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ABSTRACT
The recurring transient outbursts in low-mass X-ray binaries (LMXBs) provide ideal laboratories to study the accretion process.
Unlike their supermassive relatives, LMXBs are far too small and distant to be imaged directly. Fortunately, phase-resolved
spectroscopy can provide an alternative diagnostic to study their highly complex, time-dependent accretion discs. The primary
spectral signature of LMXBs are strong, disc-formed emission lines detected at optical wavelengths. The shape, profile, and
appearance/disappearance of these lines change throughout a binary orbit, and thus, can be used to trace how matter in these
discs behaves and evolves over time. By combining a Swift multi-wavelength monitoring campaign, phase-resolved spectroscopy
from the Gran Telescopio Canarias (GTC) and Liverpool Telescope, and modern astrotomography techniques, we find a clear
empirical connection between the line emitting regions and physical properties of the X-rays heating the disc in the black hole
LMXB MAXI J1820+070 during its 2018 outburst. In this paper, we show how these empirical correlations can be used as an
effective observational tool for understanding the geometry and structure of a LMXB accretion disc and present further evidence
for an irradiation-driven warped accretion disc present in this system.

Key words: accretion – accretion discs – black hole physics – stars: individual (MAXI J1820+070) – binaries: spectroscopic –
X-rays: binaries

1 INTRODUCTION

Low-mass X-ray binaries (LMXBs) and Cataclysmic Variables (CVs)
are the ideal laboratories to study both the inflow of matter through,
and the outflows driven from, astrophysical accretion discs. Their ac-
cretion discs, which feed compact stellar remnants (i.e., black holes,
neutron stars, and white dwarfs) and are fed by nearby low-mass stars
(≲ 1𝑀⊙), undergo recurrent (accretion-driven) outbursts. These out-
bursts, which typically take place on time-scales of days-months,
provide a unique opportunity to study an evolving accretion disc
in real-time (Charles & Coe 2006; Remillard & McClintock 2006;
Tetarenko et al. 2016).

While impossible to image directly, phase-resolved spectroscopy
can provide an indirect view of their highly complex, time-dependent
accretion discs. Strong disc-formed recombination emission lines
(Balmer series, He i, He ii) are the primary spectral feature of LMXBs
at optical wavelengths (Charles & Coe 2006). These lines often dis-
play double-peaked profiles, due to Doppler motions within the bi-
nary (Crawford & Kraft 1956; Casares 2015), with shape depending
on the distribution of emission over the disc surface (Marsh 2001,
2005). The strength, profile, and appearance and disappearance of
these lines change throughout a binary orbit, and thus can be used to
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trace how accretion disc gas behaves and evolves over time (Marsh
2001; Charles & Coe 2006).

LMXBs harbouring stellar-mass black holes (BHs; 5 − 15𝑀⊙)
are of particular interest. Most of the optical light emitted by their
discs comes from the outer disc regions, which reprocess X-rays
produced close to the BH. By illuminating the disc surface, this X-ray
irradiation is the dominant factor determining temperature over most
of the disc during outburst. Additionally, it controls overall outburst
evolution from peak to quiescence and determines the amount of
mass accreted and lost via the disc itself (van Paradĳs & McClintock
1994; van Paradĳs 1996; Charles & Coe 2006).

For such emission lines to be produced in this environment, a
temperature inversion must exist in the disc atmosphere (Shaviv &
Wehrse 1986; Hubeny 1990). Thus, X-ray irradiation has long been
thought the likely process behind line production in LMXBs. As
irradiation is most significant in the cool, outer disc (≳ hundreds of
gravitational radii), disc-formed H/He emission lines can be used as
powerful diagnostic tracers of its source and effect on the structure
and geometry of the gas making up the accretion disc (e.g., Tetarenko
et al. 2021).

The Galactic BH-LMXB MAXI J1820+070 (hereafter J1820), was
initially discovered by the All-sky Automated Survey for Supernovae
(ASAS-SN) as an optical transient (ASASSN-18ey; Tucker et al.
2018a), and later first detected at X-ray wavelengths (Kawamuro
et al. 2018) with the Monitor of All-sky Image (MAXI), in March
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of 2018. J1820 was soon classified as a candidate BH-LMXB based
on its multi-wavelength behaviour (e.g., Kennea et al. 2018; Baglio
et al. 2018; Bright et al. 2018; Shidatsu et al. 2018; Russell et al.
2019a,b) and later dynamically confirmed to contain a stellar-mass
BH once in quiescence (Torres et al. 2019). J1820 would remain ac-
tive for multiple months, subsequently becoming one of the brightest
(at both optical and X-ray wavelengths) known BH-LMXBs ever ob-
served (Shidatsu et al. 2019; Russell et al. 2019a), resulting in the
system being extensively observed by many ground and space based
observatories.

During this 2018 outburst, J1820 underwent the hysteretic be-
haviour typical of BH-LMXBs (see e.g., Tetarenko et al. 2016), first
detected during the outburst rise in the hard state, followed by a
transition to the soft state (Shidatsu et al. 2019; Fabian et al. 2020),
during which a relativistic jet outflow was observed (Homan et al.
2020; Bright et al. 2020). Additionally, the optical outburst spectrum
showed multiple broad emission lines (Tucker et al. 2018b), charac-
teristic of outbursting LMXBs, as well as signatures for the presence
of an accretion disc wind outflow (Muñoz-Darias et al. 2019). Lastly,
through comprehensive photometric monitoring, large modulations
in the optical light-curve were also observed, evolving from the su-
perhump period (Patterson et al. 2018) to close to the true orbital
period (Torres et al. 2019) of the system throughout outburst. De-
tailed temporal analysis has since interpreted this behaviour in the
context of an evolving warped accretion disc present in the system
(Thomas et al. 2022).

