
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Using optical spectroscopy to map the geometry and structure of the irradiated
accretion discs in low-mass X-ray binaries
the pilot study of MAXI J0637-430
Tetarenko, B.E.; Shaw, A.W.; Manrow, E.R.; Charles, P.A.; Miller, J.M.; Russell, T.D.;
Tetarenko, A.J.
DOI
10.1093/mnras/staa3861
Publication date
2021
Document Version
Final published version
Published in
Monthly Notices of the Royal Astronomical Society

Link to publication

Citation for published version (APA):
Tetarenko, B. E., Shaw, A. W., Manrow, E. R., Charles, P. A., Miller, J. M., Russell, T. D., &
Tetarenko, A. J. (2021). Using optical spectroscopy to map the geometry and structure of the
irradiated accretion discs in low-mass X-ray binaries: the pilot study of MAXI J0637-430.
Monthly Notices of the Royal Astronomical Society, 501(3), 3406-3420.
https://doi.org/10.1093/mnras/staa3861

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:27 Jul 2022

https://doi.org/10.1093/mnras/staa3861
https://dare.uva.nl/personal/pure/en/publications/using-optical-spectroscopy-to-map-the-geometry-and-structure-of-the-irradiated-accretion-discs-in-lowmass-xray-binaries(9544b890-4218-45e8-9e44-8cc1e44830c1).html
https://doi.org/10.1093/mnras/staa3861


MNRAS 501, 3406–3420 (2021) doi:10.1093/mnras/staa3861
Advance Access publication 2020 December 24

Using optical spectroscopy to map the geometry and structure of the
irradiated accretion discs in low-mass X-ray binaries: the pilot study of
MAXI J0637–430

B. E. Tetarenko ,1‹ A. W. Shaw ,2 E. R. Manrow,1 P. A. Charles,3 J. M. Miller,1 T. D. Russell 4

and A. J. Tetarenko 5

1Department of Astronomy, University of Michigan, 1085 South University Avenue, Ann Arbor, MI 48109, USA
2Department of Physics, University of Nevada, Reno, NV 89557, USA
3Department of Physics & Astronomy, University of Southampton, Southampton SO17 1BJ, UK
4Anton Pannekoek Institute for Astronomy, University of Amsterdam, Science Park 904, NL-1098 XH Amsterdam, the Netherlands
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ABSTRACT
The recurring transient outbursts in low-mass X-ray binaries (LMXBs) provide us with strong test-beds for constraining the
poorly understood accretion process. While impossible to image directly, phase-resolved spectroscopy can provide a powerful
diagnostic to study their highly complex, time-dependent accretion discs. We present an 8-month long multiwavelength (UV,
optical, X-ray) monitoring campaign of the new candidate black hole LMXB MAXI J0637–430 throughout its 2019/2020
outburst, using the Neil Gehrels Swift Observatory, as well as three quasi-simultaneous epochs of Gemini/GMOS optical
spectroscopy. We find evidence for the existence of a correlation between the X-ray irradiation heating the accretion disc and
the evolution of the He II 4686 Å emission line profiles detected in the optical spectra. Our results demonstrate a connection
between the line emitting regions and physical properties of the X-ray irradiation heating the discs during outburst cycles of
LMXBs. Further, we are able to show that changes in the physical properties of the irradiation heating the disc in outburst can
be imprinted within the H/He emission line profiles themselves in these systems.

Key words: accretion, accretion discs – black hole physics – binaries: spectroscopic – stars: individual: MAXI J0637–430 – X-
rays: binaries.

1 IN T RO D U C T I O N

Among accreting astrophysical systems, low-mass X-ray binaries
(LMXBs), containing discs of matter fed by nearby, low-mass stars
flowing on to compact stellar remnants (black holes or neutron
stars), provide ideal test beds for constraining the poorly under-
stood process of accretion. Many of these systems are transient,
undergoing frequently (usually time-scales of ∼ years) recurrent
outbursts. Thus, these systems offer the unique opportunity to
study accretion over observable (day-month) time-scales (Charles
& Coe 2006; Remillard & McClintock 2006; Tetarenko et al.
2016).

The mechanism behind these outbursts can be broadly explained
with the disc-instability model (DIM), whereby such transient
behaviour is explained via the accretion disc cycling between a hot,
ionized outburst state and a cool, neutral, quiescent state. This limit-
cycle, triggered by the accumulation of matter in the disc as a result
of mass transfer from the companion star, heats the disc until a
significant portion is ionized. The viscosity of the disc (i.e. ability to

� E-mail: btetaren@umich.edu

move angular momentum outwards) increases dramatically when it
is in this ionized state. This results in a rapid in-fall of matter on to
the compact object, and in-turn a bright outburst. For a recent review
of the DIM see Hameury (2020).

While we can image their supermassive relatives (i.e. Event
Horizon Telescope; Event Horizon Telescope Collaboration 2019),
LMXBs are far too small and distant to be imaged directly. However,
phase-resolved spectroscopy can provide an alternative diagnostic
to study their highly complex, time-dependent accretion discs. The
spectral signature of an LMXB is detection of strong H and He
emission lines at optical wavelengths (H α, H β, He I, He II; e.g.
Dubus et al. 2001b; Casares 2015) from the accretion disc (Charles
& Coe 2006). These ‘accretion signatures’ typically show a double-
peaked profile, due to Doppler motions in the binary (Crawford &
Kraft 1956; Casares 2015), with the line profile shape depending
on the distribution of emission over the disc surface. As a result,
these emission line profiles encode within them a projection of
the disc itself along the line of sight. As the spatial distribution
of line emission is a tracer of structure in the disc, these emission
lines can, in principle, be used to effectively describe how matter
in the disc behaves and evolves over time (e.g. Marsh 2001,
2005).
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LMXBs harbouring stellar-mass black holes (BH-LMXBs) are
of particular interest. Most of the optical light emitted by their
accretion discs comes from reprocessed X-rays, arising close to
the black hole, heating the outer disc (van Paradijs & McClintock
1994; van Paradijs 1996). This X-ray irradiation is the dominant
factor that determines the temperature over most of the disc dur-
ing outburst. By illuminating the disc surface, irradiation con-
trols the outburst decay from peak to quiescence. Consequently,
the light-curve profile for an outbursting irradiated disc, as pre-
dicted by the DIM, can be characterized into multiple stages
(Dubus et al. 1999; Dubus, Hameury & Lasota 2001a), defined
by how (and on what time-scale) matter moves through the disc
itself.

