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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 multi-wavelength (UV,
optical, X-ray) monitoring campaign of the new candidate black hole LMXB MAXIJ0637-430
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 11 4686 A 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 — stars: individual
(MAXIJ0637-430) — binaries: spectroscopic — X-rays: binaries

1 INTRODUCTION a significant portion is ionized. The viscosity of the disc (i.e. ability
to move angular momentum outwards) increases dramatically when
it is in this ionized state. This results in a rapid in-fall of matter
onto 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 (EHT); Event Horizon Telescope Collaboration
et al. 2019), LMXBs are far too small and distant to be imaged
directly. However, phase-resolved spectroscopy can provide an al-
ternative 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 (He, HB, He
1, He 11; 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
* E-mail: btetaren@umich.edu of line emission is a tracer of structure in the disc, these emission

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

The mechanism behind these outbursts can be broadly ex-
plained with the disc-instability model (DIM), whereby such tran-
sient 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
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lines can, in principle, be used to effectively describe how matter in
the disc behaves and evolves over time (e.g., Marsh 2001, 2005).

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 during
outburst. By illuminating the disc surface, irradiation controls the
outburst decay from peak to quiescence. Consequently, the light-
curve profile for an outbursting irradiated disc, as predicted by the
disc-instability model (DIM), can be characterized into multiple
stages (Dubus et al. 1999, 2001a), defined by how (and on what
timescale) 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 onto
the black hole (M;,) is much greater than the rate of mass-transfer
from the companion to the disc (My). 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. 2018b,a).
Both of these accretion regimes, to date, have not yet been well
studied in LMXBs. Recently, Tetarenko et al. (2018b,a) developed
a methodology to characterize observed LMXB light-curves based
on the predictions of the DIM. Together, with multi-wavelength
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 timescales
during an outburst.

Despite decades of effort, the radial profile and geometry of
the irradiation source heating LMXB discs are not well understood
(Dubus et al. 1999, 2001a; Vrtilek et al. 1990; King et al. 1996;
Reynolds & Miller 2013; Rykoft et al. 2007; Degenaar et al. 2014).
As the irradiation is only important in the outer regions (typically
greater than hundreds of gravitational radii) of LMXB discs, H/He
emission lines are an ideal means to probe it. In this work, we com-
bine 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 heat-
ing 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 phys-
ical 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
MAXI1J0637-430. Section 3 discusses the multi-wavelength ob-

servational data used in this work. Section 4 discusses the multi-
wavelength (X-ray, optical and UV) spectral and time-series analysis
done on MAXIJ0637-430. 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 GALACTIC BH-LMXB CANDIDATE: MAXI J0637-430
2.1 Discovery and Multi-wavelength Outburst Monitoring

MAXI1J0637—-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
02 (Negoro et al. 2019). Follow-up observations with the X-ray
Telescope (XRT; Burrows et al. 2005) aboard Swift (2019 November
03; Kennea et al. 2019) and the Nuclear Spectroscopic Telescope
Array (NuSTAR; Harrison et al. 2013 - 2019 November 05; 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
03 with the Southern Astrophysical Research (SOAR) telescope
(Strader et al. 2019), revealed strong, broad, double-peaked Ha,
and He 1 4686 A emission at Galactic velocities, and weaker Hf3,
Hy, and He 1 5875 A and 6678 A 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 06 (Russell et al.
2019b), giving a refined position of: RA, Dec (J2000) = 06136™2357
+072,-42°52'04""1 £ 0”’7. At this position, with a galactic latitude
of —20 degrees, 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 analyzed in this work), where J0637 was not
detected in either the 5.5 or 9 GHz band. See Figure 1 for the radio
light-curve and Section 3.3 for a detailed discussion.

Monitoring on approximately daily timescales with both Swift
(this work; Figure 1) and the Neutron star Interior Composition Ex-
plorer (NICER; Remillard et al. 2020) showed that J0637 remained
in a soft accretion state for approximately 70 days, before beginning
the transition back to the hard accretion state between 2020 Jan-
uary 12-14 (MJD 58860-58862). After the state transition occurred
(approximately 2020 January 29; MJD 58877), J0637 then began
its final decay toward 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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Figure 1. Multi-wavelength 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 fop 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 three days 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 (Mpy) and binary mass ratio (¢) from the Galactic
distributions of Ozel et al. (2010) and Tetarenko et al. (2016), re-
spectively, and assume a broad, uniform distribution in distance of
d=5-15kpec.

Lastly, we attempted to constrain the binary orbital period using
acombination 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 Figure 1), and (ii)
the detection of Hydrogen emission in the optical spectrum. The
SED fitting method provides an upper limit of Py < 4 hrs. While
the detection of Ha emission in the optical spectrum (See Section
4.4 and Figure 2) rules out ultra-compact systems (P, < 1.5 hrs).
Thus, we assume an orbital period of Py, = 2 — 4 hrs. This would
make it one of the shortest in this class of objects.

‘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 Py,
of the binary system (e.g., see Zurita et al. 2008; Patterson et al.
2018), no evidence for periodicity was found in the publicly avail-
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able 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 OBSERVATIONS AND DATA REDUCTION
3.1 Swift

A total of 105 Swift observations were obtained from the High En-
ergy Astrophysics Science Archive Research Center (HEASARC)
Archivel, between 2019 November 03 and 2020 March 15 (Ob-
sId: 00012168001-00012172094; as part of University of Michigan
GTO time - co-PIs: Tetarenko and Miller), covering the 2019/2020
X-ray outburst of J0637 (Figure 1). The majority of the XRT ob-
servations 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).

! https://heasarc.gsfc.nasa.gov/docs/archive.html
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3.1.1 XRT

Data were first processed with the xrtpipeline task from the
HEASOFT v6.26 software package. In WT mode, source and back-
ground spectra were extracted using circular apertures with a radius
of 20 pixels. In PC mode, source spectra were first extracted us-
ing 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, 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, centered on the source.

Source and background spectra were then grouped such that
each energy bin contained a minimum of 5 counts. Lastly, the re-
sponse 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 et al. (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 Ng =
4.39% 1029 cm~2 (corresponding to E(B —V) = 0.064; see Section
3.1.2) for all fits (Giiver & Ozel 2009). Note that, HI4PI? find a
Galactic Ny in the direction of the source (Ng = 5.23 X 1020
cm™2) to be similar to our estimate. Further, using the equivalent
width of the NaD (I/S) absorption line present in the Gemini/GMOS
optical spectra (Figure 2) yields an E(B-V) = 0.068t%'%%§ (seee.g.,
Munari & Zwitter 1997), consistent with the reddening estimate we
use in this work.

3.1.2 UvVOT

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 cen-
tred on the source with a radius of 5. The background circular
region used measured 20”'in radius and was centered 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 in-
clude a combination of the statistical error (1o 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

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

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.

