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ABSTRACT

Persistent, low-luminosity low-mass X-ray binaries offer a unique opportunity to study accretion in this poorly understood regime as
well as to unveil new members of the ultracompact X-ray binary (UCXB) family, which are characterised by orbital periods (P)
shorter than ~ 80 min. We report on a NuSTAR archival observation that, for the first time above 10 keV, spatially resolves the Galactic
Centre pair SLX 1744-299 and SLX 1744-300. We find SLX 1744-300 to be slightly brighter, with a flux ratio of ~ 1.15, increasing
to ~ 1.3 when extrapolated to 0.5-10 keV. Both the timing (root-mean-square variability) and spectral properties (well described in
both cases by a thermal Comptonisation model) indicate that the systems were in the hard state. The two sources, however, display
markedly different behaviour throughout the observation. SLX 1744—-299 shows a gradual flux decline consistent with a decrease in
the mass-accretion rate, whereas SLX 1744-300 remains steady but exhibits two short-recurrence Type-1 X-ray bursts indicative of
mixed H and He burning.

Combining our results with previously reported upper limits on the distance, we derived low persistent X-ray luminosities of Lx <
1.1 x 10% erg s7! and Ly < 2.6 x 10°® erg s7! (3-78 keV) for SLX 1744—299 and SLX 1744-300, respectively. The corresponding
mass-accretion rates, when compared with the critical values from the disc instability model, favour P, < 90 min and Py < 105-
155 min. Although both limits are formally compatible with the UCXB regime, the case of SLX 1744—-299 appears significantly more
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compelling, also considering the previously reported intermediate-duration burst.
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1. Introduction

Low-mass X-ray binaries (LMXBs) are stellar systems in which
a compact object, either a black hole or a neutron star (NS),
accretes matter from a low-mass companion star (< 1Mg; see
Bahramian & Degenaar 2023, for a recent review). To date, ap-
proximately 340 such systems have been identified in our Galaxy
(see e.g., Fortin et al. 2024).

Of particular interest among LMXBs are ultracompact X-ray
binaries (UCXBs), which are characterised by very short orbital
periods (Po, < 80 min). In these tight systems, the compan-
ion is a degenerate or semi-degenerate star that no longer burns
hydrogen in its core and may consist of electron-degenerate
matter (e.g. Paczynski & Sienkiewicz 1981; Rappaport et al.
1982; Verbunt & van den Heuvel 1995). Therefore, these sys-
tems serve as unique laboratories for studying accretion pro-
cesses in hydrogen-poor environments (e.g. Nelemans & Jonker
2010). Additionally, UCXBs are expected to be strong sources
of low-frequency gravitational waves, making them key targets
for the upcoming Laser Interferometer Space Antenna (LISA)
mission (e.g. Nelemans 2018; Tauris 2018; Chen et al. 2021;
Amaro-Seoane et al. 2023).

Currently, there are only 20 confirmed UCXBs (i.e. with a
measured orbital period shorter than 80 min) and 25 UCXB can-
didates (see the online version of the UltraCompCAT catalogue';
Armas Padilla et al. 2023). Yet, the estimated number of UCXBs
expected to exist in our Galaxy is (0.2 — 1.9) x 10 (Zhu et al.

'https://research.iac.es/proyecto/compactos/
UltraCompCAT

2012; van Haaften et al. 2013). Measuring Py, in these systems
is observationally challenging. While X-ray timing techniques
can be applied in systems hosting pulsars or showing eclipses
or dips, most sources lack such features. In the optical, when a
counterpart is detected, it is typically intrinsically faint, often re-
quiring exposure times comparable to or longer than the orbital
period. However, in the absence of a measured orbital period,
indirect diagnostics can be used to identify UCXB candidates.
These include signatures of the degenerate nature of the donor
star, such as the presence or absence of specific emission and ab-
sorption features in the source spectra, as well as the properties
of thermonuclear X-ray bursts (e.g. duration, recurrence time,
and radiated energy), which provide insights into the composi-
tion of the accreted fuel. Likewise, the small size of the accre-
tion disc in UCXBs results in lower optical-to-X-ray flux ratios
than those associated with regular LMXBs, as the reprocessing
region responsible for the optical emission is also reduced (for
more details, see Armas Padilla et al. 2023). Last but not least,
small discs can remain fully ionised when accreting at low rates,
as predicted by the disc instability model (DIM; Lasota 2001),
allowing UCXBs to sustain persistent accretion even at X-ray
luminosities as low as Ly < 103° erg s7! (see, e.g., in’t Zand
et al. 2007). This makes persistently accreting, low-luminosity
LMXBs strong UCXB candidates.

SLX 1744-299 and SLX 1744-300 are two LMXBs lo-
cated ~2.7 arcmin apart and ~2.3 arcmin from the pulsar PSR
J1747-2958 (known as ‘the Mouse’; Skinner et al. 1990; Pavlin-
sky et al. 2021). Owing to their small angular separation, they
were initially detected as a single X-ray source with the tele-
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Fig. 1: NuSTAR FPMA module image in the 3-78 keV energy
band showing the field of the LMXBs SLX 1744-299 (north) and
SLX 1744-300 (south). The pulsar PSR J1747-2958 (also known
as “the Mouse”) is visible within the field. The dashed circular
regions indicate the event and background extraction regions for
each source.
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scope aboard Spacelab 2 (Skinner et al. 1987, see also Kawai
et al. 1988), and were only identified as two distinct objects
a few years later through improved image reconstruction tech-
niques (Skinner et al. 1990). Both LMXBs exhibit persistent
fluxes of ~ 1071% ergecm™ s7! in the 2-10 keV range, with
the flux of SLX 1744—-299 being approximately twice that of
SLX 1744-300 (Mori et al. 2005). However, long-term moni-
toring of the field with the Rossi X-ray Timing Explorer showed
that the unresolved emission varies by roughly a factor of two,
hinting at the possibility that either or both sources are variable
(in’t Zand et al. 2007). Type-I thermonuclear X-ray bursts have
been observed in both systems, confirming the NS nature of their
compact objects (Skinner et al. 1990; Pavlinsky et al. 1994; Mori
et al. 2005; Galloway et al. 2008). In particular, SLX 1744-299
has exhibited several intermediate-duration bursts, which typi-
cally last a few minutes (Pavlinsky et al. 1994; in’t Zand et al.
2007; Alizai et al. 2020). None of the bursts from either sys-
tem has shown photospheric radius expansion, so only upper
limits on their distances have been estimated: 7.2 + 1.4 kpc for
SLX 1744-299 and 10.3 + 0.8 kpc for SLX 1744-300 (Che-
lovekov et al. 2017). These values translate into low persistent
luminosities (< 103 erg s7!) in both cases. This, together with
the presence of intermediate-duration bursts, has led to the clas-
sification of SLX 1744-299 as a UCXB candidate (in’t Zand
et al. 2007). The nature of SLX 1744-300, on the other hand,
remains largely unconstrained.

