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A B S T R A C T 

The black hole X-ray binary MAXI J1820 + 070 began its first recorded outburst in March 2018, and remained an active radio, 
X-ray, and optical source for o v er 4 yr. Due to the low distance to the source and its intrinsically high luminosity MAXI 
J1820 + 070 was observed extensively over this time period, resulting in high-cadence and quasi-simultaneous observations 
across the electromagnetic spectrum. These data sets provide the opportunity to probe the connection between accretion and 

the launch of jets in greater detail than for the majority of black hole X-ray binaries. In this work, we present radio (Arcminute 
Microkelvin Imager Large Array, MeerKAT), X-ray ( Swift ), and optical (Las Cumbres Observ atory) observ ations of MAXI 
J1820 + 070 throughout its entire outburst, including its initial hard state, subsequent soft state, and further hard-state-only 

re-brightenings (co v ering March 2018 to August 2022). Due to the regularity and temporal density of our observational data we 
are able to create a Radio–X-ray–Optical activity plane where we find a high degree of correlation between the three wave bands 
during the hard states, and observe hysteresis as MAXI J1820 + 070 enters and exits the soft state. Based on the morphology of 
the optical light curves we see evidence for optical jet contributions during the soft-to-hard state transition, as well as fading 

optical emission well before the hard to soft transition. We establish that the remarkably similar profiles of the re-brightening 

events are broadly consistent with modified disc instability models where irradiation from the inner accretion disc is included. 

Key words: stars: black holes – radio continuum: transients – X-rays: binaries. 
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 I N T RO D U C T I O N  

lack hole X-ray binaries (BHXRBs), systems containing a stellar- 
ass black hole accreting material via an accretion disc from a main-

equence companion, undergo outbursts during which they cycle 
hrough characteristic accretion states (e.g. Fender, Belloni & Gallo 
004 ; Remillard & McClintock 2006 ). These accretion states are 
efined predominantly via X-ray observations, particularly the X- 
ay hardness ratio and timing properties of a system. The hard state
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s characterized by an X-ray spectrum peaking at ∼100 keV with
 strong power-law component, and high levels of X-ray variability 
Homan & Belloni 2005 ). In the soft state the power-law spectral
omponent disappears or is significantly suppressed and the spectrum 

s dominated by a multicomponent blackbody peaking at ∼1 keV, 
s expected from a multitemperature accretion disc, and the X-ray 
ariability is significantly suppressed (e.g. Belloni 2010 ). During 
ransitions between the hard and soft states BHXRBs are said to
e in an intermediate state. Strongly coupled to the accretion state
f a BHXRB are its jet properties, observed primarily at radio and
sub-)mm frequencies (e.g. Fender et al. 2004 ; Russell et al. 2014 ,
020 ; Tetarenko et al. 2019 , 2021 ). In the hard state sources emit flat
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pectrum synchrotron radio emission, consistent with a constantly
eplenished and collimated outflow (e.g. Blandford & K ̈onigl 1979 ;
alcke & Biermann 1995 ). The presence of this so-called core jet
as been directly confirmed through high resolution radio imaging
f GRS 1915 + 105 (Dhawan, Mirabel & Rodr ́ıguez 2000 ), Cygnus
-1 (Stirling et al. 2001 ), and most recently and spectacularly in
wift J1727.8 −1613 (Wood et al. 2024 ). In the soft accretion state,
mission from this core jet is significantly suppressed, or switches
ff completely, with the current best constraint on the quenching
actors on the order of 3 dex (Bright et al. 2020 ; Maccarone et al.
020 ; Russell et al. 2020 ). 
Most BHXRBs spend the majority of their lifetimes accreting at

n extremely low rate (e.g. Gallo, Fender & Hynes 2005 ; Plotkin,
allo & Jonker 2013 ; Plotkin et al. 2021 ; Carotenuto, Corbel &
zioumis 2022 ) in a quiescent state (with an unionized disc) or a very
im hard state (Gallo et al. 2005 ), with their accretion disc (at optical
nd X-ray wavelengths) and jets (radio wavelengths) frequently un-
etectable with current observational f acilities. Occasionally, lik ely
ue to instabilities in the disc, the accretion rate can increase by many
rders of magnitude ( ∼8 dex in the most extreme cases; Rodriguez
t al. 2020 ) resulting in detectable optical and X-ray emission from
he (outer and inner) disc, and the presence of compact core jets
etectable in radio. A source undergoing such an instability is said to
e in outburst. While some sources fade to quiescence after spending
ime in the hard-state-only (e.g. Tetarenko et al. 2016 ; Williams et al.
020 ; Alabarta et al. 2021 ), other sources make one or many hard to
oft state transitions before returning to the hard state and fading to
uiescence (e.g. Fender et al. 1999a ; Corbel et al. 2001 ; Bright et al.
020 ; Carotenuto et al. 2021a ). Associated with the hard to soft state
ransition (but not the reverse one) is the launch of bipolar ejections
hich can travel to large angular separations from the site of the black
ole (when compared to the observed head of the core jet), appear
o longer physically connected to the black hole, and are resolved
rom the core position at both radio (e.g. Mirabel & Rodr ́ıguez 1994 ;
ender et al. 1999a ; Bright et al. 2020 ; Wood et al. 2021 ; Carotenuto
t al. 2021a ; Bahramian et al. 2023 ) and X-ray (Corbel et al. 2002 ;
igliori et al. 2017 ; Espinasse et al. 2020 ) frequencies. 
The BHXRB MAXI J1820 + 070 (hereafter J1820) has been the

arget of intense monitoring campaigns across the electromagnetic
pectrum since it began its first known outburst in March 2018, with
ts brightness allowing observers to collect a wealth of high-quality
ata from the source and progress our understanding of accretion
nd jet launching in BHXRBs (e.g. Shidatsu et al. 2019 ; Bright et al.
020 ; Shaw et al. 2021 ; Echibur ́u-Trujillo et al. 2024 ). J1820 was
isco v ered as an optical transient by the All-Sky Automated Survey
or SuperNovae (ASAS-SN; Shappee et al. 2014 ; Kochanek et al.
017 ) on 2018 March 06 and labelled ASASSN-18ey (Tucker et al.
018 ). Initially classified as a cataclysmic variable (due to its apparent
ssociation with a Gaia source), J1820 was then detected by the Mon-
tor of All-sky X-ray Image (MAXI; Matsuoka et al. 2009 ) Gas Slit
amera (Mihara et al. 2011 ; Sugizaki et al. 2011 ), assigned the name
AXI J1820, and associated with ASASSN-18ey on 2018 March 11

Denisenk o 2018 ; Kaw amuro et al. 2018 ) where initial observational
vidence suggested it was a BHXRB (Baglio, Russell & Lewis
018 ). J1820 initially underwent a ‘classical’ outburst, with a single
ard to soft state transition, followed by a return to the hard state.
nstead of immediately returning to quiescence J1820 then underwent
hree hard-state-only rebrightenings reaching 1 to 10 per cent of
he peak luminosity of the initial outburst depending on observing
and. The intensive monitoring of J1820 has lead to a number of
xciting results. These include an accurately measured radio parallax
istance of 2 . 96 ± 0 . 33 kpc and position RA = 18 h 20 m 21 . s 938, Dec.
NRAS 541, 1851–1865 (2025) 
 07 ◦11 ′ 07 . ′′ 165 (along with a well constrained proper motion; Atri
t al. 2020 ), the detection of large-scale jet ejections during the hard to
oft state transition and strong constraints on their energetics (Bright
t al. 2020 ; Espinasse et al. 2020 ; Wood et al. 2021 ), an association
etween the launch of these transient ejecta and the properties of the
ccretion flow (Homan et al. 2020 ; Ma et al. 2021 , 2023 ; Wang et al.
021 ; You et al. 2021 ), measured changes in the geometry of the
orona (Kara et al. 2019 ; Ma et al. 2023 ), a dynamical confirmation
hat J1820 harbours a black hole with a low-mass companion (Torres
t al. 2019 , 2020 ), and the ability to track the spectral break of the
ard state jet o v er three decades in frequency (Echibur ́u-Trujillo et al.
024 ), to name but a few. 
BHXRBs are ideal systems for probing the connection between