A combination of the (i) first stage after the outburst peak, the
viscous decay and (ii) subsequent transition to the second, irradiation-
controlled stage of the decay, together offer the ideal means to
study both the source of the irradiation and its effect on the disc.
During the viscous stage of the decay, X-ray irradiation is at its
strongest and thus, the entire disc is thought to be in a hot, ionized
state. At this point, the rate of mass accretion on to the black
hole (Ṁin) is much greater than the rate of mass transfer from the
companion to the disc (Ṁtr). Thus, mass in the disc is assumed to
change only through viscous accretion, leading to the characteristic
‘exponential’ light-curve decay profile shape. The transition to the
second, irradiation-controlled decay stage occurs as a result of the
temperature dropping in the outer disc regions, and subsequent
formation and propagation of an inward moving cooling front at
a speed determined by the strength of the decaying X-ray irradiating
flux (Dubus et al. 2001a; Tetarenko et al. 2018a, b). Both of these
accretion regimes, to date, have not yet been well studied in LMXBs.
Recently, Tetarenko et al. (2018a, b), developed a methodology
to characterize observed LMXB light curves based on the predic-
tions of the DIM. Together, with multiwavelength capabilities and
rapid-response times of the instruments aboard the Neil Gehrels
Swift Observatory, their analytical models allow one to track and
predict the evolution of an LMXB on daily time-scales during an
outburst.

Despite decades of effort, the radial profile and geometry of the
irradiation source heating LMXB discs are not well understood
(Vrtilek et al. 1990; King, Kolb & Burderi 1996; Dubus et al. 1999,
2001a; Rykoff et al. 2007; Reynolds & Miller 2013; Degenaar et al.
2014). As the irradiation is only important in the outer regions (typ-
ically greater than hundreds of gravitational radii) of LMXB discs,
H/He emission lines are an ideal means to probe it. In this work, we
combine X-ray, optical, and ultraviolet spectral and photometric data
from Swift, modern Doppler tomography techniques (e.g. Steeghs
2003), and the H/He disc emission lines detected in Gemini Multi-
Object Spectrograph (GMOS) optical spectra. With these data we
attempt to map the illumination pattern of the irradiation heating a
transient BH-LMXB disc during both the viscous stage and transition
to the irradiation-controlled stage of an outburst decay. Specifically,
these data have allowed us to track and quantify how variations in this
irradiation heating over an outburst affect the physical properties of
the disc through its emission line profiles. This is a first (and crucial)
step to developing a method to use phase-resolved spectroscopy to
effectively probe the geometry/structure of the gas making up an
outbursting BH-LMXB accretion disc, which has not been done
before.

This paper is organized as follows: Section 2 outlines the details of
the 2019/2020 outburst of new candidate BH-LMXB MAXI J0637–
430. Section 3 discusses the multiwavelength observational data used
in this work. Section 4 discusses the multiwavelength (X-ray, optical,

and UV) spectral and time-series analysis done on MAXI J0637–430.
In Section 5, we discuss the relationship found between irradiation
heating and disc emission line profiles for this source and the
implications such a finding has for LMXBs in general. Finally in
Section 6 we summarize this work.

2 G ALAC TI C BH-LMXB CANDI DATE:
M A X I J 0 6 3 7 – 4 3 0

2.1 Discovery and multiwavelength outburst monitoring

MAXI J0637–430 (hereafter J0637), a newly discovered candidate
BH-LMXB, was first detected in outburst by the Monitor of All-
sky X-ray Image (MAXI; Matsuoka et al. 2009) on 2019 November
2 (Negoro et al. 2019). Follow-up observations with the X-ray
Telescope (XRT; Burrows et al. 2005) aboard Swift (2019 November
3; Kennea et al. 2019), and the Nuclear Spectroscopic Telescope
Array (NuSTAR; Harrison et al. 2013 – 2019 November 5; Tomsick
et al. 2019) showed a soft X-ray spectrum, well fit by an absorbed
power-law + disc-blackbody model. In addition, a bright optical
counterpart with a position not coincident with any known star,
was also detected by the Ultraviolet and Optical Telescope (UVOT;
Roming et al. 2005) aboard Swift inside the X-ray error circle.
Both X-ray and optical observations were highly suggestive of an
outbursting X-ray binary in the soft accretion state, and furthermore
the X-ray spectral shape favours a BH over a neutron star as the
compact object.

Further, optical spectral observations, taken on 2019 November 3
with the Southern Astrophysical Research telescope (Strader et al.
2019), revealed strong, broad, double-peaked H α, and He II 4686 Å
emission at Galactic velocities, and weaker H β, H γ , and He I 5875
and 6678 Å emission as well, providing strong evidence for J0637
being a new, candidate BH-LMXB in outburst.

J0637, first localized by Swift, was also later detected in the
radio band by the Australia Telescope Compact Array (ATCA;
at frequencies of 5.5 and 9 GHz) on 2019 November 6 (Russell
et al. 2019b), giving a refined position of RA, Dec. (J2000) =
06h36m23.s7 ± 0.′′2, −42◦52′04.′′1 ± 0.′′7. At this position, with
a Galactic latitude of −20 deg, the interstellar reddening is low,
making J0637 a great target for both blue and red time-resolved
spectroscopy.

Radio flux densities were consistent with emission arising from
a discrete ejection event (e.g. steep spectrum; Russell et al. 2019a),
expected if J0637 was an outbursting BH-LMXB in a soft or soft-
intermediate accretion state. A second radio epoch was taken on 2020
January 8 (as analysed in this work), where J0637 was not detected
in either the 5.5 or 9 GHz band. See Fig. 1 for the radio light curve
and Section 3.3 for a detailed discussion.

Monitoring on approximately daily time-scales with both Swift
(this work; Fig. 1) and the Neutron star Interior Composition
Explorer (NICER; Remillard et al. 2020) showed that J0637 re-
mained in a soft accretion state for approximately 70 d, before
beginning the transition back to the hard accretion state between 2020
January 12 and 14 (MJD 58860–58862). After the state transition
occurred (approximately 2020 January 29; MJD 58877), J0637
then began its final decay towards quiescence. This decay, lasting
approximately 4 months, was observed at both X-ray and optical
wavelengths by Swift XRT and UVOT (this work) and the Faulkes
telescopes at the Las Cumbres Observatory (as part of the XB-
NEWS Monitoring Program; Johar et al. 2020). J0637 was thought
to likely reach a quiescent level in 2020 June (Tomsick & Lazar
2020).
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3408 B. E. Tetarenko et al.

Figure 1. Multiwavelength light curve showing the evolution of the 2019/2020 outburst of J0637: (top) Swift/XRT (0.5–10 keV), (middle) Swift/UVOT, and
(bottom) AAVSO. UVOT and AAVSO magnitudes have not been de-reddened. The grey data points and grey right-side axis in the top panel show the two epochs
of radio (5.5 and 9 GHz) data taken with ATCA. The vertical solid blue lines in the top panel show the 3 d in which Gemini/GMOS spectra were obtained.

2.2 Binary orbital parameters

While an optical counterpart was detected during outburst (Kennea
et al. 2019), little is known about the orbital parameters of J0637.
Thus, in this work, following Tetarenko et al. (2018a), we sample
a BH mass (MBH) and binary mass ratio (q) from the Galactic
distributions of Özel et al. (2010) and Tetarenko et al. (2016),
respectively, and assume a broad, uniform distribution in distance
of d = 5–15 kpc.