In this paper we present a detailed X-ray spectral and tem-
poral analysis of a NuSTAR observation that, for the first time,
resolves both systems individually in the hard X-ray band above
10 keV. This allowed us to characterise their hard X-ray spectra
and further investigate their nature.

2. Data reduction and analysis

The Nuclear Spectroscopic Telescope Array (NuSTAR) observed
the field on 2018 July 29 (ObsID 30401036002; Harrison et al.
2013), with an on-source exposure time of 44.2 ks over an
elapsed time of 79 ks. Three sources were detected in this
observation: SLX 1744-299, SLX 1744-300 and the pulsar
PSR J1747-2958 (see Figure 1).
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We processed the data using the NuSTAR Data Analysis Soft-
ware (NUSTARDAS) included in the HEASOFT v6.34 pack-
age, along with calibration files from CALDB (v.20251215).
The n~uplPELINE tool employed the parameters saacarc=l1,
saaMoDE=0PTIMIZED, and TENTACLE=NO to filter out passages
through the South Atlantic Anomaly (SAA)>. We also verified
that no additional correction for the multi-layer insulation tear on
the focal plane module A (FPMA) was required (Madsen et al.
2020). Barycentric corrections were applied using the clock cor-
rection file 20100101v178. Source events were extracted from a
circular region with a radius of 50 arcsec, centred on the cen-
troid of the counts distribution for each LMXB. For background
events, we used a circular region with a radius of 70 arcsec in a
source-free area in the same chip as the targets (see Figure 1).

Given the close proximity of the two sources on the sky
(~ 2.7 arcmin) and the size of the extraction regions (R = 50
arcsec), we assessed the potential impact of cross-contamination
due to the broad wings of the NuSTAR point spread function. We
performed numerical simulations using a King profile, calibrated
to match the in-flight full width at-half maximum (18") and half
power diameter (58”; Harrison et al. 2013; Koglin et al. 2011).
We estimate cross-contamination fractions of 0.99+0.07 per cent
for SLX 1744-299 and 0.76 + 0.06 per cent for SLX 1744-300,
and therefore their impact is negligible in our analysis.

Background-subtracted light curves were extracted for both
FPMA and FPMB separately and then combined using the
lcmath task from the FTOOLS package (Blackburn 1995). The
extracted spectra from each module were grouped with a mini-
mum of 30 counts per bin, allowing the use of the y? statistic.
In the remainder of this section, we describe the temporal and
spectral analyses applied to both sources.

2.1. Temporal analysis

In order to search for potential pulsation candidates, we anal-
ysed the data from the two targets in the 0.1-10 Hz frequency
range using the HENDRICS tool (Bachetti 2018). We used the
HENAcceLsEarRcH module to identify optimal pulsation candi-
dates within the specified frequency range. In addition, we de-
rived a 90 per cent confidence upper limit on the pulsed frac-
tion using the HENz2vspf tool, based on 10* simulations (see
Cruz-Sanchez et al. 2026a,b, for more details). Finally, we gen-
erated the Leahy-normalised power density spectra using the
Stingray software package (Huppenkothen et al. 2019) and ap-
plied the Fourier amplitude difference method to correct for dead
time (Bachetti & Huppenkothen 2018). We calculated the frac-
tional root-mean-square (rms) amplitude in the 0.1-64 Hz range
following the method described by Mufioz-Darias et al. (2011,
2014). Specifically, we used data in the 3-15 keV energy band,
divided into 64 s segments. We used a time resolution corre-
sponding to a Nyquist frequency of 1000 Hz; this ensures an
accurate estimate of the Poisson (white) noise level when com-
puting the power density spectra.

2.2. Spectral analysis

We simultaneously fitted the 3—78 keV FPMA and FPMB spec-
tra using xspec (v.12.14.0; Arnaud 1996), with the parameters
tied between the two modules. We included a multiplicative con-
stant factor in our models, fixing it to 1.0 for FPMA and allowing

’https://nustarsoc.caltech.edu/NuSTAR_Public/
NuSTAROperationSite/SAA_Filtering/nulyses_reports/
30401036002/nu30401036002_SAA_Report_A.pdf
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it to vary freely for FPMB, to account for differences in their cal-
ibration.

We modelled the interstellar absorption using the Tiibingen-
Boulder model (TBaBs), setting the solar abundances according
to Wilms et al. (2000) and the effective cross-sections to Verner
et al. (1996). We fixed the hydrogen column density (NVy) to
3.3 x 10?2 cm™2 for SLX 1744-299 and 3.7 x 10?* cm™2 for
SLX 1744-300, as obtained by Mori et al. (2005) from XMM-
Newton observations. Throughout this work, we assumed the up-
per limits on the distance of 7.2 + 1.4 kpc (SLX 1744-299) and
10.3+£0.8 kpc (SLX 1744-300) derived from the analysis of ther-
monuclear bursts (Chelovekov et al. 2017).

