
scence and outburst, to successfully identify the optical counter- 
art at RA 17:09:07.62 and Dec. −36:24:25.35 (J2000). They then 

sed infrared imaging acquired during quiescence along with 

he coordinates of the optical counterpart to establish C2 as the
nfrar ed counterpart. Furthermor e, M. A. P. Torr es et al. ( 2011 )
ound that C2 is actually a blend of tw o unresolv ed point -lik e
ources of similar brightness, separated by 0.4 arcsec, with the 
lightly brighter source identified as the true infrared counterpart 
with coordinates that match those of the optical counterpart). 
ue to the presence of contaminating sources in the close vicinity 
f IGR J17091, any optical/infrared analysis must take care to 
ccount for blending, especially at, or close to, quiescence. 

Despite the challenges, a detailed optical study of IGR J17091 is
mportant because until now it is the only known ‘heart-beating’ 
ource that can be studied in the optical, as the extinction to-
ards GRS 1915 + 105 is extremely high (C. Chapuis & S. Corbel

004 ). Understanding the optical behaviour of these sources is 
ey to revealing the full physics of accretion and the properties
f accretion discs in BHXBs. Their high variability and unusual 
ehaviour challenge curr ent accr etion theories, offering insights 
hat may uncover new physics in BH accretion and jet dynamics.

In this paper, we present the first long-term optical monitoring 
f IGR J17091 using the L C O netw ork, cov ering its three recent
utbursts in 2011, 2016, and 2022. To inv estigat e the multiwav e-
ength evolution of the source, we analyse quasi-simultaneous 
-r ay observ ations from Swift /XRT, RXTE, and NICER. Further-
or e, we r eport new mid-infrared observations obtained with 

ISIR during the 2022 outburst and incorporate near-infrared 

etections from the literature to construct a broad-band spectral 
nergy distribution (SED), providing further insights into the 
mission mechanisms at play. The observations and data used in 

his study are detailed in Section 2 . In Section 3 , we present our
ndings, including the source evolution, SED, colour–magnitude 
iagram (CMD), and optical/X-ray correlations. Section 4 pro- 
ides an interpretation and discussion of these results, while Sec- 
ion 5 summarizes our conclusions. 

 O B S E RVAT I O N S  

.1 Optical monitoring 

GR J17091 has been monitored at optical wavelengths with 

he L C O (T. M. Br own et al. 2013 ) since 2011, as part of an
n-going monitoring campaign of ∼50 low mass Xray binaries 
LMXBs) co - or dinated by the Faulkes Telescope Pr oject (F. Lewis
t al. 2008 ). Imaging was carried out primarily in the Sloan Dig-
tal Sky Survey (SDSS) i ′ , r ′ , and Bessell V filters with the 2-m
aulkes Telescopes at the Haleakala Observatory (Maui, Hawai‘i, 
SA) and the Siding Spring Observatory (SSO, Australia). Fur- 

her imaging was obtained with the 1-m telescopes at the Siding
pring Observatory, the Cerro Tololo Inter-American Observatory 
CTIO, Chile), and the South African Astronomical Observatory 
SAAO, South Africa). 

The optical imaging data for the target IGR J17091 were re-
uced by the L C O data r eduction pipelines ORAC and BANZAI
C. McCully et al. 2018 ), for data from before and after 2016
pril, respectively. Following this, they w ere ingest ed int o the
 C O ar chive. 1 In near real-time, our data analysis pipeline ‘X-ray
inary New Early Warning System (XB-NEWS)’ (D. M. Russell 
t al. 2019 ; A. J. Goodwin et al. 2020 ) downloads all of the avail-
ble reduced science images of the target (including related cali- 
ration files) from the LCO archive and performs quality control 
n the images to ensure that only images of good enough quality
r e pr ocessed further. Our cut-off date for downloaded imaging 
ata for IGR J17091 is 2024 Oct 27 (MJD 60610). In addition to the
cience images rejected automatically by the XB-NEWS quality 
ontr ol, we manually r ejected six images in the r ′ band that were
nusable due to various issues such as too many bad pixels, poor
at-field correction, and other artefacts. 

.1.1 Data pr oc essing 

he XB-NEWS pipeline processes each reduced science image 
ndependently. For a specific image, it starts by detecting the 
ources in the image using SE xtractor (E. Bertin & S. Arnouts
996 ), employing a detection threshold set to the estimated sky
ack gr ound plus 2.5 × the estimated sky noise. 2 The detected
our ces ar e used t o comput e a median value of the point spread
unction (PSF) full width at half-maximum (FWHM), which is 
aken as an estimate of the image PSF FWHM. They are also

atched against Gaia DR2 3 source positions using astrome- 
ry.net (D. Lang et al. 2010 ), and an astrometric solution for

he image is derived from the matches. From the astrometric so-
ution, XB-NEWS determines the nearest source detection to the 
nown target coordinates, taken to be R.A. 17:09:07.605 and Dec. 
36:24:25.35 (ICRS; r efer ence epoch J2015.5) for IGR J17091 (see

ection 2.1.3 ). If this source detection is within 1 arcsec of the tar-
et coordinates, then XB-NEWS adopts it as the target detection 

or the image. Otherwise, a repeat run of SExtractor is performed
n the image at a lower detection threshold than previously (the
stimated sky back gr ound plus 1.0 × the estimated sky noise),
nd a new near est sour ce detection to the target coordinates is
etermined. Ag ain, if this sour ce detection is within 1 arcsec
f the target coordinates, then XB-NEWS adopts it as the tar-
et detection for the image, otherwise an entry for the target is
ppended to the image source list using the target coordinates 
to enable subsequent forced photometry). In summary, the final 
mage source list consists of all sources det ect ed in the reduced
cience image at the original detection threshold, and a target 
ntry that is either a source detection (at one of two possible
hresholds) or a nominal set of target coordinates. 

XB-NEWS then performs photometry on the reduced science 
mage for all of the sources in the image source list. Specifically,
MNRAS 546, 1–21 (2026) 
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t performs multi-aperture photometry (P. B. Stetson 1990 ), and
tandar d (fix ed) apertur e photometry for each of the apertur e
adii from the set 0.5 ×, 0.75 ×, 1 ×, 1.5 ×, 2 ×, and 2.5 × the image
SF FWHM. The purpose of defining the aperture radii for the
perture photometry as multiples of the image PSF FWHM is to
aintain appr o ximately constant apertur e losses for each sour ce

cross all images. The apertures for both types of photometry
r e centr ed on the estimat ed coordinat es of the sources in the
mage source list. Note that if the target entry in the source list
s not a formal detection above the detection threshold, then the
arget photometry on the image is forced photometry at the target
oordinates. 

With the astrometry and phot ometry complet ed for all of the
mages from a particular observing configuration (i.e. those from
he same sit e, t elescope, instrument, filt er, binning, and L C O
ipeline), XB-NEWS constructs the (uncalibrated) lightcurves for
ll of the det ect ed sour ces fr om these images (unnecessary for
he target, since it has already been identified in all images). This
s done using the DBSCAN spatial clustering algorithm (M. Ester
t al. 1996 ). Flux calibration of the light curv es is then achiev ed
s follows. First, sources with light curv es that hav e a number
f epochs that is at least one-third of the number of images
re selected and matched with the standard stars in our own
xt ended v ersion of the A TLAS-REFCA T2 photometric catalogue
J. L. Tonry et al. 2018 ), which includes other catalogues such as
an-STARRS1 DR1 (K. C. Chambers et al. 2016 ) and APASS DR10
A. A. Henden et al. 2018 ). Then, XB-NEWS fits a photometric

odel to the lightcurves (in magnitudes) of these selected sources
both the matched and unmatched ones), that includes spatially
ariable zero-point offsets for each image, polynomial terms that
epend on source PSF FWHM and ellipticity, and mean magni-
udes as free parameters for those sources without a match in our
tandard star catalogue (D. M. Bramich & W. Freudling 2012 ).
he fit is it erat ed twice with outlier down-weighting to guard
g ainst variable sour ces fr om degrading the solution. Note that
B-NEWS does not include any colour terms in the photometric
odel since close-in-time multiband observations are not guar-

nt eed t o be available t o the pipeline in general. How ev er, giv en
he close match between the passbands of the observational and
tandard systems, the absence of colour terms will only introduce
mall systematic errors ( < 1 - 2 %) in the absolute calibration of 
he photometry for most sources, and have no adverse effect on
he relative calibration of the photometry for a single source (i.e.
n the shape of each light curve). For the SDSS i ′ - and r ′ -band
hotometry, XB-NEWS employs the Pan-STARRS1 i P1 and r P1 
tandard magnitudes, 4 respectively, from our catalogue in the fit,
hile for the Bessell V -band photometry, the J ohnson V standar d
agnitudes are employed in the fit. Note that the Pan-STARRS1

 P1 and r P1 standard magnitudes are on the AB system, while
he Johnson V standard magnitudes are on the Vega system. As
he final step in the flux calibration, XB-NEWS uses the fitted
hot ometric model t o calibrat e all of the light curv es, including
hat of the target, for the particular observing configuration under
NRAS 546, 1–21 (2026) 

onsideration. 

 As listed in A TLAS-REFCA T2, having been computed as a w eight ed 
verage of standard magnitudes from various other catalogues. In our 
ase, Pan-STARRS1 DR1 does not cover the field of IGR J17091, and 
onsequently these standard magnitudes do not include Pan-STARRS1 
R1 standard magnitudes in their computation. 

s  

o  

e  

l  

e

5

o

In advance of the deblending analysis in Section 2.1.3 , it is
ecessary to mention some final details about the flux es, mag -
itudes, and zero-point offsets determined by XB-NEWS. First,
B-NEWS employs the following equation with arbitrary zero-
oint to convert between the instrumental flux f ins (ADU/s) and

nstrumental magnitude m ins measured for a source in an image:

 ins = 25 − 2 . 5 log 10 
(

f ins 
)
. (1) 

econdly, the specific zero-point offset �z from the fitted photo-
etric calibration model corresponding to the source brightness
easurement is used to calibrate m ins to a standard magnitude
 std 

as follows: 

 std 

= m ins − �z. (2) 

ow consider the same source at the top of the atmosphere with
ux f std 

. Then: 

 std 

= z std 

− 2 . 5 log 10 
(

f std 

)
, (3) 

here z std 

is the zero-point of the standard photometric system
and whose value depends on the units adopted for f std 

). We
ollect all of the flux loss for the source along the light path from
he top of the atmosphere through to the creation of the image,
ncluding the flux unit conversion to ADU/s, into a single factor
sys . We also use ω apr to r epr esent the fraction of the source flux
n the image that falls within the (synthetic) aperture used for
he XB-NEWS aperture photometry. Then we may relate f ins and
f std 

via: 

f ins = ω apr κsys f std 

. (4) 

oing some algebra with equations (1) −(4), then one may derive:

z = 25 − z std 

− 2 . 5 log 10 
(
ω apr 

) − 2 . 5 log 10 
(
κsys 

)
. (5) 

.1.2 Optical field 

he optical field around IGR J17091 is shown in Fig. 1 , where
e present small cut-outs from two good-seeing r ′ -band images

cquir ed on differ ent nights. The target is in quiescence in the
eft-hand image (although a source is still visible at its location),
nd it is in outburst in the right-hand image (as the brightest
ource in the cut-out). As discussed in Section 1.1 , IGR J17091
as two (known) nearby sources, the closest at a separation of 

0 . 4 ar csec NE (unr esolved and not marked in Fig . 1 ; her eafter
S1, with ‘BS’ standing for blend source), and the other at a sep-
ration of ∼ 1 arcsec NNW (barely resolved and marked in Fig. 1
ith a cyan cir cle; her eafter BS2). In our L C O images (with e.g.
edian seeing 1.9 arcsec in the r ′ band), BS1 is always blended
ith IGR J17091, while BS2 is blended in most of the images. This
lending, along with any further hidden blend sources, will have

ntr oduced (seeing -dependent) systematic err ors into our light
urve of IGR J17091, both for the multi-aperture photometry 5 
nd for the aperture photometry. Furthermore, the size of these
ystematic errors (in magnitudes) is a function of the brightness
f IGR J17091, with smaller errors when it is brighter, and larger
rrors when it is fainter. Any scientific analysis of the optical
ight curve ther efor e needs to account as best as possible for these

rrors. 

