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ABSTRACT

Swift J1357.2—0933 is a transient low-mass X-ray binary hosting a stellar-mass black hole. The source exhibits optical dips and very
broad emission lines during both outburst and quiescence, which are thought to be the result of a high orbital inclination. We present
phase-resolved spectroscopy obtained with the 10.4 m Gran Telescopio Canarias (GTC). The spectra focus on the HB spectral region
during X-ray quiescence. The emission line is exceptionally broad (full width at half maximum, FWHM > 4000 A), in agreement
with previous studies focused on Ha. A two-Gaussian fit to the prominent double-peaked profile reveals a periodic variability in the
centroid position of the line. We also produced a diagnostic diagram aimed at constraining additional orbital parameters. Together,
they allow us to independently confirm the orbital period of the system using a new dataset obtained five years after the previous
outburst. However, our estimates for both the systemic velocity and the radial velocity semi-amplitude of the black hole reveal larger
values than those found in previous studies. We argue that this could be explained by the precession of the disc and the presence of
a hotspot. We found evidence of a narrow inner core in the double-peaked HB emission profile. We studied its evolution across the
orbit, finding that it is likely to result from the occultation of inner material by the outer rim bulge, further supporting the high orbital

inclination hypothesis.
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1. Introduction

Low-mass X-ray binaries (LMXBs) are composed of a compact
object, either a neutron star or a black hole (BH), and a low-mass
companion star (<1 M). In such systems, the accretion of mass
from the companion onto the compact object occurs via an accre-
tion disc and ultimately powers their extreme phenomenology.
The vast majority of BHs in LMXBs are transient, spending most
of their lifetimes in a quiescent state characterised by an X-ray
luminosity of about 10°0~3* erg s~! (Armas Padilla et al. 2014b),
but occasionally undergo dramatic outbursts during which their
emission increases by several orders of magnitude.

Swift J1357.2—-0933 (hereafter J1357) is a LMXB X-ray
transient discovered during its outburst in 2011, with a lower
limit to the distance of d > 2.29kpc that, combined with the
high Galactic latitude, places it above the Galactic thick disc (see
Mata Sanchez et al. 2015). Despite the lack of detection of its
companion star during quiescence, estimations of the compact
object mass based on the full width at half maximum (FWHM)—
K2 correlation (Casares 2015) suggest that J1357 harbours one
of the most massive stellar-mass BHs known in the Galaxy
(Mgy > 9.3 My, as reported by Mata Sanchez et al. 2015).

The peak X-ray luminosity estimated during the outburst

is about Lg’(eak ~ 10%(D/1.5kpc)? ergs™ (Armas Padilla et al.
2013), placing the source among the very faint X-ray binary
transients (VFXTs) (Wijnands et al. 2006). The system’s orbital

period was measured to be 2.8 + 0.3h from the variability
on the double-peaked Ha emission line, first during outburst
(Corral-Santana et al. 2013) and subsequently during quiescence
(Mata Sanchez et al. 2015). A refined value 2.5673 + 0.0006 h
was later obtained by studying the modulation of the Ha line
profile trough over 14 months (Casares et al. 2022).

One of the most puzzling properties of J1357 is its dipping
activity: the optical light curve shows periodic dips in its evo-
lution during the outburst, while the X-ray light curve does not
(Armas Padilla et al. 2014a). The origin of this behaviour is still
debated. For instance, Corral-Santana et al. (2013) associated
this behaviour with the presence of an obscuring toroidal struc-
ture in the inner accretion disc that moves towards the outermost
regions during the outburst decay. In their multi-wavelength
photometric analysis Paice et al. (2019) found that the source
becomes bluer during the dips, and tried to give an updated
model that describes the system geometry, proposing that the
obscured emission mainly arises from the base of the jet. This
was later supported by Jiménez-Ibarra et al. (2019), who also
performed dip-resolved spectroscopy, finding that the optical
dips were associated with blue-shifted H and He II absorptions.
This behaviour, also observed by Charles et al. (2019), suggests
that the dips are related to wind-type outflows.