Lastly, we attempted to constrain the binary orbital period using a
combination of (i) a broad-band spectral energy distribution (SED)
fitting method (see Section 4.1), with data from our continuous
Swift (XRT+UVOT) monitoring (see Section 3.1 and Fig. 1) and
(ii) the detection of hydrogen emission in the optical spectrum.
The SED fitting method provides an upper limit of Porb ≤ 4
h. While the detection of H α emission in the optical spectrum
(see Section 4.4 and Fig. 2) rules out ultracompact systems (Porb

� 1.5 h). Thus, we assume an orbital period of Porb = 2–4
h. This would make it one of the shortest in this class of ob-
jects.

We note that while many light curves of LMXBs in outbursts
exhibit periodicities known as ‘superhumps’, resulting from a pre-
cessing accretion disc, with a period typically close to the true Porb of
the binary system (e.g. see Zurita et al. 2008; Patterson et al. 2018), no
evidence for periodicity was found in the publicly available AAVSO
data of J0637 (see Section 3.4.1 and Hambsch et al. 2019). The

available UVOT data (Section 3.1.2) lacks the cadence required to
perform such an analysis.

3 O B S E RVAT I O N S A N D DATA R E D U C T I O N

3.1 Swift

A total of 105 Swift observations were obtained from the High
Energy Astrophysics Science Archive Research Center (HEASARC)
Archive,1 between 2019 November 3 and 2020 March 15 (ObsId:
00012168001-00012172094; as part of University of Michigan GTO
time – co-PIs: Tetarenko and Miller), covering the 2019/2020 X-ray
outburst of J0637 (Fig. 1). The majority of the XRT observations
were taken in windowed timing (WT) mode, with a few taken in
photon counting (PC) mode, when the source count rate was low. The
majority of the UVOT observations were obtained in all six filters,
from the UV through optical (UVW2, UVM2, UVW1, U, B, V).

3.1.1 XRT

Data were first processed with the xrtpipeline task from
the HEASOFT v6.26 software package. In WT mode, source and
background spectra were extracted using circular apertures with a

1https://heasarc.gsfc.nasa.gov/docs/archive.html
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Figure 2. Flux-calibrated Gemini/GMOS optical spectra of J0637, summed over each of the 3 d during which data were taken: 2019 December 15 (MJD
58832), 2019 December 20 (MJD 58837), and 2019 December 25 (MJD 58842). The two strongest disc emission lines (He II 4686 Å and H α), interstellar
absorption lines (I/S), diffuse interstellar bands (DIBs), telluric absorption lines (⊕), and poorly subtracted night-sky emission lines (sky) are marked in black.
Purple lines mark narrow emission features that are not real and ? signifies unknown features (see Section 4.4 for discussion).
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radius of 20 pixels. In PC mode, source spectra were first extracted
using the same size aperature as WT mode, to determine if photon
pile-up was significant. If the average count rate was greater than
0.5 counts s−1, spectra were re-extracted, this time using an annular
region with a 20 pixel outer radius. The radius of the central portion
of the point spread function (PSF) excluded here was calculated with
the XIMAGE package2 in each case. The background spectra of PC
mode observations were extracted using an annulus, with inner and
outer radii of 50 and 70 pixels, centred on the source.

Source and background spectra were then grouped such that each
energy bin contained a minimum of 5 counts. Lastly, the response
matrix files were obtained from the HEASARC calibration data base
(CALDB) and the xrtmkarf task was used to generate ancillary
response files.

XSPEC v12.10.1f (Arnaud 1996) was used to perform all of the X-
ray (XRT) spectral fits in the 0.5–10 keV band. The tbabs model,
utilizing abundances from Wilms, Allen & McCray (2000), and
photoionization cross-sections from Verner et al. (1996), was used to
account for interstellar absorption in all fits. The hydrogen column
was not well constrained in the XRT spectra, and thus was fixed at
NH = 4.39 × 1020 cm−2 [corresponding to E(B − V) = 0.064; see
Section 3.1.2] for all fits (Güver & Özel 2009). Note that, HI4PI3 find
a Galactic NH in the direction of the source (NH = 5.23 × 1020 cm−2)
to be similar to our estimate. Further, using the equivalent width
(EW) of the NaD (I/S) absorption line present in the Gemini/GMOS
optical spectra (Fig. 2) yields an E(B − V ) = 0.068+0.009

−0.008 (see e.g.
Munari & Zwitter 1997), consistent with the reddening estimate we
use in this work.

3.1.2 UVOT

UVOT, a 30 cm diameter telescope, operates simultaneously with
XRT. Thus, we have a total of 105 UVOT observations simultaneous
with the XRT exposures described above, 100 of which contain
exposures in multiple UVOT filters.

Using the HEASOFT task uvotsource, aperture photometry was
performed on all UVOT images, using a circular region centred on
the source with a radius of 5 arcsec. The background circular region
used measured 20 arcsec in radius and was centred in a source free
region. All magnitudes were computed in the Vega system, with
the known flux zero-points for each filter used to convert to flux
densities. Uncertainties in UVOT magnitudes/flux densities include
a combination of the statistical error (1σ confidence level) and
systematic uncertainty used to account for error in the shape of the
PSF. Photometric UVOT data was corrected for interstellar extinction
according to Fitzpatrick & Massa (1999). To deredden these data,
the SPECUTILS package in PYTHON was used, with an E(B − V) =
0.064 (Strader et al. 2019).

UVOT spectra were extracted in each available filter using the
uvot2pha task, source and background regions as described
above, and the response matrices available for each filter from the
HEASARC CALDB. If necessary, the uvotimsum task was used
first to co-add individual image extensions, creating one image per
filter, before spectra were extracted. XSPEC v12.10.0c (Arnaud 1996)
was used to perform all of the broad-band (XRT+UVOT) spectral
fits. The redden model, with an E(B − V) fixed at a value of 0.064,
was used to account for extinction in all fits.

2http://www.swift.ac.uk/analysis/xrt/pileup.php
3https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3nh/w3nh.pl

3.2 Gemini/GMOS

On 2019 December 8, we triggered our Gemini/GMOS-South Target-
of-Opportunity programme (GS-2019B-Q-233; PI Tetarenko) on
J0637. We subsequently obtained long-slit optical spectra over
three nights: 2019 December 15 (05:15:42.2334–07:14:22.1334 UT),
2019 December 20 (04:09:12.3834–06:07:45.1500 UT), and 2019
December 25 (03:30:53.8167–07:08:48.9500 UT), for a total of
42 × 600 s individual exposures (7 h on source). See Table A1
in Appendix A and Fig. 1 for details. All data were obtained with the
B600 grating, a central λ = 560 nm, and a 1 arcsec slit, with a typical
resolution of 4.5–5 Å.

Data were reduced using PYRAF v2.1.15 and the available Gem-
ini/GMOS long-slit reduction cookbook.4 First, bias residual and
flat-field MasterCal reference files were created with the gbias
and gflat tasks, and then used to calibrate the science exposures.
Next, a bad pixel mask was created using the provided IRAF scripts.5

Then, cosmic ray rejection was performed on individual calibrated
science exposures using the gemcrspec task. This task makes use
of the LA-Cosmic program (van Dokkum 2001), and the provided
IRAF scripts.6 Next, basic reductions were performed and the bad
pixel mask was applied to the calibrated science exposures using the
gsreduce task. The same procedure used for the science exposures,
as outlined above, was then applied to the standard star (LTT1788)
exposures.

