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ABSTRACT

We report on multi-band observations of the transient source Swift J0840.7−3516, which was detected in outburst in 2020 February
by the Neil Gehrels Swift Observatory. The outburst episode lasted just ∼5 days, during which the X-ray luminosity quickly decreased
from LX ≈ 3 × 1037d2

10 erg s−1 at peak down to LX ≈ 5 × 1033d2
10 erg s−1 in quiescence (0.3−10 keV; d10 is the distance to the source

in units of 10 kpc). Such a marked and rapid decrease in the flux was also registered at UV and optical wavelengths. In outburst, the
source showed considerable aperiodic variability in the X-rays on timescales as short as a few seconds. The spectrum of the source
in the energy range 0.3−20 keV was well described by a thermal, blackbody-like, component plus a non-thermal, power law-like,
component and it softened considerably as the source returned to quiescence. The spectrum of the optical counterpart in quiescence
showed broad emission features mainly associated with ionised carbon and oxygen, superposed on a blue continuum. No evidence
for bright continuum radio emission was found in quiescence. We discuss possible scenarios for the nature of this source and show
that the observed phenomenology points to a transient ultra-compact X-ray binary system.

Key words. methods: data analysis – methods: observational – techniques: spectroscopic – X-rays: binaries –
X-rays: individuals: Swift J0840.7–3516

1. Introduction

Low-mass X-ray binaries (LMXBs) are systems where a com-
pact object (a neutron star, NS, or a stellar-mass black hole,
BH) accretes matter from a low-mass (M . 1 M�) donor star
(Frank et al. 2002). Many LMXBs spend most of their time in
quiescence with little or no mass accretion taking place, but they
can undergo sporadic accretion outbursts where the X-ray lumi-
nosity can increase up to 5−6 orders of magnitude above quies-
cence, up to LX ∼ 1038−1039 erg s−1. The quiescent phase can
be as long as decades, whereas the outbursts typically last from
weeks to months, and even years (e.g. Tetarenko et al. 2016).
Such a transient behaviour is commonly ascribed to thermal-
viscous instabilities in the accretion disk around the compact
object (e.g. Hameury & Lasota 2016; for a review, see Hameury
2020).

Ultra-compact X-ray binaries (UCXBs) are a sub-class of
LMXBs that are characterised by orbital periods shorter than
80 min and a hydrogen-deficient donor star, such as a non-
degenerate helium star or a white dwarf (Nelson et al. 1986;
Savonije et al. 1986; for a review, see Nelemans & Jonker 2010).
Currently, there are 24 known UCXBs with a measured orbital
period and a further 15 systems have been classified as candi-
date UCXBs (Sazonov et al. 2020; Ng et al. 2021). To date, all

confirmed UCXBs have been found to harbour a NS accretor,
while for some candidates the nature of the accretor has not been
established conclusively (e.g. Bahramian et al. 2017).

Due to the peculiar nature of the donor star in UCXBs, the
chemical composition of the accreting material in these systems
is expected to be significantly different from that of LMXBs har-
bouring main sequence donor stars. In fact, observations have
shown that the disk material in UCXBs contains elements such
as helium, carbon, and oxygen (and in some cases neon and
magnesium) in large relative amounts (e.g. Nelemans et al. 2004,
2006; Werner et al. 2006). On the other hand, hydrogen is typi-
cally the most abundant element in the majority of LMXBs.

On 2020 February 5 at 06:35:51 UT, the Burst Alert Tele-
scope (BAT) on board of the Neil Gehrels Swift Observa-
tory triggered and located a burst of gamma rays (Evans et al.
2020). Observations with the Swift X-ray Telescope (XRT)
and the Gas Slit Camera (GSC) on board of the Monitor of
All-sky X-ray Image (MAXI) revealed an X-ray counterpart
to the burst (Niwano & MAXI Team 2020), showing consid-
erable flaring activity over the subsequent hours, as detected
using the Swift/XRT and the Neutron Star Interior Composi-
tion Explorer (NICER; Iwakiri et al. 2020). These properties
and the source proximity to the Galactic plane (Galactic lati-
tude of b ' 4.0◦) cast doubt on an interpretation in terms of
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Table 1. Log of pointed X-ray observations, spectral parameters, and X-ray fluxes of J0840.

Instrument (a) Obs.ID Start Stop Exposure Count rate (b) kTBB RBB
(c) FX,obs

(d) FX,unabs
(d) Th. fraction (e)

YYYY-MM-DD hh:mm:ss (TT) (ks) (counts s−1) (keV) (km) (×10−11 erg cm−2 s−1) (%)

Swift/XRT (WT) 00954304000 2020-02-05 06:38:33 2020-02-05 06:40:03 0.1 30.5± 0.6 1.55± 0.06 4.7+0.3
−0.5 184± 7 216± 4 57± 5

Swift/XRT (WT) 00954304001 2020-02-05 07:52:25 2020-02-05 16:11:53 0.8 22.8± 0.2 1.16± 0.02 6.0± 0.3 123± 2 152± 2 45± 2
Swift/XRT (PC) 00954304001 2020-02-05 10:00:19 2020-02-05 16:17:53 2.7 0.52± 0.01 0.48± 0.03 4.2+0.4

−0.6 3.0± 0.2 4.2± 0.2 25± 5
NICER/XTI 2201010101 2020-02-05 14:43:34 2020-02-05 21:09:00 1.3 2.15± 0.05 – – – –
Swift/XRT (PC) 00954304002 2020-02-06 11:13:26 2020-02-06 14:40:52 1.0 0.061± 0.008 0.32± 0.04 4.3+0.8

−0.6 0.44± 0.07 0.7± 0.1 28± 12
NICER/XTI 2201010102 2020-02-06 15:27:10 2020-02-06 23:20:50 1.8 3.78± 0.05 – – – –
Swift/XRT (PC) 00954304005 2020-02-06 22:29:17 2020-02-07 03:02:50 3.3 0.176± 0.007 0.25± 0.05 7.6+1.9

−2.7 0.90± 0.06 1.4± 0.1 15± 6
NICER/XTI 2201010103 2020-02-07 00:44:31 2020-02-07 21:03:51 7.2 1.52± 0.02 – – – –
Swift/XRT (PC) 00954304003 2020-02-07 14:12:57 2020-02-07 16:17:52 2.8 0.084± 0.006 0.30± 0.03 4.4+0.7

−1.0 0.34± 0.03 0.53± 0.04 31± 7
NICER/XTI 2201010104 2020-02-08 03:02:14 2020-02-08 23:52:00 2.7 1.04± 0.03 – – – –
NuSTAR/FPMA 90601304002 2020-02-08 07:01:09 2020-02-09 06:56:09 42.4 0.050± 0.001 ( f ) 0.34± 0.05 2.7+2.1

−0.7 0.25± 0.03 0.38± 0.04 29± 9
NuSTAR/FPMB 90601304002 2020-02-08 07:01:09 2020-02-09 06:56:09 41.5 0.045± 0.001 ( f ) 0.34± 0.05 2.7+2.1

−0.7 0.25± 0.03 0.38± 0.04 29± 9
Swift/XRT (PC) 00954304004 2020-02-08 10:55:58 2020-02-08 17:36:53 3.8 0.060± 0.004 ( f ) 0.34± 0.05 2.7+2.1

−0.7 0.25± 0.03 0.38± 0.04 29± 9
NICER/XTI 2201010105 2020-02-09 01:08:35 2020-02-09 23:06:40 12.7 0.86± 0.01 – – – –
Swift/XRT (PC) 00954304007 2020-02-09 07:33:15 2020-02-09 17:18:53 4.1 0.029± 0.003 0.12± 0.07 10.1+3.2

−4.8 0.18± 0.02 0.34± 0.01 14± 9
Swift/XRT (PC) 00954304008–067 2020-02-10 13:52:00 2021-02-10 17:28:16 207.2 0.0028± 0.0001 (g) 0.11± 0.01 13.5+5.5

−3.6 0.013± 0.001 0.035± 0.006 46± 6

Notes. The spectra were fitted using an absorbed blackbody plus power-law model, fixing the column density to NH = 4.6 × 1021 cm−2 and the
photon index to Γ = 1.77 (see Sect. 3.3 for more details). (a)The instrumental setup is indicated in brackets: PC = photon counting, WT = windowed
timing. (b)Average net count rate. It is in the 0.3−10 keV energy range, except for NICER (0.5−5 keV) and NuSTAR (3−20 keV). (c)The blackbody
radius was calculated assuming a distance of 10 kpc. (d)All fluxes are in the 0.3−10 keV energy range. (e)The thermal fraction was evaluated as
the ratio between the unabsorbed flux of the blackbody component and that of the total emission over the energy range 0.3−10 keV. ( f )Datasets of
these observations were fitted together. (g)Datasets of these observations (59 in total) were merged.

a ‘canonical’ gamma-ray burst of extragalactic origin, suggest-
ing a transient source within the Galaxy instead. The source was
dubbed Swift J0840.7−3516. Observations with ground-based
telescopes uncovered an optical counterpart with a rapidly fad-
ing emission during the first ∼20 h after the initial burst detection
(Melandri et al. 2020; Malesani et al. 2020).