ccretion and the production of jets owing to their rapid evolutionary
ime-scales during outburst. While it is common to correlate X-ray
bservations of BHXRBs, which probe the inner accretion disc, with
adio observations, which probe the core jet, optical observations are
onsidered in tandem less often (although see e.g. Russell et al.
006 ). The origin of the optical emission in BHXRBs is more
mbiguous than that of the radio and X-rays, with direct accretion
isc photons (Shakura & Sunyaev 1973 ), reprocessed accretion disc
hotons (e.g. Cunningham 1976 ; Vrtilek et al. 1990 ), and jet photons
e.g. Corbel & Fender 2002 ; Chaty et al. 2003 ; Homan et al. 2005 ),
r some combination of the three, all possible contributing sources
see e.g. Russell et al. 2006 ; Veledina, Poutanen & Vurm 2013 ;
incentelli et al. 2021 ; Saikia et al. 2022 , 2023a ; Koljonen et al. 2023

for additional interpretations). Additionally, the contribution of the
ompanion star will dominate in the optical and infrared, although
his is more prominent for XRBs harbouring a high-mass companion
and less so at the peak of outburst compared to quiescence). Due
o this ambiguity, only when high-quality multiwavelength data
xist, as is the case for J1820, can we attempt to disentangle these
ptical emission mechanisms and put them in context with the more
requently produced radio–X-ray correlation. Such observations
rovide insight into the emission profile and evolution of jets, how
heir formation is coupled to the inner accretion disc, and how
ifferent regions of the accretion disc interact. 
In this paper, we present observations of J1820 at radio, optical, and

-ray frequencies between MJD 58 189 (2018 March 12) and MJD
9 792 (2022 August 01). In Section 2 , we describe our observations
f J1820 and rele v ant data reduction techniques, in Section 3 , we
resent our radio, optical, and X-ray light curves and correlations
etween them, and in Sections 4 and 5 , we discuss the light curves
nd correlations in the context of BHXRB accretion models. 

 OBSERVATI ONS  

.1 Radio 

.1.1 Arcminute Microkelvin Imager Large Array 

bservations of MAXI J1820 with the Arcminute Microkelvin
mager Large Array (AMI-LA; Zwart et al. 2008 ; Hickish et al. 2018 )
ere triggered automatically in response to a SWIFT Burst Alert
elescope VOEvent (trigger ID 813771) on 2018 March 12 (Staley
t al. 2013 ; Kennea et al. 2018 ). Manual observations were regularly
cheduled thereafter, and remain ongoing. Data were recorded at
 central frequency of 15 . 5 GHz and across a 5 GHz bandwidth
onsisting of 4096 frequency channels, which we average to eight
hannels before processing. The AMI-LA data, which measures
tokes I + Q , were reduced using a custom pipeline, reduce dc ,
hich flags data for instrumental issues, antenna shadowing, the
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Figure 1. The light curve of the phase reference calibrator J1824 + 1044. 
Errors on data points indicate the statistical uncertainty from the imfit 
task. The central dashed line marks the mean flux density of J1824 + 1044 
and the lines abo v e and below it mark 1.15 times the mean flux density 
and 0.85 times the mean flux density , respectively . We reject observations of 
J1820 for which the flux density of J1824 + 1044 is outside of this range as 
they indicate a poor transfer of the flux density scale for that observation. 

Table 1. Arcminute Microkelvin Imager Large Array observations of MAXI 
J1820. A full machine readable table is available as part of the online version 
of this article. Errors are statistical only, and should be combined in quadrature 
with a 5 per cent calibration uncertainty. Note that the first observation was 
triggered automatically in response to a Swift -BAT VOEvent trigger. 

Date MJD mid-point Flux density 
(dd/mm/yy) (mJy) 

12/03/18 58189.1121 2 . 49 ± 0 . 50 
14/03/18 58191.2914 17 . 13 ± 0 . 16 
15/03/18 58192.2887 21 . 59 ± 0 . 45 
16/03/18 58193.2860 31 . 69 ± 0 . 25 
18/03/18 58195.2805 50 . 78 ± 0 . 27 
. . . . . . . . . 
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ffects of weather conditions, and settling times. The software then 
pplies bandpass, absolute flux scale (using either 3C48 or 3C286), 
nd time dependent phase correction (see e.g. Davies et al. 2009 ;
errott et al. 2013 ). The compact source J1824 + 1044 was used as the
hase reference calibrator for all but the first (automatically triggered) 
bservation, which used J1819 + 0640. We then perform additional 
agging using the COMMON ASTRONOMY SOFTWARE APPLICATIONS 

 CASA 6.4.1.12; McMullin et al. 2007 ; CASA Team 2022 ) package,
sing the rflag and tfcrop flagging modes. Imaging is performed 
ith the tclean task, where we use a Briggs (Briggs 1995 ) robust
eighting of 0.5, which we find to be a good compromise between

ensitivity and dirty beam quality, and two Taylor terms to account 
or the high fractional bandwidth when cleaning. The cell size was 
xed to 5 arcsec and we produced 512 × 512 pixel 2 images which
o v er the primary beam of the AMI-LA while appropriately sampling
he synthesized beam which has typical major and minor axis of 30
nd 60 arcsec, respectively (assuming a Gaussian beam). To measure 
he flux density in each observation we use the CASA task imfit ,
orcing the Gaussian source component to have the same shape 
s the synthesized beam of the particular observation. Due to the 
rightness of MAXI J1820 in its initial outburst, as well as the
ebrightenings, we are able to measure the amplitudes directly from 

he complex visibilities, and observe the short time-scale (minutes) 
ariability of J1820, which revealed a flare during the initial hard 
o soft state transition (Bright et al. 2020 ). No other such short-
erm variability is seen during our observations with the AMI-LA. 
he initial automatically triggered observation was calibrated and 

maged manually and the peak pixel was taken as the flux density,
ith a conserv ati ve error of 20 per cent. 
In this work, we began with a total of 396 distinct observations

f J1820 (defined as individually scheduled observations in the 
MI-LA control system, including the initial automatically triggered 
bservation). This large number of observations motivated the auto- 
ated reduction and imaging procedure described abo v e, ho we ver
e perform a number of quality cuts on our data before presenting the
nal light curve of J1820 from the AMI-LA. First, using the CASA task
mfit , we create a light curve of the phase reference calibrator by
tting a point source component to J1824 + 1044 in the image plane
nd rejecting observations (both the calibrator and J1820) for which 
ither the fit did not converge or the ratio of the major to minor full
idth at half-maximum of the synthesized beam was greater than 10 

which indicates antenna dropout). This cut resulted in the rejection 
f 11 observations. Phase reference calibrators should be point like 
nd non-variable on the time-scale of an observation length. Longer 
erm variability in the flux density of a phase reference calibrator 
s acceptable, but apparently large short time-scale variability could 
lso indicate poor calibration of the flux density scale for a given
bservation. As such, we calculate the average value of the flux 
ensity measured from the phase reference calibrator and reject 
bservations (both the calibrator and J1820) where we measure the 
ux density of the phase calibrator to be discrepant from the average
y more than 15 per cent, which resulted in a further 24 observations
eing rejected. The light curve of J1824 + 1044 is shown in Fig. 1 and
emonstrates a number of flux density measurements significantly 
ifferent from the average, which would imply large flux density 
hanges on short (day length) time-scales. This process filtered out 
bvious outliers in the light curve of J1820. After removing these 
5 observations the calibrator is variable at the ∼5 per cent level
hereas before filtering out the 24 unreliable measurements the 
ariability was ∼10 per cent. Based on this we assign a 5 per cent
ncertainty to our flux measurements of J1820 added in quadrature 
o the statistical uncertainty derived from the image plane fitting. 
inally, we manually inspected all images of J1820 for which the flux
ensity was below 500 μJy , resulting in the rejection of 34 additional
bserv ations. Observ ations for which the fitted flux density was less
han five times the image RMS noise were labelled as upper limits.
fter these cuts, we are left with 326 distinct observations (including
pper limits). We include a sample of our AMI-LA observations 
n Table 1 and a machine readable table co v ering our entire ob-
erving campaign is available as part of the online version of this
rticle. 

