of the
ROYAL ASTRONOMICAL SOCIETY

MNRAS 545, 1-19 (2026)
Advance Access publication 2025 November 11

https://doi.org/10.1093/mnras/staf1965

Ultraviolet spectroscopy of the black hole X-ray binary MAXI J18204-070
across a state transition

M. Georganti *,'* C. Knigge *',! N. Castro Segura ~,"> K. S. Long,>** G. C. Dewangan *,> S. Banerjee,’

R. I. Hynes,® P. Gandhi ' D. Altamirano,! J. Patterson’ and D. R. Zurek®

School of Physics and Astronomy, University of Southampton, Southampton, Hampshire SO17 1BJ, UK

2Department of Physics, University of Warwick, Coventry CV4 7AL, UK

3Space Telescope Science Institute, 3700 San Martin Drive, Baltimore, MD 21218, USA

4 Eureka Scientific Inc., 2452 Delmer Street, Suite 100, Oakland, CA 94602-3017, USA

3 Inter-University Centre for Astronomy and Astrophysics (IUCAA), Ganeshkhind, Pune 411007, India

6 Department of Physics and Astronomy, Louisiana State University, Baton Rouge, LA 70803, USA

7Department of Astronomy, Columbia University, 538 West & 120th Street, New York, NY 10027, USA

8 Department of Astrophysics, American Museum of Natural History, CPW & 79th street, New York, NY 10024-5192, USA

Accepted 2025 October 1. Received 2025 September 15; in original form 2025 January 21

ABSTRACT

We present ultraviolet (UV) spectroscopic observations covering three distinct accretion states of the low-mass X-ray binary
(LMXB) MAXI J18204-070: the luminous hard state, a hard-intermediate state, and the soft state. Our observations were
obtained during the 2018 outburst of MAXI J1820+4-070 with the Hubble Space Telescope (HST) and AstroSat observatory. The
extinction towards the source turns out to be low — E5_y = 0.20 4= 0.05 — making it one of the best UV accretion laboratories
among LMXBs. Remarkably, we observe only moderate differences between all three states, with all spectra displaying similar
continuum shapes and emission lines. Moreover, the continua are not well-described by physically plausible irradiated disc
models. All of this challenges the standard reprocessing picture for UV emission from erupting LMXBs. The UV emission
lines are double-peaked, with high-ionization lines displaying higher peak-to-peak velocities. None of the lines displays obvious
outflow signatures, even though blue-shifted absorption features have been seen in optical and near-infrared lines during the
hard state. The emission line ratios are consistent with normal abundances, suggesting that the initial donor mass was low
enough to avoid CNO processing (M, ; < 1.0-1.5M). Finally, we study the evolution of UV variability in our time-resolved
HST observations (hard and hard-intermediate states). All UV power spectra can be modelled with a broken power law, superposed
on which we tentatively detect the >~ 18 s quasi-periodic oscillation that has been seen in other spectral bands.
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1 INTRODUCTION

MAXIJ1820+070 (= ASASSN-18ey) is one of the closest, brightest
and least-reddened Galactic black hole X-ray transients (BHXTs). It
was discovered after its outburst onset on 2018 March (M. A. Tucker
et al. 2018; T. Kawamuro et al. 2018). Since it is an excellent target
for studying black hole (BH) accretion, unprecedented monitoring
has been carried out across the entire electromagnetic spectrum,
covering the main outburst of the source and the subsequent reflaring
episodes (e.g. M. C. Baglio, D. M. Russell & F. Lewis 2018; P. Atri
et al. 2020; H. Stiele & A. K. H. Kong 2020; A. J. Tetarenko et al.
2021b; M. Ozbey Arabaci et al. 2022; T. Yoshitake et al. 2022; S.
Banerjee et al. 2024).

During canonical outbursts, BHXTs typically follow the same
evolutionary track and cycle between two distinctive X-ray states,
the hard and the soft state. The outburst evolution is hysteretic:
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in the hardness—intensity diagram (HID; e.g. see R. P. Fender, T.
M. Belloni & E. Gallo 2004, for more information), where the
spectral hardness of the accretion flow is plotted against the X-ray
luminosity, erupting BHXTS trace a ‘g-shaped’ path. The geometry of
the accretion flow, the X-ray spectrum and the variability properties
are all strongly state-dependent (e.g. A. A. Esin, J. E. McClintock &
R. Narayan 1997; J. Homan et al. 2001; A. A. Zdziarski & M.
Gierlinski 2004; J. Homan & T. Belloni 2005; R. A. Remillard &
McClintock 2006; C. Done, M. Gierlinski & A. Kubota 2007; T. M.
Belloni 2010; M. Gilfanov 2010; T. M. Belloni & S. E. Motta 2016
and references therein).

At the beginning and end of an outburst, the system is in the
hard state. In this state, the inner edge of the geometrically thin
accretion disc is located far from the BH. The broad-band spectral
energy distribution (SED) is then dominated by a hard (power law,
I' < 2, high-energy cut-off around 100 keV) component, which is
the result of low-energy photons being upscattered by relativistic
electrons in a hot ‘corona’. A weak thermal component associated
with the accretion disc may also be apparent in lower energies (J. E.
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Grove et al. 1998). Timing observations tend to show strong X-ray
variability — of the order of 20—50 per cent (e.g. T. Belloni et al. 2005;
T. Mufioz-Darias, S. Motta & T. M. Belloni 2011; T. M. Belloni &
L. Stella 2014; S. E. Motta 2016) — while the power density spectra
(PDS) are characterized by red noise, low-frequency breaks, and
often, quasi-periodic oscillations (QPOs). The latter are mostly seen
in the low-frequency regime (0.01-30 Hz) and commonly associated
with either geometrical effects such as the Lense-Thirring precession
of the hot accretion flow in the vicinity of the BH (L. Stella &
M. Vietri 1998; L. Stella, M. Vietri & S. M. Morsink 1999; J. D.
Schnittman, J. Homan & J. M. Miller 2006; A. Ingram, C. Done &
P. C. Fragile 2009; A. R. Ingram & S. E. Motta 2019), instabilities
such as the accretion/jet instability (M. Tagger & R. Pellat 1999; P.
Varniere, J. Rodriguez & M. Tagger 2002; P. Varniere, M. Tagger &
J. Rodriguez 2012; J. Ferreira et al. 2022), or coronae oscillations (L.
Titarchuk & R. Fiorito 2004; C. Cabanac et al. 2010). At radio and
infrared wavelengths, collimated, relativistic jets are also commonly
observed in this state (e.g. S. Markoff, H. Falcke & R. Fender 2001; S.
Corbel et al. 2003; R. P. Fender et al. 2004; R. P. Fender, J. Homan &
T. M. Belloni 2009; R. Fender & E. Gallo 2014).

As the source brightens and the edge of the inner disc moves
towards the innermost stable circular orbit (ISCO) of the BH,
the system proceeds to the soft state. Notable changes occur in
the X-ray spectrum. The hard component becomes softer (I" > 2)
but characteristically extends in a coronal tail exceeding 500 keV
associated with the faint Comptonization region (e.g. T. M. Belloni &
S. E. Motta 2016) while the SED is dominated by the soft thermal
component associated with the geometrically thin, optically thick
accretion disc (N. Shakura & R. Sunyaev 1973). Variability during
the soft state is limited to amplitudes of a few per cent (commonly
between 1 per cent and 5 per cent; e.g. P. Casella et al. 2004; T. Belloni
et al. 2005; T. Muifioz-Darias et al. 2011; T. M. Belloni & L. Stella
2014; S. E. Motta 2016), while the PDS are described by a weaker,
broken power-law component. QPOs are also sometimes present,
but they are broader and weaker than the ones found in the hard
state. They are plausibly associated with the accretion/jet instability
(P. Varniere et al. 2002, 2012) or the launch of the relativistic jet
away from the system (R. P. Fender et al. 2009). Radio emission is
quenched in the soft state (e.g. R. Fender et al. 1999, 2004, 2009;
S. Corbel et al. 2001; J. M. Miller et al. 2008; D. M. Russell et al.
2011), but blue-shifted X-ray absorption lines associated with highly
ionized disc winds often emerge (e.g. J. M. Miller et al. 2006b,
2008; J. Neilsen & J. C. Lee 2009; G. Ponti, T. Mufoz-Darias &
R. P. Fender 2014; M. Diaz Trigo & L. Boirin 2016; G. Ponti et al.
2016; N. Higginbottom et al. 2018), preferentially seen in high-
inclination (G. Ponti et al. 2012) and sub-Eddington luminosity (N.
Higginbottom et al. 2019, 2020) systems. The transitions between
hard and soft states proceed via infermediate states, which can arise
at different luminosities due to the hysteretic nature of the eruptions.
However, these transitional states are more difficult to study and can
present complex signatures during their brief window of occurrence.

1.1 The ultraviolet window into accretion

A significant challenge for the study of BHXTs is that interstellar
extinction usually prevents us from exploring the ultraviolet (UV)
response to changes in X-ray luminosity and state transitions. This
is unfortunate, as the UV band is a critical link between the inner
accretion flow (the corona and the hot, viscously dominated disc)
and the outer one (the cool, irradiation-dominated disc). To date,
only six BHXTs have been observed in the far-UV part of the
spectrum near outburst peak in the soft state (R. I. Hynes 2005).
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Increasing the size of this sample is important for understanding
how the disc evolves and responds to the changing X-ray irradiation
during eruptions, what drives the presence of disc wind signatures
in specific wavelengths during different states (e.g. T. Mufioz-Darias
et al. 2016, 2019; T. Muifioz-Darias, M. A. P. Torres & M. R. Garcia
2018; J. Sanchez-Sierras & T. Muiioz-Darias 2020; N. Castro Segura
et al. 2022; S. Fijma et al. 2023), and to shed light on the periodic
and aperiodic variability produced at intermediate disc radii. MAXI
J18204-070 provides us with a rare opportunity to make progress in
this area. Here, we present the first multi-epoch UV characterization
of a BHXT across both outburst states, which allows us to shed light
on some of these issues.