In this paper, we use a combination of phased-resolved optical
spectroscopy, quasi-simultaneous with X-ray spectroscopy and multi-
wavelength photometric monitoring, to build empirical correlations
between the disc-formed emission line profiles and physical prop-
erties of the X-rays heating the disc, in J1820. Correlations built
from multiple lines allow us to probe different regions of J1820’s
accretion disc, and ultimately prove to be a useful observational tool
for understanding the evolution of the geometry and structure of an
outbursting LMXB accretion disc.

2 OBSERVATIONS AND DATA REDUCTION

2.1 Liverpool Telescope (LT)

Between 2018 March 17 and 2018 June 18, optical spectra of J1820
were obtained using the Fibre-fed RObotic Dual-beam Optical Spec-
trograph (FRODOspec; Morales-Rueda et al. 2004), an integral field
unit spectrograph on the 2m Liverpool Telescope located at the Roque
de los Muchachos Observatory in La Palma, Spain. A total of 175
epochs with 600-900s exposure times were taken over 38 nights, us-
ing a combination of the VPH gratings on the red (5900-8000Å) and
blue (3900-5100Å) arms (see Tables A3 and A4). Data were reduced
in three steps. First, raw data were run through the CCD processing
pipeline (L1; Barnsley et al. 2012), which performs bias subtrac-
tion, overscan trimming, and CCD flat fielding procedures. Second,
cosmic-ray rejection was performed on the L1 pipeline products us-
ing the LA-Cosmic Program (van Dokkum 2001) in pyraf 2.1.15.
Lastly, the cleaned data were run through the FRODOspec reduction
pipeline1 (L2; see Barnsley et al. 2012 for details), which produces a
reduced, extracted, throughput-corrected and wavelength-calibrated
spectrum.

1 https://github.com/LivTel/frodo-l2-pipeline

2.2 Gran Telescopio Canarias (GTC)

Between 2018 March 17 and 2018 November 21, optical spectra
of J1820 were obtained using the Optical System for Imaging and
low Resolution Integrated Spectroscopy (OSIRIS; Cepa et al. 2000)
instrument, an imager and spectrograph on the 10.4m GTC, located
at the Roque de los Muchachos Observatory in La Palma, Spain. A
total of 93 spectral epochs were taken over 22 nights with varying
exposure times, using a 1′′slit and both the R2500V (4500-6000Å)
and R2500R (5575-7684Å) grisms (see Tables A1 and A2). Standard
procedures in iraf were used to reduce, extract, and wavelength and
flux calibrate the long-slit spectral data. See Muñoz-Darias et al.
(2019) for details on the reduction.

2.3 Swift

Between 2018 March 12 and 2018 November 16, a total of 128
observations, taken with instruments aboard the Neil Gehrels Swift
Observatory, were obtained from the High Energy Astrophysics Sci-
ence Archive Research Center (HEASARC) Archive2, covering the
2018 outburst of J1820. Observations using the X-ray Telescope
(XRT; Burrows et al. 2005) were largely taken in windowed timing
(WT) mode, with the exception of a few instances when the source
count rate was low (count rate <0.7 counts/s) and photon counting
(PC) mode was appropriate. Observations using the UV and Optical
Telescope (UVOT; Roming et al. 2005) were obtained in the UVW2,
UVM2, UVW1, U and V filters. See Figure 1 for the 2018 outburst
light-curve of J1820.

2.3.1 XRT

Using the heasoft v6.30.1 software package, XRT data was initially
processed using thexrtpipeline task. Next, source and background
spectra were extracted. For all WT mode observations, 20′′radii
circular apertures were used. For PC mode observations with an
average count rate <0.5 counts/s, the same procedure as WT mode
was used. If PC mode observations had an average count rate >0.5
counts/s, spectra were extracted using standard procedures used to
deal with pile-up3. For the source spectra, an annular region with
a 20 pixel outer radius, and an excluded inner region whose size
was calculated via the ximage tool, was used. For the background
spectra, an annulus with inner and outer radii of 50 and 70 pixels,
respectively centered on the source, was used. Following spectral
extraction, the grppha task was used to group source and back-
ground spectra to have at least 15 counts per energy bin. Finally,
the HEASARC calibration data base (CALDB) and the xrtmkarf
task were used to obtain/generate the response matrix and ancillary
response files, respectively.