.1.2 MeerKAT 

s part of the ThunderKAT large surv e y project (Fender et al. 2016 )
e began observing the field of MAXI J1820 with the MeerKAT

elescope on 2018 September 28 when the source appeared clearly 
xtended (with angular extents ∼10 arcsec) due to the presence of
arge-scale ejections launched during the hard to soft state transition 
Bright et al. 2020 ), with a typical MeerKAT resolving beam being
7 arcsec. Note that this does not violate our assumption of a

oint source for our AMI-LA observations as during the soft state
he transient ejecta were significantly closer to the core, and are
MNRAS 541, 1851–1865 (2025) 
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Table 2. Meerkat observations of MAXI J1820. Errors are statistical only 
and as such a 5 per cent calibration error should be added in quadrature 
when using these data. A full machine readable table is available as part 
of the online version of this article. The ‘Obs. ID’ column can be used to 
identify observing blocks in the MeerKAT data archive ( https://apps.sarao. 
ac.za/ katpaws/ archive-search ). 

Obs. ID Date MJD Flux Image 
mid-point density RMS 

(dd/mm/yy) (mJy) ( μJy beam 

−1 ) 

1538156623 28/09/18 58389.75 3 . 47 ± 0 . 05 41 
1538757039 05/10/18 58396.70 11 . 8 ± 0 . 1 72 
1539354654 12/10/18 58403.66 2 . 62 ± 0 . 04 37 
1539529257 14/10/18 58405.67 2 . 41 ± 0 . 03 24 
1539955889 19/10/18 58410.62 1 . 52 ± 0 . 06 50 
. . . . . . . . . . . . . . . 
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Table 3. Swift -XRT observations of MAXI J1820. A full machine readable 
table is available as part of the online version of this article. 

Mode Date MJD mid-point Flux 
(dd/mm/yy) ( ×10 −9 erg s −1 ) 

WT 12/03/18 58189.0814 1 . 91 ± 0 . 01 
PC 12/03/18 58189.1217 1 . 52 ± 0 . 01 
WT 13/03/18 58190.7401 4 . 19 ± 0 . 02 
WT 14/03/18 58191.8369 6 . 10 ± 0 . 01 
WT 14/03/18 58191.8786 5 . 86 ± 0 . 02 
. . . . . . . . . . . . 
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1 https:// www.swift.ac.uk/ user objects/ 
ub-dominant at 15 . 5 GHz once the hard state core jet reignites.
e continued observing J1820 with MeerKAT until August 2022.
eerKAT data were reduced using the oxkat data reduction

ipeline (Offringa et al. 2014 ; Kenyon et al. 2018 ; Makhathini 2018 ;
eywood 2020 ; Hugo et al. 2022 ) which performs phase reference

alibration as well as phase and amplitude self-calibration (we do
ot employ direction dependent calibration techniques, although
xkat includes that capability, due to the relative simplicity of the
ky brightness distribution in the region surrounding MAXI J1820).
e used the flux standard J1939 −6342 to calibrate the absolute

ux density scale and bandpass response of the instrument, while
1733 −1304 was used to calibrate the time-dependent complex
ains. We used a Briggs robust weighting of −0 . 3 when imaging
Briggs 1995 ). 

For observations taken on and before MJD 58 454 core flux
ensities are taken from Bright et al. ( 2020 ), where multiple point
ource components were used to describe the flux of the core and
pproaching and receding transient ejecta. The same data reduction
rocedure was used in Bright et al. ( 2020 ) as for this work. For
bservations between MJD 58 460 and MJD 58 551 there is still
o w-le vel emission from the receding ejections component but we
re unable to satisfactorily fit multiple emission components to the
xtended morphology. We fit an unresolved point source to these
ata as the core is the dominant component but note that the low
evel emission might distort the fit to a small extent. After MJD
8 511 the emission from J1820 is entirely core dominated, and
e fit an unresolved source to a small region around the source
osition. A 5 per cent calibration uncertainty is added in quadrate to
he uncertainty derived from imfit . The MeerKAT data detailing
he flux density of the core jet from J1820 are (partially) given
n Table 2 , with a full machine readable table co v ering our entire
bserving campaign available as part of the online version of this
rticle. 

.2 X-rays: Swift 

AXI J1820 was observed thoroughly by the Swift X-ray Telescope
hereafter XRT; Gehrels et al. 2004 ; Burrows et al. 2005 ) onboard
he Neil Gehrels Swift Observatory ( Swift ) beginning on MJD 58 189
2018 March 12) and ending on MJD 59 735 (2022 June 05).
bservations were conducted both in Proportional Counter (PC)
ode and Windowed Timing (WT) mode. To produce an X-ray

ight curve for J1820 we first built spectra for each observation ID
NRAS 541, 1851–1865 (2025) 
obsID) using the Swift -XRT data product generator 1 (Evans et al.
009 ). Spectra that contained at least 300 total counts were then
inned using grppha such that each bin had a minimum of 20
ounts. For spectra with less than 300 total counts no binning was
erformed. To determine the flux associated with each spectrum they
ere loaded into XSPEC (version: 12.14.0b; Arnaud 1996 ) where we

gnore bad data and ignore data outside of the range 0.5 to 10 keV.
e discard spectra for which the time on source was less than 1
in, there were fewer than 15 counts in WT mode, or there were

ewer than 3 counts in PC mode. We then proceed to fit the spectra,
ith the method depending on the total counts. For spectra with less

han 300 total counts we use Cash statistics to constrain our fitting
nd only consider an absorbed power-law model [ tabs(pow) in
SPEC ], with fixed neutral hydrogen column density ( n H = 0 . 091),
nd fixed photon index ( � = 1 . 7) if the total counts were below
0. After identifying the best-fitting model parameters we freeze
hem and introduce a flux parameter so that the new model is
abs ∗cflux(pow) and cflux is the only free parameter. This
odel is then fit again to constrain cflux and its value and 1 σ

rror are e xtracted. F or spectra with 300 or abo v e total counts the
rocedure is much the same, ho we ver during the soft and intermediate
tates defined in Shidatsu et al. ( 2019 ) we compare both a power law
nd power law plus disc blackbody [ tabs(pow + diskbb) in
SPEC ] model, selecting the fa v oured model using an F-test with a
 v alue belo w 0.001 required to accept the more complex model.
s in the previous case, we then calculated the final flux through

he addition of the cflux parameter. Due to the higher counts for
hese spectra we use the Chi-squared test statistic to determine the
uality of the fit. A sample of our X-ray observations are given in
able 3 with a full version available in the online version of this
rticle. 

.3 Optical 

omprehensive optical monitoring of MAXI J1820 was performed
ith telescopes at the Las Cumbres Observatory (LCO). Data were

aken during the initial 2018 outburst, and during the multiple
ebrightening events (e.g. Baglio et al. 2018 , 2021 ; Russell et al.
019a ; Russell, Baglio & Lewis 2019c ), as part of a monitoring
ampaign of ∼50 low-mass X-ray binaries coordinated with the
aulkes Telescope Project (Lewis et al. 2008 ; Lewis 2018 ). The
onitoring includes data taken at the 2-m Faulkes Telescopes at
aleakala Observatory (Maui, Hawai‘i, USA) and Siding Spring
bservatory (Australia), and the 1-m telescopes at Siding Spring
bservatory, Cerro Tololo Inter-American Observatory (Chile), the
outh African Astronomical Observatory (SAAO; South Africa), and

he McDonald Observatory (Texas, USA). For the purposes of this

https://apps.sarao.ac.za/katpaws/archive-search
https://www.swift.ac.uk/user_objects/
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Table 4. LCO observations of MAXI J1820 taken with the SDSS g ′ filter. The 
error reported here includes a 0.04 magnitude error combined in quadrature 
with the statistical error. A full machine readable table is available as part of 
the online version of this article. 

Date MJD mid-point Apparent magnitude 
(dd/mm/yy) 

13/03/18 58190.3864 13 . 11 ± 0 . 04 
14/03/18 58191.4074 12 . 93 ± 0 . 04 
14/03/18 58191.7960 12 . 90 ± 0 . 04 
17/03/18 58194.3964 12 . 42 ± 0 . 04 
18/03/18 58195.3420 12 . 43 ± 0 . 04 
. . . . . . . . . 

Table 5. LCO observations of MAXI J1820 taken with the SDSS i ′ filter. The 
error reported here includes a 0.04 magnitude error combined in quadrature 
with the statistical error. A full machine readable table is available as part of 
the online version of this article. 