The outbursts of BHXTs are typically interpreted in the context of
the disc instability model (DIM; e.g. J. Lasota 2001; J. M. Hameury
2020 for a recent review), according to which the accretion discs in
these systems are subject to a thermal-viscous instability related to
the ionization of hydrogen. To what extent X-ray irradiation plays a
significant role in controlling the behaviour of the discs in BHXTs is
still a matter of debate (e.g. J. van Paradijs & J. E. McClintock 1994;
J. van Paradijs 1996; A. R. King & H. Ritter 1998; G. Dubus et al.
1999; G. Dubus, J. M. Hameury & J. P. Lasota 2001; B. E. Tetarenko
et al. 2018a). Strongly irradiated accretion discs are needed, though,
to explain the longer and brighter eruptions of these systems and their
light curve phenomenology. The outer disc is heated by radiation
emitted in the inner regions, which keeps it ionized and prevents an
early return to quiescence. It also means that the outer disc produces
most of the UV/optical, and sometimes infrared, flux. This picture
can be tested by modelling the UV SED with irradiated disc models.

The spectral lines seen in the UV also provide important diagnos-
tics. For example, the He 11 11640 recombination line is an effective
bolometer for the (usually unobservable) extreme UV (EUV) band
above 54 eV. Moreover, UV line ratios can be used to shed light
on the evolutionary history of the binary, since they strongly depend
on the degree of CNO processing the accreting material has been
subjected to (e.g. C. W. Mauche, Y. P. Lee & T. R. Kallman 1997;
C. A. Haswell et al. 2002; B. T. Génsicke et al. 2003; C. S. Froning
etal. 2011, 2014; N. Castro Segura et al. 2024, for both the cases of
cataclysmic variables, CVs, and LMXBs). Perhaps most importantly,
however, the strong UV resonance lines (N v 241240, Si1v 21400, C 1v
A1550) are highly sensitive outflow tracers.

The observable wind signatures presented by spectral lines take
the form of blue-shifted absorption or P-Cygni profiles. In low-mass
X-ray binaries (LMXBs), such signatures have been found in both
the corona- and disc-dominated states. However, clear X-ray wind
signatures have so far only been seen in the soft state (e.g. J. M. Miller
et al. 2006a; G. Ponti et al. 2012, 2014; M. Diaz Trigo & L. Boirin
2016, and references therein), even though hard state outflows have
been identified both in optical/near-infrared (e.g. T. Mufioz-Darias
etal. 2016, 2018, 2019; F. Jiménez-Ibarra et al. 2019) and UV spectra
(N. Castro Segura et al. 2022; S. Fijma et al. 2023). This raises several
important questions (e.g. T. Mufioz-Darias et al. 2019; J. Sanchez-
Sierras & T. Munoz-Darias 2020; T. Muiioz-Darias & G. Ponti 2022).
Is the same wind present throughout the eruption, perhaps in different
ionization states? And is this wind multiphase (e.g. clumpy) and/or
spatially stratified? Or are we seeing completely distinct types of
outflows in different bands (e.g. cool, magnetically driven winds
in the UV, optical and near-infrared bands versus hot, thermally
driven winds in X-ray bands)? Resolving these issues will require
panchromatic spectroscopic observations across different spectral
states. In this context, this study provides the first data set allowing
a search for UV wind signatures in different stages of a single
outburst.

920z Asenuer gz uo Jasn Aieiqi AsjueH Aq ZEG0ZE8/S96 LIBIS/Z/SHS/0ne/seiu/woo dnooiwepese//:sdiy woll papeojumod



UV spectroscopy across an LMXB state transition 3

| 1 & H -
i . !
o o i o I
| @ LIPS i
=] L | | !
5 0.8 :‘-% o . 00. i
—_ =i |
\" N E L[] |
p * % SR Y i
S ooe- e % i, ~
= Zi H J
f‘ Zi \ i =°o..
B o i e
04 g%
= LY a e |
z
=09 =g
= ! H
= i 7
o i *
i !
0.0 i ."'\--- i
: I

1 1
350 450

Time / (MJD — 58000)

400

1200

—
o
jonl
o

F

[o%)
(==l
o

600

400

200

1
_
S,

PM~

ol

107

Coaal

1

10! -@- AstroSat =

T

NICER rate/ 0.5 — 12 keV cts s~}

|
i
i
i
i
= —— HST
i
i
i
i
|

M|

|
x x x x x x x
0.02 0.04 0.06 0.08 0.10 0.12 0.14
Hardness [5.0 — 7.0 keV cts s71/2.0 — 4.0 keV cts s

0.00

Figure 1. Left panel: Swift/BAT (hard X-rays) and NICER (soft X-rays) light curves of the outburst of MAXI J1820+070 in 2018. Right panel: NICER HID of the
source, averaged by day. In both cases, we have superimposed the timing of our UV observations for comparison. The times of our HST and AstroSat observations
are noted, signifying the respective accretion state of the system. The transition between the two X-ray states is evident in both panels.

Finally, time variability in the form of stochastic flickering and
QPOs is ubiquitous among X-ray binaries (and, in fact, among all
accreting systems). The standard interpretation of this variability is
that each annulus of the disc is susceptible to fluctuations on its own
viscous time-scale. These fluctuations then propagate inwards, so
that the correlated variability we see in different wavelengths is the
cumulative product of variations across a wide range of disc radii.
Irradiation and reprocessing can introduce additional correlations
between different wavebands on time-scales corresponding to the
light travel time from the centre of the disc to the relevant emitting
region. MAXI J1820+070 is already known to display correlated
variability between X-rays and optical at the peak of its outburst
(e.g. H. Stiele & A. K. H. Kong 2020; J. A. Paice et al. 2021; J. K.
Thomas et al. 2022). Our UV data allow us to test whether/to what
extent the same behaviour is present in this intermediate waveband.

MAXI J1820+070 reached peak optical brightness around March
28, but remained in the hard state until (early) July. The system
then started its transition to the soft state, characterized by a rapid
softening of the X-ray spectrum (J. Homan et al. 2018a, b, 2020) and
a decrease of radio and infrared flux, thereby indicating quenching
of the compact jet (A. J. Tetarenko et al. 2018b; P. Casella et al.
2018). In this work, we focus on three distinct snapshots of MAXI
J1820+070 obtained during this outburst with the Hubble Space
Telescope (HST) and AstroSat observatories. The timing of our
observations is shown in Fig. 1, where we relate them to the overall X-
ray behaviour of the system. For this purpose we have combined data
from both the Neil Gehrels Swift Observatory (Swift/BAT; N. Gehrels
et al. 2004; H. A. Krimm et al. 2013) and Neutron star Interior
Composition Explorer (NICER; K. C. Gendreau et al. 2016) to
construct both the overall X-ray light curve and the HID of the system.

2 OBSERVATIONS AND DATA REDUCTION

2.1 Hubble Space Telescope

MAXI J1820+070 was observed on 2018 March 31 and June 29
(Proposal ID: 15454, PI: Knigge) by the Space Telescope Imaging
Spectrograph (STIS; R. A. Kimble et al. 1998; B. E. Woodgate et al.

1998) onboard HST. Each epoch consisted of a five-orbit HST visit,
with three orbits dedicated to the far-UV and the remaining two to
the near-UV part of the spectrum. The two visits occurred at quite
different stages of the outburst evolution. The first visit took place
in the hard state right after the outburst peak. However, the second
visit took place 3 months later, during the hard-intermediate state
(HIMS)), just before the start of the hard-to-soft state transition.

The MAMA (Multi-Anode Microchannel Array) detectors were
employed to obtain the observations in time-tag mode in order to
provide information on the fast (dynamical time-scale) variability of
the system. The initial observation, denoted as HST:HS, captured the
system in a luminous hard state on MJD = 5808.5, just a few days
after the outburst peak. The 0.2 arcsec x 0.2 arcsec detector slit and
the echelle E140M/1425, E230M/1978, E230M/2707 gratings were
utilized, providing us with a spectral resolution of R = A/AX = 45
800 and 30 000 in the far- and near-UV regions, respectively. The
subsequent observation, designated as HST:HIMS, took place on
MID = 58298.5, just days before the state transition. In this epoch,
we used the 52 arcsec x 0.2 arcsec slit coupled with the first-order
G140L/1425 and G230L/2376 gratings. Here, the spectral resolution
is not constant but wavelength-dependent on both sides of the
spectrum. In particular, it ranges between 960 and 1440 in the far-UV
and between 500 and 1010 in the near-UV wavelengths, respectively.
A summary of the instrumental set-ups and their characteristics can
be found in Table 1.

All the data were reduced using the CALSTIS pipeline to extract
one-dimensional spectra for each visit. For our first epoch, blaze
correction of the individual orders of the echelle spectra and trimming
of their overlapping regions were applied so that we could combine
them into a single spectrum. On the other hand, the construction of the
HIMS first-order spectrum suffered from two challenges. First, there
was a flux inconsistency between the far- and near-UV exposures —
in particular, the near-UV (G230L) 0ds802050 exposure appeared
to be 27 per cent brighter than the corresponding far-UV (G140L)
one in the overlap regions between the two. We suspect that this
mismatch is an instrumental artefact, possibly associated with the
slight offset in the wavelength calibration discussed below (which
can affect the flux level via the wavelength-dependent sensitivity

MNRAS 545, 1-19 (2026)
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Table 1. Log of observations discussed in this work. The last column represents the notation that we are going to use throughout this paper.

Observatory ObsID Set-up Onset (MJD) Exposure (ks) X-ray state Notation
HST 0ds801010 STIS/E140M/1425 A 58208.52 2.151
0ds801020 ? 58208.57 2.730
0ds801030 ? 58208.64 2.730 Hard HST:HS
0ds801040 STIS/E230M/1978 A 58208.71 2.730
0ds801050 STIS/E230M/2707 A 58208.77 2.730
HST 0ds802010 STIS/G140L/1425 A 58298.50 2.105
0ds802020 ? 58298.56 2.730
0ds802030 ? 58298.63 2.730 Hard-intermediate HST:HIMS
0ds802040 STIS/G230L/2376 A 58298.70 2.730
0ds802050 ? 58298.76 2.670
AstroSat T02.038T01-900001994 UVIT/FUV-G1 58207.50 11.39 Hard AstroSat:HS
AstroSat T02_066T01-900002324 UVIT/FUV-G1 58355.47 2.845 Soft AstroSat:SS

curve). While we cannot completely rule out that this offset is real
(i.e. produced by intrinsic variability), we adjusted the near-UV time-
weighted average to match its far-UV counterpart. This adjustment
involved determining a scaling factor based on the median value
of continuum windows on both sides of the spectrum. The purpose
of this choice was to facilitate our subsequent analysis by creating
a single HIMS spectrum. Second, we observed a slight mismatch
between the far- and near-UV line centres. As the set-up in this epoch
is constrained by the lack of spectral resolution and low signal-to-
noise ratio, we used the Echelle spectrum and the location of several
interstellar lines as our guide to account for these wavelength shifts.
In the end, we shifted the far-UV wavelengths by 1 A and the near-UV
wavelengths by 2.5 A to correct for these offsets.

