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ABSTRACT

Context. Extragalactic fast X-ray transients (FXRTs) are short flashes of X-ray photons of unknown origin that last a few seconds to
hours.

Aims. Our ignorance about their physical mechanisms and progenitor systems is due in part to the lack of clear multiwavelength
counterparts in most cases, because FXRTSs have only been identified serendipitously.

Methods. We develop a systematic search for FXRTs in the Chandra Source Catalog (Data Release 2.0; 169.6 Ms over 592.4 deg?,
using only observations with |b] > 10° and before 2015), using a straightforward X-ray flare search algorithm and incorporating various
multiwavelength constraints to rule out Galactic contamination and characterize the candidates.

Results. We report the detection of 14 FXRT candidates from a parent sample of 214 701 sources. Candidates have peak 0.5-7 keV
fluxes between 1 x 1073 and 2 x 107'° erg cm™2 s7! and Ty, values from 4 to 48 ks. The sample can be subdivided into two
groups: six “nearby” FXRTs that occurred within d < 100 Mpc and eight “distant” FXRTs with likely redshifts >0.1. Three distant
FXRT candidates exhibit light curves with a plateau (=1-3 ks duration) followed by a power-law decay and X-ray spectral softening,
similar to what was observed for the previously reported FXRT CDF-S XT2, a proposed magnetar-powered binary neutron star

merger event. After applying completeness corrections, we calculate event rates for the nearby and distant samples of 53.7ﬁ§:(1’ and

28.2*78 deg™® yr!, respectively.

Conclusions. This novel sample of Chandra-detected extragalactic FXRT candidates, although modest in size, breaks new ground in

terms of characterizing the diverse properties, nature, and possible progenitors of these enigmatic events.

Key words. X-rays: general — X-rays: bursts

1. Introduction

The Chandra, Swift, and X-ray Multi-mirror Mission Newton
(XMM-Newton) observatories have accumulated sensitive 0.5—
7 keV imaging observations over the past two decades that cover
a sizeable fraction of the sky despite their relatively narrow
fields of view. This has enabled the serendipitous discovery and
characterization of several novel faint extragalactic transients
(e.g., Soderberg et al. 2008; Jonker et al. 2013; Glennie et al.
2015; Irwinetal. 2016; Baueretal. 2017; Linetal. 2018,

2019, 2020, 2021, 2022; Xue et al. 2019; Alp & Larsson 2020;
Novara et al. 2020; Ide et al. 2020; Pastor-Marazuela et al. 2020;
Sazonov et al. 2021). The high angular resolution afforded by
these space observatories has been critical for associating coun-
terparts! (or lack thereof) and host galaxies with these transients,
and hence elucidating their astrophysical nature.

! We use the term “counterpart” throughout to denote the multiwave-
length detection of emission from the transient.
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In general, fast X-ray transients (FXRTs) produce short
flashes of X-ray emission with durations from a few min-
utes to hours. Among the few extragalactic FXRTs that have
been identified to date (mainly from systematic searches of
serendipitous detections), in only one case, X-ray transient
(XRT) 080109/SN 2008D (Mazzali et al. 2008; Soderberg et al.
2008; Modjaz et al. 2009)2, has it been possible to identify
a multiwavelength counterpart after the initial detection. The
most stringent limits come from deep optical Very Large Tele-
scope imaging serendipitously acquired 80 min after the onset of
XRT 141001 (mg > 25.7 AB mag; Bauer et al. 2017). Moreover,
only a few FXRTSs have had clear host-galaxy associations, and
even fewer have firm distance constraints (e.g., Soderberg et al.
2008; Irwin et al. 2016; Baueretal. 2017; Xueetal. 2019).
Hence, it is not trivial to discern their energetics and distance
scale or, by extension, their physical origin.

Several scenarios could explain the X-ray flares of extra-
galactic FXRTs, including the following four. First, in nearby
galaxies, X-ray binaries (XRBs) — which includes ultra-
luminous X-ray sources (ULXs) and quasi-periodic oscillations
— soft gamma repeaters (SGRs), quasi-periodic eruptions, and
anomalous X-ray pulsars (AXPs) are possible explanations of
FXRTs with Lx peak < 10*? erg s~! (Colbert & Mushotzky 1999;
Kaaret et al. 2006; Woods & Thompson 2006; Miniutti et al.
2019; and references therein).

A second scenario involves shock breakouts (SBOs; Lx peax =
10*2-10%7 erg s™!) from a core-collapse supernova (CC-SN),
whereby the X-ray emission is generated from the breakout
of the supernova explosion shock once it crosses the surface
of an evolved star (e.g., Soderberg et al. 2008; Nakar & Sari
2010; Waxman et al. 2017; Novara et al. 2020; Alp & Larsson
2020). Third are tidal disruption events (TDESs; Lx peax ~ 10%2—
10°° erg s~ considering jetted emission) that involve a white
dwarf (WD) and an intermediate-mass black hole (IMBH),
whereby X-rays are produced by the tidal disruption and sub-
sequent accretion of the compact WD in the gravitational field
of the IMBH (e.g., Jonker et al. 2013; Glennie et al. 2015). The
fourth is mergers of binary neutron stars (BNSs; Ly peax ~ 10%7-
103! erg s™! considering jetted emission; e.g., Dai et al. 2018;
Jonker et al. 2013; Fong et al. 2015; Bauer et al. 2017; Xue et al.
2019), whereby the X-rays are created by the accretion of fallback
material onto the remnant magnetar or black hole (BH).

It has been argued that some of these FXRTs can be
related to either long or short gamma-ray bursts (LGRBs or
SGRBs, respectively) observed off-axis (e.g., Jonker et al. 2013;
Bauer et al. 2017; Xue et al. 2019; Alp & Larsson 2020). Zhang
(2013) proposed a type of XRT associated with the merger
product of a BNS, a rapidly spinning magnetar, where our line
of sight is offset from the jet of an SGRB. Soon thereafter,
Luoetal. (2014) and Zheng et al. (2017) identified two new
unusual FXRTs in the 7 Ms Chandra Deep Field-South (CDF-S)
data set, XRT 141001 and XRT 150321, denoted “CDF-S XT1”
and “CDF-S XT2”. These two FXRTs were studied later in
detail by Bauer et al. (2017) and Xue et al. (2019), respectively.
In the case of CDF-S XT2, its multiwavelength constraints and
host galaxy properties are consistent with the expected fea-
tures of off-axis SGRBs (Xue et al. 2019), although other pos-
sibilities cannot be completely ruled out (e.g., a TDE origin;
Peng et al. 2019). CDF-S XT2 is particularly intriguing because
it exhibits a flat, extended X-ray light curve that suggests a mag-

2 The most favored model for XRT 080109/SN 2008D is a breakout
from a wind (regarding the breakout from the stellar surface), which
changes the expected X-ray luminosity (e.g., Balberg & Loeb 2011).
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netar wind origin (Sun et al. 2019; Xiao et al. 2019; Lii et al.
2019), similar to GRB 160821B (Troja et al. 2019) and oth-
ers and in line with the aforementioned predictions of Zhang
(2013). The X-ray afterglows of gamma-ray bursts (GRBs) also
show similar plateaus in their light curves (e.g., Lyons et al.
2010; Rowlinson et al. 2013; Yietal. 2014), suggestive of a
central engine related to a magnetar wind or an accreting BH
(Troja et al. 2007; Li et al. 2018).

On the other hand, CDF-S XT1 could be associated with a
few possible scenarios: (i) an “orphan” X-ray afterglow from an
off-axis SGRB with weak optical emission (Bauer et al. 2017;
Sarin et al. 2021), (ii) a low-luminosity GRB at high redshift
with no prompt gamma-ray emission below ~20 keV rest frame
(Bauer et al. 2017), or (iii) a highly beamed IMBH-WD TDE
(Bauer et al. 2017; Peng et al. 2019). More recently, Sun et al.
(2019) proposed a possible origin as a magnetar remnant of a
neutron star merger, viewed at a larger off-axis angle than CDF-
S XT2 and strongly obscured by ejecta material at early times.
While none of these scenarios completely explain all observed
properties, the large redshift uncertainty makes it difficult to
discard them outright. Notably, the event rate of CDF-S XT1-
like events is comparable to those of orphan and low-luminosity
GRBs, as well as TDEs, implying an untapped regime for a
known transient class or a new type of variable phenomenon
(Bauer et al. 2017).

In order to understand if, and if so how, FXRTs, GRBs,
and gravitational wave (GW) events (such as GW 170817;
Abbott et al. 2017a; Nakar 2020; Margutti & Chornock 2021;
Hajela et al. 2022) are related, we need to enlarge the sample of
FXRTs. To this end, Yang et al. (2019) conducted a systematic
search for CDF-S XT1- and CDF-S XT2-like objects in ~19 Ms
of Chandra blank-field survey data with good ancillary imag-
ing. They constrained the event rate systematically but unfortu-
nately found no new FXRTs. The discovery, confirmation, and
characterization of more FXRTs and stricter limits on their num-
ber density can place valuable constraints on the unknown elec-
tromagnetic (EM) properties of several families of astronomical
transients.

In this paper we extend the efforts of Yang etal. (2019)
with a search of the entire Chandra Source Catalog 2.0 (CSC2;
Evans et al. 2010), identifying 14 extragalactic FXRTs, of which
at least three share similar properties to CDF-S XT2 and may
be related with off-axis GRBs. We recover five events previ-
ously identified and classified as FXRTs by Jonker et al. (2013),
Glennie et al. (2015), Bauer et al. (2017), and Lin et al. (2019,
2022).

This manuscript is organized as follows. We explain the
methodology and selection criteria in Sect. 2. We present the
results of the search and the cross-match with other catalogs in
Sect. 2.6, a spectral and timing analysis of our final candidates in
Sect. 3, and the properties of the identified potential host galax-
ies in Sect. 4. In Sect. 5 we discuss possible interpretations of
some FXRTs and provide a comparison with other transients.
We derive local and volumetric rates for the FXRTs in Sect. 6
and the expected number in current and future X-ray missions.
Finally, we present final comments and conclusions in Sect. 7.

Throughout the paper, a concordance cosmology with
parameters Hy = 70 km s™! Mpc™!, Qy = 0.30, and Q, = 0.70
is adopted. All magnitudes are quoted in the AB system.

2. Methodology and sample selection

We describe below our search algorithm for FXRT candi-
dates in individual Chandra exposures (Sect. 2.1), CSC2 data
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selection criteria (Sect. 2.2), light curve extraction methodology
(Sect. 2.3), initial candidate results (Sect. 2.4) and additional cri-
teria to filter non-transient and Galactic-stellar events to clean
our sample (Sect. 2.5), respectively. Finally, we explore tenta-
tive related EM sources using different catalogs (Sect. 2.6).

2.1. Algorithm for transient-candidate selection

We adopt the algorithm presented in Yang et al. (2019, see their
Sect. 2.1 for more details), with some modifications to extend
it to larger instrumental off-axis angles (as related to the posi-
tion of the detector aimpoint) and/or higher background lev-
els, which we discuss below. This method depends on the total
(Niot) and background (Nyye) counts of the event, working on
an unbinned Chandra light curve (this is advantageous because
it does not depend on how the light curve is built). Based
on simulations, Yang et al. (2019) adopt an identification effi-
ciency requirement [2 90% for events with log(Fpeak) > — 12.6]
located at <8/0. They enforce this instrumental off-axis angle
limit because Chandra’s detection sensitivity (as measured by,
e.g., effective area and point-spread-function size) drops signifi-
cantly beyond this limit (Vito et al. 2016; Yang et al. 2016).

The algorithm is split into two passes of the same light curve.
Pass 1 calculates the total number of counts N| and N, in the two
halves of the light curve at r = (%, t,,) and ¢ = (¢,,, t.) respectively,
where #; and f. are the start and end times of the Chandra expo-
sure, respectively, while t,, = (f; + t.)/2 is the midpoint of the
observation. The method selects a source in an observation as
a transient candidate if it satisfies all of the following criteria:
(i) Nyo is larger than the 5o~ Poisson upper limit of Nyg; (ii) Ny
and N, are statistically different at a >40 significance level; and
(iii)) Ny > 5XNy,or N, > 5XNj.

Criterion (i) rules out faint sources with low signal-to-
noise (S/N) and helps to avoid false detections caused by
rare background flares. Criterion (ii) selects sources that
have significantly different counts between the first-half and
second-half exposures. This comparison is made via an E-test
(Krishnamoorthy & Thomson 2004), which assesses whether N;
and N, are drawn from the same Poisson distribution, factor-
ing in statistical fluctuations. Both criteria (i) and (ii) are based
on statistical significance, and they chose high S/N sources
with significant variability. On the other hand, criterion (iii)
permits events to be discarded, such as active galactic nuclei
(AGNSs) with a strong stochastic variability, requiring that the
flux-variation amplitude be large.

The above sequence (Pass 1), however, will not efficiently
select transients that occur around ¢ ~ t,,, because Ny and N,
may have a similar number of counts. Thus, a second sequence
(Pass 2) is used to account for transient events that occur near
tm, whereby the number of counts N and N within windows
around the edges and middle of the light curve are computed,
respectively. Pass 2 identifies transient candidates in observa-
tions that satisfy all of the following criteria: (i) Ny is larger
than the 5o Poisson upper limit of Nyg; (ii) N{ and N are statis-
tically different at a >4¢ significance level; and (iii) N| > 5XN}
or N) > SXNJ.

This algorithm depends strongly on the background event
rate and the degradation of the Chandra point spread func-
tion (PSF) at high instrumental off-axis angles. To analyze the
performance of the method, we simulate the detection probabil-
ity (Pge) of CDF-S XT1 and CDF-S XT2-like events at ener-
gies 0.5-7.0 keV as a function of the Chandra exposure time
(Texp). We consider the following conditions with instrumental
off-axis angles of 570/8’0/110: a fiducial light-curve model sim-

ilar to CDF-S XT1 and CDF-S XT2 (identical to that used by
Yang et al. 2019, see their Sect. 2.2.1), taking into account their
timing and spectral properties (power-law with photon index of
I' = 1.7), a conversion between Fpe, and total net counts of
Npet = 1.6 X 1014Fpeak cts, aperture background count rates
of 5.6 x 107, 2.5 x 107, and 7.0 x 10™* cts s~ for 570, 8’0
and 110, respectively, and log(Fpeax) from —13.0 to —12.6. The
ratio of aperture background count rates at 5/0, 8/0 and 1170
instrumental off-axis angles are ~9.5, 42, and 119 times larger
than at 0’5, respectively, highlighting the importance of defin-
ing the algorithm’s effectiveness at different locations across
Chandra’s field-of-view (FoV). For all simulations, we adopt
as the background count rate the median value from the Chan-
dra Deep Field North/South surveys (Xue et al. 2016; Luo et al.
2017; Yang et al. 2019).

Figure 1, left panel, shows the detection probability Pge
as a function of Teyp, assuming instrumental off-axis angles of
50 (solid lines, representative of ~20th—30th percentile), 80
(dashed lines, representative of ~50th-70th percentile), or 110
(dotted lines, representative of worst case ~100th percentile). It
is clear that Py decreases substantially for events at 80 (by 20—
50%) and 11:0 (by 50-100%) at log(Fpeax) < — 12.7 (for refer-
ence log(Fpeak) < — 12.7 equates to < 32 counts for a CDF-S
XT1-like event), especially at Tex, 2 30 ks. Thus, candidates
with large instrumental off-axis angles, which incur higher back-
ground levels, subsequently have worse flux sensitivity limits
using this algorithm.

To mitigate this problem, we chop each light curve into seg-
ments of 20 ks (Twindow = 20 ks), and carry out Passes 1 and 2
separately on each window. This reduces the integrated number
of background counts and thus enables identification of fainter
events at larger instrumental off-axis angles. To maintain effi-
cient selection of transients across the gaps between windows,
we sequence through the entire light curve in three iterations:
a forward division into 20 ks windows plus a remainder win-
dow, a backward division into 20 ks windows plus a remainder,
and finally a forward division after a 10 ks shift into 20 ks win-
dows plus a remainder window and the initial 10 ks window.
As an example, for a 45 ks exposure, we divide it as follows:
one iteration with windows of Ty, = 20, 20, and 5 ks; another
iteration with windows of Tex, = 5, 20, and 20 ks, and a final
iteration with windows of Tey, = 10, 20, 15 ks. Then for each
separate window of 0-20 ks duration, we apply Passes 1 and
2. This window time is well matched to the expected durations
for CDF-S XT1 and CDF-S XT2, which have Tqy of 5.0’:3% and

11.1f8;‘6‘ ks, respectively; here, Ty measures the time over which
the event emits the central 90% (i.e., from 5% to 95%) of the
total measured number of counts (Bauer et al. 2017; Xue et al.
2019). We explored how Pg4.; changes considering two other win-
dow sizes, Tyindow = 10 and 25 ks. In the case of Texp = 10 ks,
Pgye decreases by ~30% at Tex, = 10 ks, since the window size
starts to become comparable to or smaller than the Tq, values of
the simulated light curves. For Tyingow = 25 ks, Pger does not
change dramatically.

This additional modification to the algorithm of Yang et al.
(2019, they only chopped observations with exposures longer
than 50 ks) is crucial because it allows instrumental off-axis
FXRTs to be detected to fainter flux limits and across Chandra’s
entire FoV. Indeed, FXRTSs previously published by Jonker et al.
(2013) and Glennie et al. (2015) were identified at large instru-
mental off-axis angles (13!0). Figure 1, right panel, shows
the detection probability P4 considering Tyindow = 20 ks
(but otherwise the same conditions as in the previous simula-
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Fig. 1. Detection probability (Py) as a function of the Chandra exposure time (T,) for typical instrumental off-axis angles of 5.0 (solid lines),
8:0 (dashed lines), and 11:0 (dotted lines). Different colors indicate different peak fluxes, log[Fyeax (cgs)], as labeled (cgs units). Left and right
panels: the probability assuming null and 20 ks windows, respectively (see Sect. 2.1 for details).

tions). The Py clearly improves by up to several tens of per-
cent, especially for events fainter than log(Fpes) < —12.7 and
Texp 2 20-30 ks. We note that Yang et al. (2019) adopted lim-
its of log(Fpeax) = —12.6, instrumental off-axis angles <80, and
Twindow< 50 ks. With the above modification, we increase the
chance to recover new FXRTs even at large instrumental off-
axis (or high background levels), albeit at lower sensitivity and
completeness thresholds.

We confirmed that our algorithm detects FXRTs with dif-
ferent light-curve shapes such as XRT 110103 (where the flux-
to-counts conversion factor for this transient is Ny = 3.2 X
1012Fpeak cts; Yang et al. 2019). For instance, those of CDF-
S XT1 and CDF-S XT2, with main peak durations of ~5-11ks,
are quite distinct from the events found by Jonker et al. (2013)
and Glennie et al. (2015) with peak emission durations of only
~0.1-0.2 ks. Importantly, our algorithm successfully recovered
all these events, and thus is flexible enough to recognize FXRTs
with different light-curve shapes. We stress that this is a key
advantage compared to matched filter techniques that assume an
underlying model profile.