3.2 Gemini/GMOS

On 2019 December 8, we triggered our Gemini/GMOS-
South Target-of-Opportunity (ToO) 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 42x600s indi-
vidual exposures (7hrs on source). See Table Al in Appendix A and
Figure 1 for details. All data were obtained with the B600 grating, a
central 2 = 560nm, and a 1”/slit, with a typical resolution of 4.5-5A.

Data were reduced using pYRAF v2.1.15 and the available Gem-
ini/GMOS long-slit reduction cookbook?. 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 RAF scripts®.
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
1RAF scripts®. 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 cal-
ibration was applied (via the gstransform task), and sky sub-
traction was performed (via the gsskysub task), on the calibrated,
cleaned, science and standard star exposures. Spectra were then ex-
tracted 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 spec-
tra, on each of the three days data was taken, using the scombine
task in 1rRaF. Flux-calibrated spectra, summed over the three days of
data taken, can be found in Figure 2.

3.3 ATCA

MAXI J0637-430 was observed by the Australia Telescope Com-
pact Array (ATCA) on 2019-11-06 (17:23 — 19:55 UT) and 2020-
01-05 (12:16 — 14:13 UT). The observations were recorded simul-
taneously at central frequencies of 5.5 and 9 GHz, with 2048 MHz
of bandwidth at each central frequency (2048 x 1 MHz channels).
For both observations PKS 1934-630 was used for primary flux
calibration and PKS 0629-418 was used for secondary phase cal-
ibration. Following standard procedures within the Common As-
tronomy Software Application (casa, version 5.1.0; McMullin et al.
20077), the data were first edited for radio frequency interference

4 http://ast.noao.edu/sites/default/files/GMOS_Cookbook/
5 https://gmos-data-reduction-problems-and-solutions.
readthedocs.io/en/latest/appendix.html

6 http://ast.noao.edu/sites/default/files/GMOS_Cookbook/
GettingStarted.html

7 https://casaguides.nrao.edu/index.php?title=Main_Page
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Figure 2. Flux-calibrated Gemini/GMOS optical spectra of J0637, summed over each of the three days during which data was taken: 2019 December 15 (MID
58832), 2019 December 20 (MJD 58837), and 2019 December 25 (MJD 58842). The two strongest disc emission lines (He 11 4686 A and He), interstellar
absorption lines (I/S), diffuse interstellar bands (DIB), 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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(RFD), before being calibrated and then imaged. For the 2019-11-06
observation, imaging used a Briggs robust parameter of 0, bal-
ancing sensitivity and resolution, providing synthesised beams of
9.3”"x1.1”at 5.5 GHz and 6.0 x0.7""at 9 GHz with a position angle
of 10 degrees East of North for both frequencies. For our 2020-01-
05 ATCA observation, we imaged with a Briggs robust parameter
of 2 to maximise the sensitivity, providing synthesised beams of
22.4""x1.8"at 5.5 GHz and 12.8""x1.1”at 9 GHz, both with posi-
tions angle of 2 degrees West of North.

The radio counterpart to MAXI J0637—-430 was detected dur-
ing our 2019-11-06 ATCA observations, but not on 2020-01-05. On
2019-11-06 we fitted for a point source in the image plane by ap-
plying a Gaussian with the full width at half maximum fixed to the
synthesised beam parameters. Doing so, we measured flux densities
of 66+15 pJy at 5.5 GHz and 60+10 uJy at 9 GHz. On 2020-01-05,
we did not detect radio emission associated with the target, with 30
radio upper-limits of 54 uJy/beam at 5.5 GHz and 36 uJy/beam at
9 GHz. Stacking the two bands together provides a 30~ upper-limit
of 30 uJy/beam (at a central frequency of 7.25 GHz).

34 AAVSO

Publicly available observations of J0637, in the V and B bands
(Vega magnitudes), were obtained from the AAVSO International
Database®. See Figure 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 (As-
tropy Collaboration et al. 2013; Price-Whelan et al. 2018) in PYTHON
(Lomb 1976; Scargle 1982; Zechmeister & Kiirster 2009). This tool
is ideal for detecting periodic signals in unevenly sampled data. We
do not detect any significant (99% significance level) periodicities
in the data on timescales < 100 days (i.e., length of the sampled
light curves). Note that, we have also checked the equivalent width
(EW) light-curves of the He 11 4686 A emission line detected in the
GMOS spectra (see 4.4). Again, no significant periodicities were
found.

4 RESULTS
4.1 Spectral Fitting
4.1.1 X-ray (XRT)

All X-ray spectra were adequately fit (via the )(2 statis-
tic), 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 black-
body (tbabs*cflux#*(diskbb+powerlaw)) model in XSPEC.
cflux is convolution model used to to compute the flux of differ-
ent spectral components. Used as it is here, with the normalization
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 Figure 1 and Table B1 in Appendix B for the best-fit
model parameters, along with the resulting 0.5 — 10 keV fluxes, for
each Swift epoch.

8 https://www.aavso.org

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.

diskir (Gierlifiski et al. 2009) models an irradiated accretion
disc using a total of 9 parametersg. During each epoch, we fit for
the following 5 parameters: disc normalization (Ngjs.), inner disc
temperature (7j,), log of the ratio between outer and inner disc radius
(logrout), fraction of bolometric flux thermalized in the outer disc
region (four), and ratio of luminosity in the Compton tail to the
un-illuminated disc (L¢/Lg). In addition, we fixed the remaining
four parameters to typical values expected for LMXBs: power-law
photon index (y = 1.7), electron temperature (7. = 100 keV),
fraction of the luminosity in the Compton tail thermalized in the
inner disc (fi, = 0.1), and the radius of the Compton illuminated
disc as a fraction of the inner disc radius (rj, = 1.2). See Figure
C1 in Appendix C for example SEDs, quasi-simultaneous (within
at most 10 hrs) with the epochs where Gemini/GMOS and ATCA
data were taken. See Table B2 in Appendix B for best-fit model
parameters.

The best-fit diskir parameters obtained could then be used to
estimate the following physical parameters of the irradiated accre-
tion disc in JO637: outer disc radius (Royt), inner disc radius (Rjy),
mass-accretion rate onto the BH (Mpy), and the fraction of X-ray
flux intercepted and reprocessed in the outer disc (C). See Figure 3.

The inner and outer disc radius are computed as follows, as-
suming a distance of d = U(S5, 15) kpc and an inclination averaged
over all angles:

Rou = Rin 10187, (1
where,
1/2
d '\ (N
Rip = 1x10° [ —— | =& ) 2
n (IOkpc)(cosi @

Here the disc normalization term, Ngigc, is defined in the same way
as the diskbb model'? in xspEc.