We tested various spectral models, combining up to three
components, aimed at addressing the main X-ray spectral fea-
tures typically observed in NS-LMXBs. For the soft, thermal
emission from the accretion disc, we used a multicolour disc
(MCD) model (diskbb; Mitsuda et al. 1984; Makishima et al.
1986). A blackbody (BB) model (bbodyrad) was used to ac-
count for the soft, thermal emission from the NS surface or
boundary layer. For the thermally Comptonised emission from
the corona, we used the nthComp model, setting the seed-photon
geometry (inp_Type) to O for a BB geometry and 1 for an ac-
cretion disc geometry (Zdziarski et al. 1996; Zycki et al. 1999).
In our analysis, we fitted the spectra using different combina-
tions of these components. First, we used the nthComp model
with seed photon temperature (k7s.q) as a free parameter. Addi-
tionally, we tested combinations of the nthComp model with an
additional soft thermal component (BB or MCD), where kT sceq
was tied to the temperature of the thermal component, and the
seed-photon shape parameter (inp_Type) was adjusted accord-
ingly to the selected model.

For the BB model, we used the normalisation defined as
R? /D%, (Run is the source radius in km and D is the dis-
tance to the source in units of 10 kpc) to determine the source
radius. For the MCD model, we used the normalisation defined
as (Rin/D1o)? cos @ (where Ry, is the apparent inner disc radius
in km and 6 is the inclination angle with respect to the observer,
defined as & = O for face-on) to determine the apparent inner
disc radius. For the MCD model we tested inclination angles of
40° and 70°, applied a correction factor for the torque-free inner
boundary condition (¢ = 0.4) and the ratio of colour tempera-
ture to effective temperature (« = 1.7; Kubota et al. 1998). The
reported fluxes were calculated using the convolutional model
cflux.

To assess the possible presence of the Fe Ka emission line
at ~ 6.4 keV, we performed over 10° spectral simulations in
xspec to determine the significance level for detecting this fea-
ture. We used the observational dataset with the FAKEIT command
and generated random parameters with the stMpPARs command.
By constructing a cumulative distribution function of F-values
from the simulations, we established the minimum significance
level for detection by comparing the simulated F-values to the
F-value from the data. We defined the null hypothesis as the
continuum-only model (in xspEc [consTXTBaBsX(NTHCOMP)]),
while the tested hypothesis included both the continuum and
the Gaussian component (Gauss). We determined the significance
level by calculating the associated p value, representing the frac-
tion of simulated spectra with F-values greater than those ob-
tained by fitting the real data. This simulation-based approach
controls the false-positive rate when testing for an additional
Gaussian component.

To account for NuSTAR calibration uncertainties (Madsen
et al. 2015; Grefenstette et al. 2022; Madsen et al. 2022), we
allowed the FPMA gain offset to vary while keeping the FPMB

gain fixed. We obtained best-fitting offsets of —47 eV for SLX
1744-299 and —72 eV for SLX 1744-300, consistent with the
typical ~40-80 eV systematic uncertainties reported in the liter-
ature (e.g. Zalot et al. 2024; Ballhausen et al. 2024; La Monaca
et al. 2024; Diez et al. 2023).

We calculated the parameter errors at the 90 per cent con-
fidence level using the Markov chain Monte Carlo technique
implemented in xspec. We used the Goodman-Weare algorithm
with a total of 107 steps, with walkers set to 10 times the num-
ber of free parameters (Goodman & Weare 2010). We verified
convergence by inspecting the parameters’ trace plots and by
checking that the estimated autocorrelation times were stable
(see Saavedra et al. 2023b,a for more details).

3. SLX 1744-299: Results
3.1. Time-averaged properties

Our detailed temporal analysis of SLX 1744-299 did not re-
veal any coherent signals, with a pulsed fraction upper limit of
3.9 per cent (90 per cent confidence), but the source exhibited
significant aperiodic variability. From the 3-15 keV light curve,
we measured a fractional rms variability of 23.2 + 3.1 per cent
(10), consistent with values typically observed in NS-LMXBs
during the hard state (Mufioz-Darias et al. 2014), indicating that
SLX 1744-299 was in this accretion regime during the NuSTAR
observation.

We modelled the spectra using a standard approach for NS-
LMXBs in the hard state. Our initial fit used a single ther-
mally Comptonised continuum model affected by photoelectric
absorption, assuming two scenarios: seed photons originating
either from a BB or from a MCD (i.e. setting inp_type to
0 and 1, respectively). The two assumptions provided equally
good statistical fits (Xa = 1.04 for 856 dof; p-value = 0.20),
with no evident structured residuals across the energy range,
including the Fe Ka region (Fig. 2, right panel). To quantify
this, we tested for the presence of a narrow Fe emission line
by adding a Gaussian component, but it was not significantly de-
tected (2.10; see Sect. 2.2), and was therefore not included in
any of the spectral models. For the BB scenario, we obtained
kTseeq = 0.58 = 0.02 keV; in the case of the MCD, we found
kTeeqa = 0.7 = 0.03 keV. In both cases, we obtained a I' =
2.33 +0.01 and a kT, = 38*33 keV. The unabsorbed 3-78 keV
flux is (1.77 £ 0.01) x 107'° erg s~ cm™2, which corresponds to
an upper limit on the luminosity of (1.06 + 0.51) x 10 ergs™!.

Adding a BB component (bbodyrad) to the model did not
significantly improve the fit (Ay? = 0.6 for 1 dof; F-test proba-
bility of 0.47). The model parameters remained consistent with
the previous fit, including the temperature of the BB compo-
nent (which corresponds to the seed photon temperature, kT, =
kT seeq). From the BB normalisation, we derived an emission ra-
dius of Ry, < 1.3 km. In this model, the Comptonisation com-
ponent accounts for > 98 per cent of the total 3—78 keV unab-
sorbed flux, while the thermal contribution is < 2 per cent. Ta-
ble 1 presents the detailed results of the fitted models, and Fig. 2
(right panel) displays the corresponding spectrum and residuals.

