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A B S T R A C T 

Progress in understanding accreting black holes remains hampered by a lack of sensitive coordinated multiwavelength 

observations. In particular, the mid-infrared (MIR) regime remains ill-explored except for jet-dominant states. Here, we 
present comprehensive follow-up of the black hole X-ray binary GX 339–4 during a bright disc-dominated state in its 
2023/24 outburst as part of a multiwavelength campaign coordinated around James Webb Space Telescope ( JWST )/MIRI. 
The X-ray properties are fairly typical of soft accretion states with no significant X-ray variability, though with a weak 
high-energy Comptonized power-law tail. The source is significantly detected, and variable, across 5–10µm, at a faint 
mean flux level. This requires any MIR compact jet contribution to be suppressed by � 300 relative to previous hard-state 
detections. The MIRI spectrum can be described as a simple power-law with slope α = + 0.39 ± 0.07 ( Fν ∝ να), but matches 
neither the radio/sub-mm nor the optical broad-band slopes. Synchrotron radiation from the same medium responsible 
for high-energy Comptonization can self-consistently account for the observed MIRI spectral-timing behaviour, offering 
new constraints on the physical conditions in the soft-state accretion disc atmosphere/corona. Alternative explanations, 
including a circumbinary disc, emission from a warm wind, or transient compact jet activity fail to cleanly explain either the 
spectral properties or the variability. Multiwavelength timing cross-correlations show a puzzlingly long MIR lag relative 
to the optical, though at limited significance. We compile archival MIR and X-ray luminosities of transient black hole 
systems, including previously unreported detections of GX 339–4. These trace the evolution of the MIR-to-X-ray flux ratio 
with accretion state, and also reveal high MIR luminosities for GX 339–4 across all states. 

Key words: stars: black holes – infrared: general –X-rays: binaries. 
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 INTRODUCTION  

-ray binaries (XRBs) are ideal targets for studying transient 
ultiwavelength emission arising from accretion activity. They 
pend most of their lives in a state of low-level ‘quiescence’, as a
esult of weak accretion on to the central compact object (either
 black hole or a neutron star) from the binary companion (e.g. S.
ampana et al. 1998 ; J. P. Lasota 2000 ; C. O. Heinke et al. 2003 ).
his is punctuated by occasional accretion ‘outbursts’ lasting 
onths to years and characterized by a prolific rise in radiation
utput and flux variability (e.g. R. J. H. Dunn et al. 2010 ). Several
hysical components including the accretion disc, collimated and 
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ncollimated outflows, the companion star, and more can con- 
ribute to the observed multiwavelength emission (e.g. C. Done, 
. Gierliński & A. Kubota 2007 ). Spectral-timing observations of- 
er the possibility to disentangle these components based on their 
iffering scales and characteristic variability time-scales (e.g. P. 
ttley & P. Casella 2014 ). 
The infrared (IR) spectral regime spans a broad wavelength 

ange of approximately 1–100µm. A variety of thermal and non- 
hermal processes can contribute to the IR emission of XRBs, as
iscussed below. The shortest IR wavelengths, � 2.5µm adjacent 
o the optical, are the best studied because they are accessible
hrough atmospheric transmission windows and have benefitted 
rom detector technology maturation since the 1990s. At longer 
avelengths, thermal background noise rises by orders of magni- 
ude, making observations progressively more difficult. 
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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Table 1. Physical parameters of GX 339–4 adopted in this work. 

Distance d 8 ( > 5) kpc 
Orbital period P 1.7587 ± 0.0005 d 
Black hole mass MBH 6 (4–11) M�
Inclination i 50 (40–60) deg 
Mass ratio q (= M2 /M1 ) 0.18 ± 0.05 
Binary separation a 11.77 R� = 27.3 lt-sec 
Donor Roche Lobe radius RL 3.88 R� = 9.1 lt-sec 
Extinction AV 3.5 ± 0.5 mag 

Note. Approximate ranges or constraints are noted in brackets. 1 σ uncer- 
tainties are stated for measured/adopted quantities, when available (P. 
Gandhi et al. 2011b ; M. Heida et al. 2017 ; A. A. Zdziarski et al. 2019 ). 
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In the mid-infrared (MIR) spectral regime ( λ ∼ 5–30µm), only
ery few, and relatively narrow, atmospheric windows are ac-
essible from the ground. Observations in this regime typically
ely on impurity-band conduction arrays, such as arsenic-doped
ilicon detectors cooled to a few kelvin. At far-IR wavelengths ( λ
 30µm) the Earth’s atmosphere is essentially opaque, and differ-
nt detector technologies, including bolometers and transition-
dge sensors, are required to detect the correspondingly low
hoton energies. As a consequence, XRBs remain comparatively
oorly explored in both the mid- and far-IR regimes. 
There have been efforts to detect XRBs with all MIR mis-
ions, though the poor spatial resolution of historical IR missions
ade robust counterpart identification difficult (H. A. Smith,
. H. Beall & M. R. Swain 1990 ). The ISOCAM camera aboard
he Infrared Space Observatory ( ISO ) detected several bright or
ersistent sources (I. F. Mirabel et al. 1996 ; L. Kaper et al. 1998 ;
. Fuchs, I. F. Mirabel & A. Claret 2003 ). The era of Spitzer and
ISE opened up MIR studies of XRBs more widely, with many
hotometric detections in quiescence as well as in outburst (e.g. S.
igliari et al. 2006 ; E. Gallo et al. 2007 ; S. Wachter 2008 ; P. Gandhi
t al. 2011b ; X. Wang & Z. Wang 2014 ; C. John et al. 2024 ). Spec-
roscopic detections of bright and persistent sources also followed
Y. Fuchs, L. Koch Miramond & P. Ábrahám 2006 ; F. Rahoui et al.
010 , 2011 ). At longer far-IR wavelengths, notable studies include
hose of S. Corbel et al. ( 2013b ) who presented Herschel 70- and
60-µm photometric detections of a BHXB during outburst –
he same source studied herein – highlighting complex broad-
and jet synchrotron spectral slopes, and those of T. E. Harrison
t al. ( 2014 ) and M. Servillat et al. ( 2014 ) who detected dust and
ossible wind signatures around neutron-star XRBs. 
Transient outbursts grow from quiescence through the ‘hard’
tate during which the hot accretion flow close to the central
ource strengthens (e.g. R. P. Fender, T. M. Belloni & E. Gallo
004 ; C. Done et al. 2007 ). Both quiescence and the hard state
re typically dominated by non-thermal emission processes, in-
luding synchrotron radiation in the MIR (S. Migliari et al. 2006 ;
. Gallo et al. 2007 ; F. Rahoui et al. 2011 ; P. Gandhi et al. 2011b ).
ear peak, this can approach flux levels bright enough to be de-
ectable from the ground in the MIR 10µm transmission window
J. Paradijs et al. 1994 ; D. M. Russell et al. 2013b ; M. C. Baglio
t al. 2018 ; F. M. Vincentelli et al. 2021 ; P. Saikia et al. 2022 ; C.
chiburú-Trujillo et al. 2024 ). Dissipative plasma shocks within
ompact jets are able to account for the broad-band spectral as
ell as timing properties observed during the hard state (R. D.
landford & A. Königl 1979 ; S. Markoff, H. Falcke & R. Fender
001 ; J. Malzac 2013 ; D. M. Russell et al. 2013 ; J. Malzac 2014 ; P.
andhi et al. 2016 , 2017 ). We note that the presence of circumbi-
ary dust discs has also been proposed as the primary driver of the
IR radiation in quiescence (M. P. Muno & J. Mauerhan 2006 ), a
oint that we return to later. 
By contrast, transient XRB detections are even sparser in the
IR during the ‘soft’ accretion state, when thermal emission
rom a fully active accretion disc dominates the electromagnetic
utput. Radio jet emission appears to be heavily suppressed in
hese soft states (D. M. Russell et al. 2011 ; A. P. Rushton et al.
016 ; T. D. Russell et al. 2020 ; C. John et al. 2024 ), though some
ransient compact radio jets have been observed during this phase
D. M. Russell et al. 2020 ). It remains unclear whether this is a
esult of a complete failure to launch the jet in the soft state, or
 result of inefficient (re-)acceleration of collimated plasma as it
ravels away from the central source, due to e.g. a change in the
et magnetic field configuration. Current constraints on optical
NRAS 548, 1–22 (2026)
nd IR flux suppression in the soft states of most sources could
upport either scenario (e.g. D. M. Russell et al. 2006 ). 
Here, we present one of the most sensitive MIR detections of a
lack hole XRB in a disc-dominated accretion state. This enables
eep constraints on the inner jet behaviour during this state, as
ell as allowing us to test for the presence of other components
ften invoked in the IR such as dust, a circumbinary disc (CBD),
nd the companion star. 
For this purpose, we used James Webb Space Telescope ( JWST)

o observe the XRB GX 339–4, a dynamically confirmed black
ole system with an orbital period P = 1.759 d (R. I. Hynes et al.
003 ; M. Heida et al. 2017 ), located at a minimum heliocentric
istance d � 5 kpc (R. I. Hynes et al. 2004 ; M. Heida et al. 2017 ).
X 339–4 undergoes frequent bright transient outbursts, as a re-
ult of which it has become a cornerstone of multiwavelength
RB studies over many decades (K. Makishima et al. 1986 ; S.
orbel & R. P. Fender 2002 ; T. Belloni et al. 2005 ; R. J. H. Dunn
t al. 2008 ; P. Gandhi et al. 2008 , 2010 ; P. Casella et al. 2010 ; S.
orbel et al. 2013a ; F. M. Vincentelli et al. 2019 ). Previous mid-
R photometric detections of the source have been reported (P.
andhi et al. 2011b ; X. Wang & Z. Wang 2014 ; C. John et al.
024 ) during the hard outbursting state. No MIR spectroscopic
bservations have been reported so far. 
The system parameters remain under debate, with a black hole
ass range of MBH = 4–11 M� (A. A. Zdziarski, J. Ziółkowski &
. Mikołajewska 2019 ). Some of the key parameters, including the
alues adopted in this work, are listed in Table 1 . When avail-
ble or computed herein, quoted uncertainties correspond to 68
er cent intervals throughout the paper, unless stated otherwise. 