Using the resulting Roy¢ estimates, computed from the broad-
band spectral energy distribution (SED) fits during the viscous decay
stage (when the whole disc is thought ot be in a hot, ionized state), we
can estimate the orbital period (P,) of J0637. Using typical binary
orbital parameters of BH-LMXBs (see Section 2.2 and Tetarenko
et al. 2016), we find a Py, < 4 hrs (see Figure 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 et al. 2002) and irradiated (Dubus et al. 1999)
portions such that,

TA(R) =T (R)+T1 (R), 3)

where,

4 _3GMiMeu |, (Rin 12 @)
visc 87T0'R3 R 4

9 https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/
node165.html

10 https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/
nodel164.html
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Figure 3. (top panel) the bolometric light-curve for the 2019/2020 outburst of JO637 fit with the analytical DIM models from Tetarenko et al. (2018b,a). The
best-fit (solid black line) and 1o~ confidence interval on the fit (blue shaded region) are shown. The timescale of the viscous stage of the decay (grey cross hatch
region) corresponds to an alpha-viscosity parameter of «;,=0.34. Also shown are model light-curve decay profiles corresponding to an a;,=0.2 and @}, =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 Rj, (in units of Rg, assuming an M| = N (7.8, 1.2) M),
inner disc temperature Tj, (in keV), reprocessed X-ray fraction (Cpiskir). and outer disc radius Roy (also in units of Rg), computed from the broad-band
(XRT+UVOT) spectral fitting (see Section 4.1.2). The estimated Ry, corresponding to a Py, = 2 hr (green shaded region) and Py, = 4 hr (blue shaded
region), calculated by sampling M and g from the observational Galactic distributions (see Section 2.2) are also shown in the (bottom panel). Both Cpiskir
(seventh panel) and Roy (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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and,

4 _ Mppc?
urr 470 R2

®

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

Rin 2 Tin 4 d -
CZUU'fouth_oll( ) (—) ( ) , (6)

cm K cm

where Fy is the bolometric flux, obtained by integrating over the
best-fit broad-band SED,and 7 is the accretion efficency defined as
in Coriat et al. (2012),

7= 0.1 (OOIL]MCM) Ly < 0.0]Ledd
0.1 Lx > 0.01Leqq,

where the Eddington accretion rate is Legq = 0. lMeddcz.
Lastly, bolometric flux, Fyop, can then be converted to an ob-
served Mgy via,

_ Fyol(4nd?)

My ’ @
nc

4.1.3 Bolometric Correction

The calculated Fy, in combination with the band-limited (0.5 — 10
keV) X-ray flux (Fy; 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 bolo-
metric corrections valid for LMXBs, estimated for each accretion
state by Migliari & Fender (2006), were assumed. See Figure 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, y. Here the PLf is computed using the best-fit to the
XRT spectra (Section 4.1.1), bolometric corrections (Section 4.1.4),
and Fy) (Section 4.1.2), for each Swift epoch. See Figure 3.

4.2 Light-curve Fitting
4.2.1 Bolometric Light-curve

We have applied the Bayesian methodology of Tetarenko et al.
(2018b,a), fitting the bolometric light-curve of J0637 with their an-
alytical 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 Figure 3, gives an exponential (viscous) time-scale of
Te = 52.9f%'g d, a linear decay time-scale of 7; = 50.9’:11"; d,
and a transition (between viscous and irradiation-controlled stages)
occurring at time (MJD) tpreqc = 58832.1 + 1.3 and flux level of
fi =(21.8+£0.5) x 1070 ergem=2 571,

This best-fit profile corresponds to an: (i) alpha-viscosity pa-

rameter of oy, = 0.34’:%%2 in the disc, and outburst-average repro-

cessed X-ray fraction of C = (9.5f?62) x 1074, for an assumed
d =U(5,15) kpc.

Interestingly, 7. and 7; 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-P, Galactic BH-
LMXBs (e.g., SwiftJ1357.2—-0933), in the majority of the Galactic
BH-LMXB population, these decay timescales have generally been
found to differ significantly (Tetarenko et al. 2018a).
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4.2.2  Multi-band UVOT Light-curves

In addition, we have also fit the UVOT light-curves with these ana-
lytical DIM models, for the purpose of comparing decay timescales
as measured in different wavelengths bands. Figure 4 shows both
the best-fit models for each UVOT band-pass and the correlation
between exponential (viscous) decay timescale and effective wave-
length 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 method), we find a clear power-law correlation of the form:
Te = prlf' > Where the exponential (viscous) decay becomes faster
as wavelength decreases. The best-fit correlation yields a slope of
B= 0.13’:%%% and a normalization of Np = 30.31’:%'82 for 7, and
Aegt 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
multi-wavelength 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 timescales). We have applied their methodol-
ogy 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 evo-
lution 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 T;;(¢), throughout the 2019/2020 outburst cycle
of J0637, from the light-curve data alone.

Figure 5 displays C(r) and T, (f) compared to the irradiation
properties 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 bandpasses 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 bolo-
metric 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 multi-wavelength 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 1 4686 A emission lines and
weak, broad features, that have a wavelength consistent with Ha
emission. . The optical spectrum bears a resemblance to that of
another short-period (candidate) BH-LMXB, SwiftJ1753.5-0127
(e.g. Shaw et al. 2016), most notably the relatively weak Ha and
lack of HB. We note that the apparently strong emission features
at 5285 A, 5420 A and 5475 A in Figure 2 are not real. This is
indicated by the fact that they are very narrow compared to the He
114686 A and Ho emission, and are not present on all 3 nights data
was taken. In addition, there is also an unknown broad emission
feature at ~ 4515 A. While this may possibly be N mr, there is no
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sign of the C /N 1t Bowen blend at 4640-50 A. Thus, this feature
remains puzzling. See the flux-calibrated spectra, summed over the
three days in which data was taken, in Figure 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: full width half max (FWHM), equivalent
width (EW), and double peak separation (DP). All analysis was done
using the specutils!! package in pyTHON and all uncertainties are
purely statistical error only. See Table 1 and Figure 6 for results.
Note that, given the complexity of the He 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 1 4686 A 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
Rq

) = % (¢Vem sini)z, ®)

where i is the binary inclination angle and vep is the velocity
(in km/s) 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. Reyy 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 11 4686 A emission lines present in the daily-
averaged spectra (see Table 1). Figure 7 displays Rem Herr (computed
using Equation 8) for a wide range of inclinations, compared to the:
(i) inner disc radius (R;, piskir) and inner radius of the optical/UV
emitting portion of the disc (Rj;; piskir) computed from the broad-
band SED fits (see Section 4.1.2 and 4.3), and (ii) estimated outer
disc radius (Royt) corresponding to different values of Py,. We
observe that Rey Herr moves inwards as the outburst evolves from
late in the viscous decay to the irradiation controlled decay stage.
Overall, this analysis rules out low-inclination angles for this source.
This conclusion is consistent with the wide double-peak profile of
the He 11 4686 A 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 analyze complex
emission line profiles from various classes of accreting binary sys-
tems 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 Steeghs 2004; Marsh & Horne
1988; Marsh 2001, 2005). Synonymous to a CAT-scan, which uses
X-ray images, taken at different angles, to reproduce an image of

' nttps://specutils.readthedocs.io/en/stable/
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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 multi-wavelength light-curve
method (Section 4.3), to the reprocessed fraction derived from the broad-band SED fitting (Cpiskir, grey translucent data points; Section 4.1.2). The (bottom
panels) display the irradiation temperature at the outer disc radius, T, calculated with the multi-wavelength light-curve method. Coloured shaded regions in
the (middle panels) and (bottom panels) show the 10 confidence interval on C and T;;,, respectively, computed by taking into account uncertainty in X-ray
flux, distance, My, ¢, Rji,, 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.