2.2 AstroSat

The AstroSat satellite observed our source on March 31 (hard state)
and August 25 (soft state), utilizing its Ultraviolet Imaging Telescope
(UVIT; S. Tandon et al. 2017, 2020). Here, these epochs are denoted
as AstroSat:HS and AstroSat:SS, respectively.

The UVIT instrument features three channels sensitive to three
different bands: far-UV (1200-1800 A), near-UV (2000-3000 A),
and visible (3200-5500 A). While the far- and near-UV are used for
scientific observations, the visible channel primarily aids in pointing
drift correction. Both the UV channels are equipped with broad-band
filters for imaging, providing a point spread function (PSF) of 1.0-1.5
arcsec, and include slit-less gratings for low-resolution spectroscopy.
The far-UV channel contains two orthogonally arranged slit-less
gratings (FUV-G1 and FUV-G2) to minimize contamination along
the dispersion direction from nearby sources. Both channels operate
in the photon counting mode. Further details on grating performance
and calibration can be found in G. C. Dewangan (2021).

Level-1 data on MAXI J1820+070 were sourced from the
AstroSat archive and processed with the CCDLAB pipeline (J. E.
Postma & D. Leahy 2017). Drift-corrected, dispersed images were
generated orbit-wise and then aligned to produce a single image per
observation. Spectral extraction was performed using the UVITTOOLS
package,' following G. C. Dewangan (2021) and S. Kumar et al.
(2023). The source’s zeroth-order image position in grating images
was located, and one-dimensional count spectra for the far-UV grat-
ings in the —2 order were extracted using a 50-pixel cross-dispersion

I Details about the package’s requirements and documentation can be found
at https://github.com/gulabd/UVITTools.jl.
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width (see S. Banerjee et al. 2024 for more details). Background
count spectra were also extracted similarly from source-free regions
and used to correct the source spectra. The grating responses were
updated to match the simultaneous hard state HST spectrum of the
source and these files are produced as explained in G. C. Dewangan
(2021).

3 SPECTROSCOPIC ANALYSIS

3.1 Reddening and H I column density

Most BH binaries are located at kiloparsec (kpc) distances in the
Galactic plane. As a result, they tend to suffer from strong extinction
and reddening, making them difficult to observe especially at UV
wavelengths. In fact, only 8 out of 68 BH binary systems are char-
acterized by reddening values Ez_y < 0.30 (J. M. Corral-Santana
et al. 2016). In addition to MAXI J1820+070 (whose extinction
properties we discuss below), these low-reddening systems are GRS
1009-45 (M. della Valle et al. 1997), XTE J1118+480 (M. Garcia
et al. 2000), Swift J1357.2-0933, XTE J1817-330 (E. F. Schlafly &
D. P. Finkbeiner 2011), MAXI J1305-704 (D. Mata Séanchez et al.
2021), and MAXI J0637-430 (B. E. Tetarenko et al. 2021a). Thanks
to their relatively low and well-constrained extinction values, the
intrinsic luminosities of these systems can be inferred with some
confidence.

In order to determine the line-of-sight extinction and reddening
towards MAXI J18204-070, we use two different methods. First,
we fit a series of parametrized extinction curves to the UV SED.
These extinction curves are characterized by the parameters A,
and R,, where Eg_y = A,/R,. Here, we set R, = 3.1, the
standard value for Galactic sources. Using Fitzpatrick’s reddening-
law (E. L. Fitzpatrick 1999) to match the A2175 interstellar dip of
our ‘featureless’/continuum HST:HIMS spectrum, we estimate an
extinction value of Ep_y = 0.20 £ 0.05. The quoted uncertainty
here is a qualitative, but conservative estimate of the systematic
uncertainty associated with this procedure. Fig. 2 illustrates how the
strength of the near-UV bump changes for different extinction values.
However, we will revisit how the wavelength-dependent extinction
curve affects the brightness and shape of the UV SED in Section 4.2.

In addition, we exploit the well-established correlation between
reddening and the neutral atomic hydrogen column density (Ny) at
any line of sight (e.g. R. C. Bohlin, B. D. Savage & J. F. Drake 1978;
H. Liszt 2014). In our case, we determine the H I column density by
modelling the damped Lyman-« (Lyco) absorption profile, evident in
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Figure 2. Modelling of the HST:HIMS spectrum to estimate the line-of-
sight reddening to MAXI J1820+070. We employ the strength of the 2175
A interstellar feature and Fitzpatrick’s extinction law (E. L. Fitzpatrick 1999)
to model the HST:HIMS spectrum and find the reddening value, which makes
the near-UV bump to disappear. From this analysis, we derive an interstellar
reddening value of Ep_y = 0.20, which is the one adopted in this paper.

our HST:HS spectrum. We follow R. C. Bohlin (1975) and model
this profile by an Ce™" factor, where C is the continuum level, and
the optical depth, 7, is given by

(L) = 4.26 x 107Ny /(6.04 x 1071 4+ (1 — A0)?). o))

Here, 1o = 1215.67 A, the rest wavelength of the Ly line. We then
estimate Ny by trial and error within a range of values centred on the
total line-of-sight column density. Examples of these fits are shown in
Fig. 3, where the best-fitting model corresponds to a column density
value of Ny = 10*' cm~2. The corresponding reddening value then is
determined via two standard Ny /E_y relations from the literature:
Nu/Ep_v = 5.8 x 10?! cm™2 mag~' (R. C. Bohlin et al. 1978) and
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Figure 3. Modelling of the damped profile of the interstellar Lyx line in
our HST:HS spectrum. The different fits are represented by different solid
coloured lines, whose corresponding column density is specified in the legend.
The dashed line signifies the column density, derived from X-ray spectral
fitting, as described by K. I. I. Koljonen et al. (2023). The optimal model
corresponds to a column density of Ny = 102!cm™2.

Nu/Ep_y = 8.3 x 10?! cm™2 mag~! for |b| < 30° (H. Liszt 2014).
The resulting estimates for Eg_y towards MAXI1J1820+070 are 0.17
and 0.12, respectively. These values are slightly lower, but remain
consistent with the one inferred from the UV SED.

Similar reddening results are obtained when employing slightly
different Ny values derived from other observational studies. For
example, high-resolution 21-cm radio observations (HI4PI Collabo-
ration 2016) and fitting of the absorbed X-ray spectrum (K. I. I. Koljo-
nen et al. 2023) yield a column density of Ny = 1.3 x 10*'cm™2. On
the other hand, modelling of diffuse interstellar bands — such as the
15780 line in spectra obtained with the X-Shooter instrument on
the Very Large Telescope (VLT) — results in a column estimate
of Ny = (1.4+0.4) x 102’cm™? (also in K. I. I. Koljonen et al.
2023). These estimates are consistent with predictions based on the
Galactic dust distribution (see K. I. I. Koljonen et al. 2023 and
references therein). Throughout this work, we adopt Ez_y = 0.20
as the reddening value.

3.2 Overview: spectroscopic evolution through the outburst

Our first objective is to shed light on the UV spectral evolution of
MAXI J18204-070 as it passes from the hard to the soft state during
its 2018 outburst. The luminous hard state near the outburst peak was
covered by (quasi-)simultaneous HST and AstroSat observations. The
hard-intermediate state just before the state transition was caught by
our second HST visit, while the soft state was captured only by
low-resolution AstroSat spectroscopy. The evolution of the source’s
spectrum among these three stages is shown in Fig. 4.

Overall, the HST spectra are characterized by blue continua and
broad emission lines. Despite the significant flux decrease (by a
factor of 3) and the system’s transition from the hard to the soft state,

MNRAS 545, 1-19 (2026)

920z Asenuer gz uo Jasn Aieiqi AsjueH Aq ZEG0ZE8/S96 LIBIS/Z/SHS/0ne/seiu/woo dnooiwepese//:sdiy woll papeojumod



6 M. Georganti et al.

i 7 —— HST:HS —— HST: HIMS = 1
| = — AstroSat : HS — AstroSat : 5SS 7‘5 : i
L ey . ] o :
| ‘ A 5 - 2 i R
7 | | = N
:C L | \["uv"mu,,,. “'ml “‘ ‘ Fy i O AL :4 B : : ]
| ‘ ' LWy ‘ - =050 oo 0 1m0 2000
g ] \ ot ) | » v/kms™!
— 10712 ™ AP, A Avis & N~7/3 A - ]
: Yok, - :
i i | ! }1 ‘ el ‘ ‘ [T1 ! il
< %) L il I
R © ‘ T \” Ml
|5 i
= L \_ S = 0 il ]
, o o A f
/r:
1071 ‘
2 x 10° 3% 10°

A A

Figure 4. The dereddened time-averaged UV spectra of MAXI J18204-070 as the system evolves across three stages of its outburst, accompanied by line
identifications of the most prominent species. Our work covers three distinct X-ray states of the source’s outburst: (a) a luminous hard state, combining
(quasi-)simultaneous HST/AstroSat observations, (b) HST observations of a hard-intermediate state before the state transition, and (c) AstroSat observations of
the soft state. The HST spectra cover the far- and near-UV regions (1150-3000 A) whereas the AstroSat observations cover only the 1200-1800 A regime. As a
reference, the slope indices of both a standard Shakura—Sunyaev accretion disc (F), visc & A 3) and an irradiated disc (F} i o A‘l) are illustrated. For clarity,
we cut the interstellar lines by 70 per cent of their flux, compared to the original lines. The inset zooms in on the C1v A1550 profile, emphasizing the absence

of evidence for the presence of an outflow.

immediately after the second HST epoch, no major characteristic
differences are observed between these two observations. The con-
tinuum shape remains consistent across our spectra and is reasonably
well-approximated by a power law with an index close to the charac-
teristic value for a viscously dominated accretion disc (F), yise ¢ A7,
B = 7/3). This is surprising, since the disc regions producing the UV
continuum may be expected to be heated by irradiation, rather than
viscous dissipation. At wavelengths sufficiently far away from the
Wien and Rayleigh—Jeans tails, an irradiation-dominated disc would
tend to produce a power-law continuum with g = 1, significantly
shallower than observed (J. Frank, A. King & D. Raine 2002). We
will return to this issue in Section 4.