Even after much debate on the geometry of the system,
the dipping activity was found to lead inevitably to a high
inclination angle of the system, with most of the literature
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on the system agreeing on an inclination angle greater than
70° (Corral-Santana et al. 2013). For instance, Torres et al.
(2015) presented time-resolved optical spectroscopy, where the
authors found evidence of time-variable deep absorption fea-
tures in the double-peaked profile, supporting the hypothesis
that the source is seen at a high inclination. Typically, a high-
inclination system exhibits eclipses in its X-ray light curve (e.g.,
MAXI J1659-152, Kennea et al. 2012; Kuulkers et al. 2013;
4U 1822-371, Anitraetal. 2021; lariaetal. 2013), and the
absence of such eclipsing activity in this particular system may
appear at odds with the hypothesis of high inclination. However,
Corral-Santana et al. (2013) justified the lack of eclipses assum-
ing a high orbital inclination >70° and a very low mass ratio,
which implies a donor star radius comparable to, or even smaller
than, the outer rim of the disc.

Observations collected by the Swift X-ray telescope revealed
an equivalent hydrogen column density (Ny) of (1.2 + 0.7) X
10%° cm2 (Torres et al. 2015). Such a low Ny implies a low opti-
cal extinction, providing us with a unique opportunity to obtain
phase-resolved spectra of the system at blue optical bands with
sufficiently high S/N, a rare occurrence in BH transients.

In this work we present the first quiescence spectroscopy of
J1357 focused on the hydrogen HfS emission line and covering
a full orbit. We analyse its periodic evolution and compare the
results with those previously reported using the Ha line during
both quiescence and outburst periods (Mata Sdnchez et al. 2015;
Corral-Santana et al. 2013).

2. Observations

We analysed eight observations collected by the Optical Sys-
tem for Imaging and low-intermediate-Resolution Integrated
Spectroscopy (OSIRIS) at the 10.4 m Gran Telescopio Canarias
(GTC) at the Observatorio del Roque de los Muchachos (ORM)
on the island of La Palma (Spain). During the campaign we
employed the R2000B grism with a 0.8” slit, which allowed
us to analyse the spectral features in the wavelength range
3950-5700 A with a spectral resolution of R = 1903 and disper-
sion of D = 0.86 A pix~!. The resolution is estimated by measur-
ing the FWHM of the skylines in the background spectra, while
the dispersion value is measured at 1, = 4755 A, as reported in
the OSIRIS user manual. The eight observations were acquired
consecutively, during a quiescent epoch, on the night of 2016
March 05 between 03:32:11.4 and 06:19:51, each with an expo-
sure time of 1235 s, for a total exposure of 2.75 h, thus covering
a full orbit of the system.

The data were reduced using IRAF' standard routines, apply-
ing the bias and flat-field correction and using the HgAr, Xe, and
Ne arcs lamps available for our configuration to calibrate the
pixel-to-wavelength solution. The spectra were corrected from
cosmic rays using L.A.COSMIC task (van Dokkum et al. 2012),
and extracted from the two-dimensional images using the opti-
mal extraction technique (Naylor 1998).

3. Spectral analysis

The analysis reported in this section was performed by using
both MOLLY software?, and tailored PYTHON routines based on

' IRAF is distributed by the National Optical Astronomy Observato-
ries, operated by the Association of Universities for Research in Astron-
omy, Inc., under contract with the National Science Foundation.

2 The MOLLY software was developed by T. R. Marsh, and is avail-
able at the following link: https://cygnus.astro.warwick.ac.
uk/phsaap/software/
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the ASTROPY package (Astropy Collaboration 2022). We first
normalised the spectra by dividing them by a third-order poly-
nomial in order to model the continuum component of the spec-
trum. The wavelength coverage of our spectra allows us to access
the HB line region with a sufficiently high signal-to-noise ratio
(S/N ~ 3, measured in the nearby continuum). The Hy line was
also present, but the lower S/N (barely ~1.3), mainly due to the
lower response at the edge of the chip, together with a line inten-
sity reaching barely half that of HB, prevented us from extracting
a reliable line profile from the individual spectra. No other fea-
tures are present in the spectra. We analysed for the first time
the blue part of the spectrum, never studied in quiescence. We
focused on the double-peaked Hp line, a signature profile of the
gas orbiting in a Keplerian accretion disc.