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 emis-
sion 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 11 4686
A 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). Figures 8 displays
the resulting He 11 4686 A tomograms. As the system parameters of
J0637 are not yet known, we have (i) created tomograms correspond-
ing to the estimated P, range (2 — 4 hrs), and (ii) over-plotted the
Roche lobe of the compact object (dashed line) and companion star
(solid line) using typical binary orbital parameters of BH-LMXBs

12 https://github.com/trmrsh/trm-doppler

(see Section 2.2 and Tetarenko et al. 2016): M| = 7.8, ¢ = 0.1.
Further, we consider both a low (i = 5°) binary inclination angle
and an average over all inclination angles when plotting the tomo-
grams to clearly show that it is likely JO637 does not have a very low
inclination. The tomograms show He 11 4686 A 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 DISCUSSION

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, 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
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Table 1. Derived Emission Line Properties

Time Best Double-peak Fit
Peak 1 Peak 2
MID) [y o Aql [12 o2

FWHM EW DP  HWZI  vem
(km/s) A) A) A) (km/s)

Emission Line: He 11 4686 A

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)

Emission Line Radii:
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Figure 7. Radii within the disc at which the He 11 4686 A emission lines
are emitted, as a function of binary inclination, for the three days in which
Gemini/GMOS data was taken. Emission radii are compared to the inner disc
radius (Rin pIskir ; orange shaded region) and inner radius of the optical/UV
emitting portion of the disc (Rjy piskir; green shaded region) computed
from the broad-band SED fits (see Section 4.1.2 and 4.3). Also plotted is the
estimated outer disc radius, Royt, corresponding to orbital periods of 2 (grey
shaded region) and 4 hrs (dark blue shaded region). This analysis rules out
low inclinations for this source.

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 cor-
relations to demonstrate the connection between the line emitting
regions of an LMXB disc and both the physical properties and spec-
trum of the X-ray irradiation heating said disc during outburst. Note
that, as discussed earlier, the Ha region of our optical spectra is
quite complex, here we focus our efforts on the strongest emission
line found in our optical spectra, He 11 4686 A.

Using the line properties derived from our daily-averaged
Gemini/GMOS spectra (see Section 4.4 and Table 1), we find evi-
dence 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 11 4686 A line, and (ii) the irradiation
temperature in the outer disc region (7j;) and both the FWHM and
EW of the He 11 4686 A line.

Figures 9 and 10 plots the correlations, found when making

use of both (i) estimates of Cpiskr, 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, UVW?2) light-
curves (see Section 4.3), and (iii) T piskir, computed from the
broad-band SED fits (see Section 4.1.2). Unfortunately, 7j, 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 test! 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 coefficent 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 the errors in each parameter, and take the
mean of the sampled distribution as the final result.

For the FWHM vs. 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 CpsKIR, ave>
Cuvw2,lc» and Cyymy,c» respectively. For the EW vs. C correla-
tion, the Spearman rank-order test results in (correlation coeffi-
cient, p-value) of (0.99,0.015), (0.98,0.027), and (0.98,0.020), for
the EW correlation with Cpiskir, aves Cuvwa,lc> and Cuvym, e, Te-
spectively. For the FWHM vs. Titr, DISKIR » and EW vs. Titr, DISKIR »
correlations, the Spearman rank-order test results in (correlation co-
efficient, p-value) of (1.0,0.0) and (0.98,0.027), respectively. Note
that, for small data-sets like these ones, the stand-alone p-values are
not particularly meaningful.

Changes in emission line profile shape (single-peaked vs
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
et al. 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 oc-
curred during the 15-day time-period in which our Gemini/GMOS
observations took place. While we cannot test for correlations be-
tween the He 11 4686 A emission line profile and spectral accretion
state in our data, we do note that the double-peaked shape is a prop-
erty that has been previously associated with soft-state BH-LMXBs
(Soria et al. 2000).

These statistical results individually, combined with the fact

13 https://docs.scipy. org/doc/scipy/reference/generated/
scipy.stats.spearmanr.html
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over all binary inclination angles. (right) trailed spectrum, phase folded on a Py, = 4 hrs.

that we observe statistical evidence for a positive correlation existing
between the irradiation heating (C and 7Tj;;) and both the FWHM
and EW of the He 11 4686 A emission line, for irradiation properties
computed using two completely independent methods (broad-band
spectral fitting vs multi-wavelength time-series anlaysis), suggests
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 SUMMARY

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 heating the
disc. This irradiation-heating plays a key role in regulating 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
(Dubus et al. 1999, 2001a; Vrtilek et al. 1990; King et al. 1996).
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

MNRAS 000, 1-23 (2020)

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 (7j;;), and the spectrum of the irradiation source (Tetarenko
et al. 2018a; Esin et al. 2000).

Accordingly, we have combined phase-resolved optical spec-
troscopy of new candidate BH-LMXB J0637, with multi-
wavelength 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 timescales)
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 spec-
tra, 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 re-
cently developed empirical algorithm by Tetarenko et al. (2020),
which makes use of multi-wavelength light-curves to build a three-
dimensional X-ray irradiation profile (reprocessed fraction C, irra-
diation temperature T}, and size of the irradiated region of the disc
Rj;r) of the disc. Second, we fit double-peaked Gaussian profiles
to the strongest emission line, He 11 4686 A, 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 seperation, and HWZI. Lastly, we built doppler tomograms, to
analyze where in the disc the (irradiation-tracing) He m 4686 A
emission was coming from.
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Figure 9. Correlation between the fraction of X-rays intercepted and repro-
cessed in the outer disc (C) and (fop) FWHM (in km/s) and (bottom) EW (in
A) of the He 11 4686 A 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 UVW?2 (green circles) and UVM2 (pink
circles) UVOT filters.

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 11 4686 A 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 11 4686 A line, and T, and both the FWHM and EW of the He
11 4686 A 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
comparision 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 to-
ward 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
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Figure 10. Correlation between the irradiation temperature in the outer disc
region (T;;) and (top) FWHM (in km/s) and (bottom) EW (in A) of the
He 11 4686 A 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).