This paper presents the results of follow-up X-ray, UV, opti-
cal, and radio observations of Swift J0840.7−3516, aimed at
identifying the nature of this transient. We show that the phe-
nomenology of this source is consistent with what is expected
from an UCXB. The paper is structured as follows: we describe
the observations and the data analysis in Sect. 2 and report the
results in Sect. 3. A discussion and conclusions follow in Sects. 4
and 5.

2. Observations and data reduction

2.1. X-ray observations

Table 1 reports a journal of all pointed X-ray observations of
Swift J0840.7−3516 (J0840) analysed in this work. In the fol-
lowing, we describe the data processing and analysis. All pho-
ton arrival times were referred to the Solar System barycenter
using the position derived from data taken with the X-shooter
spectrograph mounted on the Very Large Telescope (VLT),
RA = 08h40m40s.94, Dec =−35◦16′25′′.1 (J2000.0; uncertainty
of 0.2′′; Malesani et al. 2020). The spectral analysis was per-
formed using the xspec fitting package (Arnaud 1996). Here-
after, all uncertainties are quoted at a confidence level (c.l.) of
1σ, unless otherwise stated.

2.1.1. Swift /BAT

The alert that led to the discovery of J0840 started with an
on-board BAT image trigger (Id. 954304, Evans et al. 2020)
and the prompt spacecraft slew. The spectral products and the
other pieces of information discussed in Sect. 3.1 were all
obtained from a standard analysis of the BAT event data using

the instrument-specific tasks in the FTools software package
v6.28.

2.1.2. Swift /XRT

The Swift/XRT (Burrows et al. 2005) monitored extensively
J0840 since the burst trigger. Observations were performed with
a daily cadence during the first two weeks, about once per
week from late February until the end of August 2020 and once
every two weeks since then and until one year after the discov-
ery of the source. Except for the two prompt post-burst obser-
vations in the windowed timing mode (WT; readout time of
1.8 ms), all data were acquired in the photon counting mode
(PC; 2.51 s). The data sets were processed using standard screen-
ing criteria. We extracted source event lists and spectra using
a rectangular region of 40× 20 pixels centred on the source for
WT-mode data and a circle with a radius of 20 pixels (1 XRT
pixel '2.36 arcsec) for PC-mode data. Background event lists
and spectra were collected using a 40× 20 pixels box far from
the source for WT-mode data and an annulus centred on source
with radii of 40 and 80 pixels (free of sources) for PC-mode
data. Background-subtracted spectra were extracted separately
for the observations between 2020 February 5−9, while a com-
bined spectrum was created from all the subsequent pointings,
where the source attained a steady X-ray intensity level (total
exposure time of ∼207.2 ks). All spectra were then grouped to
contain a minimum of 20 counts per energy bin.

2.1.3. NuSTAR

NuSTAR (Harrison et al. 2013) observed J0840 on 2020 Febru-
ary 8−9 for an on-source exposure time of ∼42 ks. Data were
processed and analysed using nustardas v. 2.0.0 and caldb
v. 20200813. For both focal plane modules (FPMs), the source
signal-to-noise ratio (S/N) was maximum over the 3−20 keV
energy range (S/N ∼ 34 for the FPMA and ∼33 for the FPMB).
The subsequent analysis was thus limited to this energy inter-
val. Source photons were collected within a circle of radius
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80 arcsec, while background photons were extracted from a cir-
cle of the same size far from the source and on the same
detector. We extracted background-subtracted light curves and
spectra using nuproducts. Light curves from each FPM were
then combined to increase the S/N. Spectra of both FPMs were
grouped to have at least 50 counts per energy channel.

2.1.4. NICER

The X-ray Timing Instrument (XTI) on board NICER
(Gendreau et al. 2012) monitored J0840 intensively over the first
week since the burst trigger. We processed and screened the
datasets using nicerdas v7a and standard criteria. We addition-
ally extracted the light curves of all observations in the range
12−15 keV with a time bin of 1 s, and removed instances of
background flares by applying intensity filters. We estimated the
background count rate and extracted the background spectra for
each observation using the tool nibackgen3C50 (v6f). Emis-
sion from the source was detectable over the background only
during the first five observations and over a narrow energy range
in all cases (0.5−5 keV in obs.ID 2201010102 and 0.8−3 keV in
the other four observations), precluding an adequate modelling
of the spectra and meaningful constraints on the spectral param-
eters. Hence, we refrain here from performing spectral analysis
of these data.

2.2. UV and optical observations

2.2.1. Swift /UVOT

The Swift Ultraviolet and Optical Telescope (UVOT;
Roming et al. 2005) observed J0840 all along the outburst
using different UV and optical filters. Source photons were
extracted adopting a circle of radius 3 arcsec centred on the
position of the target. Background photons were collected from
a closeby circle of radius 10 arcsec. Photometry was carried
out for all observations using the uvotsource task, applying
aperture corrections.

2.2.2. GTC

The Gran Telescopio Canarias (GTC) observed J0840 using
the Optical System for Imaging and low-Intermediate Resolu-
tion Integrated Spectroscopy (OSIRIS; Cepa et al. 2000). An
imaging visit was performed starting on 2020 February 18 at
23:46:31 UTC (MJD 58897.991), and consisted of 3 × 80 s
images in each of the g′, r′ and i′ filters. The source was observed
at high airmass (2.3) and in poor seeing conditions (between 1.4′′
and 2′′).

Following this observation, we performed spec-
troscopy starting on 2020 February 20 at 23:55:20 UTC
(MJD 58899.997). The observations consisted of 3×900 s expo-
sures using the grism R1000B and a slit width of 1.0′′, covering
the wavelength range from 3700 to 7800 Å with a resolution
of 9.18 Å. The seeing was about 1.3′′. The spectrophotometric
calibration was performed with respect to the G191-B2B
reference star. The reduction and calibration of the spectra were
performed with custom scripts based on the iraf package. The
spectra were then combined and averaged to increase the S/N.

2.3. Radio observations

The Australia Telescope Compact Array (ATCA) observed
the field of J0840 on 2020 February 11, between 14:50 and

19:10 UT (MJD 58890.618−58890.799), for a total on-source
time of ∼4 h (project code CX458). The radio data were recorded
simultaneously at central frequencies of 5.5 and 9 GHz, with
2 GHz of bandwidth at each frequency. Each frequency band
was comprised of 2048 1 MHz channels. PKS 1934−638 was
used for bandpass and flux calibration, while PKS B0826−373
was used as the nearby phase calibrator. Data were edited
for radio frequency interference, weather, and system issues,
before being calibrated and imaged following standard proce-
dures in the Common Astronomy Software Application (casa;
McMullin et al. 2007). The field was imaged using a natural
weighting (a Briggs robust parameter of 2) to maximise the sen-
sitivity of the observations. The source was not detected in our
radio observations. The reported 3-σ upper-limit on the radio
flux density was determined as 3 times the local rms over the
source position.

3. Results

3.1. BAT characterization of the burst

An image trigger is generated when the BAT detects a rate
increase and then finds a point source in a readily-performed
image reconstruction of the sky. In the case of J0840, the
point source had a S/N = 10.5 and was found at the posi-
tion RA = 08h40m40s.1, Dec =−35◦16′02′′.9 (90% error radius:
2.1 arcmin). The T90 duration (the time interval containing 90%
of the counts), as computed by the Bayesian blocks algorithm
battblocks, was 210 ± 20 s.