Both epochs display the same set of strong, double-peaked
emission lines, representing both low- and high-ionization atomic
transitions. At shorter wavelengths, we see strong emission features
associated with UV resonance (NV A1240, Si1v 11400, and C1v
A1550) and recombination lines (He 11 1.1640). Moreover, the damped
Ly o absorption line produced by absorption in the interstellar
medium (ISM) contaminates the far-UV end of the spectrum. At
the very opposite end, the prominent Mg 11 A2800 line in emission is
apparent.

The AstroSat spectra also capture the far-UV wavelengths, but—
due to the lower resolution and signal to noise of these data sets —
only the strongest lines are detected. As AstroSat constitutes our sole
insight into the system’s soft state, we exploit our simultaneous hard
state observations to calibrate and facilitate comparisons between
the HST and AstroSat spectra. For these comparisons, we degrade
the HST spectra to the same resolution as the AstroSat observations
using a simple Gaussian filter. The result is illustrated in Fig. 5.
A good agreement is achieved between the (quasi-)simultaneous
HST/AstroSat hard state observations, whereas there is a hint of
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Figure 5. Far-UV spectral evolution of MAXI J1820+070 as it is captured
by HST and AstroSat. We adjusted HST's resolution of our hard and hard-
intermediate state epochs to match AstroSat’s intrinsic resolution. There is
apparent agreement among all the observations, taken during the hard state,
whereas we observe stronger features when the system is in the soft state. We
note that we have limited information regarding the line profiles in the soft
state, where only four lines are visible.

line strengthening in the soft state, especially for the Si1v and C1v
profiles.
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Figure 6. Continuum-subtracted line profiles of the most prominent UV resonance lines, observed during our HST:HS epoch. Each profile is fitted by a number
of Gaussian components to account for each of their individual shapes (dashed lines). Our modelling is based on the fact that each atomic transition produces
a distinguished blue and a red emission component. Here, we follow the blue and red colour distinction to demonstrate the relevant created profiles. The last
panel shows the VLT/X-shooter He Balmer line, taken few days before the luminous hard state observation considered here, for comparison. Its profile clearly
demonstrates a broad emission line wing. Details of our Gaussian modelling are provided in Table 2.

3.3 Emission line shapes and fluxes

All of the observed lines appeared to be double-peaked or consistent
with being double-peaked (within the limit of the diverse spectral
resolutions of our instrumental set-ups). Assuming that the observed
emission lines are produced at the atmosphere of the accretion disc,
their shapes can help us specify the physical conditions in the line-
forming region(s) and define their evolution during the time between
the observations.

Broadened, double-peaked emission profiles are characteristic of
geometrically thin Keplerian accretion discs, where the two peaks
correspond to regions of the disc rotating towards (blue-shifted
component) or away from the observer (red-shifted component),
respectively. In this context, we carry out a qualitative analysis of
the most prominent observed resonance lines from our dereddened
continuum-subtracted spectra. Specifically, we measure properties
such as their amplitude ratios and the corresponding velocities of
each of the two components. Then, the fitted emission profile is
numerically integrated to extract key parameters (like their line
fluxes, F;, and their equivalent widths, EWs).

In our fits, all relevant atomic transitions are assumed to produce
two kinematically distinct (blue and red) Gaussian emission lines.
The two components are constrained to share the same full width
at half-maximum (FWHM), but they are allowed to have different
normalizations and shifts relative to the relevant rest wavelengths.
This is not unexpected, as transient components such as hot spots
or interactions at the stream-impact bulge can disrupt the disc’s
model symmetry. The He 11 line is adequately described by two such

components associated with a single atomic transition. However,
most of the lines we consider (specifically N v, Si1v, C1v, and Mg I1)
are resonance doublets, i.e. they consist of rwo well-separated atomic
transitions. We therefore have to explicitly account for both doublet
components in our fits to these lines. Each of these lines is thus
described by a total of four Gaussian emission profiles: an atomic
doublet representing the blue kinematic component and an atomic
doublet representing the red kinematic component. The wavelength
separations between the atomic doublet components are always kept
fixed at their known values. The intensity ratio between the doublet
components is expected to range between 2:1 (in favour of the
blue doublet component) and 1:1, depending on whether the line
is optically thin or optically thick. However, we do not enforce this.

Our high-resolution Echelle spectra obtained in epoch HST:HS
(the luminous hard state) exhibit clear evidence for narrow absorption
features close to the rest wavelengths of the Si1v, C1v, and Mgl
doublets. These absorption features might be intrinsic to the source,
but are more likely associated with the ionized phase of the ISM
along the line-of-sight. We therefore include narrow (unresolved)
doublet absorption features in our models for these lines. The
absorption profiles are modelled as e~ 7, where, here, t corresponds
to the superposition of the two absorption profiles. The profiles
also share the same FWHM and their intensity ratio is specified
to range between 2:1 (optically thin) and 1:1 (optically thick) cases.
In particular, the only line considered to be formed in an optically
thick region (v >> 1) of the accretion disc is the MgII line, as
can be seen by its profile structure in Fig. 6. The same figure also
shows the rest of the continuum-subtracted line profiles during our
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Table 2. Attributes of the most prominent resonance line profiles in the UV region for all of our epochs. Specifically, we take a closer look at the usual
suspects: the Nv 11240, Si1v A1400, C1v 21550, He 11 21640, and Mg 11 12800 lines. The table below summarizes various line properties, derived from

Gaussian fitting of the dereddened continuum-subtracted spectra. Key properties include the integrated fluxes (in 107'2 erg s

—1

cm~2) and EWs along with

their associated errors. Additional parameters of the fitting such as the FWHM, the individual component velocity, the peak-to-peak separation (all in km s~1),
the doublet amplitude ratio as well as the ratio between their red/blue component are also shown. The quoted errors correspond to 1o (68 per cent) confidence

intervals.
Line F F}. downgraded a EwW FWHM o Vpp Doublet Red-to-blue
(cgs) (cgs) A) (kms™!) (kms™") (kms™") amplitude ratio amplitude ratio
HST:HS

Nv 32.62 +0.92 - 16.03 £ 0.80 1818 365 923 1.14 0.88

Sitv 6.50 +0.22 6.35+0.33 4.00 £ 0.16 —b 332 867 1.02 0.98

Civ 8.71 £0.26 6.41 £0.15 7.53 +£0.28 1773 446 869 1.27 0.43

Hen 543 4+0.18 5.37 £ 0.08 5.11 £0.19 1515 335 784 0.94 -

Mg 1.44 +0.04 - 3.59+0.12 1359 273 687 2.24 1.0

HST:HIMS

Nv 13.08 £ 0.47 - 21.21 £1.33 2354 651 1366 3.48 1.07

Sitv 2.14 £ 0.04 - 3.98 +0.08 - 466 1018 1.29 0.94

Civ 2.62 +0.03 - 6.78 £ 0.09 2231 460 983 0.52 0.46

Hen 1.92 + 0.04 - 5.66 +0.14 1482 390 998 0.48 -

Mg 0.43 £ 0.01 - 2.95+0.07 1390 273 882 0.33 1.0
AstroSat:HS

Sitv 7.23 +£0.72 - 4.66 + 0.48 - - - - -

Civ 6.00 +0.43 - 498 +£041 - - - - -

Hen 4.84 +0.39 - 4.5+0.39 - - - - -
AstroSat:SS

Sitv 357+ 041 - 6.28 +0.76 - - - - -

Civ 3.59 +0.39 - 8.65 + 1.01 - - - - -

Hen 3.17 £0.74 - 9.13+2.32 - - - - -
X-shooter:HS

Ho 0.247 £ 0.003 - 7.03 £+ 0.08 649 248 732 2.14 -

¢ Line flux measurements from the downgraded dereddened continuum-subtracted spectra for an immediate comparison to the AstroSat:SS estimates. This
comparison is imminently seen in Fig. 13 where we follow the line flux evolution of the source throughout the three epochs of the outburst. The respective
uncertainties are estimated through Monte Carlo simulations.
b The big separation (=9 A) between the components of the Si1v 41400 line results in doubling the apparent width and hence the FWHM of its integrated

profile.

first HST epoch alongside the H o Balmer profile, taken by VLT/X-
shooter, days before our considered HST:HS date.? The H « profile
displays broad emission wings, reaching velocities of almost 1800
km s~! (T. Mufioz-Darias et al. 2019).

In the second HST epoch, described by lower resolution first-
order spectra, the absorption profiles are not as strikingly evident
as in HST:HS and therefore, in our modelling, we fix their proper-
ties (amplitude, location, and FWHM) to their already-determined
values. It is noted that, for the Mg1I line, in order to facilitate the
modelling process, we also fix the intensity ratio and the (common)
FWHM of the four-component Gaussian emission profile to the ones
of the first HST epoch. In all cases, the model constructed of each of
the lines is smoothed to the instrumental resolution of the employed
setting and then, it is rebinned to 0.5 A.

Finally, we implement the same method to extract line properties in
AstroSat’s dereddened spectra. However, in this case, we focus only
on the strongest lines (Si1v 21400, C1v A1550, He 1 11640) observed
in our spectra. Due to the AstroSat’s lower resolution, the line profiles
of these species are satisfactorily fitted by two Gaussian components,

2The VLT/X-shooter (J. Vernet et al. 2011) observation was acquired on 2018
March 22 (MJD = 58199.32), as part of the 0100.D-0292 programme. We
processed the data using the X-shooter pipeline version 3.6.1 (W. Freudling
etal. 2013).
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except for the case of the He Il line, which is well-modelled as just
a single Gaussian. We avoid measuring the properties of the Nv
profile, as it lies too close to the blue edge of the detector to yield
reliable measurements.