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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Table Al: Gemini/GMOS Long-slit Data Details

Number ObsID Date Time Start Time End Exposure
UT) UT) Time (s)
1 2019121550088  2019-12-15  05:15:42.2334  05:25:42.2334 600
2 2019121550089  2019-12-15  05:26:34.1167  05:36:34.1167 600
3 2019121550090  2019-12-15  05:37:26.4334  05:47:26.4334 600
4 2019121550091  2019-12-15  05:48:19.4333  05:58:19.4334 600
5 2019121580092  2019-12-15  05:59:11.3000  06:09:11.3000 600
6 2019121550093  2019-12-15  06:10:03.1667  06:20:03.1667 600
7 2019121550094  2019-12-15  06:20:54.2167 06:30:54.2167 600
8 2019121550095  2019-12-15  06:31:46.2334  06:41:46.2334 600
9 2019121550096  2019-12-15  06:42:39.3833  06:52:39.3834 600
10 2019121550097  2019-12-15  06:53:30.2334  07:03:30.2334 600
11 2019121550098  2019-12-15  07:04:22.1334  07:14:22.1334 600
12 2019122080054  2019-12-20  04:09:12.3834  04:19:12.3834 600
13 2019122080055 2019-12-20  04:20:03.1500  04:30:03.1500 600
14 2019122080056  2019-12-20  04:30:54.1334  04:40:54.1334 600
15 2019122080057  2019-12-20  04:41:45.1500  04:51:45.1500 600
16 2019122050058  2019-12-20  04:52:36.1334  05:02:36.1334 600
17 2019122080059  2019-12-20  05:03:28.4667  05:13:28.4667 600
18 2019122050060  2019-12-20  05:14:20.1167  05:24:20.1167 600
19 2019122080061  2019-12-20  05:25:11.834  05:35:11.834 600
20 2019122080062  2019-12-20  05:36:02.834  05:46:02.834 600
21 2019122080063  2019-12-20  05:46:53.4000  05:56:53.4000 600
22 2019122080064  2019-12-20  05:57:45.1500  06:07:45.1500 600
23 2019122550311  2019-12-25  03:30:53.8167  03:40:53.8167 600
24 2019122550312 2019-12-25  03:41:44.9500  03:51:44.9500 600
25 2019122550313 2019-12-25  03:52:36.8167  04:02:36.8167 600
26 2019122550314  2019-12-25  04:03:28.9833  04:13:28.9834 600
27 2019122580315  2019-12-25  04:14:20.9667  04:24:20.9667 600
28 2019122550316  2019-12-25  04:25:12.8833  04:35:12.8834 600
29 2019122580317  2019-12-25  04:36:04.8167  04:46:04.8167 600
30 2019122550318  2019-12-25  04:46:57.1167 04:56:57.1167 600
31 2019122550319  2019-12-25  04:57:48.9667  05:07:48.9667 600
32 2019122550320  2019-12-25  05:08:40.9333  05:18:40.9334 600
33 2019122550321  2019-12-25  05:19:32.9500  05:29:32.9500 600
34 2019122550323  2019-12-25  05:31:52.9500  05:41:52.9500 600
35 2019122550324  2019-12-25  05:42:44.9333  05:52:44.9334 600
36 2019122550325  2019-12-25  05:53:34.9833  06:03:34.9834 600
37 2019122550326  2019-12-25  06:04:28.9000  06:14:28.9000 600
38 2019122580327  2019-12-25  06:15:21.834  06:25:21.834 600
39 2019122550328  2019-12-25 06:26:11.9667  06:36:11.9667 600
40 2019122550329  2019-12-25  06:37:04.8333  06:47:04.8334 600
41 2019122550330  2019-12-25  06:47:56.9500  06:57:56.9500 600
42 2019122550331  2019-12-25  06:58:48.9500  07:08:48.9500 600
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APPENDIX B: DETAILED SWIFT SPECTRAL FIT DATA
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Low-mass X-ray Binary Accretion Discs 19
Table B1: X-ray (XRT) Spectral Fits for MAXIJ0637-430
ObsID? MJD model fit? Fx T; y Npi reduced  dof
(days) (x1070ergem=2571) (keV) (x10™%) P%
12168001a  58790.5828 0 90.343% 0.681*0:03; 098 110
12172001b  58794.0326 0 12.20 +0.13 0.6786 + 0.0073 e 13 360
12172002 58795.9662 2 85.44*0-71 0.782+0:012 1767013 2.10*0-61 1.4 310
12172003  58796.7424 2 57.53 +0.34 0.7337+0-9077 1.959+0-098 2.70 +0.33 1.3 380
12172004a  58797.8193 2 65.3970-40 0.7180*0-9078 1.878+0-06 2.29%0:34 1.1 370
12172004b  58797.8815 2 62.14 +0.40 0.7211*+0-908¢ 1.959*0-073 2.37 +0.36 1.1 390
12172005 58798.6026 0 59.97+0-64 07180012 1.79%0-13 1214033 12 290
12172006a  58799.6076 2 66.01 +0.38 0.6713%0:0064 2.139*0071L 1.59 +0.21 12 370
12172006b  58799.6768 2 58.56*0-3% 0.6786*0-00¢3 1.92+0:09 1.33+0.24 10 390
12172007a  58800.3939 0 73.0+38 0.623+0-040 e L7
12172007b  58800.4601 2 65.72 £0.52 0.6273*0-0090 2184014 1.00 +0.23 L1 39
121720082 58801.4022 2 39.93 +0.29 0.6414+0-0078 2.17+0-13 0.89+0-20 12 310
12172008b  58801.9278 2 52.12£0.26 0.6664*0-903%  2314£0.073  1.22+0.14 14 320
121720102 58804.8447 2 41.20+0.21 0.6543*0-0061 21779058 1.80%0-12 12 400
12172010b  58804.9950 2 49.54 +0.39 0.6376+0-0007 2124099 1717039 12 410
12172011 58805.9082 2 34.39 +0.25 0.5791*+0-900) 2.116*3:95L 2301030 1.1 450
12172012 58806.3129 2 31.75%0-32 0.596+0.012  2.149%0-077 2234042 1.1 370
12172013 58807.7646 2 44.49 + 0.20 0.6221%0-0052 2.081+0-950 1.63 +0.16 1.6 520
12172014 58808.8953 2 41.74 £0.18 0.6175+0-908 2.196+0-9¢0 1.22+0.13 1.3 490
12172015 58809.2947 2 4135+0.28 0.5910*09078  227+0.10  1.01+0.17 13 400
12172016 58810.1059 0 35.32+0.28 0.6284 + 0.0047 13 280
12172018 58812.814 0 27.11+0.13 0.5461 + 0.0029 1.9 380
12172019 58813.2278 0 33.52+0.24 0.5894 + 0.0044 . . 1.3 340
12172020 58814.1491 2 32.21£0.19 0.5768+0-0000 2734018 0.61670-0% 13 370
12172021a  58818.1966 0 27.14¥029 0.5475 + 0.0042 e - 14 320
12172021b  58818.4035 2 36.29 +0.26 0.5281 £0.0063  2.85*0-20 0.418+0-083 14 320
12172021c  58818.2615 0 19.55+0.14 0.5343 + 0.0040 . . 14 310
121720222 58819.0045 2 27.30 £0.19 0.5400%0-0062 2934021 0.4870-09 12 330
12172022b  58819.0672 2 23.67 £0.14 0.5422+0-0054 2.92+0-16 0.573+0-081 15 350
12172023 58820.8515 2 25.88 £0.12 0.5364+0.0043  2.850*0-197 05590061 14 390
12172024 58821.1917 2 24.39£0.15 0.5112£0.0058  2.75*0:12 0.460*0-074 L1 330
12172025  58822.6442 2 22.78 £0.18 0521509072 2.85%0-72 0.467+0-0%6 1.1 300
12172026 58823.9753 2 18.76 +0.10 0.5236 £0.0050 0.8 0.583*0-07% 14 360
12172027  58824.8343 2 2236 +0.11 0.4955+0.0044  2.729*0077 05230059 14 370
12172028 58825.9005 2 21.83£0.16 05128 +0.0064  2.8170-1¢ 0.457+0-083 L1 320
12172029  58826.6273 2 21.68 +0.11 0.5046*0-005 2.861+0:0%2 0.47470-0% 1.4 360
12172030 58827.0259 2 20.82 +0.11 0.5079 +£0.0046  2.849*0-0%8 0.5160-059 1.4 360
12172031 58828.6267 2 18.52+0.21 0.503 £ 0.010 2.92+0:31 0.43+0-12 12 260
12172032 58829.5478 2 19.21+0.12 0.4831%0-005° 2817012 0.413+0-064 L1 320
121720332 58830.6098 2 17.06 0.12 0.4726 +0.0058  3.070-14 0.403+0-062 13 300
12172033b  58830.6859 2 18.82+0.15 04734 £0.0067 295012 04217007 13 280
12172034a  58831.5451 2 17.87 £0.12 04728 £0.0054  3.10*0-10 0.470*0-061 13 310
12172034b  58831.6057 2 18.60 +0.13 04711700058 2.88*0-10 0.436+0-000 1.2 310
12172035a  58832.5348 2 16.96 + 0.11 0.4626*0-00% 2.94+0.11 037670038 12 300
12172035b  58832.6011 2 17.64 +0.11 0.4704+0-0056 2.86+0.11 0.413+0-061 1.2 310
12172036 58833.8724 2 16.839%0-0% 04733 £0.0046  3.12*0:12 03720048 12 320
12172037 58834.599 2 16.26 +0.11 0.4668 £0.0057  3.14*0-1% 0.395+0-061 L1 300
12172038a  58835.5906 2 16.34+0-13 0.4639*0-0062 2.93+0-13 0.4160-0% 12 290
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Table B1: X-ray (XRT) Spectral Fits for MAXIJ0637-430