2.3.2 UVOT

Aperture photometry was performed, on all available UVOT obser-
vations taken simultaneous with the XRT exposures described above,
using the heasoft software task uvotsource. Regions with radii of
5′′(centred on the source) and 20′′(in a source free region) were used
for the source and background, respectively. UVOT magnitudes were
computed in the Vega system and uncertainties on these magnitudes
account for both statistical error and error in the shape of the Point

2 https://heasarc.gsfc.nasa.gov/docs/archive.html
3 https://www.swift.ac.uk/analysis/xrt/pileup.php
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Figure 1. The evolution of the 2018 outburst of BH-LMXB J1820: (top) the de-reddened UV and optical light-curve as observed by Swift/UVOT, (middle) the
bolometric light-curve (computed from 0.5 − 10 keV Swift/XRT data; see Section 3.2) in log and linear space, and (bottom) the fraction of X-rays intercepted
and reprocessed in the outer disc (C) as a function of time (calculated with the Tetarenko et al. 2020 method and the five UVOT filters available; see Section
3.3). All uncertainties are quoted to the 1𝜎 confidence level. Shaded background (grey) regions show the accretion state evolution of the source over time
(see Section 3.2 and the legend for details). Coloured lines in the top panel display times where there exist epochs of optical spectroscopy (GTC/OSIRIS and
LT/FRODOspec) quasi-simultaneous (within < 1d) with the Swift monitoring observations.

Spread Function (PSF). All uncertainties are quoted to the 1𝜎 con-
fidence level. UVOT data were corrected for interstellar extinction
using Fitzpatrick & Massa (1999), and subsequently de-reddened
using an 𝐸 (𝐵 −𝑉) = 0.18 (Tucker et al. 2018a).

3 ANALYSIS AND RESULTS

3.1 X-ray Spectral Fitting

Spectral fitting was performed in xspec v12.12.1 in the 0.5–10keV
band. All X-ray spectra were adequately fit (using 𝜒2 statistics)
with one of the following three models, an: absorbed power-law
(tbabs*powerlaw), absorbed disc-blackbody (tbabs*diskbb), or
power-law + disc blackbody (tbabs*(diskbb+powerlaw)). Abun-
dances from Wilms et al. (2000), and photoionization cross-sections
from Verner et al. (1996), were utilized within the tbabs model to

MNRAS 000, 1–14 (2023)
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account for interstellar absorption in all fits. Band-limited fluxes were
computed from the best-fit models to the X-ray spectra.

3.2 Accretion State Classification

Using the classification scheme defined in Marcel et al. (2019), we
classify all X-ray observations of J1820 into one of four accretion
states: hard (H), hard-intermediate (HIM), soft-intermediate (SIM)
and soft (S). See Figure 1 for details. This method defines accretion
state based on the: (i) power-law fraction (ratio of the power-law flux
to the total flux), and (ii) photon index, computed using the best-fits to
the XRT spectra (see Section 3.1). Bolometric fluxes were computed
using standard bolometric corrections valid for LMXBs, estimated
for each accretion state by Migliari & Fender (2006).

3.3 Evolution of the X-ray Irradiating Source

Applying the computational technique developed by Tetarenko et al.
(2020) to the Swift data (XRT and UVOT; see Section 2.3) available,
we have been able to track the evolution of the X-ray source heating
the disc in J1820 during the 2018 outburst (see Figure 1). This
technique statistically compares the X-ray (proxy for the rate matter
moves through the disc and falls into the BH) against the UV/Optical
(only direct probe of X-ray heated disc gas) emission, to compute
how the fraction of X-rays intercepted and reprocessed in the outer
disc (C) varies throughout an outburst cycle.

The following binary orbital parameters were assumed for this
analysis: orbital period 𝑃orb = 0.68549 ± 0.00001d, mass ratio 𝑞 =

0.072±0.012, BH mass 𝑀1 = 8.48+0.79
−0.72𝑀⊙ , inclination 𝑖 = 63◦±3,

and distance of 2.96 ± 0.33kpc (Torres et al. 2019, 2020; Atri et al.
2020).

3.4 Emission Line Analysis

The optical spectrum of J1820 contains a number of strong double-
peaked H and He emission lines, typical of an LMXB accretion disc.
We focus our analysis on the five emission lines present in both GTC
and LT spectra: H𝛼, H𝛽, He ii 𝜆4686, He i 𝜆6678, and He i 𝜆7065.
See Figure 2 for a set of sample spectra taken throughout outburst.

We fit a double Gaussian model to these five emission lines of
interest using an MCMC algorithm that is implemented in python
using the emcee package (Foreman-Mackey et al. 2013). We use the
pyHarmonySearch (Kim et al. 2001) global optimization algorithm,
which provides a brute-force grid search of the parameter space, to
compute a starting point for the MCMC algorithm. We set Gaussian
priors for each of the 6 model parameters, with the mean of the
distribution set using the pyHarmonySearch result.

After initialization, the MCMC algorithm is run on each
continuum-normalized spectral epoch, cut around each of the five
emission lines (3000km/s on either side of the line center), using
a number of walkers equal to 10 times the model dimensions. This
process involves a 500 step “burn-in” phase (allowing the walkers
to sufficiently explore the parameter space), followed by a 1000 step
“sampling” phase (whereby the MCMC sampler is run again until
convergence). We take the median and 1𝜎 confidence interval of the
posterior distributions, built with the MCMC sampler, as the best-
fit model for each line. Lastly, for each best-fit model, we compute
equivalent width (EW)4 and full-width half max (FWHM) of the

4 Note that, continuum fitting was done using the entire available spectrum,
excluding strong emission/absorption features.

emission lines using the specutils package in python. Uncertain-
ties on EW and FWHM are propagated from the MCMC algorithm
results using Monte-Carlo sampling.