Next, arc exposures were reduced and wavelength solutions were
found via the gswavelength task. Then, the wavelength calibra-
tion was applied (via the gstransform task), and sky subtraction
was performed (via the gsskysub task), on the calibrated, cleaned,
science and standard star exposures. Spectra were then extracted from
individual, calibrated, cleaned, science and standard star exposures,
using the gsextract task. Finally, daily-averaged spectra were
also created from the individual extracted science spectra, on each
of the 3 d data was taken, using the scombine task in IRAF. Flux-
calibrated spectra, summed over the 3 d of data taken, can be found
in Fig. 2.

3.3 ATCA

MAXI J0637–430 was observed by the ATCA on 2019 November 6
(17:23–19:55 UT) and 2020 January 5 (12:16–14:13 UT). The obser-
vations were recorded simultaneously at central frequencies of 5.5
and 9 GHz, with 2048 MHz of bandwidth at each central frequency
(2048 × 1 MHz channels). For both observations PKS 1934–630 was
used for primary flux calibration and PKS 0629–418 was used for
secondary phase calibration. Following standard procedures within
the Common Astronomy Software Application (CASA, version 5.1.0;
McMullin et al. 20077), the data were first edited for radio frequency
interference, before being calibrated and then imaged. For the 2019
November 6 observation, imaging used a Briggs robust parameter of
0, balancing sensitivity and resolution, providing synthesized beams
of 9.3 arcsec × 1.1 arcsec at 5.5 GHz and 6.0 arcsec × 0.7 arcsec
at 9 GHz with a position angle of 10 deg East of North for both
frequencies. For our 2020 January 5 ATCA observation, we imaged
with a Briggs robust parameter of 2 to maximize the sensitivity,

4http://ast.noao.edu/sites/default/files/GMOS Cookbook/
5https://gmos-data-reduction-problems-and-solutions.readthedocs.io/en/lat
est/appendix.html
6http://ast.noao.edu/sites/default/files/GMOS Cookbook/GettingStarted.h
tml
7https://casaguides.nrao.edu/index.php?title=Main Page
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providing synthesized beams of 22.4 arcsec × 1.8 arcsec at 5.5 GHz
and 12.8 arcsec × 1.1 arcsec at 9 GHz, both with positions angle of
2 deg West of North.

The radio counterpart to MAXI J0637–430 was detected during
our 2019 November 6 ATCA observations, but not on 2020 January
5. On 2019 November 6, we fitted for a point source in the
image plane by applying a Gaussian with the full width at half-
maximum (FWHM) fixed to the synthesized beam parameters. Doing
so, we measured flux densities of 66 ± 15μJy at 5.5 GHz and
60 ± 10μJy at 9 GHz. On 2020 January 5, we did not detect radio
emission associated with the target, with 3σ radio upper limits of
54μJy beam−1 at 5.5 GHz and 36μJy beam−1 at 9 GHz. Stacking
the two bands together provides a 3σ upper limit of 30μJy beam−1

(at a central frequency of 7.25 GHz).

3.4 AAVSO

Publicly available observations of J0637, in the V and B bands
(Vega magnitudes), were obtained from the AAVSO International
Database.8 See Fig. 1 for the light curves.

3.4.1 Search for periodicity

To search for periodicities in the optical/UV data we used the Lomb–
Scargle periodogram implemented in the ASTROPY package (Astropy
Collaboration 2013; Price-Whelan et al. 2018) in PYTHON (Lomb
1976; Scargle 1982; Zechmeister & Kürster 2009). This tool is ideal
for detecting periodic signals in unevenly sampled data. We do not
detect any significant (99 per cent significance level) periodicities
in the data on time-scales <100 d (i.e. length of the sampled light
curves). Note that, we have also checked the EW light curves of the
He II 4686 Å emission line detected in the GMOS spectra (see 4.4).
Again, no significant periodicities were found.

4 R ESULTS

4.1 Spectral fitting

4.1.1 X-ray (XRT)

All X-ray spectra were adequately fit (via the χ2 statistic),
in the 0.5–10 keV band, with either an absorbed power-
law (tbabs∗cflux∗powerlaw), absorbed disc-blackbody
(tbabs∗cflux∗diskbb), or combination power-law + disc-
blackbody (tbabs∗cflux∗(diskbb+powerlaw)) model in
XSPEC. cflux is convolution model used to compute the flux of
different spectral components. Used as it is here, with the normaliza-
tion of either the diskbb or powerlaw model components fixed
to a non-zero value, a flux estimate for the entire spectral model is
the output. See Fig. 1 and Table B1 in Appendix B for the best-fitting
model parameters, along with the resulting 0.5–10 keV fluxes, for
each Swift epoch.

4.1.2 Broad-band (XRT+UVOT)

Of the 100 Swift epochs, for which there are multiple UVOT filters,
we attempted to fit the broad-band (XRT+UVOT) spectrum with the
redden∗diskir model in XPSEC. Adequate fits were obtained for
80 of these observations, covering the time-period: 58795–58866.

8https://www.aavso.org

diskir (Gierliński, Done & Page 2009) models an irradiated
accretion disc using a total of nine parameters.9 During each epoch,
we fit for the following five parameters: disc normalization (Ndisc),
inner disc temperature (Tin), log of the ratio between outer and inner
disc radius (logrout), fraction of bolometric flux thermalized in the
outer disc region (fout), and ratio of luminosity in the Compton tail to
the un-illuminated disc (Lc/Ld). In addition, we fixed the remaining
four parameters to typical values expected for LMXBs: power-law
photon index (γ = 1.7), electron temperature (Te = 100 keV),
fraction of the luminosity in the Compton tail thermalized in the
inner disc (fin = 0.1), and the radius of the Compton illuminated
disc as a fraction of the inner disc radius (rirr = 1.2). See Fig. C1 in
Appendix C for example SEDs, quasi-simultaneous (within at most
10 h) with the epochs where Gemini/GMOS and ATCA data were
taken. See Table B2 in Appendix B for best-fitting model parameters.

The best-fitting diskir parameters obtained could then be used
to estimate the following physical parameters of the irradiated
accretion disc in J0637: outer disc radius (Rout), inner disc radius
(Rin), mass-accretion rate on to the BH (ṀBH), and the fraction of
X-ray flux intercepted and reprocessed in the outer disc (C). See
Fig. 3.

The inner and outer disc radius are computed as follows, assuming
a distance of d = U(5, 15) kpc and an inclination averaged over all
angles:

Rout = Rin10logrout, (1)

where,

Rin = 1 × 105

(
d

10kpc

)(
Ndisc

cos i

)1/2

. (2)

Here, the disc normalization term, Ndisc, is defined in the same way
as the diskbb model10 in XSPEC.

Using the resulting Rout estimates, computed from the broad-band
SED fits during the viscous decay stage (when the whole disc is
thought to be in a hot, ionized state), we can estimate the orbital
period (Porb) of J0637. Using typical binary orbital parameters of
BH-LMXBs (see Section 2.2 and Tetarenko et al. 2016), we find a
Porb � 4 h (see Fig. 3).