Date MJD mid-point Apparent magnitude 
(dd/mm/yy) 

13/03/18 58190.3864 13 . 04 ± 0 . 04 
14/03/18 58191.4074 12 . 93 ± 0 . 04 
14/03/18 58191.7960 12 . 84 ± 0 . 04 
17/03/18 58194.3964 12 . 52 ± 0 . 04 
18/03/18 58195.3420 12 . 17 ± 0 . 04 
. . . . . . . . . 
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ork we make use of the images taken using the SDSS g ′ and i ′ 

lters. 
The LCO data were initially processed using the LCO Banzai 

ipeline (McCully et al. 2018 ). Reduction and analysis of the reduced
mages was achieved using the real-time data analysis pipeline, XB- 
EWS (the X-ray Binary New Early Warning System; see Russell 

t al. 2019a ; Goodwin et al. 2020 ; Pirbhoy et al. 2020 ). The XB-
EWS pipeline downloads images of targets of interest from the 
CO archive soon after they are taken by the telescopes, along with

heir associated calibration data. Then, the pipeline performs quality 
ontrol steps to ensure that only good quality images are analysed, 
nd produces an astrometric solution for each image using Gaia DR2
ositions. 2 Aperture photometry was then performed on all the stars 
n each image, solving for the zero-point calibrations between epochs 
Bramich & Freudling 2012 ). The ATLAS All-Sky Stellar Reference 
atalog (A TLAS-REFCA T2; Tonry et al. 2018 ) was used for flux
alibration. The pipeline also performed multi-aperture photometry 
azimuthally averaged point spread function (PSF) profile fitting 
hotometry; Stetson 1990 ] for point sources. We detect the source 
ith high significance throughout the outburst and rebrightenings. 
e add a systematic 0.04 magnitude error in quadrature with the 

rror reported via the data reduction pipeline. A sample of our optical
bservations are given in Tables 4 and 5 with a full version available
n the online version of this article. We convert our optical magnitudes 
o luminosities using L O 

= 4 πd 2 10 −( m + 48 . 585 −yA ν ) / 2 . 5 ( c/λ) where m
s the apparent optical magnitude, d is the distance to J1820, c 
s the speed of light, and λ is the central frequency of the filter
eing used. We have corrected for extinction using A ν = 0 . 558 from
ucker et al. ( 2018 ) and filter specific extinction coefficients ( y)
rom Cardelli, Clayton & Mathis ( 1989 ). All observational data 
 https:// www.cosmos.esa.int/ web/ gaia/ dr2 

d  

r
t
c

an also be found in machine readable format at the Zenodo, doi:
0.5281/zenodo.15721448. 

 RESULTS  

.1 Light cur v es 

ig. 2 shows the radio, X-ray, and optical luminosity of J1820 span-
ing ∼1600 d since its initial rise out of quiescence. Combinations
f the radio, X-ray, and optical observations of the initial hard state,
ubsequent soft state and the following hard state have been analysed
o an extent in other works (e.g. Shidatsu et al. 2019 ; Shaw et al.
021 ; Tetarenko et al. 2021 ; Echibur ́u-Trujillo et al. 2024 ) but have
ot been presented together and with such comprehensiv e co v erage
s in Fig. 2 . 

In addition to the initial ‘canonical’ outburst, we show data from
hree hard-state-only (evidenced by the radio spectral index also 
hown in Fig. 2 ) rebrightenings, which we label R1, R2, and R3,
n chronological order. These rebrightenings are obvious at radio, 
-ray, and optical wavelengths, and show remarkably similar light 

urve morphologies with a fast rise and a decay characterized by
wo distinct decay rates, an initially shallow decay followed by a
aster decline most easily seen in the AMI-LA 15 . 5 GHz radio data
see also Fig. 8 for isolated light curves of the rebrightenings). As
xpected for hard-state-only outbursts we see no evidence for the 
aunch of transient ejecta in our MeerKAT images during any of
he three rebrightenings, although MeerKAT only probes structures 
own to a size scale of a few seconds of arc. Additionally, it is worth
oting the similarity of the hard state immediately following the 
oft to hard state transition (sometimes called the fading hard state,
hich we label R0) with the subsequent rebrightenings, minus the 

nitial flare as the core jet reignites. We discuss these similarities in
ection 4.1 . 
After around MJD 59 000 J1820 ceased entering into hard-state- 

nly rebrightenings. The lack of regular sampling after this date 
partly due to the Coronavirus pandemic in 2019) does not indicate
hat rebrightening events were missed, as MAXI would have detected 
uch events and AMI-LA/MeerKAT/ Swift observations would have 
een triggered in response. Dense optical monitoring was undertaken 
etween MJD ∼ 59000 and MJD ∼ 59800 and showed no rebright- 
ning events in this time. The source was clearly still detected, and
ppeared to steadily rise in luminosity in both of our optical observing
ands significantly abo v e the Panoramic Survey Telescope and Rapid
esponse System (PanSTARRS) archi v al limits from the system. 
rue quiescence was only reached as recently as June 2023 (MJD
0106) well beyond the co v erage of the observations presented here
see Baglio et al. 2023 ) indicating a low level of activity after the
e-brightening events ended. 

.2 Correlations 

ue to our dense temporal sampling of J1820 at radio, X-ray,
nd optical wavelengths we are able to construct various two way
orrelations, as well as a radio–X-ray–optical activity plane, for the 
ntire outburst. We are also able to produce a correlation for the
anonical outburst and re-brightening events separately to check for 
ny differences in behaviour. In all following cases, we correlate the
ata by taking the two (or three) light curves being correlated and
ividing the time range co v ered into bin sizes of 1.5 d (1.8 d for the
adio–X-ray–optical correlation). These time-scales were selected 
o maximize the number of data points for correlation, without 
orrelating data on time-scales longer than those typically seen in 
MNRAS 541, 1851–1865 (2025) 

https://www.cosmos.esa.int/web/gaia/dr2
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Figure 2. Radio (Arcminute Microkelvin Imager Large Array, MeerKAT), X-ray ( Swift ), and optical (Las Cumbres Observatory) light curves of MAXI J1820. 
A distance of 2 . 96 kpc was assumed for the conversion to luminosity (Atri et al. 2020 ). Gre y shaded re gions mark times during which J1820 was in the 
intermediate state according to Shidatsu et al. ( 2019 ). Panel A: MeerKAT 1 . 28 GHz and AMI-LA 15 . 5 GHz radio observations of J1820 + 070. See the main 
text for how flux densities and upper limits were derived. AMI-LA upper limits are 5 σ . Note that we assume a flat spectrum and scale to a common frequency 
of 5 GHz when converting from flux density to luminosity. Panel B: the Radio spectral index between 1.28 and 15 . 5 GHz with the convention F ν ( ν) ∝ να . 
The horizontal dashed black line corresponds to a flat radio spectrum ( α = 0). The spectral index was calculated for each MeerKAT point using the nearest in 
time AMI-LA observation, if an observations existed within 2 d of the MeerKAT one. Panel C: Swift X-ray Telescope 0.5–10 keV luminosity of J1820 taken 
both in windowed timing and proportional counter mode. Panel D: optical g ′ and i ′ luminosity of J1820 taken from the Las Cumbres Observatory. The central 
frequency of the g ′ and i ′ filters were used to convert to a luminosity. 
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o  
-ray binary evolution. Within each bin we check for observations
aken at the wavelengths being correlated. If none are found, that
in is ignored. If a single measurement from each wavelength is
ound then this is used in the correlation. If multiple measurements
re found within a bin then their average is used, with the error on
NRAS 541, 1851–1865 (2025) 
he average taken to be the standard deviation of the measurements
ithin the bin. Upper limits are not considered in any of our

orrelations. 
When fitting two way correlations we use the PYTHON SCIPY

rthogonal distance regression (ODR) module to fit power law
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Figure 3. The radio–X-ray correlation for J1820, including data from the 
initial outburst (as seen in Bright et al. 2020 ), and the three rebrightening 
e vents sho wn in Fig. 2 . Squares show data taken with the AMI-LA recorded 
at 15 . 5 GHz and circles show data from MeerKAT recorded at 1 . 28 GHz . 
Blue, green, and orange indicate the spectral state of the source when the data 
were recorded, showing hard, intermediate, and soft, respectively. The two 
annotated dashed lines show best power-law fit to the data from the AMI-LA 