3.5 Empirical Correlations

Considering all optical spectral epochs which have corresponding
quasi-simultaneous (within < 1d) Swift monitoring data, we build
correlations between emission line profile shape (defined by the EW
and FWHM; see Section 3.4) and the evolving strength of high-
energy X-rays illuminating the disc (C; see Section 3.3 and Figure
1), throughout the 2018 outburst of J1820.

We split each correlation by accretion state, grouping H and HIM,
and S and SIM, state data together and then fitting the data groups
with a linear model using the MCMC algorithm presented in Section
3.4. Correlations between (i) EW and C, and (ii) FWHM and C,
for the H𝛼, H𝛽, He ii 𝜆4686, He i 𝜆6678, and He i 𝜆7065 lines,
are shown in Figures 3-5. Correlations using C computed with the
UVW2 filter are shown as this filter provides the best outburst overage
of all available UVOT filters. Best fit results can be found in Table 1.

3.6 Doppler Tomography

To date, Doppler tomography has been used to analyze complex
emission line profiles from multitudes of LMXBs during outburst
and quiescence (e.g., Casares et al. 1995; Steeghs 2004; D’Avanzo
et al. 2005; González Hernández & Casares 2010; Shaw et al. 2016;
Tetarenko et al. 2021; Killestein et al. 2023). However, it is important
to note that, interpreting tomograms made during outburst is not a
simple task. Doppler tomography assumes emission line flux does
not vary over the binary orbit. When violated (during outburst),
this can result in artifacts in the tomograms, making interpretation
difficult. To combat this problem, data coverage over multiple binary
orbits is necessary. An average across enough orbital cycles will
overcome short-term variations and allow for clear interpretation
of the outburst tomograms. Considering the complete spectroscopic
phase coverage available, and long duration, of the 2018 outburst
of J1820, this system has presented us with the best opportunity for
performing tomographic studies of outbursting LMXBs that we have
had in decades.

We have created Doppler tomograms5 of the H𝛼, H𝛽, He ii 𝜆4686,
He i𝜆6678, and He i𝜆7065 emission from J1820 using a combination
of the GTC and LT data-sets (see Sections 2.1 and 2.2). We split the
data-sets into accretion state creating two tomograms for each line,
one for the H/HIM, and one for the S/SIM, state data (see Figures
6 and 7). Tomograms were created using the known ephemeris of
J1820 from Torres et al. (2019), and the following orbital parameters:
𝑃orb = 0.68549±0.00001d, 𝑞 = 0.072±0.012, 𝑀1 = 8.48+0.79

−0.72𝑀⊙ ,
and inclination 𝑖 = 63◦ ± 3 (Torres et al. 2019, 2020).

4 DISCUSSION

4.1 Hard State Correlations

For all five lines of interest (H𝛼, H𝛽, He ii 𝜆4686, He i 𝜆6678, and
He i 𝜆7065), during the hard state we observe an increase in the
reprocessed X-ray fraction (C) correspond to an increase in FWHM,
and a decrease in EW. We hypothesize that this behaviour is the

5 Tom Marsh’s molly and doppler (https://github.com/trmrsh/
trm-doppler) software packages are used.
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Figure 2. Sample optical spectra, taken with the LT/FRODOspec and GTC/OSIRIS, showing the evolution of the line profiles (for the five emission lines of
interest: H𝛼, H𝛽, He ii 𝜆4686, He i 𝜆6678, and He i 𝜆7065) as the source evolves through accretion states during the 2018 outburst of J1820: initial rise/decay
H/HIM (dark to light blue), SIM-S (grey to light red), final decay H/HIM (dark red). Tellurics (marked with

⊕
) have been removed for readability. From bottom

to top, spectra 7-17 were taken with LT, while spectra 1-6 and 18-27 were taken with GTC. Note that a handful of sharp (unreal) emission and absorption features
appear in some spectra from the red arm of LT/FRODOspec. These are likely caused by cosmic ray and sky subtraction issues. Neither has any effect on our
actual analysis. MNRAS 000, 1–14 (2023)
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Figure 3. Changes in profile shape, defined in terms of FWHM (left) and EW (right), of the disc-formed H/He emission lines (as observed with GTC/OSIRIS
and LT/FRODOspec), correlated with the evolving strength of high energy X-rays illuminating the disc (C), during the 2018 outburst of J1820. C, defined as the
fraction of total X-rays intercepted and reprocessed in the disc, is computed utilizing the computational technique from Tetarenko et al. (2020) with the available
Swift XRT and UVOT/UVW2 monitoring data (see Section 3.3). The UVW2 filter is used as it provides the most complete temporal coverage of the outburst.
Only spectral epochs which have corresponding quasi-simultaneous (within < 1d) Swift monitoring data are used in the correlations. The colour of the data
points is representative of the temporal evolution of the outburst (see Figure 1). Inset axes are used to show example zoomed-in views of soft state behaviour.
Hard and soft accretion state correlations are fit separately with a linear MCMC model (see Section 3.5 and Table 1). The best-fit (solid grey lines) and 1𝜎
confidence interval of the fits (shaded grey regions) are shown for each correlation.

observational signature for the presence, or at least onset, of a warped
outer disc. A warp would cause the available reprocessing area in the
outer disc to increase substantially (resulting in an increase in EW).
As we observe an increase in EW to coincide with a decrease in
FWHM, this tells us that the optical flux is dominated by material
further out in the disc, where velocities are lower (i.e., the brightest

part of the warp must shift to further out in the disc as the source
evolves through the hard state).