For a situation in which the outer part of an LMXB accretion disc
is irradiated by a central X-ray source, the temperature profile of
the (assumed steady-state) disc can be written as a combination of
viscous (Frank, King & Raine 2002) and irradiated (Dubus et al.
1999) portions such that,

T 4
eff (R) = T 4

visc(R) + T 4
irr(R), (3)

where,

T 4
visc = 3GM1 ˙MBH

8πσR3

[
1 −

(
Rin

R

)1/2
]

, (4)

and,

T 4
irr = C

˙MBHc2

4πσR2
. (5)

One can write the reprocessed fraction, C (as defined above), in
terms of diskir parameters, as follows (see Meshcheryakov et al.
2018 for details):

C = ησfoutF
−1
bol

(
Rin

cm

)2 (
Tin

K

)4 (
d

cm

)−2

, (6)

9https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/node165.html
10https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/node164.html
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3412 B. E. Tetarenko et al.

Figure 3. (Top panel) The bolometric light curve for the 2019/2020 outburst of J0637 fit with the analytical DIM models from Tetarenko et al. (2018a, b).
The best-fitting (solid black line) and 1σ confidence interval on the fit (blue shaded region) are shown. The time-scale of the viscous stage of the decay (grey
cross hatch region) corresponds to an alpha-viscosity parameter of αh = 0.34. Also shown are model light-curve decay profiles corresponding to an αh = 0.2
and αh = 0.25, to demonstrate how light-curve profile shape changes with alpha viscosity. The inset axis shows the data in linear space. The epochs in which
Gemini/GMOS (solid blue lines) and ATCA (dotted blue lines) data were taken are also displayed. (Second panel) Residuals on the light-curve fit. (Third panel)
and (fourth panel): The bolometric corrections, computed from a combination of Swift band-limited X-ray and broad-band (XRT+UVOT) spectral fitting,
and central mass-accretion rate, over time, respectively. (Fifth panel) through (bottom panel): The inner disc radius Rin [in units of Rg, assuming an M1 =
N(7.8, 1.2) M	], inner disc temperature Tin (in keV), reprocessed X-ray fraction (CDISKIR), and outer disc radius Rout (also in units of Rg), computed from the
broad-band (XRT+UVOT) spectral fitting (see Section 4.1.2). The estimated Rout, corresponding to a Porb = 2 h (green shaded region) and Porb = 4 h (blue
shaded region), calculated by sampling M1 and q from the observational Galactic distributions (see Section 2.2) are also shown in the bottom panel. Both CDISKIR

(seventh panel) and Rout (bottom panel) are computed assuming an average over all inclination angles. Lastly, the third panel through seventh panel also display
the accretion state evolution of J0637, computed from the Swift data (see Section 4.1.4), in various shades of grey. See legend on the plot.
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Low-mass X-ray binary accretion discs 3413

Figure 4. (Left panel) individual band-pass Swift/UVOT light curves, during the 2019/2020 outburst of J0637, fit with the analytical DIM models from Tetarenko
et al. (2018a, b). The best-fitting and 1σ confidence interval on the fit, for each band-pass, are displayed as solid black lines and shaded coloured regions,
respectively. Also shown are the epochs in which Gemini/GMOS data were taken (solid blue lines). Residuals of each fit are displayed in the lower panel.
(Right panel) Correlation between exponential (viscous) decay time-scale (τ e) and effective wavelength (λeff) for all six UVOT band-passes. The uncertainty
on wavelength is the band-pass limits of each filter.

where Fbol is the bolometric flux, obtained by integrating over the
best-fitting broad-band SED, and η is the accretion efficiency defined
as in Coriat, Fender & Dubus (2012),

η =
{

0.1
(

Ṁ

0.01Ṁedd

)
LX < 0.01Ledd

0.1 LX ≥ 0.01Ledd,

where the Eddington accretion rate is Ledd = 0.1Ṁeddc
2.

Lastly, bolometric flux, Fbol, can then be converted to an observed
ṀBH via,

ṀBH = Fbol(4πd2)

ηc2
. (7)

4.1.3 Bolometric correction

The calculated Fbol, in combination with the band-limited (0.5–
10 keV) X-ray flux (FX; see Section 4.1.1), were used to compute
a bolometric correction for each Swift epoch. For (i) the first
Swift epoch (MJD 58790), in which only data from the UVOT/U
filter was available and (ii) late in the decay (post-58866), where
we were unable to obtain adequate fits to the broad-band SED,
standard bolometric corrections valid for LMXBs, estimated for
each accretion state by Migliari & Fender (2006), were assumed.
See Fig. 3.

4.1.4 Accretion states

We classify observations of J0637 into four spectral accretion states:
hard (H), hard-intermediate (HIM), soft-intermediate (SIM), and soft
(S), as defined in Marcel et al. (2019). Their state classification
is based on two spectral signatures: the power-law fraction (PLf),
defined as the ratio of the power-law flux to the total flux, and the
photon index, γ . Here, the PLf is computed using the best fit to the
XRT spectra (Section 4.1.1), bolometric corrections (Section 4.1.4),
and Fbol (Section 4.1.2), for each Swift epoch. See Fig. 3.

4.2 Light-curve fitting

4.2.1 Bolometric light curve

We have applied the Bayesian methodology of Tetarenko et al.
(2018b), Tetarenko et al. (2018a), fitting the bolometric light curve of
J0637 with their analytical DIM models. We find the decay profile for
the 2019/2020 outburst of J0637 to be well fit with the exponential
+ linear shaped decay profile, as is commonly found across the
Galactic BH-LMXB population (Tetarenko et al. 2018b). The best
fit, as shown in Fig. 3, gives an exponential (viscous) time-scale
of τe = 52.9+0.8

−0.9 d, a linear decay time-scale of τl = 50.9+1.4
−1.3 d,

and a transition (between viscous and irradiation-controlled stages)
occurring at time (MJD) tbreak = 58832.1 ± 1.3 and flux level of
ft = (21.8 ± 0.5) × 10−10 erg cm−2 s−1.

This best-fitting profile corresponds to an: (i) alpha-viscosity
parameter of αh = 0.34+0.06

−0.05 in the disc, and outburst-average re-
processed X-ray fraction of C = (9.5+11.2

−5.6 ) × 10−4, for an assumed d
= U(5, 15) kpc.

Interestingly, τ e and τ l are comparable in the decay of J0637
as predicted by the DIM (King & Ritter 1998). While this type
of behaviour has also been seen in some short-Porb Galactic BH-
LMXBs (e.g. Swift J1357.2–0933), in the majority of the Galactic
BH-LMXB population, these decay time-scales have generally been
found to differ significantly (Tetarenko et al. 2018a).

4.2.2 Multiband UVOT light curves

In addition, we have also fit the UVOT light curves with
these analytical DIM models, for the purpose of comparing
decay time-scales as measured in different wavelengths bands.
Fig. 4 shows both the best-fitting models for each UVOT
band-pass and the correlation between exponential (viscous)
decay time-scale and effective wavelength for all six UVOT
band-passes.