We also tested a model consisting of an MCD plus Compton-
isation. The fit returned parameters consistent with those from
the single nthComp model (e.g. kT, = 0.71 £ 0.03 keV). How-
ever, the corrected inner disc radius inferred from the diskbb
normalisation (Ngisepy < 1.2 X 1079) corresponds to Ry, < 3 m,
which is unphysically small compared to the typical NS radius
of 10 km. Therefore, we discarded the model.
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Fig. 2: Left panel: Background-corrected NuSTAR light curve of SLX 1744-299 with a time bin of 500 sec. From top to bot-
tom: the total light curve in the 3-78 keV energy range, the soft band (3-9 keV), the hard band (9-78 keV), and the hardness
ratio (hard-to-soft) as a function of time. Right panel: Unfolded NuSTAR FPMA (red) and FPMB (black) spectrum (top) and
residuals (middle and bottom) using the constxTBabsx (nthComp) model. The bottom panel shows the fit residuals when using

constXTBabsx (bbodyrad+nthComp).

3.2. Time-resolved spectral analysis

The NuSTAR light curve of SLX 1744-299 (3-78 keV, 500 s
bins) shows a gradual decline in count rate from 9.0 + 0.2 to
6.4 + 0.2 cts s7!, corresponding to a 28 per cent decrease, over
the 79 ks observation (see Fig. 2, top panel). When inspecting
the light curve in different energy bands, the drop appears more
pronounced in the soft range (3-9 keV), while the hard range (9—
78 keV) remains relatively stable. Consequently, the hardness
ratio increases from 0.28 + 0.01 to 0.36 + 0.02 during the first
40 ks.

In order to investigate the physical origin of this spectral evo-
lution, we performed a time-resolved spectral analysis. We di-
vided the observation into three consecutive 26 ks intervals and
extracted one spectrum per segment. We fitted these three spec-
tra using the preferred model identified for the entire observa-
tion (i.e., constxTBabsx (nthComp) with a BB geometry for
the seed photons).

The model fitted all three intervals acceptably, yielding re-
duced chi-squared values (chi-squared and degrees of freedom)
of 1.05 (733/692), 1.05 (721/686), and 1.01 (608/598), respec-
tively. Our analysis revealed three key trends (see Fig. 3): first,
a slight hardening of the photon index, which decreased from
2.47 £ 0.03 to 2.26 + 0.03; second, a steady decline in the seed-
photon temperature from 0.60+0.02 keV to 0.21+0.03 keV; and
third, an increase in the electron temperature from 20”_"2‘ keV to
2 40 keV (the latter being a lower limit).

This combination of a hardening photon index, a cooler seed
photon temperature, and a hotter electron temperature is physi-
cally consistent with a declining mass-accretion rate (M). This
scenario suggests that the corona becomes less efficiently cooled
as the observation progresses (see Sec. 5.2).

4. SLX 1744-300: Results

The NuSTAR light curve of SLX 1744-300 revealed two promi-
nent Type-I bursts (see the top panel of Fig. 4). These events
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were excluded from the persistent emission analysis and are ex-
amined separately in Section 4.2. In the following, we first char-
acterise the persistent emission and then analyse the bursts.

4.1. Persistent X-ray emission properties

We searched for periodic signals but found no significant period-
icities, with a pulsed fraction upper limit of 9.1 per cent (90 per
cent confidence). We determined the fractional rms variability to
be 22.6 + 4.3 per cent (10), which indicated that the source was
in the hard state at the time of the observation (Mufioz-Darias
et al. 2014).

We fitted the time-averaged spectra of the persistent emis-
sion with an absorbed thermal Comptonisation model. As in the
case of SLX 1744-299 (Section 3), we considered two configu-
rations for the seed photon source: the BB and the MCD. In both
cases, the fits were statistically acceptable (y2> = 1.03 for 797
dof; p-value = 0.27). No significant Fe Ka emission line was
detected (2.80; see Sect. 2.2). The BB scenario yielded a seed
temperature kTeq = 0.63 + 0.03 keV, whereas the MCD case
resulted in kTgeeq = 0.76 = 0.04 keV. The two assumptions re-
turned consistent values for the photon index (I' = 2.28 + 0.02)
and the electron temperature (k7. = 8.7 + 0.8 keV). The un-
absorbed 3-78 keV flux is (2.02 + 0.01) x 107'° erg cm™2 s7',
which corresponds to Ly < (2.56 + 0.43) x 103 erg s~

Incorporating an additional bbodyrad component into the
model did not significantly improve the fit (Ay?> = 0.8 for 1
dof; F-test probability of 0.87). Using the normalisation from
this component and adopting a distance of 10.3 + 0.8 kpc, we
estimated an upper limit of 1.2 km for the radius of this poten-
tial thermal emission region. Within this model, the Comptoni-
sation component contributes > 99 per cent of the unabsorbed
3-78 keV flux, while the thermal fraction is < 1 per cent. Ta-
ble 1 presents the detailed parameters, and Fig. 4 (right panel)
illustrates the spectrum and model residuals.
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Table 1: Best-fit spectral results for SLX 1744—-299 and SLX 1744-300.