In this work, the false rate of spurious detections is inherited
from the CSC2, which serves as our input catalog. The CSC2
includes real X-ray sources detected with flux estimates that are
at least 3 times their estimated 1o uncertainties in at least one
energy band (between 0.2-7.0 keV), while maintaining the num-
ber of spurious sources at a level of <1 false source per field for
a 100 ks observation (Evans et al. 2010, 2019, 2020a). Although
this number seems small, spurious events could be an important
source of contamination, especially for events without a clear opti-
cal or near-infrared (NIR) association. To avoid this problem, we
adopt a more restrictive 5o cut, which should serve to remove
all truly spurious sources (see above). Moreover, we make a final
visual inspection to reject potential spurious FXRTs that appear
“constant” and associated with known diffuse/extended sources,
or vary in the same way that the background varies with time
(see Sect. 2.5.5). To summarize, our strict cuts and visual review
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should produce a final sample that is largely free from spurious
contamination.

2.2. Data selection

To extend previous efforts to search for FXRTs, we conducted a
search through the CSC23 which provides uniformly extracted
properties for 317 167 unique compact and extended X-ray
sources (928 280 individual observation detections) identified in
10382 Chandra Advanced CCD Imaging Spectrometer (ACIS)
and High Resolution Camera (HRC-I) imaging observations
released publicly through the end of 2014. The sensitivity limit
for compact sources in CSC2 is ~5 net counts (a factor of
>2 better than the previous catalog release). For uniformity,
we consider only ACIS observations in the energy range 0.5—
7.0 keV, noting that HRC-I observations comprise only a few
percent of the overall observations and have a poorer and softer
response and limited energy resolution compared with the ACIS
detectors.

The CSC2 database includes a wide variety of astrophys-
ical objects, from galaxy clusters to stellar objects, although
the CSC2 does not provide detailed source classifications. To
this end, we apply the criteria explained in Sect. 2.1 to select
FXRT candidates, while the criteria explained below (Sect. 2.5)
are chosen in order to discard objects that are considered con-
tamination to our search. Given the extragalactic nature of the
FXRTs CDF-S XT1 and CDF-S XT2 and the high contamination
rate from flaring stars (e.g., Yang et al. 2019 recovered CDF-
S XT1/XT2 but otherwise only found stellar flares in 19 Ms of
data), we limit our initial light-curve search to CSC2 sources
with Galactic latitudes |b| > 10 deg. A secondary benefit of con-
sidering objects with |b| > 10 deg is that it helps to minimize the
effects of Galactic extinction in characterizing the spectral prop-
erties of our candidates. From the previous search developed by

3 https://cxc.harvard.edu/csc/
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Fig. 2. Histogram (red; left Y axis) and cumulative (black; right Y axis)
distributions of the exposure time of the 5303 Chandra observations
used in this work. The inset provides a zoomed-in view to show the
high-exposure-time tail of the distribution. The vertical dashed blue line
indicates the median exposure time (=32 ks) of the total sample. We
adopt an exposure time of 8 ks as a lower bound due to the strongly
decreasing probability of distinguishing FXRTs in short exposures.

Yang et al. (2019), the probability of detecting FXRTs such as
CDF-S XT1 or CDF-S XT2 decreases dramatically in obser-
vations with exposure times <8 ks (similar to our case, where
Pyer < 0.9 for events log(Fpeak) < —12.7; see Fig. 1). Therefore,
we exclude such short observations from further study in order
to limit uncertainties associated with large completeness correc-
tions when estimating the event rate (see Sect. 6). The above two
criteria yield a sample of 214 701 X-ray sources detected within
5303 Chandra observations, equating to ~169.6 Ms of exposure
over ~592.4 deg?; this is roughly nine times more than explored
in Yang et al. (2019).

To facilitate our search, we use the full-field per-observation
event files available from the CSC2 data products* along
with the detection properties provided in the CSC2 catalog
(Evans et al. 2010). Figure 2 shows the cumulative and his-
togram distributions of the Chandra observations used in this
work as a function of exposure time.

2.3. Generation of light curves

We began by downloading the Chandra full-field per-observation
data products from the CSC2 for all CSC2-detected sources with
|b| > 10 deg. These products are preprocessed following the stan-
dard methods developed by the CSC2 (Evans et al. 2010, 2019,
2020a). We use the astropy.io (Astropy Collaboration 2013,
2018) package to extract the photon information.

The event file of full-field observations contains pho-
ton event data stored as a table, with information such as
photon arrival time, energy, position on the detector, sky coordi-
nates, and observing conditions. One advantage of using Chan-
dra over all other X-ray satellites currently in operation is the
low average number of background counts, which enables a
robust detection of transient candidates with as few as 210 total
counts (at 299% confidence; e.g., Kraft et al. 1991), allowing
searches for faint FXRTs potentially in the CSC2 catalog. To
construct light curves, we extract the photon arrival times in
the 0.5-7.0 keV range from each event file using an aper-

4 http://cxc.harvard.edu/csc2/data_products

ture of 1.5 X Rgy (following the same process developed by
Yang et al. 2019), where Ry is the radius encircling 90% of the
X-ray counts, which is a function of instrumental off-axis (and
depends on the photon energy; for more details, see Vito et al.
2016; Hickox & Markevitch 2006). We consider this aperture
(1.5 X Rgp) because, based on simulations by Yang et al. (2019),
it encircles 298% of X-ray counts regardless of instrumental
off-axis angle. Meanwhile, we calculate Ny, using an annulus
with inner and outer aperture radii of 1.5 X Rgg and 1.5 X Rgp+20
pixels, respectively. If the background region overlaps another
nearby X-ray source, we mask the nearby source (with radius
of 1.5X Rgp), and do not include the masked area when esti-
mating the background. To correct the source light curve for the
effect that background photons would have, we weight Ny, by
the source-to-background area ratio.

The typical counts of our candidates imply that we are in
the Poissonian statistical regime, and therefore we adopt the dis-
tribution proposed by Kraft et al. (1991) to compute the confi-
dence intervals of the background subtracted light curves (we
use the package astropy.stats from Astropy Collaboration
2018). Figure 3 shows example light curves (black circles)
detected by our method, as well as light curves for CDF-
S XT1 and CDF-S XT2 (red circles) following our extraction
methodology.

2.4. Initial candidate results

To summarize, we apply the FXRT detection algorithm to the
0.5-7.0keV light curves of 214,701 CSC2 sources outside of
the Galactic plane (|b| > 10 deg, splitting up long exposures into
sub-20ks segments), resulting in 728 FXRT candidates. This
sample has total net counts, instrumental off-axis angles and
time-averaged fluxes spanning ~6.5—42720 (mean value of 754),
~0.3-20.5 (mean value of 4.4) arcmin, and Fy ~ 2.6 x 107'°-
7.1x107'2 (mean value of 1.2x107!3) erg cm™2 s™!, respectively.
As expected, our method selects FXRTs with a diverse range of
light curve properties.

2.5. Initial purity criteria

It should be stressed that our search method does not guaran-
tee a high-purity sample of real extragalactic FXRTs. Thus, we
adopt some additional criteria based on archival X-ray data (prior
and posterior X-ray detections of candidate FXRTs) and multi-
wavelength counterparts (e.g., bright stars) to help differentiate
real extragalactic FXRTs from Galactic transients and vari-
ables among the 728 unique FXRT candidates. We explain and
describe these additional criteria below. Table 1 summarizes the
number and percentage, relative to the total, of events that pass
criteria (column 5), as well as ignoring all previous steps (col-
umn 4). Figure 4 shows the steps to select/reject FXRTs tak-
ing into account our algorithm described in Sect. 2.1 and the
additional criteria that we explain below Sects. 2.5.1-2.5.5. We
discuss the completeness of our search and selection criteria in
Sect. 2.5.6.

2.5.1. Criterion 1: Archival X-ray data

One important criterion to confirm the transient nature of
the FXRT candidates is non-detection in prior and subse-
quent X-ray observations. We consider separately detections
from: Chandra, based on other observations in the CSC2;
XMM-Newton, based on individual observations of sources
in the Serendipitous Source (4XMM-DR9Y; Rosen et al. 2016;
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Fig. 3. X-ray light curves extracted as described in Sect. 2.3 and identified via our algorithm described in Sect. 2.1. The four light curves in black
denote randomly selected sources from initial FXRTs found in the CSC2. For comparison, we show in red the FXRT sources CDF-S XT1 and
CDF-S XT2. For visualization purposes, background-subtracted light curves are presented with either 1 ks or 2 ks bins with 1o~ errors. In all cases,
the vertical dashed gray line represents the end of the observation.

Table 1. Breakdown of FXRT candidates as a function of the selection criteria proposed in Sect. 2.5.

Criterion Candidates
# Constrained  # Total removed # Uniquely removed # Remaining

&) @) 3) “ ®)
1) Archival X-ray data 645 @ 558 72 170
2) Cross-match with stars/Gaia 728 454 56 66
3) NED + SIMBAD + VizieR 728 525 31 29
4) Archival images - 9 9 20
5) Instrumental effects () - 6 6 14

Notes. Column 1: Criterion. Column 2: Number of candidates constrained by this criterion. Column 3: Number of candidates removed that would
be cut at this stage if we disregard all previous stages. Column 4: Number of candidates that are solely removed by this criterion, and not any
other. Column 5: Running total number of candidates that remain after applying this criterion. ’Candidates with additional Chandra-ACIS,
XMM-Newton, or Swift-XRT observations. ("Note that criteria 4 and 5 are only applied to the sources that remain after the first three criteria are

applied.

Traulsen et al. 2019; Webb et al. 2020) and Slew Survey Source
Catalogues (XMMSL2; Saxton etal. 2008); and Swift-XRT
based on individual observations in the Swift-XRT Point Source
(2SXPS) catalog (Evans et al. 2014). In all cases, we require
that the FXRT candidate remain undetected (consistent with zero
counts) at 30~ confidence in all observations outside of the one
in which the FXRT candidate is found; we convert any detec-
tion or limit from the broadest original band to an equivalent
0.5-7.0 keV flux (using PIMMS) assuming a power-law (PL) with
slope I' = 2. This requirement helps to exclude a large number
of Galactic flaring sources, but may exclude FXRTs that occur
in AGNs or strongly star-forming galaxies. For instance, CDF-
S XT1 has 105 additional Chandra observations from the 7 Ms
CDF-S survey, and its detection is >50 higher than the limits
from other observations and conforms with our adopted con-
straints.

The CSC2 provides uniform source extractions for all
Chandra observations associated with each candidate, at least
up to 2014. For 33 candidates, more recent archival observa-
tions also exist. We downloaded and manually extracted photom-
etry for these cases, adopting consistent source and background
regions and aperture corrections compared to those used for the
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CSC2. In total, 580 FXRT candidates were observed in multi-
ple Chandra observation IDs, while 148 candidates have only a
single Chandra visit (available in CSC2).

To recover possible XMM-Newton and Swift-XRT detec-
tions, we match to the 4XMM-DR9, XMMSL2 and 2SXPS cat-
alogs, adopting a search radius equivalent to the 30 combined
positional errors of the Chandra detection and tentative XMM-
Newton or Swift-XRT match.

We additionally search the X-ray upper limit servers FLIX>,
2SXPS®, and ULS’. The latter provides upper limits for many
X-ray observatory archives (including XMM-Newton pointed
observations and slew surveys; Swift pointed observations;
Rontgen Satellite (ROSAT) pointed observations and all-sky
survey; Einstein pointed observations), but does not necessar-
ily use the same versions of the reduction pipeline as the
first two and has somewhat different area coverage limits for
the same observations. Based on visual inspections, we found
that the reported detections are not always reliable, and hence

> https://www.ledas.ac.uk/flix/flix.html
® https://www.swift.ac.uk/2SXPS/ulserv.php
7 http://xmmuls.esac.esa.int/upperlimitserver/
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Fig. 4. Methodology flowchart considered in this work to find FXRT candidates.

we require detections to be >50. We found that: 397 candi-
dates are observed with XMM-Newton 4XMM-DR9, with 206
candidates detected; 590 candidates are observed with XMM-
Newton XMMSL2, with 6 candidates detected; 351 candi-
dates are observed with Swift-XRT 2SXPS, with 31 candidates
detected; 355 candidates are observed with ROSAT pointed
observations, with zero candidates detected; 443 candidates are
observed with Einstein pointed observations, with 1 candidate
detected; finally all candidates are observed with the ROSAT
All-Sky Survey, with 30 candidates detected. The upper limits
from Chandra and XMM-Newton pointed observations are all
comparable to or lower than our FXRT candidate peak fluxes,
such that further similar transient behavior would have been
detectable in such observations if present. The Swift-XRT, XMM-
Newton-Slew, ROSAT, and Einstein limits are not nearly as
constraining.

In total, 645 candidates have multiple hard (meaning Chan-
dra, XMM-Newton, or Swift-XRT pointed observations) X-ray
constraints, of which 580 candidates have been visited more
than once by Chandra. This implies re-detected fractions of
at least *80% among the candidate sample. On the other
hand, 513 candidates have multiple soft (meaning ROSAT or
Einstein pointed observations) X-ray constraints, of which 31
candidates have been detected more than once. The implied re-
detection fractions are much lower, ~4%, among the candidate
sample, presumably due to the much shallower sensitivities of
these past observatories. The high X-ray re-detection fraction
indicates that this is a very effective criterion if additional Chan-
dra, XMM-Newton or Swift observations are available. For the
remaining 215 candidates that show no additional X-ray detec-
tions, we note that, in general, their X-ray constraints are much
shallower than the detected sources, and thus we might expect
a significant fraction to be persistent/recurrent if observed again
for similar exposure times with Chandra or XMM-Newton.

Finally, 170 candidates pass this criterion (see Table 1). Also,
it is important to mention that 72 candidates are discarded by this
criterion but not by the others. The left panels of Fig. 5 show the
net-count and flux distributions for the 170 events that pass this
criterion. To conclude, this criterion appears to be an extremely
effective means to identify persistent or repeat transients, when
data are available.

2.5.2. Criterion 2: Optical detections in Gaia

As discussed in Yang et al. (2019), a large fraction of FXRT
candidates are Galactic in origin, associated with relatively
bright stellar sources. To identify these, we cross-match with
the Gaia Early Data Release 3 (Gaia EDR3; Gaia Collaboration
2021) catalog, which contains relatively uniform photometric
and astrometric constraints for more than 1.8 billion sources in
the magnitude range G =3-21 mag across the entire sky, based
on observations collected during the first 34 months of its opera-
tional phase; these include parameters such as position, parallax,
and proper motion in the Milky Way and throughout the Local
Group (Lindegren et al. 2018; Gaia Collaboration 2018).

We employ the VizieR package (EDR3 catalog), adopt-
ing the CSC2 30 positional uncertainty associated with each
source as our search radius. In general, this search radius is suf-
ficiently small to find a unique counterpart, given Chandra’s
high spatial resolution and demonstrated astrometric precision
(=0’5; Rots & Budavari 2011); 26 candidates show multiple
Gaia sources in their cone search area, for which we adopt the
nearest Gaia source.

In total, 521 candidates have cross-matched sources in Gaia
EDR3. However, we only reject candidates matched to stel-
lar Gaia EDR3 optical detections (i.e., those with significant
nonzero proper motion and/or parallax detected at >30 sig-
nificance), which amounts to 454 candidates from the initial
sample. These stellar counterparts span a wide range in mag-
nitude G = 10-20.8 mag (G ~ 16.9 mag) and proper motion
u = [0.05 — 186] mas yr™! (g ~ 13.7 mas yr™!). To charac-
terize better the X-ray sources classified as stars according to
Criterion 2, we construct a color-magnitude diagram of their
Panoramic Survey Telescope and Rapid Response System (Pan-
STARRS) archive and Dark Energy Camera (DECam) counter-
parts (see Fig. B.1) and compare to theoretical isochrones taken
from the MESA Isochrones & Stellar Tracks (MIST) package
(Dotter 2016; Choi et al. 2016) with different metallicities (from
[Fe/H] = —3.0 to +0.5), ages (log(Age/yr) = 7.0, 9.0, 10.0, and
10.3) and attenuation (Ay = 0.0 and 5.0). The sample of X-ray
sources classified as stars covers a wide range in the parame-
ter space (see Fig. B.1), as expected for such an inhomogeneous
sample of stars.
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counts and fluxes are provided by the CSC2.

The central panels of Fig. 5 show the net-count and flux dis-
tributions of the 274 events that pass this criterion. Among the
total sample, ~65% are associated with bright stars, highlight-
ing the importance of this cross-match. Moreover, this criterion
discards 56 sources that the other criteria do not. Nevertheless,
due to the relatively bright magnitude limit and optical window
of the Gaia EDR3 objects with proper motion and parallax con-
straints, this criterion may not identify all persistent or recurring
transient Galactic objects, as we discuss in the next subsection.
As arunning total, only 63 candidates successfully pass both this
and the previous criterion (see Table 1).

2.5.3. Criterion 3: NED, SIMBAD, and VizieR Search

To identify further known Galactic and Local Group objects,
we search for associated objects (counterparts or host galax-
ies) in several large databases using the astroquery pack-
age: the NASA/IPAC Extragalactic Database (NED; Helou et al.
1991), the Set of Identifications, Measurements, and Bibliog-
raphy for Astronomical Data (SIMBAD; Wenger et al. 2000),
and VizieR (which provides the most complete library of pub-
lished astronomical catalogs; Ochsenbein et al. 2000). There is
non-negligible redundancy here compared to the previous two
searches, as these databases have ingested previous versions
of X-ray serendipitous catalogs and Gaia EDR3 in the case
of VizieR. To begin, we performed a cone search per candi-
date considering a radius equivalent to the 30 positional error
to find associated sources. These databases integrate many cata-
logs across the EM spectrum, helping rule out objects of our sam-
ple that were classified previously as stars, young stellar objects
(YSOs), or objects associated with globular clusters, nebulae,
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or high-mass X-ray binaries (HMXBs) in either our Galaxy or
the Local Group. However, we should stress that these catalogs
are highly heterogeneous, and we must take care to not misin-
terpret candidate matches. Around 212 candidates have one or
more entries in the various databases when cross-correlating to
a region encompassing the 30 uncertainty of the FXRT posi-
tions. In all the cases, the multiple entries had the same source
classification. We uniquely identify 31 objects in this way, either
as YSOs embedded in nebulae or stars identified by other cat-
alogs, for instance, the VISTA Hemisphere Survey (VHS), the
United Kingdom InfraRed Telescope (UKIRT) Infrared Deep Sky
Survey, the Sloan Digital Sky Survey (SDSS), or the catalog
sources from combined the Wide-field Infrared Survey Explorer
(WISE) and the near-Earth objects WISE (NEOWISE) all-sky
survey data at 3.4 and 4.6 pm (CatWISE) (McMabhon et al. 2013;
Dye et al. 2018; Marocco et al. 2021). This step is also critical
because ~78% of the initial sample show associated sources in
these databases. The right panels of Fig. 5 show the net-count and
flux distribution for the 203 events that pass this criterion. Apply-
ing all criteria thus far, the sample is reduced to 29 candidates.

2.5.4. Archival image search

In order to rule out fainter stellar counterparts, we carried out
a search of ultraviolet (UV), optical, NIR, and mid-infrared
(MIR) image archives; We perform a cone search within a
radius equal to the 30 uncertainty on the Chandra error posi-
tion of the respective FXRTs (see Table 2) in the follow-
ing archives: the Hubble Legacy Archive®; the Pan-STARRS

8 https://hla.stsci.edu/hlaview.html
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Table 2. Properties of the extragalactic FXRT candidates detected and/or discussed in this work, ordered by subsample and date.