 OBSERVATIONS  

.1 JWST /MIRI 

e first triggered JWST in 2022 September, during the rising part
f an outburst at that time as part of a Target-of-Opportunity
hase Cycle 1 program (ID 1586). The observation was unsuc-
essful due to a guide star acquisition error. The cause of the
ailure was analysed by the STScI mission team and attributed
o a faulty entry in the mission’s guide star catalogue, which was
ater rectified by the mission team (WOPR 88542; STScI, private
ommunication). 
GX 339–4 was subsequently retriggered, and observed, on 2024
arch 10 (MJD 60379) using MIRI (G. H. Rieke et al. 2015 ), set up
or Slitless Low Resolution Spectroscopy (S. Kendrew et al. 2015 ).
he SLITLESS PRISM sub-array was utilized to obtain continu-
us time-series monitoring for an on-source stare lasting about
 h. Source acquisition was performed using an offset pointing
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Figure 1. Top : long-term X-ray light curve of GX 339–4, with all known historical MIR observational epochs annotated and denoted. Recent X-ray 
data are from the MAXI Gas Slit Camera (GSC), covering the 2–20 keV band. Pre-MAXI data from RXTE /ASM are plotted in grey before ∼MJD55 000, 
normalized to the MAXI photon flux by multiplying by a factor of 0.032, which converts between the respective full energy bands of the two cameras 
assuming a 1 keV blackbody model approximately appropriate for outburst peaks. X-ray accretion state is stated in parentheses: soft (S), hard (H), and 
quiescent (Q) and colour-coded in red, purple, and brown, respectively. The small panel on the right shows a zoom-in around the 2023–24 outburst when 
JWST observed the source. Bottom : X-ray HIDs using MAXI data, covering the 2023/24 outburst. The panels differ in the definition of the harder band: 
(4–10 keV) on the left and (10–20 keV) on the right, highlighting differences relevant to the dominance of the high-energy power-law tail. The red point 
denotes the observation date coinciding with JWST . 
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lew from the nearby bright star Gaia DR3 5938658049055243136 
ocated 13.5 arcsec to the south-east of GX 339–4. 
The first on-source science frame began at ut 06:36:16.31. 
bservations were performed in the standard non-destructive 
ASTR1 mode (cf. M. E. Ressler et al. 2015 ; A. Dyrek et al. 2024 ),
or a total of nINT = 1470 integrations (each 4.77 s long, with a
agged-on reset dead-time of approximately 0.16 s). The time of 
he final science frame was ut 08:37:03.78. 
Data were processed using the latest JWST pipeline, version 
.17, available at the time of writing, with calibration data base 
ontext 1322. The pipeline conducts several steps of calibration 
nd artefact correction to ensure a linear signal response and 
o flag outliers. There are still a number of shortcomings in the
ipeline (e.g. background uncertainties are not included within 
he final reported errors, there appears to be excess r.m.s. vari-
bility towards the red end of the bandpass), which have been 
iscussed in our prior work (P. Gandhi et al. 2025 ). These were
anually implemented where possible and relevant for the analy- 
is below. Other relevant pipeline settings were adopted from our 
rior work. We experimented with modifying parameters (e.g. the 
ump step detection threshold, which can identify sudden ramp 
hanges due to cosmic rays), but these did not impact the final
xtraction significantly. 
The source was found to be faint, but clearly detected in all inte-
rations. The signal weakens towards longer wavelengths where 
alibrations remain uncertain, and background artefacts become 
ore difficult to account for. We thus restricted our analysis to
he wavelength regime of 5–10µm. 
JWST caught GX 339–4 during a state characterized by strong 
isc emission, as the source was declining from the peak of its
023–24 outburst (Fig. 1 ). The overall outburst turned out to
e weaker compared to prior prominent outbursts, though the 
ource still completed a full traversal of the X-ray hardness–
ntensity diagram (HID) common to this system (e.g. T. Belloni 
MNRAS 548, 1–22 (2026)
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t al. 2005 ). The source was classified as being in the X-ray soft
tate by G. Mastroserio et al. ( 2025 ), who used MAXI X-ray sky
onitor hardness ratios to place it in a region of the HID char-
cteristic of soft sources (Fig. 1 bottom panels). Their detailed
pectral analysis confirmed the presence of a strong accretion
isc, together with a Comptonized tail at energies above 10 keV
arrying ∼ 1 per cent of the X-ray broad-band flux. Furthermore,
-ray variability was found to be weak and no significant X-ray
olarization was detected, self-consistent with a soft state. Our
nalysis presented later in this paper confirms these general prop-
rties. The panel on the bottom-right of Fig. 1 shows hardness
alues based on the highest-energy MAXI band (10–20 keV, as
pposed to 4–10 keV on the bottom-left). The scatter in this panel
s more sensitive to the strength of the high-energy power-law
ail than HIDs based on lower energy bands, demonstrating some
catter within this accretion state, which should be kept in mind
or any detailed comparisons of the accretion state with other
bservations. 

.2 Multiwavelength campaign 

e arranged for several multiwavelength facilities to coordinate
ith the JWST observation. Due to a failure in unrelated obser-
ations scheduled just prior to ours, the JWST schedule changed
ynamically and the GX 339–4 observing window slid forward by
pproximately 2 h without our knowledge, resulting in imperfect
verlap with some facilities. Nevertheless, we were able to build
n sufficient redundancy within our campaign to ensure strict
imultaneity with a few facilities, and quasi-simultaneity with the
est to within 1 d (and usually just a few hours) across the electro-
agnetic spectrum. A figure denoting the coodination timeline
ay be found in Appendix A . 

.2.1 Swift 

he X-ray Telescope (D. N. Burrows et al. 2005 ) onboard the Neil
ehrels Swift Observatory (N. Gehrels et al. 2004 ) observed the
ource for a duration of 1029.6 s, starting at MJD 60379.45545
ObsID 00014052219) in windowed timing (WT) mode. This ob-
ervation began 2.3 h after the end of the JWST observation. 
Data products were extracted using UK Swift tools (P. A.
vans et al. 2009 ). The spectrum was grouped to a minimum
f 20 counts for fitting. The source was bright, with a net count
ate of 224 ct s−1 over the 0.3–10 keV band, suggesting pile-up
ven in WT mode (the automated extraction corrects for this
sing an annulus). Spectral analysis was restricted to 1–10 keV,
n order to avoid residuals related to bright absorbed sources at
oft energies.. 1 

.2.2 NuSTAR 

he Nuclear Spectroscopic Telescope Array ( NuSTAR ; F. A. Harri-
on et al. 2013 ) observed GX 339–4 for approximately 20 ks start-
ng on 2024 March 10 02:30 utc (ObsID: 80902342002, PI: Shaw).
ata were reprocessed with the FTOOL nupipeline included
n heasoft v6.35.1 (NuSTARDAS v2.1.5). Event files from each
ocal plane module (FPMA and FPMB) were corrected to the
olar system barycentre using barycen . Source spectra and light
urves were extracted from FPMA and FPMB using a circular
NRAS 548, 1–22 (2026)

 https://www.swift.ac.uk/analysis/xrt/digest_cal.php#abs 2
egion of radius 70 arcsec centred on the source and background
pectra and light curves were extracted from a circular region of 
he same size, centred on a source-free region on the same chip
s GX 339–4. Spectral responses were generated using the FTOOL
usproducts . Light curves were binned into intervals of 4.93 s
uration (closely matching the MIRI integration spacing), and
pectra were grouped such that each bin contained a minimum
f 20 counts. 

.2.3 LCO 

ptical monitoring of GX 339–4 was performed with telescopes
t the Las Cumbres Observatory (LCO) before, during, and after
he JWST observation. Data were taken as part of a monitoring
ampaign of ∼50 low-mass XRBs coordinated with the Faulkes
elescope Project (F. Lewis et al. 2009 ; F. Lewis 2018 ). GX 339–
 has been regularly monitored by the 2-m Faulkes Telescope
outh (at Siding Spring Observatory, Australia), which is part of 
CO, since 2007 (e.g. D. M. Russell et al. 2008 ; M. Cadolle Bel
t al. 2011 ). To increase the cadence close in time to the JWST
bservation, we observed with LCO on 12 epochs within ±2 d
f JWST . The 1-m LCO network telescopes at Cerro Tololo Inter-
merican Observatory (Chile), the South African Astronomical
bservatory (SAAO; South Africa), and Siding Spring Observa-
ory were used, as well as the 2-m at Siding Spring Observatory
see also K. Alabarta et al. 2024 , for LCO magnitudes reported in
he weeks–months prior to the JWST observation). Images were
aken using the Bessel B , V , and R filters (Vega magnitudes), the
DSS g′ , r′ , and i′ filters (AB magnitudes), and Pan-STARRS zs 
lter (AB magnitudes). 
To reduce and analyse the images, the real-time data analysis
ipeline, XB-NEWS (the X-ray Binary New Early Warning Sys-
em; see D. M. Russell et al. 2019 ; A. J. Goodwin et al. 2020 ), was
sed. The XB-NEWS pipeline downloads images of targets from
he LCO archive soon after they are taken by the telescopes, and
heir associated calibration data. The pipeline then carries out
uality control steps so that only good quality images are anal-
sed, and produces astrometric solutions for each image using
aia DR2 positions. 2 Aperture photometry was performed on all
etected stars in each image, solving for zero-point calibrations
etween epochs (D. M. Bramich & W. Freudling 2012 ). The AT-
AS All-Sky Stellar Reference Catalog (ATLAS-REFCAT2; J. L.
onry et al. 2018 ) was adopted for flux calibration. Multi-aperture
hotometry (azimuthally averaged PSF profile fitting photome-
ry, P. B. Stetson 1990 ) was also performed for point sources. We
etect GX 339–4 with high significance. Modified Julian Dates
nd Barycentric Julian Dates at mid-exposure were output by XB-
EWS. For the broad-band spectrum, all measurements within
1 . 0 d of JWST were retained and averaged in each filter. 

.2.4 REM 

e observed GX 339–4 in the H band with the 60-cm Robotic
ye Mount (REM) telescope at La Silla (Chile) on 2024 March 10
MJD 60379) under good sky conditions, strictly simultaneously
ith JWST , as part of a monitoring campaign during the ongoing
utburst. Observations were conducted between 06:51:07 ut and
6:53:37 ut and consisted of one set of exposures composed of 
 https://www.cosmos.esa.int/web/gaia/dr2 

https://www.swift.ac.uk/analysis/xrt/digest_cal.php#abs
https://www.cosmos.esa.int/web/gaia/dr2
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Table 2. Results of broad-band spectral fitting with an absorbed, irradi- 
ated, and Comptonized disc, a thermally emitting circumbinary disc and 
radio-emitting jet ejecta power law. 

Component Parameter Units 

Nuclear absorption 
tbabs NH 6 . 8 (± 0 . 2 ) × 1021 cm−2 

Irradiated and Comptonized disc 
diskir kTdisc 0.63 ± 0.01 keV 

� 2.03+0 . 05 
−0 . 04 

kTe 300 f keV 

Lcovr /Ld 4.1+0 . 1 
−0 . 2 × 10−2 

fin 0.28+0 . 02 
−0 . 03 

rirr 1.000+0 . 002 
−0 . 001 

fout 2+3 
−1 × 10−2 

log rout 4.49+0 . 06 
−0 . 07 

norm 2.7+0 . 1 
−0 . 2 × 103 

smedge Eedge 12 . 5+0 . 2 
−0 . 1 keV 

Width W 7 . 9+2 . 0 
−1 . 2 keV 

gauss E 6.56+0 . 07 
−0 . 08 keV 

σ 0.18+0 . 11 
−0 . 09 keV 

norm 1 . 9+1 . 2 
−0 . 6 × 10−4 ph cm−2 s−1 

Circumbinary disc 
bbody kTdust 6.5 ( ± 0.4) × 10−5 keV 

norm 3.0 ( ± 0.3) × 10−6 1036 erg s−1 kpc−2 

Ejecta power law 

cutoffpl � 1 . 58+0 . 03 
−0 . 04 

norm 8+4 
−3 × 10−5 ph cm−2 s−1 keV−1 

X-ray cross-normalization constants 
CFPMA FPMB const 0.97 ± 0.01 
CFPMA SXT const 3 . 97+0 . 04 

−0 . 05 
Gain (SXT)g slope 1.0 f 

offset + 66.2 ± 0.5 eV 

CFPMA LAXPC const 0.83 ± 0.02 
CFPMA XRT const 1 . 28+0 . 01 

−0 . 02 
χ2 /dof 1650.9/1659 

Notes. The full model in xspec notation 
is const ( tbabs ( smedge ( diskir + gauss ) + bbody 
+ cutoffpl )). 
u unconstrained. f fixed. 
g Additional gain offset allowance for AstroSat -SXT as a free variable. 
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ve dithered 30-s integrations, which were combined for optimal 
ackground subtraction. 
We performed aperture photometry using daophot (P. B. 
tetson 1987 ), with an aperture radius of 1.5 times the average
ull width at half-maximum of the flux profiles of the field stars.
lux calibration was performed using the 2MASS catalogue 3 (M. 
. Skrutskie et al. 2006 ). 

.2.5 HAWK-I 

ear-IR photometry in the Ks band was obtained with HAWK-I, 
n IR imager with 2 ×2 Hawaii 2RG detectors mounted at the Very
arge Telescope UT-4 on Cerro Paranal, Chile (J.-F. Pirard et al. 
004 ). The observation ended up being strictly simultaneous with 
WST . 
Data were collected in Fast-phot mode, i.e. reducing the field 
f view to one stripe (2048 x 64 pixels) per detector. This mode
llows to obtain data cubes of 250 frames, each with 0.125 s time
esolution. The instrument rotation and pointing was set to place 
X 339–4 and a bright reference star in the lower quadrant (Q1).
The average source flux was measured through aperture pho- 

ometry with an annular background region, and absolute pho- 
ometry was calibrated against the bright reference star. The av- 
rage flux density was measured to be F2 . 2 μm 

= 0.55 ± 0.05 mJy.
AWK-I’s fast-phot allows very rapid sub-second photometry, 
hich requires dedicated calibration against changing seeing, 
nd will be presented in future work. 