The line flux and EW uncertainties associated with our fits are
estimated through Monte Carlo simulations. First, we estimate the
standard deviation (rms), oy, between the data and the fitted model.
Then, for each line, we generate mock data sets, where the model flux
at each wavelength is perturbed by a Gaussian distribution centred
on the actual flux with standard deviation, o,c. The line flux and EW
for each of these mock sets are then calculated by fitting the new line
profile and numerically integrating across it. This iterative process is
repeated 1000 times, allowing us to estimate the 1o errors.

The results of our fitting process are presented in Table 2. The peak-
to-peak velocities, vy, also shown in Fig. 12, are consistent with the
standard picture of an accretion disc where higher ionization species
are formed closer to the central source and are therefore associated
with higher velocities. We will discuss the physical implications of
the inferred fit parameters more in Section 6.1.1.

Our HST spectra show no indication of wind-formed UV features
in the hard state, either in the form of blue-shifted absorption or
P-Cygni profiles, as can be seen in Fig. 6. There is also no hint of
such features in the AstroSat soft state observations, but the lower
signal to noise and resolution of those observations would prevent
the detection of all but the strongest such features.
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4 IRRADIATED DISC MODELLING

X-ray irradiation is a crucial, but poorly understood, aspect of the
BHXT eruptions. The reprocessing of X-ray photons can dominate
over viscous heating in the outer disc, thereby generating the UV
and optical light emitted in these regions (e.g. J. van Paradijs & J. E.
McClintock 1994; J. van Paradijs 1996; A. R. King & H. Ritter 1998;
G. Dubus et al. 2001, 1999; B. E. Tetarenko et al. 2018a). However,
many aspects of this picture remain unclear, such as the dependence
of the reprocessing efficiency on the irradiating SED.

As noted above (see Section 3.2 and Fig. 4), the UV continuum
shape of MAXI J1820+070 seems to pose a challenge in this
context. Given the high X-ray luminosity in each of our three
epochs, irradiation might be expected to dominate over viscous
energy release in the UV-producing disc regions. Yet the observed
continuum shape is better approximated by that associated with a
viscously dominated disc (Fj vise < A~7/?) than that associated with
an irradiation-dominated disc (F; i < A~!). Similar behaviour has
also been observed in other BHXTs, specifically Nova Muscae 1991
(F. H. Cheng et al. 1992), XTE J1859+226 (R. I. Hynes et al. 2002),
and A 0620-00 (R. I. Hynes 2005). To investigate this further, we
have tried to model the UV continuum more quantitatively with a
model that includes both viscous and irradiation-driven heating.

Below, we first introduce our model and the irradiation contribu-
tion to the energy balance in the disc (Section 4.1). We then use
the HST:HIMS spectrum as a test bed to examine whether a simple
irradiated disc model can replicate the flux level and spectral shape
of the observed UV SED (Section 4.2).

4.1 Description of the model

Our model describes the disc as a collection of concentric circular
annuli, each of which is characterized by an effective temperature
T.#(R). The disc extends from ISCO, R = Risco, to an outer radius,
R = Rgis.- The effective temperature is set by the requirement that
the rate at which an annulus radiates energy away, o T'%;, must balance
the rate at which energy is deposited into it by viscous dissipation
and irradiation.
The viscous heating rate can be written as

O_T4 _ 3GMBHMacc |:1 . (RISCO)1/2:| i (2)

vise 87 R3 R

where Mgy is the mass of the BH, and M, is the accretion rate. The
heating rate due to irradiation can be modelled as

oT* = ( Lin ) (5> (1—A) 3)
i = \4zr2 )\ &)Y :

where L;, is the irradiating luminosity (assumed to originate from
a central point source), and A is the albedo (so that 1 — A is the
fraction of the light incident on the annulus that is absorbed). The
quantity H /R is the aspect ratio of the disc, which can be shown (J.
Frank et al. 2002) to scale as

H H R\’
2=(7), (%) @
Risc disc

Here, the power-law index is usually taken to be y = 1/8 in
the absence of irradiation, and y = 2/7 if irradiation dominates
the heating rate (c.f. J. Frank et al. 2002). Strictly speaking, y is
therefore a function of radius, but we neglect this here and simply
set y = 2/7 everywhere. This approximation means that we will
slightly overestimate the influence of irradiation, but only in disc
regions where irradiation is relatively unimportant anyway.
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Putting all of this together, the effective temperature of the disc
can be calculated by requiring that total heating should be matched
by radiative cooling, i.e.

O-Tei'f = O-Tvzzsc + O-Tl;lr (5)

In order to calculate the spectrum of the disc, we assume that each
annulus radiates as a modified blackbody,

2hv?

By mod(f Tett) = ————-
Fie2 [em - 1]

(6)

Here, f is the so-called spectral hardening factor (T. Shimura &
F. Takahara 1995), which approximately corrects for the effects of
Compton scattering in the disc atmosphere. This factor is not actually
a constant, but rather is a function of temperature, surface density
and radius (and, for BHs, spin parameter). In our SED model, we
parametrize f using the analytical fitting function provided by S. W.
Davis & S. El-Abd (2019). In calculating the required surface density,
we take into account the relevant relativistic correction factors (I. D.
Novikov & K. S. Thorne 1973; S. W. Davis & S. El-Abd 2019). In
our specific application of the model to UV observations here, the
effects of spectral hardening are negligible.

4.2 Disc SED modelling

Our primary focus is to assess if irradiation significantly impacts
the outer accretion disc regions and can reproduce the shape and
flux level of the far- and near-UV SED. To achieve this, we opt
to model the spectrum prior to the state transition (HST:HIMS) as
it provides us a unique opportunity for a direct comparison of our
model, which is close in time and luminosity, with the one employed
by K. I. I. Koljonen et al. (2023), henceforth referred to as the
‘reference model’. We note that in our performed modelling, we
fix L, = 1.35 x 10¥erg s~! (K. L. I. Koljonen et al. 2023).

We first try to find the optimal model that describes our dereddened
UV SED. We allow the mass accretion rate (M), outer disc radius
(Rou), and albedo (Aoy) to vary, taking into account both irradiation
heating and viscous dissipation. It is important to mention that we
cannot avoid the mathematical degeneracy between albedo and scale
height, so we opt to fix the latter for simplicity. We assume a
Schwarzschild (non-spinning) BH (J. Guan et al. 2021; X. Zhao et al.
2021), scale height H /R = 0.10 while the orbital characteristics (d,
Mgy, i, q) of the system are already determined (P. Atri et al. 2020;
M. A. P. Torres et al. 2020). In particular, we adopt Mgy = 8.5 Mg
and 1 = 65° in our modelling, while all the distances are measured
with respect to the gravitational radius, Rg = GMgy/c?.

The best-fitting model SED is shown in Fig. 7 (upper panel).
As already noted above, the observed spectral shape of the UV
continuum is close to that of a standard accretion disc without any
irradiation. In line with this, the UV emitting regions in our best-
fitting model are viscously dominated, with very little, contribution
from irradiation. However, the parameters of our optimal model —
Miee = 1077 Mg yr ! >~ 0.5Mpaq, Row = 10°RG, Aoy = 0.93 — are
physically implausible. In particular, the radius of the outer disc is
much greater than the radius of the tidal disc of the BH accretor,
as Ry, & 4 X Ryqa. For reference, the tidal radius is estimated as
Riga = 10°4Rg.

Can a physically more plausible irradiated disc model still repro-
duce the SED acceptably? Naively, for any reasonable values of the
disc parameters (Mocc, Routs Aou), irradiation should play a crucial
role. To address this question more directly, we construct a small
grid of models that allows us to understand how changes in these
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Figure 7. Modelling of the UV SED of MAXI J1820+070 during the epoch
preceding the hard-to-soft state transition (HST:HIMS). Upper panel: The
best-fitting model for our SED is very close to a pure viscous-dominated
disc. This model results in a set of unrealistic values for parameters such
as Mycc, Aouts Rout, making it unsuitable for describing the system. Lower
panel: Parameter sensitivity analysis in our modelling to evaluate the
dependency and impact of the considered disc factors on the final output.
Each panel corresponds to one of these factors, where we explore a plausible
range of their parameter space (dash—dotted lines), overlaid on the observed
HST:HIMS UV spectrum (grey colour) of MAXI J1820+070. The reference
disc UV SED, as modelled by K. I. I. Koljonen et al. (2023), is included in
dark grey across all panels for context.

parameters affect the overall SED (and the irradiation contribution,
specifically). Our grid is roughly centered on the ‘reference’ disc SED
model of K. I. I. Koljonen et al. (2023). This model is derived by
fitting the X-ray-optical SED of MAXI J1820+070 at the soft state,
days after the hard/soft state transition. The corresponding reference
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parameters are My = 2.37 x 1078 Mg yr™!, Ry = 10°3Rg, and
Aout = 0.9. The attempted comparison is justified, as the two epochs
are close enough in time that we do not expect the values of the
considered parameters to change significantly.

Fig. 7 (lower triplet of panels) shows the reference and test
models that make up our small grid overlaid on the UV SED of
the hard-intermediate state. The reference model is clearly too red
and underestimates the far-UV flux level. Moreover, even though our
test models confirm that reasonable changes to the model parameters
can certainly modify the UV continuum, they also suggest that such
changes cannot simultaneously match the brightness and shape of
the observed SED. Could extinction effects resolve this discrepancy?
To test this, we examined two parametrizations of the Fitzpatrick’s
extinction law: one varying the Ry parameter (E. L. Fitzpatrick
1999) and another probing the far-UV non-linear rise (through the
c4 parameter; E. L. Fitzpatrick & D. Massa 1990). Neither Ry (across
areasonable range) nor c4 (within physically plausible values) could
reconcile the SED with the reference model. We will discuss the
implications of this result in Section 6.3.

5 TIMING ANALYSIS

In this section, we search for and analyse the variability in our
UV data set. This is particularly interesting because the emission
produced in the outer accretion disc is likely to peak in this waveband.
To this end, we first construct wavelength-integrated light curves
from our time-resolved observations, and then the corresponding
PDS, where the variability amplitude (power) is expressed as a
function of frequency.