Several simple models can describe the BAT spectrum (in the
T90 duration range) of J0840 in the 15−150 keV energy range
(Evans et al. 2020; Stamatikos 2020). For example, a power law
(photon index of Γ = 2.3 ± 0.1, reduced chi squared χ2

r = 1.26
for 56 degrees of freedom, d.o.f.), an optically-thin thermal
bremsstrahlung (kT = 42 ± 6 keV, χ2

r = 1.06 for 56 d.o.f.), a
blackbody (temperature of kTBB = 8.7 ± 0.5 keV, χ2

r = 1.12
for 56 d.o.f.), or a cut-off power-law (Γ = 0.3 ± 0.7, cut-off
energy of Ec = 19+10

−6 keV, χ2
r = 1.03 for 55 d.o.f.). For the latter

model, which gives the best fit, the T90 fluence was 1.25+0.10
−0.08 ×

10−6 erg cm−2 (15−150 keV). The flux of the burst extrapolated
to the energy range 0.3−10 keV was ≈2 × 10−9 erg cm−2 s−1.

3.2. X-ray variability and searches for periodic emission

The X-ray time series reveal considerable variability on
timescales of minutes in all observations performed in outburst,
in the form of drops in the count rates as well as erratic flares
(Fig. 1). We checked the NICER and NuSTAR time series for the
presence of periodic dips adopting different time bins, but found
none. To study the aperiodic time variability, we extracted the
power density spectra for all NICER and NuSTAR data sets. We
sampled the time series of each observation with a time bin of
2−8 s and calculated power spectra into time intervals of length
29 s using the fractional rms-squared normalization. We then
rebinned the resulting average spectrum as a geometric series
with a step of 0.3. The power density spectra are shown in Fig. 2.
Except for the first NICER observation, the aperiodic variabil-
ity of J0840 is characterised in all cases by a noise component
that increases towards lower frequencies below ≈1 Hz. We mod-
elled the power density spectra using a function of the form
P(ν) = K + Cν−β, accounting for the white noise (first term) and
red noise (second term) components. The best-fitting values for
the power-law index and the fractional r.m.s. variability ampli-
tudes evaluated at frequencies below 1 Hz for all observations
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Fig. 2. Power density spectra extracted from NICER (0.5−5 keV) and NuSTAR (3−20 keV) data. The red solid lines mark the best-fitting model
to the power spectra (see text for details). The best-fitting values for the power-law index, the rms variability amplitudes below 1 Hz and the χ2

r
values with the d.o.f. of the fits are also shown. Post-fit residuals are shown in the bottom panels. Uncertainties are at 1σ c.l.

are shown in Fig. 2. We observe large values of the variability
amplitude, up to 0.92 ± 0.09 in the NuSTAR observation. Simi-
lar values were derived when averaging power spectra computed
over shorter time lengths (down to 27 s), and/or when applying

different geometrical rebinning factors to the averaged spectrum.
We found no evidence for variability features over restricted fre-
quency ranges (e.g. quasi-periodic oscillations) in any of the
power spectra.
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We searched for coherent signals in the NICER light curves
in the 0.5−5 keV energy range by adopting the recipe outlined
by Israel & Stella (1996) and taking into account also the effects
of signal smearing introduced by the presence of a first period
derivative component Ṗ induced by an orbital motion. We cor-
rected the photon arrival times by a factor − 1

2
Ṗ
P t2 for a grid of

about 1800 points in the range 5× 10−6 < | ṖP (s−1)| < 10−11

(see Rodríguez Castillo et al. 2020 for details). No significant
peak was found. Figure 3 shows the 3σ upper limits to the
pulsed fraction (defined as the semi-amplitude of the sinusoid
divided by the average count rate) obtained in two cases: maxi-
mizing the Fourier resolution T−1

obs (where Tobs is the observation
length; black points), and extending the search down to periods
of the order of milliseconds (red points). In the best cases, we
obtained upper limits around 8−12% and 6−7% in the period
ranges 1.6−50 ms and 50 ms−1 s, respectively.

We also inspected the Swift/XRT data acquired in quiescence
for the presence of a possible modulation of the soft X-ray emis-
sion at periods in the range from days to months. We found no
evidence for any periodicity on these timescales.

3.3. X-ray spectrum in outburst and spectral evolution

We modelled the broad-band spectrum extracted using quasi-
simultaneous data acquired by NuSTAR and Swift/XRT (obs.ID:
00954304004). We included a renormalization factor in the mod-
elling to account for intercalibration uncertainties, as well as for
possible differences in the X-ray flux registered by the two obser-
vatories (NuSTAR continued observing the source for ∼13.5 h
after the end of the Swift/XRT observation, over a time inter-
val of significant X-ray variability; see Table 1 and Fig. 1).
For all the models tested, the correction was always smaller
than 10%. Single-component models such as a blackbody, a
bremsstrahlung, a multicolour blackbody emission model from
an accretion disk (diskbb in xspec), or optically thin thermal
plasma emission models (mekal and apec; Smith et al. 2001)
are rejected by the data (χ2

r ≥ 1.6 for 99 d.o.f. in all cases).
An absorbed power-law model provides instead a more accept-
able result (χ2

r = 1.16 for 99 d.o.f.). However, based on F-tests,
we deem that the broad-band spectrum is better described by
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Fig. 4. Broad-band X-ray spectrum of J0840 in outburst, extracted from
quasi-simultaneous Swift/XRT and NuSTAR data. The best-fitting black-
body plus power-law model corrected for absorption is indicated using
the solid line. Post-fit residuals are also shown in the bottom panel.

a double-component model comprising also a thermal com-
ponent at low energies, such as an absorbed blackbody plus
power-law model. We derived χ2

r = 1.04 for 97 d.o.f. and an
F-test probability of chance improvement of ∼2 × 10−3 (see
Fig. 4). The best-fitting parameters are NH = 4.6+1.3

−1.0×1021 cm−2,
kTBB = 0.35 ± 0.06 keV, RBB = 2.7+2.1

−0.7 km (assuming a distance
of 10 kpc), Γ = 1.77+0.06

−0.07. The observed flux over the 0.3−20 keV
energy band was (3.2 ± 0.3) × 10−12 erg cm−2 s−1, with a frac-
tional contribution of the thermal component of '30% in the
same band. A double-blackbody model gives instead a much
worse description of the data (χ2

r = 1.56 for 97 d.o.f.). More
sophisticated models are beyond the scope of this work.

We did not find evidence for the presence of broad emis-
sion or absorption features in the spectrum. We included an addi-
tional Gaussian component with centroid allowed to vary in the
energy range 6.4−6.97 keV and set 3σ upper limits of 40−80 eV
on the equivalent width associated with any iron emission line
with widths in the range 0.1−0.4 keV.

To assess the overall evolution of the source spectrum and
flux along the outburst decay, we then fit the absorbed BB+PL
model to the Swift/XRT spectra extracted separately from each
observation. The limited energy range covered by the XRT
together with the relative scarce photon counting statistics at
high energies do not allow us to track in detail the evolution
of the thermal and nonthermal spectral components. In the fol-
lowing, we assume that the power-law component is present all
along the outburst decay down to quiescence and that its slope
does not vary in time (see Sect. 4 for a more in-depth discussion
on this assumption). For the joint fits, we thus fixed the photon
index to the value derived from the analysis of the broad-band
spectrum, Γ = 1.77. The column density was also held fixed to
the above value, NH = 4.6 × 1021 cm−2. All other parameters
were allowed to vary. We obtained χ2

r = 1.08 for 674 d.o.f.
The results of the spectral analysis are reported in Table 1.