FXRT Id Obld Exp. (ks) Date Top (ks) RA (deg) Dec(deg) Off. Ang. Flux Pos. Unc. HR S/N
(1) (2) (3) “) (5) (6) (7 (®) ) (10 (1) (12) (13)
Nearby extragalactic FXRT Candidates from CSC2
1 XRT 000519 ) 803 31.0 2000-05-19  11.67)5 186.38125 13.06607 133 6.4e-13 178 -0.59+0.02 35.1
2 XRT 010908 2025  61.5 2001-09-08  25.7+312 167.86792 55.67253 25 92e-15 1706 -021+0.13 6.2
3 XRT 070530 8490 972 2007-05-30  29.8*473 201.24329 -43.04060 4/ 26e-15 173 -0.68+0.17 46
4 XRT071203 9546  31.8 2007-12-03 253143 211.25113 53.65706 07 7.0e-15 1713 -0.59+0.14 52
5 XRT080331 9548 517  2008-03-31/4-1 32.8785 170.07296 12.97189 09 2.0e-14 170 -0.73£0.05 12.0
6 XRT 130822 14904 322 2013-08-22  12.17%3 34549250 15.94871 16 63e—15 0779 -046+0.17 46
Distant extragalactic FXRT Candidates from CSC2
7 XRT030511 M 4062  48.1  2003-05-10/11 65739 7677817 -31.86980 107  l.le-13 1756  —0.38+0.04 16.9
8 XRT041230 5885 734  2004-12-30/31 40.27)%7 318.12646 —63.49914 34  33e-15 0793 -046+020 43
9 XRT 080819 9841 17.7 2008-08-19  8.3™2 17500504 -31.91743 51 1.7e-14 1703  -0.62+0.17 4.7
10 XRT 100831 12264  43.0 2010-08-31 4373 90.00450 -52.71501 48  39-15 1716 -0.66+0.14 5.0
11 XRT 110103 " 12884  87.0 2011-01-03  40.178% 212.12063 -27.05784 133  6.2e-14 2759  -024+0.04 157
12 XRT 110919 13454 942 2011-09-19/20 17.2%304 1593558 -21.81272 722 1.6e-14 1710  —0.19+0.11 7.2
13 XRT 140327 15113 364 2014-03-27 134773 4526725 -77.88095  6/6  3.9e-15 1776 -0.63+0.19 3.9
14 XRT 141001/ 16454  49.5 2014-10-01  5.1*150  53.16158 -27.85940 43 3.7e-14 0766  -0.16+0.09 9.2

CDE-S XT1

Notes. Column 1: Shorthand identifier (FXRT #) used throughout this work. Column 2: X-ray transient identifier (XRT date), plus previous
name when available. Columns 3-5: Chandra observation ID, exposure time in units of ks, and date. Column 6: T, duration, which measures
the time over which the event emits the central 90% (i.e., from 5% to 95%) of its total measured counts, in units of ks. Columns 7 and 8:
Right ascension and declination in J2000 equatorial coordinates. Column 9: Instrumental off-axis angle of the FXRT candidates, with respect to
the Chandra aimpoint, in units of arcminutes. Column 10: Aperture-corrected, observation-averaged 0.5-7.0 keV flux inferred from the CSC2,
in cgs units. Column 11: Estimated 20~ X-ray positional uncertainty from the CSC2, in units of arcseconds; as demonstrated in Bauer et al.
(2017), this can be improved by up to ~40% when sufficient optical/X-ray cross-matches are available. Column 12: Hardness ratio (HR) and
1o uncertainty, defined as HR=(H-S)/(H+S), where H=2-7 keV and S=0.5-2 keV energy bands, using the Bayesian estimation of Park et al.
(2006). Column 13: Approximate signal-to-noise ratio (S/N). PPreviously reported as FXRTs by Jonker et al. (2013) in the case of FXRT 1 (or
XRT 000519), Glennie et al. (2015) for FXRT 11 (or XRT 110103), Lin et al. (2019) for FXRT 7 (or XRT 030511) and FXRT 12 (or XRT 110919),

and Bauer et al. (2017) for FXRT 14 (or XRT 141001/CDEF-S XT1).

archive (Flewelling et al. 2020)°; the National Science Founda-
tion’s National Optical-Infrared Astronomy Research (NOIR)
Astro Data Lab archive!, which includes images from the
Dark Energy Survey (DES; Dark Energy Survey Collaboration
2016) and the Legacy Survey (DRS); the Gemini Observa-
tory Archive'!; the National Optical Astronomy Observatory
(NOAO) science archive; the ESO archive science portal'?
the VISTA Science Archive'® the Spitzer Enhanced Imaging
Products archive (Teplitz et al. 2010)'*; the UKIRT/Wide Field
Camera (WFCAM) Science Archive!® and the WISE archive
(Wright et al. 2010).

For images obtained under good seeing (<1””) conditions,
we visually search for counterparts or host galaxies in the 30
uncertainty on the X-ray location of the FXRT (ensuring that the
optical images are co-aligned to Gaia EDR3). We only under-
take this step for the candidates that remain after the selection
applied in Sect. 2.5.3. If a source is found, we quantify its sig-
nificance and assess its extent and radial profile visually. We
identify sources as stellar if they are consistent with the spa-
tial resolution of the imaging. We reject nine candidates in this
way: five sources are embedded in obvious Galactic nebulae with

° http://pslimages.stsci.edu/cgi-bin/pslcutouts

10 https://datalab.noirlab.edu/query.php

" https://archive.gemini.edu/searchform

2 http://archive.eso.org/scienceportal

3 http://horus.roe.ac.uk/vsa/

4 https://irsa.ipac.caltech.edu/data/SPITZER/Enhanced/
SEIP/

5 http://wsa.roe.ac.uk/

point-like NIR counterparts, and four candidates are identified
as stars in Hubble Space Telescope (HST) images. The latter
have no clear nearby galaxy associations, suggesting that they
are likely field stars, perhaps the fainter tail of the population
probed by Gaia DR3. This reduces the number of candidates
to 20.

2.5.5. Instrumental effects

As a final step, we perform additional manual and visual cross-
checks to rule out false positive candidates that might arise
from background flares, bad pixels or columns, or cosmic-ray
afterglows. Again, we only undertake this step for the remain-
ing candidates after Sect. 2.5.4. To rule out events that occur
during strong background flaring episodes (230 mean value)
in the energy range 0.5-7 keV, we employ the dmextract
script (excluding counts associated with X-ray sources identi-
fied by CSC2 in the Chandra FoV) to investigate the evolu-
tion of the background count rate during the observations. Using
the deflare script, we identify and reject six candidate FXRTs
found in a circular region with radius =40 around the plan-
etary nebula (PN) NGC 246 in the Chandra observation ID
2565 that are affected by background flares, reducing the num-
ber of candidates to 14. We confirm that none of the remain-
ing 14 sources is caused by detector artifacts (bad columns or
hot pixels) or are associated with bad quality flags (confused
source and background regions or saturation) in the CSC2 cat-
alog entries. Furthermore, we confirm that the counts from all
sources are detected in (many) dozens to hundreds of individ-
ual pixels tracing out portions of Chandra’s Lissajous dither
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pattern (appearing as a sinusoidal-like evolution of x and y
detector coordinates as a function of time; see Fig. A.2) over
their duration, which reinforces that they are real astrophysical
sources. Therefore, we have a final sample of 14 FXRTs.

2.5.6. Completeness

Below, we explore the probability that real FXRTs might have
been discarded erroneously. To estimate this, we determine the
likelihood that the position of a candidate FXRT overlaps, by
chance, that of another X-ray source and/or star. The probability
(assuming Poisson statistics; P(k, 1)) of one source (k = 1) being
found by chance inside the 30 localization uncertainty region of
another is
etk

k! M

where A is the source density of X-ray sources and/or stars on the
sky multiplied by the 30 Chandra localization uncertainty area.
To measure the X-ray or optical source density, we consider X-
ray detections from the CSC2, 4XMM-DR9 and 2SXPS catalogs
(Evans et al. 2010, 2014; Webb et al. 2020), and the Gaia EDR3
catalog for stars (Gaia Collaboration 2021), respectively. This
probability is 0.0091 and 0.0071 for X-ray and optical sources,
respectively. Taking the 72 and 56 X-ray sources that are dis-
carded solely on the basis of Criteria 1 or 2 (see Table 1), respec-
tively, we expect <1 of these to be discarded erroneously. If we
consider the 665 X-ray sources discarded by both Criteria 1 and
2, the combined probability is 6.5 x 107>, and thus the expected
number of erroneously dismissed sources is also <«1. The con-
tribution of Criterion 3 to the completeness is not easy to assess,
given the highly distributed nature of the databases. Based on
the high fraction of discarded sources that overlap with the other
criteria, we assume that the databases used in Criterion 3 are
accurate and this criteria does not disproportionately discard real
FXRTs (i.e., also «1). To summarize, our rejection of contam-
inating sources does not appear to impact the completeness of
our FXRT candidate sample.

Pk=1,1)=

2.5.7. Summary

We discover 14 FXRT candidates in the CSC2, five of which had
been discovered previously as FXRTs while an additional six had
been detected in published works but not properly characterized
(see Sect. 2.6 for more details).

Table 2 provides the coordinates, instrumental off-axis
angle, flux, positional uncertainty, hardness ratio (HR; com-
puted following Park et al. 2006), and S/N. Figure 6 shows the
background-subtracted 0.5-7.0 keV light curves of our final
sample of FXRT candidates: short-term, in units of counts (first
column) and count rates (second column); long-term in units of
counts for Chandra only (third column) and flux to compare uni-
formly Chandra, XMM-Newton and Swift-XRT data (fourth col-
umn). We highlight that the three criteria (X-ray archival data,
Gaia detection cross-match, and NED/SIMBAD/VizieR cata-
logs, respectively) contribute in complementary ways to clean
the sample. We stress that the sample may still contain contam-
ination from faint and/or extremely red Galactic objects, which
we address below.

We designate each candidate by “XRT” followed by the date
(the first two numbers correspond to the year, the second two
numbers to the month, and the last two numbers to the day;
see Table 2, second column). However, to identify each event
quickly throughout this manuscript we also denominate them
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by “FXRT”+# (ordered by subsample and date; see Table 2,
first column). Furthermore, from the final 14 events, 3 of them
(FXRT 2, FXRT 4, and FXRT 5) were classified previously as
HMXBs in galaxies at 4 Mpc. Nevertheless, we keep them
to be consistent with the selection criteria of this work (see
Sect. 2.6.1 for more details).

We note that FXRTs CDF-S XT2 (XRT 150321; Xue et al.
2019), XRT 170831 (Lin et al. 2019, 2022), and XRT 210423
(Lin et al. 2021) are not part of this work because CSC2 only
includes data released publicly up to the end of 2014.

2.6. Fainter electromagnetic detections

Having ruled out obvious Galactic and spurious transients, we
now focus on a detailed multiwavelength assessment of each
remaining candidate using a variety of archival multiwavelength
data, in order to try to understand their origin. In Sects. 2.6.1—
2.6.3, we describe a search counterparts or host galaxies, from
radio to gamma rays, of our final sample. To confirm that the
final FXRT sample is consistent with real transient objects, in
the next section we explain a cross-match with other catalogs.

2.6.1. Ultraviolet, optical, and near-infrared sources

To search for possible UV, optical, NIR and MIR detec-
tions of a counterpart or host of each of the FXRTs, we
perform a cone search within a radius equivalent to the 30
Chandra error position (see Table 2) in the following cat-
alogs: GALEX Data Release 5 (GRS; Bianchietal. 2011),
Pan-STARRS Data Release 2 (Pan-STARRS-DR2; Flewelling
2018), the DES Data Release 2 (DES-DR2; Abbott et al. 2021a),
the SDSS Data Release 16 (SDSS-DR16; Ahumada et al.
2020), the NOAO Source Catalog Data Release 2 (NSC-DR2;
Nidever et al. 2021), the Hubble Source Catalog version 3
(HSCv3; Whitmore et al. 2016), the UKIRT InfraRed Deep
Sky Survey Data Release 11+(UKIDSS-DR11+; Warren et al.
2007), the UKIRT Hemisphere Survey Data Release 1 (UHS—
DR1; Dyeetal. 2018), the Two Micron All Sky Survey
(2ZMASS; Skrutskie et al. 2006), the VHS band-merged multi-
waveband catalogs Data Release 5 (DRS; McMahon et al.
2013), the Spitzer Enhanced Imaging Products Source List
(Teplitz et al. 2010), and the unWide-field Infrared Survey
Explorer catalog (unWISE; Schlafly et al. 2019), as well as the
ESO Catalogue Facility and the NED (Helou et al. 1991), SIM-
BAD (Wenger et al. 2000), and VizieR (Ochsenbein et al. 2000)
databases. We supplement this with any large extended sources
found during our archival image analysis in Sect. 2.5.4. We
assume that uncertainties in the UV through MIR positions con-
tribute negligibly to the overall error budget. Figure 7 shows
images of the FXRTs (one per row) from Pan-STARRS, DECam,
or HST in the optical (1st—4th columns, using g, r, i and z or the
corresponding HST filters), VISTA, UKIRT or 2MASS in the
NIR (5th and 6th columns, using J, H or K filters), unWISE
in the MIR (7th column, in the 3.6um) band, and the Chandra-
ACIS image (8th column, in the 0.5-7.0 keV band).

We find clear optical/NIR/MIR extended sources in the
above catalogs for two FXRT candidates: FXRT 8 and FXRT 9.
In the case of FXRT 13 there is a faint point source inside the
20 localization uncertainty, but only in the i band (see Fig. 7).
A further six FXRT candidates lie in the immediate vicinity of
large, nearby galaxies: FXRT 1, FXRT 2, FXRT 3, FXRT 4,
FXRT 5, and FXRT 6. For FXRT 2, FXRT 3, FXRT 4, and
FXRT 5, it was possible to identify potential counterparts. This
leaves four FXRT candidates (FXRT 7, FXRT 10, FXRT 11, and
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Fig. 6. 0.5-7 keV light curves for each FXRT candidate: full exposure, in units of counts (first column 1); zoomed-in view, from the detection of the
first photon to the end of the exposure, in units of count rate (cts s™'), with log-log scaling and five counts per bin (second column); long-term light
curve, with each point representing individual Chandra exposures (cyan circles with 1o error bars) to highlight the significance of detections and
non-detections, in units of counts (third column); long-term light curve, with each point representing individual Chandra (cyan), XMM-Newton
(red), and Swift-XRT (green) exposures in units of flux (erg s~ cm™2) (fourth column). For the long-term light curves, the observation that includes
the transient is denoted by a large blue star (1o error bars), while triangles denote observations with (307) upper limits. All the fluxes are reported
in the 0.5-7 keV band in the observer’s frame. In the case of FXRT 4 in Col. 4, additional data points are partially blocked by the blue star.

FXRT 12) where we could only derive upper limits to the pres-
ence of a host or counterpart in moderate-depth imaging; typ-
ical limits we derive are m, > 23.7 and m;, > 22.4 AB mag.
We note that the fields of FXRT 1 and FXRT 14 have been
observed by Jonker et al. (2013) and Bauer et al. (2017), respec-
tively. In Table 3 we list the position, angular offset, and magni-

tudes of the candidate optical/NIR counterparts or host galaxies
when available, and upper limits when not. We briefly describe
the counterpart or host galaxy constraints for each FXRT
below.

FXRT 1/XRT 000519 (identified previously by Jonker et al.
2013) is located in the outskirts of the galaxy M86 (mg=8.6 AB
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Fig. 6. continued.

mag; ~17Mpc) in the Virgo cluster, at an angular (projected)
distance of 12/2 (=60 kpc). This association is still under debate;
the Poisson probability of a chance alignment is 3.6 x 10~ based
on its angular offset and the space density of mg < 9 mag galax-
ies (using the GLADE catalog; Ddlya et al. 2018), implying a
possible association; however, the binomial probability that this
FXRT is a background source is ~0.3, indicating that the asso-
ciation with M86 is weak (see Sect. 3.5 for more details). The
transient was previously reported by Jonker et al. (2013) to have
two tentative counterparts with m; = 24.3 AB mag (with an
offset of 0”78) and m, = 26.8 AB mag (with an offset of 172)
in deeper images taken by the Isaac Newton Telescope (INT)
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and the Canada France Hawaii Telescope (CFHT), respectively
(Jonker et al. 2013).

FXRT 2/XRT 010908 (cataloged as an X-ray source by
Wang et al. 2016; Liu 2011; and Mineo et al. 2012, although
never classified as an FXRT), a local FXRT, is located in the disk
of the edge-on SB(s)cd galaxy M 108 (also known as NGC 3556;
mg =~ 9.2 AB mag and ~ 9.0 Mpc; Ddlya et al. 2018; Tully et al.
2013), at an angular (projected) distance of 0’4 (~1.1 kpc). The
probability of a chance alignment is 3.2 x 107 based on its
angular offset and the space density of mg < 9.2 AB mag
galaxies (using the GLADE catalog; Daélya et al. 2018), thus
implying a highly probable association; the binomial probability
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Fig. 7. Archival optical, NIR, MIR, and X-ray images of extragalactic FXRT candidates; the telescope or instrument plus filter and FXRT ID
name are shown in the upper-left and upper-right corners, respectively. Each cutout is centered on the X-ray position, and red circles denote 3o
Chandra errors in the source localization. Columns 1-4: optical band (DECam, Pan-STARRS, and HST) images. Columns 5 and 6: NIR J or H
and K (UKIRT or VISTA) images. Column 7: 3.4um (unWISE) images. Column 8: X-ray Chandra (ACIS) 0.5-7 keV images.

that this FXRT is a background source is ~8.4 x 1077, reinforc-
ing an association with M108 (see Sect. 3.5 for more details).
FXRT 2 appears to lie at the edge and intersection of two
extended star-forming regions (see Fig. 7, sources #1 and #2 in
the northeast and southwest directions, respectively), with sev-
eral potential, unresolved, optical/NIR candidate counterparts in
the HST F606W image inside the Chandra 3o error circle. The
estimated magnitudes of sources #1 and #2 are mpgoew = 18.4
and 18.2 AB mag (i.e., Mpeosw = —11.4 and —11.6 AB mag),
respectively (taken from the HSCv3; Whitmore et al. 2016). As
such, FXRT 2 is likely associated with a region of enhanced
high-mass star formation.

FXRT 3/XRT 070530 (cataloged as an X-ray source by Liu
2011 and Wang et al. 2016, although never classified as an
FXRT) is located in the SO peculiar galaxy NGC 5128 (Cen A;
mg ~ 6.3 AB mag; ~3.1 Mpc), at an angular (projected) distance
of 5’5 (=5.0 kpc). The probability of this association occurring
by chance is 1.3 x 10~ based on the FXRT-galaxy offset and
the space density of mg < 12 AB mag galaxies, thus implying
a highly probable association; the binomial probability that this
FXRT is a background source is ~1.7x 1072, reinforcing an asso-
ciation with NGC 5128 (see Sect. 3.5 for more details). There are
several dozen possible faint counterpart candidates within the
30 X-ray error region in the HST F606W and F814W images
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Fig. 7. continued.

(typically mpeosw and mpgraw =25 AB mag; see Fig. 7), of
which one very red object stands out near the center (source #1
in Fig. 7) with mpeosw = 25.4 and mpgiaw 22.1 AB mag
(Mpeosw = —2.1 and Mpsiaw = —5.4 AB mag, respectively;
taken from the HSCv3; Whitmore et al. 2016) or from DECam
22.3 and m, = 21.7 AB mag (M, = -5.2 and M,
—5.7 AB mag), which might be typical of either a small glob-
ular cluster or a red supergiant star. Based on the lack of young
stars in the local host environment, we associate FXRT 3 with
the former.