 Affected because the profile fits are performed without the subtraction 
f nearby sources. 
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Figure 1. Small cut-outs from LCO r ′ -band images of the field of IGR J17091, acquired on different nights under good seeing conditions. Left: Image 
acquired at SSO with the 2-m Faulkes telescope on 2021 April 19 (MJD 59323). The seeing is 0.95 arcsec. IGR J17091 is in quiescence and marked with a 
yellow circle (0.5 arcsec diameter). Right: Image acquired at CTIO with one of the 1-m telescopes on 2022 May 27 (MJD 59726). The seeing is 1.23 arcsec. 
IGR J17091 is in outburst and marked with a black circle (0.5 arcsec diameter). Both: The nearest resolved source to IGR J17091 is marked with a cyan 
circle (BS2). The green circles indicate Gaia DR3 sources in the field. 
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To aid in this task, we searched for optical photometry of the
wo known blend sources. Photometric catalogues from ground- 
ased surveys either do not cover the field of IGR J17091 (e.g.
an-STARRS1 and DESI Legacy Imaging Survey; A. Dey et al. 
019 ) or do not have the resolution needed to separate the target
nd blend sources properly (e.g. SDSS; D. G. York et al. 2000 ). In
ontrast, from space, the Gaia sat ellit e has sufficient resolution to
eparate them ( ∼ 0 . 1 arcsec ; C. Fabricius et al. 2016 ). Assuming
hat all thr ee sour ces ar e also bright enough t o be det ect ed, then
t follows that Gaia DR3 should report (at least) three sources in
he close vicinty of IGR J17091. How ev er, Gaia DR3 reports only
wo sources within a radius of 3 arcsec of the target coordinates
Section 2.1.1 ). The closest Gaia source to the search coordi-
ates, at R.A. 17:09:07.610 and Dec. −36:24:25.51 (ICRS; refer- 
nce epoch J2016), has a mean G -band magnitude of 20.08 ±0.03,
nd no proper motion measurement. The other Gaia source, at 
.A. 17:09:07.595 and Dec. −36:24:24.42 (ICRS; r efer ence epoch 

2016), has a mean G -band magnitude of 20.185 ±0.006, and a
roper motion of ∼4.5 mas yr −1 (negligible for our purposes). 
his latter source is clearly BS2 when plotted in Fig. 1 . Given

hat Gaia scanned the field containing IGR J17091 on numerous 
ccasions during its 2016 outburst when it was bright enough 

o be detected, 6 we may conclude that the Gaia source closest
o the search coordinates must be IGR J17091 itself. Ther efor e,
S1 is undet ect ed by Gaia and must be fainter than the limiting
agnitude G ≈ 21 mag. 
Unfortunat ely, w e could not find any further space-based opti-

al photometry of this field (e.g. HST and JWST ). Hence, overall,
 e are limit ed in our prior knowledge about the blend sources
 See https://g aia.esac.esa.int/gost/inde x.jsp 

q

7

n the optical. Specifically, we only have precise Gaia coordinates 
or BS2, and we know that the brightnesses of the blend sources
re G > 21 and G = 20 . 185 mag for BS1 and BS2, respectively. 

.1.3 Deblending the optical light curve 

o enable a valid analysis of the light curve of our target IGR
17091, we must first isolate the flux at each epoch due solely to
GR J17091 (i.e. deblend the light curve by removing the contam-
nating flux es fr om the blend sour ces). This can be done either
t the image processing stage, or as a post-processing step in the
resence of sufficient information. We hav e opt ed for the latter,
ince XB-NEWS is not designed for the former. Furthermore, we 
nd that while BS2 is visible in the i ′ and r ′ -band images (e.g.
ig. 1 ), it is not visible in any of our V -band images. Combining

his with the fact that BS1 is even fainter than BS2 in the wider
 band, we believe that any flux contamination of the target

ight curve in the V band will be negligible (certainly so during
utburst). Hence, we do not attempt to deblend the V -band target
ight curve. 

As the target and blend sources are unresolved in most of 
he L C O images, XB-NEWS typically detects them as a single
lended source in an image, measures the centroid, 7 and assigns 
he r esulting coor dinat e estimat es t o the target light curve. We
oticed that, for the i ′ and r ′ bands, the set of these coordinates

n the target light-curv e clust er around (and sometimes between)
he true locations of IGR J17091 and BS2, with the clustering be-
ng around IGR J17091 during outburst, and around BS2 during 
uiescence. This is easily explained as follows. When IGR J17091 
MNRAS 546, 1–21 (2026) 

 Technically, a windowed centroid as implemented in SE xtractor . 

https://gaia.esac.esa.int/gost/index.jsp


6 P. Saikia et al. 
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s in outburst, its flux dominates the total flux in the blend, and
he centroid is shift ed t owards the true location of IGR J17091.
onversely, when the target is in quiescence, the flux from BS2
ominat es the t otal flux in the blend, and the centroid is shifted
owards the true location of BS2. Since the measured coordinates
n this case are estimates of the blend centroid, they also exhibit
he same behaviour. 

We used the target detections during outburst and across all
av ebands t o comput e mean coordinat es for IGR J17091, which
e report as the adopted/known target coordinates in Section

.1.1 . As target coordinates are a required input for the XB-NEWS
ipeline, the computation of mean coordinates and their subse-
uent use in generating the target light curve r equir ed two full
uns of XB-NEWS on all of the reduced science images. Also,
ince the separation between the target and BS2 is ∼ 1 arcsec ,
oisy measurements of the blend centroid during quiescence are
ometimes > 1 arcsec away from the target coordinates, and in
hese cases XB-NEWS adopts the target coordinates for the entry
n the light curve (Section 2.1.1 ). This also happens in cases of rel-
tively poor atmospheric transparency (i.e. for non-detections). 

All of the above means that the coor dinates r ecor ded in
he target light curve, along with the image PSF FWHM, vary
substantially) between epochs. Since XB-NEWS performs pho-
ometry centred on these coordinates with seeing-matched pro-
les/apertur es, the r elative contributions of the target and blend
ources to the measured total flux at each epoch also varies sub-
tantially. For the multi-aperture photometry, this situation is
specially complicated because the profile fits are performed se-
uentially from small to large aperture radii coupled with an early
t opping crit erion t o cat ch a poor fit or a lack of improvement
n S/N. This severely impedes accurate modelling of how the
lending affects the multi-aperture photometry in the target light
urve. In contrast, it is simple to model the aperture photometry
r ocedur e in each image, and so we opt for this to enable subse-
uent deblending. 

We start by modelling the i ′ and r ′ -band target light curves
eparately, and for epochs during quiescence only. 8 We use the
tandard magnitude measurements m std ,k in the relevant wave-
and from the aperture photometry with the aperture radius of 
.75 × the image PSF FWHM, and convert them (back) to fluxes

f ′ std ,k 
using a magnitude zero-point of 25. The index k is for the

th image. These flux es ar e r elat ed t o f st d ,k (equation 3 ) by a
onstant factor: 

f ′ std ,k 
= φ f std ,k , (6) 

here 

= 10 0 . 4 
(

25 −z std 

)
. (7) 

sing the fluxes f ′ std ,k 
as data instead of f std ,k avoids the need to

omput e z st d 

in any of the following. 
Our model for the data f ′ std ,k 

first assumes that IGR J17091,
S1, and BS2 all have (unknown) constant fluxes f std,tar ,

f std,BS1 , and f std,BS2 , respectively, at the top of the atmosphere,
hich are att enuat ed by the factor κsys ,k in the kth image. Then
e assume that the kth image I k (x, y ) has a Gaussian PSF with
WHM equal to the value estimated by XB-NEWS for the im-
ge (Section 2.1.1 ). From this we obtain a normalised model
NRAS 546, 1–21 (2026) 

 Epochs with MJDs in the ranges 56700 −57320, 57800 −59600, and > 

9900. 
9

g

SF P k (u, v ) for I k . Writing the known Gaia coordinates for IGR
17091 and BS2 in I k as (x tar ,k , y tar ,k ) and (x BS2 ,k , y BS2 ,k ) , re-
pectiv ely, w e can then model the normalised flux profiles for
GR J17091 and BS2 in I k as P k (x − x tar ,k , y − y tar ,k ) and P k (x −
 BS2 ,k , y − y BS2 ,k ) , respectively. This is not possible for BS1 in a
onsistent way as it lacks Gaia coordinates. However, with BS1
eing fainter than both BS2 and Gaia ’s limiting magnitude, fail-

ng to remove the contaminating flux of BS1 from the target light
urve will only leave small systematic errors in the magnitudes
ear quiescence, while hardly affecting the magnitudes during
utburst. Hence, we do not consider BS1 any further in the de-
lending analysis. 

Consider now the aperture used for the aperture photometry
f the target in I k , which is centred at the coordinates recorded
n the target light curve. Using numerical techniques, we inte-
rate the normalised flux profiles P k (x − x tar ,k , y − y tar ,k ) and
 k (x − x BS2 ,k , y − y BS2 ,k ) over this aperture to obtain the frac-
ions ω tar ,k and ω BS2 ,k , respectively. Putting everything that we
ave so far together, we may write the following e xpr ession for

he model total instrumental flux f ins,tot ,k from IGR J17091 and
S2 in I k that falls within the photometric aperture: 

f ins,tot ,k = κsys ,k 
(

ω tar ,k f std,tar + ω BS2 ,k f std,BS2 
)

. (8) 

he corr esponding zer o-point offset �z k fr om the fitt ed phot o-
etric calibration model (Section 2.1.1 ) is dependent on the typ-

cal value of ω apr ,k for sources in I k (equation 5 ). By assuming
hat the aperture is correctly centred at the peak of the flux profile
or the vast majority of the sources in I k , we may compute ω apr ,k 
s the integral of P k (u, v ) from the origin out to the aperture
adius, yielding ω apr ,k = 0 . 7896 for all images. Then, substituting
quation ( 8 ) into equation ( 4 ), multiplying both sides by φ, and
earranging, we obtain the model total flux from IGR J17091 and
S2 in I k : 

f ′ st d,t ot ,k = 

(
ω tar ,k 
ω apr ,k 

)
φ f std,tar + 

(
ω BS2 ,k 
ω apr ,k 

)
φ f std,BS2 , (9) 

hich is the model flux for our flux data f ′ std ,k 
. 