(top line) and MeerKAT (bottom line) with the error region shaded in grey. 
Soft state data are not included in the fit as it can be attributed to emission from 

transient ejecta launched during the hard to soft state transition (Bright et al. 
2020 ). The data have been scaled to a common luminosity at 5 GHz assuming 
a spectral index as defined in Section 3.2.1 . Hard state observations within 
5 d of the state transitions outlined in Shidatsu et al. ( 2019 ) are encircled. 
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unctions to the correlated data of the form L 1 = AL 

a 
2 , where L 1 

nd L 2 are luminosities at observing bands 1 and 2, respectively, 
nd we refer to a and A as the power-la w inde x and scaling
actor, respectively. ODR in SCIPY accounts for errors on both the 
independent’ and ‘dependent’ variables ( x and y) as is appropriate 
hen correlating measured data. We fit the logarithm of our data 

uch that the function describing the correlation is linear. 
When considering the correlation between radio, optical, and X- 

ay measurements we fit a line to the logarithmic data using a power
teration algorithm which converges to a line of best fit (defined by
he centroid, [ L X , 0 , L R , 0 , L O , 0 ] and unit direction vector [ a, b, c])
ccording to a minimization of the sum of the orthogonal distance 
n three dimensions. In order to calculate the error on our fitted
arameters, we assume that the errors on each point in the three
imensional space is Gaussian and we sample 1000 sets of points
nd perform the fitting for each set, taking the error on each parameter 
s the standard deviation of the output from the 1000 fitting runs. We
ive the correlation parametrically as 
 

 

L X 

L R 

L O 

⎤ 

⎦ = 

⎡ 

⎣ 

L X , 0 

L R , 0 

L O , 0 

⎤ 

⎦ + t 

⎡ 

⎣ 

a 

b 

c 

⎤ 

⎦ (1) 

here t can be used to describe any point on the line. 

.2.1 Radio–X-ray correlation 

uring the hard accretion state the radio emission from BHXRBs, 
manating from a compact core jet, is strongly coupled to the X-ray
mission. To first-order this radio–X-ray correlation can be separated 
nto two ‘tracks’, named radio-loud and radio-quiet (or the standard 
nd outlier tracks, respectively; e.g. Gallo, Miller & Fender 2012 ; 
otta, Casella & Fender 2018 ). The majority of BHXRBs lie on

he radio-quiet (outlier) track, showing a deviation from the standard 
rack at high luminosities (showing a steeper correlation of L R ∝ 

 

> 1 
X ) and rejoining it when decaying into quiescence (e.g, Coriat
t al. 2011 ; Carotenuto et al. 2021b ). J1820 is an example of a
adio-loud source, exhibiting an approximate correlation L R ∝ L 

0 . 6 
X 

e.g. Corbel et al. 2000 , 2003 ) that persists o v er a large range in
adio and X-ray luminosities (Tremou et al. 2020 ; Shaw et al. 2021 ).
uring its initial outburst J1820 was shown to follow the radio-loud 

rack with a marginally shallower correlation than expected, with 
ndex 0 . 50 ± 0 . 09 (Bright et al. 2020 ). The correlation appeared
articularly shallow during the hard state immediately following the 
oft state associated with the launch of transient ejecta (which we 
abel R0), with an index of 0 . 37 ± 0 . 03 in the X-ray luminosity
egion between ∼ 10 34 and ∼ 10 36 erg s −1 as is evident in Fig. 3 (and
an be seen more clearly in fig. 1 of Bright et al. 2020 ). Combining
ll of our hard state data we derive a global relation of 

 R ∝ L 

0 . 481 ±0 . 009 
X (2) 

or the AMI-LA data, and a marginally shallower 

 R ∝ L 

0 . 41 ±0 . 03 
X (3) 

or the MeerKAT data. These are also both consistent with what was
erived in Bright et al. ( 2020 ) and Shaw et al. ( 2021 ), with marginally
hallower than the canonical value of ∼ 0 . 6 for radio-loud BHXRBs.
o convert our flux densities to luminosities we have used the spectral

ndices in panel B of Fig. 1 . If a radio observation is within 3 d of an
poch where a spectral index is measured, then that spectral index is
sed to shift the AMI-LA or MeerKAT observation to a flux density
t 5 GHz . If no spectral index is found within 3 d then the median
pectral index (excluding the time range where the spectral index 
as ne gativ e) was used to scale the data. Soft state, intermediate
tate, and the data where the spectral index was negative were not
caled. These data are not included in the correlations. This process
s used for all correlations involving radio observations, but not for
ight curves, where a flat spectrum at the central observing frequency
s assumed. When fitting the correlation we ignore hard state data
ithin 5 d of the state transition outlined by Shidatsu et al. ( 2019 )
oti v ated by the clear drop in radio emission seen in Fig. 3 before

he hard to soft state transition. The points are encircled in Fig. 3 . 
To check for different behaviour during the three re-brightening 

 vents we sho w the radio X-ray correlation for data post MJD 58 500
n Fig. 4 . The slope during the re-brightenings is best measured
y the AMI-LA (squares) and shows an apparent flattening from 

 R ∝ L 

0 . 481 ±0 . 009 
X to L R ∝ L 

0 . 37 ±0 . 02 
X . It is interesting to note that this

s the same X-ray luminosity range that showed a flatter correlation
n Bright et al. ( 2020 ), which just considered R0. The slope derived
rom the MeerKAT data is consistent with the full correlation with
 R ∝ L 

0 . 41 ±0 . 04 
X . 

.2.2 Optical–X-ray correlation 

he optical–X-ray correlation is shown for g ′ - and i ′ -band data
n Fig. 5 . During the majority of the hard state there is a clear
orrelation between optical and X-ray frequencies, ho we ver there 
re clear deviations from the general correlation at low and high
uminosities. Indeed, it is clear from Fig. 2 that during the initial
ard state (also known as the rising hard state, before ∼MJD 58300),
fter the first peak, the optical emission was dropping while the X-
ays and radio stayed relatively constant (and correlated, see Fig. 3 )
efore dipping slightly then rising as the X-ray spectrum softens 
nd the hard to soft state transition occurred (the optical fade and
MNRAS 541, 1851–1865 (2025) 
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Figure 4. As for Fig. 3 but only including data post MJD 58 500 which 
includes the hard-state-only rebrightenings only. Due to our lack of early 
MeerKAT co v erage the fit for those data is similar to the one in Fig. 3 at a M 

= 

0 . 41 ± 0 . 04, whereas the AMI-LA correlation is significantly shallower with 
a A = 0 . 37 ± 0 . 02. 

Figure 5. The i ′ -band (top; multiplied by 10 2 for clarity) and g ′ -band 
(bottom) optical–X-ray correlation for J1820. Blue, green, and orange points 
are the hard, intermediate, and soft states, respectiv ely. F or the hard state we 
distinguish points before MJD 58233.5 by circling them and ignoring them 

when fitting the hard state correlation as they clearly do not follow the X-ray 
emission as seen for the rest of the hard state, falling significantly below 

the correlation at the end of the rising hard state. The black dashed lines 
sho ws a po wer-law fit to the blue data (minus those circled) with indices 
a = 0 . 45 ± 0 . 02 and a = 0 . 41 ± 0 . 01 for g ′ and i ′ band, respectively. 
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Figure 6. The radio–optical correlation for J1820 using data from MeerKAT, 
AMI-LA, and the g and i filters from LCO. The power la w inde x of the fit 
for each pair is given next to the corresponding line. Blue, green, and orange 
points are the hard, intermediate, and soft states, respectively. From top to 
bottom the correlations shows optical i ′ with AMI-LA (squares), optical g ′ 
with AMI-LA (circles), optical i ′ with MeerKAT (diamonds), and optical 
g ′ with MeerKAT (pentagons). The optical luminosities have been offset to 
allow multiple correlations to be displayed on the same figure. For the hard 
state we distinguish points before MJD 58233.5 by circling them and ignoring 
them when fitting the hard state correlation. Data have been offset by 10 2 , 
10 0 , 10 −2 , and 10 −4 from top to bottom for clarity. 
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ip, and the dependence of the optical–X-ray correlation with X-
ay energy, are investigated in Yang et al. 2025 ). We circle these
oints in the optical–X-ray correlation in Fig. 5 and do not include
hem when fitting a power law to the relationship, which we find to
e L g ′ ∝ L 

0 . 45 ±0 . 02 
X and L i ′ ∝ L 

0 . 41 ±0 . 01 
X in the hard state. These are

imilar to the optical–X-ray correlation slopes of J1820 measured
n the soft state, L O 

∝ L 

0 . 51 ±0 . 03 
X , by Shidatsu et al. ( 2019 ), but

ignificantly shallower than the (population based) L OIR ∝ L 

0 . 61 ±0 . 03 
X 

easured in (Russell et al. 2006 ) (although the correlation was
onstructed using optical/near-IR bands B to K ). It is also clear
hat the correlation has more scatter at low luminosities, at around
NRAS 541, 1851–1865 (2025) 
0 33 erg s −1 in X-ray luminosity, where the optical is o v erpredicted,
ut also with a few optical points brighter than the extrapolated
orrelation. These high luminosity optical points correspond to
he soft to hard state transition and are discussed in detail later
ection 4.1 . 