FXRT 4/XRT 071203 (cataloged as an X-ray source by
Mineo et al. 2012 and Wang et al. 2016, although never clas-
sified as an FXRT) is located in the SA(s)cd peculiar dwarf
galaxy NGC 5474 (mg = 10.8 AB mag; =5.9 Mpc), at an angu-
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lar (projected) distance of 0’4 (=0.7 kpc). NGC 5474 is a highly
asymmetric late-type peculiar dwarf galaxy in the M101 group,
thought to be interacting with M101. The probability of this
occurring by chance is 1.9 x 107 based on its angular offset
and the space density of mg < 10.8 AB mag galaxies, thus
implying a highly probable association; the binomial probabil-
ity that this FXRT is a background source is 9.9 x 107*, rein-
forcing an association with NGC 5474 (see Sect. 3.5 for more
details). The FXRT candidate appears to lie at the center of
a resolved blue star cluster with a spatial extent of ~40pc,
with ~10 candidate unresolved optical/NIR counterparts in HST
imaging inside the Chandra 3o error circle (Fig. 7 shows the
four most obvious optical and NIR counterparts). The majority
of the candidate counterparts have blue colors, with brightness
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Table 3. Host and/or counterpart’s photometric data or upper limits of FXRT candidates.

FXRT 1d my mg mr m; mg my my my my my Wi w2

(1) ) 3) ) 5) (6) [©) (8) [©) (10) (11 (12) (13) (14)
Nearby extragalactic FXRT Candidates from CSC2

1 XRT 000519 >2230@  268+0.1 0 >21.60 @) 24.320.1 () >21.11 @ >20.06 (@) >20.27 ®) >20.11 ®) >20.15 ®) >19.82 (®) >19.91 (©) >20.11 ©)

2 XRT010908(S1) () 52245 18154004 @ 1811£034@ 16994001 @  1874+0.13@ 18.64+0.06 @ - >17.32() >16.61 (/) >16.68 (/) >19.91 (©) >20.82 ()

XRT010908(52) () 52245 1877001 @ 17802006 @ 17.12£0.14 (@  17.50£0.25@ 16.22+0.10 (@ - >17.32() 51661 ) 1521013 () 13.49£003(©) 13.65+0.02(©)

3 XRT07053081) () >22.56 (©) >24.30 (©) >23.10(©) >2252(€) 22.33+0.18 () 21.75+0.07 (¢) - >19.829) >17.05 (/) >19.459) >18.68 () >20.41 (©)

6 XRT 130822 >23.87 (") >21.89 (@) >21.66 @) >21.45 @ >20.96 (@) >19.88 (@) - >17.46 (/) >17.21 ) >17.24 () >19.75 (©) >20.17 (©)
Distant extragalactic FXRT Candidates from CSC2

7 XRT 030511 - >23.40 (©) >2327(@) >21.12 (@ >21.80 (©) >23.68 () - >21.599) >1723 () >19.749) >20.36 () >20.48 (©)

8 XRT 041230 - 25744084 @ 230120.10@ 21964007 @  21.65+0.10@ 2296+ 1.17 @ - 2130£023@  >17.40 () >17.52 () >20.20 (©) >20.56 (©)

9 XRT 080819 - 21854005 @ 211220020 2057£0.03©@ 20422007 20.340.11(©) - 2021£020@ 51724 () 194620169  18.74+0.05¢ 18.63+0.10 ()

10 XRT 100831 - >24.49 (@) >24.29 () >24.23 () >23.96 () 52343 () — >17.35 () >17.16 (/) >17.28 () >20.59 (©) >20.87 (©)

11 XRT 110103 - >23.19 @ 52295 (@) >21.06 (@ >21.84 (@) >19.67 @ >20.61 @) >20.07 @) >17.30 () >1922(9) >20.01 (©) 52027 (©)

12 XRT 110919 - >24.78 (@) >24.40 (@) >24.36 (@) >24.12 (@) >23.56 (@) - >17.32() >17.29 () >17.30 () >20.18 (©) >20.35 (©)

13 XRT 140327 - >23.20 (@) >2263© 247203 @D.(FH 52166 - >20.88 (9) >2045 ) >17.01 (/) >19.86 9) >20.24 () >20.65 (©)

14 XRT 141001 27.30£0.1 () 2787035 272120100 27132021 270120220 52368 @ 2687+0200) 27.11£0.23 () 265320.17) 2607105 24754023 () 2528+0.26 )

/CDE-S XT1

Notes. All magnitudes are converted to the AB magnitude system using Gonzélez-Fernandez et al. (2018) for VHS and 2MASS data, Hewett et al.
(2006) for UKIDSS data, and Wright et al. (2010) for unWISE data. If an optical/NIR counterpart candidate is detected, we list its magnitude
and 1o error, otherwise we provide 3o limits from several catalogs: “Pan-STARRS-DR2 (Flewelling 2018), ®UKIDSS-DR11+ (Warren et al.
2007), ©@unWISE (Schlafly et al. 2019), “DES-DR2 (Abbott et al. 2021a), ©“NSC-DR2p (Nidever et al. 2021), V2MASS (Skrutskie et al. 2006),
@VHS-DRS (McMahon et al. 2013), @WSDSS-DR16 (Ahumada et al. 2020), PYINT/CFHT (Jonker et al. 2013), VCANDELS (nearest HST/Spitzer
bands substituted: g = F435W, r = F606W, i = F814W, z = F850LP,Y = F105W, J = F125W, H = F160W, W1 = chl, W2 = ch2; Guo et al.
2013). We omit entries for FXRTs 4 and 5, as both candidates have up to ~10 potential counterparts in HST images. ("Photometric data of FXRTs
with counterpart(s) (S+# means the source number). ") Obtained using a photometric aperture of 3.7 pixels.

peaking in F275W and F606W with mpy7sw =21.6-23.0 and
Mreoew =~ 22.2-22.9 AB mag (MF275W =~ —59/—73 and
Mpeosw =~ —6.0/—6.7 AB mag, and hence consistent with O
stars), while source #3 is redder, peaking between F814W and
F160W, with Mreoew =~ 22.3 and Mrs1aw =~ 22.1 AB mag
(MFpeosw =~ —6.5 and Mpgaw = —6.7 AB mag, respectively, typ-
ical of a massive red supergiant star). The photometric data are
taken from the HSCv3 (Whitmore et al. 2016). As such, FXRT 4
is likely associated with a region of enhanced high-mass star for-
mation.

FXRT 5/XRT 080331 (cataloged as an X-ray source by
Wang et al. 2016 and Sazonov & Khabibullin 2017, although
never classified as an FXRT) is located in the disk of the SAB(s)b
galaxy M66 (m, = 9.6 AB mag, ~11 Mpc), at an angular (pro-
jected) distance of 1’3 (4.3 kpc). M66 is a barred spiral galaxy
in the Leo group. The probability of this occurring by chance is
2.8 x 107° based on its angular offset and the space density of
mg < 9.6 AB mag galaxies, implying a highly probable associ-
ation; the binomial probability that this FXRT is a background
source is ~3.9 x 1073, reinforcing an association with M66 (see
Sect. 3.5 for more details). The FXRT candidate error region is
located in a high extinction region of the disk, at the edge of the
bar, with very few optical counterpart candidates (<10 sources).
However, the X-ray centroid is notably well aligned with two
knots of strong Ha emission (sources 1 and 2 in the HST/ACS-
F658N image of Fig. 7) with mgsgy ~ 21.0 AB mag (or Mgsgy ~
—9.2 AB mag). This suggests a link with a high-mass star for-
mation region, while the 30 error circle encompasses at least
ten fainter, unresolved candidate counterparts in the F110W and
F160W images (mgow = 22.5 or Migow = —7.7 AB mag).

FXRT 6/XRT 130822 (cataloged as an X-ray source by
Wang et al. 2016, although never classified as an FXRT)
is situated in the outskirts of the galaxy NGC 7465
(mg=12.0 AB mag; =27 Mpc), which is part of the merg-
ing NGC 7448 group, at an angular (projected) distance of
1’2 (9.4 kpc). The probability of this occurring by chance is
1.5 x 107 based on its offset and the space density of mp <
12 AB mag galaxies, thus implying a probable association; the
binomial probability that this FXRT is a background source is

~1.5 x 1072, reinforcing an association with NGC 7465 (see
Sect. 3.5 for more details). The FXRT position overlaps with
a blue spiral arm and lies in between two diffuse blue candidate
sources in DECam images (see Fig. 7, sources #1 and #2 in g-
and r-band images). These have offsets of ~1’/3 to the northwest
and 1’/5 to the northeast, respectively, which lie just slightly out-
side of the 30~ X-ray error region, but their proximity suggests
that FXRT 6 is likely associated with a region of high-mass star
formation.

For FXRT 7/XRT 030511 (identified previously by Lin et al.
2019, 2022), no optical and NIR sources are detected within the
30 X-ray error region of this event in the DECam, VISTA, or
unWISE images (see Fig. 7). Upper limits are given in Table 3.

FXRT 8/XRT 041230 lies close to a m,~23.1 AB mag
source, at an angular distance of 0”/7, detected in DECam and
VISTA images (see Fig. 7, source #1). The probability of a false
match (adopting the formalism developed by Bloom et al. 2002)
is P < 0.003 for such offsets from similar or brighter objects.
We analyze the properties of this extended optical/NIR source in
detail in Sect. 4.

FXRT 9/XRT 080819 lies close to a m, ~ 21.1 AB mag
source, at an angular distance of 075, detected in DECam,
VISTA, and unWISE images (see Fig. 7, source #1). The proba-
bility of a false match is P < 0.0004 for such offsets from similar
or brighter objects. We analyze the properties of this extended
optical/NIR source in detail in Sect. 4.

Regarding FXRT 10/XRT 100831, no optical/NIR sources
are detected within the 30 X-ray error region of this event in the
DECam or 2MASS images; upper limits are given in Table 3.
There is a moderately bright, marginal DECam object, at an
angular distance of 2//6, just outside the 30 error region to the
northeast (see Fig. 7, source #1 in the i-band DECam image).

Regarding FXRT 11/XRT 110103 (identified previously by
Glennie et al. 2015), no optical/NIR sources are detected within
the 30 X-ray error region of this event in the DECam, Pan-
STARRS, or VISTA imaging (see Fig. 7); upper limits are
given in Table 3. This FXRT was discovered in an obser-
vation of the galaxy cluster Abell 3581 (at a distance of
~94.9 Mpc; Johnstone et al. 2005; Glennie et al. 2015), where
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the nearest known member of the cluster, LEDA 760651 (m; ~
16.7 AB mag), is 2/7 (=71.4 kpc) from the Chandra transient
position (Glennie et al. 2015). The probability of this occurring
by chance is 0.15 based on its offset and the space density of
my < 16.7 AB mag galaxies, thus implying a low probability of
association; the binomial probability that this FXRT is a back-
ground source is ~7.8 x 1072, reinforcing an unlikely association
with LEDA 760651 (see Sect. 3.5 for more details).

Regarding FXRT 12/XRT 110919 (identified previously by
Lin et al. 2019, 2022), no significant optical and NIR sources
are detected within the 30~ X-ray error region of this event in the
DECam, VISTA or unWISE imaging (see Fig. 7) and catalogs,
although we note that a marginal source (<207) appears in red fil-
ters (DECam z-band and VISTA K-band); upper limits are given
in Table 3.

FXRT 13/XRT 140327 lies close to a faint, m; =
24.7 AB mag source (see Fig. 7, source #1), at an angular dis-
tance of 175, detected in DECam i-band and marginally visible
in r-band imaging. The probability of a false match is P < 0.004
for such offsets from similar or brighter objects.

Finally, FXRT 14/XRT 141001/CDF-S XT1 (identified pre-
viously by Bauer et al. 2017) lies close to a faint (mz = 27.2 and
my = 27.1 AB mag or Mp= — 19.0 and M; = —19.1 AB mag,
respectively, assuming zph, = 2.23), extended (rgron = 0756)
optical and NIR source in HST imaging (see Fig. 7), with an
angular offset of 0”/13.

Overall, we find that six of the 14 FXRT candidates
(FXRT 1-6) have high probabilities of being associated with
nearby galaxies (<30 Mpc: FXRTs 2-5 show clear potential
counterparts and FXRT 6 lies on top of faint optical emis-
sion, while FXRT 1 is still under consideration to be a distant
event; Eappachen et al. 2022)'® Among the other eight candi-
dates, three (FXRTs 8, 9, and 13) are coincident with mod-
erately bright extended sources within the 30~ position error,
FXRT 14/CDF-S XTI is coincident with a faint extended source,
and for three (FXRTs 7, 10, and 12) no optical or IR emission
is detected to moderate-depth limits (m, < 24.5 AB mag). In
the case of FXRT 11, we do not discard its association with
nearby galaxies completely (x94.9 Mpc); however, a relation
with a background source could be more likely. Finally, based
on arguments given in Sect. 3.4, FXRTs 7, 10, 11, and 12 are
highly likely to be extragalactic and have relatively distant and
faint optical or NIR hosts similar to or fainter than CDF-S XT1.

2.6.2. Higher energy counterparts

To investigate if the sky locations of the FXRTs are cov-
ered by hard X-ray and y-ray observations, we performed
a cone search in the Swift-Burst Alert Telescope (Swift-
BAT; Sakamoto et al. 2008), INTErnational Gamma-Ray Astro-
physics Laboratory (INTEGRAL; Rau et al. 2005), High Energy
Transient Explorer 2 (HETE-2; Hurley et al. 2011), InterPlane-
tary Network (Ajello et al. 2019), and Fermi (von Kienlin et al.
2014; Narayana Bhat et al. 2016) archives. We adopt a 100
search radius for the INTEGRAL, Swift-BAT, HETE-2 and Inter-
planetary Network Gamma-Ray Bursts catalogs, while for the
Gamma-ray Burst Monitor (GBM) and the Large Area Telescope
(LAT) Fermi Burst catalogs we take a search radius of 4 deg
(which represents typical source positional uncertainties at the
~68% confidence level for those detectors; Connaughton et al.

16 We caution that the probabilities calculated above could be over-
estimated, depending on the targeting biases among the Chandra
observations.
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2015). We find no hard X-ray or y-ray counterparts associated
with INTEGRAL, Swift-BAT, HETE-2, and Interplanetary Net-
work catalogs. Some of the nearby (FXRTs 3, 4, and 6) and
distant (FXRTs 7, 8, and 9) candidates have a potential gamma
ray association in the GBM Fermi Burst catalog; however, we
rule out their association for FXRTs 3, 4, 6, 7, and 8 because
of a large difference in time between the FXRT and gamma-ray
detection (24 years).

In the case of FXRT 9, it has a GBM Fermi GRB detec-
tion (called GRB 080812 at & = 11"46™48300, § = —33°12’)
seven days before the Chandra trigger, with an offset of
~1.9 deg, positional uncertainty of 4.1 deg, and Too= 15 s
(Narayana Bhat et al. 2016). In an on-axis scenario, the beamed
X-ray emission should be detected effectively concurrently with
the GRB; this is inconsistent with the observed light curve
shown in Fig. 6. For an off-axis scenario, a delay between the
gamma-ray trigger and its peak X-ray afterglow depends on both
intrinsic (e.g., the off-axis angle and the deceleration timescale
of the outflow) and extrinsic (e.g., the low densities density
of the BNS environment and the observer location) properties
(e.g., Granot et al. 2002, 2018a,b; Troja et al. 2020; Lamb et al.
2021), effectively spanning all timescales. Strong X-ray flares
have been known to occur on top of X-ray afterglow emission,
but these typically occur during the early phase of the after-
glow (<10°—10%s; e.g., Yi et al. 2016). As such, an association
between GRB 080812 and FXRT 9 seems unlikely.

In summary, none of our FXRT candidates has an associated
detection at hard X-ray or gamma-ray wavelengths.

2.6.3. Radio counterparts

To search for possible radio counterparts to our FXRT candi-
dates, we utilize the RADIO-Master Radio Catalog, which is a
periodically revised master catalog that contains selected param-
eters from a number of the HEASARC database tables that hold
information on radio sources from 34 MHz to 857 GHz. This
catalog contains inputs from several telescopes and surveys such
as the Australia Telescope Compact Array, the Very Large Array,
the Very Long Baseline Array, and the Wilkinson Microwave
Anisotropy Probe. Given the relatively poor angular resolution
of some of these radio telescopes, we perform an initial cone
search for radio sources within 60”. Only FXRTs 2, 4, and 5,
all of which are associated with hosts at <10 Mpc, have radio
sources within 60”. Following this initial 60" cut, we refine our
search using limiting radii consistent with the combined radio
+ X-ray 30 positional errors, which yields no matches. Due to
their mutual association with nearby galaxies, we cannot rule
out a chance association, as the radio emission could easily arise
from other mechanisms within the host galaxies. Therefore, we
conclude that none of the FXRTs is unambiguously detected at
radio wavelengths.

3. Spatial, temporal, and X-ray spectral properties

We investigate the spatial distribution of the final sample of
FXRT candidates in Sect. 3.1. Furthermore, the X-ray temporal
and spectral properties can provide essential information about
the origin and physical processes behind the FXRT candidates,
and thus we describe these in Sects. 3.2 and 3.3, respectively.
With these in hand, we revisit whether any of the remaining
FXRT candidates could be Galactic stellar flares in Sect. 3.4.
Finally, we explore the robustness of the existence of two popu-
lations of FXRTs in Sect. 3.5.
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Fig. 8. Positions on the sky, in Galactic coordinates, of FXRT candidates. The initial 728 candidates are represented by blue triangles. The final
sample of 14 extragalactic FXRT candidates from this work are denoted by large red stars. The 5303 Chandra observations used in this work are

also shown (cyan squares).

3.1. Spatial properties

If the FXRT candidates are extragalactic, and given the isotropy
of the universe on large scales, we expect the FXRT spatial
distribution to be randomly distributed on the sky (see Fig. 8).
First, we investigate the sky distribution of all the Chandra
observations considered in this work using the nonparametric
Kolmogorov—Smirnov (K-S) test (Kolmogorov 1933; Massey
1951; Ishak 2017). We generate 5303 points (equal to the
total number of observations in the CSC2 at |b| > 10 deg)
randomly distributed (in Galactic coordinates), and we com-
pare the generated random distributions and the real Chandra
observations using a 2D K-S test following Peacock (1983)
and Fasano & Franceschini (1987). We performed this process
10000 times. As a result, we found that the null hypothe-
sis NH that the random sample and the real data come from
the same distribution is rejected in *20% of the draws (rejec-
tion of NH occurs when P < 0.05). This is not surpris-
ing, since the Chandra pointings are not completely random
and some sky regions are observed much more often than oth-
ers (e.g., Magellanic clouds, Chandra Deep Field South/North;
Tananbaum et al. 2014; Wilkes & Tucker 2019).

Next, we investigate whether the spatial distribution of the
sample of FXRTs is random. Here we simulate 10000 samples
of 214701 random sources (i.e., the number of X-ray sources
analyzed in this work) distributed over the sky, taking as a prior
distribution the CSC2 sky positions (which are functions of the
pointings and exposures). Out of these 214 701 source we ran-
domly select 14 sources, which we compare to the spatial distri-
bution of the 14 FXRT candidates. We can reject the null hypoth-
esis that these sources are drawn from the same (random) distri-
bution only in %0.25% of the draws. Therefore, we conclude that
the sample of 14 FXRT candidates are randomly distributed over
the Chandra CSC2 observations of the sky.