3.1. HB radial velocity

We fit every spectrum with a double-peaked model compound of
two Gaussian lines using the Python CURVE FIT routine from the
SCIPY package (Virtanen et al. 2020). The free parameters con-
trolling the fit are the intensity of each of the peaks; the FWHM,
assumed to be the same for both Gaussians; and the shift of the
centroid between the peaks with respect to the rest-frame wave-
length, denoted offset. All the best-fit parameters with the asso-
ciated uncertainties are reported in Table 1, while in Fig. 1 we
show the fits of each individual spectrum.

We find periodic variability in the individual offsets of each
observation, which led us to perform a non-linear fit to the data
using the following function:

J(T) =y + Ky sin 2n((T = To)/P = ¢o = 0.5)). ey

Periodic radial velocity curves were previously observed in
the Ha line of other LMXBs, and in particular of J1357
(Corral-Santana et al. 2013; Mata Sanchez et al. 2015). The
interpretation is that it reflects the movement of the accretion
disc centre of mass, which should therefore trace that of the
compact object. Under the assumption of a perfectly symmet-
ric disc, the average offset value across all of our observations
(i.e., y) gives an estimate of the systemic velocity of J1357,
the parameter K| is an estimate of the radial velocity semi-
amplitude, ¢( is an orbital phase shift correction conveniently
defined, and the time of the first epoch of observations is Ty =
2457452.64776595 HID.

We observe a modulation with a P = 0.127 + 0.008d,
consistent with previous determinations of the orbital period
by Corral-Santana et al. (2013) and Mata Sanchez et al. (2015).
Casares et al. (2022) provide the most precise determination of
the orbital period inferred for the source to date (P = 0.106969 +
0.000023 d), based on the variability of the emission line over
a number of orbits across different epochs. We note that our
result is consistent only within 2.50 of their value. Our study is
based on radial velocity measurements, which are most affected
by perturbations due to the potential precession of the accretion
disc (see Sects. 3 and 4); moreover, it does not take account of
the systematic effects due to our having only one orbit (which
could lead to an underestimation of the error associated with the
period), while the result of Casares et al. (2022) is based on the
study of a longer dataset covering several orbits. Together, they
led us to adopt their more precise value and readjust the dataset
by fixing this parameter.

The sinusoidal function fits the data closely, obtaining a chi-
square over degrees of freedom (d.o.f.) of 0.75/5, which ensures
a level of confidence (c.l.) of 97.5%. Such a low y?/d.o.f. sug-
gests that the uncertainties on the original spectra are probably
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Table 1. Best-fit values for the parameters of the two-Gaussian model described in the text.

Spec Phase Phase™ offset (kms™!) FWHM (kms™") Ix/Ip ¥*/d.of. T-value

Spec-1  —0.32 -0.11 -133+31 1762 + 64 1.14 +0.08 1.40 0.64 +0.02
Spec-2  -0.18 0.03 -118 +£38 2012 +79 1.10+0.07 1.30 0.43 +0.02
Spec-3  —0.05 0.16 —-174 £38 1946 + 78 0.96 +0.07 1.76 0.51 +£0.02
Spec-4  0.09 0.30 -235+30 1794 + 64 1.00+0.07 1.75 0.62 +0.02
Spec-5 0.23 0.43 -265+32 1835+ 65 1.27 +£0.08 1.36 0.59 + 0.02
Spec-6  0.36 0.57 =304 +41 1950 + 83 0.96 +0.08 1.34 0.57 +£0.02
Spec-7  0.50 0.71 —-296 + 35 1845 +73 0.93 +£0.07 1.28 0.63 +0.02
Spec-8  0.64 0.84 -212+28 1724 +59 1.11 +£0.07 1.29 0.67 +£0.02

Notes. Uncertainties are at the 68% c.1. (VPhases relative to the absolute inferred by Casares et al. (2022).

Normalized flux

06600 4600 2000 8 2000 4000 6000
Velocity (kms™1)

06600 4600 2000 8 2000 4000 6000
Velocity (kms™?)

Fig. 1. Observed spectra and the two-Gaussian model (solid blue line)
of all the observations plotted vs. the velocity Doppler shift related to
the HpB rest-frame wavelength (4861 A). The spectra are binned by a
factor of 2 and offset by a constant for visualisation purposes.

overestimated. Rescaling them to a factor of 0.86 produces a

x?/d.of. = 1.0. We find the system is moving away from us
at a systemic velocity of y = —220 + 10kms~! and a radial
velocity semi-amplitude of K; = 91 + 16kms™!, as well as
¢o = 0.41 +0.02.