The behaviour seen in our correlations fit well with the scenario
posited by Thomas et al. (2022), where a change in inner disc geom-
etry occurs, allowing the source of hard X-ray irradiation, emitted
close to the BH, to reach heights that allow for it to illuminate more

MNRAS 000, 1–14 (2023)
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Figure 4. Same as Figure 3 but for H𝛼 and He i 𝜆6678.

Table 1. Linear MCMC Fits to Empirical Correlations in J1820

EW vs C FWHM vs C
Emission Hard State Fit Soft State Fit Hard State Fit Soft State Fit
Line 𝑚 𝑏 𝑚 𝑏 𝑚 𝑏 𝑚 𝑏

He ii 𝜆4686 Å −2.72+0.28
−0.25 16.06+0.81

−0.87 0.26 ± 0.09 −0.39+0.56
−0.51 0.0086+0.0014

−0.0012 −3.99+1.40
−1.60 0.0029+0.0011

−0.0010 −2.98+1.45
−1.54

H𝛽 𝜆4861 Å −4.83+0.58
−0.66 15.11+0.98

−0.88 0.28+0.16
−0.18 0.46+0.48

−0.39 0.0075+0.0019
−0.0017 0.19+1.74

−1.89 0.0015+0.00064
−0.00061 −0.76+0.80

−0.85
H𝛼 𝜆6563 Å −1.11+0.17

−0.16 14.20+1.01
−1.11 0.013+0.063

−0.066 1.12+0.44
−0.41 0.019+0.0029

−0.0023 −16.01+3.23
−3.45 0.0016+0.00079

−0.00074 −0.60+0.85
−0.92

He i 𝜆6678 Å −11.58+1.27
−1.67 17.31+1.01

−1.24 1.69+1.11
−0.58 −0.89+0.72

−1.34 0.011+0.0018
−0.0017 −2.00+1.32

−1.41 0.0011+0.00055
−0.00053 −0.0014+0.58

−0.60
He i 𝜆7065 Å −6.71+0.82

−0.85 14.95+0.88
−0.92 1.34+0.58

−0.43 0.23+0.34
−0.44 0.021+0.0031

−0.0030 −7.59+2.00
−2.20 0.00075+0.00054

−0.00054 0.66+0.43
−0.44

∗Each correlation was fit with a standard linear model: 𝑦 = 𝑚𝑥 + 𝑏, where 𝑚 is the slope and 𝑏 is the y-intercept (see Section 3.5).
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Figure 5. Same as Figure 3 but for He i 𝜆7065.

and more of the warped outer disc region during the hard state. Early
in the outburst, we observe large variations in FWHM (best seen
with He ii 𝜆4686 and H𝛽, as they probe much more of the inner
disc regions than the H𝛼 and He i lines), as the high hard X-ray
flux begins to illuminate larger disc radii. Eventually, EW reaches its
largest value (and FWHM is at its smallest) at MJD58275 (2018 June
6; (MJD−58188) = 87), which coincides with when high amplitude
modulations (“superhumps”) are first observed in the optical outburst
light-curves. From MJD58275 (day 87) onwards, the evolution of C
stops declining and remains high until the transition to the soft state
begins, which is expected if the X-ray irradiation is in fact driving
the warp, as postulated by Thomas et al. (2022).

Interestingly, Doppler tomograms made during the H/HIM state
(see left panel of Figures 6 and 7) show asymmetric patches of emis-
sion, in line with this hypothesis. The warp “turns on” (as evidenced
by the observation of large optical modulations in the light-curve)
at MJD58275 (2018 June 6; (MJD−58188) = 87), covering the last
∼ 30d of the hard state. At this time, the outer disc structure must be
evolving in parallel with the inner disc region filling up, as the source
approaches the state transition. Ultimately, this produces asymmetric
patches in the tomograms, as a result of a combination of bright parts
of the outer warped disc and bright emission from material at higher
velocities (and smaller radii).

With all this being said, we note that there exists alternative expla-
nations that could possibly explain our observations (e.g., hot spot
emission, heated face of the donor star, X-ray modulation). However,
as these possibilities have been strongly disfavoured by the indepen-
dent analysis presented in Thomas et al. (2022), we favour the warped
disc interpretation discussed here.

4.2 Soft State Correlations

For all five lines of interest during the soft state, we observe very
different behaviour. In He ii 𝜆4686 and H𝛽, we find that both FWHM
and EW are tightly positively correlated with C. Here FWHM and

EW increase throughout the soft state. This tells us that the area
of the disc illuminated by X-ray irradiation must shift further in as
the source evolves through the soft state. Doppler tomograms made
during the soft state (particularly in He ii 𝜆4686, and H𝛽; see right
panel of Figure 6) show a more symmetric, full-disc structure. This
is expected if bright emission at smaller disc radii is dominant here
(as a result of more of the inner disc being illuminated).

In the H𝛼 and He i lines, substantial variation in EW, paired with
a relatively “flat” evolution (hovering around C ∼ 10−4), is observed
along with asymmetry in the Doppler tomograms (see inset axes in
Figures 3, 4 and right panel of Figures 6 and 7). This behaviour is
expected, given that modulations in the optical light-curve remain
high during the soft state time period (see Figure 6 of Thomas et al.
2022), and these lines best probe the behaviour in the outer regions
of the disc associated with the warp.