.2.3 Radio–optical correlation 

imilar to the radio–X-ray and optical–X-ray correlations there is
vidently strong coupling between radio and optical wavelengths.
ig. 6 demonstrates these correlations using both of our optical bands
nd radio data at 1 . 28 GHz and 15 . 5 GHz from MeerKAT and the
MI-LA, respectively. As seen for the optical–X-ray correlation
 drop in the optical without response from the radio emission is
vident during the rising hard state, followed by a rapid drop in
he radio during the hard to soft state transition with a marginal
e-brightening in the optical (most clear when correlating with the
MI-LA data due to the higher temporal density of the sampling).
s before, we ignore data before MJD 58233.5 when fitting the

orrelations, which we find to be L i ′ ∝ L 

0 . 93 ±0 . 04 
R , L g ′ ∝ L 

0 . 95 ±0 . 05 
R ,

 i ′ ∝ L 

0 . 86 ±0 . 06 
R , and L g ′ ∝ L 

1 . 1 ±0 . 1 
R from top to bottom in Fig. 6 . The

op two correlations are made with AMI-LA data and the bottom two
ith MeerKAT data. The measured correlation indices are broadly

onsistent, with the two MeerKAT–optical correlations less well-
onstrained than those from the AMI-LA. During the intermediate
tate the radio quenches significantly with little response in the
ptical. 
We show the fitting results of all two-dimensional correlations

n Table 6 , including the correlation index, scaling factor, and the
educed χ -square statistic for each fit. The reduced χ -squared values
or all of our fits are significantly larger than 1, indicating residual
catter not being described by the model. This is likely caused by



MAXI J1820 + 070 complete outburst 1859 

Table 6. Power-law fitting parameters between our radio, X-ray, and optical 
data when J1820 was in the hard accretion state. Data are fit according to 
L 1 = AL 

a 
2 (for L 1 – L 2 in the table below), where a is the power-law index 

and A is the scaling factor. The reduced χ -squared statistic ( χ -squared per 
degree of freedom) χν is given in the final column which describes the quality 
of the fit. 

Correlation Power-la w inde x ( a) Scaling factor ( A ) χν

1 . 28 GHz –X-ray 0 . 41 ± 0 . 03 15 ± 1 9.4 
15 . 5 GHz –X-ray 0 . 481 ± 0 . 009 12 . 2 ± 0 . 3 11.3 
g ′ band–1 . 28 GHz 1 . 1 ± 0 . 1 4 ± 3 3.9 
i ′ band–1 . 28 GHz 0 . 86 ± 0 . 06 9 ± 2 4.2 
g ′ band–15 . 5 GHz 0 . 95 ± 0 . 05 7 ± 1 6.8 
i ′ band–15 . 5 GHz 0 . 93 ± 0 . 04 7 ± 1 4.5 
g ′ band–X-ray 0 . 45 ± 0 . 02 19 . 1 ± 0 . 7 12.4 
i ′ band–X-ray 0 . 41 ± 0 . 01 20 . 1 ± 0 . 5 7.7 
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ur data not being strictly simultaneous, some uncorrelated optical–
-ray behaviour in the system, or short term optical variability (e.g. 
aice et al. 2019 ). 

.2.4 Radio–X-ray–optical correlation 

e show a projection of the three dimensional radio–X-ray–optical 
ctivity space of J1820 throughout its outburst in Fig. 7 . Unsur-
risingly, during the hard state, the three wavebands are strongly 
orrelated and lay along a line with centroid [ L X , 0 , L R , 0 , L O , 0 ] =
35 . 984 ± 0 . 003 , 29 . 510 ± 0 . 006 , 35 . 105 ± 0 . 008] and unit di-
ection vector [ a, b, c] = [0 . 846 ± 0 . 002 , 0 . 383 ± 0 . 003 , 0 . 371 ±
 . 005], with parameters defined in Section 3.2 . The dropping optical
mission in the rising hard state can be seen in the cluster of blue
oints at highest optical luminosity, and a hysteresis pattern through 
he hard–soft–hard transition series is evident. Due to the requirement 
f having three data points within a time bin we have fewer points
n the three dimensional correlation when compared to the two- 
imensional ones. 

 DISCUSSION  

.1 Light cur v e mor phologies 

he radio, X-ray, and optical light curves of J1820 (Fig. 2 ) represent
 complete look at the entirety of a canonical BHXRB outburst and
ultiple hard-state-only re-brightening events. There are a number of 

triking features that we highlight here (and which will be discussed
n more detail in the following sections). The most obvious is the
igh degree of correlation in the three observing bands. During 
oth hard states in the canonical outburst (the rising hard state and
0) the three bands evolve in a similar way, with the exception
f the significant jet quenching in the soft state indicated by the
harp drop in radio flux density (with the low level emission caused
y transient ejecta; see Bright et al. 2020 ; Espinasse et al. 2020 ;
ood et al. 2021 ) and the early fading optical in the rising hard

tate. The similarity of the multiwavelength data during the three 
e-brightening events is particularly notable (see Fig. 8 ), with the 
ame sharp rise to maximum, and changing decay rate during the 
ecay, visible in all bands. The peak of the three rebrightenings is
lso relatively stable, as is their spacing. There is also an obvious
imilarity with the fading hard state (R0; which becomes optically 
hin around MJD 58460, likely due to the ejecta becoming dominant) 
nd the rebrightening events (R1, R2, R3) not seen in the rising hard
tate. Optical observations during the periods between rebrightenings 
how a persistent level of emission also seen at X-ray and radio
avelengths, indicating that the source did not reach quiescence 
etween rebrightenings (Baglio et al. 2023 ). The optical, X-ray, and
adio observations made after MJD ∼ 59000 indicate that J1820 has 
ntered a relatively stable phase with a slowly rising optical (and
ossibly X-ray) luminosity. While our radio and X-ray co v erage was
ess complete in this phase it is unlikely that we missed any similar
e-brightening e vents, gi ven that they would have been detectable by
ur comparatively more regular optical monitoring since R3. Note 
hat optical observations taken in June 2023 (MJD 60106; later than
he observations presented in Fig. 2 ) suggest that the optical emission
rom J1820 finally reached its pre-outburst level after 5 yr of activity
Baglio et al. 2023 ). 

We note the sharp rise in optical luminosity after the return to the
ard state at MJD ∼ 58400 while the radio emission rises rapidly and
he X-ray emission is declining (see Fig. 10 ). If the optical emission
e see is entirely associated with reprocessed X-ray emission from 

he inner accretion disc then we would expect the optical emission to
ollow it tightly. This opposite behaviour is suggestive of a potential
et contribution to the optical, with the radio and optical emission
ow coupled instead. This jet contribution to the optical emission has
een confirmed by broadband spectral modelling ( ̈Ozbey Arabacı
t al. 2022 ; Echibur ́u-Trujillo et al. 2024 ) and optical polarization
volution during state transitions (Veledina et al. 2019 ). 

The rebrightening events R1, R2, and R3 show remarkable similar- 
ties in their light curve morphologies as seen from both MeerKAT
nd the AMI-LA (Figs 8 and 9 show the radio rebrightenings). It
s also notable that the rebrightening events are relatively regularly 
paced and reach a similar peak flux density for each flare. The
ard state at the end of the canonical outburst (R0) also shows
imilarity to the rebrightening events with the exception of a higher
eak flux density. The hard state immediately preceding the soft state
hows no such similarity, demonstrating a relatively constant flux for 
round 100 d after the start of the outburst. The regularity of the
ebrightenings (both temporally and in morphology) suggests that 
heir evolution is being regulated by a common process. The peak
-ray luminosity of the rebrightenings, ∼ 10 36 erg s −1 , corresponds 

o ∼ 0 . 2 per cent of the Eddington limit for a black hole mass of
 . 5 M � (Mu ̃ noz-Darias et al. 2019 ) and the total flare time-scale is
round 50 to 60 d. The spectral index evolution throughout each
ebrightening is also similar, showing a flat or slightly inverted 
adio spectrum for the duration. There are also two clear decay
ates during the fading, with a shallow decay for around 30 d
ollowed by a steeper decay for around 20 d until radio emission
s no longer detected. This is most clearly seen in the AMI-LA
adio and optical light curves due to their higher time density
ampling. 