Under this interpretation, and following the usual definition
for zero phase (i.e., corresponding to inferior conjunction), we
can calculate the orbital phase for any given epoch using the
following equation: ¢ = (T — Ty)/P — ¢¢. In Table 1 we report
the relative orbital phase of each observation, under the above
convention, and we plot our best fit in Fig. 2 (middle panel).

3.2. Diagnostic diagram

In our analysis we note a peculiar behaviour of the variation
in the ratio of the intensity of the blue to the red peaks of the

$ i
<119 i $
o #H b4 #M $4
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-200+

Offset [kms~1]

-3001

-100

-200
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Fig. 2. Orbital evolution of HB parameters obtained from the two-
Gaussian model and a diagnostic diagram. They are all plotted against
the orbital phase, and repeated over two orbits for visualisation pur-
poses. Top panel: intensity ratio between the blue and red peak. The
value deviating from the trend is in red. Middle panel: offset of the line
centroid (black diamonds) and best fit from the double-peaked model
(blue solid line). Bottom panel: offset of the line wings centroid (black
diamonds) and best fit from the diagnostic diagram (blue solid line),

corresponding to a peak-to-peak separation of a = 3800 kms™".

Hp profile. The evolution of the intensity variation during the
orbital period is shown in Fig. 2 (top panel). There is an apparent
periodic modulation of this ratio, similar to that observed previ-
ously in the Ha line (see Mata Sanchez et al. 2015), but the ratio
associated with spectrum 5 (spec-5) deviates from the expected
trend (a visual inspection confirms the blue peak is clearly more
intense than the red peak).

This phase-dependent asymmetry of the line profile can be
due to different effects; the precession of a disc or the con-
tamination by the presence of a hot spot are the traditionally
invoked explanations (Shafter et al. 1986). Consequently, they
might complicate the interpretation of the periodic variability
described in the previous section: while the presence of a vari-
able hot spot can bias the K; determination, a precessing disc
might lead to variable y values when measured in different
epochs.
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Fig. 3. Visual example of the diagnostic diagram best-fit model to spec-
1 for different peak-to-peak separation values.
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Fig. 4. Diagnostic diagram for HB. Every parameter was calculated by
using two Gaussian lines with the same FWHM. Shown from top to the
bottom, plotted vs. the peak-to-peak separation, are the semi-amplitude
velocity K, the ratio of K| to its associated error, the systemic velocity
v, and the corresponding phase shift. The vertical red line represents the
peak-to-peak separation (@ = 3800 kms~') above which the measure-
ments begin to be contaminated by noise in the continuum, as inferred
from the plot in the second panel.

Consequently, in order to get a more reliable measure of the
radial velocity variation and to avoid phase-dependent contami-
nation, we decided to focus our analysis on the innermost regions
of the disc accessible through optical spectroscopy.

An efficient method of investigating the variation in the
radial velocity of the line wings was proposed by Shafter et al.
(1986), and is called the diagnostic diagram. To apply it to
our dataset, we fitted each spectrum with a model composed
of two Gaussians, expressed in terms of the following param-
eters: the peak-to-peak separation a (for which we explored the
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range 1600—-4500kms~', in steps of 100kms~!), the FWHM
and height of both Gaussians (which we kept linked), and the
offset of the full structure. We subsequently performed a sinu-
soidal fit to the resulting radial velocities and determined orbital
parameters for each value independently.

Assuming that the contamination is dominant in the external
regions, for sufficiently large a values in our modelling we would
fit only the wings of the profile, and the measured radial veloci-
ties should tend to a stable more reliable measurement that traces
the compact object’s orbit (Fig. 3). Therefore, it is useful to plot
the orbital parameters, such as the radial velocity semi-amplitude
K, the ratio o/K; (which estimates the relative error in Ki),
the orbital phase (defined under the same convention previously
described), and the systemic velocity y, against the a parameter.
To determine the maximum reasonable value of a, we have to
look into how o/K; varies with the separation: an increase over
the average value implies that the continuum noise is dominant.
This technique can therefore provide us with estimates of the
orbital parameters, although their value is strongly influenced by
the choice of separation a, which is somewhat subjective.