3.2. Temporal properties

We characterize the X-ray light curves of the candidate FXRTs
using single PL and broken power-law (BPL) models, and
measure the break times and light-curve slopes. Both models
describe the majority of the X-ray light curves well, although

FXRTs 1, 4, 5, and 11 have more complex light curves and are
not well described by these simple models. Nevertheless, in what
follows we describe the most important results of these fits. The
PL model is given by

FxpL(t) = Fox 1", 2
where 7; and F, are the PL index and normalization, respec-
tively. Moreover, the BPL model takes the form

(;)‘T‘ <T
F X,BPL(I) =Fy X Toreak =1 preak

! )_ Y > Threak
Toreak break

3)

where Thyreak, T1, T2, and F are the break time, the PL slope
before and after the break, and normalization, respectively. The
best-fit model parameters and statistics are given in Table 4,
while the light curves (in flux units; light curves have five counts
per bin, except FXRT 1, which has ten counts per bin) and best-
fit models are shown in Fig. 9. We used the Bayesian information
criterion (BIC)!” to determine which of the two models describes
the data best.

For events where the adopted model does not provide a sta-
tistically good fit (because of the complex light curve shape), we
only explain their main characteristics. We define the light curve
zero point (T =0 s) as the time when the count rate is 30~ higher
than the Poisson background level'®. The light curves and the
fits (where applicable) are shown in Fig. 9, while the model fit
results are given in Table 4 for all the FXRTs. We briefly describe
the timing properties for each candidate.

The light curve of FXRT 1/XRT 000519 exhibits a strong
flare at 9.6 ks into the observation. It has some faint pre-
cursor emission (not shown in Fig. 9) during the ~4 ks

7 BIC= —2In L + kIn N, where £ is the maximum value of the data
likelihood, k is the number of model parameters, and N is the number
of data points (Ivezi¢ et al. 2014).

18 It is important to note that the light curve parameters (slopes and
break time) can change considering different zero points, especially
for FXRTs with high background levels and/or high offset angles. For
instance, in Bauer et al. (2017) and Xue et al. (2019), the zero point is
arbitrarily set to be 10 seconds before the arrival of the first photon.
This is consistent with our method and does not change interpretations
because of the low background level of both observations.
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Table 4. Best-fit parameters obtained using a broken power-law (BPL) and a power-law (PL) model fit to the X-ray light curves.

FXRT ID To(UTC) Model  Tpreak(ks) 7| ko) Fy (erg em 257y InL(d.of) BIC
1) (2) (3) 4) (5) (6) ) (8) ©) (10)
Nearby extragalactic FXRT Candidates from CSC2

1 XRT 000519  2000-05-19 10:39:36.50  BPL - - - - - -
PL - - - - _ _

2 XRT 010908  2001-09-08 14:34:53.43  BPL 59+£0.1 00401 1703 (3.6+0.7)x1074 177.1(8) —-344.2
PL - 0.3+0.1 - (1.6+£12)x 10713 168.9/10 -332.7

3 XRT 070530  2007-05-30 06:15:13.58  BPL 15+0.1 -0.1x0.1 0.8+02 (1.9+0.7)x107™ 108.8(3) 2122
PL - -0.2+0.1 25+£15)x1071* 108.0/5 -209.9

4 XRT 071203  2007-12-03 08:49:55.59  BPL - - - - - -
PL - - - - - -

5 XRT 080331  2008-03-31 17:05:54.64  BPL - - - - - -
PL - - - - _ _

6 XRT 130822  2013-08-2216:27:24.82 BPL  123+12 02+01 41+01 (6.1+0.8)x10715 109.3(3) -210.8
PL - 0.3+0.1 - (4.8+2.9)x 10714 107.4/5 -210.8

Distant extragalactic FXRT Candidates from CSC2

7 XRT 030511  2003-05-11 04:39:39.66  BPL 1.1+£0.1  -0220.1 1.6+0.1 (14x0.1)x10712  719.3(53) -14225
PL - 0.4+0.1 - B39+2.1)x10712  611.1/51 -1214.2

8 XRT 041230  2004-12-30 15:40:07.36 BPL  23.8+15 -02+0.1 20+0.1 (5.6+£0.5)x107" 95.7(2) —184.1
PL - -0.1+0.1 (1.1£0.6)x 1071 94.9/4 -186.3

9 XRT 080819  2008-08-19 03:22:21.83  BPL 53£02 -02+02 28+19 (1.8+£0.7)x107'4 118.5(4) -229.7
PL - -0.1+0.1 - (53+£5.0)x 1071 116.7/6 -228.1

10 XRT 100831  2010-08-31 12:03:28.53  BPL 27+£03  -0.0+0.1 24+04 (2.0+£04)x107!4 137.7(5) -266.7
PL - 04+0.1 - (7.8+£6.6)x 10714 131.4/7 -258.4

11 XRT 110103 2011-01-03 21:13:02.14  BPL - - - - - -
PL - - - - - -

12 XRT 110919  2011-09-19 20:04:50.31  BPL 1.8+02  -0.0+0.1 1902 (2.0+03)x1071  307.5(18)  -602.7
PL - 0.5+0.1 - (12+08)x 10712 286.8/20 -567.5

13 XRT 140327  2014-03-27 13:30:57.11  BPL  02+02  -14+06 02+03 (1.5+1.6)x1074 77.6(1) -148.8
PL - 0.2+0.0 - (33+0.7)x 10714 77.8/3 -1524

14 XRT 141001/  2014-10-01 07:04:2620 BPL  02+0.1  —04+0.1 1.6+0.1 (82x12)x10"3 393925 7743

CDF-XT1 PL - 0.7+0.1 (3.5+25) %1072 3575727 —-708.2

Notes. Columns 1 and 2: FXRT# and ID of the candidate, respectively. Column 3: Time when the count rate is 30~ higher than the Poisson
background level. Column 4: Model used. Column 5: Break time for the BPL model. Columns 6 and 7: Slope(s) for the BPL or PL. model. Column
8: Normalization for the BPL or PL. model. Columns 9 and 10: Log-likelihood (In £)/degrees-of-freedom (d.o.f.) and Bayesian information
criterion (BIC) of the fit, respectively. Errors are quoted at the 1o~ confidence level.

prior to the flare at flux levels of ~2-5x107!% erg cm™2 s7!,

followed by a sudden increase (in ~20s) reaching a peak
flux of ~1.0x107'% erg ecm™ s7!. Using a bin-width of
10 s, the main flare is resolved into two peaks, as was also
reported by Jonker et al. (2013). From there, the flux decreases
rapidly for =100 s, followed by a slow decline around <1-
2x107'2 erg cm™2 s7! for the next ~15 ks (with an index of
—0.3+0.1; Jonker et al. 2013) until the end of the observation.

Based on the BIC, the light curve of FXRT 2/XRT 010908
is described better by a BPL model than by a PL model. The
plateau phase has a duration and flux of T 6.0 ks and
~5x 107 erg cm™2 s7!, respectively, followed by a PL decay
with an index of ~ — 1.7.

The light curve of FXRT 3/XRT 070530 is well described
by a BPL model, although the ABIC is only —2.3 with respect
to the PL fit. Initially, the light curve increases slightly with
an index of =~0.1 until Ty~ 1.5 ks, reaching a flux of
~2x 1071 erg cm~2 sL. After Topeax, the light curve decays
slowly with a slope of ~0.8.

The light curve of candidate FXRT 4/XRT 071203 shows
three counts during the first ~9-10 ks (equivalent to a flux
of <2x 1071 erg ecm™2 s7!), before its flux increases to
~4x107'* erg cm™2 s7! around ~20-24 ks, for a duration of
~12-14 ks.
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The light curve of FXRT 5/XRT 080331 shows multiple
peaks. In the first ~20 ks prior to the bright flares, the flux
is around 22 x 10715 erg cm~2 s~!. However, the main flares
appear at ~20 and 40 ks after the start of the Chandra obser-
vation, reaching fluxes of ~(1-2) x 107!3 erg cm™2 s~!. Between
both flares, there is a quiescent epoch where the flux diminishes
by a factor of ~7, with large errors, with respect to the main
flares.

The light curve of FXRT 6/XRT 130822 is well described by
a PL model with an index of ~0.3, although at ~10 ks into the
event, a slight enhancement in flux beyond that expected for a
PL decay occurs.

The light curve of FXRT 7/XRT 030511 is described well
by a BPL model (ABIC = - 208.3). The flux duration of the
plateau phase until the break is Teqx = 1.1 ks with a rough flux
of ~1x107'2 erg cm™2 57!, followed by a PL decay with an
index of ~1.6.

The light curve of FXRT 8/XRT 041230 is described slightly
better by a BPL than by a PL model (although ABIC =2.2).
The source flux is consistent with being constant at a value of
~2x 10715 erg cm~2 s7! for about ~10 ks, then it rises.

The light curve of FXRT 9/XRT 080819 is relatively sym-
metric in time, and hence not perfectly described by a BPL
model (ABIC =-1.6), with a flux rising from <5x107'# to
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Fig. 9. Light curves, the evolution of the HR over time, and the best fitting models of the FXRT sample. Top panels: observed 0.5-7.0keV X-ray
light curves in cgs units (blue points), starting at 7 =20 s. For FXRTs 1 and 11, we only show the main event. For ten FXRT candidates, we also
plot the best-fit BPL or simple PL model (red solid lines), while for the remaining four FXRT candidates we do not because they are not well
described by either model. The light curves contain five counts per bin (except that of FXRT 1, which has 20 counts per bin). Bottom panels: HR
evolution (the soft and hard energy bands are 0.5-2.0keV and 2.0-7.0 keV, respectively), following the Bayesian method of Park et al. (2006).
The dashed red line denotes an HR equal to zero. For XRT 000519/FXRT 1 and XRT 110103/FXRT 11, we show close-ups of the main flare to
highlight in more detail their spectral behavior. Here, Ty = O s is defined as the time when the count rate is 30~ higher than the Poisson background

level.

~1x 10713 erg cm~2 s, After 10 ks into the observation, the
flux decreases to ~1x 107" erg cm™2 s~! with a PL index of
~2.8 for =5 ks.

The light curve of FXRT 10/XRT 100831 is well fitted by a
BPL model (ABIC = —8.3), with a clear plateau and a subsequent
PL decay. The plateau duration is Tpeak = 2.7 ks, with a flux of
~2 x 107" erg cm=2 s7!. The decay has an index of ~1.9.

The light curve of FXRT 11/XRT 110103 is similar to that of
FXRT 1/XRT 000519. The flux is <1 x 10713 erg cm™2 s~! until a

sudden increase to a flux of x1-2 x 107!? erg cm™? s~!. The main
burst lasts just a few hundred seconds (but without a double-
peak structure as in FXRT 1/XRT 000519) followed by a slow
PL decay over the remainder of the observation (Glennie et al.
2015).

The light curve of FXRT 12/XRT 110919 is well fitted by a
BPL model, with a plateau phase duration of Ty, ~ 1.8 ks and
flux of ~2x 1073 erg cm™2 s!. The decays follows a PL index
of ~1.9.
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The light curve of FXRT 13/XRT 140327 is similar to that
of FXRT 6/XRT 130822 (i.e., a PL describes the data well). The
decay index is ~0.2.

The light curve of FXRT 14/XRT 141001/CDF-S XT1 is
well described by a BPL model, although there is no plateau
phase. The flux rises rapidly until T ~ 100-200 s., reaching a
flux of ~3 x 107!2 erg cm~2 s~!. The flux subsequently decreases
following a PL slope of index =1.6 until T =20 ks, after which
no counts are detected. These values agree at the 1o~ confidence
level with the values reported by Bauer et al. (2017).

In summary, the lights curves of two nearby (FXRTs 2
and 3) and four distant (FXRTs 7, 10, 12, 14/CDF-S XT1) extra-
galactic FXRTs are well described by BPL models, with mean
PL indexes of 71 ~ 0.1 and 7, ~ 1.7 before and after the break,
respectively. Among these, all except FXRT 14/CDF-S XT1
show a few ks plateau phase. On the other hand, FXRTs 8 and
9 are not well described by BPL (see Table 4). Meanwhile, the
light curves of FXRTs 6 and 13 follow pure PL decays, with
mean PL indexes of T{ = 0.3. The slow decay until the end of
the Chandra observation after the main flare for FXRTs 1 and
11 (previously reported by Jonker et al. 2013 and Glennie et al.
2015, respectively) is not seen in any of the other candidate
FXRTs. Finally, the light curve of FXRT 5 shows clear multiple
flares, while weaker events like FXRTs 4 and 6 show marginal
hints of multiple-flare structure.

3.3. Spectral properties

In this section we describe the spectral properties of the sample
of FXRT candidates using some basic models, as well as their
HR and photon index evolution with time.

3.3.1. Spectral parameters

We generate X-ray spectra and response matrices following
standard procedures for point-like sources using CIAO with the
specextract script. The source and background regions are the
same as those for generating the light curves (see Sect. 2.3).
Due to the low number of counts per bin, we adopt maxi-
mum likelihood statistics for a Poisson distribution, the so-
called Cash-statistics (C-stat, with C = —2 In Lpy;sson+const; Cash
1979) to find the best-fit model. Although C-stat is not dis-
tributed like y?, meaning that the standard goodness-of-fit is
not applicable (Buchner et al. 2014; Kaastra 2017). Thus, to
evaluate if there are differences in the goodness-of-fit between
models, we use the Bayesian X-ray Astronomy (BXA) package
(Buchner et al. 2014), which joins the Monte Carlo nested sam-
pling algorithm MultiNest (Feroz et al. 2009) with the fitting
environment of XSPEC (Arnaud 1996). BXA computes the inte-
grals over parameter space, called the evidence (Z), which is
maximized for the best-fit model. For BXA, we assume uniform
model priors.

We consider three simple continuum models: (i) an
absorbed PL model (phabs*zphabs*po, hereafter the PO
model); (ii) an absorbed thermal Bremsstrahlung model
(phabs*zphabs*bremss, hereafter the BR model); and (iii) an
absorbed black-body model (phabs*zphabs*bb, hereafter the
BB model). The PO model is typically thought to be produced
by a nonthermal electron distribution, while the other two mod-
els have a thermal origin. We chose these models because we
do not know the origin and the processes behind the spectral
properties of FXRTs, while the limited numbers of counts do
not warrant more complex models. The spectral components
phabs and zphabs represent the Galactic and intrinsic contri-
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bution to the total absorption, respectively. The Galactic absorp-
tion (Npgga) Was fixed at the values of Kalberla et al. (2005)
and Kalberla & Haud (2015) during the fit, while for the intrin-
sic redshifted absorption, we adopt z =0, which provides a strict
lower bound.

The best fitting spectral models (and residuals) and their
parameters are provided in Fig. 10 and Table 5, respectively,
while Fig. 11 shows the histograms of the best-fit intrinsic
neutral hydrogen column densities in addition to the Galactic
value (Ny; top panels) and photon index (I'; bottom panels)
for nearby (left panels) and distant (right panels) extragalac-
tic FXRTs candidates. The Ny covers ranges for nearby (dis-
tant) candidates of Nypo = 0.3-8.1(1.1-9.4), Nggr = 0.1-
3.5(0.5-3.9), and Nygp = 0.1-2.7(0.2-3.7) x 10*' cm™2, and
mean values of Ny po = 4.1(4.2), Nygr = 1.5(1.4), and Ny gp =
1.2(1.2) x 102! cm~2, respectively. Furthermore, we compare the
best-fit Ny po with the HI constraints from Kalberla et al. (2005)
and Kalberla & Haud (2015) and note that in all cases aside from
FXRT 1 and FXRT 3, the bulk of the measured Ny po are higher
than Ny ga (a factor of ~2-15 higher).

The best-fit PL photon index ranges between I' = 2.1-
5.9 (1.9-3.7) for the nearby (distant) candidate FXRTs, with

mean values of I' = 3.4 (2.7). According to Lin et al. (2012)
(which classified sources detected by XMM-Newton), the pho-
ton index covers a wide range for different types of sources
such as stars, AGNs or compact objects; however, only stars
and compact objects have photon indices as high as I' ~ 6. For
BR models, the best-fit temperatures range from k7Tggr = 1.1—
36.2(4.1-39.0) keV for nearby (distant) candidates, while BB
temperatures span kTgg = 0.2-0.8 (0.4-53.2) keV for nearby
(distant) candidate FXRTs. The events with BR temperatures
kTgr = 10 keV are FXRTs 2, 4, 8, 9, 10, 13, and 14, while with
BB temperatures kTgg = 5 keV are FXRTs 8, and 10. Both tem-
peratures (especially kT'gg) are important to eventually analyze a
possible association with SBOs (kT'spos = 0.03-3.0 keV, based
on the progenitor star; Matzner & McKee 1999; Nakar & Sari
2010; Sapir et al. 2013).

3.3.2. Hardness ratio and photon index evolution

The HR can be used to classify X-ray sources and study their
spectral evolution, particularly when low number statistics pre-
vail (e.g., Linetal. 2012; Peretz & Behar 2018). Below, we
investigate the HR for the population of FXRTs, compare these
to candidates previously classified as “stars”, and look at the evo-
lution of the HR and photon indices over the duration of the flare.
The HR is defined as
H-S
H+S’ @
where H and S are the number of X-ray photons in the soft
and hard energy bands, defined as the 0.5-2.0 and 2.0-7.0 keV
bands, respectively. For each candidate, we calculate the HR
using the Bayesian code BEHR (Park et al. 2006), which we list
in Table 2, column 13, and plot in Fig. 12 (top panel).

Notably, Yang et al. (2019) found differences between stel-
lar objects and the FXRT CDF-S XT1/XT2 (see their Fig. 5),
where the latter has an average HR > —0.16. Taking into account
the 472 objects identified as stars according to Criterion 2 in
Sect. 2.5.2, we compare the HRs of these objects (see Fig. 12,
middle panel, cyan histogram) to the final sample of nearby
and distant FXRTs (black and orange histograms). Stars typi-
cally have very soft X-ray spectra (Giidel & Nazé 2009), with
some notable exceptions like Be stars (e.g., Be star HD 110432

HR =
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Fig. 10. Observed time-integrated spectra fitted with different spectral models. Top panels: X-ray spectra (black dots; the data were grouped to at
least one count per bin), in units of counts (cts s™! keV~!). We also plot the best-fit PO (blue lines), BR (orange lines), and BB (green lines) spectral
models; see Table 5 for the corresponding best fitting parameters. Bottom panels: residuals (defined as data-model normalized by the uncertainty;

(D — M) /o) of each spectral model.

has an HR > 0.0; Lopes de Oliveira et al. 2007). We find that
the HR distribution of “star” candidates also strongly skews
toward softer HRs, but demonstrates that stars associated with
X-ray flares cover essentially all HRs, ranging from —0.99 to
+0.97 (see Fig. 12, middle panel). Importantly, there is a smooth,
non-negligible tail to harder values, with ~20% of stars having
HR > 0.0 (possibly related to magnetic cataclysmic variables).
Given this, we conclude that the X-ray HR is not a useful dis-
criminator on its own.

Next, we analyze if, and if so how, the HR and PL index
of the X-ray spectrum evolve with time. To start, we compute
the HR for each bin of the light curves using the BEHR code of

Park et al. (2006), which we show in the lower panels of Fig. 9.
For light curves that are well fit by a BPL model, we additionally
split the event files at Tyreak and extract “before” and “after”
spectra to compute the spectral slopes (I'pefore and yfer, r€SpeC-
tively; see Table 6) using the best-fit PO model (see Table 5). We
fit both intervals together assuming fixed constant Ny g, and Ny
(taken from Table 5).