Saikia et al. ( 2023b ) compiled a list of LMXBs with re-brightening
vents within 1 yr of the end of the initial outburst. Similarities
re clear between J1820 and the optical observations of Swift 
1910.2 −0546 (J1910.2) which showed optical reflaring on a ∼ 45 
 time-scale, although with less well-sampled light curves than 
or J1820. The flaring in J1910.2 also peaked at an approximately
onsistent luminosity, similar to J1820, although the spacing between 
ares was significantly shorter, and the flare profile different. The lack 
f comprehensive X-ray and radio observations prevents comparison 
t these wavelengths. Reflaring events have also been observed 
n MAXI J1535 −571 (J1535; Parikh et al. 2019 ; C ́uneo et al.
020 ), ho we ver in this case the flare amplitude decreased with
ach subsequent flare and the profile was markedly smoother and 
ore symmetric than for J1820. Additionally J1535 was undergoing 

tate transitions (seen in the hardness intensity diagram and through 
MNRAS 541, 1851–1865 (2025) 
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M

Figure 7. The radio–X-ray–optical correlation plane for J1820. Blue, green, and orange points indicate that the source was in the hard, intermediate and soft 
states, respectiv ely. The gre y shaded re gion indicates the best-fitting line to the hard state data from all three wav elengths with the thickness of the re gion 
showing the 1 σ error on the fit. Errors on data points are not shown on this plot. The black solid arrows connect points chronologically from the final point 
during the rising hard state, through the intermediate and soft states, and back to the first point of the fading hard state to guide the eye. The transparency of 
point indicates their depth in the three dimensional space, with fainter points at a greater depth. See https:// joesbright.github.io/ MAXIJ180 for a fully interactive 
version of this figure. 
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et quenching) which J1820 was certainly not (Parikh et al. 2019 ).
he similarity between the flaring in J1820 and J1910.2 suggests

hat J1910.2 did not undergo state transitions during its re-flaring,
 conclusion also reached by Saikia et al. ( 2023a ). The late time
adio increases from MAXI J1348 −630 appear to have roughly the
ame spacing as for J1820, and while they are less well-sampled
heir shapes are consistent (Carotenuto et al. 2021a ). Finally, Chen,
hrader & Livio ( 1997 ) present a large sample of X-ray light curves
rom X-ray novae, with the source XN 0422 + 32 showing similar
aring to J1820. 
In the case of J1820 the similarity of R1/R2/R3 to R0 indicates

hat the morphology of the rebrightening events can occur during
he canonical outburst. The rebrightening events themselves show
ome similarity to those predicted from disc instability models
here irradiation heating from the inner accretion disc (or corona)

s included (Dubus, Hameury & Lasota 2001 ). In this model the
ength of the flare is set by the strength of the irradiation and
he disc mass transfer rate, whereas the profile is set by an initial
NRAS 541, 1851–1865 (2025) 
xponential decay where the hot disc is kept fully ionized and no
ooling front can form, followed by a cooling front that mo v es
nwards due to weakening irradiation. Finally, once the irradiation
evel drops significantly enough, the evolution continues on the
hermal time-scale (Dubus et al. 2001 ; Tetarenko et al. 2018a ). From
n observational perspective this should result in a disc light curve
rofile described by a sharp rise, followed by a decaying phase which
witches to a steeper day during the decline. This is morphologically
onsistent with the light curves shown in Fig. 8 , with a slow linear
in the log–linear plot) decay followed by a more rapid decline. Even
hough these radio light curves are probing the core jet, a similar
rofile is seen in the radio and optical. 
Finally, we check for evidence of changes in the X-ray–radio cor-

elation during the evolution of the rebrightening events. Despite the
lear change in decay rate seen at ∼ 40 d in Fig. 9 , we see no indica-
ion that the correlation index evolves throughout the rebrightenings,
hich could have indicated a change in the accretion efficiency (e.g.

o an advection dominated accretion flow) during the evolution. 

https://joesbright.github.io/MAXIJ180
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Figure 8. Light curves and the 1.28 to 15 . 5 GHz spectral index of the three rebrightening events R1, R2, and R3 (b, c, and d, respecti vely). Also sho wn is the 
hard state that J1820 entered immediately after its only excursion to the soft state (R0; panel a). Note that all plots share the same radio luminosity scale to allow 

for easier comparison between events. 
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.2 Formation of the compact jet 

n Fig. 10 , we show the transition from the soft to hard state for
1820 with data at radio, optical, and X-ray observing bands. We 
ee an initial hardening of the radio spectrum as the compact core jet
e-forms during the intermediate state, while the soft X-rays fade and 
he optical rises at the end of the intermediate state. The formation
f the compact jet is seen in similar detail in Corbel et al. ( 2013 )
or GX339 −4 (see also Coriat et al. 2009 ), where the evolution
ualitatively matches J1820. It has been suggested that the ordering 
f the radio/optical rising (which is seen in reverse in the hard to
oft state transition) is due to an evolution of the compact/core jet
tructure where different regions become optically thick on different 
ime-scales (e.g. Miller-Jones et al. 2012 ; Corbel et al. 2013 ; Kalemci
t al. 2013 ; Russell et al. 2013b , 2014 ). This could also be responsible
or the drop in optical luminosity that we see during the initial hard
tate which is evident in Figs 2 and 6 , with the ordering reversed (the
egion of the jet closest to the black hole quenching before those
t larger radii; Coriat et al. 2009 ; Yan & Yu 2012 ; Russell et al.
020 ). 
.3 Jet contribution to optical emission 

t is well known that during the hard to soft state transition in
HXRBs the core jet is significantly quenched (Fender et al. 1999b ;
ussell et al. 2019b ; Bright et al. 2020 ) or switches off entirely.
his is most readily seen in high-angular resolution and sensitivity 

adio observations, which can distinguish any contamination from the 
aunch of transient ejecta (Bright et al. 2020 ; Wood et al. 2021 ). The
tate transition is also associated with a change in the configuration
f the inner accretion disc, responsible for the X-ray emission, with
he peak of the X-ray shifting to ∼ 1 keV . This can be seen in Fig. 2
here the soft X-ray luminosity as measured by Swift rises as J1820

nters the soft state. From Fig. 6 , we see a clear signature of optical
uenching before the source entered the hard to soft intermediate 
tate. The quenching is significant, about 1 dex, and precedes a
arge drop in the radio flux density. The drop from MJD ∼ 58200
o MJD ∼ 58230 is likely to be at least partly caused by the optical
mission from the jet quenching before the radio as the spectrum
collapses’ from higher to lower frequencies. In this scenario the 
emaining optical emission is therefore produced by remaining 
MNRAS 541, 1851–1865 (2025) 
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Figure 9. The three hard-state-only rebrightenings shown by J1820 (blue, 
red, and green, chronologically), as seen at 1 . 28 GHz (squares) at 15 . 5 GHz 
(circles). The rebrightenings have been shifted in time to o v erlap the first 
rebrightening in order to demonstrate their regularity. The second and third 
rebrightenings have been shifted by 155 and 365 d, respectively. Denoting the 
start time of rebrightening episode RX as t RX these offsets imply t R2 − t R1 = 

155 d and t R3 − t R2 = 190 d. 

Figure 10. The soft to hard state transition showing the re-ignition of the 
core jet, particularly obvious at radio frequencies. The X-ray and optical 
luminosities have been scaled down by a factor of 5000 and 10 000, 
respectively, to ease comparison. 
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3 Or even if the optical is in the optically thin synchrotron regime, since 
the jet spectral break does not shift dramatically in frequency at different 
luminosities in the hard state (Russell et al. 2013a ). 
ources of optical emission, most likely dominated by the accretion
isc (both directly, and through reprocessing). This is consistent
ith the broadband SED modelling performed in Echibur ́u-Trujillo

t al. 2024 (the optical fading is also discussed in the context of the
ptical/X-ray correlation in Yang et al. 2025 ). 
The expected correlation between optical and radio emission

epends on the emission mechanism primarily responsible for the
roduction of optical photons. While radio emission from hard state
HXRBs is well established to be produced in a compact jet, the
ptical emission is likely some combination of outer disc photons,
NRAS 541, 1851–1865 (2025) 
eprocessed inner disc photons, and photons from a region of the jet
loser to the black hole than the ones responsible for the radio emis-
ion (the companion star is sub-dominant, see e.g. Echibur ́u-Trujillo
t al. 2024 ). Russell et al. ( 2006 ) showed that the optical–X-ray
orrelation in the soft state was mostly unchanged when compared
o the hard state, whereas the infrared was significantly suppressed
ompared to the X-rays, indicating that the jet is contributing near-
nfrared (NIR) photons which are quenched along with the radio
n the soft state. It is likely that any optical jet emission is abo v e
he jet break frequency where the jet synchrotron emission becomes
ptically thin, as shown by Echibur ́u-Trujillo et al. ( 2024 ) for J1820,
nd so the relative contribution will be suppressed when compared
o NIR and therefore the impact on the light curves more subtle. 