ObsID? MJD model fit? Fx T; y Npi reduced  dof
(days) (x1070ergem=2571) (keV) (x10™%) P%
12172038b  58835.6554 2 17.13 £0.14 0.4821+0-007% 3.047047 0.410%0-078 1.0 280
12172039 58836.7168 2 14.909 + 0.087 04452 £0.0047  2.944%0.08°  0.369%0-047 14 320
12172040 58837.6459 2 14.920 £ 0.080 0.4458 +0.0043 291070980 03670049 14 330
12172041  58839.6383 2 13.53+0.15 0.4282+0-0091 3.0370-17 0.345%0-084 12 230
12172042 58840.6992 2 13.305 + 0.081 04305700051 2.920+0.076  0.414*9:952 1.4 310
121720432 58841.6469 2 13.04 £0.12 0.4340%0-007 2.98+0-29 0.269*0-062 L1 250
12172043b  58841.7734 2 11.147 + 0.088 0.4286+0-0063 3024012 0.334+0-037 1.6 270
121720442 58842.6917 2 12.56 +0.10 0.4166%0-0063 2814013 0.2660-038 13 270
12172044b  58842.7578 2 12.59 £0.11 0.4218+0-0071 2.88*0-14 0.282+0-062 12 260
121720452 58843.699 2 17.72 £0.14 04123700060 2.994+0.093  0.376+):992 14 270
12172045b  58843.7645 2 13.77 £0.14 0.4148*0-0085 298+0.12  0.37770081 12 240
12172046 58844.289 2 11.58 0.10 0.4307+0-9073 290+0.12  0.366"0072 12 260
12172046b  58844.3522 2 12.16 +0.11 0.4319*0-0071 2.80*0-1¢ 0.304+0-068 1.1 260
12172047  58845.8187 2 11.422 +0.090 0.4031+0-0063 297740003 033710058 1.1 270
121720482 58846.8847 2 11.13£0.10 0.4050*0-0079 2.8340:13 02320097 13 240
12172048b  58846.9539 2 10.34+0.23 04010018 2.94+0-28 0.32+0-17 094 160
12172049 58847.7398 2 11304011 0.3915+0-0050 2.06%0:2 0.054*0-02 16 250
121720496 58847.8106 2 10.682+0-097 0.3984 £0.0035  1.80*0-33 0.040*0-020 15 270
12172050 58848.883 2 9.72+0.19 0.398*0-013 2.88+0-27 0.26*913 097 170
12172051a  58849.7313 2 10.466 + 0.089 0.3912+0-0062 2.86*0:15 0.246*0-05 1.3 260
12172051b  58849.8012 2 10.114 +0.093 0.3882+0-00¢7 2.87+0-13 0.221+0:931 12 240
12172052 58850.2593 2 9.986 + 0.090 0.4058+0-0067 2.8540-13 0.222+0-034 1.3 250
12172053 58851.254 2 10.149 + 0.091 0.3926*0-90¢4 3.09*0-1¢ 0.218*+0-045 1.3 240
12172054 58852.4495 2 9.672 + 0.089 0.388670-0003 2.99*0-13 0.191+9-09¢ 1.1 240
12172055 58853.3848 2 8.99 +0.11 0.3779*0-0%81 2.86+0-18 0.175*9-957 1.1 220
12172056 58854.315 2 8.987 + 0.068 0.3736*0-0053 2.90%0-19 0.192+0-957 14 260
12172057  58855.643 2 9.166*0-08) 0.3967+0-907 3.07 £0.11 0.329700% 12 250
12172059 58857.0981 2 8.310 £ 0.084 0.3535%0-0070 2.88*0-13 0.175+0-09¢ 14 220
121720590  58857.1742 2 8.761 + 0.088 03755700071 2874013 0.208+0-0°3 1.2 230
12172060a  58858.426 2 8.868 + 0.089 0.3513*0-006¢ 2.56*0:19 0.238+0-000 12 250
12172060b  58858.4916 2 9.32+0.10 0.3714*0-9085 2.66%0-1% 0.308*0-083 1.3 240
12172064  58864.6897 2 330 +0.15 0.174 +0.014 201020  0.0182+0-9070 1.1 120
12172066  58866.6131 2 29010098 0.1648%0-0007 1.95+0.13  0.0133*0-0057 1.0 160
12172067a  58869.4598 2 1.505+0-09¢ 0.124*0.016 L71£0.13  0.0046*0:044 078 97
12172067b  58869.2 2 1.370*0-063 0.132+0.014 1.81£0.11  0.0067700M3 095 150
12172071 58873.9762 1 0.703 = 0.030 E 2.066+9-063 . L1 280
12172072 58874.5156 1 0.606*0-047 2.02+0-12 1.0 160
12172073 58875.4391 1 0.642+0-0%0 1.929+0-085 1.0 210
12172074 58876.5592 1 0.480*0-036 1.804+0-098 0.95 190
12172075 58877.0235 1 0.485+0-039 1.93*0-10 0.86 140
12172076~ 58878.1523 1 0.402+9-040 1.74 £0.12 091 140
12172077 58879.2234 1 0.380+0-928 1.689+0-0%0 1.1 200
12172080  58885.7255 I 0.228+0-032 1.51%0:29 080 60
12172081  58886.1173 1 0.263*0-08¢ 1.38+0:43 0.58 20
12172082 58887.1160 1 0.190*0-031 162700 081 46
12172083 58888.8541 1 0.216*9-028 1.46*0-23 073 50
12172084  58889.5696 1 0.180*0-063 1.94%0.7¢ 1.0 23
12172085 58890.4982 1 0.227+0-033 1.5170-39 069 46
12172086 58891.1628 1 0.093+0-017 144700 088 44
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Low-mass X-ray Binary Accretion Discs 21