.2.6 AstroSat 

stroSat (K. P. Singh et al. 2014 ) observed GX 339–4 between
024-03-10 10:51:45.5 and 2024-03-12 14:06:46.3 utc (observa- 
ion ID: A13_028T01_9000006122). To capture the broad-band 
volution of the source, the Soft X-ray Telescope (SXT; K. P. Singh
t al. 2017 ) and Large Area X-ray Proportional Counter (LAXPC;
. C. Agrawal et al. 2017 ; J. S. Yadav et al. 2017 ) observed the
ource in fast window (FW) and event analysis (EA) mode, re-
pectively. To verify whether we detect any UV emission from 

he source, we also configured observations with the Ultra Violet 
maging Telescope (UVIT; S. N. Tandon et al. 2017 , 2020 ) using
arious filters in the far-ultraviolet. 
SXT level 2 data for individual orbits were downloaded from 

stroBrowse 4 and merged using the julia tool SXTMerger . To 
itigate core pile-up, spectra were extracted using an annular 
egion confined to 1–4 arcmin. Additionally, light-curve analysis 
howed intervals of 0 counts during some ‘good time’ intervals, 
uggesting data drops during these segments, which were ex- 
luded. The final spectral analysis was conducted with a recom- 
ended 2 per cent systematic error included (e.g. Y. Bhargava 
t al. 2019 , 2023 ). Noticing strong residuals close to 2 keV, we
pplied additional gain corrections, keeping the gain slope fixed 
t 1.0 and varying the gain offset parameter freely. For bright
ources, the standard ARF shows additional residuals, which can 
e mitigated through dedicated modelling, and we utilized the 
RF developed for the SXT observation of the bright transient 
AXI J1820 + 070 (S. Banerjee et al. 2024 ). Since the extraction
egions differ between the observations, this results in strong 
hange in the cross-normalization constant for SXT (Table 2 ). 
 https://irsa.ipac.caltech.edu/Missions/2mass.html 
 https://astrobrowse.issdc.gov.in/astro_archive/archive/Home.jsp 

f  

5

LAXPCsoftware22Aug15 5 (H. M.Antia et al. 2021 ; R.Misra, 
. Roy & J. S. Yadav 2021 ) was used to process level 1 LAXPC
ata, including uniform merging of individual orbits and gain 
orrection, and extraction of spectra and responses. Due to the 
teep spectral slope of the source in the operational energy range
f LAXPC, we extracted the data only from layer 1 of the in-
trument to minimize background contribution. As a result, the 
AXPC spectra are usable only in the 3–20 keV energy range. We
ncluded a recommended 3 per cent additional systematic error 
e.g. Y. Bhargava et al. 2019 , 2023 ). 
Jointly with X-ray observations, UVIT observed the source with 

our FUV filters consecutively, in order: F 148 W (CaF2-1), F 154 W
MNRAS 548, 1–22 (2026)

 http://astrosat-ssc.iucaa.in/uploads/laxpc/LAXPCsoftware22Aug15.zip 

https://irsa.ipac.caltech.edu/Missions/2mass.html
https://astrobrowse.issdc.gov.in/astro_archive/archive/Home.jsp
http://astrosat-ssc.iucaa.in/uploads/laxpc/LAXPCsoftware22Aug15.zip
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M

Figure 2. Radio image of GX 339–4 taken on 2024 March 10 at 9 GHz. 
The green oval denotes the optical Gaia position of GX 339–4, with the 
size of the ellipse equal to the uncertainty on that position. Radio contours 
are

√ 

2 n times the image r.m.s. (25 µJy beam−1 ) and n = 5,6,7,8.... The 
colour bar on the right gives the flux density. The beam is shown in the 
lower left of the image. The black cross marks the position of the resolved 
jet knot from G. Mastroserio et al. ( 2025 ), taken ∼2 months later. There 
is a shift in the radio centroid when compared to the optical position. 
The detected radio source is thus a downstream jet knot, likely from an 
ejection event near the hard → soft state transition. 
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BaF2), F 169 M (Sapphire), and F 172 M (Silica); see S. N. Tandon
t al. ( 2020 ) for filter details. The level 2 processed data were
ownloaded from AstroBrowse and images from each filter were
nspected to identify if the source was detected. Due to a minor
ointing offset between UVIT and SXT (which was the primary
nstrument for the observation as required by the FW mode con-
traint), we verified the astrometric correction and determined
he expected source location using GALEX imaging (D. C. Martin
t al. 2005 ). The source was not detected in any of the filters and
herefore we placed upper limits in the UV bands, which are fully
onsistent with our broad-band modelling discussed below. 

.2.7 ATCA 

he Australia Telescope Compact Array (ATCA) observed
X 339–4 between 2024 March 10 12:40:40 ut and 16:16:50 ut
starting ∼2 h after the final JWST science frame). Data were
ecorded simultaneously at 5.5 and 9 GHz, with 2 GHz of band-
idth at each central frequency. ATCA was in an extended 6 km
onfiguration, providing an angular resolution of � 1 arcsec. We
sed PKS B1934 −638 for bandpass and flux density calibration,
nd the nearby source J1664 −50 for gain calibration. Data were
rst flagged for radio frequency interference before being cal-
brated and imaged following standard procedures within the
ommon astronomy software application ( casa v. 5.3;
ASA Team 2022 ). We used a Briggs robust parameter of 0 and
t for a point source in the image plane. 
Fig. 2 shows the resultant ATCA image at 9 GHz. The detected

adio source does not arise from the core position of GX 339–4;
nstead the detection is shifted from the optical Gaia DR3 position
f GX 339–4 (Gaia Collaboration et al. 2016 , 2023 ) to the west by
1.2 arcsec, along its known jet axis (e.g. E. Gallo et al. 2004 ; S.
orbel et al. 2010 ; G. Mastroserio et al. 2025 ), implying that we are
itnessing emission associated with a jet ejection event – a down-
tream jet knot likely launched near the hard-to-soft state tran-
ition. G. Mastroserio et al. ( 2025 ) presented radio observations
NRAS 548, 1–22 (2026)
aken ∼2 months after our JWST campaign, finding a discrete jet
not separated from the optical core by 2.6 arcsec along the same
irection (marked by the black cross in Fig. 2 ). These facts suggest
 self-consistent scenario whereby the jet knots are the same be-
ween the various radio observations, having travelled further by
he time of the G. Mastroserio et al. ( 2025 ) observations. Assum-
ng an ejection date of Jan 25 when the hard-to-soft transition oc-
urred (45 d prior to our campaign; cf. H. Negoro et al. 2024 ), our
etected offset implies a travel distance of 4.7 ( ± 0.1) × 10−2 pc,
t an average superluminal speed of ≈ 1.2 c . The measured flux
ensities of the detected knot are 1.36 ±0.03 mJy at 5.5 GHz and
.89 ±0.03 mJy at 9 GHz, respectively, consistent with an optically
hin spectral slope from synchrotron-emitting ejecta. Imaging the
adio data on shorter time-intervals to explore intra-observational
ariability, we find the radio flux density to be steadily rising
hroughout the radio observation. 
Due to the presence of this bright ejection, we can only place
eak constraints on the brightness of the radio core. Subtracting a
oint source from the best-fitting position of the ejecta to remove
t, we find a 3 σ upper limit on the flux density at the core position
f 0.25 mJy at 5.5 GHz and 0.15 mJy at 9 GHz. See Section 4.4 for
urther discussion, and full details of the radio (and subsequent
ub-mm) analysis will be presented in Russell et al. (in prepar-
ion). 

.2.8 ALMA 

X 339–4 was observed with the Atacama Large (Sub-)Millimeter
rray (ALMA; Project Code: 2023.A.00018.T) on 2024 March 10
etween 10:55 and 11:49 utc , for a total on-source observation
ime of ∼17 min. Data were taken in Bands 3, 4, and 6 at cen-
ral frequencies of 97.5, 145.0, and 233.0 GHz, respectively. The
LMA correlator was set up to yield 4 × 2 GHz wide base-bands,
ith a 2.0-s correlator dump time. During our observations, the
rray was in its Cycle 10 C1 configuration with 43 antennas. The
edian precipitable water vapour ranged from 3.8 to 4.2 mm
uring the observations. We reduced the data within the casa v.
.2 package (J. P. McMullin et al. 2007 ), using the ALMA pipeline
o calibrate the data. We used J1617–5848 as a band-pass/flux
alibrator and J1650–5044 as a phase calibrator. 
Similar to the ATCA results, we detected a source offset from

he known source position of GX 339–4, indicating a jet ejection.
o extract flux densities of this source, we performed multifre-
uency synthesis imaging with the tclean task within casa ,
sing a natural weighting scheme to maximize sensitivity. Flux
ensities were measured from these images by fitting a point
ource in the image plane (with the imfit task within casa ).
e significantly detect the source at 97.5 and 145.0 GHz, with
ux densities of 0.35 ± 0.03 and 0.26 ± 0.04 mJy, respectively. At
33.0 GHz, however, we achieve only a non-detection with a 3 σ
pper limit of 0.18 mJy. We place conservative constraints of 
 0.15, < 0.1, and < 0.18 mJy at the core position of GX 339–4 at
7.5, 145, and 233 GHz, respectively. 

.3 Reddening 

eddening to the source is somewhat uncertain, with values
panning E(B –V ) ≈ 1.0–1.2 and corresponding extinctions AV 
3.0–4.2mag quoted in the literature (e.g. A. A. Zdziarski et al.
998 , 2019 ; P. Gandhi et al. 2011b ). Estimates based on reddening
f field stars (e.g. J. E. Grindlay 1979 ), on intervening absorption
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Figure 3. Observed MIRI low-resolution spectrum of GX 339–4 during 
the 2024 March soft state. The points denote the median across all inte- 
grations, and error bars denote the standard deviation incorporating back- 
ground and instrumental errors together with intrinsic source variability. 
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omponents (R. I. Hynes et al. 2004 ), and from modelling the
pectrum of GX 339–4 itself (M. Cadolle Bel et al. 2011 ; I. A.
osenkov et al. 2020 ), are all broadly consistent within uncertain-
ies. 
Here, we utilize a nominal extinction value AV = 3.5 mag, but
ith an uncertainty of 	 AV = 0.5 mag propagated through all 
orrections necessary for model fitting, assuming a normal distri- 
ution. The extinction curve wavelength dependence follows the 
idely adopted J. A. Cardelli, G. C. Clayton & J. S. Mathis ( 1989 )
aw over the ultraviolet to optical range, and this is extended 
o the MIR using the recommended interstellar extinction from 

. E. Chiar & A. G. G. M. Tielens ( 2006 ). Dereddening is most
mportant for the optical–UV regime. In the MIRI range, the flux
orrection factors for GX 339–4 are much milder, with an average 
alue of 1.2, and peaking around 1.4 near 10µm. The adopted 
xtinction curve is also tabulated in the Appendix B for reference, 
nd a tabulated version of the broad-band data corrected for ab- 
orption can be found in Appendix C . 
One caveat to note is that the inferred gas column density

hat we derive later from the X-ray analysis ( NH ≈ 7 × 1021 cm−2 ; 
ee Section 3.2 ) suggests somewhat smaller optical extinction of 
V ≈ 2.4 mag using recent gas-to-dust absorption-to-extinction 
onversion relations (e.g. A. Bahramian et al. 2015 ; D. R. Foight
t al. 2016 ). This would not reduce the accretion disc reprocessing
nferred in the optical, but would not impact the MIR corrections
ignificantly. 