Fitting the data in logspace, with a Bayesian Markov chain Monte
Carlo algorithm (see Tetarenko et al. 2020 for full details on this
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3414 B. E. Tetarenko et al.

Figure 5. X-ray irradiation properties derived from directly comparing the bolometric outburst light curve, to the optical (left), near-UV (middle), and mid-UV
(right) outburst light curves of J0637. The top panels show dereddened Swift/UVOT magnitude as a function of time. The middle panels compare the fraction
of X-rays intercepted and reprocessed in the outer disc as a function of time (C; solid coloured lines), calculated with the multiwavelength light-curve method
(Section 4.3), to the reprocessed fraction derived from the broad-band SED fitting (CDISKIR, grey translucent data points; Section 4.1.2). The bottom panels
display the irradiation temperature at the outer disc radius, Tirr, calculated with the multiwavelength light-curve method. Coloured shaded regions in the middle
panels and bottom panels show the 1σ confidence interval on C and Tirr, respectively, computed by taking into account uncertainty in X-ray flux, distance, MBH, q,
Rin, and UVOT magnitude. Shaded grey regions in the top panels show the accretion state evolution of the source over time (Section 4.1.4). See legend for details.

method), we find a clear power-law correlation of the form: τe =
Nplλ

β

eff , where the exponential (viscous) decay becomes faster as
wavelength decreases. The best-fitting correlation yields a slope of
β = 0.13+0.04

−0.03 and a normalization of Npl = 30.31+9.05
−8.94 for τ e and

λeff in units of days and angstroms, respectively. Interestingly, such
a trend is also observed in synthetic model light curves of LMXBs
(see e.g. Dubus et al. 2001a).

4.3 Time-series evolution of the X-ray irradiating source

Recently, Tetarenko et al. (2020) developed a methodology that uses
multiwavelength time-series data to track how properties of the X-ray
irradiation heating the discs in LMXB systems evolve over time (on
daily to weekly time-scales). We have applied their methodology to
the X-ray (Swift/XRT) and optical/UV (Swift/UVOT) data available
for J0637 (see Section 3.1).

In doing so, we have been able to derive the time-series evolution
of (i) the fraction of X-ray intercepted and reprocessed in the outer
disc C(t) and (ii) the temperature of the irradiation in the outer disc
regions Tirr(t), throughout the 2019/2020 outburst cycle of J0637,
from the light-curve data alone.

Fig. 5 displays C(t) and Tirr(t) compared to the irradiation prop-
erties derived from the broad-band (XRT+UVOT) SED fitting of
the available Swift spectral data (see Section 4.1.2). We find that
(i) the mid-UV (UVM2,UVW2) UVOT band-passes best trace the
irradiated disc and (ii) a deviation of, at most, a factor of 2–3 between
the far-UV light-curve and broad-band SED derived C, well within
the expected uncertainty of the Tetarenko et al. (2020) method.

Interestingly, the outburst-averaged C, derived from the bolometric
light-curve profile (Section 4.2.1), remains consistent with both
irradiation properties derived from the broad-band SED fitting
(Section 4.1.2) and the multiwavelength outburst light curves (this
Section). It is also worth noting that the largest deviation between
these three methods occurs during the period in which the source
remained in the soft accretion state.

4.4 Emission line analysis

The optical spectrum of J0637 is typical of what is expected for an
LMXB accretion disc, with the only prominent features present being
the strong double-peaked He II 4686 Å emission lines and weak,
broad features, that have a wavelength consistent with H α emission.
The optical spectrum bears a resemblance to that of another short-
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Low-mass X-ray binary accretion discs 3415

Table 1. Derived emission line properties.

Time Best double-peaked fit FWHM EW DP HWZI vem

Peak 1 Peak 2 (km s−1) (Å) (Å) (Å) (km s−1)
(MJD) [μ1 σ 1 A1] [μ2 σ 2 A2]

Emission line: He II 4686 Å
58832 4674.2(5) 7.1(1) 49(5) 4700.4(5) 9.0(1) 50(5) 2406(14) −1972(202) 26.2(5) 31.9(5) 2041(31)
58837 4674.0(5) 7.4(1) 53(6) 4699.1(5) 9.1(1) 47(6) 2414(15) −2064(241) 25.2(5) 43.1(6) 2759(39)
58842 4673.5(5) 7.1(1) 62(7) 4700.0(5) 8.6(1) 57(6) 2449(12) −2306(260) 26.5(5) 43.0(5) 2752(35)

period (candidate) BH-LMXB, Swift J1753.5-0127 (e.g. Shaw et al.
2016), most notably the relatively weak H α and lack of H β. We
note that the apparently strong emission features at 5285, 5420, and
5475 Å in Fig. 2 are not real. This is indicated by the fact that they
are very narrow compared to the He II 4686 Å and H α emission,
and are not present on all 3 nights data was taken. In addition, there
is also an unknown broad emission feature at ∼4515 Å. While this
may possibly be N III, there is no sign of the C III/N III Bowen blend
at 4640–50 Å. Thus, this feature remains puzzling. See the flux-
calibrated spectra, summed over the 3 d in which data was taken, in
Fig. 2.

4.4.1 Deriving line profile properties

For each daily-averaged spectra, we have (i) fit double Gaussian
line profiles to the emission lines and (ii) computed the following
emission line properties: FWHM, EW, and double-peaked separation
(DP). All analysis was done using the SPECUTILS11 package in
PYTHON and all uncertainties are purely statistical error only. See
Table 1 and Fig. 6 for results. Note that, given the complexity of the
H α region, the accuracy of any profile parameter coming from the
line fitting procedure would be suspect. For this reason, we focus our
emission line analysis in this work on the He II 4686 Å line only.

4.4.2 Constraints on emission radii

We estimate the radii within the disc from which the He lines are
emitted using the method of Bernardini et al. (2016). The emission
radii can be defined as,(

Rem

Rg

)
= 1

2
(cvem sin i)2 , (8)

where i is the binary inclination angle and vem is the velocity (in
km s−1) at the radius Rem (in units of Rg). Here, vem can be estimated
by computing the half-width at zero intensity (HWZI) of the emission
line in question. Rem computed using this method can be thought of
as a conservative upper limit on the radii in which the He emission
is coming from in the disc.

We have used the SPECUTILS package in PYTHON to compute the
HWZI of the He II 4686 Å emission lines present in the daily-
averaged spectra (see Table 1). Fig. 7 displays Rem,He II (computed
using equation 8) for a wide range of inclinations, compared to the:
(i) inner disc radius (Rin,DISKIR) and inner radius of the optical/UV
emitting portion of the disc (Rirr, DISKIR) computed from the broad-
band SED fits (see Sections 4.1.2 and 4.3) and (ii) estimated outer disc
radius (Rout) corresponding to different values of Porb. We observe
that Rem,He II moves inwards as the outburst evolves from late in
the viscous decay to the irradiation controlled decay stage. Overall,

11https://specutils.readthedocs.io/en/stable/

this analysis rules out low-inclination angles for this source. This
conclusion is consistent with the wide double-peaked profile of the
He II 4686 Å emission. The relationship between wide emission line
profiles and higher binary inclination has been noted in other BH-
LMXBs as well (see e.g. Orosz et al. 1994; Orosz & Bailyn 1995;
Shaw et al. 2016).