5 SUMMARY

Disc-formed optical emission lines, formed as a result of high en-
ergy X-rays (emitted close to the BH) illuminating the outer disc,
are effective observational tracers of how matter in LMXB accre-
tion discs behaves and evolves throughout an outburst cycle. The
shape, profile, and appearance/disappearance of these lines change
throughout a binary orbit and carry the imprint of the evolving X-ray
irradiation source heating the accretion disc throughout outburst. In
this paper, we present a method to quantify this empirical connection
existing between the line emitting regions, and physical properties
of the X-ray source heating the disc, in LMXB systems, and demon-
strate how these empirical correlations can be used as an effective
observational tool towards understanding the structure and geometry
of the gas making up an outbursting LMXB accretion disc.

Using a combination of phase-resolved optical spectroscopy from
GTC and the Liverpool Telescopes, paired with X-ray, optical, and
UV monitoring with Swift, we show how changes in emission line
profile shape (defined by FWHM and EW) are correlated with the

MNRAS 000, 1–14 (2023)
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Figure 6. Doppler tomograms of (top to bottom): He ii 𝜆4686, H𝛽, H𝛼, and He i 𝜆6678 disc emission in the (left) H/HIM and (right) S/SIM accretion states.
Over-plotted are the Roche lobes of the compact object (dashed line) and companion star (solid line) using J1820s known orbital parameters. Tomograms are
created using all available GTC/OSIRIS and LT/FRODOspec data. See Section 3.6 for details.
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Figure 7. Same as figure 6 but for He i 𝜆7065.

evolving strength of high energy X-rays illuminating the disc during
the 2018 outburst of BH-LMXB J1820. Focusing on the five strongest
lines (H𝛼, H𝛽, He ii𝜆4686, He i𝜆6678, and He i𝜆7065) in the optical
spectra, we are able to probe multiple different regions of the disc.
Splitting the correlations into accretion state, creating state specific
Doppler tomograms, and comparing hard vs soft state behaviour,
has allowed us to track and quantify how variations in the X-ray
irradiation heating during the outburst cycle affect physical properties
of the gas in the accretion disc. Ultimately, we are able to confirm
the scenario initially posited using comphrehensive timing analysis
(e.g., Thomas et al. 2022), for the presence of an irradiation-driven
warped outer accretion disc in the system.
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APPENDIX A: OPTICAL SPECTROSCOPY
OBSERVATION LOGS

Table A1. GTC Observation Log: Grating R2500V

Spectra Exposure UTC
Number Time (s)

1 200.0 17/03/18 05:30:38
2 200.0 18/03/18 05:59:59
3 200.0 18/03/18 06:03:44
4 200.0 20/03/18 05:48:04
5 200.0 20/03/18 05:52:18
6 200.0 21/03/18 06:01:42
7 200.0 21/03/18 06:05:26
8 180.0 22/03/18 05:25:00
9 180.0 22/03/18 05:30:43
10 90.00 24/03/18 05:29:35
11 90.00 24/03/18 05:31:28
12 90.00 24/03/18 05:33:22
13 180.0 26/03/18 03:35:47
14 180.0 26/03/18 03:39:10
15 180.0 26/03/18 03:49:15
16 180.0 26/03/18 03:52:41
17 180.0 26/03/18 05:49:30
18 180.0 26/03/18 05:52:53
19 180.0 08/07/18 02:10:04
20 180.0 08/07/18 02:13:27
21 180.0 10/07/18 21:37:47
22 180.0 10/07/18 21:41:10
23 180.0 11/07/18 21:30:25
24 180.0 11/07/18 21:33:50
25 180.0 15/07/18 01:32:37
26 180.0 15/07/18 01:36:02
27 180.0 18/07/18 01:47:00
28 180.0 18/07/18 01:50:23
29 180.0 18/07/18 21:46:41
30 180.0 18/07/18 21:50:05
31 180.0 24/07/18 22:53:59
32 180.0 24/07/18 22:57:22
33 180.0 27/07/18 21:34:03
34 180.0 27/07/18 21:37:26
35 180.0 03/08/18 23:24:56
36 180.0 03/08/18 23:28:20
37 180.0 09/08/18 22:22:56
38 180.0 09/08/18 22:26:20
39 180.0 15/08/18 21:46:31
40 180.0 15/08/18 21:49:55
41 180.0 19/08/18 22:00:17
42 180.0 19/08/18 22:03:41
43 400.0 12/10/18 21:42:14
44 400.0 21/10/18 21:26:12
45 400.0 04/11/18 19:52:03
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Table A2. GTC Observation Log: Grating R2500R

Spectra Exposure UTC
Number Time (s)