Assuming independent Gaussian errors on f ′ st d,t ot ,k as deter-
ined by XB-NEWS, we fit the model in equation ( 9 ) to the flux

ata f ′ std ,k 
. We do this by optimising the values of the free pa-

amet ers γ = φ f st d,tar and δ = φ f st d,BS2 t o minimise the chi-
quared, which yields best-fit ting par ameter v alues ˆ γ and 

ˆ δ. 9 In-
erestingly, while the best-fitting solution is potentially degener-
te, it is not in this case specifically because of the substantial vari-
tions in the fractions ω tar ,k and ω BS2 ,k between epochs. From
quations ( 3 ) and ( 7 ), we then compute the (mean) standard mag-
itude of IGR J17091 in quiescence m std,tar = 25 − 2 . 5 log 10 ( γ )
sing γ = ˆ γ as ∼ 20 . 992 ±0.020 and ∼ 21 . 817 ±0.003 in the i ′ and
 

′ bands, respectively . Similarly , w e comput e the (mean) standard
agnitude of BS2 m std,BS2 = 25 − 2 . 5 log 10 ( δ) using δ = 

ˆ δ as
19 . 645 ±0.005 and ∼ 21 . 062 ±0.001 in the i ′ and r ′ bands, re-

pectively. 
With our flux estimate ˆ δ for BS2, the deblending of the target

ight curve can now be done as follows. For any epoch in the target
ight curv e, w e may writ e the following e xpr ession, derived in a
 The best-fitting parameter values ˆ γ and ̂  δ may be computed analytically 
iven that equation ( 9 ) is a linear model in γ and δ. 
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imilar manner to equation ( 8 ): 

f ins,tot ,k = κsys ,k 
(

ω tar ,k f std,tar ,k + ω BS2 ,k f std,BS2 
)

. (10) 

he difference between this expression for f ins,tot ,k and the one 
n equation ( 8 ) is that the target flux f std,tar ,k is now allow ed t o
e a different (unknown) value at each epoch. From equations ( 1 )
nd ( 2 ), we may also write: 

0 0 . 4�z k f ins,tot ,k = 10 
0 . 4 

(
25 −m st d,t ot ,k 

)
(11) 

here m st d,t ot ,k is the model standard magnitude corresponding 
 o f ins,t ot ,k . Taking equations ( 3 ), (5), (7), (10), and (11), along
ith the definition of δ, and then doing some algebra, yields 

 std,tar ,k = 25 − 2 . 5 log 10 

( ( 

ω apr ,k 
ω tar ,k 

) 

10 
0 . 4 

(
25 −m st d,t ot ,k 

)

−
( 

ω BS2 ,k 
ω tar ,k 

) 

δ

) 

, (12) 

here m std,tar ,k is the standard (deblended) magnitude of IGR 

17091 in the kth image. The deblended target light curve then
onsists of all m std,tar ,k estimates as obtained from equation ( 12 )
y using the computed values for ω tar ,k , ω BS2 ,k , and ω apr ,k ,
etting δ = 

ˆ δ, and using the standard magnitude measurements 
 std ,k from the (original) target light curve as estimates of 
 st d,t ot ,k . The magnitude uncertainties in the deblended target 

ight curve are obtained from the uncertainties provided by XB- 
EWS for m std ,k by updating them using standard (first order) 

rr or pr opag ation as applied to equation ( 12 ). 
After processing all of the reduced science images for IGR 

17091 with XB-NEWS, removing the six unusable r ′ -band im- 
ges, applying the de-blending pr ocedur e described above, and 

erforming a cut to e x clude all points fainter than magnitude 22,
e obtain a light curve with 409, 384, and 55 epochs in the i ′ , r ′ ,

nd V bands, respectively, that spans the time period 2011 April
6 (MJD 55677) to 2024 October 27 (MJD 60610). 

.2 Infrared monitoring 

.2.1 Mid-infrared observations 

id-IR observations of the field of IGR J17091 were made with
he Very Large Telescope (VLT) on 2016 March 20, under the
rogramme 096.D-0467 (PI: D. Russell). The VLT Imager and 

pectrometer for the mid-Infrared (VISIR; P. O. Lagage et al. 2004 )
nstrument on the VLT was used in small-field imaging mode 
45 mas pixel −1 ). Observations were made in two filters, J8.9
centr al w avelength 8.70 μm; at 09:21–09:40 UT; MJD 57467.40) 
nd PAH2 _ 2 (11.68 μm; at 09:41–10:07 UT; MJD 57467.41). Con- 
itions were good, with a moderate precipitable water vapour 
olumn (PWV ∼6 mm) and photometric conditions according to 
tandard star observations taken directly after the target (thus the 
arget observations were not affected by PWV). For each obser- 
 ation, the integr ation time on source consisted of a number of 
odding cycles, with chopping and nodding between source and 

ky. The total observing time is typically almost twice the integra-
ion time. After the final chop/nod combinations were applied, 
he effective VISIR field of view is ∼19.2 arcsec. Although the
 aw fr ames span a larger area, the ov erlap betw een the positiv e
nd negative beams from the chop/nod pattern reduces the final 
cience-ready FOV to this value. 
Observations of mid-IR standard stars were made on the same 
ight as the IGR J17091, in the same filters. HD099167 was ob-
erved in PAH2 _ 2 at 05:18 ut (MJD 57467.22) before the target
bservations, and HD178345 was observed in J8.9 at 10:12 ut 

nd PAH2 _ 2 at 10:14 ut (MJD 57467.43) immediately after IGR
17091. All observations (target and standard stars) were reduced 

sing the VISIR pipeline in the g asg ano environment, and raw
mages from the chop/nod cycle were combined. Similarly to 
ther sources (M. C. Baglio et al. 2018 ; P. Saikia et al. 2022 ; C.
chiburú-Trujillo et al. 2024 ), photometry was performed on the 
ombined images using an aperture size of 0.75 arcsec, which 

s large enough that small seeing variations did not affect the
raction of flux in the aperture. The counts/flux ratio values were
alculated from the standard stars. From the two standards taken 

efore and after the target, the counts/flux ratio differed by 2.1
er cent, confirming that the conditions were photometric. The 
irmass of the target was 1.03, and the standards were both taken
t an airmass of 1.12. The overall long-term and night-to-night 
tability of the photometric calibration of VISIR is known to be
ood (D. Dobrzycka et al. 2012 ), and any variations due to chang-
ng airmass and visibility conditions were minimal on the night. 

No clear source was visible in the combined VISIR images of 
GR J17091. The brightest possible point sour ce appear ed in the
8.9 filter image, with a flux density of 7.7 ± 1.3 mJy and a signal-
o-noise ratio (S/N) of 6.6. However, it is uncertain whether this
s the counterpart to IGR J17091. This is in a cr owded r egion of 
he Galactic plane, and several slightly less significant potential 
ources appear in the J8.9 and PAH2 _ 2 images. None of the po-
ential sources appear at the same location in both images, and

ost have S/N < 4. We ther efor e conclude that IGR J17091 was
ot unambiguously det ect ed, and by sampling the back gr ound,
 e deriv e 3 σ flux density upper limits of 2.4 mJy in J8.9 and 4.9
Jy in PAH2 _ 2. 

.2.2 N ear-infr ared monitoring 

e also compiled infrared photometric data for IGR J17091 from 

ultiple observing campaigns that span quiescence and outburst 
tat es, t o build quasi-simultaneous optical/infrared spectra. In 

uiescence, M. A. P. Torres et al. ( 2011 ) reported a K s-band mag-
itude of 16.98 ± 0.04 (Vega) on 2008 June 23 (MJD 54640), with

he target deblended from BS1 using PSF fitting. During the 2016
utburst, J. Greiner et al. ( 2016 ) obtained optical and infrared
agnitudes under 1.3 ar csec seeing, wher e the target was blended
ith both BS1 and BS2. The observed values in the AB magni-

udes were g ′ = 22.5 ± 0.1 mag, r ′ = 20.2 ± 0.1 mag, i ′ = 19.2 ± 0.1
ag, z ′ = 18.5 ± 0.1 mag, J = 17.4 ± 0.1 mag, H = 17.1 ± 0.1 mag,

nd K s = 17.0 ± 0.1 mag . Mor e r ecently, C. J ohn et al. ( 2024 ) used
n image subtraction technique to isolate the source flux in WISE
 1 and W 2 bands, r emoving contamination fr om BS1 and BS2.

hese observations revealed NEOWISE detections on three days 
once from the 2016 outburst and twice in the 2022 outburst. We
se these values in Section 4 to build the optical/infrared SEDs. 

.3 X-ray monitoring 

.3.1 Swift /XRT 

GR J17091 was routinely monitored by the X-Ray Telescope 
XRT; D. N. Burrows et al. 2005 ) onboard the Neil Gehrels Swift
bservatory during its outbursts. In this study, we used all avail-
ble Swift /XRT observations of the source during the 2011, 2018,
MNRAS 546, 1–21 (2026) 



8 P. Saikia et al. 

M

Figur e 2. Long -t erm optical light curv e of IGR J17091 cov ering the 2011, 2016, and 2022 outbursts in i ′ (black squar es), r ′ (r ed cir cles), and V-band (blue 
diamonds) with the L C O telescopes. For zoomed-in versions of the light-curve during outbursts, see Fig. 3 . 
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nd 2022 outbursts. The light curves were retrieved using the
nline Swift /XRT data products generator 10 maintained by the
wift data center at the University of Leicester (see P. A. Evans
t al. 2007 , 2009 ). We extracted the 2 - 10 keV light curve, as well
s the 1 . 5 - 10 k eV/ 0 . 6 - 1 . 5 k eV X-r ay hardness r atio, after binning
he data by observation, and removed all the data that has S/N <

 for quality control. 

.3.2 Swift /BAT 

GR J17091 was observed by the all-sky monitor on board the
wift observatory, known as the Burst Alert Telescope (B AT ; H.
. Krimm et al. 2006 ), which observes the hard X-ray sources in

he sky including BHXBs. We g ather ed the Swift /BAT 15–50 keV
-ray light curve of IGR J17091 with a one-day time bin, from

he Swift /BAT archive 11 (H. A. Krimm et al. 2006 ). For all the
vailable Swift X-ray observations, we only consider the data with
/N > 3 as proper detections, and remove the rest from further
nalysis. 