 RESULTS  

.1 MIRI spectral-timing 

X 339–4 is detected with MIRI at flux densities spanning 0.5–
.3 mJy across the wavelength range of 5–10µm. The median 
pectrum, shown in Fig. 3 , can be characterized by a simple
ower-law with exponent αobs 

MIRI = + 0.39 ± 0.07 (with flux density 
ν ∝ ναobs MIRI ). The spectrum is featureless to within uncertainties, 
ith no significant emission or absorption features. By artificially 
njecting emission lines, we estimate a line flux upper limit of 
 4 × 10−16 erg s−1 cm−2 near λ = 7.5µm, the wavelength of the 
ydrogen Pfund(6–5) emission line – one of the strongest recom- 
ination emission lines expected in the MIRI range. 
Extracting light curves, the source is found to be significantly 
ariable. Fig. 4 shows this, with the time-series photometry split 
y wavelength. The observed stochastic variations are qualita- 
ively different to those seen during the hard accretion states 
f the source at other wavelengths – the overall variability is 
amped w.r.t. the hard state, and there is an absence of ob-
ious strong flares and characteristic quasi-periodicities (cf., P. 
andhi et al. 2010 , for comparison). The strength of time-series
ariability can be characterized by the excess r.m.s. of vari- 
bility amplitude above statistical noise (cf. S. Vaughan et al. 
003 ). Utilizing this formalism for different portions of the MIRI
pectrum, we find a mean excess r.m.s. value of 0.04–0.05 (4–
MNRAS 548, 1–22 (2026)
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Figure 5. MIRI spectral-timing properties. (a) The excess fractional vari- 
ability r.m.s. of the MIRI data as a function of wavelength (filled black 
circles), compared to that of the background (empty brown circles with 
dashed curve) and that of WISE hard state observations from 2010 (grey 
empty squares with dotted lines; P. Gandhi et al. 2011b ). The soft-state 
MIR r.m.s measurement is clearly significant, but substantially weaker 
than in the hard state. (b) The PSD of the white-light time series, with a 
power law (slope = –1.58 ± 0.14) plus constant fit overplotted (the dotted 
black lines denote the two model components, and the red solid curve is 
their sum). (c) CCFs between the respective annotated light curves and 
the shortest wavelength 5–6µm light curve (used as a baseline reference). 
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 per cent) across most of the spectral range, as shown in Fig.
 . Bootstrapping the full light curve yields a mean and uncer-
ainty of r.m.s. = 4.7 ( ± 0.1) × 10−2 . Though there appears to
e a slight rise towards the red end, we caution that systematic
ncertainties in the MIRI pipeline may be underestimating the
ong-wavelength noise, so this should be treated with caution
see more extensive discussion and appendix in P. Gandhi et al.
025 ). Irrespective, the figure shows that the r.m.s. is well above
hat measured in the background. Also overplotted are the r.m.s.
easurements from the bright 2010 hard state as observed by
ISE in the W 2 (4.6µm) and W 3 (12µm) filters (P. Gandhi et al.
011b ). 6 
Stochastic variability can be characterized by its Fourier power
pectral density (PSD), shown in panel (b) of the same figure for
he white-light data as being approximately representative across
avelengths. At high frequencies, the PSD flattens to a constant
alue, characteristic of white-noise. We fitted the PSD with a
ombination of a simple power-law–plus–constant as a function
f Fourier frequency f , finding an acceptable fit with slope β = –
.58 ± 0.14 (Power Pf ∝ f β ). To our knowledge, this is the first
eported PSD of a transient XRB in the MIR, so comparisons with
revious measurements do not exist. In the NIR and red optical
lters, however, the hard state PSDs are generally flatter, indica-
ive of fast flickering activity (P. Casella et al. 2010 ; P. Gandhi et al.
010 ; J. A. Paice et al. 2019 ; F. M. Vincentelli et al. 2019 ), which
s absent here. 
The light curves in Fig. 4 show excellent correspondence across
ll wavelengths. This is confirmed through a cross-correlation
unction (CCF) analysis, which correlates two light curves as
 function of time lag. Panel (c) in Fig. 5 shows high CCF
eak values at zero lag, demonstrating the close match between
ands with no significant delay. The longer wavelength CCFs are
arginally asymmetric, showing a skew to long delays of ≈ 500 s,
ut this is too subtle to be robustly interpreted without more ded-
cated analysis, especially given the aforementioned systematic
ncertainties and rising statistical noise issues towards the red. 

.2 Broad-band spectral energy distribution 

he observed broad-band spectral energy distribution (SED) is
hown in Fig. 6 . Our collated data span approximately nine or-
ers of magnitude of the electromagnetic spectrum from radio
o X-rays, comprising a rich multiwavelength soft-state coverage.
he intrinsic continuum is dimmed by reddening and obscura-
ion from the MIR to X-rays. When dereddening the optical to
ear-IR (ONIR) range using the prescription from Section 2.3 ,
he ONIR slope approximates a simple power law with αONIR =
 1.80 ± 0.15, consistent with the long-wavelength tail of opti-
ally thick emission (Fig. 7 ). Dereddening corrections have only
 small impact on the MIRI band, resulting in a corrected slope
MIRI = + 0.36 ± 0.07. By contrast, the radio-to-sub-mm power
aw associated with the extended ejecta is optically thin, with
xponent αejecta 

RS = –0.57 ± 0.03. 
These observations occurred during an X-ray bright soft state,
hen disc emission is expected to be prominent. G. Mastroserio
t al. ( 2025 ) have presented such a fit incorporating a Kerr disc,
hermal Comptonization, and other narrow features to model the
-ray continuum. Our modelling is qualitatively similar to theirs,
NRAS 548, 1–22 (2026)

 Note that WISE sampling was far more sparse than MIRI, comprising 13 
pochs over a period of ≈ 24 h. 

The excellent match between the wavelengths is apparent. 



Mid-IR spectral-timing of GX339–4 9

10 12 14 16 18
ν (Hz)

0.001

0.01

0.1

1

10

100
F

lu
x 

 d
en

si
ty

  F
ν 

(m
Jy

)
2024 Soft State

10 12 14 16 18

 

 

 

 

 

 

2010 Hard State

Figure 6. Observed broad-band SED during the 2024 soft state in flux density units ( left ), compared to the hard state 2010 SED in grey ( right ). 
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instrumental cross-calibration removed for display. The instruments used are described in Section 2 and in Appendix A . The unfilled green circles in the 
radio and sub-mm on the left show the extended ejecta emission, with arrows denoting 3 σ upper limits at the core. For full details on the 2010 hard state 
data shown on the right, we refer the reader to P. Gandhi et al. ( 2011b ). 
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(dereddened) H-band flux density quoted in M. Heida et al. ( 2017 ), though this does not dominate any portion of the SED. Finally, a cut-off power law is 
fitted to the extended radio/sub-mm ejecta detections in green. The corresponding green arrows denote the upper limits to the radio/sub-mm emission 
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xcept that we are here interested in covering the full SED includ-
ng energies much lower than X-rays alone. We thus attempted 
 diskir model fit, which combines a standard multicolour 
isc (K. Mitsuda et al. 1984 ) with a Comptonized high-energy
ail that irradiates both the inner and outer disc regions. The
rradiated outer disc reprocesses this emission to the OIR, in a
anner consistent with its local temperature and the reprocess- 
ng fraction (M. Gierliński, C. Done & K. Page 2009 ). This combi-
MNRAS 548, 1–22 (2026)
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ation allows joint modelling of the X-rays and the ONIR regime.
he primary fits were conducted in the xspec package (K. A.
rnaud 1996 ), using Levenberg–Marquardt minimization, and
uoted confidence ranges for the SED fit are 90 per cent intervals
orresponding to 	 χ2 = 2.71 for one parameter of interest. The
raction fout of the inner disc radiation, which is reprocessed into
he OIR, is fout = 7.9+15 . 8 

−5 . 1 × 10−3 . The outer disc radius ranges
ver sizes of 104 . 4 −4 . 6 times the inner disc radius. Comptonization
f disc photons to higher energies accounts for the weak high-
nergy X-ray tail seen in NuSTAR . The observed (absorbed) X-ray
ux of this model fit is F2 −10 keV = 2.2 × 10−9 erg s−1 cm−2 , with
he 10–100 keV hard X-ray flux being 10 times weaker. 
The MIRI spectral slope is not consistent with such an irradi-
ted disc, and we will discuss its origin in the following section,
long with full model parameters for the combined multiwave-
ength fit. Here, we simply note that the secondary star is pro-
osed to be of spectral type K2III (M. Heida et al. 2017 ), with a
eak in the ONIR regime, and with only a minor flux contribution
o the MIRI band of at most a few per cent. 

.3 Multiwavelength variability 

t least two of the data sets with time series measurements in
ur campaign were able to be coordinated strictly simultaneously
ith the MIRI observation: NuSTAR and LCO in the i′ band. The
espective light-curve segments spanning the JWST window are
hown in Fig. 8 . X-ray variability is typically suppressed during
he soft states of XRB outbursts, and we found an upper limit of 
nly 0.02 to the fractional r.m.s. of the NuSTAR light curve. 
By contrast, the i′ band shows significant fluctuations, with a
ualitatively similar trend to that seen in MIRI: there is a rise near
NRAS 548, 1–22 (2026)
he beginning of the observing window, followed by a fall in the
ean level by a few per cent and then a slight rise towards the end
gain. The i′ fractional r.m.s. is measured to be 2.0 ( ± 0.5) × 10−2 .
In order to quantify the relationship between the LCO and
IRI bands, we cross-correlate the two light curves. Specifically,
e utilize discrete correlation function (DCF) analysis, which
easures the degree of linear correlation while allowing for non-
niform time sampling (R. A. Edelson & J. H. Krolik 1988 ).
oth sets of light curves were transformed to the common Solar
ystem Barycentric Dynamical Time (TDB) frame before cross-
orrelating. We note that LCO timing is GPS-controlled, and the
bsolute timing accuracy of JWST has been validated to be within
he demands of lag measurement relevant here (A. W. Shaw et al.
025 ). 
Fig. 9 shows the DCF result. The peak lag at a few hundred sec-
nds indicates the presence of a time delay with the MIR lagging
ehind i′ by ≈ 750+1100 

−350 s, and uncertainties based on bootstrap
esampling. As will be discussed in the following sections, this lag
s too long to be easily explained by any of the physical scenarios
e believe to be relevant in this system. Furthermore, testing for
ags using different segments of the data does not yield consistent
esults on the lag estimate. 
The sparse time sampling, particularly in the optical, raises the
ossibility of a spurious signal arising from chance coincidence
midst stochastic variability. In order to test this hypothesis, we
onducted simulation tests of the DCF significance by using ran-
omized light curves. An ensemble of 5000 light curves were
reated with the red-noise generation algorithm of J. Timmer
 M. König ( 1995 ) and the MIRI periodogram from Section 3
s a baseline. These light curves match the statistical properties
f the MIRI data while being completely uncorrelated with our
bserved data. Thus, the mean DCFs of these randomized MIRI
ight curves with the LCO data should result in zero mean cross-
orrelation, and their scatter will be informative of the signifi-
ance of any particular DCF value. Fig. 9 shows the result of 
his test as the dotted and dashed contours, representing the 68
er cent and 90 per cent confidence scatter among our 5000 ran-
om DCFs. This test demonstrates that DCF values as large as the
eak seen in our data can arise by coincidence, with our confi-
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ence limited to no more than ≈ 90 per cent. Thus, any inference
f a lag here should be treated with caution. 
Finally, we note that there are two additional simultaneous 
ata sets that require some dedicated analysis and will be pre-
ented in follow-up works. The NICER camera aboard the In- 
ernational Space Station (Z. Arzoumanian et al. 2014 ) observed 
he source at the same time as MIRI (Obs ID 7702010121), but
he observation was conducted during orbit daytime , and thus 
equires custom processing to ensure appropriate screening and 
nalysis. In addition, there are HAWK-I NIR timing data, which 
lso require dedicated analysis. Both of these will be presented in
 follow-up work focused on the multiwavelength timing proper- 
ies of the source. 

 DISCUSSION  

he unabsorbed bolometric luminosity of GX 339–4 during 
he observed state is dominated by the diskir model, 
Bol = 1.2 × 1038 (d/8 kpc )2 erg s−1 . The corresponding Ed- 
ington fraction is LBol / LEdd = 0.15 (d/8 kpc )2 (MBH /6 M�)−1 . 
hese estimates are nearly identical to the source power dur- 
ng the WISE observations of the 2010 hard state for the
ame assumed MBH , though the spectrum peaked in higher en- 
rgy X-rays at that time (P. Gandhi et al. 2011b ). The 2010
road-band SED is overplotted in Fig. 6 in grey. The MIR
and fluxes are separated by ≈ 2.5 dex between the two cam- 
aigns, a difference larger than in any other portion of the
pectrum. Radio fluxes are lower in the 2024 soft state by 
t least 1 dex, with the monochromatic ejecta luminosity of 
Lejecta ν (5 GHz) = 5.7 × 1029 erg s−1 , and the upper limit on the
ore being even lower, νLcore ν (5 GHz) < 1.0 × 1029 erg s−1 . Strong
uenching of the jet in the soft state can easily account for these
hanges. Pronounced soft state jet decrements have previously 
een reported in the radio for 4U 1957–11 (T. J. Maccarone et al.
020 , up to 1500–3300 ×), MAXI J1535–571 (T. D. Russell et al.
020 ), and Swift J1753.5–0127 (A. P. Rushton et al. 2016 ), among
thers. 
What, then, is the origin of the mid-IR continuum observed 
y MIRI? There was no detectable core jet activity during our
ampaign, with the radio and sub-mm detections reflecting resid- 
al ejecta emission from earlier in the outburst (Russell et al. 
n prepation). The MIR slope αMIRI matches neither αONIR nor 
ejecta 
RS , so the MIRI continuum cannot be connected seamlessly 
t either end. We consider several possible physical scenarios for 
he original of the MIR emission below. 