4.5 Doppler tomography

To date, Doppler tomography has been used to analyse complex
emission line profiles from various classes of accreting binary
systems during both outburst and quiescence (see e.g. Marsh 2001).
Using emission line profiles observed through an entire orbit, this
technique creates a projection of these emission lines in velocity
space around the binary, effectively constructing an ‘image’ of the
disc on micro-arcsecond scales (see Marsh & Horne 1988; Steeghs
2004; Marsh 2001, 2005). Synonymous to a CAT-scan, which uses
X-ray images, taken at different angles, to reproduce an image of
complex structures inside the human body, this technique uses a 2-
dimensional spectral data set (i.e. time series of line profiles) to draw
a velocity-resolved blueprint (‘tomogram’) of the line emission over
the disc (Marsh 2001).

Thus, the Doppler tomography analysis technique can be used to
study the structure of the disc in J0637 via orbital variation of the
disc emission lines present in our Gemini/GMOS optical spectra.
Accordingly, we have created Doppler tomograms of the He II 4686
Å emission (over our entire Gemini/GMOS data set; Section 3.2)
by making use of Tom Marsh’s DOPPLER12 software package in
PYTHON (see Marsh & Horne (1988) for details). Figs 8 displays the
resulting He II 4686 Å tomogram. As the system parameters of J0637
are not yet known, we have (i) created a tomogram corresponding
to the estimated Porb ≤ 4 h and (ii) overplotted the Roche lobe
of the compact object (dashed line) and companion star (solid
line) using typical binary orbital parameters of BH-LMXBs (see
Section 2.2 and Tetarenko et al. 2016): M1 = 7.8, q = 0.1. Further,
we consider an average over all inclination angles when plotting
the tomogram. From Section 4.4.2, it is clear that J0637 does not
have a very low inclination. The tomogram show He II 4686 Å
emission at large velocities. This observation is consistent with our
constraints on emission radii estimated from the HWZI of each line
(see Section 4.4.2).

5 D ISCUSSION

5.1 The relationship between irradiation heating and disc
emission line profiles

It has become standard practice to use double-peaked emission lines
in LMXB spectra to trace accretion disc dynamics (e.g. Casares 2015,

12https://github.com/trmrsh/trm-doppler
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3416 B. E. Tetarenko et al.

Figure 6. Best double-peaked fit to the He II 4686 Å emission lines found in the Gemini/GMOS daily-averaged spectra of J0637. The top, middle, and bottom
panels show data from MJD: 58832, 58837, and 58842, respectively. The best fit (orange solid line) is overlaid on the data.
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Low-mass X-ray binary accretion discs 3417

Figure 7. Radii within the disc at which the He II 4686 Å emission lines
are emitted, as a function of binary inclination, for the 3 d in which
Gemini/GMOS data were taken. Emission radii are compared to the inner disc
radius (Rin,DISKIR; orange shaded region) and inner radius of the optical/UV
emitting portion of the disc (Rirr,DISKIR; green shaded region) computed from
the broad-band SED fits (see Sections 4.1.2 and 4.3). Also plotted is the
estimated outer disc radius, Rout, corresponding to orbital periods of 2 h (grey
shaded region) and 4 h (dark blue shaded region). This analysis rules out low
inclinations for this source.

2016). In LMXBs, the existence of these emission lines in outburst
is thought to be the result of X-ray irradiation of the disc. Thus,
we have searched for the existence of a correlation between the X-
ray irradiation heating the disc in J0637 and the key properties of the
H/He disc emission line profiles present in the Gemini/GMOS optical
spectra. Below, we show our findings and use these correlations to
demonstrate the connection between the line emitting regions of
an LMXB disc and both the physical properties and spectrum of
the X-ray irradiation heating said disc during outburst. Note that,
as discussed earlier, the H α region of our optical spectra is quite
complex, here we focus our efforts on the strongest emission line
found in our optical spectra, He II 4686 Å.

Using the line properties derived from our daily-averaged Gem-
ini/GMOS spectra (see Section 4.4 and Table 1), we find evidence
for positive correlations existing between (i) the fraction of X-rays
intercepted and reprocessed in the outer disc (C) and both the FWHM
and EW of the He II 4686 Å line and (ii) the irradiation temperature
in the outer disc region (Tirr) and both the FWHM and EW of the
He II 4686 Å line.

Figs 9 and 10 plot the correlations, found when making use of both
(i) estimates of CDISKIR, computed from the broad-band SED fits (see
Section 4.1.2), as well as (ii) the C computed from a combination
of bolometric and far-UV (UVM2, UVW2) light curves (see Sec-
tion 4.3), and (iii) Tirr,DISKIR, computed from the broad-band SED fits
(see Section 4.1.2). Unfortunately, Tirr is not well enough constrained
using the light-curve method, largely due to our lack of knowledge
of the orbital parameters of the system. Thus, we are not able to find
a correlation with the emission line properties using this data.

Using the Spearman rank-order test13 from the SCIPY package in
PYTHON, we test for a positive correlation existing in each data set.
This algorithm calculates the Spearman correlation coefficient and
its associated p-value. The correlation coefficient varies between −1
and 1, with a value of zero implying no correlation exists. The p-
value represents the probability of an uncorrelated system producing
the same correlation as the one computed from the data. To take into
account uncertainties in the data, we perform Monte Carlo sampling
(1000 samples) over the errors in each parameter, and take the mean
of the sampled distribution as the final result.

For the FWHM versus C correlation, the Spearman rank-order
test results in (correlation coefficient, p-value) of (0.97,0.036),
(1.0,0.0), and (1.0,0.0), for the FWHM correlation with CDISKIR,avg,
CUVW2,lc, and CUVM2,lc, respectively. For the EW versus C correlation,
the Spearman rank-order test results in (correlation coefficient, p-
value) of (0.99,0.015), (0.98,0.027), and (0.98,0.020), for the EW
correlation with CDISKIR,avg, CUVW2,lc, and CUVM2,lc, respectively. For
the FWHM versus Tirr,DISKIR, and EW versus Tirr,DISKIR, correlations,
the Spearman rank-order test results in (correlation coefficient, p-
value) of (1.0,0.0) and (0.98,0.027), respectively. Note that, for small
data sets like these ones, the standalone p-values are not particularly
meaningful.

Changes in emission line profile shape (single-peaked versus
double-peaked), as well emission line properties themselves (e.g.
EW), during outburst have also been previously associated with
spectral accretion state in BH-LMXBs (e.g. GROJ1655–40; Soria,
Wu & Hunstead 2000). Unfortunately, all of our Gemini/GMOS
epochs were taken when J0637 was in the soft accretion state
and no significant changes to properties of the X-ray spectrum
irradiating the disc occurred during the 15-d time-period in which
our Gemini/GMOS observations took place. While we cannot test
for correlations between the He II 4686 Å emission line profile and
spectral accretion state in our data, we do note that the double-peaked
shape is a property that has been previously associated with soft-state
BH-LMXBs (Soria et al. 2000).