.3.3 RXTE 

GR J17091 was also monitored almost every day with the Pro-
ortional Counter Array (PCA) on-board RXTE (W. Zhang et al.
993 ) during its 2011 outburst. We used the RXTE 2 − 20 keV X-
ay light curve from D. Altamirano et al. ( 2011 ), produced using
tandar d r eduction techniques (e.g . T. Belloni et al. 2000 ). Due to
ontamination from the bright and variable source GX 349 + 2
Sco X-2), which was located within the 1 ◦ PCA field of view, the
rst 10 observations of IGR J17091 taken with RXTE are affected

see also D. Altamirano et al. 2011 ; J. Rodriguez et al. 2011 ). As a
 esult, we e x clude all RXTE observations of the sour ce up to MJD
5 615 from our analysis. 
NRAS 546, 1–21 (2026) 
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.3.4 NICER 

he N eutr on Star Interior Composition Explorer ( NICER ; K. C.
endreau et al. 2016 ) observed IGR J17091 during the 2022 out-
urst 175 times from 2022 March 14 (ObsID 5202630101) to 2022
ctober 12 (ObsID 5618011453). We study in detail the seven
bservations that were quasi-simultaneous (i.e. same MJD) with
 C O (ObsIDs 5202630112, 4618020801, 5202630114, 5202630116,
202630119, 5 202 630 123, and 5202630125). We analyse the data
sing the software HEASOFT version 6.33, NICERDAS 11.0 and
ALDB 20221001, applying standard filtering and cleaning crite-

ia. We include data when the dark Earth limb angle was > 15 ◦,
he pointing offset was < 54 arcsec , the bright Earth limb angle
as > 30 ◦, and the International Space Station was outside the
outh Atlantic anomaly. Moreov er, w e remov e data from detec-
ors 14 and 34 since they show episodes of electronic noise. We
orrect the event times to the Solar system barycenter time us-
ng the barycorr tool with the coordinates R.A. = 17:09:07.605
nd Dec. = −36:24:25.35, and create 1s, 2s, and 120s binned light
urves for each ObsID in the 0.5–10.0 keV energy band. 

We also obtain the PDS of the seven observations with NICER .
e construct the Leah y -normalized (D. A. Leah y et al. 1983 ) PDS

sing data segments of 262.14 seconds and a time resolution of 
50 μs. The minimum frequency is ∼0.004 Hz, and the Nyquist
requency is 2000 Hz. We then average the PDS per ObsID and
ubtract the Poisson noise based on the average power in the
00 - 2000 Hz frequency range. Finally, we normalize the PDS to
ractional rms (T. Belloni & G. Hasinger 1990 ). 

 R E S U LT S  

.1 Multiwavelength light curves 

e present optical monitoring data of IGR J17091 from our long
erm L C O campaign fr om 2011 April 26 (MJD 55677) to 2024
ct 27 (MJD 60610). As shown in Fig. 2 , these data encompass

he 2011, 2016, and 2022 outbursts in the V , i ′ , and r ′ bands, as
ell as the intervening quiescent periods primarily in the r ′ band.
uring the outbursts, the three optical bands e xhibit corr elated
ehaviour. To characterize the time evolution of optical and X-

https://www.swift.ac.uk/user objects/
https://swift.gsfc.nasa.gov/results/transients
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Figure 3. Zoom in of the optical and X-ray light curves from the last 
three outbursts of IGR J17091 in 2011 (top panel), 2016 (middle panel), 
and 2022 (bottom panel), r espectively. N ote that the X-ray count rates for 
differ ent instruments/telescopes ar e shown in differ ent units (specified 
in the legends) with Swift /XRT and NICER count rates given in cts/s, 
Swift /BAT in cts/cm2/s and RXTE in crab units. 
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ay flux, we present detailed light curves for each of the three
utbursts in Fig. 3 . 

The 2011 outburst began around 2011 February 8 (MJD 55600), 
s seen in the initial rise of the Swift /XRT (2–10 keV) and RXTE
CA (2–20 keV) X-ray flux, reaching peak levels shortly after (see
ig. 3 a). The optical observations started slightly after the X-ray
eak was reached, with the peak optical magnitude r ecor ded as
 

′ = 19.22 ±0.01 on 2011 May 3 (MJD 55684). The system main-
ained a relatively high X-ray flux until around 2011 Dec 5 (MJD
5900), after which a gradual decay phase set in, with the soft X-
ay ( Swift /XRT, 2–10 keV) flux declining significantly. The hard
-ra y emission ( Swift /B AT, 15–50 keV) remained variable but fol-
owed a similar downwar d tr end. Optical magnitudes also faded
v er this period. Re-bright ening ev ents occured around 2012 Aug
1 (MJD 56150) and then again in 2013 Feb 27 (MJD 56350),
vident in both soft and hard X-ray bands (see Fig. 3 a, as also
oted by M. Pereyra et al. 2020 ), before the system finally faded

o quiescence by 2013 July 27 (MJD 56500). Direct comparison 

f the X-ray r eflar es with optical data is challenging due to the
poradic nature of LCO observations during the re-brightening 
hases. 
The 2016 outburst of IGR J17091, shown in Fig. 3 b, began

round 2016 Feb 22 (MJD 57440), with a steady rise in the soft X-
ays ( Swift /XRT, 2–10 keV). The hard X-ray emission ( Swift /BAT,
5–50 keV) followed a similar trend but exhibit ed great er vari-
bility during the rising phase. In the optical, the V -, i ′ -, and r ′ -
and magnitudes also brightened as the outburst pr ogr essed. The
eak optical magnitude r ecor ded was r ′ = 18.59 ±0.16 on 2016
pril 25 (MJD 57503), which is almost 0.6 magnitude brighter 

han the 2011 peak magnitude. After reaching the peak, the sys-
 em underw ent a gradual decay in both X-ray and optical bands,
ith the system returning to quiescence by 2016 October 4 (MJD

7665). N o r e-bright ening ev ents w ere observ ed during or aft er
heir decay to quiescence. 

Finally, the 2022 outburst of IGR J17091 (see Fig. 3 c) began
round 2022 March 22 (MJD 59660), with a steady rise in both
he X-rays and optical. The optical peak was r eached ar ound 2022
une 24 (MJD 59754), with peak magnitude r ′ = 18.29 ±0.02,
hich is brighter than both previous outbursts. The system main- 

ained a high flux state until appr o ximately 2022 Aug 9 (MJD
9800), after which the soft X-ray flux began a gradual decline,
ccompanied by a decrease in optical brightness. The hard X- 
ay flux remained low and variable throughout the decay phase. 
y 2022 November 17 (MJD 59900), the system had significantly 

aded in both X-ray and optical bands. 
The overall optical evolution of all three outbursts follows a 

imilar tr end, showing corr elated optical and soft X-ray behaviour
hroughout the outburst cycles. 

.2 Spectral energy distribution 

 t optical frequencies, v arious components contribut e t o the
mission of a BHXB. To identify the dominant mechanism be- 
ind the observed optical emission, we construct the de-reddened 

EDs for IGR J17091 (see Fig. 4 ). These SEDs are derived from
uasi-simultaneous observations (within a 24-h period) collected 

cr oss differ ent outbursts. 

.2.1 Optical SED 

he optical flux es ar e first de-reddened using the most com-
only cited hydrogen column density for the source, N H 

= 

1 . 1 ± 0 . 3) × 10 22 cm 

−2 (H. A. Krimm et al. 2006 ; J. Rodriguez
t al. 2011 ; F. Capitanio et al. 2012 ). Using the D. R. Foight et al.
 2016 ) relation, we estimate the extinction in the V band ( A V )
r om N H 

, r esulting in A V ∼ 3 . 83 ± 1 . 05 mag, and apply the J. A.
ardelli, G . C. Cla yt on & J. S. Mathis ( 1989 ) extinction laws t o
alculate the extinctions for other optical bands. To compare the 
ptical spectral indices across different outbursts and understand 

he emission origin, we fit the SED with the function S ν ∝ να ,
here S ν is the de-reddened flux density, ν is the frequency and
is the spectral index. 
MNRAS 546, 1–21 (2026) 
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Figure 4. Left panel: De-reddened optical SEDs of IGR J17091 during the three outbursts, assuming N H 

= (1 . 537 ± 0 . 002) × 10 22 cm 

−2 or A V = 5 . 36 ±
0 . 22 mag (J. Wang et al. 2024a ). Right panel: De-reddened optical/IR SED of IGR J17091 including a va vilable data in the NIR and upper limits in the 
mid-IR ranges, using the same N H 

value. The quiescent SED combines the K s -band measurement from Magellan/PANIC (M. A. P. Torres et al. 2011 ), 
deblended from the nearby sources BS1 and BS2, with the mean quiescent i ′ and r ′ -band magnitudes from our LCO observations. 
We also overlay a blackbody fit to the GROND data (which has the most quasi-simultaneous data points) to achieve the best alignment with the optical 
data (black dashed line, T = 9000 K). 
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We find that the optical spectra obtained using A V = 3 . 83 ±
 . 05 mag are quite red, with slopes ranging from −1 . 0 to −2 . 0 ,
uring all three outbursts. Such steep spectral indices are not
hysically expected for BHXBs in outburst (see Sections 4.1 and
.2 for a detailed discussion), although the large uncertainty in
 V , and consequently in the de-reddened fluxes, leads to corre-

pondingly large uncertainties on the derived spectral indices.
her efor e, to obtain robust uncertainties on α, we performed the
ED fittings using a Monte Carlo approach. We generated 10 5 
ealisations of the de-reddened fluxes in each of the three filters
y r andomly dr awing fr om normal distributions of the measur ed
agnitudes and A V values. Each of these SEDs was then fitted
ith S ν ∝ να using least-squares, and the median optical spectral

ndices, as well as the uncertainties, were derived from the result-
ng distribution of best-fitting values (see Table 1 ). 

To inv estigat e further, w e reconstruct ed the optical spectra
sing the most recent value of N H 

obtained from X-ray stud-
es, N H 

= (1 . 537 ± 0 . 002) × 10 22 cm 

−2 , which translat es int o an
xtinction of A V ∼ 5 . 36 ± 0 . 22 mag (J. Wang et al. 2024a ). The
esultant spectr a, plot ted in Fig. 4 (a), show much flatt er pow er-
aw indices (see Table 1 ), with typical pr opag ated uncertainties
f ∼0.20 to 0.34 on the spectral index due to the extinction. The
NRAS 546, 1–21 (2026) 

i  
EDs obtained are fairly smooth, with the V band fainter than
 

′ and r ′ throughout all outbursts. Although the SEDs have only
hree optical bands, the shapes are typical of the outer regions of 
n X-ray irradiated accretion disc (e.g. R. I. Hynes 2005 ). We do
ot find any significant changes between the SEDs of the three
utbursts. 

.2.2 Optical/IR SED 

o construct the optical/infrared SEDs (see Fig. 4 b), we first in-
orporate the GROND observations from J. Greiner et al. ( 2016 )
uring the 2016 outburst (MJD 57454.3889). These data provide
 

′ r ′ i ′ z ′ JHK magnitudes obtained with a seeing of 1.3 arcsec, en-
ompassing both the target and the blend stars BS1 and BS2. 