.1 Circumbinary disc? 

hermal emission from dust with characteristic temperatures of 
 few hundred Kelvin contributes copiously to the IR emission 
f active galaxies. The possibility of dust emission peaking in 
IR XRB observations has previously been raised, where it has 
een attributed to a putative CBD (M. P. Muno & J. Mauerhan
006 ). Such discs may be the result of fallback of ejecta from
he progenitor supernova, or owe their origin to outflows as part
f the accretion–feedback cycle of the compact object. Sensitive 
bservations such as ours, which are not strongly impacted by 
right non-thermal jet emission, provide an excellent opportunity 
o test this scenario. 
We included a single-temperature blackbody model in our 
road-band SED fit to test for any putative CBD component. Both
ts temperature and normalization were left free to vary. This was 
tted to the broad-band data in conjunction with the absorbed 
iskir component, using xspec as before. A simple cut-off
ower law was additionally included to account for the radio–
ub -mm regime; this represents the ejecta emission and does not
ignificantly impact on the IR fit. The complete set of fitted model
arameters are listed in Table 2 , and the resultant SED is shown
n Fig. A2 . 
An acceptable fit with TCBD = 748+50 

−46 K was found. 
he blackbody flux is 2.5 × 10−13 erg s−1 cm−2 , or 
CBD = 1.9 × 1033 (d/8kpc )2 erg s−1 , which implies an emitting 
adius rCBD = 3 × 1012 

√ 

(4 π/ �) cm, with � being the effective 
olid angle of the emitting CBD surface. For a binary separation
 ≈ 12 R� this radius corresponds to 3.7 × a at minimum. CBDs
re subject to tidal disruption which, for a circularized binary 
ith separation a , occurs at a inner radius rCBD ≈ 1.7 a (P.
rtymowicz & S. H. Lubow 1994 ), so the inferred radius is not
n conflict with the tidal disruption radius. Stated systematic 
ncertainties on the binary separation are approximately 10 
er cent (A. A. Zdziarski et al. 2019 ). 
At face value, a CBD is an attractive interpretation of the MIRI
pectrum. CBDs may encourage accretion on to the central en- 
ine (M. P. Muno & J. Mauerhan 2006 ), 7 so the presence of a
BD could naturally explain the frequent outbursting behaviour 
f GX 339–4. This cannot, however, easily explain the observed 
ultiwavelength variability. The dynamical time-scale of a CBD 

an be written as 

dyn = 2 π

√ 

r3 CBD 
GM 

(1) 

≥ 12 . 3
(

rCBD 
3 × 1012 cm 

)3 / 2 (7 . 1 M�
Mtot 

)1 / 2 

d . 

ny viscous or other time-scales are expected to be longer still, by
actors of α−1 

eff , the effective viscosity parameter. We also note that
mall solid angles �, as expected for CBDs, could easily push rCBD 
o be much larger still. Thus, we do not expect substantial CBD
ariability on timespans of a few thousand seconds, as observed 
n our MIRI light curves. Finally, a combination of an irradiated
uter disc and a CBD (say) would be expected to produce a larger

′ variability r.m.s than in MIRI – this is opposite to what we
bserve. Thus, a CBD appears unlikely. Our SED fit can then be
onverted to an upper limit on the mass of any putative CBD
ominating the MIR emission; using identical formalism and 
ssumptions to P. Gandhi et al. ( 2011a ), we find Mdust < 1023 g,
hich, for a standard dust:gas ratio, translates to a total (gas) mass
CBD < 1.0 × 1025 g, or 5 × 10−9 M�. 

.2 Wind reprocessing? 

he presence of MIR winds has been inferred in two other black
ole XRBs observed by JWST . GRS 1915 + 105 shows evidence of 
 prolific, albeit transient, failed wind in its ‘X-ray obscured’ state
P. Gandhi et al. 2025 ). In A 0620–00, the presence of a wind
as been inferred from the detection of likely bremsstrahlung 
mission in its quiescent state at an accretion rate which is orders-
f-magnitude lower (Z. Zuo et al. 2025 ). 
Equatorial X-ray winds are typical of soft-state outbursts in 
RBs (G. Ponti et al. 2012 ), and GX 339–4 itself is also known
MNRAS 548, 1–22 (2026)
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o host a wind in the soft state as inferred from X-ray (J. M.
iller et al. 2004 ) and optical spectroscopy of the source (A.
mbrifi et al. 2025 , building on prior works including R. Soria,
. Wu & H. M. Johnston 1999 ; K. Wu et al. 2001 ; F. Rahoui, M.
oriat & J. C. Lee 2014 ). The characteristics of the MIRI spec-
rum are, however, not easily ascribable to a wind. Optically thin
remsstrahlung should produce a nearly flat spectral continuum,
s seen in GRS 1915 + 105. For an optically thick constant mass
utflow rate, instead, the frequency dependence scales as v2 / 3 
A. E. Wright & M. J. Barlow 1975 ). Our inferred MIRI slope of 
MIRI = + 0.36 ± 0.07 fits neither of these. Accounting for contam-
nating emission from the donor star or accretion disc would not
elp to alleviate this discrepancy. Furthermore, bremsstrahlung
ould overpredict the observed radio power, unless there is an
dditional spectral break between the ALMA and JWST band. 
A wind could also provide an explanation for the long IR lag rel-
tive to the optical, if this lag is real (cf. discussion and simulation
ests in Section 3.3 ). This is because the recombination time-scale
 trec ) within a gaseous windy medium can be estimated as 

rec ∼ 800 α−1 
B 

(
nH 

5 × 109 cm−3 

)−1 
s , (2) 

here αB is the recombination coefficient with a value
2.5 × 10−13 cm3 s−1 for temperatures typical of recombining
inds (D. E. Osterbrock & G. J. Ferland 2006 ), and nH is the gas
ensity in the wind medium, a time-scale not dissimilar to the
utative long lag. 
However, we do not see evidence of recombination emission

ines that may be expected from such a wind. In Section 3 , a flux
imit of F lim 

Pfα � 4 × 10−16 erg s−1 cm−2 was placed on the presence
f H(6–5) Pf α – among the brightest emission lines in the MIRI
egime. Using the H α equivalent width W = 10.5Å reported
y A. Ambrifi et al. during the 2021 soft state as a template to-
ether with our measured optical SED continuum, we predict a
ereddened H α emission-line flux of FH α ≈ 10−13 erg s−1 cm−2 at
he time of the MIRI campaign. This, in turn, predicts an H(6–
) flux at λ = 7.5µm of Fpred 

Pfα ≈ 2 × 10−15 erg s−1 cm−2 under
tandard Case B photoionization conditions (D. G. Hummer &
. J. Storey 1987 ). Continuum uncertainties, including reddening
orrections, are approximately a factor of 2. This predicted flux is
bout a factor of 5 larger than the actual detection limit, arguing
gainst recombination. 
One way to circumvent these limitations and allow for an MIR
ind is if the H α line were primarily driven by another process
e.g. disc irradiation), with only a small proportion originating in
he wind. Another way to ‘hide’ lines from the wind would be to
oost the gas density nH by several orders of magnitude to make
he wind optically thick, but this would push its mass-loss rates
p unrealistically. 8 
In summary, even if a wind does exist in the soft state of 
X 339–4, we do not see any smoking-gun signatures of it in
he MIRI band. Future observations should target simultaneous
igh-resolution ONIR spectroscopy in order to conduct direct
earches for wind signatures. There are also two hydrogen re-
ombination edges expected to exist around 5.8µm ( n = 8) and
.4µm ( n = 9), which could be searched for with higher S/N
pectroscopy. 
NRAS 548, 1–22 (2026)

 Related discussions on high mass-loss rates inferred from the MIRI ob- 
ervations of GRS 1915 + 105 can be found in P. Gandhi et al. ( 2025 ). 

w  

c  

M  

t

.3 Synchrotron from a hot flow overlying the disc? 

n alternative means to power the IR emission is via synchrotron
mission from the hot electron population in the inner accre-
ion flow also responsible for producing the hard X-rays (e.g.
. Veledina, J. Poutanen & I. Vurm 2013 ). The same hot flow
as previously been considered to subsume the role of a jet base
S. Markoff, M. A. Nowak & J. Wilms 2005 ), though we do not
bserve extended/ continuous jet emission typically associated
ith the hard state here. 
Such hot flow models are not generally available for fitting
ithin xspec . However, the essential predicted spectral shape
f these models is a featureless and relatively flat continuum over
 moderate range of wavelengths, breaking at low frequencies
hen the overall self-absorption optical depth becomes larger
han unity. Such a shape can thus mimic spectral breaks inferred
rom other processes, such as the CBD component from the pre-
ious section, which can now be replaced by synchrotron with a
elf-absorption cut-off at low frequencies. At higher frequencies,
his model shows a flat flux density up to some undetectable
ooling break swamped underneath the accretion disc emission.
etailed predictions would rely on a far better understanding of 
he geometry of this emitting medium in the soft state, but toy
odels can be used to make a feasibility test. 
We start by assuming that the hard tail in the X-rays is from disc
omptonization in the hot plasma, and the IR emission arises
rom synchrotron generated by the same electrons. We can then
quate the synchrotron power and that emerging from Comp-
onization to the respective magnetic and seed photon energy
ensities LSync 

LCompton 
= UB 

Uph 
. If we model this coronal medium as a disc

ith height h and radius rC , then Uph will be Ldisc 
πr2 C c 

, where Ldisc is
he total luminosity of the seed disc photons and c is the speed
f light. The value of h cancels, because the volume is linearly
roportional to h , as is the time photons spent in the corona. We
an then solve this for the magnetic field and find 

 =
√ 

8 (LSync /LCompton ) Ldisc 
r2 C c 

. (3) 

 characteristic size scale of the corona may be estimated from
quation (1) of A. Veledina et al. ( 2013 ), for photons emitting opti-
ally thin synchrotron at ν ∼ 1014 Hz and an electron temperature
f 300 keV, as fixed for our broad-band fit (Table 2 for the high-
nergy power-law tail): 

min 
C = 1 . 5 × 108 

√ (
LSync 

1033 erg s−1 

) ( ν

1014 Hz 

)−3 ( kTe 
300 keV 

)−1 
cm . (4) 

etting rC = rmin C and taking LSync /LCompton = 10−3 (an estimate
ased on the ratio of the hard X-ray flux to the MIR flux), we find
hat B ≈ 3 . 4 × 104 G. 
Here, we have assumed that the MIRI band probes synchrotron
mission near the self-absorption (SSA) break, as Fig. 7 indicates.
n independent estimate of the B field is possible from the po-
ition of this break, for which we take νSSA = 1014 Hz in the
ormulation presented by A. P. Marscher ( 1983 ): 