Component Parameter SLX 1744-299 SLX 1744-300
NTHCOMP NTHCOMP+BBODYRAD NTHCOMP NTHCOMP+BBODYRAD
CONST Can 1.03 £ 0.01 1.03 +£0.01 1.03 +0.01 1.03 = 0.01
TBaBs Ny (10?2 cm™?) 3.37 3.37 3.7° 3.7
NTHCOMP r 2.33+0.01 2.32+0.01 2.28 +0.02 2.28 +£0.02
kT, (keV) 38+ 37105 8.7+0.8 8.7+0.5
kT seeq (keV) 0.58 +£0.02 = kT 0.63 +£0.03 = kT
NOTM¢ompt (x1072) 1.3+0.1 1.3+0.1 1.4+0.1 1.4+0.1
BBODYRAD kTy, (keV) - 0.57 +£0.04 - 0.64 +0.03
NOrMpy - <33 - <14
Ryp [km] ? - <13 - <12
F5 [0.5-10 keV] 1.49 + 0.01 1.54 = 0.01 1.93 +0.01 1.93 +0.01
F5 [2-10 keV] 1.33 £ 0.01 1.36 + 0.01 1.73 £ 0.01 1.73 £ 0.01
F5 [3-78 ke V] 1.77 £ 0.01 1.77 £ 0.01 2.02 +0.01 2.02 +0.01
Lé’( [103¢ erg s71] < 1.06 £0.51 < 1.06 £0.51 <2.56+043 <2.56 +£043
X%/dof 1.04/856 1.04/855 1.03/797 1.03/796

Notes. We used a thermal Comptonisation model, constxTBabsx (nthComp), with inp_Type = 0 and free kT .q. We also used a combined
model, constxTBabsx (nthComp+bbodyrad), in which kT, is tied to the BB temperature (k7). All parameter uncertainties are reported at the
90 per cent confidence level. * Corresponding parameter frozen during the fit. * Unabsorbed X-ray flux in units of 107'* erg cm™2 s7!. * Calculated
in the 3—78 keV range, assuming an upper limit of 7.2 + 1.4 kpc for SLX 1744-299 and 10.3 + 0.8 kpc for SLX 1744-300.

Similarly to the case of SLX 1744-299, the MCD plus
Comptonisation model produced unphysical results. This model
returned a seed photon temperature kT, = 0.76 = 0.03 keV. The
corrected inner disc radius, which we inferred from the diskbb
normalisation (Ngiskpp < 5.6 X 107°), was unphysically small
(Rgiskbb < 11 m for a 40° inclination and < 16 m for 70°). We
therefore did not consider this model further.

4.2. Type-l thermonuclear burst properties

SLX 1744-300 exhibited two thermonuclear Type-I bursts dur-
ing the NuSTAR observation. To characterise their temporal pro-
files, we fitted the burst profiles using the QDP Burs model®.
This model represents each burst as a linear rise followed by an
exponential decay, superimposed on a constant representing the
persistent emission level. The model is defined as:

Fopers I < fstart
t*tsu
R() = { Fpers + A - -t start < T < Ipeak @))]

tpcak_tshm
Fpers + A - e~ Utpeax)/Dr fpeak < I,

where Fe is the rate associated with the persistent emission.
Isart and fpeq are the burst start time and peak time, respec-
tively, indicating the onset and maximum intensity moments of

3See https://heasarc.gsfc.nasa.gov/docs/software/
ftools/others/qdp/nodel43.html

the burst. The parameter A is the burst amplitude above the per-
sistent level, and Dy is the decay time constant, which controls
the rate at which the burst count rate decreases after its peak.
The two bursts are shown at 1-s resolution in the insets of Fig. 4,
together with the best-fit model from Eq. 1. We implemented a
Monte Carlo sampling method to determine the 1o~ uncertainties
of the parameters, which are summarised in Table 2.

Burst-1 started at 30804.2*07 s and lasted 34.2 + 1.2 s. The
rise time was 1.5*)3 s, and the decay time was 7.2 + 0.3 s. The

emission preceding Burst-1 was measured at 9.3 + 0.8 cts s/,
reaching a peak of 402.5 cts s™'. Burst-2 started at 49033.2*01 s

and lasted 31.6 + 1.4 s. The rise and decay times were 1.4f8§ S
and 6.6+0.3 s, respectively. The emission preceding Burst-2 was
measured at 9.2 + 0.7 cts s, reaching a peak of 380.2 cts s~
The bursts are consistent with mixed H and He fuel (see Sec-
tion 5.2.2).

To investigate the spectral evolution during these events, we
also conducted a time-resolved spectroscopic study. We fitted
the spectra from each burst using a fixed model for the persis-
tent emission (i.e. a single thermal Comptonisation continuum),
while allowing a soft thermal BB component to vary (e.g., in’t
Zand et al. 2011; Degenaar et al. 2016). By exploring different
good time intervals, we achieved an optimal temporal resolution
of six spectra per burst.

This analysis showed spectral cooling in both bursts. For
burst-1, the thermal temperature cooled from 2.61 = 0.35 to
1.42 + 0.21 keV, while the apparent emission radius inferred
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Table 2: Best-fit burst parameters.

Burst N Burst start time  Burst duration Rise time Decay time Persistent emission Peak count rate
urst No
(s) (s) (s) (s) (ctss™) (ctss™")
1 30804.2J_r8:? 342+1.2 1.5f8:2 72+03 9.3+0.8 402.5
2 49033.21’8:‘1‘ 31614 1.4f8:§ 6.6 £0.3 9.2+0.7 380.2

Notes. The two type-1 X-ray bursts were modelled with the Burs model. Uncertainties correspond to 1o
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Fig. 3: Time-resolved spectral evolution of SLX 1744-299.
From top to bottom: unabsorbed 3-78 keV X-ray flux, photon
index ('), electron temperature (k7.), and seed-photon temper-
ature (kT geeq). Error bars represent 90 per cent confidence inter-
vals.

from the BB normalisation increased from 3.1*33 to 6.1*30 km,
assuming d = 10.3kpc. For burst-2, the temperature cooled
from 1.85 + 0.24 to 0.98 + 0.15 keV, while the apparent radius
increased from 4.1*}3 to 7.7*}% km. The corresponding bolo-
metric burst fluences (f;), derived from the time-resolved unab-
sorbed 0.01-100 keV fluxes, were (6.4+0.4)x 1078 erg cm~2 and
(5.1+0.4)x 1078 erg cm™2 for the first and second bursts, respec-

tively. We found no evidence of photospheric radius expansion
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in either event, which prevented us from further constraining the
source distance.