We observe a clear overall softening in the spectrum, with
the blackbody temperature decreasing from an initial value of
∼1.5 keV at the outburst peak down to ∼0.1 keV in quiescence.
The observed flux rapidly decayed from ∼1.8 × 10−9 to ∼3 ×
10−11 erg cm−2 s−1 over the first 3 hr after the trigger, and then
down to a steady value of ∼1.3 × 10−13 erg cm−2 s−1 over the
subsequent few days (here and in the following, all fluxes are
quoted in the 0.3−10 keV energy range). J0840 has been linger-
ing at such X-ray flux level since then.
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Fig. 5. Top: optical images acquired by GTC/OSIRIS on 2020 February 18. Saturation blooming due to a nearby star is evident in the i-band
image. The position of J0840 is marked with a red circle. North is up, east to the left. Bottom: extinction-corrected optical spectrum of J0840 in
quiescence plotted together with a spectrum of the UCXB 4U 0614+091 acquired in archival observations with VLT/X-shooter. The original data
are indicated in grey, the same data convolved with a Gaussian function of width 5 Å are marked in black. The best fitting blackbody model for
the continuum of J0840 is overplotted with an orange line. The most prominent emission features of J0840 are labelled in red. The wavelengths
of the Hα and Hβ lines are marked in blue. The carbon and oxygen lines identified by Nelemans et al. (2004) are marked using brown and blue
dotted lines. The broad absorption feature at ∼7600 Å is due to the telluric (atmospheric) O2 absorption feature.

The field of the source was also covered by XMM-Newton
slew observations eight times between November 2004 and
May 2019, before the outburst onset. J0840 was undetected
in all these pointings. The deepest limit on the count rate at
the source position, <0.9 counts s−1 (3σ; 0.2−12 keV), translates
into an observed flux of <2 × 10−12 erg cm−2 s−1, assuming the
Swift/XRT quiescent spectrum. This limit is compatible with the
quiescent flux measured in the stacked Swift/XRT observations
performed since 2020 February 10.

3.4. The optical and UV emission

3.4.1. Photometry

The UV counterpart was detected using the Swift/UVOT at a
magnitude of ∼17 soon after the burst trigger (here and in the fol-
lowing, magnitudes are reported in the Vega system). It decayed
to ∼18.5 a few hours later, then down to ∼20.3 on February 6
and faded below the instrument detection sensitivity in expo-
sures taken over the next days and from then on (with typical 5σ
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Table 2. Log of UV and optical photometric observations and source
magnitudes or upper limits.

Instrument (filter) Start Exposure Magnitude (a)

(TT) (s)

Swift/UVOT (UVW2) 2020-02-05 06:38:30 246 17.32± 0.11
Swift/UVOT (UVW2) 2020-02-05 07:52:30 261 17.02± 0.10
Swift/UVOT (UVW2) 2020-02-05 08:13:46 400 17.32± 0.10
Swift/UVOT (UVW2) 2020-02-05 09:59:37 197 18.44± 0.19
Swift/UVOT (UVW2) 2020-02-05 11:14:57 598 18.51± 0.13
Swift/UVOT (UVW2) 2020-02-05 14:15:21 93 >18.1
Swift/UVOT (UVW2) 2020-02-05 16:11:52 358 >19.2
Swift/UVOT (UVW2) 2020-02-06 11:13:28 548 >19.3
Swift/UVOT (UVW2) 2020-02-06 22:29:06 3372 20.27± 0.19
Swift/UVOT (UVW2) 2020-02-07 14:13:01 912 >19.9
Swift/UVOT (UVW2) 2020-02-08 10:56:02 1250 >20.1
Swift/UVOT (UVW2) 2020-02-09 07:33:19 4041 >20.5
GTC/OSIRIS (r) 2020-02-18 23:47:40 3× 80 ∼21

Notes. (a)For Swift/UVOT, magnitudes are reported only for observa-
tions performed in outburst. Values are in the Vega system. 5σ upper
limits are quoted in fvcase of non-detection.

upper limits of >20.5 in 4 ks exposures). To assess whether the
emission decay pattern in the UV band is similar to that observed
in the X-rays, we first attempted fitting the time evolution of the
XRT count rates (averaged over chunks of variable lengths) and
of the UVOT fluxes (in the single images) using different simple
models, such as one or two power laws, a power law plus a linear
term, a broken power law, one or two exponential functions and
a smoothed fast-rise exponential-decay model. However, none of
these models is able to capture the large stochastic flux variabil-
ity of J0840, yielding statistically unacceptable fits. To obtain a
rough estimate of the decay timescales, we can evaluate the over-
all flux variation observed over the first two days of the outburst,
∆ ≡ ∆F/∆t, where ∆F ≡ Fmax/Fmin. We obtain ∆X ≈ 3.5 h−1

and ∆UV ≈ 0.45 h−1. This rough estimate implies that, during the
earliest outburst phases, the flux decayed at a rate that is a factor
of ≈8 faster in the X-rays than in the UV band.

The optical counterpart was detected at magnitudes r '
16.3 about 20 min after the BAT burst (Melandri et al. 2020)
and r ' 17.5 about 2.3 h later (Malesani et al. 2020). The top
panel of Fig. 5 shows the calibrated optical images acquired
using GTC/OSIRIS about two weeks later, when the source had
already returned to quiescence according to the X-ray observa-
tions (see Table 2). The source appears slightly blended with a
nearby star, which may affect the reliability of the photometry.
The i-band image is also affected by a blooming spike from a
bright red source located about 25 arcsec north. J0840 is detected
at an average magnitude r ' 21 in these images.

From the relation between absorption column density and
optical extinction by Foight et al. (2016) and the NH = 4.6 ×
1021 cm−2 derived from the spectral fits of the persistent emis-
sion, we can estimate AV ∼ 1.60, E(B − V) ∼ 0.52. From
the extinction curves by Fitzpatrick et al. (2019), we derive
AUVW2 ∼ 4.8 (at 2086 Å), Ar′ ∼ 1.3 (at 6332 Å). At the out-
burst peak, the de-reddened UV and optical magnitudes are then
UVW2∼ 12.2 and r ∼ 15.0, respectively, giving de-absorbed
X-ray-to-UV/optical flux ratios of FX/FUV ≈ 15 and FX/FOPT ≈
120. In quiescence, the de-reddened optical magnitude of r ≈ 20
yields comparable X-ray and optical fluxes, FX/FOPT ≈ 2.

3.4.2. Spectroscopy

The bottom panel of Fig. 5 shows the flux-calibrated opti-
cal spectrum of J0840 in quiescence, corrected for extinction

Table 3. Identification and equivalent widths of the most prominent
optical emission lines of J0840.

Line Wavelength range EW
(Å) (Å)

C iii+O ii 4638−4710 −18± 3
C ii+O ii 6565−6620 −15.6± 1.7
He i 7050−7130 −13.0± 1.7
C ii 7210−7270 −15.2± 1.5
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Fig. 6. Radio image of the field around J0840. The position of J0840
is marked using a green circle with an enlarged radius of 3 arcsec for
displaying purpose. The synthesised beam is shown in the bottom left
corner of the panel.

(E[B−V] ∼ 0.52; see Sect. 3.4.1). The spectral shape of the con-
tinuum emission of J0840 is well fit by a blackbody model with
a temperature of ≈8000 K. On top of this continuum, we detect a
few broad features in the following ranges: 4640−4710 Å, which
we identify as a blend of multiple lines due to C iii and O ii;
6565−6620 Å, which we attribute to a blend of C ii and O ii
lines; and 7210−7270 Å (C ii) (see Nelemans et al. 2004). The
profiles of these features are very similar to those detected in
the UCXB 4U 0614+091 (Fig. 5). A weaker broad feature is
also seen in the range 7050−7130 Å, which we tentatively asso-
ciate with a blend of lines around He i at 7065 Å. The equiv-
alent widths of these features are reported in Table 3. We set
3σ upper limits on the equivalent width of the Hα line in the
range from −1.3 to −6.2 Å, assuming line widths in the range
100−500 km s−1.

3.5. The radio non-detection in quiescence

During the low-luminosity quiescence phase, we did not detect a
radio counterpart at the position of J0840 in our ATCA observa-
tions, taken on 2020 February 11 (see Fig. 6 for the radio image
of the field around J0840). We measured 3-σ upper-limits on
the radio flux density of 27 µJy beam−1 and 30 µJy beam−1 at
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5.5 and 9 GHz, respectively. Combining the two observing bands
together provided a 3-σ upper limit of 18 µJy beam−1 at a central
frequency of 7.25 GHz.