The light curves are generated using the LIGHTCURVE package.’
They are both background-subtracted and corrected for buffer dumps.
An overview of the light curves for all epochs can be seen in Fig. 8.
Rapid, aperiodic variability is apparent throughout the observations.
More specifically, the far-UV light curves obtained during the
HST:HS observations clearly exhibit flaring activity with a fractional
rms amplitude of ~ 10 per cent. The corresponding flaring amplitude
in the near-UV is ~ 7 per cent.

Rather suspiciously, all of the light curves obtained from the
HST:HIMS visit in Fig. 8 exhibit a slow rise in count rate at the
beginning of each orbit. Following discussions with the STScI office
and a detailed inspection of the cross-dispersion profiles during this
visit, we tentatively attribute these variations to instrumental focus
changes. We therefore opt to filter out these slow variations by fitting
a second-order polynomial to the respective light curves and then
normalizing them to this fit. The polynomial fits are shown overlaid
on the raw HST:HIMS light curves in Fig. 8. We then measure
the fractional rms amplitudes of the short-term variability in each
orbit, which is =~ 4 per cent and =~ 3 per cent in the far- and near-
UV, respectively.

Next, we construct the PDS following the methodology by S.
Vaughan (2005). We define the periodogram for a light curve with K
points and AT sampling rate as the modulus-squared of the discrete
Fourier transform (DFT), X(f;),

2A

T 2
I(fj):mp(jl , @)

evaluated at the Fourier frequencies f; = j/KAT withj=1.2,...,
K7/2. Its normalization is in (rms/mean)’Hz ™!, expressing the power

3The original code is available at https:/github.com/justincely/lightcurve, but
we have adapted the code to suit our requirements.
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Time/ s

the left column showcases light curves of the first luminous hard state (HST:HS) while the right column features the

Time/ s

>

UV light curves of MAXI J1820+070, extracted at one-second resolution, for both the hard state and hard-intermediate state

and near:

Far-

8

observations, taken by HST. As noted
presented turnover. The two colours are utilized to distinguish between the far- (teal) and near-UV observations (dusty pink). For completion, we have also

corresponding light curves of the hard-intermediate state (HST:HIMS). For our HST:HIMS observations, we overlaid our polynomial fit, correcting for the
noted the obsID of the considered observations at each of the panels.

Figure
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in fractional units (M. van der Klis 1989, 1997; S. Vaughan et al.
2003; S. Vaughan 2005).

One of our aims here is to examine our data sets for the presence
of any significant sharp features, e.g. low-frequency quasi-periodic
oscillations (LF-QPOs), as seen in X-ray and optical studies (e.g.
S. P. Mudambi et al. 2020; H. Stiele & A. K. H. Kong 2020; J. A.
Paice et al. 2021; D.-M. Mao et al. 2022; J. K. Thomas et al. 2022).
Overall, our UV PDS exhibit a pattern consistent with that seen in
other sources and at other wavelengths. The ‘continuum’, i.e. broad-
band noise, can be aptly described by a single-bend power law with
two distinct power indices, delineated by the break frequency. At
the highest frequencies, the power spectra are governed by Poisson
noise. Finally, especially during our HST:HS observations, we do
observe a weak yet discernible signature of a QPO close to the break
frequency, within the frequency range dominated by red noise, and
at a frequency that is similar to QPOs detected in other bands.

We decided to take a closer look at the power spectra in which we
tentatively detect a peak. Specifically, we use the method outlined
by S. Vaughan (2005) to determine the statistical significance of
these detections. This involves first fitting each observed PDS with
two models, one with and one without a QPO component. In these
fits, the intrinsic red-noise ‘continuum’ is described as a broken (or
bending) power law, while the QPO is approximated as a Lorentzian
of a centroid frequency, v., and FWHM width, W,. A likelihood
ratio test is then used to assess whether the model including the
QPO fits the data significantly better. Both the centroid frequency
and the width of the QPO are treated as free parameters in the fits
including this component. The method also automatically accounts
for the number of trials (i.e. the number of frequencies for which the
power spectrum is calculated).

The full PDS model that includes the QPO is given by D. P.
Summons et al. (2007)

AgpLVt
1+ (%)“L""H

BapoQve n
v +40%(v. — v)?

P(v) = Cps. ®
Here, the first term describes the broken power law (BPL) continuum
with vg the break frequency, and o , oy, the low- and high-frequency
indices. The second term accounts for the presence of the QPO with
the parameter Q, known as the quality factor (measure of coherence),
aptly connected to the centroid frequency as v./W,. The third term,
Cps, describes the variability associated with Poisson noise. The
parameters Agpr, and Bqgpo serve as normalization constants for the
individual components. In the model without a QPO, the second term
is simply set to zero.

Following S. Vaughan (2005), we use the maximum likelihood
estimation (MLE) method and the S-statistic to determine the optimal
fit parameters. All model parameters are allowed to vary. We then
assess the goodness of fit in both cases using the Kolmogorov—
Smirnov (KS) test, comparing the data/model residual ratio with
the theoretical x> distribution of two degrees of freedom, x7, for
unbinned periodograms. Further details* can be found in S. Vaughan
(2005) and references therein. The uncertainties in our best-fitting
parameters are estimated by Monte Carlo simulations. For each
data set, we generate 1000 mock exponentially distributed PDS
and fit them in the same manner as described earlier. This iterative
process provides us with the best-fitting parameters and S-statistic
for each mock data set, allowing us to estimate 1o errors from the

4We compare the data/model residual ratio to a theoretical x22 distribution
as the real and imaginary terms of a DFT are normally distributed and their
superposition follows a Xzz variable.
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16 percent and 84 percent quantiles. The best-fitting parameters
and their uncertainties, as well as details of our fitting results, are
summarized in Table 3.

Fig. 9 presents the different PDS for both the far- and near-UV
regions, where we have also superimposed both the QPO and non-
QPO models. In Fig. 10, we additionally illustrate the contributions
of the different components. In both cases, we indicate the estimated
centroid frequencies in both the X-ray (H. Stiele & A. K. H. Kong
2020; D.-M. Mao et al. 2022) and optical (D.-M. Mao et al. 2022)
wavelengths, with respect to the time of our UV observations. Taken
separately, both models provide statistically acceptable fits to the
data.

In order to test if the QPOs are significantly detected, we once again
follow S. Vaughan (2005) in estimating their statistical significance.
Specifically, we use the likelihood ratio test (LRT) to check if the
additional freedom associated with the QPO model is warranted by
the data. The test statistic here is

AS =8; =S, = =2In[L,/L>], &)

where indices 1 and 2 represent the likelihoods and S-statistics for the
simpler and complex models, respectively. If the models are nested,
and the simpler model is correct, the variable AS is Xf—distributed,
where v is the number of additional free parameters. In our case,
AS therefore follows a x32 distribution under the null hypothesis
that the no-QPO model is correct (since the QPO term requires
three additional parameters). The p-values associated with this null
hypothesis turn out to be 0.044, 0.014, 0.044 for the far-UV and
0.0067, 0.069 for the near-UV range. These values correspond to
20-30 detections of the QPOs — suggestive, but not definitive. A
stacking analysis — i.e. splitting each light curve into segments and
stacking the resulting PDS — might help to confirm or reject this, but
implementing this is beyond the scope of this paper. For now, given
that the locations of the putative UV QPOs are consistent with those
seen in other bands, we tend to think that they are likely real and
worthy of consideration.

We also constructed a PDS from both the raw and corrected
light curves of our HST:HIMS observations. Notably, all the raw
PDS exhibit an unusual excess at low frequencies, in line with our
suspicion that the slow variations in these data sets are instrumental
artefacts. This low-frequency excess disappears once the polynomial
fitis used to ‘correct’ the light curves. An illustrative example of this
process is presented in Fig. 11. There are no hints of QPO feature in
HST:HIMS, in any of the visits associated with this epoch. Given this,
and also the inevitable uncertainty associated with our polynomial
correction, we choose not to perform detailed PDS modelling for this
epoch.

6 DISCUSSION

6.1 The spectral evolution through the accretion states

6.1.1 Probing the accretion states

Accretion states in BHXTs are usually defined in terms of their X-ray
properties. Do their UV properties reflect the same phenomenologi-
cal picture?

MAXI J18204-070 provide us with a rare opportunity to inves-
tigate, for the first time in the UV band, the long-term spectral
evolution of a BH binary as it transitioned from the hard to the
soft state. Interestingly, we find that the UV behaviour remains
surprisingly consistent across both states: there are no distinct
signatures that would signal the state transition or the different
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Table 3. Best-fitting model parameters of the considered models for the HST:HS PDS both at the far- and near-UV range.

o

HS: far-UV @1425 A

AS

KS-Test ‘

h
PS

log BéPO logQ" ve
(mHz)

vi
(mHz)

logAgpr,

ObsID

0.74
0.62
0.97
0.86
0.46
0.61

(2.38 £0.21) x1073

1.01 £0.49 52.79 £ 1.63

—3.10+0.25

20.93 £5.42
38.60 £ 7.53
37.44 £ 11.25

—2.524+0.19
—3.09 £ 0.26
—2.95+0.35
—3.47+£0.27
—2.95+0.98
—3.56 +0.32

0.042 £0.23
—0.31+0.16
—0.44 £0.18
—0.475 +£0.13

—0.044 £ 0.53

0ds801010

0.044

(2.63 £0.19) x1073

—0.9 £0.35
—1.20 £ 0.40
—1.30 £ 0.25
—0.057 £ 0.58
—1.63 +0.28

(2.67 £0.19) 1073
(2.81 £0.15) x1073

0.77 £ 0.47 55.34 £2.48

—3.07 £ 0.30

0ds801020

0.014

49.85 +7.24
16.00 £ 4.55
49.31 £+ 8.48

(2.84 +£0.14) 1073
(2.96 +0.13) x1073

0.18 £0.19 54.65 £5.82

—2.75+0.24

0.024 £ 0.24
—0.62 +0.14

0ds801030

0.044

o

HS: near-UV @1978 A

28.88 £5.11

0.48
0.39

(2.26 +0.083) x1073

0.82 £ 0.40 57.81 £2.11

—1.22+0.38 —0.20 £ 0.18 —3.63 £ 0.55 —3.80 + 0.28
—0.30 £0.14 —3.88 £ 0.41

—1.48 £0.29

0ds801040

0.0067

(2.25 £ 0.080) x1073

37.40 £5.10

o

HS: near-UV @2707 A

14.65 £3.29
21.64 £ 4.69

0.74
0.83

(1.28 £ 0.087) x1073

—2.49 +£0.15 —3.97 £ 0.96 1.44 £3.00 56.13 £ 0.90
—2.70 £ 0.17

—0.075 £ 0.055 0.054 £ 0.22
—0.256 + 0.19

—0.85 +0.45

0ds801050

0.069

(1.33 +£0.082) x1073

Note. All the uncertainties are 1o (68 per cent) confidence intervals. The second line of each observation corresponds to our modelling without the Lorentzian contribution. ¢ BPL normalization constant. ?