As we can see in Fig. 4, for a < 3800 km s~! K| remains
stable over a range with a mean value and standard deviation
of 91 + 18kms™!; above this separation the ratio o /K starts
to increase. In particular, K| does not considerably deviate from
the mean value even though we adopt a peak-to-separation in the
range 3400-4000 kms~!. Additionally, the phase shift, defined
as the difference between the value obtained with the method
described above and that derived from the double-Gaussian
method, which should remain around zero, starts to decrease
significantly above @ = 3800kms~!. These considerations led
us to think that the most reliable values of the orbital parame-
ters can be obtained for a separation smaller than 3800 km s~
in line with the value obtained by Corral-Santana et al. (2013)
based on their analysis of He (@ = 3600 km s™!). Therefore, the
best estimate of the radial semi-amplitude velocity would be pro-
vided by its average value below the maximum separation (i.e.,
K, = 92 + 18kms™"), while the systemic velocity of the sys-
tem remains stable for all the separations with a mean value of
y=-228+13kms.

We subsequently corrected each spectrum from its measured
velocity to calculate an average spectrum in the reference frame
of the binary. We performed a fit to this averaged profile by mak-
ing use of a single-Gaussian profile to obtain the FWHM of the
line. The model returns FWHM = 4574 + 156kms™', notably
higher than (but still consistent within ~20 with) the value
measured in quiescence for Ha by Torres et al. (2015), Casares
(2015), and Mata Sdnchez et al. (2015), being 4025+110kms~!,
4085 + 328kms~!, and 4152 + 209 km ™!, respectively.

4. Discussion

J1357 is a rather unique BH transient with observational prop-
erties that are not properly understood, such as recurrent optical
dips, presumably as a result of a very high orbital inclination
(Corral-Santana et al. 2013), as well as high and variable sys-
temic velocity estimations (Mata Sdnchez et al. 2015). A crucial
way to better understand this object is to constrain its fundamen-
tal parameters, such as the systemic velocity (key to understand-
ing the system evolution; see e.g., Repetto & Nelemans 2015)
and its orbital period. Given that the disc (i.e., not the compan-
ion) dominates the optical emission even during the quiescent
phase, the study of the emission lines during this stage arguably
offers the best opportunity to make progress in this area.
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We present the phase-resolved spectroscopy of the system,
focused on the HB region. The data were obtained deep into the
quiescent phase (~5 yr from the previous outburst) and represent
the first study of this line for J1357, and one of the few available
for a quiescent LMXB in this spectral region.

We observe a periodic modulation in the radial velocity of
the Hg line profile at P = 0.127 + 0.008 d. This result is consis-
tent with that previously found in outburst (Corral-Santana et al.
2013) and quiescence (Mata Sanchez et al. 2015) based on Ha
studies. Therefore, we infer that this modulation has remained
stable over the five years, further strengthening its association
with the orbital period of the system.

We also derive a systemic velocity of —228 + 13kms™!
and a K| of 91 + 18 kms~!. Mata Sanchez et al. (2015) derived
vy =-79+12km s~!, a measurement consistent with another qui-
escence measurement (y = —130+50 km s~'; Torres et al. 2015).
Although our result, obtained from an analogous analysis but
on the HB line, is consistent with Torres et al. (2015) at the 20
level, it shows a clear deviation from any of the other previously
reported results, favouring y = =228 + 13 kms~!. Therefore, we
conclude that the variable systemic velocity of J1357 is not due
to an instrumental issue as there are now a number of datasets
in quiescence obtained over ~3 yr with different instruments and
telescopes, and based on the analysis of different lines, show-
ing different results. Therefore, it strengthens the interpretation
that the variable systemic velocity is a real property of the sys-
tem, which we associate with the precession of the accretion disc
following Torres et al. (2015). The fact that these effects remain
after five years of quiescence also shows that this is most likely
a persistent property of the system.