5. Discussion

Low-mass X-ray binaries at X-ray luminosities < 0.01Lgqq pro-
vide crucial insights into accretion physics, although their study
is often limited by observational constraints. The two LMXBs,
SLX 1744-299 and SLX 1744-300 offer an excellent opportu-
nity to probe this low-luminosity regime, as they are persistent
systems accreting at < 0.01 Lggg. However, their small angular
separation has historically made it difficult to disentangle their
individual contributions. For the first time above 10 keV, the ex-
ceptional spatial resolution and broad 3—78 keV energy coverage
of NuSTAR allowed us to carry out a detailed spectral and timing
study of these two sources.

5.1. The low-luminosity hard state

From the NuSTAR observation, we were able, for the first
time, to measure the integrated fractional rms (0.1-64 Hz) for
SLX 1744-299 and SLX 1744-300 individually. We obtained
values of ~ 21—23 per cent in both cases, consistent with the
sources being in the hard state during the observation (Mufioz-
Darias et al. 2014). The spectral analysis of the systems is con-
sistent with the above picture. The X-ray spectra of both sources
are well described by a simple absorbed thermally Comptonised
model.

The spectral fitting returned similar values of the photon in-
dices (I' ~ 2.3) and seed photon temperatures (kT seeq ~ 0.6 keV),
assuming the seed photons arise from the NS surface or bound-
ary layer. However, the electron temperature of the Comptonis-
ing corona differed between the two sources: for SLX 1744—-299
we found kT, =~ 38 keV, while for SLX 1744-300 it was kT, ~ 9
keV. These I' and kT, values translated to an optical depth* of
T~ 1.5 and ~ 4.4 for SLX 1744—-299 and SLX 1744-300, re-
spectively. During hard state, NS-LMXBs show higher electron
temperatures (k7. > 10 keV) and lower optical depths (7 < 3)
than in the soft state (where kT, < 5 keV and 7 > 5 is typi-
cally found; see e.g. Lin et al. 2007; Armas Padilla et al. 2017,
Burke et al. 2017). Hence, SLX 1744-299 is fully consistent
with typical hard state values while SLX 1744-300 shows a
slightly higher 7 than typical.

To test whether the thermal emission originates from the NS
surface or boundary layer, or from the inner disc, we added ei-
ther BB or MCD components to the Comptonisation model. We

4The electron scattering optical depth (7) is obtained following the
relation Ty = [9/4 + ((KTe/mec) 7 (1 +7/3)']"* = 1/2.
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Fig. 4: Left panel: Background-corrected NuSTAR light curve of SLX 1744-300 with a time bin of 1 s, including two Type-I bursts
superimposed on the persistent emission. The insets show each burst and the best-fit model from Eq. 1. Right panel: Unfolded
NuSTAR FPMA (red) and FPMB (black) spectrum (top) and residuals (middle) using the constxTBabsx (nthComp) model. The
bottom panel shows the fit residuals when using constxTBabsx (bbodyrad+nthComp).

found that the data (i.e. the NuSTAR band) did not statistically re-
quire any additional thermal component. Including a BB model,
the parameters of the Comptonisation component remained un-
changed. The BB temperature was consistent with the previous
seed photon temperature (kTy, ~ 0.6 keV), and the component
contributed approximately < 2 per cent and < 1 per cent to the
3-78 keV flux for SLX 1744-299 and SLX 1744-300, respec-
tively. When we replaced the BB with a MCD model, the fit
returned unphysically small inner-disc radii.

We note that the NuSTAR spectral coverage starts at 3 keV
and thus offers limited sensitivity to very soft thermal emis-
sion below that threshold. Nonetheless, the absence of a signifi-
cant soft component in our spectra is consistent with established
luminosity-dependent trends for NS-LMXBs: soft thermal com-
ponents typically contribute ~30-50 per cent of the 0.5-10 keV
emission at low luminosities Los_jo < 10% ergs™! (~ 20 per
cent in the 0.8-30 keV band), attributed to residual accretion on
the NS surface (Zampieri et al. 1995; Armas Padilla et al. 2013b;
Bahramian et al. 2017; Degenaar et al. 2013; Armas Padilla et al.
2013a; Arnason et al. 2015; Armas Padilla et al. 2018, 2017).
Above 10 ergs~!, however, this component weakens or, in
some cases, disappears (Armas Padilla et al. 2013a; Allen et al.
2015; Wijnands et al. 2015; Stoop et al. 2021). In this context,
several broad-band studies have shown that the dominant com-
ponent is thermal Comptonisation: the soft thermal component
typically contributes only < 10-20 per cent at energies up to
~ 80 keV, while the Comptonised continuum carries most of the
broad-band emission (e.g. Degenaar et al. 2015; Matranga et al.
2017; Ludlam et al. 2017; van den Eijnden et al. 2018). There-
fore, our estimated luminosities (Lx < 1.06 x 106 erg s7! for
SLX 1744-299 and Ly < 2.56x10% erg s~! for SLX 1744-300)
are consistent with hard-state NS-LMXBs in which any soft ther-
mal component contributes only a minor fraction of the 3-78
keV flux and remains undetectable in the NuSTAR band.