These statistical results individually, combined with the fact that
we observe statistical evidence for a positive correlation existing
between the irradiation heating (C and Tirr) and both the FWHM
and EW of the He II 4686 Å emission line, for irradiation properties
computed using two completely independent methods (broad-band
spectral fitting versus multiwavelength time-series analysis), sug-
gests that (i) the double-peaked emission line profiles in BH-LMXBs
are likely the result of X-ray irradiation of the disc and (ii) changes
in physical properties of the irradiation heating over an outburst can
possibly be imprinted within the line profile properties themselves.
Ultimately, more spectral data, taken over a larger range of time,
flux, and spectral accretion state, during outburst, will allow us to
put firmer constraints on the relationship between irradiation heating
and disc emission line properties in BH-LMXBs.

6 SU M M A RY

The double-peaked profiles of the H and He recombination lines
observed in optical spectra can be used as powerful diagnostics
for mapping the geometry and structure of the accretion discs in
LMXB systems. In LMXBs, the detection of these emission lines
during outburst is thought to be the result of X-ray irradiation

13https://docs.scipy.org/doc/scipy/reference/generated/scipy.stats.spearmanr
.html
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3418 B. E. Tetarenko et al.

Figure 8. (Left) Doppler tomogram of He II 4686 Å emission created from our full Gemini/GMOS data set (7 h on source). The tomogram is made assuming a
Porb = 4 h. The Roche lobes of the compact object (dashed black line) and companion star (solid black line) are displayed on the tomogram for an average over
all binary inclination angles. (Right) trailed spectrum, phase folded on a Porb = 4 h.

Figure 9. Correlation between the fraction of X-rays intercepted and
reprocessed in the outer disc (C) and (top) FWHM (in km s−1) and (bottom)
EW (in Å) of the He II 4686 Å disc emission line. Positive correlations are
plotted using X-ray irradiation heating computed from the (i) broad-band
SED fits (DISKIR), assuming an average over all inclination angles (blue
circles) and (ii) light-curve data in both the UVW2 (green circles) and UVM2
(pink circles) UVOT filters.

Figure 10. Correlation between the irradiation temperature in the outer disc
region (Tirr) and (top) FWHM (in km s−1) and (bottom) EW (in Å) of the
He II 4686 Å disc emission line. Positive correlations are plotted using X-
ray irradiation heating computed from the broad-band SED fits (DISKIR),
assuming an average over all inclination angles (blue circles).
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heating the disc. This irradiation heating plays a key role in reg-
ulating outburst cycles in these binary systems. By illuminating the
disc surface, it controls both the overall evolution of an outburst
from peak to quiescence, and the amount of mass able to be
accreted during the outburst(Dubus et al. 1999, 2001a). However,
despite decades of theoretical and observational efforts, the physical
mechanism(s) driving X-ray irradiation remains largely unknown.
The problem is three-fold. Neither (i) the disc radial profile, nor
(ii) the geometry of the source heating such discs, nor (iii) the
effect of the illuminating spectrum on the thermal properties of the
disc, are well understood (Vrtilek et al. 1990; King et al. 1996;
Dubus et al. 1999, 2001a). Answers to these open questions lie
in understanding the evolution of the physical parameters of the
irradiation source throughout an outburst cycle as functions of time
and disc radius. These parameters include: the fraction of the X-ray
flux intercepted and reprocessed in the outer disc (C), the temperature
at which the disc surface is heated (Tirr), and the spectrum of the
irradiation source (Esin, Lasota & Hynes 2000; Tetarenko et al.
2018a).

Accordingly, we have combined phase-resolved optical spec-
troscopy of new candidate BH-LMXB J0637, with multiwavelength
photometry, in an attempt to track and quantify how variations
in irradiation heating over an LMXB outburst affect the physical
properties of the disc through its emission line profiles. We were
able to monitor this system (on daily-weekly time-scales) through its
8-month long outburst with Swift, obtaining time-series optical and
UV photometry with UVOT, simultaneous with X-ray spectroscopic
data from XRT. In addition, we were also able to obtain optical
spectroscopic data from Gemini/GMOS during this time. These
data are quasi-simultaneous over three individual days of the Swift
monitoring, covering the end of the first viscous decay stage and
transition to the irradiation-controlled decay stage in the light
curve.

Using the Swift UV, optical, and X-ray light curves and spectra,
we first derived the time-series evolution of key properties of the
X-ray irradiation source heating the disc in J0637 over the entire
outburst cycle using two independent observational methods. The
first method involved fitting the broad-band (XRT+UVOT) SED
with an irradiated disc model. The second method involved the
recently developed empirical algorithm by Tetarenko et al. (2020),
which makes use of multiwavelength light curves to build a three-
dimensional X-ray irradiation profile (reprocessed fraction C, irradi-
ation temperature Tirr, and size of the irradiated region of the disc Rirr)
of the disc. Secondly, we fit double-peaked Gaussian profiles to the
strongest emission line, He II 4686 Å, present in our daily-averaged
Gemini/GMOS optical spectra. From here we were able to derive key
properties defining these line profiles: FWHM, EW, DP separation,
and HWZI. Lastly, we built Doppler tomograms, to analyse where in
the disc the (irradiation-tracing) He II 4686 Å emission was coming
from.

Then, we looked for a correlation between the X-ray irradiation
properties heating the disc in J0637 and the key parameters defining
the detected He II 4686 Å emission line profiles. Making use of the
Spearman rank-order test, we find statistical evidence for positive
correlations existing between C and both the FWHM and EW of
the He II 4686 Å line, and Tirr and both the FWHM and EW
of the He II 4686 Å line. These positive correlations exist when
making use of the X-ray irradiation properties derived from two
independent observational methods, broad-band SED fitting and the
light-curve comparison modelling of Tetarenko et al. (2020). These
results provide both evidence for He recombination line profiles in
LMXBs being caused by irradiation of the disc, and demonstrate that

changes in physical properties of the irradiation heating of the disc
over an LMXB outburst can be imprinted within the He line profile
themselves.

The pilot program presented here is the first crucial step towards
our overall goal of developing a method to use phase-resolved
spectroscopy to effectively probe the geometry and structure of the
gas making up an outbursting LMXB accretion disc. However, what
this pilot study lacks is high-quality, sequential spectral data sets,
taken over a larger range of flux, and during different stages of
the outburst decay, where the irradiating spectrum heating the disc
changes significantly in shape. Future data will not only allow us
to place firm constraints on the relationship we have found between
irradiation heating and disc emission line properties in LMXBs,
but will also allow us to use multi-epoch tomography on higher
time/wavelength resolution data, delivering a more coherent picture
of accretion disc dynamics that one-off maps produced here do not
(Marsh 2001, 2005).
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Gierliński M., Done C., Page K., 2009, MNRAS, 392, 1106
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