Low-frequency (before the break) power-law index. ¢ High-frequency power-law index. ¢ Break frequency. ¢ Normalization constant of the Lorentzian, describing the QPO. / Quality factor defined as v,/ Wy, where

W, the FWHM of the Lorentzian. 8 Centroid frequency of the QPO peak. h Poisson constant. ! Goodness-of-fit p-value obtained via the KS-test. / Statistical significance of the QPO obtained through the LRT test.
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phases of the hard-state decay. This phenomenon may come as a
surprise if we consider the case of the BHXT XTE J1859+226 (R. 1.
Hynes et al. 2002), where we do observe evolution of the spectrum
during different stages of its outburst decay. The UV spectra exhibit
the same Doppler-broadened, double-peaked line profiles, which
are most likely emitted by an optically thin layer of the disc’s
atmosphere.

Given the velocities determined from our modelling of the line
profiles, we can estimate the location of the corresponding line-
forming regions by assuming that the peak-to-peak separation of a
given line corresponds to the Keplerian velocity near (the outer edge
of) the disc region in which the line is produced. This line formation
radius estimate is therefore given by

2 245027
R— iGMBHsm i S R= c”sin l[RG]’ (10)

2 2
vPP vPP

where the latter equation is expressed in terms of Rg. This quantity
is shown for each line in each HST epoch in Fig. 12, where
we also relate this to the ionization potential of the relevant
species. As expected, the higher ionization lines are generated at
smaller radii, where the temperatures are higher, while the lower
ionization lines originate in the cooler parts of the disc further
out.

Fig. 13 compares the fluxes of the key lines (i.e. Nv 241240, Si1v
21400, C1v 11550 or He 1 A1640, Mg 11 22800) between our three
independent epochs: the luminous hard state (HST:HS), the hard-
intermediate state just before the state transition (HST:HIMS) and
the soft state (AstroSat:SS). Two key features are apparent. First, the
line fluxes decline by approximately a factor of 3 between the hard
state and the hard-intermediate state observations. This is similar to
the drop in the UV continuum flux between these epochs, i.e. the
EWs of the lines remain almost unchanged. Second, line fluxes then
increase again — by roughly a factor of 2 — between HST:HIMS and
the soft state.

The strengthening of the UV lines across the hard-to-soft state
transition may be expected, given the increase in EUV and soft
X-ray luminosity across this transition (Fig. 1). The line strength
evolution between the hard state and hard-intermediate state obser-
vations seems less obvious. Although the soft X-ray luminosity in
HST:HIMS is lower than that in HST:HS (Fig. 1), the difference
amounts to less than a factor of 2. Moreover, one might expect
the strong hard X-ray component in HST:HS to inhibit the for-
mation of the UV lines, by overionizing the material in the disc
atmosphere.

However, it is important to remember that the radial locations of
the line-forming regions are not the same in HST:HS and HST:HIMS.
Fig. 12 shows that all of the characteristic line-formation radii move
inward — by slightly less than a factor of 2 — between HST:HS
and HST:HIMS. This is consistent with each line being formed
preferentially at a characteristic ionization parameter, U oc L/n.R?.
If the density in the line-forming layers of the disc atmosphere is
roughly constant, we expect the characteristic line-forming radius
for a given line to scale with luminosity as R oc L'/2. The evolution
we see in line flux and velocity evolution between HST:HS and
HST:HIMS is therefore likely due to the combination of these
factors.

6.1.2 Absence of evidence for UV winds

The classic observational wind signatures are blue-shifted absorp-
tion or P-Cygni line profiles, although these features are strongly
inclination-dependent (e.g. G. Ponti et al. 2012; M. Diaz Trigo et al.

MNRAS 545, 1-19 (2026)
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Figure 9. The PDS for both the far- (left) and near-UV (right) wavelengths during our HST:HS epoch are presented. The different solid lines represent the
best-fitting models, incorporating the Lorentzian contribution. Tentative evidence for the presence of a LF-QPO is observed in the far-UV, which is absent
in the near-UV observations. For reference, characteristic centroid QPO frequencies, estimated in the X-ray (NICER; H. Stiele & A. K. H. Kong 2020,
Insight-HMXT/HE; D.-M. Mao et al. 2022) and optical (LJT/YFOSC; W. Yu et al. 2018; D.-M. Mao et al. 2022) bands, close to our observation time, are

displayed.

2014; M. Diaz Trigo & L. Boirin 2016). The response of these
signatures to X-ray luminosity variations and state transitions is of
great interest, but difficult to explore.

In this study, only our hard state HST observation has the signal
to noise and resolution to allow a sensitive search for UV wind
signatures in MAXI J18204-070. However, we find no evidence
for these in the usual UV resonance lines (see Fig. 6 for more
information).

The absence of outflow signatures prompts the question: is the
wind truly absent or are we merely unable to detect it? Notably, winds
in the hard state have been detected both in optical (T. Mufoz-Darias
etal. 2019) and near-infrared (J. Sdnchez-Sierras & T. Mufoz-Darias
2020) spectra of this source. These detections mainly manifested as
P-Cygni and blue emission line wing features in Balmer/Helium and
Paschen lines, respectively.

Among known LMXBs, clear UV wind signatures have so far only
been seen in Swift J1858.6-0814 (N. Castro Segura et al. 2022) and
UW CrB (S. Fijma et al. 2023). However, there are very few systems
with UV observations in which such signatures could have been
found. Moreover, the signatures in Swift J1858.6-0814 are weak
and transient, making them quite difficult to detect. The absence of
evidence for a ‘warm’ outflow can therefore not yet be interpreted
as evidence for its absence. More UV data — for multiple systems
and across different accretion states — will be needed to address this
issue.

MNRAS 545, 1-19 (2026)

6.2 The evolutionary history of the binary

The relative strengths of the UV resonance lines can serve as
sensitive indicators of the physical conditions in the line-emitting gas.
However, they can also be used as a complementary tool to determine
the evolution of a system by estimating the initial mass of the donor
and its evolutionary history. More specifically, the abundance and/or
depletion of elements, such as N v and C1v, have been linked to the
life stage and status of the companion. The key physics here is that
the CNO cycle becomes the dominant nuclear process in stars with
an initial mass of M, > 1.4Mg (D. D. Clayton 1983). Hence the
abundance N v/C 1V ratio emerges as a reliable signature to discern
whether the gas stream of the accreting material has undergone CNO-
processing (e.g. C. W. Mauche et al. 1997; C. A. Haswell et al. 2002;
B. T. Ginsicke et al. 2003; C. S. Froning et al. 2011, 2014; N. Castro
Segura et al. 2024).

The relevant line ratios of MAXI J18204-070 are plotted in Fig. 14
along with the corresponding ratios for other systems, ranging from
CVs to LMXBs. It appears that our source displays line ratios that
are characteristic of ‘normal’ CVs, suggesting that the accreting
material has not undergone CNO processing. For reference, Fig. 14
also includes comparison systems with anomalous line ratios. In these
systems, the donor star is usually thought to have had an initial mass
2 2Mp. Its envelope was then stripped during a thermal time-scale
mass-transfer phase, leading to present-day surface abundances that
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Figure 11. Representative far-UV PDS of the HST:HIMS epoch of MAXI
J1820+070. We overlaid both the raw and corrected PDS to illustrate the
difference prior and after the applied correction. The corresponding corrected
light curve is placed as an inset.

reflect the earlier phase of CNO processing in the core (K. Schenker
et al. 2002).

Given the well-determined distance (d = 2.96 +0.33 kpc) of
MAXI J18204-070 (P. Atri et al. 2020) and its low reddening
value, there have already been efforts to determine its binary
parameters. These suggest a BH primary with mass Mgy = (5.95 +
0.22)sin™3i M, and a K-type (sub-giant) companion (M. A. P. Torres
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Figure 12. The peak-to-peak velocities, Vpp, Of the main atomic species
for our HST hard state and hard-intermediate state, as a function of their
ionization potential. On a secondary axis, we depict the corresponding radii
(in Rg units) where these species are formed in the disc. High-ionization
emission lines are formed closer to the central object whereas low-ionization
species are situated further out at the outer disc. For both epochs, the
line-forming regions are located within the tidal radius.
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Figure 13. The plot compares the line fluxes of MAXI J18204-070 across
our considered epochs. We use the HST:HS fluxes as our reference point
along the x-axis and compare them with their HST:HIMS and AstroSat:SS
counterparts. For a fair comparison between the HST and AstroSat fluxes (as
different settings are employed), we applied a correction to the AstroSat:SS
fluxes. The correction includes the introduction of a factor, feorr, Which is
defined as the ratio of the line fluxes obtained from HST:HS to their adjusted
counterparts. The straight lines indicate specific scalings, purely as a visual
guide.

et al. 2020; J. Mikotajewska et al. 2022). Our results here imply that
this donor is not the descendant of an initially much more massive
star.
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Figure 14. Far-UV emission-line flux ratios for LMXBs: XTE J1118+4480, XTE J1859+226 (C. A. Haswell et al. 2002), Swift J1858.6-0814 (N. Castro
Segura et al. 2024). The region of the parameter space occupied by the ‘normal’ CVs presented in C. W. Mauche et al. (1997) and B. T. Génsicke et al. (2003)
is indicated with the shaded region, which encloses 2.5¢ of a two-dimensional (2D) Gaussian distribution. The lines are predicted line ratios as a function of
the ionization parameter computed with CLOUDY for an optically thin parcel of gas irradiated with a simple accretion disc presented above in Section 4.1. Solid,
dash—dotted and dashed lines are models carried out with solar abundances, M ~ 1.5 — 2.0 M terminal main sequence (MS) and the equilibrium CNO-cycle
core of a M =~ 2.0 Mg, star, respectively. The latter is labelled as stripped, as we consider to have representative abundances of a stripped star with its convective
CNO core exposed. The models include the O Iv multiplet within range of the SiIv doublet. For reference, lines including the emission only from Silv are
shown with the same linestyle but higher transparency. The measurements of MAXI J18204-070 (filled black circle) at different epochs overlay in the plot but
for clarity, a single measurement is shown. MAXI J1820+070 lies very close to the theoretical predictions for a terminal MS star.