4. Discussion

4.1. An ultracompact X-ray binary candidate

In the following, we discuss possible scenarios for the nature of
J0840, and show that the observed phenomenology is consistent
with a classification as a transient UCXB.

The rapid luminosity decay observed in J0840 argues against
a classification as a tidal disruption event (TDE). The luminosity
of TDEs, in fact, declines typically over a much more extended
timescale of months to years, in many cases at a rate that is shal-
lower than the canonical power law of the form L(t) ∝ t−5/3 pre-
dicted by standard theories for TDEs (Auchettl et al. 2017). The
above properties point instead to a binary system in our Galaxy.
J0840 could be then a magnetic cataclysmic variable (mCV), a
high-mass X-ray binary (HMXB), or an LMXB.

The mCVs are systems where a magnetic white dwarf
(BWD ' 106−107 G) accretes matter from a late-type, low-
mass star that overflows its Roche lobe (for reviews, see Mukai
2017; de Martino et al. 2020). The X-ray spectrum of mCVs
consists typically of multi-temperature, optically-thin thermal
plasma emission produced in the accretion columns, accounting
for the iron complex that is often observed in these systems in
the energy range 6−7 keV. An ubiquitous feature in the spectra
of mCVs is the broad iron fluorescent line at 6.4 keV, with typi-
cal equivalent widths in the range ∼100−250 eV. In many cases,
an additional soft thermal component from the heated polar cap
of the white dwarf has been detected, with a typical blackbody
temperature <100 eV. In this respect, the broad-band spectrum
of J0840 in outburst is clearly different from what expected from
mCVs. We thus consider unlikely J0840 to be a mCV.

The HMXBs are systems where a compact object accretes
matter from a massive (&10 M�) early-type (O or B) donor star
(for a review, see e.g. Reig 2011). The continuum emission of
J0840 in the optical band can be adequately described by a black-
body model with a temperature of about 8000 K. If such emis-
sion is indeed dominated by radiation from the donor star (as
observed in HMXBs), then the above value for the temperature
would be more consistent with an A-type star rather than with an
O or B-type star. The large increase observed in the optical mag-
nitude of J0840 from quiescence to outburst (see above) would
be also at odds with what is seen in transient HMXBs, where the
bulk of the optical/UV emission is provided in the form of steady
radiation by the donor both in outburst and in quiescence, with
only a modest variable contribution from an accretion disk.

We then discuss the scenario of a LMXB. The shape of the
optical spectrum of J0840 together with the presence of emis-
sion features in quiescence argues against a classification as
a symbiotic X-ray binary (SyXB), where a NS accretes mass
from the stellar wind of an evolved M-type giant donor star
(e.g. Masetti et al. 2006, 2007)1. This then leaves the scenario

1 Strong emission features have been detected in one SyXB, GX 1+4,
but only at high X-ray luminosities (LX ' 1036−1037 erg s−1), that
is, in a range where spectral features produced by accretion are
expected to emerge over the contribution of the donor (see, e.g.
Chakrabarty & Roche 1997). The optical emission features in J0840
were detected instead at a much lower X-ray luminosity of LX ≈

5 × 1033d10 erg s−1, where d10 is the distance to the source in units of
10 kpc.

in which J0840 is a LMXB where the compact object accretes
from the donor via Roche-lobe overflow.

A key diagnostic on the nature of J0840 is provided by its
optical spectrum in quiescence. This spectrum shows no sign for
the presence of hydrogen emission lines, as instead commonly
observed in LMXBs with a hydrogen-rich main sequence donor
star. On the other hand, it displays broad emission lines that are
generally associated with partially ionised carbon (C ii and C iii)
and oxygen (O ii). This phenomenology suggests that an accre-
tion disk almost purely made out of carbon and oxygen was still
present around the accretor soon after the end of the outburst.
In this respect, the optical spectrum of J0840 closely resembles
that of the persistent UCXBs 4U 0614+091, 4U 1543−624 and
4U 1626−67 (Nelemans et al. 2004, 2006; see also Fig. 5). Based
on the strong analogy with the above systems, we propose that
J0840 is a new transient UCXB candidate with a carbon-oxygen
white dwarf as donor star.

The short duration of the outburst from J0840 makes this
system quite peculiar among transient LMXBs. In fact, sim-
ilarly short outbursts have been detected only in a handful
of other cases (e.g. Heinke et al. 2010; Degenaar et al. 2014;
Mata Sánchez et al. 2017).

4.1.1. X-ray emission mechanisms

The broad-band X-ray spectral shape of J0840 (see Sect. 3.3) is
typical of LMXBs in outburst, and may be interpreted in terms
of repeated inverse Compton up-scattering of soft thermal pho-
tons onto a population of hot thermal electrons. As discussed
in more detail in Sect. 4.2, we are unable to identify conclu-
sively the nature of the accretor (BH or NS) with current data.
However, in either case, the main production sites of the ther-
mal photons are likely to be the inner regions of the optically-
thick, geometrically-thin accretion disk (see Shakura & Sunyaev
1973). In the case of a NS accretor, additional contribu-
tions to the thermal X-ray emission may be provided by the
accretion-heated star surface (see, e.g. Zampieri et al. 1995;
Wijnands et al. 2015) and/or the so-called ‘boundary layer’ that
forms when the disk extends all the way down to the NS such that
the in-flowing material spreads out over the star surface. How-
ever, due to the available photon counting statistics, we are not
able to discern the possible contribution of multiple components
to the observed thermal emission. The location and geometry of
the hot thermal electrons that Compton up-scatter the thermal
photons is instead debated at present: they may be distributed
in an extended cloud above the disk (the so-called ‘corona’; see
e.g. Kara et al. 2019 and references therein) or in a hot inner flow
close to the accretor (e.g. Done et al. 2007).

The overall spectral softening observed in J0840 along its
outburst decay may be explained in broad terms by the disk insta-
bility model for transient UCXBs (and LMXBs in general; see
e.g. Hameury & Lasota 2016): the decrease in the temperature
reflects the gradual transition of the disk from a hot ionised state
to a colder neutral state as the mass transfer rate from the donor
star decreases and the system approaches quiescence. The large
increase of the X-ray flux observed in J0840 might suggest that
a large portion of the disk is brought in the hot state in this sys-
tem (Hameury & Lasota 2016). This process, in fact, should be
particularly efficient in UCXBs, since only a relatively small-
sized disk can physically fit into their tight binary orbits. In the
case of a NS accretor for J0840, an additional contribution to
the observed spectral softening might be ascribed to low-level
accretion onto the star surface. We note, however, that the scarce
photon counting statistics currently available in quiescence from
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the Swift/XRT data (∼540 net counts) precludes a detailed inves-
tigation of the evolution of both spectral components throughout
the outburst and down to quiescence. In this respect, our assump-
tion of an unchanged power-law slope is certainly simplistic.

4.1.2. On the lack of the iron line in the X-ray spectrum

The absence of the iron Kα fluorescent line in the X-ray spec-
trum of J0840 taken a few days after the outburst onset can be
tentatively used as a tracer of the chemical composition of the
disk and donor star, and may provide further support to our clas-
sification as a UCXB. In many LMXBs, X-ray photons intercept-
ing the inner regions of the disk are absorbed by highly ionised
elements in the disk and re-emitted along the line of sight,
producing an additional emission component known as X-ray
reflection. The reprocessed emission shows multiple emission
features superimposed to the continuum at energies correspond-
ing to transitions in the highly ionised atomic species. Their pro-
files are broadened and skewed by rotation of the disk material
as well as strong Doppler, special relativistic and general rela-
tivistic effects inside the gravitational well of the compact accre-
tor (Fabian et al. 1989). On the one hand, a broad fluorescent Fe
Kα line is often detected in LMXBs with hydrogen-rich donor
stars (see e.g. Cackett et al. 2010). On the other hand, this fea-
ture is expected to be significantly attenuated in UCXBs with
an anomalous abundance of carbon and oxygen, owing to the
screening of the presence of iron and other heavy elements in the
carbon-oxygen-dominated disk material (Koliopanos et al. 2021
and references therein; see also in’t Zand et al. 2007). Indeed,
Koliopanos et al. (2021) found no evidence of emission asso-
ciated with the iron line in the X-ray spectra of seven known
UCXBs, with upper limits on the equivalent widths of 8−60 eV
(3σ). Based on these values, they estimated an oxygen-to-iron
ratio which is at least an order of magnitude larger than the Solar
value, and ascribed this property to the presence of a carbon-
oxygen (or even oxygen-neon-magnesium) donor star. In this
framework, the upper limits inferred on the equivalent width of
any iron line in J0840, 40−80 eV (see Sect. 3.3), although not as
constraining as the limits derived by Koliopanos et al. (2021) for
other UCXBs, are anyway smaller than the values observed in
many hydrogen-rich LMXBs, and still support a classification of
J0840 as a UCXB with a carbon-oxygen white dwarf. We stress,
however, that important exceptions exist to the arguments out-
lined above, since evidence for iron emission lines has been actu-
ally found in a few UCXBs with possibly carbon-oxygen white
dwarf donors (e.g. van den Eijnden et al. 2018; Ludlam et al.
2019, 2021). Alternatively, the lack of the iron emission line in
J0840 may be related to an increase in the ionization of the inner
accretion flow towards lower mass accretion rates, similarly to
what has been proposed by van den Eijnden et al. (2020a) for the
case of 4U 1608−52.