Table B1: X-ray (XRT) Spectral Fits for MAXIJ0637-430

ObsID? MJD model fit? Fx T; y Npi reduced  dof
(days) (x1070ergem=2571) (keV) (x10™%) P%
12172087 588922259 1 0.168*0:055 e 1,490 e 097 65
12172088 58893.1549 1 0.127+3-01¢ . 1.66+0:3 - 082 71
12172089 58894.2224 1 0.153+0.016 E 1.6440-23 e 077 90
12172090 58896.1467 1 0.150*0-023 E 1.6440-3% e 076 52
12172091  58902.8604 1 0.103+9-920 e 1617047 e 0.82 41
12172092 58909.8978 1 0.086+0-040 = 2494076 E 085 28
12172093  58916.871 1 0.083+0-042 e 1.36%0:32 - 052 7.0
12172094 58923.9088 1 00440011 = 1.85703 E 059 16

“0bsIDs containing letters are observations that have been split into multiple GTIs.

b tbabs*cflux*diskbb (model 0), tbabs*cflux*powerlaw (model 1), tbabs*cflux* (diskbb+powerlaw) (model 2).
Note: for use of the cf1lux xspEc model component to obtain a flux estimate, either the diskbb normalization (for models 0
and 2) or powerlaw normalization (for model 1) must be frozen at 1.0.
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Table B2: Broad-band (XRT+UVOT) Spectral Fits for MAX1J0637-430

ObsID“ MIJD T; Sout logrout Nisc Le/LgP reduced  dof
(days) (keV) ¥?
12172001 58794.0326 071166700000 377.9%31%  4.5428* 005 233.72+89¢ 0.0 181 364
12172002 587959662  0.7667 = 0.0143  24.46*315  4.1689*00155  1144.2+94  0.3820%0-0710 1.44 319
12172003 58796.7424  0.70719*0-00911  79.3*132 40088 £0.0297 10342436 0.4641*0000% 134 384
121720042 58797.8193  0.69294*0-00943  65.65%10:23 40330100281 1268.8+37-2  0.5015+0:04%0 .09 371
12172004b  58797.8815  0.6807+0.0105 ~ 71.99%}194  4.0230*00%81  1286.6*%5-4  0.4319*0:04%9 114 393
12172005  58798.6026 0.7084*0-01¢ 81.8+33-2 4.0379%0:9323  1106.2*867  0.3242+0.0781 126 242
12172006a  58799.6076  0.69404*0-00577 651478593 4.0288*0:0263 1475 6+92-7 0.1 141 323
12172006b  58799.6076  0.66826*0-00770 72.43+10:72 4.0326*09773  1379.2+338  0.3493+0-0403 .02 378
12172007a  58800.3939  0.6378*)-041° 853705 3.8302+0078  2371+G814 0.1 L14 760
12172007b 588004601  0.64098*0-0098¢  93.3+274  3.8899*0.0463  2002.4*0%7  0.2044*0:090 112 394
121720082 58801.4022  0.64959*0:00328  129,0*192  4.0559*0020)  1122.8+338 0.1 124 251
12172008b  58801.9278  0.67458 £0.00320 ~ 94.4*130  4.0204*0:0238  1287.8+23-0 0.1 138 331
12172009 58803.7124  0.63314*0.00716 41357708 3.8671*00312 2649571007 0.4099*0:03%0 123 355
12172010a  58804.8447 0.61965’:?))'_20??2% 90.3t1ﬁ~.626 4.0170ﬁ§;§§§% 1299.5%5%% 0.40351%—_?)%%3 1.01 335
+0. +11. +0. +04. +0.
ot swosoos 052G ool ol wmelly ommBE  n s
12172012 58806‘3129 6 5517;8-'8% ’ 169 118246-13 3’9575;8583353 149%1?8-? 0'6917;8:8%‘% 1'09 374
12172013 88077646 0.59049%00089 76700 30775R005 16174080 (450002 161 ss
12172014 58808.8953  0.60779°00003  7377+120 306770000 ysj0. 17kl 028087000 131 o4
. . —-0.00449 1 7-9.61 : -0.0314 ©T—40.2 : -0.0247 :
12172015 58809.2947  0.58267*0-000%¢ 66.79%;9%5 3.9212t§~'§§§ 1824.5%2% 0.2525t§-_§§§(29) 131 407
+ +35. +0. +/0. +0.
eiioe e - BT L e | L
12172019 58813 .2278 0.59218;8:88‘%%5 80 452%’(-)50 3.9621:8:8282 1482.3;279:1 0.1 1.31 343
12172020 58814‘1491 0'57378;8:883% 10? 5112‘&‘-55 3’8993;8;83912 1594‘01‘4“?592 0'1 1'26 378
: ' —-0.00340 -18.1 : —-0.0401 T-41.5 . :
12172021a  58818.1966 0550167000012 102.17153  3.8674*00%3  1639.7338 0.1 138 320
12172021b 588184035  0.52378*0-00379 7657137 37525700333 2690.3*%1-) 0.1 134 325
12172021c 588182615 0.55356*0:00413  162.57319  3.934210.0335  1167.9%338 0.0 118 317
121720222 58819.0045 0'5326@20%@?3%21 85.6% 1111;"31 3.8642’:%%2%25 1 875.2’:%)'_? 0.1 117 333
+0. 2 +1s. +0. +4Z.
s sossts osoaSOEE ool asetBl  sostd o1 a0 e
12172024 588211917 050091700000 go 7163 3gssgi08  pgy5 5780 0.1 110 340
12172025 588226442 0.51740°0000 1119796 38450R0.051 176037045 01 104 305
12172026 58823.9753 0.51808;8"88%% 106.5;%8:8 3'9301;8;83713 1438.0:%1:% 0.1 1'40 365
12172027 58824.8343 0.4896018:88%‘%5] 63 1.9+7‘12%'388 3.8806;8:8238 21 86.7138:3 0.1 1 .37 372
12172028 58825.9005 0'51036;8:883%;‘2 125 61%69'65 3.7904;88‘%1 1783.7;553%‘ 0'1 1'12 321
12172029 58826.6273 0.49987;8:88357‘% 90 .2+_‘27L~L68 3'8473;8;83*516 1953.9;225% 0.1 1.34 365
12172030 58827.0259 0.5033618:88%% 111. 511236719 3.8123;8:82% 1807.7;2‘%:3 0.1 1.32 365
12172031 588286267 04969870000 7590 30p030.0068 1750 55854 01 2 e
12172032 58829.5478 0'48073;8;882§§ 103 011257'-43 3.7876;8:8123 2039.5:%% 0.1 1.04 326
: : -0.00427 ~-18.6 : ~0.0487 P28 : :
12172033a  58830.6098  0.4634570-00340  117.0t260  3.7613+0.0382  2126.5+70- 0.1 126 303
12172033b  58830.6859  0.46735*090300 1037223 37516700380 2265.57% -] 0.1 130 291
12172034a  58831.5451  0.46035%0-00317 91.4+16-¢ 37936700302 2302.87709 0.1 138 314
12172034b  58831.6057  0.46701*0:00330  86.1711%  3.8038*0:033¢ 2257 8+70.9 0.1 115 312
121720352 58832.5348 0.45805j§~_§§j3§ 99.3t11§-_§ 3.7752f§3§§§§ 2234.3%-}8; 0.1 123 308
+0. +195. 0. +05.
e s 0aoo B seedh  armstll B o a
12172037 58834599 04550870000 768190 3793970000 2919 4958 01 120 3,
: : -0.00336 =132 . —-0.0556 T-71.5 : :
121720382 588355906  0.45863£0.00360  84.4713-9  3.7985*0.03%4 2144 9+75.3 0.1 122 292
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Table B2: Broad-band (XRT+UVOT) Spectral Fits for MAX1J0637-430