Our measurement of the quiescence FHWM of the average
Hp profile is slightly higher than that reported for the He line in
previous works (though still consistent within 207; see Sect. 4).
However, it is known that higher-order Balmer lines are typi-
cally broader than Ha (see Marsh et al. 1987, 1994). The more
energetic HB line is expected to be emitted from hotter (i.e.,
inner) regions of the accretion disc than Ha, where the veloc-
ities are higher, and therefore producing a broader profile. Nev-
ertheless, the consistency of the FWHM of HB with that reported
for Ha two years earlier allows us to infer that the system qui-
escent properties remained reasonably stable over a period of
~2yr. This demonstrates that J1357 was already in a true qui-
escent state by then. Together with the orbital period, which
we also independently confirm, these are the two key assump-
tions required for the application of the FWHM-K?2 correlation
(Casares 2015). Therefore, we provide strong arguments to sup-
port the mass function derived by Mata Sanchez et al. (2015),
which implies one of the most massive BHs found in the Galaxy.

4.1. Radial velocity of the compact object

Measurement of the compact object’s radial velocity through the
diagnostic diagram is an indirect method that actually traces the
accretion disc’s innermost optically emitting radii. This means
that the mismatch of the K; semi-amplitude velocity with the
previous measurements in quiescence reported in the literature
may open up a point of reflection on the state of the source.
Different works in the literature have investigated the spec-
tral evolution of several transient sources in quiescence after
the outburst. One of the most recent examples is provided in
Casares (2015), which analysed the evolution of the FWHM
of the Ha in the BH LMXB V404 Cygni during the 20 years
since the outburst peak. They infer that the FWHM started to
increase during the outburst decay, and that it reached a stable

plateau phase b (a true quiescence), starting ~1300days after
the peak of the outburst. On the other hand, Russell et al. (2019)
detected a brightening at optical wavelengths prior to an X-ray
outburst in four X-ray binaries that were leaving their quiescent
state. In their work the authors report that the optical precur-
sor occurred weeks before the first X-ray flare, a delay consis-
tent with the time of refilling of the disc that causes the X-ray
brightening.

Our observations during the quiescent state of J1357 lie
between two outburst events (2011 and 2017), five years after
the previous discovery outburst, and one year before the fol-
lowing event. On the other hand, Mata Sanchez et al. (2015) and
Torres et al. (2015) used data from the quiescent epochs between
April 2013 and from April to June 2014, respectively (only 2—
3 yr after the first outburst). It is true that, as mentioned above,
Casares (2015) deduced a period of about 3.5 yr after the out-
burst for a full quiescent phase to be reached. However, the
source analysed by the authors possesses a much larger accre-
tion disc than J1357, so we would expect that our source will
take less time to relax in quiescence. Mata Sdnchez et al. (2015)
found K; = 40 + 12kms™', fully in line with that reported in
outburst by Corral-Santana et al. (2013). Similarly, the parame-
ters presented in Torres et al. (2015) are in line with these works.
In the present paper, however, the resulting K| value is notably
larger than those previously derived. The time elapsed between
outbursts and quiescent phases studied both in this and previ-
ous works does not suggest a different state of the system, and
therefore does not explain the different K; values.

Another explanation could be related to the fact that our anal-
ysis is focused on HB and not on He. Although both are transi-
tions of the hydrogen Balmer series, the higher energy associated
with HB might naively suggest that it was formed at an accre-
tion disc ring slightly closer to the compact object than Ha. The
diagnostic diagram technique has been successfully applied to
a number of LMXBs (e.g., Cornelisse et al. 2013; Somero et al.
2012; Mufioz-Darias et al. 2009). Nevertheless, systems where
K can be independently measured are scarce, and they have
shown that the diagnostic diagram results are better understood
as an upper limit to the true compact object radial velocity. In
this regard, Unda-Sanzana et al. (2006) showed how the diag-
nostic diagram method may fail to provide a strong determina-
tion of K, identifying the root cause of this problem with an
asymmetry due to a hot spot that extends to higher velocities, up
to the wings of the emission line profile. The fact that applying
the same technique in a different line and epoch produces a dis-
tinct and larger K value than previous works suggests a similar
scenario for J1357.

4.2. Inclination angle

Several observational features suggest a high orbital inclina-
tion for J1357 (Corral-Santana et al. 2013; Mata Sanchez et al.
2015; Armas Padilla et al. 2014a). Arguably, the most debated is
the presence of optical dips without X-ray counterparts, which
sparked the discussion on the geometry of the source (see
Sect. 1). Recently, Casares et al. (2022) has found a linear corre-
lation between the depth of the inner core of the double-peaked
He emission profile and the inclination angle in a set of qui-
escent X-ray transients. The authors applied this correlation to
J1357, deducing an inclination of 87.4%2 degrees, thus support-
ing the near edge-on geometry of the source.