SSA = 3 . 1 × 104 
(

b 
3 . 5 

) ( νSSA 

1014 Hz 

)5 ( Fν, SSA 

0 . 7mJy 

)−2 ( R 
1 . 5 × 108 cm 

)4 

G 

(5) 

here b is a constant, taken to be 3.5 based upon a typical syn-
hrotron optically thin spectral slope α = –0.7 (cf. table 1 of A. P.
arscher 1983 ). This estimated B field is encouragingly similar
o that obtained from energy density arguments (equation 3 ). 
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With our inferred size, we can also consider the variability of 
he system. The viscous time-scale of a thin accretion disc, which 
s likely powering the corona, is given, from J. Frank, A. King &
. J. Raine ( 2002 ), by 

visc = 1 . 6 × 103 
( α

0 . 3 

)−4 / 5 ( Ṁ 

1018 g / s 

)−3 / 10 ( MBH 

6M�

)1 / 4 ( rC 
108 cm 

)5 / 4 
s . (6) 

his time-scale is of the same order as the characteristic time-
cale of MIRI variability. A model SED qualtitatively satisfy- 
ng these criteria is presented in Fig. 7 , with radii extending
ver r = (0.1–1.5) × 108 cm ( ≈ 10–170 gravitational radii RG ), 
 = 3 × 104 G, with a uniform B field, optical depth τ ∝ r−2 , and a
uminosity matching that in the MIRI band. The plasma Lorentz 
actor ( γ ) distribution follows a power-law distribution expected 
rom shock acceleration with N(γ ) ∝ γ p with p = –2.5, and a
pace density at the outer radius of the hot flow of ne ≈ 1015 cm−3 .
his model can thus self-consistently account for both the MIRI 
iming properties as well as the MIR spectrum. 
There are a few caveats to note. First, the model requires the
resence of an extended synchrotron emitting medium in the 
oft state. The same medium is presumably responsible for the 
omptonized emission we see in the X-rays and can constitute an 
xtended corona or disc ‘atmosphere’ sandwiching the accretion 
isc, as supported by recent polarimetric observations with the 
XPE mission (e.g. H. Krawczynski et al. 2022 ; A. Veledina et al.
023 ; A. Ingram et al. 2024 ; J. Podgorný et al. 2024 ; M. Ewing
t al. 2025 ; G. Mastroserio et al. 2025 ). In this picture, our results
re the first to probe the physical conditions of this medium
irectly in the IR. Another apparent coincidence for this scenario 
o work is the requirement for the SSA break to lie in the MIRI
and, straddling frequencies very similar to those inferred for 
he optically thick-to-thin break associated with the hard-state jet 
ase (P. Gandhi et al. 2011b ; D. M. Russell et al. 2013 ), despite
ramatic changes in flux and timing properties between the two 
tates (Fig. 6 ; P. Gandhi et al. 2008 ; P. Casella et al. 2010 ). Finally,
e note that the compact size scales and high ionization fractions
nherent to such a coronal medium cannot accommodate the long 
IR lag tentatively identified in Section 3.3 (though the veracity 
f said lag remains questionable). 
We note that a stronger synchrotron contribution to the op- 

ical and near-IR regimes has been proposed for MAXI J1828–
49 (S. A. Grebenev et al. 2016 ). For GX 339–4 instead, the MIR
and is the only portion of the spectrum where the synchrotron
omponent dominates the broad-band SED (Fig. 7 ), and we have 
xplored the limits of what the present data allow. Further tests
ould come from longer time sampling, or probing far-IR wave- 
engths (a gap in our current coverage between MIRI and ALMA),
s we discuss later. 

.4 Episodic compact jet activity in the soft state? 

ecent intensive radio and X-ray monitoring campaigns have re- 
ealed evidence of transient compact jet reignition episodes in the 
oft states several XRBs (T. D. Russell et al. 2019 ; A. K. Hughes
t al. 2025 ; F. Carotenuto et al. 2026 ). In one of the most recent
tudies on BHXB MAXI J1348–630, for example, F. Carotenuto 
t al. ( 2026 ) reported that renewed compact jet activity coincided
ith an excursion to the hard-intermediate state together with a 
mall but significant rise in X-ray variability r.m.s and weak hard
-ray spectral tails. We did not detect significant X-ray variability 
uring our soft-state campaign on GX 339–4, although our obser- 
ations lacked the X-ray timing sensitivity of NICER available to 
. Carotenuto et al. 
We do detect a hard X-ray spectral tail (Section 3.2 ). And the
IRI power-law spectrum (with slope αMIRI = + 0.39 ± 0.07), 
hen extended down to the radio and sub-mm regime is fully
onsistent with the current core radio and sub-mm detection 
imits, as illustrated in Fig. A2 . This raises the question of whether
ransient compact jet activity could also have occurred during our 
oft-state observation. 
It is impossible to rule out such a model without core

adio/sub-mm detections. However, we find that the same power- 
aw model mildly overpredicts the NIR flux by a factor of ∼ 2
hen extrapolated to the Ks band (Fig. A2 ), unless a sharp spectral
ut-off occurs in either the compact jet or the irradiated disc com-
onents. Furthermore, the observed multiwavelength variability 
s not immediately consistent with this scenario. In the internal- 
hock model, the variability characteristics of the compact jet are 
riven by the seed X-ray seed photons that feed the jet (J. Malzac
013 ). Our MIRI characteristic r.m.s amplitude is, instead, much 
tronger than that observed in X-rays (Section 3.3 ), though we do
ot have enough count statistics in the hard tail alone to isolate
ny coronal variability from that of the disc. 
Finally, we note that the possibility of ‘dark’ jets with low radia-

ive efficiency in the soft state has previously been postulated by S.
rappeau et al. ( 2017 ), but with a very different prediction of the
adio versus IR spectral shape to that of our soft-state observation,
o this does not appear to be a viable alternative either. 
In short, the current data are not immediately consistent with 

et emission scenarios, though we cannot rule out transient com- 
act jet activity without deeper radio/sub-mm detections. This 
otivates searches for such detections during future outbursts, 
ogether with any power-law signatures bridging wavelengths be- 
ween the MIRI and sub-mm bands. 

.5 Archival Mid-IR detections of GX 339–4 

ig. 1 shows that GX 339–4 has been observed at several histori-
al epochs with MIR-sensitive facilities. Some of these data sets, 
specially the Spitzer observations, have not been reported in the 
iterature thus far. While attempting to pin down the origin of the
IRI emission, we returned to these historical data sets to see if 
hey could shed further light on our investigations. 
Table 3 lists detections of GX 339–4 using all observations from

he Spitzer Heritage archive. Where fluxes were unavailable, we 
easured these ourselves from the Level 2 post-BCD mosaic im- 
ges using aperture photometry and corrections as described in 
he Spitzer analysis handbooks. Systematic uncertainties on the 
hotometry were estimated by varying the sizes and locations of 
he source and background apertures. The table shows quiescent 
etections in 2005 and 2014, together with one early detection in
he soft state from 2004 (J. A. Tomsick et al. 2004 further classified
his as a ‘steep power-law’ state). 
The table shows that the MIR flux density of GX 339–4 always
ottoms out around ≈ 0.15–0.2 mJy, to within uncertainties. Qui- 
scent flux measurements are within a factor of ≈ 2 of our soft
tate detection, though the source undergoes brightening by or- 
ers of magnitude during the intervening hard states. Unless this 
s a coincidence, it requires a source that is stable and unrelated
o the standard outer disc, to a hard-state compact jet, as well as
o the companion star (cf. Fig. 7 ). 
It is worth checking the immediately surrounding field of 
X 339–4 for any contaminants. The nearest (and brightest 
MNRAS 548, 1–22 (2026)
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M

Table 3. Newly measured MIR flux densities of GX 339–4 in archival Spitzer observations. 

Date Mission/Band Flux density State 
utc mJy 

2004 Aug 20 Spitzer MIPS 24 0.14 ± 0.04∗ Soft/Steep power-law state 
2005 Sept 04 Spitzer MIPS 24 0.19 ± 0.03 Quiescence 
2014 June 08 Spitzer IRAC 3.6 0.22 ± 0.02 Quiescence 
2014 June 08 Spitzer IRAC 4.5 0.18 ± 0.03 Quiescence 

Note.∗see also initial report by J. A. Tomsick et al. ( 2004 ). 

Figure 10. X-ray (0.5–10 keV) versus mid-IR (8µm) monochromatic luminosity for a sample of MIR-detected black hole XRBs. The red, blue, and green 
colours are for sources in the quiescent, hard, and soft states, respectively, with GX 339–4 highlighted as a larger star. Lines of constant IR/X-ray flux ratio 
are denoted in dotted orange. Source names are abbreviated for clarity. The shaded ellipses denote the 2 σ covariance regions for the respective states. The 
plot shows the distinct regimes occupied by sources in the three states. The soft state is typically orders of magnitude more luminous than quiescence in 
X-rays, whereas in the MIR the contrast between the states is only ∼ 1 dex, or even smaller. 

w  

t  

e  

t  

w  

r
M  

t  

≈  

i  

o  

e  

9

c  

s  

l  

e

4

I  

h  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/548/2/stag619/8566295 by Southam
pton U

niversity user on 01 June 2026
ithin ≈4 arcsec) star is Obj_ID 3 333 279 450 787 716 846 from
he Dark Energy Camera Plane Survey (DECaPS2; E. F. Schlafly
t al. 2018 ; A. K. Saydjari et al. 2023 ), which lies 1.03 arcsec to
he north-west of the Gaia DR3 optical centroid of GX 339–4,
ell within the nominal Spitzer PSF of ≈ 2 arcsec. The DECaPS2-
eported reddest filter ( Y -band) flux density is 3.0 ( ± 0.2) × 10−8 

gy. 9 Assuming a late spectral class (K, say) and similar extinc-
ion correction to GX 339–4, this flux density could account for
0.6 × the Spitzer IRAC 3.6 and 4.5µm quiescent fluxes listed

n Table 3 . Contaminations fractions reduce steeply to only ≈ 0.1
f the Spitzer /MIPS 24µm band quiescent flux density. These
stimates imply that contamination by close neighbours may ac-
NRAS 548, 1–22 (2026)

 Maggies ( https://www.sdss3.org/dr8/algorithms/magnitudes.php ). 

a  

I  

a  

s

ount for a substantial fraction of the Spitzer quiescent fluxes at
horter MIR wavelength but not at the long end. JWST ’s excel-
ent spatial resolution rules out any contamination to our MIRI
xtraction. 

.6 The MIR versus X-ray luminosity parameter space 

n Fig. 10 , we collate X-ray and MIR detections of transient black
ole XRBs in the quiescent, hard, and soft accretion states, in an
ttempt to identify any underlying trends between these bands.
n addition to the analyses presented herein, the data come from
rchival studies described in Appendix E and Table A3 . Other
alient details can also be found therein. 

https://www.sdss3.org/dr8/algorithms/magnitudes.php
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Quiescent detections in Fig. 10 are clustered around 
MIR /FX −ray ∼O(1) . 10 Hard-state sources show the highest LX −ray 
nd LMIR values. There is a well-known fundamental plane in 
RBs coupling the radio and X-ray fluxes, and extending from 

he hard outburst down to quiescence seamlessly for a group 
f objects on the so-called ‘radio-loud’ branch, which includes 
X 339–4 (e.g. S. Corbel et al. 2003 , 2013a ; R. M. Plotkin et al.
012 ; E. Gallo et al. 2014 ; E. Tremou et al. 2020 ). A simple linear
egression fit to our quiescent sources with the form 

og 
(

νLν, 8 μm 

1032 erg s−1 

)
= α + β log 

(
L0 . 5 −10 keV 
1032 erg s−1 

)
(7) 

ields the best-fitting parameters of α = 0.07 ± 0.19 and 
= 0.53 ± 0.04 for the three quiescent and hard state detections
f GX 339–4 alone. Interestingly, the slope β matches that ob- 
ained when fitting only the quiescent-state sources (for which 
e find α = 0.14 ± 0.20 and β = 0.59 ± 0.18). With the small
umber of sources included, these fits should be used with some
aution. Nevertheless, it is also interesting that these slopes are 
lose to that of the universal radio–X -ray correlation, e.g. the
 GHz versus 1–10 keV correlation for GX 339–4 presented in E.
allo et al. 2014 has a slope of 0.62 ± 0.04. 
At face value, these similarities would argue for a close con- 
ection between the physical processes manifesting the radio 
nd the MIR bands across these two states. However, it is also
mmediately apparent from the figure that there is a cloud of 
ard-state detections with enhanced scatter, with many lying at 
ystematically lower MIR luminosities for any given X-ray power. 
here could be several possible factors at play here, as follows.
ur collated sample includes sources that are known to display 
eak radio jet emission during outburst (e.g. Swift J1753.5–0127, 
AXI J1348–630; R. M. Plotkin et al. 2017 ; F. Carotenuto, S. Cor-
el & A. Tzioumis 2022 ), which could result in a corresponding
eakness in Fig. 10 if the MIR were also dominated by (inner) jet
mission. In some instances, other systematic issues such as dis- 
ance uncertainties could move their location in the plotted plane 
cf. discussion on AT 2019wey, GRS 1716–249 and Swift J1357.2–
933 in Appendix E ). Moreover, the cloud of hard-state detections
t the luminous end are dominated by GRS 1915 + 105, which has
een in a unique ‘X-ray obscured’ state for the past few years, and
annot be neatly described as fitting into any of the canonical 
ccretion states (J. M. Miller et al. 2020 ; P. Gandhi et al. 2025 ).
inally, unlike the universal jet origin for radio emission, the 
rigin of the MIR is likely to be inherently diverse, e.g. we have
nferred the presence of hot flow synchrotron herein for GX 339–4
n the soft state; the quiescent state emission in A 0620–00 is free–
ree–wind dominated (Z. Zuo et al. 2025 ), and a jet is thought to
rive the flux and variability in V404 Cyg (E. S. Borowski et al.
025 ). 
The plotted soft state detections are, unsurprisingly, strongly 
ominated by X-rays, with FMIR /FX −ray ∼ O(10−5 ) , and the dis- 
ribution of our plotted quiescent and soft state sources in MIR–X -
ay space is qualitatively similar to that previously seen in funda-
ental plane correlations in radio–X -ray or NIR–X -ray parameter 
pace (M. Coriat et al. 2009 ; S. Corbel et al. 2013a ). Intriguingly,
X 339–4 lies near the upper end of the distribution of XRBs
n all accretion states (soft, hard, and quiescent), approaching 
r rivalling systems with much larger accretion reservoirs such 
0 Correcting for partial near-neighbour contamination as detailed in Sec- 
ion 4.5 does not substantially affect the inferences herein. 