The resulting evolution of the HRs and the PL spectral
indices are shown in Figs. 9 and 12 (bottom panel), respectively.
FXRTs 1 and 11 show significant early softening in their HR
evolution (Figs. 9) during the ~50 s following their main peaks
(consistent with Glennie et al. 2015), while FXRTs 2, 7, and 12
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Table 5. Results of the 0.5-7keV X-ray spectral fits for the CSC2 FXRT candidates.

FXRT ID Model NuGa Nu (2=0.0) r kT log Norm Flux C-stat(d.o.f.) InZ
€8] (2 (3) “) (6] (6) @) ®) )] (10 an
Nearby extragalactic FXRT Candidates from CSC2
1 XRT 000519  phabs*zphabs*po 1.0 03+01 22x0.1 - —35+0.03 90.5+1.8 953(122) —63.4+0.02
phabs*zphabs*bremss 1.0 0.1 +0.0 - 26+0.17 -3.5+0.02 842+22 117.0(122) -77.9+0.02
phabs*zphabs*bb 1.0 0100 - 0.4+0.02 -51+0.01 60.9+15 402.1(122) -223.2+0.02
2 XRT 010908  phabs*zphabs*po 30 58%36 2106 - —53+03 1.0£0.1 23.6(15) —20.4+0.02
phabs*zphabs*bremss 3.0  2.1+1.0 363+26.1 —-5440.1 12+02  243(15)  -20.4+0.03
phabs*zphabs*bb 30 12=%10 - 08+0.1 —6.8+0.1 1.0+0.1  29.9(15)  -28.8+0.3
3 XRT 070530  phabs*zphabs*po 5.0 27938 59+1.6 - —52404 0.2=+0.1 17.7(6)  —17.4+0.02
phabs*zphabs*bremss 5.0 0.9t§f§ 3.05% =577 0201 206(6)  —23.4£0.02
phabs*zphabs*bb 5.0 L7+ - 02+0.1 -6.9+04 0.1+0.1 22.0(6) -25.4+0.1
4 XRT 071203  phabs*zphabs*po 06 10+10 26+05 - —5.6+0.2 0.7+0.1 11.8(7)  —15.9+0.02
phabs*zphabs*bremss 0.6 04+03 - 11.8782 56201 1.0+0.2 13.6(7) —18.420.02
phabs*zphabs*bb 06  04+03 - 04+0.1 -7.1x0.1 0.6+0.1 24.2(7) -28.1x0.1
5 XRT 080331  phabs*zphabs*po 06 68+1.0 39+04 - —44+02 20+0.1 189(30) —20.1+0.02
phabs*zphabs*bremss 0.6 35+1.0 1.1+02 —-45+02 2.0=+0.1 19.8(30) -24.1+0.03
phabs*zphabs*bb 06  08+06 - 04+0.03 —65+0.1 19+0.1  23.1(30) -28.1+0.02
6 XRT 130822  phabs*zphabs*po 04 8153 3.6+09 - —5.0+04 0.6+0.1 6.3(5) ~10.4+0.02
phabs*zphabs*bremss 0.4 2.1+2.0 317325 -55:02 0.7x0.1 5.9(5) —-12.8+0.03
phabs*zphabs*bb 04 2726 - 05+0.1 -7.0£0.1 0.6=0.1 6.0(5) —15.7+0.2
Distant extragalactic FXRT Candidates from CSC2
7 XRT 030511  phabs*zphabs*po 0.1 1.4+0.1 2102 - —4.6+0.1 89x05 599(61) —42.1+0.02
phabs*zphabs*bremss 0.1  0.5+0.4 - 41+1.1 -4.6+0.1 89+06  60.8(61) —44.3+0.02
phabs*zphabs*bb 0.1 0.2+0.2 - 0.5+£0.04 -6.1£0.03 69+03  954(61)  —66.4+0.02
8 XRT 041230  phabs*zphabs*po 04 9464 2713 - —5.6+£0.5 0.3+0.1 1.1(3) —7.1+0.02
phabs*zphabs*bremss 0.4 39+30 39.0+27.7 -59+0.1 04=+0.1 1.1(3) -6.8+0.1
phabs*zphabs*bb 0.4 1.8+18 - 8.07490 49425 05+02 0.9(3) —11.120.02
9 XRT 080819  phabs*zphabs*po 14  60+50 3.0=x1.1 - —48+04 1.2+0.2 9.1(5) ~12.0+0.02
phabs*zphabs*bremss 14  1.7+16 - 3524280 -52+0.1 2.0+03 9.2(5) —12.8+0.02
phabs*zphabs*bb 1.4 15439 - 05+02 -67+0.1 11£02 975  —17.8+0.02
10 XRT 100831  phabs*zphabs*po 1.0  50+33 3409 - —5.0£03 0.8+0.1 4.9(7) ~10.3+0.02
phabs*zphabs*bremss 1.0  1.1x1.0 - 15649%  —5420.1 13£02  51(7)  —12420.02
phabs*zphabs*bb 1.0 05+04 - 533+263 21704 20£05  43.7(7) —31.30.1
11 XRT 110103  phabs*zphabs*po 09 27+10 2202 - —44+0.1 104+05 27.7(40)  —25.8+0.02
phabs*zphabs*bremss 0.9  1.1+0.6 - 45413 —44+0.1 10.6+0.5 29.940)  —28.0+0.12
phabs*zphabs*bb 09  03+02 - 0.6+0.03 -59+0.03 82+04  56.1(40)  —46.5+0.02
12 XRT 110919  phabs*zphabs*po 0.8 13700 24205 - —54+0.1 1.0+0.1 19.1(14)  —19.7+0.1
phabs*zphabs*bremss 0.8  0.7+0.6 8579%%  —5.5£0.1 1202  204(14)  -21.4+0.03
phabs*zphabs*bb 0.8 1.0+1.0 - 0.6+0.1 —69+0.1 09=02 285(14)  —28.5+0.2
13 XRT 140327  phabs*zphabs*po 07 67+50 3.7+09 - —5.0+04 05+01 204(17) —17.1x0.03
phabs*zphabs*bremss 0.7  1.8+15 - 144*2  -55202 0802  20.0(17)  —19.1x0.03
phabs*zphabs*bb 07  3.7+3.0 - 04+0.1 -69+02 05+0.1  19.5(17) —22.2+0.105
14 XRT 141001/  phabs*zphabs*po 0.2 1.1+£0.1 1.9+03 - —5.1£0.1 2.8+02 26.8(17) —24.6+0.02
CDF-S XT1 phabs*zphabs*bremss 02  0.5+04 - 1047245 51201 3.1+03  27.6(17)  -25.10.1
phabs*zphabs*bb 02 0403 - 07+0.1 -65+0.1 26x02 41917)  —37.7+0.02

Notes. Column 1: Number of the candidate.Column 2: Transient ID used in this work. Column 3: Spectral model considered. Columns 4 and 5:
Galactic and intrinsic column density absorption (x10?!"), respectively, in units of cm~2. The former is kept fixed during the fit. Column 6: Photon
index from the PL model. Column 7: Temperature in units of keV from the BR or BB models. Column 8: Normalization parameter (in units of

photons keV~! cm™ s7!). Column 9: Absorbed fluxes (x10~'%) in units

of erg cm™2 s7! (0.5-7.0 ke V). Column 10: C-stat value and the number of

degrees of freedom. Column 11: Log-evidence (In Z) values for each model. Errors are quoted at the 10~ confidence level.

show marginal (~90% confidence) spectral softening after the
plateau stage, like CDF-S XT2 trends, and FXRT 8 appears
to soften marginally (~90% confidence) throughout its light
curve. None of the other FXRTs show any evidence of spectral
evolution.

3.4. Galactic origin

FXRTs 2, 3,4, 5,6, 8,9, and 14 can be associated with extended
host galaxies, proving and/or strengthening their extragalactic
origin (see Sect. 2.6 for more details). FXRTs 1 and 11 are
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located near the outskirts of M86 and Abell 3581 (Jonker et al.
2013; Glennie et al. 2015), respectively, which, while suggestive
of an extragalactic nature, is not definitive. Below, we investigate
whether some FXRTSs could still be associated with Galactic M-
or brown-dwarf flares.

Magnetically active dwarfs (which comprise around 30%
of M dwarfs and 5% of brown dwarfs) are known to exhibit
flares on timescales of minutes to hours, with flux increases
(not only in X-ray) by one or two orders of magnitude
(Schmitt & Liefke 2004; Mitra-Kraev et al. 2005; Berger 2006;
Welsh et al. 2007). The coldest object observed to flare in X-rays



J. Quirola-Vasquez et al.: Extragalactic FXRT candidates discovered by Chandra (2000-2014)

Nearby Sample Distant Sample

0 Power — Law 0 Power — Law

6 Bremsstrahlung 4 6 | Bremsstrahlung 4
- -
—Qg =1 Black — Body —é =1 Black—Body
= 3tk = 3t 4
Z Z

f
0 1 " 0 . ! I 1
10%° 102 1022 102 102° 102 1022 102
NH(CHI_Q) NH(cm_Q)
Nearby Sample Distant Sample

4 T T T T T 4 T T T T T

3k 3}t .
- -
(5] ¥
e} el
E o ER |
=] =]
Z 1F ” . Z 1F -

0 L L n 0 L L L L L

1 2 3 4 5 6 1 2 3 4 5 6
Photon Index(T") Photon Index(T")

Fig. 11. Distribution of best-fit X-ray parameters for nearby (left panels)
and distant (right panels) FXRT candidates. Top panels: histogram of
neutral hydrogen column densities, in units of cm~2, obtained using the
PL, BR, and BB models. Bottom panels: histogram of the photon indices
obtained using a PL model.

is an L1 dwarf (De Luca et al. 2020). Flares can be classi-
fied in two groups according to a time-luminosity relation
(following previous efforts by Bauer et al. 2017): (i) short “com-
pact” flares (L < 10°° erg s™! and Az < 1 h), and (ii) “long” flares
(L<10% erg s™! and Atz 1 h). The flaring episodes often occur
recurrently on timescales from hours to years. The flares typi-
cally have thermal spectra with temperatures of k7 = 0.5-1 keV.
M-dwarf stars have optical and NIR absolute magnitudes in
the range of M, ~8-13 mag (Hawley et al. 2002) and Mk, ~3—
10 mag (Avenhaus et al. 2012), respectively, while brown dwarfs
have M, ~ 13—18 mag (Hawley et al. 2002) and M; ~ 15-25 mag
(Tinney et al. 2014), respectively. In the case of X-ray emis-
sion, M dwarfs show flares in the range of Ly‘dwa"f ~10%8-
10°2 erg s~' (Pallavicini etal. 1990; Pandey & Singh 2008;
Pye et al. 2015), while brown dwarf flares span LY~V ~ 10%7-
10°° erg s7! (Berger 2006; Robrade et al. 2010). Furthermore,
cold M dwarfs and L dwarfs typically exhibit ratios no larger
than log(Lx/Lpo) < 0.0 and <—3.0 (the dwarf star flare saturation
limit), respectively, where Lx and Ly are the X-ray flare and
average (non-flare) bolometric luminosities, respectively (e.g.,
Garcia-Alvarez et al. 2008; De Luca et al. 2020).

Thus, it is possible to discard a stellar flare explanation for
FXRTs using their optical and NIR detections and/or upper lim-
its compared to the expected absolute magnitudes in these bands
(see above), as well as the ratio log(Ly /Lyo) = 10g(Fx/Fpo1) S —
3.0 (Garcia-Alvarez et al. 2008)"°.

We derive a lower limit to the distance for each source using
the expected z-band absolute magnitude ranges for M-dwarf and
brown dwarf stellar flares listed above. We subsequently convert
the X-ray flux to a lower limit on the luminosity using these dis-
tance limits. If this lower limit is above the maximum luminosity

% To compute the ratio log(Lx/Lys), we normalize stellar syn-
thetic models of dwarf stars (taken from Phillipsetal. 2020,
1000 £ T $3000 K and 2.5 < logg <5.5) to the deepest photomet-
ric upper limits and/or detections (as listed in Table 3), and compute
bolometric fluxes by integrating the normalized models at optical/NIR
wavelengths.
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Fig. 12. Photon index and HR distribution of our selected transient can-
didates. Top panel: HR of each FXRT candidate (using the Bayesian
BEHR code; Park et al. 2006). Middle panel: HR distributions of our final
samples of nearby (hashed black histogram) and distant (hashed orange
histogram) FXRTs, compared to the XRTs classified as “stars” accord-
ing to Criterion 2 using Gaia (filled cyan histogram). Bottom panel:
photon indices for FXRT candidates where the light curve was best fit
by a BPL model, before (filled circles) and after (open squares) the
break time (Tyeak) taken from Table 4. In all cases, errors bars are at
the 90% confidence level.

observed for M-dwarf and brown dwarf stellar flares, we rule out
this explanation for the FXRT. In this way, we explore the pos-
sible Galactic origin of each FXRT without a clear extragalactic
host.

For FXRT 1/XRT 000519, the deep detections m,=26.8
and m; =24.3 imply limits to the distance of putative M- and
brown dwarfs responsible for the X-ray flares of 0.6-6.5 kpc
and 0.06-0.7 kpc, respectively. The corresponding X-ray flare
luminosities are LY=4¥ ~ (8.7-880) x 10** and LB-4vT ~ (8.8
876) x 10°! erg s7!, respectively, at least 1.5dex higher than
the known range. Furthermore, the ratio log(Fx/Fpo)~2.7—
3.2 is well above the known range. Thus, FXRT 1 is unlikely
to be a stellar flare, consistent with the conclusions drawn in
Jonker et al. (2013).

For FXRT 7/XRT 030511, the limit of m, > 23.7 implies dis-
tance lower limits of >1.7-17 kpc and >0.2-1.7 kpc for M-
and brown-dwarfs, respectively, and corresponding X-ray flare
luminosities are LY~V > (8.3-800) x 10*? and L~ > (8.3—
831) x 10 erg s~!, respectively, at least 0.9 dex higher than the
known range. The ratio log(Fx/Fyo) 2 1.6-2.1 is also well above
the known range, ruling out a stellar flare origin.

For FXRT 10/XRT 100831, the limit of m, > 24.5 yields dis-
tance lower limits of >0.2-2300 and >0.02-0.2 kpc for M-
and brown-dwarfs, respectively, and corresponding X-ray flare
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Table 6. Spectral slope computed “before” and “after” the Tyreax-

FXRT ID Iﬁbefore(T < Tbreak) Iﬁafter(T 2 Tbreak)
@ &) 3 “
Nearby extragalactic FXRT Candidates from CSC2
XRT 010908 1.8+£0.7 2.1+0.7
XRT 070530 6.2+2.6 59+1.6
Distant extragalactic FXRT Candidates from CSC2

W N

7 XRT 030511 1.8+0.3 24+0.2
8 XRT 041230 26+1.2 36+3.5
9 XRT 080819 24+12 59+£22
10 XRT 100831 37+1.0 27+1.7
12 XRT 110919 1.8+0.9 28+1.1
14 XRT 141001 1.7+£0.8 1.7+0.3

Notes. Columns 1 and 2: FXRT# and ID of the candidate, respectively.
Columns 3 and 4: Spectrum photon index computed before and after the
Toreax for light curves that are well fit with a BPL. Errors are quoted at
the 90% confidence level.

luminosities are LY~ > (2.9-300) x 10> and LB~ > (2.9~
290) x 10?2 erg s~!, respectively. The lower bound of the g-
band estimate remains consistent with the known range. The
ratio log(Fx/Fpo1) 2 — 0.8 to —0.3 also remains mildly consis-
tent with for example, the extreme spectral type L1 J0331-27
star (De Luca et al. 2020), implying that we cannot completely
rule out an extreme stellar flare origin for FXRT 10.

For FXRT 11/XRT 110103, the limit of m,>23.2 implies
distance lower limits of >0.1-1.3 and >0.01-0.1 kpc for M-
and brown dwarfs, respectively, and corresponding X-ray flare
luminosities are LY~4¥ > (4.8-480) x 103 and LB~V > (4.8
500) x 10%* erg s7!, respectively, at least 0.7 dex higher than the
known range. The ratio log(Fx/Fpo) 2 1.4—1.9 also implies that
FXRT 11 is not caused by a stellar flare, consistent with the con-
clusions drawn in Glennie et al. (2015).

For FXRT 12/XRT 110919, the limit of m,>24.8 leads
to distance lower limits of >0.3-2.6 and >0.02-0.3 kpc,
respectively, and corresponding X-ray flare luminosi-
ties are L?‘dw‘“f >(2.4-240)x 10*°  and Lg‘d"“a"f >(2.4-
242) x 10?8 erg s7!, respectively. The lower bound of the g-band
estimate is marginally overlaps at the known range of luminosi-
ties. The ratio log(Fx/Fvo1) 2 —0.9 to —0.4 also remains mildly
consistent with for instance, the extreme type L1 J0331-27 star
(De Luca et al. 2020), implying that we cannot completely rule
out an extreme stellar flare origin for FXRT 12.

For FXRT 13/XRT 140327, the detection at m; = 24.7 implies
a distance range of ~#1.2-12 000 and ~0.1-1.2 kpc, respectively,
and corresponding X-ray flare luminosities of L?‘dw‘“f ~(2.1-
200) x 10°" and LB~V ~ (2.1-208) x 10% erg s™', respectively.
This is not enough to discard a Galactic stellar flare nature.
However, we find a ratio log(Fx/Fpo1) = 0.0-0.6, implying that
FXRT 13 is not caused by a stellar flare.

As a summary, the multiwavelength photometry for four
FXRTs appears inconsistent with expectations for flares from
Galactic M dwarfs and brown dwarfs, while deeper limits are
still required to completely rule out this out for FXRTs 10
and 12.

3.5. One or two populations of FXRTs?

A key question is how robust individual FXRT associations with
local or distant populations are. In particular, there remains some
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probability that FXRTs associated with the local sample are in
fact background distant FXRTSs that simply lie in projection with
nearby large-scale structures. A first consideration here is to
identify and isolate the fraction of Chandra observations that
actively target nearby galaxies. While distant FXRTs can be
detected in any Chandra observation (i.e., in the background of
nearby galaxy observations), nearby FXRTSs can only be detected
if nearby galaxies lie within the Chandra FoV. To this end,
the fraction of useful®® Chandra observations that target nearby
galaxies at <100 Mpc is *20% of the total sample or ~36.7 Ms
(based on a match with the GLADE catalog; Délya et al. 2018),
while 80% is spent observing distant extragalactic sky, respec-
tively. In these fractions, we find 6 and 8 FXRTs, respectively.

Extrapolating from 8 FXRTSs in 80% of the observations, we
can expect ~2 distant FXRTs should occur in the 20% fraction
dedicated to nearby objects, and thus the true number of nearby
FXRTs would be 6-2~4. However, given that we are in the
Poisson regime, we need to know whether this excess is signifi-
cant. If we assume a null hypothesis, NH, whereby the sample
consists of just one population of FXRTs, such that there are
14 distant FXRTs detected in 100% of our data, then we expect
2.8 sources in the 20% of the extragalactic fields that overlap
with local galaxies, and yet we observe 6. This corresponds to
an excess at 90% confidence level (i.e., detecting 6 is inconsis-
tent with 2.8 at 90% confidence), which is likely related with an
additional nearby population of FXRTSs. So there is tentative (at
90% confidence level) evidence for two different population of
FXRTs.