4.1.3. Optical and UV properties and an orbital period
estimate

The enhanced UV and optical emission detected at the out-
burst peak decayed at a rate that is a factor of ≈8 slower than
that observed in the X-ray band during the earliest outburst
phases. This emission component may be interpreted in terms
of enhanced irradiation of the outer regions of the disk and the
donor (in analogy with most LMXBs). The optical counterpart
is much fainter and blue as soon as the system entered in quies-
cence, suggesting that the optical emission is still dominated by

the disk in this phase. Assuming a distance in the range 5−10 kpc
(see Sect. 4.2), the dereddened magnitude of J0840 in quies-
cence translates into an absolute magnitude for the donor star
of Mr′ > 6.1 (for D = 5 kpc) or Mr′ > 4.6 (for D = 10 kpc),
where the values should be considered as upper limits owing to
the unknown contribution of the disk and the donor star to the
optical emission in quiescence. These values make the donor
star of J0840 among the faintest in the population of known
LMXBs, and are similar to those estimated for other UCXBs
(e.g. Bassa et al. 2006).

Using the empirical relation between the absolute magnitude
of a LMXB, the binary orbital period and the X-ray luminosity
by van Paradijs & McClintock (1994), adopting the value for the
Eddington luminosity for a NS with a mass of 1.4 M� (LEdd '

2.5 × 1038 erg s−1) and accounting for the uncertainties on the
distance, we can roughly estimate an orbital period of a few tens
of minutes for J0840. This is well in the range of those measured
for UCXBs.

4.2. The nature of the accretor

Determining the nature of the compact object in an unclassified
LMXB is often challenging. It can be assessed based either on a
dynamical measurement of the mass of the compact object (via
optical and near infrared spectroscopy during quiescence; see
e.g. Casares et al. 1992), or on the detection of X-ray coherent
pulsations and/or thermonuclear X-ray bursts, which would pro-
vide a straightforward observational evidence for a NS accre-
tor. To-date, all confirmed UCXBs are known to contain a NS
accretor, although there are a number of BH candidates (see
e.g. Bahramian et al. 2017). Assuming that our identification of
J0840 as a UCXB is correct, it is then tempting to conclude that
this system hosts a NS as well. However, our non-detection of
coherent pulsations or thermonuclear X-ray bursts leaves this as
an open question.

4.2.1. On the lack of coherent X-ray pulsations

Coherent pulsations are thought to be formed in NS systems
where the magnetic field is large enough to truncate the accre-
tion disk and channel part of the disk material onto a small
region on the NS surface, close to the magnetic poles. The
radiation emitted from the heated impact region (hot spot) or
from a slab of shocked plasma that forms above it (accretion
columns) appears modulated at the NS spin period, produc-
ing a pulsed emission component. About 30 accreting millisec-
ond X-ray pulsars have been detected to date (for reviews, see
Di Salvo & Sanna 2020; Patruno et al. 2021) and some of them
were seen to exhibit pulsed fractions as small as a few percent
in outburst (e.g. Strohmayer et al. 2018), that is, below the upper
limits estimated for J0840 (Sect. 3.2). Besides, three accreting
NS–LMXBs have shown coherent X-ray pulsations only sporad-
ically during their outbursts, with the most extreme case being
represented by Aql X-1, which showed pulsations over a ∼150 s
interval out of a total observing time of ∼1.5 Ms (Casella et al.
2008). However, most NS–LMXBs are non-pulsating systems,
and a systematic analysis by Patruno et al. (2018) suggested that
weak pulsations might not form at all in (most) non-pulsating
LMXBs. Our non-detection of pulsations from J0840 is thus not
sufficient to conclusively rule out a NS accretor and might still
point either to an accreting millisecond pulsar characterised by a
very small X-ray pulsed fraction and/or intermittent pulsations,
or a non-pulsating NS–LMXB.
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4.2.2. On the lack of thermonuclear X-ray bursts

Many NS–LMXBs exhibit thermonuclear (type-I) X-ray bursts
due to unstable ignition of hydrogen and/or helium freshly
accreted onto the NS surface (for a review, see Degenaar et al.
2018). Bursts triggering all-sky monitors (including Swift/BAT)
have been detected from several NS–LMXBs and in some cases
they even led to the discovery of new transient systems (e.g.
Wijnands et al. 2009; Degenaar et al. 2012). These episodes typ-
ically last a few tens of seconds, though events as long as a few
hours have been observed from NSs accreting at low X-ray lumi-
nosities (e.g. in’t Zand et al. 2019). Their spectra are commonly
described adequately by a blackbody model with temperatures
of kTBB ' 2−3 keV (see Galloway et al. 2020 and references
therein). While the duration of the BAT burst from J0840 is per
se not that unusual for thermonuclear bursts, its high blackbody
temperature of kTBB ' 8−9 keV (see Sect. 3.1) is clearly incon-
sistent with a thermonuclear origin. However, our nondetection
of thermonuclear bursts from J0840 is not that surprising. Firstly,
these events are generally not expected to occur frequently in
UCXBs with a carbon-oxygen rich donor star due to the lack
of hydrogen and helium in the disk (see e.g. Koliopanos et al.
2021 and references therein), although noteworthy exceptions
exist (e.g. Kuulkers et al. 2010). Second, their recurrence times
are typically long since the build up of sufficient fuel on the
star surface to ignite a burst takes time (see e.g. Degenaar et al.
2010), especially at relatively low luminosity levels such as those
observed from J0840. Therefore, our non-detection of thermonu-
clear bursts from J0840 is, all in all, not inconsistent with a NS
accretor.

4.2.3. Clues from X-ray spectral properties

The X-ray spectral properties can also be used to help estab-
lish the nature of the compact object in a LMXB. Indeed,
the X-ray spectra of transient NS systems are observed to
be significantly softer than those of BH systems at luminosi-
ties below 1035 erg s−1 (0.5−10 keV; see Wijnands et al. 2015).
Clearly, this diagnostic tool strongly relies on the distance to
the system, which is unknown in the case of J08402. Neverthe-
less, we can derive some constraints on the distance by consid-
ering the model for the spiral structure of the Galaxy derived
from the distribution map of the H ii regions within the Galaxy
(Hou & Han 2014). Their distribution and the large absorption
column density derived from our spectral analysis (NH ' 4.6 ×
1021 cm−2; Sect. 3.3), which is comparable to the total Galac-
tic column in the direction of J0840 (NH ' 4.3 × 1021 cm−2;
Willingale et al. 2013) suggest that J0840 is located at a distance
in the range 5−10 kpc and likely in the Perseus Arm. Fitting
again the Swift/XRT spectra taken in outburst with an absorbed
PL model and column density allowed to vary shows an increase
of the photon index from Γ ' 1 − 1.5 at fluxes FX,unabs &
10−9 erg cm−2 s−1 (i.e. LX & 1037d2

10 erg s−1) to Γ ' 2−3 at fluxes
FX,unabs . 6 × 10−11 erg cm−2 s−1 (i.e. LX . 7 × 1035d2

10 erg s−1)
(see Table A.1). For these values, the evolution of the J0840’s
position on the photon index versus X-ray luminosity plane pre-
sented by Wijnands et al. (2015) seems more compatible with
the track followed by NS–LMXBs rather than BH–LMXBs (see
also Parikh et al. 2017).