t
w
I  

d  
s V404 Cyg and GRS 1915 + 105. There is no obvious a priori
hysical reason for this, and we can only speculate that the inner
ynchrotron radiation zone (either the hot flow in the soft state,
r the compact jet in the hard state) is particularly prominent in
X 339–4. In order to understand the underlying physical condi- 
ions driving this, we suggest that detailed studies of the SED and
iming properties in quiescence could be enlightening. 
There remains much to be unravelled in understanding the 

ocation of sources in this MIR–X -ray plane. At minimum, it
erves to demonstrate reasonably clear empirical parameter space 
egregation between the various accretion states, and highlights 
 progression of high → medium → low FMIR / FX −ray flux ratios,
rom quiescence → hard → soft state, successively. 
Finally, it should be borne in mind that persistent systems are
ot retained here, and that the ‘snapshot’ instantaneous measure- 
ents included may provide a biased overview of the population. 
t will thus be important to trace the evolution of individual
ources across this diagram through various states, in order to cir-
umvent such biases and to better understand how the strengths
f components such as the accretion disc, winds, jet, hot flow
ynchrotron, and donor star vary across the MIR/X-ray parameter 
pace. 

 SUMMARY  

ur core motivation here has been to uncover the physical pro-
esses driving the radiative power in accreting black hole systems, 
nd to investigate how these may change with accretion state. 
X 339–4 is a prolific multiwavelength transient XRB, and so was
 natural target of choice for JWST observations. 
Our observation window fell on MJD 60379, during (what 

urned out to be) the declining phase of the 2023/24 outburst. We
aught the source in a disc-dominated X-ray state with a clearly
etectable high-energy power-law tail (Section 2 ). The overall 
ource characteristics, including its position in the X-ray HIDs 
Fig. 1 ), a very low X-ray variability r.m.s (Section 3.3 ), and the
isc dominance, are consistent with a fairly typical soft state, 
espite some uncertainty on the prevalence of the high-energy 
ail. 
We utilized MIRI low-resolution spectroscopy to facilitate IR 

pectral-timing investigations over the wavelength range of ≈ 5–
0µm. A comprehensive multiwavelength campaign was coor- 
inated close in-time with the MIRI observation window. The 
bservations revealed a flat MIR continuum with a flux � 300 ×
ainter than previous hard-state photometric MIR detections 
Section 3.2 ). This can be accounted for by strong suppression of 
ompact jet emission in the soft state, and is supported by the
bsence of contemporaneous core radio and sub-mm detections 
Section 4.4 ). The MIRI continuum shows significant red-noise 
ariations on time-scales extending to several hundreds of sec- 
nds (Section 3.1 ), which are too short to originate in an extended
BD (Section 4.1 ). A warm MIR-emitting wind (Section 4.2 ), on
he other hand, cannot easily produce the broad-band spectrum 

ithout corresponding recombination emission lines. 
The most plausible scenario for powering the observed MIR 

mission is synchrotron radiation from a coronal hot flow (Sec- 
ion 4.3 ). With a magnetic field B ≈ 3 × 104 G and plasma ex-
ended out to rC ∼ 170RG , the same medium could also Comp- 
onize disc photons to account for the high-energy power-law tail, 
hile self-consistently accounting for the MIRI timing properties. 
n this scenario, the MIR provides a new probe of physical con-
itions in the coronal hot medium overlaying the disc in the soft
MNRAS 548, 1–22 (2026)
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tate, which presumably subsumes the role of an accretion disc
atmosphere’ and the base of the hard-state extended jet. Tran-
ient compact jet reignition has been observed in other sources
uring the soft state; we cannot rule this out without deep core
etections, but such a scenario is not easily consistent with the
road-band SED and variability characteristics (Section 4.4 ). 
There is weak evidence of a curiously long time lag between
ptical and MIR, with the latter lagging the former by several
undred seconds (Section 3.3 ). A lag of this magnitude would be
mpossible to reproduce by a hot flow, but simulated significance
ests suggest that the inferred lag is instead likely to be a false pos-
tive, caused by sparseness in time sampling of the data. The hot
ow scenario also requires the synchrotron self-absorption break
requency to remain approximately unchanged between the soft
tate and the peak of the (far-more MIR-luminous) hard state.
his remains puzzling, but could simply be a coincidence. Given
hese caveats, such a scenario remains to be validated, though
ncouragingly, the presence of similarly extended coronae has
ecently been inferred in other XRB X-ray polarization studies.
bservations at the redder end (e.g. with MIRI/MRS extending
o ≈ 30µm) will help to better quantify the underlying spectral
lope, any long-wavelength time variability, and also aid in testing
ompeting physical models of a wind, a CBD or soft-state jet
ctivity. 
To our knowledge, these are the first reported spectroscopic
etections of GX 339–4 in the MIR. Its significant detection –
espite the MIR-weak flux level – demonstrates JWST ’s incredible
ensitivity to probe new spectral-timing parameter space. In the
rocess of unravelling the origin of the MIR emission, we anal-
sed and presented several unpublished archival observations of 
X 339–4 (Section 4.5 ) showing that (i) the source’s quiescent
IR power lies within a factor of just a few of that seen in the
oft state; (ii) in the context of the wider population of black hole
ransients, GX 339–4 can, at times, be among the most luminous
f MIR-emitting XRBs across all accretion states (Section 4.6 ).
ith synchrotron (either coronal hot flow or compact jet emis-
ion) dominating the soft as well as the hard states, a better un-
erstanding of processes driving the quiescent MIR emission will
ext be important. The MIR–X -ray luminosity plane of black hole
ransients (Fig. 10 ) allows isolation of characteristic FMIR /FX −ray 
ux ratios as a function of accretion state, and enables tracing
volution of the relative fluxes in these two bands as outbursts
volve. 
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Table A1. Adopted extinction curve for GX 339–4. 

λ . . . . . . . . . . . . . . . . . . . . . . . . . . . Aλ Aλ/ AV 
(µm) (mag) 

0.148 (CaF2-1) . . . . . . . . . . . . . 9.418 2.691 
0.154 (BaF2) . . . . . . . . . . . . . . . 9.150 2.614 
0.161 (Sapphire) . . . . . . . . . . . . 8.941 2.555 
0.172 (Silica) . . . . . . . . . . . . . . . 8.780 2.508 
0.436 ( B ) . . . . . . . . . . . . . . . . . . . 4.667 1.333 
0.477 ( g′ ) . . . . . . . . . . . . . . . . . . . 4.236 1.210 
0.55 ( V ) . . . . . . . . . . . . . . . . . . . . 3.5 ± 0.5 1.0 
0.622 ( r′ ) . . . . . . . . . . . . . . . . . . . 3.016 0.862 
0.641 ( R ) . . . . . . . . . . . . . . . . . . . 2.919 0.834 
0.754 ( i′ ) . . . . . . . . . . . . . . . . . . . 2.367 0.676 
0.870 ( zs ) . . . . . . . . . . . . . . . . . . . 1.787 0.510 
1 . . . . . . . . . . . . . . . . . . . . . . . . . . 1.414 0.404 
1.65 ( H) . . . . . . . . . . . . . . . . . . . . 0.596 0.170 
2 . . . . . . . . . . . . . . . . . . . . . . . . . . 0.430 0.123 
2.159 ( Ks ) . . . . . . . . . . . . . . . . . . 0.382 0.109 
3 . . . . . . . . . . . . . . . . . . . . . . . . . . 0.248 0.071 
4 . . . . . . . . . . . . . . . . . . . . . . . . . . 0.189 0.054 
5 . . . . . . . . . . . . . . . . . . . . . . . . . . 0.163 0.047 
6 . . . . . . . . . . . . . . . . . . . . . . . . . . 0.151 0.043 
7 . . . . . . . . . . . . . . . . . . . . . . . . . . 0.146 0.042 
8 . . . . . . . . . . . . . . . . . . . . . . . . . . 0.149 0.043 
9 . . . . . . . . . . . . . . . . . . . . . . . . . . 0.272 0.078 
10 . . . . . . . . . . . . . . . . . . . . . . . . . 0.378 0.108 
11 . . . . . . . . . . . . . . . . . . . . . . . . . 0.297 0.085 
12 . . . . . . . . . . . . . . . . . . . . . . . . . 0.234 0.067 
13 . . . . . . . . . . . . . . . . . . . . . . . . . 0.204 0.058 
14 . . . . . . . . . . . . . . . . . . . . . . . . . 0.206 0.059 
15 . . . . . . . . . . . . . . . . . . . . . . . . . 0.217 0.062 
16 . . . . . . . . . . . . . . . . . . . . . . . . . 0.231 0.066 
17 . . . . . . . . . . . . . . . . . . . . . . . . . 0.247 0.071 
18 . . . . . . . . . . . . . . . . . . . . . . . . . 0.263 0.075 
19 . . . . . . . . . . . . . . . . . . . . . . . . . 0.271 0.077 
20 . . . . . . . . . . . . . . . . . . . . . . . . . 0.265 0.076 
21 . . . . . . . . . . . . . . . . . . . . . . . . . 0.250 0.071 
22 . . . . . . . . . . . . . . . . . . . . . . . . . 0.234 0.067 
23 . . . . . . . . . . . . . . . . . . . . . . . . . 0.221 0.063 
24 . . . . . . . . . . . . . . . . . . . . . . . . . 0.207 0.059 
25 . . . . . . . . . . . . . . . . . . . . . . . . . 0.195 0.056 
26 . . . . . . . . . . . . . . . . . . . . . . . . . 0.184 0.053 
27 . . . . . . . . . . . . . . . . . . . . . . . . . 0.174 0.050 
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Table A2. Tabulated intrinsic (deabsorbed) mean SED for the core of 
GX 339–4 during our campaign, listed at key frequencies. Upper limits 
(3 σ ) are included for non-detections. 