A simple blackbody fit to the GROND data indicates that no
ingle temperatur e pr ovides a fully satisfactory fit. A blackbody
ith a temperature of approximately 9000 K reproduces most

f the optical part reasonably w ell; how ev er, the infrared flux
hows a slight e x cess r elativ e t o the blackbody prediction, while
he optical g ′ -band flux is somewhat underpredicted. Since BS1
as a similar infrared brightness to our target in quiescence but

s fainter in the optical (Gaia non-detections, G > 21 mag), we
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Table 1. List of optical spectral indices ( αV −i ′ , unless stated otherwise) 
for a few epochs analysed in this work. The indices derived using the 
commonly adopted extinction value N H 

= (1 . 1 ± 0 . 3) × 10 22 cm 

−2 are 
listed in the second and third columns, while those obtained using the 
most r ecent e xtinction measur ement N H 

= (1 . 537 ± 0 . 002) × 10 22 cm 

−2 

are given in the fourth and fifth columns. Uncertainties were estimated 
via 10 5 Monte Carlo realisations of the fluxes. The quoted spectral in- 
dices correspond to the medians of the resulting distributions, with the 
−1 σ and +1 σ uncertainties defined using the 16th and 84th percentiles, 
respectively. 

MJD α1 . 1 e 22 (−σ, + σ ) α1 . 5 e 22 (−σ, + σ ) 

2011 
56204 −1 . 64 a – −0 . 14 a –

2016 
57493 −1 . 71 (−0 . 98 , +0 . 97) −0 . 34 (−0 . 28 , +0 . 29) 
57494 −2 . 00 (−0 . 95 , +0 . 93) −0 . 72 (−0 . 33 , +0 . 34) 

2022 
59666 −1 . 22 (−0 . 95 , +0 . 93) +0 . 12 (−0 . 24 , +0 . 24) 
59675 −1 . 47 (−1 . 03 , +1 . 02) −0 . 00 (−0 . 26 , +0 . 27) 
59708 −1 . 56 (−0 . 96 , +0 . 94) −0 . 22 (−0 . 24 , +0 . 24) 
59754 −1 . 37 (−0 . 94 , +0 . 92) −0 . 04 (−0 . 21 , +0 . 21) 
59763 −1 . 34 (−0 . 94 , +0 . 92) −0 . 01 (−0 . 20 , +0 . 20) 
59852 −0 . 99 (−0 . 96 , +0 . 95) +0 . 33 (−0 . 31 , +0 . 32) 

Note. a Estimating αr ′ −i ′ due to the absence of V -band data. 
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nv estigat ed whether the NIR excess observed in the GROND data
ould arise from contamination by the blend stars. 

The GROND observations were taken in 1.3 arcsec seeing 
J. Greiner et al. 2016 ), comparable to the separations of BS1
 ∼ 0 . 4 arcsec ) and BS2 ( ∼ 1 arcsec ), so both sources necessar-
ly contribut e t o some degree t o the aperture phot ometry. BS1
as K S = 17 . 19 ± 0 . 04 mag in quiescence (M. A. P. Torres et al.
011 ), whereas the GROND outburst flux corresponds to K S = 

5 . 2 ± 0 . 1 mag, making BS1 ∼2 mag fainter than the observed
lended value. This implies that BS1 contributes at the level of 
16 per cent to the total K S -band flux, corresponding to a bright-

ning of ∼0.2 mag. Since the inferred NIR excess from our SED
t is ∼0.5 mag (Fig. 4 ), BS1 alone can account for a substantial

raction of the e x cess but cannot explain it in full. BS2 is brighter
han BS1 in the NIR (S. Chaty, G. Dubus & A. Raichoor 2011 ) and

ay also contribute significantly to the GROND flux, although a 
arger fraction of its PSF will fall outside the photometric aperture
ue to its greater separation from the XRB. Without detailed 

nformation on the seeing and exact photometric set-up of the 
ublished measurements, its precise contribution cannot be reli- 
bly quantified. Taken t ogether, the observ ed NIR e x cess can be
nt erpret ed as a combination of unresolved contributions from 

S1 and BS2, and possibly an additional intrinsic near-infrared 

omponent associated with the XRB itself. A plausible intrinsic 
rigin for the remaining excess is optically thin synchrotron emis- 
ion from a compact jet, which commonly contributes in the NIR
uring outburst (R. K. Jain et al. 2001 ; P. Saikia et al. 2019b ; S. K.
out et al. 2021 ), although irradiated disc emission may also play
 role. 

We also built SEDs using WISE data from C. John et al. ( 2024 ),
ho subtracted non-outburst images to isolate the flux of the 

arget in three epochs, one in 2016 and two in 2022, ensuring
hat there is no contamination from the nearby sources. For the
hr ee WISE detections r eported in the literature, simultaneous 
ptical observations are not always available. When no data are 
vailable within 24 h, we use the closest available optical data 
oints within 4 d of the WISE observation. We find that the
nfrared tail follows the trend observed in the JHK bands from
ROND, suggesting a consist ent NIR ext ension. In addition t o the
utburst-phase SEDs, we construct a quiescent optical/NIR SED 

sing the K s -band measurement from M. A. P. Torres et al. ( 2011 ),
btained on 2008 June 23 (MJD 54640), with the target deblended
rom BS1. To complement this, we incorporate the fitted (mean) 
uiescent magnitudes from our L C O observations in the i ′ and
 

′ bands (Section 2.1.3 ), finding that the overall SED shape is
imilar to that in outburst but at a much lower flux level. Finally,
e include VISIR J8.9 and PAH2 _ 2 upper limits, along with our
uasi-simultaneous i ′ and r ′ -band detections from LCO, to further 
onstr ain the infr ared emission. These SEDs summarize the op-
ical/infr ared char acteristics of the source during both outburst
nd quiescence, incorporating the available data and accounting 
or possible contamination. 

.3 Colour–magnitude diagram 

e also examine the observed CMD of IGR J17091 to e xplor e
ts colour evolution during various outbursts. We use quasi- 
imultaneous, non- dereddened, V and i ′ -band data obtained 

ithin 24 h of each other (see Fig. 5 ). We account for optical ex-
inction in the spectral indices using the most recently measured 

alue of A V ∼ 5.36 mag (J. Wang et al. 2024a ). 
We overlay a model of a blackbody that is spatially uniform

n temperature, with a constant area and a varying temperature, 
n the data (see D. Maitra & C. D. Bailyn 2008 ; D. M. Russell
t al. 2011 ). The slope of the model and the temperature range
re determined solely by the extinction. How ev er, the normaliza-
ion of the model (up and down) depends on several uncertain
yst em paramet ers, including the radius of the accretion disc, the
istance to the source, the orbital period and angle of inclination,
he filling factor of the disc and the warping of the disc. Due to
hese uncertainties, instead of fitting the data with the model, 
e choose a normalization that best aligns with the bottom en-

elope of the data (see methods in G. B. Zhang et al. 2019 ; M. C.
aglio et al. 2020 , 2022 ; P. Saikia et al. 2022 , 2023b ; S. K. Rout
t al. 2025 ). We find that the model appr o ximates the slope of the
MNRAS 546, 1–21 (2026) 
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ata well, suggesting that the optical emission during outbursts
n IGR J17091 can largely be explained by a single-temperature
lackbody, likely originating from the irradiated accretion disc.
he temperature of the blackbody model corresponding to the
ptical colour is mostly in the range of 7000–11 000 K, which
ncompasses the temperatur e r equir ed for hydrogen in the ac-
retion disc to be ionized (J.-P. Lasota 2001 ; J. M. Hameury & J. P.
asota 2021 ). 

.4 Optical/X-ray correlation 

e use quasi-simultaneous multiwavelength correlations of the
ource to further investigate the various components contributing
o its optical emission during an outburst. For this analysis, we
lot Swift /XRT ( 2 - 10 keV) X-ray count rates obtained within 24 h
f an L C O r ′ -band magnitude measur ement. All the X-ray count
at es w ere conv ert ed t o fluxes with the WebPIMMS t ool 12 , using
 photon index of � ∼2.00 (as complete spectral state informa-
ion is unavailable for all data points, and the majority of X-
 ay observ ations wer e acquir ed during the SS), and a hydrogen
olumn density value of N H 

= (1 . 537 ± 0 . 002) × 10 22 cm 

−2 (J.
ang et al. 2024a ). We note that since we have used the same

nergy range to convert the count rates to fluxes, a change in the
hoton index (e.g. from � ∼2.00 to � ∼1.60) does not alter the
uxes, and hence yields the same correlation coefficients (as long
s the same � is applied consistently across all count rates). Ide-
lly, w e w ould use a specific � for each observation date, but for
GR J17091, we lack sufficient information to precisely determine
ts spectral state at different times during each outburst. In this
rocess, any information on spectral evolution is lost; however,
ur primary focus is on the overall X-ray flux and the correlation
oefficient. 

Despite the caveats, we observe a strong correlation between
he X-ray and optical flux of IGRJ17091, with a Pearson correla-
ion coefficient of 0.8 and a p -value of 10 −10 . All three outbursts
ndividually follow very similar trends, yielding an overall power-
aw relation F opt ∝ F βX (see Fig. 6 ). To account for the observed
ispersion beyond the quoted measurement uncertainties, we
tted the correlation using a maximum-likelihood routine that

ncludes an intrinsic scatter term added in quadrature to the op-
ical observational errors. This method simultaneously optimizes
he slope, intercept, and intrinsic scatter, providing a statistically
onsistent description of the data. The final best-fitting slope is β
 0.40 ± 0.04, with an estimated intrinsic scatter of σint = 0.14

e x, corr esponding to an additional ∼38 per cent variation in the
ptical flux at a given X-ray flux that cannot be explained by mea-
urement uncertainties alone. This intrinsic scatter likely reflects
hort-term optical variability, differences in the emission regions
ontributing to the optical flux, or other unmodelled physical
ffects. 

The measured slope suggests a disc origin for the optical emis-
ion in IGRJ17091 during outburst, although it remains unclear
hether the emission arises primarily from a viscous accretion
isc, an X-r ay irr adiated disc, or a combination of both (see Sec-
ion 4.1 for a detailed discussion). 

For IGR J17091, we do not find a significant correlation be-
ween the hard X-ray flux ( Swift /BAT, 15–50 keV) and the optical
ux. This lack of correlation may be attributed to the highly
ariable nature of IGR J17091, where the use of daily-averaged
NRAS 546, 1–21 (2026) 

2 https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3pimms/w3pimms.pl 

b  

u  

s  
wift /B AT fluxes ma y not adequately capture the r apid v ariability
f the source, potentially obscuring any underlying relationship. 