1 200.0 17/03/18 05:26:37
2 200.0 18/03/18 06:07:44
3 200.0 18/03/18 06:11:29
4 200.0 20/03/18 05:56:20
5 200.0 20/03/18 06:00:03
6 200.0 21/03/18 06:09:25
7 200.0 21/03/18 06:13:09
8 120.0 22/03/18 05:34:24
9 120.0 22/03/18 05:36:48
10 120.0 22/03/18 05:39:11
11 120.0 22/03/18 05:41:35
12 75.00 24/03/18 05:35:33
13 75.00 24/03/18 05:37:12
14 75.00 24/03/18 05:38:51
15 75.00 24/03/18 05:40:29
16 150.0 26/03/18 03:42:50
17 150.0 26/03/18 03:45:43
18 150.0 26/03/18 03:56:22
19 150.0 26/03/18 03:59:15
20 150.0 26/03/18 05:43:24
21 150.0 26/03/18 05:46:18
22 150.0 08/07/18 02:04:02
23 150.0 08/07/18 02:06:56
24 150.0 10/07/18 21:31:45
25 150.0 10/07/18 21:34:39
26 150.0 11/07/18 21:24:22
27 150.0 11/07/18 21:27:17
28 150.0 15/07/18 01:26:34
29 150.0 15/07/18 01:29:28
30 150.0 18/07/18 01:40:57
31 150.0 18/07/18 01:43:50
32 150.0 18/07/18 21:40:38
33 150.0 18/07/18 21:43:32
34 150.0 24/07/18 22:47:55
35 150.0 24/07/18 22:50:50
36 150.0 27/07/18 21:28:00
37 150.0 27/07/18 21:30:54
38 150.0 03/08/18 23:18:50
39 150.0 03/08/18 23:21:43
40 150.0 09/08/18 22:16:51
41 150.0 09/08/18 22:19:45
42 150.0 15/08/18 21:40:24
43 150.0 15/08/18 21:43:21
44 150.0 19/08/18 21:54:17
45 150.0 19/08/18 21:57:10
46 400.0 12/10/18 21:34:54
47 400.0 21/10/18 21:18:54
48 400.0 04/11/18 19:44:43
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Table A3. FRODOspec Observation Log: Blue

Spectra Exposure UTC
Number Time (s)

1 600.0 17/3/18 05:41:42.498
2 600.0 17/3/18 05:52:14.842
3 600.0 17/3/18 06:02:47.065
4 900.0 18/3/18 04:46:18.022
5 900.0 18/3/18 05:01:51.074
6 900.0 18/3/18 05:17:26.304
7 900.0 20/3/18 04:15:54.132
8 900.0 20/3/18 04:31:27.148
9 900.0 20/3/18 04:47:02.076
10 900.0 21/3/18 05:33:53.350
11 900.0 21/3/18 05:49:26.005
12 900.0 21/3/18 06:05:00.233
13 900.0 22/3/18 04:10:01.603
14 900.0 22/3/18 04:25:34.488
15 900.0 22/3/18 04:41:06.833
16 900.0 23/3/18 05:01:42.787
17 900.0 23/3/18 05:17:15.497
18 900.0 23/3/18 05:32:49.716
19 900.0 24/3/18 04:35:12.049
20 900.0 24/3/18 04:50:44.641
21 900.0 24/3/18 05:06:18.908
22 900.0 26/3/18 04:24:13.961
23 900.0 26/3/18 04:39:46.398
24 900.0 26/3/18 04:55:20.644
25 900.0 27/3/18 04:50:34.338
26 900.0 27/3/18 05:06:06.667
27 900.0 27/3/18 05:21:41.701
28 900.0 29/3/18 04:08:01.301
29 900.0 29/3/18 04:23:33.828
30 900.0 29/3/18 04:39:08.054
31 900.0 30/3/18 04:04:37.370
32 900.0 30/3/18 04:20:09.826
33 900.0 30/3/18 04:35:44.886
34 900.0 31/3/18 04:06:07.277
35 900.0 31/3/18 04:21:39.472
36 900.0 31/3/18 04:37:14.818
37 900.0 3/4/18 04:06:12.697
38 900.0 3/4/18 04:21:45.721
39 900.0 3/4/18 04:37:20.877
40 900.0 4/4/18 03:30:24.005
41 900.0 4/4/18 03:45:56.662
42 900.0 8/4/18 03:09:57.099
43 900.0 8/4/18 03:25:29.766
44 900.0 11/4/18 05:12:10.414
45 900.0 11/4/18 05:27:42.694
46 900.0 12/4/18 05:04:11.055
47 900.0 12/4/18 05:19:43.383
48 90.0 12/4/18 05:38:53.613
49 900.0 13/4/18 04:21:12.464
50 900.0 13/4/18 04:36:45.445
51 900.0 14/4/18 03:48:15.030
52 900.0 14/4/18 04:03:47.990
53 900.0 15/4/18 03:18:54.360
54 900.0 15/4/18 03:34:26.811
55 900.0 16/4/18 02:38:37.252
56 900.0 16/4/18 02:54:09.914