Visual inspection of the individual spectra reveals that
the core of the HB line exhibits narrow and variable absorp-
tion components, changing in depth during the orbit and even
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approaching the continuum level (see Fig. 1). Deep and narrow
absorption cores have been observed in high-inclination cata-
clysmic variables (with i > 75° Schoembs & Hartmann 1983),
but never on a LMXB, and they are thought to be caused by
occultation of the inner regions of the accretion disc.

Hints of the presence of a narrow core on the Hel 5876
line of J1357 were found by Mata Sanchez et al. (2015), but
further confirmation was required due to the low resolution of
their spectra, which hampered a clean subtraction of the back-
ground. Focusing on the HS wavelength range and using the
higher-resolution grism, we can now confirm the presence of
this feature in a different emission line (HB), as well as its nar-
rowness and variable nature along the orbit. This variability can
be used to track the motion of the structure responsible for the
occultation, as dips are thought to be caused by structures close
to the outer rim of the disc (Frank et al. 2002). In particular,
the ‘bulge’ is produced by the impact of the stream of mat-
ter from the donor star on the disc. As such, it is expected to
impact the disc between orbital phases ~0.8 and 0, depending
on mass ratio (Smak 1970). In order to test this hypothesis, we
adopted the absolute phase O derived by Casares et al. (2022)
(TO = 2456396.6617 HID, derived from a study of the line
through variability in BHs) and redefined the orbital phases for
each epoch using the equation mentioned in Sect. 3.1. Since the
narrow core present in our spectra is particularly prominent in
spec-1 (¢ = 0.89), we conclude that this scenario is plausible.
However, we note that shallower narrow cores are also present
at other orbital phases (e.g., spec-7), suggesting a more complex
outer rim geometry.

To further inspect the orbital variability of the profiles, we
followed the Casares et al. (2022) prescription to calculate the
normalised depth of the central trough (7) for all spectra, per-
forming a double symmetric Gaussian fit with equal FWHM
and intensity. The variations in T during the orbit appear consis-
tent with the evolution presented in the above-mentioned paper
(based on the analysis of Ha), and provide further support to the
presence of variable inner cores, reaching maximum depth for
spec-1 (see Table 1). For this epoch, the best-fit model remains
unable to fully fit the observed spectrum core (which almost
reaches the continuum level), further supporting the presence of
an additional narrow core component. The 7 value measured
in our mean spectrum (0.585 + 0.008) is consistent with that
found by Casares et al. (2022) (0.612 + 0.125), and therefore
with the high inclination they deduced from the 7—I plane. We
also considered the possibility of a grazing eclipse by the com-
panion star being at the core of this phenomenon. However, the
fact that spec-2, obtained at the epoch of inferior conjunction,
does not exhibit a clear deep core led us to disregard this pos-
sibility. Corral-Santana et al. (2013) proposed that the extreme
mass ratio of the system (¢ ~ 0.04, Mata Sanchez et al. 2015)
makes the donor star radius comparable to or smaller than the
disc outer rim. Thus, the companion would not be expected to
produce clear eclipsing phenomena, even in a close-to-edge-on
configuration.

5. Conclusions

We have analysed observations performed with the GTC tele-
scope of J1357 during the quiescent phase, ~5 yr after the pre-
vious outburst. Taking advantage of the low extinction of the
source, we have performed, for the first time, a phase-resolved
study on the HB emission line.

We find a periodicity (P = 0.127 + 0.008 d), which is fully
consistent with previous reports based on different lines and
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obtained at different epochs and with different facilities. This
strongly suggests that this corresponds to the orbital period of
the system, confirming J1357 as one of the shortest orbital period
BH transients.

Our obtained values for systemic velocity and radial semi-
amplitude velocity differ from the previous values derived from
the Ha emission line. We interpret this as an effect of a combi-
nation of disc precession and the presence of hot spots. Finally,
we report, for the first time, the presence of narrow, deep, and
variable cores in the HB emission line of a LMXB. We propose
that these cores are produced by structures in the outer ring of
the accretion disc, which we recognise as the outer disc bulge.
This provides independent proof to further support the high-
inclination nature of the system.
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