5.2. Variability across different timescales

The small angular separation between SLX 1744-300 and
SLX 1744-299 (~ 2.7 arcmin) has long hindered efforts to
measure their individual X-ray flux contributions. This limita-
tion was first overcome by Mori et al. (2005), who used an
XMM-Newton observation to spatially resolve the two sources
and report their respective 0.5-10 keV fluxes. In that work,
the absorbed 0.5-10 keV flux of SLX 1744-299 was reported
to be higher than that of SLX 1744-300 by a factor of 1.9,
with measured absorbed fluxes of 1.9 x 107! erg cm™2 s~! and
1.0 x 1071% erg cm™2 s7!, respectively. In contrast, our NuSTAR
observation provides, for the first time above 10 keV, spatially
resolved flux measurements over the 3—78 keV energy band. We
measured unabsorbed fluxes of 1.8 x 1071% erg cm™ 57! and 2 x
10719 erg cm=2 s7! for SLX 1744-299 and SLX 1744-300, re-
spectively, implying that SLX 1744-300 is now slightly brighter,
with a flux ratio of ~ 1.15 (~ 1.3 when extrapolated to the
0.5-10 keV band). We note that long-term monitoring of the
field by the Rossi X-ray Timing Explorer (in’t Zand et al. 2007)
also showed significant variability. In addition, our observations
show variability on timescales of a few tens of kiloseconds. All
the above suggests that the flux ratio between the two sources is
not fixed and that it changes across short and long timescales.

5.2.1. SLX 1744-299

We performed time-resolved spectroscopy on SLX 1744-299 to
trace its spectral evolution throughout the observation. Our anal-
ysis revealed a gradual flux decline of 28 per cent over the 79
ks exposure. As the flux decreased, the spectrum hardened: the
photon index decreased from ~ 2.4 to ~ 2.2, the seed-photon
temperature cooled from ~ 0.6 to ~ 0.2keV, and the coronal
temperature rose from ~ 20 to > 40keV. This spectral evolution
is consistent with a decreasing mass-accretion rate. A lower ac-
cretion rate supplied fewer seed photons from the boundary layer
or the inner accretion disc, making inverse-Compton cooling less
efficient. This reduced cooling allowed the coronal electrons to
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heat up, increasing kT, and hardening the emitted spectrum —
naturally explaining the observed evolution (see e.g. Done et al.
2007).

This steady decrease in source intensity is reminiscent
of the behaviour observed in other NS-LMXBs. In particu-
lar, similar trends have been reported for the transient UCXB
IGR J17494-3030 (Armas Padilla et al. 2013b) and the UCXB
candidate XTE J1709-267 (Degenaar et al. 2013). In both sys-
tems, XMM-Newton observations revealed a comparable decline
in flux at Lx < 10% erg s~!. However, unlike our case, time-
resolved spectroscopy showed that the decrease in intensity was
accompanied by a drop in the inferred temperature of the ther-
mal component, while the photon index (I') remained constant.
In those works, the flux decay was interpreted as the result of
decreasing low-level accretion onto the NS surface, which pro-
duced the observed soft thermal emission (we note that although
crustal cooling was initially suggested for XTE J1709-267, it
was later disfavoured; Armas Padilla et al. 2013b).

In our case, the NuSTAR low-energy limit (3 keV) prevents
us from constraining the soft thermal component, and therefore
from confirming or ruling out whether a similar trend is taking
place. Still, we observe a decrease in the seed photon temper-
ature, which we assume originates from the NS surface, sug-
gesting a potentially analogous scenario. However, we also de-
tect a clear spectral evolution in the Comptonisation compo-
nent, including an increase in the electron temperature and a
hardening of the photon index. These results suggest an overall
spectral evolution, encompassing both seed photon and Comp-
tonisation properties, suggesting that the fading was driven by
changes in the accretion rate. We note that it is also possible
that a similar evolution in the Comptonisation component took
place in the aforementioned cases of IGR J17494-3030 and
XTE J1709-267. However, this could not be properly charac-
terised in those studies due to the limited energy coverage of the
XMM-Newton observations, which made the hard X-ray spectral
shape more difficult to constrain.

5.2.2. SLX 1744-300

The system exhibited two Type-I X-ray bursts. Both events had
durations of about 30 s and displayed clear spectral softening,
with the BB temperature decreasing from ~ 2 keV to ~ 0.7 keV
during the decay, as typically observed during the cooling phase
of the NS photosphere following thermonuclear ignition (see
e.g. Lewin et al. 1993). The burst fluences were of the order of
f» = 5=7x1078 erg cm™2. We found no evidence of photospheric
radius expansion in either burst, consistent with previous obser-
vations (Chelovekov et al. 2017).

The detection of two bursts establishes an upper limit on the
recurrence time of 7. < 5 h during this epoch, refining the pre-
vious constraint of < 7.4 h reported by Chelovekov et al. (2017).
We note that additional bursts may have gone undetected during
data gaps caused by Earth occultations. The estimation of the
recurrence time helps constrain the burning regime, and thus the
fuel composition. The time typically required to exhaust accreted

hydrogen via stable burning is ty ~ 11 h (%) (%), where Zcno
is the CNO mass fraction and X the hydrogen mass fraction. For
solar-type metallicities, our derived 7. < 5 h is significantly
shorter than #y, implying that a substantial fraction of hydro-
gen remains at the onset of the thermonuclear runaway. This
favours mixed H/He burning (see, e.g., Cumming 2004).In this
case, we can adopt a representative value of @ ~ 40, typically

observed in mixed H/He bursts (Galloway et al. 2008), to ob-
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Fig. 5: Stability limits for non-irradiated C/O discs, irradiated
mixed-composition discs and irradiated solar-composition discs
based on Menou et al. (2002) and Lasota et al. (2008). In both
cases, the upper limits on the mass transfer rate reported in this
work yield upper limits on Py,

tain an order-of-magnitude estimate of the persistent bolometric
flux. The @ parameter is defined as the ratio between the accre-
tion fluence accumulated between bursts and the burst fluence
itself (¢ = FpersAt/ fo; Lewin et al. 1993). Using the measured
bolometric burst fluences together with the observed recurrence
time between the two bursts (Ar ~ 1.82 x 10* s), we infer a
bolometric persistent flux of ~ (1.1 — 1.4) x 1079 erg cm™2 7.
Assuming the distance upper limit of d < 10.3 kpc, this corre-
sponds t0 Lyers < 1.8 x 10°® erg s7!, in good agreement with the
luminosity independently inferred from the spectral fits to the
persistent emission.