57 900.0 17/4/18 04:10:05.467
58 900.0 17/4/18 04:25:37.891
59 900.0 18/4/18 03:08:32.416
60 900.0 18/4/18 03:24:05.114
61 900.0 27/4/18 03:05:52.829
62 900.0 27/4/18 03:21:25.299
63 900.0 29/4/18 01:43:42.728
64 900.0 29/4/18 01:59:15.187
65 900.0 1/5/18 01:45:39.081
66 900.0 1/5/18 02:01:11.710
67 900.0 5/5/18 02:27:27.288
68 900.0 5/5/18 02:43:00.837
69 900.0 11/5/18 01:48:21.620
70 900.0 11/5/18 02:03:53.676
71 900.0 13/5/18 03:58:37.065
72 900.0 13/5/18 04:14:09.221
73 900.0 16/5/18 01:48:30.752
74 900.0 16/5/18 02:04:03.367
75 900.0 23/5/18 01:10:59.797
76 900.0 23/5/18 01:26:32.209
77 900.0 25/5/18 01:14:50.765
78 900.0 25/5/18 01:30:23.423
79 900.0 27/5/18 23:56:05.080
80 900.0 28/5/18 00:11:37.681
81 900.0 29/5/18 00:40:07.878
82 900.0 29/5/18 00:55:40.355
83 900.0 3/6/18 00:18:16.107
84 900.0 3/6/18 00:33:48.636
85 900.0 8/6/18 00:40:15.799
86 900.0 8/6/18 00:55:48.110
87 900.0 13/6/18 01:28:14.679
88 900.0 13/6/18 01:43:47.394
89 900.0 18/6/18 04:55:08.423
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Table A4. FRODOspec Observation Log: Red

Spectra Exposure UTC
Number Time (s)

1 600.0 17/3/18 05:41:48.179
2 600.0 17/3/18 05:52:23.361
3 600.0 17/3/18 06:02:58.439
4 900.0 18/3/18 04:46:12.359
5 900.0 18/3/18 05:01:47.988
6 900.0 20/3/18 04:15:48.446
7 900.0 20/3/18 04:31:23.938
8 900.0 20/3/18 04:46:58.872
9 900.0 21/3/18 05:33:47.567
10 900.0 21/3/18 05:49:22.363
11 900.0 21/3/18 06:04:56.987
12 900.0 22/3/18 04:10:07.782
13 900.0 22/3/18 04:25:43.173
14 900.0 22/3/18 04:41:18.097
15 900.0 23/3/18 05:01:36.993
16 900.0 23/3/18 05:17:11.764
17 900.0 23/3/18 05:32:46.534
18 900.0 24/3/18 04:35:06.304
19 900.0 24/3/18 04:50:40.960
20 900.0 24/3/18 05:06:15.605
21 900.0 26/3/18 04:24:07.608
22 900.0 26/3/18 04:39:42.707
23 900.0 26/3/18 04:55:17.502
24 900.0 27/3/18 04:50:28.143
25 900.0 27/3/18 05:06:03.510
26 900.0 27/3/18 05:21:38.565
27 900.0 29/3/18 04:07:55.109
28 900.0 29/3/18 04:23:30.197
29 900.0 29/3/18 04:39:04.869
30 900.0 30/3/18 04:04:31.207
31 900.0 30/3/18 04:20:06.276
32 900.0 30/3/18 04:35:41.749
33 900.0 31/3/18 04:06:01.170
34 900.0 31/3/18 04:21:35.963
35 900.0 31/3/18 04:37:11.434
36 900.0 3/4/18 04:06:07.058
37 900.0 3/4/18 04:21:42.552
38 900.0 3/4/18 04:37:18.284
39 900.0 4/4/18 03:30:30.179
40 900.0 4/4/18 03:46:05.235
42 900.0 8/4/18 03:10:03.278
43 900.0 8/4/18 03:25:38.619
43 900.0 11/4/18 05:12:16.115
44 900.0 11/4/18 05:27:51.157
45 900.0 12/4/18 05:04:16.768
46 900.0 12/4/18 05:19:51.891
47 900.0 13/4/18 04:21:17.891
48 900.0 13/4/18 04:36:52.915
49 900.0 14/4/18 03:48:21.157
50 900.0 14/4/18 04:03:56.521
51 900.0 15/4/18 03:19:00.212
52 900.0 15/4/18 03:34:35.354
53 900.0 16/4/18 02:38:43.438
54 900.0 16/4/18 02:54:18.478
55 900.0 17/4/18 04:10:11.258
56 900.0 17/4/18 04:25:46.374

57 900.0 18/4/18 03:08:38.570
58 900.0 27/4/18 03:05:58.771
59 900.0 27/4/18 03:21:33.861
60 900.0 29/4/18 01:43:48.874
61 900.0 29/4/18 01:59:23.706
62 900.0 1/5/18 01:45:45.281
63 900.0 1/5/18 02:01:20.101
64 900.0 5/5/18 02:27:32.876
65 900.0 5/5/18 02:43:08.173
66 900.0 11/5/18 01:48:27.367
67 900.0 11/5/18 02:04:02.187
68 900.0 13/5/18 03:58:30.941
69 900.0 13/5/18 04:14:05.825
70 900.0 16/5/18 01:48:25.009
71 900.0 16/5/18 02:04:01.003
72 900.0 23/5/18 01:10:54.163
73 900.0 23/5/18 01:26:28.700
74 900.0 25/5/18 01:14:56.871
75 900.0 25/5/18 01:30:31.910
76 900.0 27/5/18 23:55:58.958
77 900.0 28/5/18 00:11:34.048
78 900.0 29/5/18 00:40:02.010
79 900.0 29/5/18 00:55:36.697
80 900.0 3/6/18 00:18:09.943
81 900.0 3/6/18 00:33:45.002
82 900.0 8/6/18 00:40:21.790
83 900.0 8/6/18 00:55:56.720
84 900.0 13/6/18 01:28:08.533
85 900.0 13/6/18 01:43:43.789
86 900.0 18/6/18 04:55:14.573
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