More systematically, we explore the likelihood of whether
each individual local FXRT could in fact be a distant FXRT
in projection with a nearby galaxy. Adopting Poisson statistics,
following a similar approach to Sect. 2.5.6, and taking the den-
sity of distant FXRTs as =6.5 x 107® arcmin~2 (i.e., considering
the number of secure distant FXRTs found among all nonlocal
Chandra observations), we compute the probability of finding
by chance a distant FXRT within the specific angular offset
(Pgist.rxrT; see Table 7 column 4) of each local FXRT to its asso-
ciated host galaxy (see Table 7 column 2). Additionally, we cal-
culated the Binomial probability [P(k; N; Pgis rxrr); see Table 7
column 6], where the number of detections is taken to be the
number of local FXRTs detected in a galaxy at least as bright as
the specific associated local FXRT host at a distance less than
or equal to the offset distance of each the specific local FXRT,
and the number of trials is taken to be the number of Chan-
dra observations of local galaxies at least as bright as the spe-
cific associated local FXRT host (see Table 7 column 5). Table 7
shows that only FXRT 1 has a significant probability (=0.3) to
be related with the distant sample; in the case of FXRT 11, it
also shows a nonzero probability of being related with the distant
sample (~8.0 x 1072), reinforcing the idea that this source is not
likely associated with nearby galaxies. Thus, there remains some
uncertainty as to which population FXRTs 1 and 11 belong. For
the moment, we have tentatively assigned FXRT 1 to the local
sample (due to the similarity of its associated host with others
in that category) and FXRT 11 to the distant sample. However,
we interpret them throughout leaving both possibilities open (see
Sect. 5).

In summary, our results here reinforce the existence of two
different populations of FXRTs and rules out a possible relation
of FXRTs 2—-6 with the distant sample.

20 That is, ignoring all observations with || < 10 deg.
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Table 7. Probabilities related to the local sample.

FXRT  dofiset Py Pgisirxrr N P(X = 1M < Myoy
(arcmin) (M < Mpoy)  Ad < dygeer)

(1) (2) (3) 4) (5) (6)

1 122 35ex10* 3.0x1073 134 0.27

2 0.4 84x1077 33x107° 216 7.0x10™

3 5.5 1.3%x10°  62x107* 29 1.7x1072

4 0.4 1.9%x107° 33x107° 303 9.9x10™

5 1.3 28%x107° 35x107° 114 3.9%1073

6 1.2 1.5x10™*  29x107° 508 1.5%x 1072

11 2.7 0.15 1.5x10™ 571 7.8x1072

Notes. Column 1: FXRT candidate number. Column 2: Angular offset of
the local FXRT, in arcmin, from its associated host galaxy center. Col-
umn 3: Probability of a random chance alignment between an FXRT
and a nearby galaxy at least as bright as the associated host galaxy.
Column 4: Probability of finding a distant FXRT at an angular off-
set dygser. Column 5: Number of Chandra observations that include a
nearby galaxy at least as bright as the associated host galaxy. Column
6: Probability of finding one (X = 1) distant FXRT given a cut dis-
tant offset (d < doryer) and host galaxy magnitude (M < Myoq). VUsing
Poisson statistic, P(k; 1), for one source, k = 1, and A is equal to the den-
sity of distant FXRTs, ~6.5 X 1076 arcmin~2, multiplied by the circular
area defined with a radius equal to the angular offset. " Using Bino-
mial statistic, P(k; N; Pgisrxrr), for number of trials, N(M < M),
number of success events (in this case X = 1), and success probability
of Pdisl.FXRT (See Sect. 35)

4. Host galaxy features

The host galaxy or host environment of an FXRT can provide
important information on its nature. Five nearby FXRTs (2, 3, 4,
5 and 6) and three distant FXRTs (8, 9, and 14/CDF-S XT1) have
very probable associated optical/NIR host galaxy detections. It
remains less certain whether FXRT 1 is associated with M86.

4.1. Nearby extragalactic FXRT sample

The nearby events (FXRTs 1, 2, 3, 4, 5, and 6) are located in
well-studied local galaxies, although the association of FXRT 1
with M86 is less clear. We collect information from the litera-
ture in Table 8, although we caution that this is a heterogeneous
data set, and deriving consistent global parameters is beyond the
scope of this work.

Figure 13 compares the host galaxy star-formation rate
(SFR) versus stellar mass (M,) values of our sample to
hosts of other transients (LGRBs, low-luminosity LGRBs,
SGRBs, CC-SNe, thermonuclear SNe, SN 2020bvc, and
GW 170817/GRB 170817A). It is clear that the different classes
of transients fall in specific regions of the SFR-M, plane. For
instance, thermonuclear type Ia supernovae lie preferentially
below the galaxy main sequence (dashed cyan line; Peng et al.
2010), that is to say, they are related with older (redder or
recently quenched) stellar populations within galaxies; mean-
while, CC-SNe (type Ib, Ic, and II; Tsvetkov & Bartunov 1993;
Galbany et al. 2014) fall closer the galaxy main sequence, high-
lighting their relation with ongoing star-formation in galaxies.
LGRBs (Li et al. 2016), which are related to massive progenitor
stars, lie above the galaxy main sequence (where so-called high-
SFR starburst galaxies lie). In contrast, the location of SGRBs
(Li et al. 2016) shows a large spread in this figure (i.e., SGRBs
occur in a mixed population of early-type and star-forming
galaxies). GW 170817/GRB 170817A (Im et al. 2017) is singled
out among SGRBs, due to the unusually low SFR (=0.001-

0.01 Mg yr~!) of its host galaxy NGC 4993. We also single out
the off-axis LGRB candidate SN 2020bvc (Chang et al. 2015;
Izzo et al. 2020; Ho et al. 2020), the host galaxy UGC 9379
of which has a low SFR (x0.08 My yr~') but a stellar mass
M, ~1.9x10'" M, similar to the Milky Way and other large
spirals (Hjorth & Bloom 2012; Taggart & Perley 2021; Ho et al.
2020).

Among the nearby sample, the hosts of FXRTs 2, 3, 4,
5, and 6 fall just below (within a factor of two) of the local
galaxy main sequence, implying they are probably related to
active star formation processes or young stellar populations.
In the cases of FXRTs 2, 3, 4, and 5, there are clear spatial
associations with compact HII regions or young stellar clus-
ters, strengthening the link to young, presumably massive stars.
FXRT 1/XRT 000519 is probably related with M86, which has a
low SFR (~0.01 Mg, yr™'), as expected for elliptical galaxies.

4.2. Distant extragalactic FXRT sample

The optical/NIR hosts of the distant events FXRTs 8 and 9 are
classified as extended sources (galaxies) by the VHS catalog
(McMabhon et al. 2013), but their properties have not been ana-
lyzed previously. We used photometric data of their putative host
galaxies to constrain the host properties through spectral energy
distribution (SED) model fitting.

We initially explored the spectral nature of FXRTs 8§, 9,
and 14 based on their i — K versus g — i colors in Fig. 14.
FXRTs 8, 9, and 14 were compared to the counterparts of the
X-ray sources classified as stars according to Criterion 2 (gray
points; see Sect. 2.5.2) and the expected parameter space for
stars (orange region) with different ages (log(Age/yr)=7.0—
10.3), metallicities (from [Fe/H]=-3.0-0.5), and attenuations
(Ay =0.0-5.0 mag) from theoretical stellar isochrones (MIST;
Dotter 2016; Choi et al. 2016). The bulk of the stellar X-ray vari-
ables form a much tighter sequence than what is conceivably
allowed by the full range of isochrones. The stellar X-ray sources
that appear as outliers are identified as PNe, YSOs (e.g., eruptive
variable stars, T Tauri stars), or emission-line stars. The FXRTs
generally lie outside of or at the edge of the stellar region, away
from the tight stellar locus, although the large error bars or limits
in the NIR photometry preclude any definitive statements here.
We conclude that the SED by itself is not a clear-cut discrimi-
nator and thus the spatially resolved nature of the counterparts
remains vital to their confirmation.

Next, we employ the code BAGPIPES (Bayesian Analysis
of Galaxies for Physical Inference and Parameter EStimation;
Carnall et al. 2018), which fits stellar-population models tak-
ing star-formation history and the transmission function of
neutral/ionized ISM into account to broadband photometry
and spectra using the MultiNest nested sampling algorithm
(Feroz & Hobson 2008; Feroz et al. 2009), to derive constraints
on the host-galaxy properties. BAGPIPES gives the posterior dis-
tributions for the host-galaxy redshift (z), age, extinction by dust
(Ay), SFR, metallicity (Z), stellar mass (M..), specific star forma-
tion rate. To account for dust attenuation in the SEDs, we use the
parametrization developed by Calzetti et al. (2000), where Ay is
a free parameter within the range 0.0 to 3.0 mag.

We assume an exponentially declining star formation his-
tory function parametrized by the star formation timescale (free
parameter). Table 8 provides the best-fit parameters obtained
with BAGPIPES for the hosts of FXRTs 8 and 9, while Fig. 15
shows the 16th to 84th percentile range for the posterior spec-
trum and photometry. The posterior distribution for the fitted
parameters is shown in the bottom panels. We have confirmed
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Table 8. Parameters obtained from the literature and by our SED fitting to archival photometric data using the BAGPIPES package (Carnall et al.

2018).
FXRT ID RA (deg) Dec (deg) Offset zord(Mpc) Log(Age/yr) Log(M./Ms) Log(SFR/(Mg/yr)) Ay (mag) References
1) (2) (3) 4 (5) (6) (N 3) 9 (10 (11)
Parameters obtained from the literature
1 XRT 000519 D 186.54893 12.94622 122 16.4 - 11.89 -2.0 0.081 1,15
2 XRT 010908 167.87904 55.67411 04 9.3 - 11.11 0.34 0.046 2,3,13,14
3 XRT 070530 201.36506 —43.01911 5’5 4.04 - 11.0 0.0 0.315 4,5,13,16
4 XRT 071203 211.25671 53.66222 04 6.9 - 8.87 -1.15 0.029 6,7,13,17
5 XRT 080331 170.06235 12.99154 13 8.1 - 10.80 0.51 0.091 8,9,13,14
6 XRT 130822  345.50403 15.96478 172 29.3 - 10.40 0.14 0.211 10,11,13
14 XRT 141001  53.16158 —-27.85938 07”13 2.23’:?@3 - 7.99 0.06 0.021 12,18
Parameters derived from photometric data using BAGPIPES (Carnall et al. 2018)

XRT 041230 318.12653 —-63.49895 077 0.61’:813 9.6’:83 10,5t8ﬁ§ —0.3’:}:*; 0.9’:8:3 -

9 XRT 080819 175.00511 -31.91749 0’5 0.7’:8% 8.2’:8;} 10.4j3:: 2.1j3:: 1.6’:8;} -

Notes. Column 1: FXRT candidate number. Column 2: Candidate ID. Column 3 and 4: Right ascension and declination of the host galaxies.
Column 5: Angular offset between the transient and the host galaxy. Column 6: Host galaxy redshift or distance. Columns 7, 8, 9: Logarithmic
values of the age of the stellar population, the stellar mass, and the SFR from the host galaxies. Column 10: Dust attenuation. Column 11: Literature

references. () Assuming the FXRT is associated with galaxy M86.

References. (1) Rhode et al. (2007), (2) Wiegert et al. (2015), (3) Rhode et al. (2007), (4) Espada et al. (2019), (5) Rejkuba et al. (2011), (6)
Drozdovsky & Karachentsev (2000), (7) Lanz et al. (2013), (8) Buta et al. (2015), (9) Beuther et al. (2017), (10) Cappellari et al. (2011), (11)
Davis et al. (2014), (12) Bauer et al. (2017), (13) Helou et al. (1991), (14) Sorce et al. (2014), (15) Jonker et al. (2013), (16) Crnojevi¢ et al. (2016),

(17) Tully et al. (2013), (18) Schlafly & Finkbeiner (2011).

the obtained photometric redshifts of 0.617013 and 0.7*3%¢ for
FXRTs 8 and 9 with our 2D spectra taken by X-Shooter (PIs:
Quirola and Bauer, program ID: 105.20HY.001). A detailed
analysis of the spectral data will be presented in future work.

FXRT 13 only has a single i-band DECam source associated
with it. The non-detections in other bands may suggest that the
i-band DECam image (=6948-8645 A) includes a dominant flux
contributions from a high equivalent width emission line. Con-
sidering the most important emission lines of galaxies (such as
Ha, HB, [OI11]144959, 5007 A), the expected redshift range of
FXRT 13 is z=0.2-1.1.

Finally, Baueretal. (2017) associated FXRT 14 (CDF-
S XT1) with an extremely faint, small Zppoo ~2.23 host galaxy
with a relatively flat SED (see Tables 3 and 8).

Among the FXRTs identified as distant candidates, FXRTs 8
and 14 are located above the galaxy main sequence, while
FXRT 9 lies significantly below it. We also show the host
of CDF-S XT2, which also lies just above the galaxy main
sequence. Thus, a sizable fraction of distant FXRTs appear to be
associated with vigorous star formation; we should stress here,
however, that the statistics are poor and the uncertainties from
the SED model fits remain large (see Table 8).

5. Possible interpretations

To understand the origin of our sample of FXRTSs, we compare
them with other well-known transients. We split our discussion
here into nearby (Sect. 5.1) and distant (Sect. 5.2) samples. The
former have well-established distances, and therefore we can
compare their light curves in luminosity units. As we do not
know the redshift of several distant FXRTSs, we compare their
X-ray light curves in luminosity units assuming nominal dis-
tances. Given the uncertainty in the associations for FXRTs 1
and 11, we discuss them under both the nearby and distant extra-
galactic scenarios.

First, from the best-fit PL spectral model, we compute the
X-ray peak flux (corrected for Galactic and intrinsic absorption;
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Fpeak)?!, the associated intrinsic X-ray peak luminosity (Lx peak),
and the Eddington mass (defined as Mpqq = 7.7X107% Ly peak in
solar mass units). We report these values in Table 9 in the energy
range 0.3-10.0 keV.

5.1. Nearby extragalactic FXRT sample

The nearby FXRTs 2, 3, 4, 5, and 6 have peak isotropic
X-ray luminosities in the range of Ly peax & 10°%-10% erg s7!
(see Table 9). This appears inconsistent with origins as
SBOs (Lil?p(z;kz 10*2-10*" erg s~'; Ensman & Burrows 1992;
Soderberg et al. 2008; Modjaz et al. 2009; Waxman et al. 2017;
Alp & Larsson 2020), TDEs (L;(]i)szk ~10%”-10" erg s™!; Rees
1988; MacLeod et al. 2014; Maguire et al. 2020; Saxton et al.
2021, considering a jetted emission), or on-axis GRBs

(Lg%f;kzlow—loﬂ erg sl Berger 2014; Bauer etal. 2017,

considering a jetted emission).

These lower luminosities fall into the realm of ULXs
(extragalactic X-ray emitters located off-center of their host
galaxy and with luminosities in excess of L}(JLX ~10% erg s7!,
if the emission is isotropic, well above the Eddington limit
for neutron stars; Bachetti et al. 2014; Kaaretetal. 2017)
and Galactic XRBs (X-ray emitters where a compact object
accretes mass from a companion star with LY®® <10% erg s7';
Remillard & McClintock 2006; van den Eijnden et al. 2018).
Most ULXs are semi-persistent X-ray emitters for years to
decades (Kaaret et al. 2017), and in extreme cases can reach
high luminosities such as NGC 5907 ULX1 (=5 x 10* erg s7!;
Walton et al. 2016). The much shorter and stronger variability of

2! Due to the lack of a standardized method to estimate the Fpeq, We
consider the following. First, we find the shortest time interval during
which 25% of the counts are detected, and we compute a count rate dur-
ing this shortest interval. Next, to convert the peak-count rates to fluxes,
we multiply the flux from the time-averaged Spectral fits by the ratio
between the peak and the time-averaged count rates (i.e., we assume no
spectral evolution).
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Fig. 13. Comparison of the stellar mass (M, ) and SFR of host galaxies of different types of transients: nearby (colored hexagons) and distant (col-
ored stars) FXRT candidates, LGRBs and SGRBs (Li et al. 2016), low-luminosity LGRBs (LL-LGRBs; GRB 980425, GRB 020903, GRB 030329,
GRB 031203, GRB 050826, GRB 060218, and GRB 171205A; Christensen et al. 2008; Michatowski et al. 2014; Levesque 2014; Kriihler et al.
2017; Wiersema et al. 2007; Wang et al. 2018; Arabsalmani et al. 2019), GW 170817 (Im et al. 2017), SN 2020bvc (Chang et al. 2015; 1zzo et al.
2020; Ho et al. 2020), FXRT 14/CDF-S XT1 (Bauer et al. 2017) and CDF-S XT2 (Xue et al. 2019), and supernovae events (Types Ia, Ib, Ic, and
II; Tsvetkov & Bartunov 1993; Galbany et al. 2014). The solid cyan line shows the best-fit local galaxy main sequence relation from Peng et al.
(2010). The gray background contours are the galaxy distribution from the SDSS (data taken from Brinchmann et al. 2004). The dashed colored
lines are the boundaries separating the star-forming and quiescent galaxies and its evolution with redshift (at z=0.0, 0.1, 0.2, 0.3, and 0.4, from

bottom to top; Moustakas et al. 2013).

our FXRTs compared to ULXs implies that they are caused by a
different phenomenon.

Another alternative could be XRBs. Figure 16 shows the
X-ray light curves of FXRTs 1, 2,3, 4, 5, 6, and 11 one per panel,
compared to several well-known XRB flaring episodes. XRBs
in the Milky Way exhibit pronounced variability whereby the
X-ray flux changes from quiescent to flare states on timescales
of weeks to months (Remillard & McClintock 2006). Particu-
larly, FXRTs 2 and 4 reach peak luminosities (Lx peak ~ 1038—
10*° erg s7!) similar to some XRBs’ flares (e.g., the flare
luminosity of GX339-4 of ~4 x 10°® erg s!), which suggests
that these FXRTs could be related with the tip of longer flares.
Nevertheless, they are not in agreement with the duration (in
the order of weeks) and timescale evolution (following a slow
PL decay Fxoct™03) of XRBs flares. Thus, FXRTs 2, 3, 4 are
unlikely to be related with XRBs. Meanwhile, FXRTs 1, 3, 5, 6,
and 11 are not related with XRBs because of their high luminos-
ity (Lx peak 2 10% erg s7h.

Next, we compare the FXRTs to SGRs and AXPs, which
are both believed to be related to young, highly magnetic neu-
tron stars (Woods & Thompson 2006). Soft gamma repeaters
and AXPs are very faint in quiescence but can flare by fac-
tors of hundreds to thousands on timescales of tens of ms to
seconds (Gogiis et al. 1999; Aptekar et al. 2001) and on very
rare occasions can generate giant flares by factors of 107 over
several-minute timescales (e.g., SGR 1806-20, SGR 1900+14;
Hurley et al. 1999; Terasawa et al. 2005; Woods & Thompson
2006). On such occasions they can reach X-ray luminosities
as high as 10*°-10*' ergs s~!, although SGR 1900+14 experi-
enced a giant flare with a peak luminosity of >10* erg s7!
(at hard X-rays 40-700 keV; Mazets et al. 1999; Feroci et al.
2001), and generate bolometric outputs up to ~10% erg in total
(Palmer et al. 2005; Terasawa et al. 2005; Strohmayer & Watts
2005; Israel et al. 2005). The weaker flares generally have a soft
spectrum, while the giant flares are quite hard, and the flare
durations follow a log-normal distribution (Gogiis et al. 1999).
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Fig. 14. Color-color diagram of FXRTs 8, 9, and 14 and X-ray
sources classified as stars according to Criterion 2 (see Sect. 2.5.2)
with Pan-STARRS, DECam, and 2MASS counterparts (gray filled
circles). The expected parameter space of stars with different ages
(log(Age) =7.0-10.3), metallicities (from [Fe/H]= — 3.0-0.5), and
attenuations (Ay = 0.0-5.0) taken from the MIST package (Dotter 2016;
Choi et al. 2016) is overplotted as an orange region.