6.3 Isirradiation important?

As shown in Section 4, the UV continuum shape, shown in Fig. 7,
cannot be adequately described by a simple irradiated disc model
with physically plausible parameters. This is mainly because the
spectral shape is close to that of a viscously dominated, unirradiated
disc, similar to what happens in Nova Muscae 1991 (F. H. Cheng et al.
1992) and A 0620-00 (R. I. Hynes 2005). For physically reasonable
parameters, the model is a poor match to the data, especially at
the shortest far-UV wavelengths. Yet, X-ray irradiation is certainly
expected to heat up the outer parts of the disc.

A related puzzle is that one might expect reprocessing to be
quite sensitive to both the luminosity and SED of the X-ray
radiation field. Yet the observed UV spectra are actually fairly
similar across all three spectral states. The UV continuum lumi-
nosity tracks the drop in X-ray luminosity between the hard and
hard-intermediate states, but then actually stays constant across
the hard-to-soft state transition. The emission line strengths also
track the declining X-ray luminosity between the hard and hard-
intermediate states, before partially recovering in the soft state.
However, the headline result is that both the continuum spectral
shape and the dominant emission lines remain virtually unchanged,
even as the system moves through three very different accretion
states.

We can gain some insight into the implications of these obser-
vational findings by examining the physics underlying our simple
irradiated disc model. In this model, X-rays are produced by point-
like, isotropically emitting source at the centre of the disc. Some
of these X-ray photons impact on the disc surface and are absorbed
there. This heats up the irradiated parts of the disc, thus increas-
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ing the effective temperature and modifying the radial intensity
profile.

In reality, the details of this process are complex (e.g. G. Dubus
etal. 1999). The geometry and location of the X-ray emitting ‘corona’
are highly uncertain, but clearly important. Similarly, the shape and
scale height of the disc — H/R|z — are key factors in determining
what fraction of X-ray photons are intercepted by the disc. However,
the relevant scale height here is not really the pressure scale height,
but rather the height above the disc at which it presents an optical
depth of =~ 1 fo the irradiating photons. Finally, the detailed physics
governing the reprocessing of X-rays in the disc atmosphere are
clearly far more complex than what can be captured by a single
efficiency parameter (i.e. the albedo).

It is easy to see that some or all of these processes are expected
to depend on the accretion state of the source. For example, the
opacity the disc atmosphere presents to incoming X-ray photons,
as well as the efficiency with which those photons are reprocessed,
are sensitive to whether these photons are soft or hard. And yet
the presumably reprocessing-dominated UV emission-line spectrum
remains qualitatively unchanged.

Part of the explanation may be that the relevant parts of the disc
do not see the same X-ray SED that we do, and that the formation
of UV emission lines is mainly controlled by EUV photons. For
reference, by ‘EUV’, here we mean photons with energy between,
say, 13.6 and 100 eV (check Fig. 12, which includes the ionization
potentials of the relevant species). In fact, the He 11 recombination line
is generally thought to be a reliable bolometer for the EUV luminosity
above 54 eV (or, in this case, the fraction of this luminosity that is
intercepted by the disc).
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As noted above, the Hell emission line flux drops by =~ x3
between the luminous hard state (HST:HS) and hard-intermediate
state (HST:HIMS) before partially recovering in the soft state
(AstroSat:SS). On the one hand, these relatively modest variations are
in line with the modest changes in the observed emission line spectra.
And indeed, the soft X-ray flux also only varies by a comparable
amount (see Fig. 1).

On the other hand, the He1I line flux is clearly not proportional
to the soft X-ray flux: the latter is comparable in the hard and
hard-intermediate states, but a factor of ~ x3 higher in the soft
state. Moreover, the hard X-ray component completely dominates in
HST:HS, is comparable to the soft X-ray component in HST:HIMS,
and is all but completely quenched in AstroSat:SS. So, somehow, the
UV line-forming regions must be shielded from the ionizing effects
of the energetic X-ray photons produced in the hard state.

Our main conclusion from all these considerations is that the
physics governing the reprocessing of X-rays in the outer disc
regions is (a) complex and (b) poorly described by simple models.
We therefore strongly encourage theoretical efforts to construct
physically realistic models of irradiated accretion disc atmospheres.

6.4 Evidence of a UV QPO signal?

Only a handful of systems to date are known to display LF-QPOs
in multiple wave bands (mostly in the optical/infrared and in X-
rays; check C. Motch, S. A. Ilovaisky & C. Chevalier 1982; C.
Motch et al. 1983; R. 1. Hynes et al. 2003; M. Durant et al. 2009;
P. Gandhi et al. 2010, for more information). The only system
known to exhibit an analogous signal in the UV is the BHXT XTE
J11184-480 (R.I. Hynes et al. 2003). The mentioned studies are based
on panchromatic, (quasi-)simultaneous observations of BHXTs and
correspond to periods when the systems are in the low hard state. It
is still unclear, though, whether the X-ray and longer wavelength
signals are physically associated and how the latter are actually
produced (e.g. S. Markoff et al. 2001; R. I. Hynes et al. 2003; A.
Veledina, J. Poutanen & I. Vurm 2013; A. Veledina & J. Poutanen
2015; P. Gandhi et al. 2017).

In this work, our time-resolved observations allow us to search
for UV QPO signatures only in the hard state. Nevertheless, MAXI
J18204-070 is already known to display simultaneous X-ray and
optical LF-QPOs in the hard state, as reported by D.-M. Mao et al.
(2022) and J. K. Thomas et al. (2022). In this state, the observed
X-ray QPOs, the so-called type-C QPOs, may be associated with a
precessing hot flow near the inner edge of the disc (e.g. L. Stella &
M. Vietri 1998; A. Ingram et al. 2009; A. R. Ingram & S. E. Motta
2019), instabilities in the disc (e.g. M. Tagger & R. Pellat 1999; P.
Varniere et al. 2002, 2012) or corona variability (e.g. L. Titarchuk &
R. Fiorito 2004; C. Cabanac et al. 2010). On the other hand, in the
optical band, detections of QPOs are limited, and the observed signals
are usually attributed to precession (A. Veledina et al. 2013), thermal
reprocessing (A. Veledina & J. Poutanen 2015) or jet synchrotron
emission variations (e.g. S. Markoff et al. 2001; R. I. Hynes et al.
2003; P. Gandhi et al. 2017).

Almost at the time of our observations, D.-M. Mao et al. (2022) and
J. K. Thomas et al. (2022) find that both X-ray and optical signals
share similar centroid QPO frequencies and evolve similarly over
time. However, optical variations are more coherent, i.e. Ox_ry <
Qopt (check table 1 in D.-M. Mao et al. 2022). This implies that disc
reprocessing is not the dominant mechanism, and X. Ma et al. (2021)
suggest instead that the jet may precess at the QPO frequency.

Our work provides provisional evidence for the existence of
UV LF-QPOs with centroid frequencies closely resembling those

observed in other bands. Our modelling suggests — albeit taking into
account only the observations when we do detect a QPO — that the
coherence in the UV is lower than the equivalent one in optical and
X-rays (for almost the same centroid frequencies). It seems unlikely
that synchrotron radiation could be responsible for QPOs in the UV
band. The current results suggest that the ‘same’ type-C QPOs in
different bands can be produced in three distinct regions—the inner
accretion flow (producing X-ray QPOs), the jet (producing optical
QPOs) and the outer disc (producing UV QPOs via reprocessing). In
the UV, reprocessing may constitute the primary mechanism, which
is in line with the lower coherence we observe.

7 SUMMARY

We have presented the first multi-epoch, time-resolved, and spec-
trally resolved UV characterization of the transient X-ray binary
MAXIJ18204-070. We obtained observations in three distinct stages
of the outburst: a luminous hard state after the eruption peak, a hard-
intermediate state just before the state transition and finally the soft
state.

Our main conclusions are the following:

(i) We have determined the interstellar reddening and extinction
towards the source via the A2175 absorption feature (near-UV bump)
and Lyo modelling. Our estimate of the reddening is quoted as
Ep_y =0.20 £ 0.05.

(i1) We track the spectral evolution of MAXI J18204-070 through-
out its outburst. Surprisingly, we see no major differences in the
appearance of the UV emission line spectrum across the three distinct
spectral states. The UV spectra are characterized by blue continua
with superposed broad, double-peaked emission lines, such as NV
11240, Sitv 41400, C1v 11550, He 11 1640, Mg 11 A2800.

(iii) We do not find evidence of an outflow in the form of blue-
shifted absorption or P-Cygni profiles in any of the considered lines
that are mentioned above.

(iv) We use the relative strengths of the UV resonance lines to
constrain the evolutionary history of the binary, showing that the
donor had not undergone CNO processing in the past and presumably
now lies at the end of the MS or at the sub-giant branch.

(v) Simple irradiated disc models with physically plausible pa-
rameters fail to adequately describe the observed UV continuum
shape. This is mainly because the observed spectral slope is close to
that for an unirradiated, viscously dominated accretion disc.

(vi) There is marginal evidence for a UV LF-QPO signature
in the data obtained during the luminous hard state (HST:HS).
The frequencies of these candidate QPOs are comparable to those
of QPOs detected almost at the same time in X-ray and optical
observations of MAXI J1820+070. This provisional evidence is
worthy of consideration and if confirmed, these signatures may be
produced through reprocessing at the outer disc regions.
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