5.3. Thermal-viscous stability constraints on the P, limits

One of the few indirect diagnostics available to identify UCXB
candidates in the absence of direct P,; measurements is their
persistent behaviour at low accretion rates. According to the
DIM (Lasota 2001; see also Coriat et al. 2012), systems accret-
ing at very low rates should be transient unless they have very
short orbital periods, even within the ultracompact regime. This
would allow their discs to remain fully ionised (i.e. thermally sta-
ble) even at low M (in’t Zand et al. 2007). To investigate whether
this could be the case for SLX 1744-299 and SLX 1744-300,
we estimated their mass accretion rates (M,..) from their ob-
served persistent X-ray luminosities using Ly = 1c? Mo and
assuming a radiatively efficient scenario (i.e. n = 0.1; e.g. Coriat
et al. 2012). These values were then compared with the critical
stability thresholds predicted by DIM, in which thermal—viscous
stability is governed by the mass-transfer rate from the donor
star (assuming Mianser = Mace) and the orbital period (Pog).

For SLX 1744-299, the persistently faint X-ray luminosity
of Lx < 1.06 x 10°® erg s! implies Myee < 1.9 x 10710M, yr=!.
Comparing the inferred M,.. with the critical stability thresholds
predicted by the DIM, we find that a persistently stable disc at
this accretion rate requires an orbital period Py < 90 min, indi-
cating that an ultracompact nature is a highly plausible scenario
(see Fig. 5). In fact, this low accretion rate, together with the
detection of slow-recurrence, intermediate-duration bursts, had
already led to the source being proposed as a UCXB candidate
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and included in catalogues of such systems (in’t Zand et al. 2007;
Armas Padilla et al. 2023).

For SLX 1744-300, we inferred an X-ray luminosity of
Lx < 2.56 x 10% ergs™!, corresponding to My < 4.5 x
10710 M, yr’1 and P,y < 155 min. This constraint on Pgy,
is therefore compatible with a short-period LMXB, including a
UCXB. As a matter of fact, if the actual distance were < 6.5 kpc,
the inferred mass accretion rate would lie just above the instabil-
ity threshold for such systems (i.e. Py, < 80 min). However,
given that P, values above this threshold are allowed, and con-
sidering the properties of the short burst (Sec. 5.2.2) detected in
this source, we note that SLX 1744—-300 is a significantly weaker
UCXB candidate than SLX 1744-299.

The UCXB interpretation can also be compared with the ho-
mogeneous NuSTAR study of confirmed UCXBs by Borghese
et al. (2026). In that work, hard-state UCXBs, with luminosities
in the ~ 10*> — 10%” erg s~! range, were generally described with
two- or three-component models including one or two thermal
components associated with the NS surface or boundary layer,
the accretion disc, or both, together with a dominant Comp-
tonised continuum. These systems displayed BB temperatures
of kTgg ~ 0.5 — 1.5 keV, disc temperatures of kT gisc ~ 0.4 — 0.8
keV, electron temperatures of kT, ~ 10 — 40 keV, and photon in-
dices of I' ~ 1.8 —2.0. Both SLX 1744-299 and SLX 1744-300
broadly fall within the above ranges, although their photon in-
dices (I' ~ 2.3) are somewhat softer than the average values
found in that sample. In particular, the coronal temperature de-
rived for SLX 1744-299 (kT. ~ 38 keV) lies well within the
range observed in hard-state UCXBs, while SLX 1744-300
(kT. ~ 9 keV) lies at the lower end of the distribution.

A notable difference, however, is that our NuSTAR spectra
do not statistically require additional thermal components, and
any such contribution remains minimal when included. In the
homogeneous UCXB study by Borghese et al. (2026), only two
sources, IGR J17494-3030 and 47 Tuc X-9, did not require ther-
mal components. This may be related to their significantly lower
luminosities of ~ 103 — 103 erg s~!, although poorer counting
statistics may also play a role. In this context, the absence of a
thermal component in our spectra could also indicate luminosi-
ties closer to the ~ 10*° erg s~! regime, which would be possible
if the distances to SLX 1744—299 and SLX 1744-300 are signif-
icantly below the current upper limits. Overall, the comparison
remains compatible with a UCXB interpretation for both sys-
tems, although the case appears stronger for SLX 1744-299.

6. Conclusion

We analysed a NuSTAR observation, which enabled us to sep-
arate the contributions of the NS-LMXBs SLX 1744-299 and
SLX 1744-300 (located only ~2.7 arcmin apart) in the hard
energy band for the first time. We find SLX 1744-300 to be
slightly brighter, with a flux ratio of ~ 1.15 in the 3-78 keV
band (~ 1.3 when extrapolated to the 0.5-10 keV band). The av-
erage spectra of both sources are well described by a thermally
Comptonised model, which returned spectral parameters consis-
tent with those of NS-LMXBs during the low-luminosity hard
state. This is in agreement with the high fractional rms values
(~21-23 per cent) measured in both cases. The evolution of both
sources throughout the ~ 80 ks covered by the observation was
markedly different. While SLX 1744—-299 showed a constant de-
crease in flux, likely due to variations in the mass-accretion rate,
SLX 1744-300 remained steady but exhibited two short Type I
bursts consistent with mixed hydrogen/helium burning.

These observations, combined with previously reported up-
per limits on the distance, yield low persistent X-ray luminosi-
ties of Lx < 1.1 x 10% erg s™! and Lx < 2.6 x 10 erg s™! for
SLX 1744-299 and SLX 1744-300, respectively. By compar-
ing the inferred mass-accretion rates (from these luminosities)
with the critical values for disc stability predicted by the DIM,
we found Pyp < 90 min and Py, < 105-155 min. While both
constraints are technically compatible with the UCXB regime,
the former case (i.e. SLX 1744-299) is significantly more ro-
bust, not only based on these values but also in light of the
intermediate-duration burst previously reported for this source.
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