23

ObsID“ MJD T; Sout logrout Niise Lo/Lg? reduced  dof
(days) (keV) ¥?
12172038b  58835.6554  0.47316700000  80.4717  3.8192*00908  1969.8%15-0 0.1 101 286
12172039 58836.7168  0.44177+0-00976 14407456 3.6867*0:09%0  2272.476)0 0.1 138 322
12172040 58837.6459  0.44314+0.00250  108.7*230  3.7566*0.0383 2263339 0.1 140 335
12172041 58839.6383  0.42725*0:00810  170.6%53  3.61970-128 248271813 0.1 122 235
12172042 58840.6992  0.42024%0-00338 12014352 36938700009 2484.57005  0.15907001%3 152 315
121720432 58841.6469  0.43116*0:00008 11557201 3.7353*0.000% 224324974 0.1 L2 257
12172043b  58841.7734  0.42350%0-003%° 14294340 3.7449+0.0413 205034896 0.1 154 276
12172044a  58842.6917  0.420467000333  140.67316  3.6752*090925  2384.6%01% 0.1 129 275
12172044b  58842.7578  0.42311%0-0039 1412883 36794700420 2327.8%]013 0.1 114 262
121720452 58843.699  0.40695*0:0033%  66.54%(%0  3.6517F001% 3940139 0.1 157 273
12172045b  58843.7645  0.41042*0:00498 89 1*+174 3715900909 29311308 0.1 133 244
121720462 58844.289  0.42936£0.00400  115.9*242  37737+0.0422 2009 0*86-3 0.1 123 268
12172046b 588443522  0.43443*00033  108.4%226 37771700416 2013.67%3 0.1 109 268
12172047 588458187  0.40029 +0.00337 ~ 103.573%1  3.7250*0:9317 2710*107.3 0.1 126 272
121720482 58846.8847  0.40890%0-00394 11474268 3.7036*0.04 241171081 0.1 126 249
12172048b  58846.9539  0.40036*0-000°%  123.17387  3.7226*00%% 243842709 0.1 100 168
12172049a  58847.7398 0.39681t§-_§§§% 98‘7?12152:24 3.7010i§:§% 2830?@? 0.1255t§;§§§ 138 236
+0. +Ll. +0. + . +0.
e PN S LR | T SR Y
12172052 588502593 040587000 o170 373sgrOHS  oo0rli2s  1osoR03 131 s
12172053 58851254 04007500081 15277205 3606870080 21esTIkS 0010300108 o144 120
12172054 588524495  037049%0002 15053 36310M000 276771376 010570038 131 236
12172055 588533848 037969000570 119661 3es0pt0i0  agogrlil (76002 106 23
12172056 58854315 03728200000 1120753 38560051 20107133 0143770000 141 267
12172057 58855.643 0385260005 104670 3700470008 2550709 0140038 130 oss
12172058 588565709 036603000 go.6rll  3ees7O0  aestiS  0.121470005 146 269
: : -0.00316 =127 . —0.0446 -129 ’ -0.0154 ’
121720592 58857.0981 0351847000466 116.7t208 36204100937 344612038 0.1793%0:0266 136 229
121720596 58857.1742  0.37271+0:00305  114.9*252 36651400038 2809*1%61  0.1705*002%0 119 236
121720602 58858.426 O.34663f§'_§§§§§2 103.4%‘5;%4 3.6072f§~'§§% 3589%%%’? 0.3843120-_3)%‘7;; 129 251
+U. +23. +0. + . +0.0°
oAt o G | N T STOR
12172066 588666131 0.14375°00055 21 0o 3010007 36100880 1geg 01 gr 170
: : -0.00464 o734 7301 -8140 °°%-0.186 :

“ObsIDs containing letters are observations that have been split into multiple GTIs.
bWhen the L¢/Lg parameter could not be contrained by the data, it was fixed at the default value of 0.1.
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APPENDIX C: EXAMPLE BROAD-BAND SPECTRA

This paper has been typeset from a TgX/IATgX file prepared by the author.
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Figure C1. Example broad-band SEDs quasi-simultaneous (within at most 10hrs of each other) with the (top panel) two epochs in which ATCA data were
taken, and (middle and bottom panels) and three epochs in which Gemini/GMOS data were taken. Swift/XRT, Swift/UVOT, and ATCA (5.5 and 9 GHZ) data
are shown as the purple, red, blue circular data points, respectively. The best-fit diskir model (dashed cyan line) and 1 o confidence interval on the fit (shaded
cyan region) are also displayed in each SED.
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