Band Frequency ν Flux density νFν

log (Hz) log (Hz erg s−1 cm−2 Hz−1 ) 

ATCA/5.5 GHz 9.74 < –16.86 
ATCA/9 GHz 9.95 < –16.87 
ALMA/97.5 GHz 10.99 < –15.83 
ALMA/145 GHz 11.16 < –15.84 
ALMA/233 GHz 11.37 < –15.38 
MIRI/10µm 13.47 –12.84 ± 0.03 
MIRI/5µm 13.78 –12.50 ± 0.03 
REM/H 14.26 –11.35 ± 0.04 
LCO/ zs 14.54 –10.79 ± 0.12 
LCO/ r′ 14.68 –10.42 ± 0.21 
LCO/ i′ 14.60 –10.58 ± 0.16 
LCO/ g′ 14.80 –10.09 ± 0.32 
LCO/ V 14.74 –10.29 ± 0.26 
LCO/ R 14.67 –10.41 ± 0.20 
LCO/ B 14.84 –9.99 ± 0.37 
UVIT/Silica 15.24 < –9.26 
UVIT/Sapphire 15.27 < –8.46 
UVIT/BaF2 15.29 < –8.91 
UVIT/CaF2-1 15.31 < –8.76 
X-ray/1 keV 17.39 –8.31 ± 0.02 
X-ray/10 keV 18.38 –10.05 ± 0.04 
X-ray/50 keV 19.10 –10.14 ± 0.05 
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PPENDIX  A:  

oordination of Multiwavelength Campaign 

nce we were informed of the JWST observation date and time
indow, we scheduled multiwavelength observations to coordi- 
ate with the JWST window. Exact overlap was only possible with
ther space facilities (e.g. NuSTAR ), and from Chilean facilities 
here the observation occurred during local night time. This was 
urther complicated by an unannounced JWST window change 
y a few hours resulting from the failure of a preceding observa-
ion. 
Despite these issues, all data sets in our final campaign were 
oordinated to within a few hours of the JWST window, all on
he same calendar day. The respective observation windows for 
ll facilities are depicted pictorially in Fig. A1 . Though times are
ot aligned to a common timeframe here, any corresponding dif- 
erences across the observatories are negligible on the plot scale. 
xtinction curve for GX 339–4 

he extinction values adopted along the sight-line to GX 339–4 
re listed in Table A1 as a function of wavelength, together with
he extinction curve ( Aλ/ AV ). An AV value of 3.5 mag is assumed,
ogether with a systematic 1 σ uncertainty of 0.5 mag (P. Gandhi
t al. 2011b ; M. Heida et al. 2017 ; A. A. Zdziarski et al. 2019 ).
he optical regime utilizes the extinction curve of J. A. Cardelli
t al. ( 1989 ). This is extended to the infrared beyond 1µm with
he extinction curve of J. E. Chiar & A. G. G. M. Tielens ( 2006 ),
atched at the K band. Extinction values at specific wavelengths 
f interest corresponding to some filters utilized herein are also 
oted for ease of reference. 

abulated spectral energy distribution 

able A2 lists the intrinsic SED relevant for the core across the
lectromagnetic spectrum. Flux densities refer to the mean, val- 
es during our campaign, corrected for reddening and absorp- 
ion, and plotted in Figs 7 and A2 . For the bands with continuous
spectroscopic) coverage in the MIR and X-rays, a few canonical 
requencies are tabulated. 

lternative models for the MIR spectral energy 
istribution 

ig. A2 illustrates the effect on the broad-band SED of replacing
he hot-flow component with either a circumbinary disc (left- 
and panel), or with a transient soft-state compact jet power- 
aw (right-hand panel). Despite the fact that these can explain 
he MIR contribution to the SED equally well, neither of these
lternative models is favoured, as explained in the main text. The
ircumbinary disc cannot reproduce the observed MIRI variabil- 
ty characteristics (Section 4.1 ), while the compact jet mildly over- 
MNRAS 548, 1–22 (2026)
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Table A3. Archival MIR and quasi-simultaneous X-ray luminosities of black hole XRBs. 

Name MJD log LX −ray log LMIR State d References 
log erg s−1 log erg s−1 kpc 

A 0620–00 53454 30.49 31.31 Q 1.5 E. Gallo et al. ( 2007 ) 
AT 2019wey 59100 35.18 31.52 H 6.0 H.-M. Cao et al. ( 2022 ) 

59257 35.03 31.72 H 

59466 35.18 32.37 H 

59830 35.27 32.30 H 

59988 35.33 32.19 H 

60197 35.12 32.31 H 

60353 35.32 32.35 H 

GRO J0422 + 32 48874 37.53 34.02 H 2.5 J. Paradijs et al. ( 1994 ); C. Brocksopp, R. M. Bandyopadhyay & 

R. P. Fender ( 2004 ) 
GRO J1655–40 53636 35.70 33.04 H 3.2 S. Migliari et al. ( 2007 ) 
GRS 1716–249 56736 38.01 33.12 H 6.9 C. John et al. ( 2024 ); J. Casares et al. ( 2023 ) 

57864 38.50 33.70 H P. Saikia et al. ( 2022 ) 
GRS 1739–278 56736 38.42 33.77 H 7.2 C. John et al. ( 2024 ) 
GRS 1915 + 105 53280 38.50 34.19 H 9.4 F. Rahoui et al. ( 2010 ) 

57125 38.82 34.31 H 

57662 38.48 34.49 H 

57854 38.09 34.08 H 

58386 37.56 33.97 O 

58750 36.83 34.94 O 

58954 36.54 34.79 O 

59114 37.69 34.53 O 

59317 36.85 34.26 O 

59681 36.47 34.06 O 

60047 36.92 35.75 O 

60101 38.10 35.50 O G25 
60412 37.13 34.89 O 

GS 1354–64 57245 38.78 34.59 H 25.0 C. John et al. ( 2024 ) 
GX 339–4 55266 37.89 35.32 H 8.0 P. Gandhi et al. ( 2011b ) 

56816 33.15 32.70 Q This paper; E. Tremou et al. ( 2020 ) 
59828 37.16 34.71 H D. M. Russell et al. ( 2022 ); Tremou et al. (in preparation) 
60379 37.89 33.05 S This paper 

MAXI J0637–430 58923 37.42 31.75 S 8.7 C. John et al. ( 2024 ) 
MAXI J1348–630 58527 37.98 32.94 S 2.2 

58690 36.35 32.73 H 

58892 35.14 32.22 H 

MAXI J1535–571 58008 38.29 34.24 H 4.1 M. C. Baglio et al. ( 2018 ) 
58012 38.32 34.65 H M. C. Baglio et al. ( 2018 ) 

MAXI J1820 + 070 58258 37.65 34.22 H 2.9 C. Echiburú-Trujillo et al. ( 2024 ); J. S. Bright et al. ( 2025 ) 
58204 37.88 35.11 H 

58367 37.63 32.73 S 
58404 35.85 33.80 H C. Echiburú-Trujillo et al. ( 2024 ); J. S. Bright et al. ( 2025 ) 
58568 36.17 34.17 H 

MAXI J1836–194 55845 36.74 35.07 H 8.0 D. M. Russell et al. ( 2013b ); T. D. Russell et al. ( 2014 ) 
55861 36.49 34.87 H D. M. Russell et al. ( 2013b ) 

Swift J1357.2–0933 55581 35.52 31.43 H 6.3 C. John et al. ( 2024 ); P. Charles et al. ( 2019 ) 
56736/55422‡ 31.58 32.50 Q R. M. Plotkin et al. ( 2016 ); P. Charles et al. ( 2019 ) 

Swift J1753.5–0127 55383 36.80 32.73 H 6.0 
56736 36.39 32.89 S 
57101 36.36 32.55 S 
57278 36.42 32.56 S 
57287 36.48 32.77 H 

V404 Cyg 60231 32.60 32.32 Q 2.2 E. S. Borowski et al. ( 2025 ) 
V4641 Sgr 56744 36.53 33.20 S 6.2 

58366 36.67 33.05 H 

58566 36.59 32.71 H 

58933 36.79 33.22 S 
XTE J1118 + 480 51649 35.69 34.45 H 1.7 D. M. Russell et al. ( 2013 ); R. J. H. Dunn et al. ( 2010 ) 

53331 30.48 30.88 Q E. Gallo et al. ( 2007 ) 

Notes. Accretion states: ‘Q’: Quiescent, ‘S’: Soft, ‘H’: Hard. ‘O’ refers to the X-ray-obscured state specific to GRS 1915 + 105. 
‡ X-ray/MIR mean observation dates – non-simultaneous, as may be appropriate for quiescence, to within quiescence variability scatter (e.g. D. M. Russell 
et al. 2018 ). 
Distances ( d) are from Y. Zhao et al. ( 2023 ) and J. M. Corral-Santana et al. ( 2016 ) and references therein, unless otherwise cited. 
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Figure A1. Observation windows across the multiwavelength facilities from our campaign. All observations are continuous within the plotted observing 
window, except for LCO, which is gappy and the plotted circles denote the mid-observation times; the i′ filter was the only LCO filter strictly simultaneous 
with JWST . 
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Figure A2. Intrinsic broad-band SED of GX 339–4 in νFν units identical in all respects to Fig. 7 , except for the physical component dominating the 
MIR emission: (i) a blackbody simulating a circumbinary disc is shown as the magenta dotted curve on the left; and (ii) a maximal soft-state compact jet 
fitting the MIRI spectrum is denoted by the purple dot–dashed curve on the right. Either one of these could replace our preferred synchrotron hot flow 

component based upon the SED alone, but are not preferred for other reasons, as detailed in Section 4.1 and Section 4.4 . 
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roduces the observed near-IR emission and also fails to account 
or the relative X-ray-to-IR variability strengths (Section 4.4 ). 

rchival quasi-simultaneous MIR and X-ray luminosities 
f black hole XRBs 

able A3 presents the respective MIR and X-ray luminosities of 
lack hole XRBs. This includes all the sources from the exten- 
ive compilation of C. John et al. ( 2024 ) featuring MAXI and
EOWISE detections (M. Matsuoka et al. 2009 ; A. Mainzer et 
l. 2011 ), supplemented with several other works based on ei- 
her ground-based MIR detections or detections in the quiescent 
tate, including this paper. Respective references are listed in the 
able. While this compilation should be fairly comprehensive in 
erms of MIR-detected sources, we do not claim it to be com-
lete, e.g. there are multiple detections of specific sources such 
s GRS 1915 + 105, not all of which are included herein. Multi-
le detections at very similar joint (overlapping) luminosities are 
xcluded in some cases for plotting purposes. Unless otherwise 
eferenced, the reported luminosities correspond to those from 

EOWISE and MAXI from our analysis. Statistical uncertainties 
re typically ≈ 0.05–0.1 dex, and signal-to-noise values were al- 
ays better than 3, as also restricted by C. John et al. ( 2024 ).
ystematic uncertainties (e.g. those on distances discussed below, 
r on the background and field as discussed for GX 339–4 herein)
ften dominate for individual objects. 
Where energy-band conversions were needed, an X-ray 
hoton-index of � = 1.7 was used to estimate the 0.5–10 keV
ower. Where NEOWISE data were used, the state assignment 
ollows the band hardness ratios as in C. John et al. ( 2024 ); in
ome cases, there remains ambiguity in hard versus soft states 
e.g. for Swift J1753.5–0.127, which plateaued in a hard state for
 very extended period), so state definitions should probably 
e taken with a grain of salt. For the MIR, we chose to report
he 8µm monochromatic luminosity as this should sample the 
ource spectra deep in the thermal infrared within the MIRI band,
hile still allowing constraints from missions such as Spitzer 
nd the tail-end of ground-based observatories sensitive to the 
o-called ‘ N -band’ atmospheric window. Any conversions from 

earby wavelengths were carried out by using MIR spectral in- 
ormation, where available (e.g. extrapolating the spectral slope 
etween WISE W 1 and W 2 , or by assuming a flat flux density
MNRAS 548, 1–22 (2026)
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ν ∝ ν0 where not). Such band conversions are not perfect, e.g.
hey do not account properly for obscuration, nor for new spectral
omponents dominating in different MIR bands. On the scale
f plot, however, such differences will be minor in most cases.
n selected sources such as GRS 1915 + 105, we cannot rule out
ystematic differences related to its recent deep X-ray-obscured
tate, which could introduce scatter of 1–2 dex in its inferred X-
ay powers. 
We used the custom WISE processing results from C. John et
l. ( 2024 ) where available, except in a few instances where we
ownloaded and analysed reported catalogue values from the
EOWISE survey (A. Mainzer et al. 2011 ) for cross-checking or
upplementing with newer data that have become available after
ublication of the results reported by C. John et al. Our results
ere broadly consistent with published values, with one caveat
egarding the distances. 
Distances are mostly taken from the recent compilation of 
RBs from Y. Zhao et al. ( 2023 ), or from J. M. Corral-Santana et
l. ( 2016 ) and references therein. In three cases, a new and sig-
ificantly distance measurement results in qualitatively different
nferences. These are GRS 1716–249 for which J. Casares et al.
 2023 ) report a best-estimate distance of 6.9 kpc. Swift J1357.2–
933 with a distance of 6.3 kpc (P. Charles et al. 2019 ) and 6.0 kpc
or AT 2019wey (H.-M. Cao et al. 2022 ). These are all signifi-
antly larger than the values assumed in C. John et al. ( 2024 ),
nd move their location to the upper right in the the MIR/X-ray
uminosity plane, as discussed in the main text. Other relatively
inor changes (including the distance of 8.0 kpc for GX 339–4
sed herein, as compared to 5.0 kpc in C. John et al.) have a much
maller impact on the overall distribution. Furthermore, we stress
hat some of our assumed distances are likely still lower lim-
ts (e.g. Swift J1357.2–0933 and AT 2019wey), which may change
heir location further with updated studies. 
Only observations that are simultaneous in X-rays and MIR

o within 1 d are retained for the hard as well as soft states. For
he quiescent state, flux variations by orders of magnitude are
nlikely, and we include non-simultaneous data in one instance
or source Swift J1357.2–0933. Excluding this data point does not
hange any of our inferences qualitatively. 
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