2 The optical magnitude of J0840 in quiescence is fainter than the sen-
sitivity limit of the Gaia mission, and indeed the source is not listed in
the Gaia Early Data Release 3 (Gaia EDR3; Gaia Collaboration 2021)
and no information on its geometric parallax is available.
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Fig. 7. Radio and X-ray luminosities of accreting BHs and NSs. The
quasi-simultaneous radio and X-ray luminosities of J0840 during qui-
escence are shown using the red square and orange diamond for the
assumed distances of 5 and 10 kpc, respectively. We show the popula-
tion of BH–LMXBs (black circles), NS–LMXBs (blue squares), and
accreting millisecond X-ray pulsars (AMXPs; green triangles). The
grey dashed line indicates the best-fit correlation for the BH systems
from Gallo et al. (2018). Our radio and X-ray observations of J0840
do not differentiate between a BH or NS accretor. Data taken from
Bahramian et al. (2018).

Remarkably, the thermal fraction of the total X-ray luminos-
ity J0840 in quiescence (∼46%) appears to be broadly consistent
with that reported for several transient NS–LMXBs accreting at
low luminosities. In these systems, the co-existence of a thermal
and a non-thermal components has been ascribed to a combi-
nation of cooling emission from the NS that has been heated
by mass accreted in outburst, ongoing low-level accretion onto
the NS surface, and/or emission mechanisms associated with
the magnetosphere (see e.g. Jonker et al. 2004; Degenaar et al.
2013; Campana et al. 2014; Wijnands et al. 2015). We stress,
however, that the above value for the thermal fraction of J0840
was estimated assuming no variation in the power-law slope
along the outburst. Deep broad-band observations would be
needed to characterise adequately the quiescent X-ray spec-
trum and the spectral energy distribution from the optical to the
X-rays.

4.2.4. Other constraints

In their low-luminosity or quiescent hard states, BH and
NS–LMXBs exhibit a non-linear relationship between their
radio and X-ray luminosities (e.g. Hannikainen et al. 1998;
Corbel et al. 2000, 2013; Gallo et al. 2003, 2012; Tudor et al.
2017; Gusinskaia et al. 2020). While the behaviour of single sys-
tems may differ somewhat (e.g. Tudor et al. 2017; Russell et al.
2018; van den Eijnden et al. 2020b), analysis of the full popula-
tion of BH and NS systems has shown that NS–LMXBs are typi-
cally a factor of ∼22 more radio faint than their BH counterparts
(Gallo et al. 2018). As such, a source’s radio and X-ray bright-
ness has often been used to help discriminate between a NS or
BH LMXB. Placing our 3-σ radio upper-limit with the closest
in-time X-ray luminosity (1-day separation) on the radio – X-ray
luminosity plane (Fig. 7) shows that our data are consistent with
both a BH and a NS LMXB for our assumed distances. Hence,
the upper-limit on the radio emission during quiescence does
not identify the nature of the accretor. During quiescence, more
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sensitive radio observations that detect the source, or monitoring
during a new outburst may be able to discriminate between the
two classes using this method.

As a final remark, we note that for similar binary orbital
periods, NS systems are typically brighter in the X-rays than
BH systems in quiescence. Taking the quiescent X-ray lumi-
nosity of J0840 as a face value (LX ∼ 5 × 1033d2

10 erg s−1) and
assuming an orbital period of the order of a few tens of minutes
(as estimated in Sect. 4.1.3), we can place J0840 on the X-ray
luminosity vs. orbital period plane and notice that its position
would be far more consistent with a NS accretor than with a
BH accretor (see e.g. Fig. 3 by Armas Padilla et al. 2014, and
references therein). However, caution should be exerted in over-
interpreting this result, since low-level accretion may provide a
non-negligible contribution to the emission detected from J0840
(see Sect. 3.3) and the ‘genuine’ quiescent X-ray luminosity may
be actually lower than the one assumed above to some extent.

5. Conclusions

J0840 was discovered as it entered a X-ray, UV and optical
outburst on 2020 February 5. This transient episode was char-
acterised by an increase in the X-ray flux of a factor of ≈104

above quiescence and lasted overall only ∼5 days. The source
was detected up to energies of about 20 keV in outburst, and
showed substantial aperiodic time variability on timescales as
short as a few seconds all along the active phase. The X-ray
spectrum was well described by the superposition of a thermal
component and a non-thermal component, and it softened con-
siderably as the source recovered its quiescent state. At the out-
burst peak, the UV and optical emission reached magnitudes of
∼17 and ∼16.3, respectively. The UV emission rapidly decayed
by about 3 mag in ∼1.5 days and then became no more detectable
by Swift, while the optical emission decreased by about 1 mag in
∼2.6 h and, overall, by almost 5 mag as the source recovered qui-
escence. The optical spectrum in quiescence is well described by
a blackbody model with a temperature of ≈8000 K, and shows
broad emission features mostly associated with ionised carbon
and oxygen.

We discussed several scenarios for the nature of this source,
and showed that its phenomenology points to a transient UCXB
possibly with a white dwarf donor star. While current data are
insufficient to draw a firm conclusion on the nature of the accre-
tor, we favour the scenario of a NS accretor based on the multi-
band properties observed both in outburst and in quiescence.

By definition, confirmation of J0840 as an UCXB can only
be obtained through the measurement of the orbital period. A
method that proved to be successful in relatively low-inclination
systems has been the detection of a periodic optical modu-
lation in photometric observations (e.g. Zhong & Wang 2011;
Wang et al. 2015). This arises from X-ray heating of the donor
star by the irradiating X-ray source and to the variation of
the visible area of the heated face as a function of the orbital
phase. Alternatively, an assessment of the orbital period can be
achieved via time-resolved optical spectroscopy through radial
velocity measurements of the broad emission features that trace
the orbital motion of the accreting material close to the accre-
tor. Given the optical faintness of J0840 in quiescence, dedicated
observations with 8 m class optical telescopes seem warranted
to nail down the nature of this system. In turn, the determina-
tion of the orbital period would allow to restrict the parameter
space for a more sensitive search for pulsed emission in existing
X-ray data, possibly giving tighter constraints on the nature of
the accretor.
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Done, C., Gierliński, M., & Kubota, A. 2007, A&ARv, 15, 1
Evans, P. A., Tohuvavohu, A., & Neil Gehrels Swift Observatory Team 2020,

GRB Coordinates Network, 26982, 1
Fabian, A. C., Rees, M. J., Stella, L., & White, N. E. 1989, MNRAS, 238, 729
Fitzpatrick, E. L., Massa, D., Gordon, K. D., Bohlin, R., & Clayton, G. C. 2019,

ApJ, 886, 108
Foight, D. R., Güver, T., Özel, F., & Slane, P. O. 2016, ApJ, 826, 66
Frank, J., King, A., & Raine, D. J. 2002, Accretion Power in Astrophysics: Third

Edition (Cambridge: Cambridge University Press)
Gaia Collaboration (Brown, A. G. A., et al.) 2021, A&A, 649, A1
Gallo, E., Fender, R. P., & Pooley, G. G. 2003, MNRAS, 344, 60
Gallo, E., Miller, B. P., & Fender, R. 2012, MNRAS, 423, 590
Gallo, E., Degenaar, N., & van den Eijnden, J. 2018, MNRAS, 478, L132
Galloway, D. K., in’t Zand, J., Chenevez, J., et al. 2020, ApJS, 249, 32
Gendreau, K. C., Arzoumanian, Z., & Okajima, T. 2012, in Space Telescopes

and Instrumentation 2012: Ultraviolet to Gamma Ray, eds. T. Takahashi,
S. S. Murray, & J. W. A. den Herder, SPIE Conf. Ser., 8443, 844313

Gusinskaia, N. V., Hessels, J. W. T., Degenaar, N., et al. 2020, MNRAS, 492,
2858