In the case that the optical emission is primarily caused by the
eprocessing of inner disc X-ray photons, a theoretical correlation be-
ween the two components of L O ∝ L 

0 . 5 
X a is expected (van Paradijs &

cClintock 1994 ), where a is the orbital separation of the system
which remains constant for well circularized binaries). Coupling this
ith the radio X-ray correlation of L R ∝ L 

∼0 . 6 
X , well established for

adio-loud black hole X-ray binaries in the hard state (and consistent
ith originating from a radiatively inefficient accretion flow; e.g.
arayan & Yi 1995 ; K ̈ording, Fender & Migliari 2006 ), gives

he prediction L O ∝ L 

∼0 . 8 
R , entirely consistent with the correlations

hown in Fig. 6 for J1820 when adjusting for the shallower radio–X-
ay correlation found for this source. Note that this correlation holds
ell using radio measurements an order of magnitude different in

requency, and for multiple optical bands (although the errors on the
eerKAT–optical observation are significantly larger than for the
MI-LA–optical correlation). 
If instead optical emission is produced primarily in the jet, and

he optical and radio emission are both produced as part of the same
ower-law components on the spectrum (e.g. the flat self-absorbed
ore spectrum 

3 ) then, of course, L O ∝ L R is expected, with the
ame correlation between X-ray and optical emission as between
-ray and radio emission. This scenario is indistinguishable from

he reprocessing model due to the flatter radio–X-ray correlation for
1820 and so based on correlation arguments no conclusions can be
rawn on the presence of optical photons. We note that the optical–
-ray correlations shown in Fig. 5 have a marginally shallower index

han expected for the model of Paradijs & McClintock ( 1994 ). 

.4 The radio–X-ray correlation 

he radio–X-ray correlation is a widely used diagnostic for accreting
ystems, probing the connection between accretion and the process
f jet production and propagation. Active galactic nuclei (AGNs) and
 sub-set of the X-ray binaries lie on the Fundamental Plane of black
ole acti vity, sho wing L R ∝ L 

0 . 6 
X when marginalizing o v er the black

ole mass (Merloni, Heinz & di Matteo 2003 ; Falcke, K ̈ording &
arkof f 2004 ). The observ ations presented in this work, and in Bright

t al. ( 2020 ), mark J1820 as one of the best sampled sources in the
adio–X-ray plane, second only to GX 339 −4 (e.g. Corbel et al.
003 ; Tremou et al. 2020 ). The best correlation we find for J1820 of
 = 0 . 482 ± 0 . 007 is shallower than for the Fundamental Plane of
lack hole acti vity, ho we ver J1820 is clearly similar to the radio-loud
ources for the entirety of its outburst in terms of radio luminosity.
harp deviations from the radio–X-ray correlation can be seen when
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he source transitions between the hard and soft accretion states, 
ith a return to the correlation from the reverse transition. This
ehaviour tracks the quenching and re-ignition of the core jet. Radio 
etections in the soft state have been unambiguously associated with 
he presence of transient ejecta no longer connected to the accretion 
rocesses close to the black hole (Bright et al. 2020 ; Espinasse et al.
020 ; Wood et al. 2021 ). 
The high density of our sampling at X-ray and radio wavelengths 

llows us to test for possible changes in the correlation o v er the
utburst. It has been suggested (Coriat et al. 2011 ) that the correlation
ndex can be directly associated with the efficiency of accretion on to
he compact object, with the radio loud and radio quiet corresponding 
o inefficient and efficient accretion states, respectively. Radio-quiet 
ources rejoin the loud track at low luminosities, possibly indicating 
 switch in accretion efficiency. Radio-loud sources seem to never 
eviate from the track, although the correlation for J1820 is shallower 
han the canonical slope. For J1820 there appears to be a flattening
n the radio X-ray correlation to a = 0 . 35 ± 0 . 02 when the X-ray
uminosity is between ∼ 10 35 and ∼ 10 36 erg s −1 for both the fading 
ard state and the rebrightenings, occurring in a similar luminosity 
ange to that seen for radio-quiet sources as they rejoin the radio-
oud track (e.g. Carotenuto et al. 2021b ). It has also been suggested
hat a shallower radio–X-ray correlation is a feature of hard-state 
nly outbursts from GX 339 −4, which de Haas et al. ( 2021 ) suggest
ould be driven by a different coupling between the jet and the
ccretion flow in these outbursts. It should be noted that while 
ndividual sources clearly traverse different paths in the radio–X- 
ay plane, the existence of two distinct tracks is disputed, as is any
ifference in the correlation index for BHs and neutron stars (Gallo, 
egenaar & van den Eijnden 2018 ). Any such difference would be an

mportant consideration for models attempting to explain the radio–
-ray correlation using accretion efficiency (see e.g. Gusinskaia et al. 
020 ; Gasealahwe et al. 2023 ). 

.5 A three-dimensional activity plane 

he creation of a three dimensional radio–optical–X-ray activity 
lane for J1820 provides a full picture of its evolution. It is
lear that during the hard state the three wavelengths are tightly 
oupled (unsurprisingly, given Fig. 2 ), apart from during the rising
ard state where the optical faded independently. The hysteresis 
attern regularly seen in the radio–X-ray correlation plane is present 
lso in three dimensions, with the optical rejoining the radio–
ptical–X-ray correlation at a lower luminosity. The fading hard 
tate and three rebrightening events are indistinguishable in this 
pace. A fully interactive version of this figure is available at 
ttps:// joesbright.github.io/ MAXIJ180 . 

 C O N C L U S I O N S  

e present high temporal density radio, X-ray, and optical mon- 
toring observations of the black hole X-ray binary MAXI J1820 
 v er more than 4 yr (from 2018 March 12 to 2022 August 01),
eginning with its first recorded outburst and including multiple 
ebrightening events. These data are among the most comprehensive 
hat exist for a BHXRB at these wavelengths. We have constructed all
ossible correlations between these three observing bands, including 
he three-dimensional activity plane, providing new insights into 
he evolution of XRB outbursts. Particularly, we see that during 
he rising hard state the radio and X-ray emission are strongly
oupled and relatively stable, while the optical emission decays 
ignificantly. We speculate that this could be the result of the compact
et quenching from its base and then gradually to larger size scales
o wn the flo w. During the soft to hard state transition we see
eaks in the radio and optical emission ordered in reverse when
ompared to the hard to soft transition. In the fading hard state, and
ubsequent rebrightenings, the optical emission is well coupled to 
he X-ray and radio emission at all times. Based on our correlations
e are not able to determine the source of the optical jet photons
ue to a similarity in the predictions for the relationships between
ptical emission from an irradiated accretion disc and from a flat 
pectrum jet. 

The regularity of the rebrightening events (and to a lesser extent the
ading hard state) and their structured morphology bears similarities 
o those predicted by extensions to the disc instability model that in-
lude irradiation heating from the central accretion disc. Particularly, 
e see an exponential decay followed by a sharper decline, which

re controlled by the viscous time-scale and cooling time-scales, 
espectively (Dubus et al. 2001 ; Tetarenko et al. 2018a , b ). 

For sources with appropriately sampled data the formation of a 
adio–optical–X-ray plane allows for a better understanding of the 
omplex interplay between accretion and jet production. This is 
articularly important for the optical emission, which has contri- 
utions from both the accretion disc and the jet. In the near future
he formation of the radio–optical–X-ray plane should be possible 
or the bright BHXRB Swift J1727.8–1613, which has exceptional 
adio co v erage (Hughes et al. 2025 ). 
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