.5 Multiwavelength high-cadence data 

n addition to the long-term monitoring campaign of IGR J17091,
 e conduct ed high-cadence phot ometry (minut e -time - scale ob -

ervations) of the source using the 2-m Faulkes Telescopes during
he 2022 outburst. These observations were carried out on 11 d
MJD 59671, 59672, 59675, 59677, 59680, 59684, 59686, 59706,
9708, 59710, and 59714), primarily in the i ′ band (see Figs 7 and
 ) and occasionally in the r ′ band (see Fig. 8 ). On most of these
ays, we had ∼15 detections in ∼20 min with a time resolution
f ∼ 85 s (i.e. a frequency range of 0.001–0.01 Hz). The variability
n all these days looks quite structured; however, the cadence
nd signal to noise of these optical observations do not permit
he construction of a meaningful power spectrum. As a result,
e cannot quantitatively assess any periodicity in the variability
r demonstrate that the observed fluctuations are oscillatory in
ature. 
We calculated the optical fractional rms deviation in the flux

or these dates following the methods described by S. Vaughan
t al. ( 2003 ) and P. Gandhi et al. ( 2010 ). The resulting rms values
in the frequency range of 0.001–0.01 Hz) ranged from approxi-

ately 1 to 8 per cent, although we have a 3 σ detection of variabil-
ty on only 3 dates (see Table 2 ). To verify that the short-time-scale
ariability observed from IGR J17091 during these epochs is not
onsistent with photometric noise, we analysed all neighbouring
tars of similar brightness ( i ′ magnitudes 17.5–18.5) within 100
rcsec of the source on two high-cadence nights (MJD 59 680 and
9686). This yielded ∼125 suitable comparison stars per night.
or each comparison star, we computed the optical fractional
ms deviation in the flux over the same high-cadence intervals
s for the target. On MJD 59680, IGR J17091 showed rms of 
.77 ± 0.44 per cent, while the comparison stars had a mean rms
f 1.60 per cent, with 23 stars r eturning zer o intrinsic variance
ecause their measured scat ter w as smaller than the photometric
ncertainties (i.e. these stars are found to be non-variable at the
ensitivity of the data set). On MJD 59686, again the source exhib-

https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3pimms/w3pimms.pl
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ted a high rms value of 5.67 ± 0.78 per cent, compared to a mean
eighbour value of 1.70 per cent, with 71 zero-variance stars. In
oth epochs, the intrinsic variability of IGR J17091 e x ceeds that
f the field population by more than a factor of ∼1.7, confirming
hat the observed variability is real and not complet ely driv en by
oise. 
.5.1 Quasi-simultaneous X-ray variability 

e also compare the seven quasi-simultaneous NICER light 
urv es t o the high-cadence optical observations with L C O. Unfor-
unately, there is only one slightly overlapping L C O and NICER
MNRAS 546, 1–21 (2026) 
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ight curve ( NICER ObsID 5202630116, MJD 59677, shown in the
op panel of Fig. 9 ). We find that in all the seven NICER obser-
 ations, the same v ariability pat t ern is observ ed on time-scales of 
econds (bottom panel of Fig. 9 ). This pattern is consistent with
he so - called Class V variability presented in J. M. C. Court et al.
 2017 ) and J. Wang et al. ( 2024a ). Class V variability is character-
NRAS 546, 1–21 (2026) 
zed by the presence of two types of flares, one short, strong, and
ingle-peaked flare, and another longer, mor e comple x double-
eaked flares lasting tens of seconds, with peaks separated by ∼12
Hz. The peak-to-peak time we found in this pattern is of a few

 ens of seconds, consist ent with that present ed in J. M. C. Court
t al. ( 2017 ). The measured fractional rms deviation in the X-ray
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T able 2. V ariability amplitude computed as the fractional r oot mean squar e (rms) in the flux. The method of S. Vaughan et al. ( 2003 ) was used for 
the high-cadence optical data of IGR J17091, and the quasi-simultaneous X-ray data binned at 1s (to trace the subsecond variability) and 120s (to 
match with the time-resolution of the optical high cadence data). 

Date Optical time range Data rms (Opt) X-ray time range rms (1s) rms (120s) 
(MJD) (UTC) (N) (per cent) (UTC) (per cent) (per cent) 

i ′ -band data 
2022-04-02 (59671) 08:50:49.15–09:11:03.73 15 ∗ 09:35:14.18–09:46:09.18 13.96 ±0.15 3.87 ±0.22 
2022-04-03 (59672) 22:45:56.85–23:06:08.99 16 3.80 ±2.70 00:07:52.25–00:11:25.25 ! 13.68 ±0.26 3.05 ±0.10 
2022-04-06 (59675) 08:55:56.42–09:16:09.67 15 ∗ 08:23:37.18–08:29:41.18 12.95 ±0.21 0.86 ±0.33 
2022-04-08 (59677) 09:41:01.36–10:01:14.68 14 1.38 ±1.29 09:58:40.18–10:03:47.18 16.43 ±0.23 5.05 ±0.26 
2022-04-11 (59680) 14:12:34.15–15:27:22.29 47 2.77 ±0.44 14:44:57.18–14:47:30.18 12.75 ±0.39 2.89 ±0.50 
2022-04-15 (59684) 07:34:42.53–07:54:53.25 15 ∗ 07:04:33.18–07:18:14.18 3.87 ±0.16 1.18 ±0.13 
2022-04-17 (59686) 15:03:47.69–15:53:24.58 45 5.67 ±0.78 13:20:53.18–13:29:06.18 2.51 ±0.24 ∗
2022-05-07 (59706) 09:35:45.49–09:55:57.76 15 1.17 ±1.34 − −
2022-05-09 (59708) 05:29:17.00–05:49:27.98 15 8.24 ±0.65 − −
2022-05-11 (59710) 08:33:53.48–08:54:06.88 12 ∗ − −
2022-05-15 (59714.2) 06:34:02.32–06:54:17.28 15 ∗ − −
2022-05-15 (59714.5) 13:35:42.58–13:57:39.24 30 ∗ − −
r ′ -band data 
2022-04-11 (59680) 14:45:53.28–15:21:06.62 16 ∗ 14:44:57.18–14:47:30.18 12.75 ±0.39 2.89 ±0.50 
2022-04-15 (59684) 07:56:24.66–08:16:37.29 15 ∗ 07:04:33.18–07:18:14.18 3.87 ±0.16 1.18 ±0.13 
2022-04-17 (59686) 15:25:58.40–15:46:36.94 15 ∗ 13:20:53.18–13:29:06.18 2.51 ±0.24 ∗
2022-05-07 (59706) 09:57:33.58–10:17:51.73 15 2.94 ±1.55 − −
2022-05-09 (59708) 05:50:58.45–06:11:07.267 15 2.23 ±2.00 − −
2022-05-15 (59714) 06:55:47.83–07:16:02.44 13 ∗ − −
Notes. Asterisk ( ∗) denotes that the sample variance is smaller than the mean square error, so the calculated fractional rms flux deviation is consistent 
with being zero. 
! The closest MJD falls on the next day (2022 April 4, MJD 59673). 

Figure 9. Top panel: Overlapping LCO and NICER (1s binned; in black) 
data on MJD 59677. Bottom panel: Zoom of the NICER light curve shown 
in the top panel (1s binned). 

Figur e 10. Repr esentative quasi-simultaneous NICER 120s binned 
(black points) light curve corresponding to the ObsID 5 202 630 116 on 
MJD 59677. 
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ux at 1s resolution is very high, lying in the range of 2.5–16.4 per
ent. 

Since the optical variability is studied on time-scales of min- 
t es, w e also study the 2-min binned NICER light curves. We find
 different variability pattern in all seven observations (see Fig. 10
or a r epr esentativ e light curv e). These light curv es show strong
eaks with amplitudes of ∼ 60 −100 c/s followed by several small
eaks with amplitudes of a few tens of c/s. The time between
trong peaks is somewhat greater than thousands of seconds, 
hile the time between short peaks is a few hundred seconds,
ut it varies due to the irregular shape of the peaks. 

The fractional rms deviation in the X-ray flux at such time-
cales is in the range of 0.8–5 per cent, comparable with the
ms measured for the optical high cadence data. The highest 
MNRAS 546, 1–21 (2026) 
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M

Figure 11. Two representative PDS of NICER observations of IGR 

J17091 during the dates we have quasi-simultaneous high-cadence L C O 

observations. The left panel (ObsID 5202630112) shows an example of 
a PDS with a single br oad-band Lor entzian with best-fitting parametres 
ν0 = 0 . 041 ± 0 . 004 Hz, w = 0 . 079 ± 0 . 008 Hz and N = 0 . 013 ± 0 . 001 , 
and a χ2 /do f = 136 . 53 / 146 . The right panel (ObsID 5202630116) shows 
a PDS with a broad-band component and two narrow peaks. The best- 
fit ting par ametr es ar e ν0 = 0 . 0155 ± 0 . 003 Hz, w = 0 . 059 ± 0 . 003 Hz 
and N = 0 . 025 ± 0 . 001 (red component); ν0 = 0 . 060 ± 0 . 002 Hz, w = 

0 . 012 ± 0 . 004 Hz and N = 0 . 034 ± 0 . 001 (green component); ν0 = 0 . 20 ±
0 . 02 Hz, w = 0 . 13 ± 0 . 04 Hz and N = 0 . 0007 ± 0 . 0001 (blue compo- 
nent); and a χ2 /do f = 161 . 83 / 140 . Dashed lines r epr esent the best-fitting 
Lorentzians. 
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ptical fractional rms of 8 . 24 ± 0 . 65 per cent, measured on May
, appears to be dominated by a single bright data point in the
ight curve, as does the next highest value of 5.67 per cent. In
ontrast, the April 11 observation does not exhibit such outliers
nd shows a significant rms of 2 . 77 ± 0 . 44 per cent, consistent
ithin errors with the simultaneous X-ray rms. This is the only

nstance where optical and X-ray rms values are consistent within
ncertainties; on other dates, the optical rms is either lower or
oorly constrained. 

.5.2 Power density spectra 

e finally study the PDS of the seven NICER observations. To fit
he power spectra, we use a multi-Lorentzian function. We use
he characteristic frequency of the Lorentzians defined in T. Bel-
oni, D. Psaltis & M. van der Klis ( 2002 ), νmax = 

√ 

ν2 
0 + (w/ 2) 2 =

0 
√ 

1 + 1 / 4 Q 

2 , where w represents the FWHM of the Lorentzian,
0 the centroid frequency of the Lorentzian, and the quality
actor Q is defined as Q = ν0 /w . The significance of the differ-
nt Lorentzians are determined by the Normalization parameter,
. We consider a component significant if the S/N ratio of N 

s higher than 3. Two observations (ObsIDs 5 202 630 123 and
202630125) showed little or no significant broad-band variability
 < 3 σ in the 0.01 −64.0 Hz frequency band), while the other
ve observations (ObsIDs 5202630112, 4618020801, 5202630114,
 202 630 116 and 5202630119) are characterised by a broad com-
onent (r ed Lor entzian in Fig . 11 ). A narr ow component (gr een
or entzian in Fig . 11 ) peaking between 0.06 and 0.10 Hz with
 fractional rms of ∼5–12 per cent was also det ect ed in three
bservations (ObsIDs 4618020801, 5202630114, and 5202630116),
s also observed in Fig. 9 b, consistent with a feature previously
NRAS 546, 1–21 (2026) 
eported by J. Wang et al. ( 2024a ). In addition, we also found a
r oad Lor entzian peaking at ∼0.2 Hz (ObsIDs 5202630116). 