Hameury, J. M. 2020, Adv. Space Res., 66, 1004
Hameury, J. M., & Lasota, J. P. 2016, A&A, 594, A87
Hannikainen, D., Hunstead, R., & Campbell-Wilson, D. 1998, New Astron. Rev.,

42, 601
Harrison, F. A., Craig, W. W., Christensen, F. E., et al. 2013, ApJ, 770, 103
Heinke, C. O., Altamirano, D., Cohn, H. N., et al. 2010, ApJ, 714, 894
Hou, L. G., & Han, J. L. 2014, A&A, 569, A125
in’t Zand, J. J. M., Jonker, P. G., & Markwardt, C. B. 2007, A&A, 465, 953
in’t Zand, J. J. M., Kries, M. J. W., Palmer, D. M., & Degenaar, N. 2019, A&A,

621, A53
Israel, G. L., & Stella, L. 1996, ApJ, 468, 369
Iwakiri, W., Gendreau, K., Enoto, T., et al. 2020, ATel, 13456, 1
Jonker, P. G., Galloway, D. K., McClintock, J. E., et al. 2004, MNRAS, 354, 666
Kara, E., Steiner, J. F., Fabian, A. C., et al. 2019, Nature, 565, 198
Koliopanos, F., Péault, M., Vasilopoulos, G., & Webb, N. 2021, MNRAS, 501,

548
Kuulkers, E., in’t Zand, J. J. M., Atteia, J. L., et al. 2010, A&A, 514, A65
Ludlam, R. M., Miller, J. M., Barret, D., et al. 2019, ApJ, 873, 99
Ludlam, R. M., Jaodand, A. D., García, J. A., et al. 2021, ApJ, 911, 123
Malesani, D. B., Izzo, L., Palmerio, J., et al. 2020, GRB Coordinates Network,

26989, 1
Masetti, N., Orlandini, M., Palazzi, E., Amati, L., & Frontera, F. 2006, A&A,

453, 295
Masetti, N., Landi, R., Pretorius, M. L., et al. 2007, A&A, 470, 331
Mata Sánchez, D., Charles, P. A., Armas Padilla, M., et al. 2017, MNRAS, 468,

564
McMullin, J. P., Waters, B., Schiebel, D., Young, W., & Golap, K. 2007, in

Astronomical Data Analysis Software and Systems XVI, eds. R. A. Shaw,
F. Hill, & D. J. Bell, ASP Conf. Ser., 376, 127

Melandri, A., Covino, S., Fugazza, D., D’Avanzo, P. I., & REM Team 2020,
GRB Coordinates Network, 26986, 1

Mukai, K. 2017, PASP, 129, 062001
Nelemans, G., & Jonker, P. G. 2010, New Astron. Rev., 54, 87
Nelemans, G., Jonker, P. G., Marsh, T. R., & van der Klis, M. 2004, MNRAS,

348, L7
Nelemans, G., Jonker, P. G., & Steeghs, D. 2006, MNRAS, 370, 255
Nelson, L. A., Rappaport, S. A., & Joss, P. C. 1986, ApJ, 304, 231
Ng, M., Ray, P. S., Bult, P., et al. 2021, ApJ, 908, L15
Niwano, M., & MAXI Team 2020, GRB Coordinates Network, 26987, 1
Parikh, A. S., Wijnands, R., Degenaar, N., et al. 2017, MNRAS, 468, 3979
Patruno, A., & Watts, A. L. 2021, in Accreting Millisecond X-ray Pulsars, eds.

T. M. Belloni, M. Méndez, & C. Zhang, 461, 143
Patruno, A., Wette, K., & Messenger, C. 2018, ApJ, 859, 112
Reig, P. 2011, Ap&SS, 332, 1
Robitaille, T., & Bressert, E. 2012, Astrophysics Source Code Library [record

ascl:1208.017]
Rodríguez Castillo, G. A., Israel, G. L., Belfiore, A., et al. 2020, ApJ, 895, 60
Roming, P. W. A., Kennedy, T. E., Mason, K. O., et al. 2005, Spae Sci. Rev., 120,

95
Russell, T. D., Degenaar, N., Wijnands, R., et al. 2018, ApJ, 869, L16
Savonije, G. J., de Kool, M., & van den Heuvel, E. P. J. 1986, A&A, 155, 51
Sazonov, S., Paizis, A., Bazzano, A., et al. 2020, New Astron. Rev., 88, 101536
Shakura, N. I., & Sunyaev, R. A. 1973, A&A, 500, 33
Smith, R. K., Brickhouse, N. S., Liedahl, D. A., & Raymond, J. C. 2001, ApJ,

556, L91
Stamatikos, M., & Swift-BAT Team 2020, GRB Coordinates Network, 27010, 1
Strohmayer, T. E., Arzoumanian, Z., Bogdanov, S., et al. 2018, ApJ, 858,

L13
Tetarenko, B. E., Sivakoff, G. R., Heinke, C. O., & Gladstone, J. C. 2016, ApJS,

222, 15
Tudor, V., Miller-Jones, J. C. A., Patruno, A., et al. 2017, MNRAS, 470, 324
van den Eijnden, J., Degenaar, N., Pinto, C., et al. 2018, MNRAS, 475, 2027
van den Eijnden, J., Degenaar, N., Ludlam, R. M., et al. 2020a, MNRAS, 493,

1318
van den Eijnden, J., Degenaar, N., Russell, T. D., et al. 2020b, MNRAS, 496,

4127
van Paradijs, J., & McClintock, J. E. 1994, A&A, 290, 133
Wang, Z., Tziamtzis, A., Kaplan, D. L., & Chakrabarty, D. 2015, PASA, 32, e035
Werner, K., Nagel, T., Rauch, T., Hammer, N. J., & Dreizler, S. 2006, A&A, 450,

725
Wijnands, R., Rol, E., Cackett, E., Starling, R. L. C., & Remillard, R. A. 2009,

MNRAS, 393, 126
Wijnands, R., Degenaar, N., Armas Padilla, M., et al. 2015, MNRAS, 454,

1371
Willingale, R., Starling, R. L. C., Beardmore, A. P., Tanvir, N. R., & O’Brien, P.

T. 2013, MNRAS, 431, 394
Zampieri, L., Turolla, R., Zane, S., & Treves, A. 1995, ApJ, 439, 849
Zhong, J., & Wang, Z. 2011, ApJ, 729, 8

Appendix A: Additional fits of the Swift /XRT spectra

Table A.1. Results of the spectral fits of the Swift/XRT data with an absorbed power-law model with all parameters allowed to vary.

Instrument (a) Obs.ID NH Γ FX,obs
(b) FX,unabs

(b) χ2
r (d.o.f.)

(×1021 cm−2) (×10−11 erg cm−2 s−1)

Swift/XRT (WT) 00954304000 4.4± 0.8 1.03± 0.06 214± 5 239± 6 1.28 (114)
Swift/XRT (WT) 00954304001 7.1± 0.3 1.50± 0.02 139± 2 185± 2 1.21 (451)
Swift/XRT (PC) 00954304001 7± 1 2.3± 0.1 2.9± 0.1 6.2+0.8

−0.6 1.08 (36)
Swift/XRT (PC) 00954304002 7± 2 2.7± 0.4 0.38± 0.06 1.2+0.7

−0.3 0.81 (6)
Swift/XRT (PC) 00954304005 4.6± 0.7 2.1± 0.1 0.83± 0.06 1.4± 0.1 0.55 (23)
Swift/XRT (PC) 00954304003 5.4± 0.9 2.5± 0.2 0.31± 0.03 0.7± 0.1 0.43 (15)
Swift/XRT (PC) 00954304004 7± 2 2.7± 0.3 0.22± 0.03 0.7+0.2

−0.1 0.69 (9)
Swift/XRT (PC) 00954304007 5± 1 2.1± 0.3 0.14± 0.12 0.25+0.06

−0.04 0.89 (4)
Swift/XRT (PC) 00954304008–067 (c) 2.0± 0.5 1.9± 0.1 0.012± 0.001 0.016± 0.001 1.38 (32)

Notes. (a)The instrumental setup is indicated in brackets: PC = photon counting, WT = windowed timing. (b)All fluxes are in the 0.3−10 keV energy
range. (c)Datasets of these observations (59 in total) were merged.
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