 DISCUSSION  

n this w ork, w e present for the first time a comprehensive
tudy of the optical emission from IGR J17091, covering three
f its outbursts to investigate the dominant origin of its optical
mission. Notably, this is the first-ever detailed optical study of 
ny heartbeating BHXB, as the only other known example, GRS
915 + 105, is heavily obscured by extinction, making optical de-
ections out of reach with current facilities. We detect evidence of 
uasi-periodic optical modulations in the available high cadence
minute -time -scale) data. This could potentially be linked to re-
r ocessed and smear ed X-r ay v ariability, suggesting a connection
etween the e x otic, highly structur ed fast X-r ay v ariability and the
ptical emission in these heart-beating systems. Confirming this
cenario r equir es higher time-r esolution optical data. In the fol-
owing subsections, we discuss the implications of these findings
or the origin of the optical emission, constraints on the extinction
owards IGR J17091, insights into its distance, and the nature of 
ts short-term optical variability. 

.1 Optical emission mechanism 

n BHXBs during outburst, optical emission can arise from mul-
iple sources, including X-ray reprocessing by the outer accretion
isc (e.g. C. Cunningham 1976 ; S. D. Vrtilek et al. 1990 ), thermal
mission from a viscous accretion disc (e.g. N. I. Shakura & R. A.
uny aev 1973 ; J. F r ank, A. King & D . J . Raine 2002 ), synchr otr on
mission from a compact jet in the HS (e.g. S. Markoff, H. Fal-
ke & R. Fender 2001 ; D. M. Russell et al. 2006 ; E. Kalemci et al.
013 ; P. Saikia et al. 2019a ) and sometimes in transitional states
e.g. R. F ender 2004 ; D . M. Russell et al. 2020 ), a hot inner flow
e.g. A. Veledina, J. Poutanen & I. Vurm 2013 ), and the compan-
on star during quiescence (e.g. J. Casares & P. G. Jonker 2014 ).
o disentangle these contributions, we employ various diagnostic
ethods, including CMDs, SEDs, and optical/X-ray correlations.
We examine the CMD of IGR J17091 and compare it with a

lackbody model r epr esenting an accr etion disc. This model de-
cribes the evolution of a constant-area blackbody, spatially uni-
orm in temperature, as it undergoes heating and cooling . Fig . 5
eveals that the slope of the model closely matches the observed
rend, following a pattern consistent with thermal blackbody ra-
iation. We interpret this blackbody emission as originating from
he outer accretion disc. The inferred temperatures range mostly
etween 7000 and 10 000 K, sufficient to fully ionize hydrogen

n the disc, and to ensure the conditions necessary for the disc
nstability model (DIM; J.-P. Lasota 2001 ) t o driv e a complete
utburst. 

Examining the optical SEDs of IGR J17091, we find that the in-
erred spectral indices are highly sensitive to the choice of extinc-
ion towards the source (see also Section 4.2 ). Typically, we expect
 spectral index of ∼1 (with values ranging from −1 to + 2 de-
ending on the disc temperature) if optical emission comes from
 epr ocessing in the X-ray irradiated outer accretion disc (e.g. R. I.
ynes 2005 ), a slope in the range of 0.3 < α < 2.0 for a viscously
eat ed out er disc (e.g. J. F r ank et al. 2002 ), and a negative slope
∼ −0 . 7 if the dominant emission is optically thin synchr otr on

rom the jet (e.g. P. Gandhi et al. 2011 ). An int ermediat e slope is
btained when a combination of these processes contribut es t o
he optical emission (e.g. P. Saikia et al. 2022 ). Due to the strong
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ependence of the slope on the chosen N H 

values, and the high
ncertainity associated with it, the SEDs alone do not provide a 
lear distinction between different emission mechanisms in IGR 

17091. How ev er, using the most recent and updated N H 

value
rom J. Wang et al. ( 2024a ), we find that the resulting spectral
lopes are consistent with a disc origin for the optical emission. 

We also analyse the quasi-simultaneous optical/X-ray correla- 
ion in IGR J17091 and find a significant relationship between 

he Swift /XRT 2–10 keV flux and the optical flux. Generally, the
ower -la w index of the optical/X-ray correlation can provide in-
ights into the different emission mechanisms responsible for 
he overall flux of the system. If the optical emission is domi-
ated by an X-r ay irr adiated accretion disc, simple geometrical 
ssumptions predict β ∼ 0 . 5 (J. Paradijs & J. E. McClintock 1994 ).
onversely, if the optical emission is primarily from a viscously 
eated accretion disc, the power -la w index is expect ed t o be β ∼
 . 3 , with a dependence on wavelength (D. M. Russell et al. 2006 ).
 ewer theor etical studies indicat e that the pow er -la w index of the

orrelation can slightly vary depending on whether the optical 
mission originates from the Rayleigh–Jeans tail or closer to the 
eak of the blackbody, but it is generally expected to be < 0 . 7 if 
he emission is dominated by the disc (for a detailed discussion,
ee M. Coriat et al. 2009 ; T. Shahbaz et al. 2015 ; B. E. Tetarenko
t al. 2020 ). The correlation index is predicted to be β ≥ 0 . 7 , if the
ptical emission is mainly optically thin synchr otr on radiation 

rom a relativistic jet (S. Corbel et al. 2003 ; D. M. Russell et al.
006 ). For IGR J17091, we find that the correlation follows a
ower -la w trend with a slope of β = 0 . 40 ± 0.04. This suggests
hat the dominant mechanism of the optical emission in IGR 

17091 could be either an X-ray irradiated accretion disc, a viscous 
isc, or a combination of both. 

.2 Extinction towards IGR J17091 

he equivalent hydrogen column density towards IGR J17091 is 
till uncertain. The 2 ◦ × 2 ◦ w eight ed av eraged Galactic absorp-
ion in the direction of the source is N H 

= 6 . 0 × 10 21 cm 

−2 (P. M.
. Kalberla et al. 2005 ; J. Rodriguez et al. 2011 ). The initial X-ray

bservations of IGR J17091 showed similar values, with N H 

∼
 . 0 × 10 21 cm 

−2 (S. Corbel et al. 2011 ). How ev er, detailed spectral
t ting of X-r ay observ ations of the source in many independent
tudies later revealed that the value of N H 

could be much higher,
onsistent with a large distance to the source in the Galaxy. For ex-
mple, while some studies have found the hydrogen column den- 
ity to be N H 

= (1 . 1 ± 0 . 3) × 10 22 cm 

−2 (H. A. Krimm et al. 2006 ;
. Rodriguez et al. 2011 ; F. Capitanio et al. 2012 ), a few others
av e report ed ev en higher numbers such as N H 

= (0 . 97 − 1 . 7) ×
0 22 cm 

−2 (N. Iyer et al. 2015 ), N H 

= (1 . 58 ± 0 . 03) × 10 22 cm 

−2 

Y. Xu et al. 2017 ), and N H 

= (1 . 537 ± 0 . 002) × 10 22 cm 

−2 (J.
ang et al. 2024a ). 
Optical analysis can sometimes provide an independent and 

dditional insight into extinction, particularly by examining the 
lope of the optical spectrum. For IGR J17091, we first con- 
tructed optical SEDs using the commonly adopted literature 
alue of N H 

= (1 . 1 ± 0 . 3) × 10 22 cm 

−2 (H. A. Krimm et al. 2006 ;
. Rodriguez et al. 2011 ; F. Capitanio et al. 2012 ). This resulted
n highly negative spectral slopes ( αV −i ′ ranging from −1.0 to 

2.0), which are atypical for BHXBs in outburst, although we 
ote that the pr opag ated uncertainty on the spectral index is very

arge ( ∼1.0), primarily because the adopted extinction value (A V 
 3.83 ± 1.05) carries a substantial uncertainty that dominates 

he error budget. There are a few cases in which a steeper spectral
ndex than −0.7 has been observed in an outburst, e.g . S wift
1357.2 −0933 ( α ∼ −1.4 in quiescent mid-IR to UV SED, T. Shah-
az et al. 2013 ), XTE J1550 −564 ( α ∼ −1.5 in the NIR jet spectra
uring the transition from the soft to the HS, D. M. Russell et al.
010b ), XTE J1118 + 480 ( α = −1 . 38 ±0.08 in the optically thin
EDs at NIR bands, D. M. Russell et al. 2013 ), Swift J1910.2 −0546
 α = -1.83 ±0.63 in the optical bands during r eflar es, P. Saikia
t al. 2023b ). A steeper spectral index is generally explained by
 thermal, Maxwellian distribution of subrelativistic electrons in 

 weak outflow or jet (D. M. Russell et al. 2010b , 2013 ; T. Shahbaz
t al. 2013 ; K. I. I. Koljonen et al. 2015 ), but it is unlikely at such
igh X-ray luminosities. In the case of IGR J17091, the power -la w

ndices of the optical spectra, constructed with A V = 3.83 mag,
re t oo st eep (see Table 1 ) t o be consist ent with the out er regions
f a cold accretion disc or even a population of thermal electrons
n a weak jet. 

We then reconstructed the SEDs using the most recent N H 

easur ement fr om J. Wang et al. ( 2024a ), which translat es t o A V 
 5.36. Since this value was derived from NICER data, which pro-

ides better sensitivity to the soft X-ray spectrum and a more ac-
urat e estimat e of N H 

, w e consider it t o be the most reliable value
f e xtinction curr ently available. In contrast, previous estimates 
ased on RXTE data were more sensitive to harder X-ray energies,
aking the e xtinction corr ection less precise. The optical spectra

btained using this updated N H 

value are significantly flatter and 

moother, with spectral slopes that align well with the expecta- 
ions for an accretion disc ( αV −i ′ ranging from −1.15 to + 0.05,
ee Table 1 ). Our optical analysis supports the higher extinction
owar ds the sour ce, with N H 

= (1 . 537 ± 0 . 002) × 10 22 cm 

−2 (J.
ang et al. 2024a ) providing a significantly better fit to the optical

EDs than earlier estimates. 
Generally, we can assume an upper limit for the slope of the

ptical SED ( αV −i ′ < 2.0) owing to the Rayleigh–Jeans limit. A
ough lower limit of αV −i ′ > −1 is expected during outburst, as it
 oughly corr esponds to the limit for the optically thin synchr otr on
mission using typical values of the electron particle distribution 

ndex. Sometimes, at the end of an outburst when the source is
lose to quiescence, the lowest plausible outer disc temperature 
ould be as cold as ∼4500 K, which corresponds to α = − 2.4 (e.g.
en X-4 at the end of its misfired outburst in 2021, M. C. Baglio
t al. 2022 ). In Fig . 12 , we plot the optical SED slopes ag ainst
ifferent values of extinction. The three solid horizontal lines 
epict the expected limits on the optical spectral index α, while
he tw o slant ed lines show the low est and highest optical colours
bserved in IGR J17091 (for the case of A V = 5.36, see Fig. 5 , and
xtrapolat ed t o other extinction values in Fig. 12 ). Given the limits
xpected on the spectral slope, we can constrain the extinction 

 V to be in the rough range of 4.3 to 6.6. This corresponds to an
 H 

range of 1.3–1.9 ×10 22 cm 

−2 . This is much higher than the
ean Galactic value, which could suggest the presence of dust 

louds localized along the line of sight. The value of the extinc-
ion, as expected from the optical spectra, while somewhat above 
he most commonly used value of N H 

= (1 . 1 ± 0 . 3) × 10 22 cm 

−2 

H. A. Krimm et al. 2006 ; J. Rodriguez et al. 2011 ; F. Capitanio
t al. 2012 , etc.) is consistent with mor e r ecent X-ray studies of 
he source (Y. Xu et al. 2017 ; J. Wang et al. 2024a ). 

.3 Distance to IGR J17091 

he distance to IGR J17091 remains uncertain, with various stud- 
es suggesting a wide range of possible values. J. Rodriguez et al.
 2011 ) estimated a distance of 11–17 kpc, based on X-ray spectral
MNRAS 546, 1–21 (2026) 
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M

Figure 12. Slope of the optical SED versus extinction coefficient in 
V band during the 2022 outburst. The three solid horizontal lines r epr e- 
sent the expected boundaries for the optical spectral index – blue/top line 
(Rayleigh jeans limit of the accr etion disc), gr een/middle line (optically 
thin synchr otr on limit), and r ed/bott om line (minimum t emperature pos- 
sible for the disc). The two diagonal lines indicate the range of optical 
colours observed in IGR J17091, as derived from the CMD. 
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kpc (grey, open triangles), 8 kpc (r ed cir cles), 11 kpc (magenta diamonds) 
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odelling and comparisons with other BHXBs. D. Altamirano
t al. ( 2011 ) suggested a lower limit of 11 kpc, arguing that IGR
17091 shares similarities with GRS 1915 + 105, which is located
t 8–10 kpc. Similarly, J. Rodriguez et al. ( 2011 ) noted that the
osition of IGR J17091 in the r adio/X-r ay correlation plot is com-
atible with that of the other BHXBs only for distances greater
han 11 kpc. Mean while, M. P ahari, J. S. Yadav & S. Bhat tacharyy a
 2014 ) proposed a distance of 20 kpc, based on spectral fitting
nd assuming a high-inclination system. Mor e r ecently, J. Wang
t al. ( 2024a ) suggested a distance closer to 10 kpc, considering
pdat ed extinction estimat es and X-ray luminosity constraints.
iven these discrepancies, the true distance remains an open
uestion, significantly affecting estimates of the source’s lumi-
osity and accretion properties. 
The global optical/X-ray correlation observed in BHXBs can

rovide an independent, albeit indirect, estimate of the distance
o a source. This method relies on the well-established correlation
etween optical and X-ray luminosities in BHXBs and NSXBs
uring outburst, which follows a power -la w relationship (D. M.
ussell et al. 2006 ; D. M. Russell et al. 2007 ). By comparing the ob-

erved fluxes with the expected luminosities from known sources
t well-constrained distances, one can infer a plausible distance
ange. This technique has been applied to several BHXBs where
ir ect distance measur ements ar e unavailable, offering a useful
lt ernativ e t o constraining their physical pr operties (e.g . D. M.
ussell et al. 2010a ; P. Saikia et al. 2022 , 2023a ). 
We compare the optical/X-ray correlation of IGR J17091 with

he comprehensive sample of BHXB and NSXB in Fig. 13 , utiliz-
ng quasi-simultaneous optical and X-ray data from D. M. Russell
t al. ( 2006 ) and D. M. Russell et al. ( 2007 ). Typically, NS systems
r e appr o ximat ely 20 times optically faint er than BH syst ems (D.
. Russell et al. 2006 ; F. Bernardini et al. 2016 ).Our findings

ndicate that any distance within the range of 8–17 kpc places the
GR J17091 data, comprising both HS and SS observations, well
ithin the region occupied by other BHXBs in the global plot.
or distances closer than ∼ 2 kpc, the data would be more con-
istent with the population of NSXBs. So, if the compact object in
NRAS 546, 1–21 (2026) 
GR J17091 is indeed a BH, the global optical/X-ray correlation
ould suggest a rough minimum distance ∼ 8 kpc. In addition,

f the distance to IGR J17091 is as great as 17 kpc, the brightest
ptical data observed during the peak of the 2022 outburst would
orrespond solely to historical SS data, not HS data. As the 2022
utburst peak did not occur during a SS (as confirmed by J. Wang
t al. 2024b , the 2022 outburst peak was during an int ermediat e
tate), and the jet is not evident in the optical SEDs or CMD at the
022 peak, the global optical/X-ray correlation plot would argue
gainst a large distance. In summary, our analysis is consistent
ith existing distance constraints available in the literature. 

.4 Minute-scale optical variability 

GR J17091 exhibits highly structured X-ray variability on sub-
econd time-scales. To inv estigat e whether such structured be-
aviour is present in the optical, w e conduct ed minut e -time -
cale observations over 11 d during the 2022 outburst, which
 epr esents the best achievable time resolution with LCO given the
arget brightness to obtain a reasonable S/N. A cr oss all observing
ights, we find indications of structured optical variability, with

ractional rms values ranging fr om appr o ximately 1 per cent to 8
er cent (see Table 2 ). How ev er, w e det ect statistically significant
3 σ ) variability on only three of these nights (MJD 59680, 59 686,
nd 59708). Previous studies of other BHXBs hav e report ed sim-
lar optical fractional rms values for similar time resolutions. For

any BHXBs in outburst, a 3–5 per cent rms has been observed
n both the HS (e.g. Swift J1753–0127, XTE J1118 + 480, MAXI
1535–571, GRS 1716–249; P. Gandhi 2009 ; R. I. Hynes et al. 2009 ;

. C. Baglio et al. 2018 ; P. Saikia et al. 2022 ) and the SS (e.g. GX
39–4 and GRO J1655–40; R. I. Hynes et al. 1998 ; K. O’Brien et al.
002 ; M. Cadolle Bel et al. 2011 ). How ev er, it should be noted
hat the optical fractional rms of many BHXBs, particularly in
he hard and flaring states when the jet is dominant, can be as
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igh as 5–20 per cent on shorter time-scales (e.g. GX 339–4, Swift
1357.2–0933, V404 Cyg, MAXI J1820 + 070; P. Gandhi 2009 ; P.
andhi et al. 2010 ; M. Cadolle Bel et al. 2011 ; P. Gandhi et al.
016 ; J. A. Paice et al. 2019 ; A. J. Tetarenko et al. 2021 ). 

Despit e the limit ed det ections, this remains the most detailed
ptical dataset available for IGR J17091 to date. While some 
ight curves show structured, minute -time -scale deviations, the 
adence and signal-to-noise of the data do not allow us to con-
truct a meaningful power spectrum, and ther efor e an optical 
PO cannot be confirmed. We thus interpret these features con- 

ervatively as significant short-time-scale variability rather than 

uasi-periodic behaviour. For context, optical and infrared QPOs 
av e been report ed in other BHXBs such as GX 339–4, where M.
alamkar et al. ( 2016 ) identified a 0.08 Hz optical/IR QPO corre-

ponding to half of the 0.16 Hz X-ray QPO, and multiwavelength 

POs (optical, UV, and X-ray) have been observed in XTE J1118 
 480 at a common frequency (R. I. Hynes et al. 2003 ). Future
igher -cadence, higher -S/N optical monitoring of IGR J17091 
ill be essential t o det ermine whether similar multiwavelength 

PO behaviour is present. 
Previous studies suggest that r apid multiw avelength v ariabil- 

ty can occur at high accretion rates and luminosities, where 
isc instabilities drive disc-jet cycles on time-scales of 10–1000 
 (F. M. Vincentelli et al. 2023 ). Although such variability is
ypically observed in X-rays, under specific conditions, includ- 
ng system inclination, orbital par ameters, obscur ation, and jet 
rightness, these instabilities may also manifest in UV, optical, 
nd infrared bands. In addition, they have been linked to radio-
mitted ejections (R. P. Fender et al. 1997 ). However, in the case
f IGR J17091, the expected luminosities and accretion rates 
r e r elatively low, making this explanation less str aightforw ard.
n alt ernativ e possibility is that these modulations r epr esent

meared X-r ay v ariability, reprocessed in the accretion disc and 

bserved as structured optical fluctuations. If so, this could pro- 
ide a potential link between X-ray heartbeats and the optical 
ariability. How ev er, confirming this scenario r equir es higher-
ime-resolution optical observations of the source. 

 CONCLUSION  

his study presents the first long-term optical monitoring of 
he BHXB IGR J17091 − 3624, covering its outbursts in 2011, 
016, and 2022. Using data from the LCO, VISIR/VLT, Swift /XRT,
XTE, NICER, and combined with NIR monitoring from the 

it erature, w e inv estigat e the physical processes contributing to
he optical emission of this unique source. 

Our analysis suggests that the optical emission from IGR 

17091 originates from an accretion disc, which could be either 
n X-ra y -irradiated disc, a viscous disc, or a combination of both.
e find that the optical flux is strongly correlated with the X-ray

ux ( F opt ∝ F 0 . 40 ±0 . 04 
X ), with the power -la w index indicating that

he optical emission originates in the accretion disc. By compar- 
ng this correlated behaviour with other BHXBs, we find that a 
istance of 8–17 kpc places the source within the typical range of 
HXBs, consistent with previous distance estimates. 
Employing the most commonly used extinction value, N H 

= 

1 . 1 ± 0 . 3) × 10 22 cm 

−2 , the optical SEDs appear steep and red,
oo e xtr eme to be e xplained by standar d accr etion disc or jet mod-
ls. How ev er, applying the updat ed hy drogen column density
f N H 

= (1 . 537 ± 0 . 002) × 10 22 cm 

−2 yields de-reddened spec-
ra with more physically plausible power -la w indices. From the
MD and expected optical slopes, we estimate the extinction to 
ie within A V = 4 . 3 –6.6 mag, corresponding to N H 

= (1 . 3 –1 . 9) ×
0 22 cm 

−2 . These corrections produce flatter SEDs consistent with
mission from an irradiated disc, in agreement with the observed 

MD trend. 
Furthermore, our high-cadence optical data allowed us to in- 

 estigat e pot ential connections betw een optical variations and
he highly structured X-ray variability observed with NICER. We 
nd that the fractional rms deviation in the optical flux reaches
p to a few per cent. We detect significant minute -time -scale opti-
al variability in the high-cadence observations, although the cur- 
ent data are insufficient to assess whether this variability is pe-
iodic. These variations may r epr esent r epr ocessed and smear ed
ignatures of underlying X-ray variability, hinting at a potential 
oupling between the X-ray and optical emission in these heart- 
eating sources. Confirming this scenario, how ev er, will require 
igher time-resolution optical data. The observed optical variabil- 

ty of IGR J17091 provides an invaluable opportunity to explore 
he physical properties of the accretion disc and the interplay 
etween optical and X-ray emission in such e x otic systems. This
tudy highlights the need for even higher-cadence optical and 

nfr ared observ ations with larger telescopes, along with simulta- 
eous X-ray monit oring, t o capture significant optical/IR modu- 

ations and better understand their origins. 
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