At the distances of our nearby FXRTs, we would presumably
only see the most luminous portions of these rare giant bursts
(a few seconds at most) and not be sensitive to the fainter
bursts or quiescent emission. They should be quite spectrally
hard (e.g., SGR 1900+ 14 has a photon index range '~ 1.0-2.0;
Tamba et al. 2019) and given the relation to young, highly mag-
netic neutron stars, seen to be originating from young star clus-
ters and HII regions (Woods & Thompson 2006). In this sense,
FXRTs 2, 4, 5, and 6 share some similarities with the SGR
and AXP phenomena. For instance, they seem related to star-
formation galaxies (see Fig. 13), although their spectra remain
relatively soft and their light curve lengths last thousands of sec-
onds. In the case of FXRT 5, we see multiple flares over =35 ks.
On the other hand, FXRTSs 1, 3, and 11 are not associated with
young star clusters, and thus seem far less likely to be explained
by an SGR/AXP origin.

A final point of comparison is with the FXRTs discovered in
NGC 4636 and NGC 5128 (Cen A) by Irwin et al. (2016) and
NGC 4627 by Sivakoft et al. (2005). All exhibit rapid (~50-
100 s) flares with peak luminosities of ~10°-10*' erg s~!, but
remain detectable by Chandra in quiescence. In two cases, mul-
tiple flares are observed across multiple observations, while two
transients are spatially associated with globular clusters in their
host galaxies (similar to FXRT 3, which intriguingly is also asso-
ciated with NGC 5128). Overall, while the luminosities are com-
parable, the faster timescales, multiple outbursts, and quiescent
detections are unlike the behavior seen among the nearby sam-
ple of FXRTs, although it could be the case that (some) FXRTs
have quiescent fluxes well below the sensitivity of Chandra and
XMM-Newton and/or have not been observed frequently enough
to see multiple outbursts (e.g., FXRT 6 has not been observed
again by Chandra or XMM-Newton; see Fig. 6).

In the case of FXRTs 1 and 11, their origin remains unclear.
For FXRT 1, assuming the association with M86 (x~16.4 Mpc;

A168, page 28 of 43

Table 9. Energetics of the FXRT sample (fluxes are corrected for Galac-
tic and intrinsic absorption, and calculated over the energy range 0.3—

10 keV).

FXRT ID Fpeax(ergem™2 57 Ly peac(erg s™') Mgag(Ms)

(1) (2) (3) 4) (5)
Nearby sample

1 XRT 000519 9 (1.9+0.1)x 10710 (6.1 £0.3)x 10** (4.9+0.3)x 10*

2 XRT 010908 @9 (1.7+0.5)x 1073 (1.8 +0.5)x 10* 13.9+4.1

3 XRT 070530 09 (2.7+1.1)x107'2  (5.3+2.1)x10%¥  41.8+17.0

4 XRT 071203 0 (6.4+2.5)x107'* (3.6 1.4)x 103 29+1.1

5 XRT 080331 ™ (1.7+0.3)x 10712 (1.3+£0.2)x10*  105.9+18.7

6 XRT 130822 09 (23+0.9)x 1073 (24+0.9)x10*  187.5+73.4
Distant sample

7 XRT 030511 M (23+£0.3)x 10712 (1.3+£0.2)x 10* (9.9+1.3)x 107

8 XRT 041230 ™ (6.9+3.4)x 1074 (1.1+£0.5)x 10" (8.8+4.3)x 10°

9 XRT 080819 ) (6.5+£2.9)x10™13  (1.5+0.7)x 10 (1.2+0.5)x 107

10 XRT 100831 M (89+3.4)x 1071 (4.8+1.8)x10¥ (3.8+1.5) %107

11 XRT 110103 @ (22+0.2)x 10710 (24+0.2)x 10% (1.9+0.2)x 10°

12 XRT 110919 M (5.6+1.3)x 1073  (3.0£0.7)x 10¥ (2.4+0.6)x 107

13 XRT 140327 ) (12+£0.5)x 1073 (6.3+2.8)x 10% (4.9+2.3)x 10°

14 XRT 141001 ®  (43+1.1)x1072  (1.7+£04)x 10 (1.3+0.3)x 10°

Notes. Column 1: FXRT candidate number. Column 2: Candidate ID.
Column 3 and 4: X-ray peak flux and isotropic luminosity in cgs units
(corrected for Galactic and intrinsic absorption). Column 5: Edding-
ton mass (defined as Mpqq = 7.7%107? Ly peax) in solar mass units (Mo).
@ Assuming an association with Abell 3581 at 94.9 Mpc (Glennie et al.
2015). ®Assuming a mean redshift of z=2.23 (Bauer et al. 2017).
() Assuming a redshift of z= 1. " The distance or redshift is taken from
Table 8.

Jonker et al. 2013), it is characterized by a peak luminosity of
~6x 10* erg s~! (see Table 9). According Jonker et al. (2013),
this X-ray flash (XRF) could have been caused by the disruption
of a compact WD by a 4.9 x 10* M, BH. Nevertheless, other sce-
narios such as a highly off-axis GRB (Dado & Dar 2019) cannot
be discarded because of distance uncertainties. For FXRT 11,
assuming the association with the galaxy cluster Abell 3581
(r94.9 Mpc; Glennie et al. 2015; Johnstone et al. 2005), its
peak luminosity and Eddington mass are ~2 x 10* erg s~! and
~1.9%x 10° M, (see Table 9). Glennie et al. (2015) suggest that
FXRT 11 could be consistent with the early X-ray emission typ-
ically seen in GRB light curves; however, its similarities with
FXRT 1 also suggest that both events share the same origin.

Overall, the behavior of the nearby FXRTSs appears to repre-
sent a genuinely new phase space of transient phenomena. The
wide variety of observed properties strongly suggests that multi-
ple physical origins may be at work.

5.2. Distant extragalactic FXRT sample

For the moment, we split the discussion of FXRTs into those
with fairly secure hosts and reasonable distance estimates (see
Sect. 5.2.1) versus those with less certain or no clear hosts
(see Sect. 5.2.2). Here we analyze the scenario where the
FXRTs 1 and 11 are related to distant extragalactic objects (see
Sect. 5.2.2).

5.2.1. FXRTs with known distances

Using the photometric host redshifts calculated in Sect. 4,
FXRTs 8 and 9 reach peak X-ray Iuminosities of
Lx peak ¥ 1.5% 10% and 1.3x10% erg s™', respectively (see
Table 9 and Fig. 17 for a light curve comparison). The FXRTs
have an isotropic fluence of Ey ~2.2 x 10’ and 3.9 x 10* erg,
respectively.
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Fig. 15. Best fitting SED models obtained using the BAGPIPES package (Carnall et al. 2018) for FXRTs 8 (left panels) and 9 (right panels). Top
panels: 16th to 84th percentile range for the posterior spectrum and photometry (shaded orange). The used photometric data and their uncertainties
are given by the blue markers. Bottom panels: posterior distribution for the five fitted parameters (SFR, age, galaxy stellar mass, metallicity, and
redshift). The 16th, 50th, and 84th percentile posterior values are indicated by the vertical dashed black lines.

Such luminosities fall with the ranges predicted or detected

for SBOs (Lil?p(gzk ~x10%-10*7 erg s~'; Soderberg et al. 2008;

Modjaz et al. 2009; Waxman et al. 2017; Alp & Larsson 2020),
although both FXRTSs exhibit energy released that are at least
one to two orders of magnitude higher than the energy predicted
by SBO models (e.g., Waxman et al. 2017) or detected from
the enigmatic SBO XRT 080109/SN 2008D (Ex ~2x10* erg;
Soderberg et al. 2008). As such, we rule out an SBO interpre-
tation for FXRTs 8 and 9.

Considering an on-axis GRB origin, we note that no gamma-
ray signals detected near the time of discovery were associated
with FXRTs 8 or 9, and neither exhibits a characteristic PL
decay phase (F)I;XRTSS/ ? o 729/-28 yg50ciated with GRB after-
glows FgRBS o r~12; Evans et al. 2009; Racusin et al. 2009),
although some GRBs show strong X-ray flaring in the tail of
the X-ray afterglow distribution that could mimic the observed
temporal behavior (Barthelmy et al. 2005; Campana et al. 2006;
Chincarini et al. 2010; Margutti et al. 2011). Critically, Fig. 17
demonstrates that the X-ray light curves of both FXRTs are
fainter than almost any known on-axis GRB X-ray afterglow
over the same timescale, with (prompt) initial luminosities
>3-4 dex below the luminosity ranges observed for GRBs
(L)G(};E;k > 10% erg s7'). Based on their best-fit X-ray spectral
slopes of I'exrrs 879 = 2.7/3.0, they formally lie at the edge of the
standard afterglow distribution (I'grps = 1.5-3.0; Berger 2014;
Wang et al. 2015; Bauer et al. 2017) overlapping at the 1o~ con-
fidence level. In terms of their host-galaxy properties (see Fig 13
and Table 8), FXRT 8’s host has a low-SFR (x0.5 M, yr‘l) and
old stellar population (=1 Gyr). It is classified as a quiescent
galaxy according to the criteria from Moustakas et al. (2013),
and is thus a potential host for an SGRB. Nevertheless, an asso-
ciation with low-luminosity LGRBs (LL-LGRBs) could be dis-
carded due to the high stellar mass of its host galaxy.

FXRT 9’s galaxy is a massive blue starburst galaxy
(=120 M, yr~') with a young stellar population (~0.15 Gyr).
Hence, FXRT 9 might be related to an LGRB origin, although an
association with SGRBs cannot be discarded. On the other hand,
an association with LL-LGRBs could be ruled out because of the
high stellar mass of its host galaxy relative to LL-LGRBs’ hosts

(higher than one order of magnitude; see Fig 13). Unfortunately,
the low angular resolution of the current archival images does
not permit us to compute the offset from the host center.

Alternatively, these FXRTs could be related to ultra-long
duration GRBs. Several ultra-long GRBs (longer than thou-
sands of seconds) have been detected (Thoneetal. 2011;
Campana et al. 2011; Gendre et al. 2013; Virgili et al. 2013;
Stratta et al. 2013). Their nature still unclear. Gendre et al.
(2013) and Levanetal. (2014) argued that ultra-long dura-
tion GRBs form another distinct group of GRBs; for example,
Levan et al. (2014) argue that the long duration of this popu-
lation of GRBs may be explained by engine driven explosions
of stars of much larger radii than typical LGRB progenitors
(which are thought to have compact Wolf-Rayet progenitor
stars). Figure 17 shows a comparison of both FXRTs and the
ultra-long GRB 111209A. At early times their luminosities are
~6-7 dex lower than that of GRB 111209A. Nevertheless, we
cannot discard an association with this population of GRBs
because of the uncertainty in the zero point of our FXRTs,
which when changed could match well with the temporal decay
(Fx o t1#/753) and spectral trend (I'~2.4 at t > 40 ks) of this
GRB.

The possibility of an off-axis orphan GRB origin still
remains plausible, given the lack of an initial gamma-ray
detection and lower luminosity. Here we compare to the
light curves of XRF060218/SN2006aj (Campana et al.
2006), XRF100316D/SN2010bh (Starlingetal. 2011), and
SN 2020bvc (Izzo et al. 2020), which have all been argued to be
potential off-axis LGRBs, as well as GRB 170817A (Nynka et al.
2018; D’ Avanzo et al. 2018; Troja et al. 2020) and CDF-S XT?2
(Xue et al. 2019), and thus possible off-axis SGRBs (see Fig. 17).
We note in particular that the plateau phases of FXRTs 8 and 9 are
~1-3 dex lower than those of XRF 060218, XRF 100316D, and
CDF-S XT2, although the break and late-time light curves (to the
extent that they can be quantified) appear to match reasonably
well. By extension, SN 2020bvc and GRB 170817A appear to be
even weaker, and join with the faint declining tails of the XRFs
at very late times. We speculate that perhaps FXRTs 8 and 9
could be weaker or higher inclination versions of off-axis SGRB
and LGRBs (e.g., Granot et al. 2002), respectively, somewhere
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Fig. 16. 0.3-10keV light curves of the five local CSC2 FXRTs, plus FXRTSs 1 and 11, in luminosity units. The 0.3-10keV light curves are obtained
by multiplying the 0.3-7 keV light curves by the factor derived from extrapolating the best-fit PO model flux to the 0.5-7.0 keV spectrum to the
0.3-10keV band and correcting it for the effects of Galactic plus intrinsic absorption. For comparison, we overplot flaring episodes for several indi-
vidual well-known Galactic XRBs: GX339-4 (9 kpc, green line; Heida et al. 2017), Swift J1357.2—0933 (8 kpc, magenta line; Mata Sanchez et al.
2015), MAXI J1543-564 (5 kpc, gray line; Stiele et al. 2012), and MAXT J1659—152 (6 kpc, blue line; Jonker et al. 2012b). The light curves of the
comparison sources are taken from the 2SXPS catalog (Evans et al. 2020b).

intermediate between the XRFs and SN 2020bvc/GRB 170817A
along the possible viewable parameter space of such events.
Unfortunately, the poor count statistics (to constrain any spectral
evolution) and the lack of additional EM counterparts do not
permit us to analyze this picture in detail.

Finally, in the TDE scenario, if we interpret the peak lumi-
nosities as the Eddington luminosity, we derive masses of
>1.2x10° and 1.0 x 10’ M, for FXRT 8 and FXRT 9, respec-
tively. These masses fall in the supermassive black hole (SMBH)
range (Barack et al. 2019), and assuming that a large fraction of
the total stellar mass of the host galaxies as derived in Sect. 4.2 is
associated with a spheroid component, could be approximately
consistent with the stellar velocity dispersion (o) of a galaxy
bulge and the mass of the SMBH (Mpy) at its center (Mgy — o
relation; e.g., Ferrarese & Merritt 2000). These luminosities are
in rough agreement with the recent sample of TDEs published
by Sazonov et al. (2021).

Alternatively, these FXRTs could be related with an IMBH—
WD or IMBH-MS TDEs (which could occur in dwarf galax-
ies and stellar systems such as globular clusters; Jonker et al.
2012a; Reines et al. 2013), assuming the observed luminosities
are super-Eddington or due to relativistic beaming. The FXRTs
are offset from the nuclei of their associated optical and NIR
sources by only 07’5 and 0”7 (or projected physical distances of
3 and 3.5 kpc), respectively, and hence remain consistent with
both on-axis and off-axis scenarios within the positional uncer-
tainties (see Fig. 7).
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Saxton et al. (2021) review the observed and theoretical
X-ray properties of TDE candidates. Among confirmed SMBH-
MS TDEs detected to date, several exhibit peak luminosities
similar to those of FXRTs 8 and 9. However, the X-ray spec-
tra of SMBH-MS TDEs are generally softer and none exhibit
short-term X-ray variability comparable to what see from the
FXRTs, but instead show much slower declines over timescales
of months to years. For this reason, we disfavor such an
explanation, but cannot completely rule out a possible detec-
tion bias here, given the limited sensitivity of current all-sky
instruments. One intriguing possibility for generating higher
luminosities, faster variability, and harder spectra is relativistic
beaming from jetted TDEs such as Swift J1644+57 (Bloom et al.
2011; Levan et al. 2011). This could also significantly relax the
mass and/or accretion rate limits quoted above. In the case of
Swift J1644+57, shown in Fig. 17, it has a peak luminosity
of ~10*® erg s~! and time-averaged photon index of I'=1.6—
1.8 (Levanetal. 2011), although the photon index increases
and softens with decreasing flux (Bloom et al. 2011). Clearly
FXRTs 8 and 9 remain ~3 dex fainter, but otherwise have poten-
tially consistent spectral and temporal properties. As neither
has multiple X-ray observations, we cannot say anything about
their long-term evolution. We can also compare the timing and
spectral properties of the off-nuclear ultrasoft hyper-luminous
3XMM J215022.4-055108, an IMBH TDE candidate (hereafter
TDE J2150-05; Lin et al. 2018, 2020). TDEJ2150-05 shows a
peak luminosity of ~1 x 10* erg s, a light curve PL decay of
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(solid magenta line, z=0.677; Levan et al. 2014). Additionally, several individual transients are overplotted: the low-luminosity supernova SBO
XRF080109/SN 2008D (solid cyan lines, 27 Mpc;), XRF 060218/SN 20064aj (solid blue lines, 145 Mpc;), XRF 100316D/SN 2010bh (solid orange
lines, 263 Mpc; Barniol Duran et al. 2015; Starling et al. 2011; Modjaz et al. 2009; Evans et al. 2007, 2009; Soderberg et al. 2008; Campana et al.
2006), the relativistically beamed TDE Swift J1644+57 (solid black lines, z=0.3543; Bloom et al. 2011; Levan et al. 2011), the non-beamed TDE
J2150-05 (solid pink line, z=0.055; Lin et al. 2018), and CDF-S XT2 (solid indigo lines; Xue et al. 2019). For FXRTs 1, 7, 10, 11, 12, and 13
(open symbols), we assume z=1.0, we adopt Zpnoo = 2.23 for FXRT 14 from Bauer et al. (2017), and for FXRTs 8 and 9 we consider the values
from Table 8.

Fxoct™>/3 during 214 yr (see Fig.17), and ultrasoft X-ray spec-
tra with kT <0.25 keV, which soften with time (Lin et al. 2018,
2020). This lies in stark contrast with FXRTs 8 and 9, which
show a short and fast timescale variability, and somewhat hot-
ter/harder X-ray spectra. In summary, FXRTs 8 and 9 do not
conform to the “traditional” expectations of TDEs, in terms of
slow temporal evolution or ultrasoft X-ray spectra, but relativis-
tically beamed emission from an IMBH-TDE scenario cannot be
discarded.

Unlike the other events, FXRT 14 has been constrained
by multiwavelength counterparts (Bauer et al. 2017). The avail-
able data are consistent with expectations for off-axis SGRBs,
although other possibilities might not be ruled out. For instance,
Peng et al. (2019) argue for an IMBH-WD TDE, Sun et al.
(2019) explain the X-ray emission considering a magnetar rem-
nant after a BNS merger observer at an off-axis viewing angle,
while Sarin et al. (2021) discuss an association with an off-axis
afterglow of a BNS merger, without discarding that its X-ray
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properties could be related to compact object such as an asteroid
hitting an isolated foreground neutron star (Colgate & Petschek
1981; van Buren 1981; Campana et al. 2011). It is important to
mention that FXRT 14/CDF-S XT1 and XT2 seem to fall in the
same host’s properties parameter space as the LL-LGRBs and
SGRBs at lower stellar masses (<10” Mo; see Fig. 13). This rein-
forces the likely association with SGRBs.

5.2.2. FXRTs with unknown distances

FXRTs 7, 10, 12, and 13 do not have clear host associa-
tions as yet, and hence have wildly uncertain distances. Based
on their typical optical and NIR upper limits (e.g., m, 223.3
and m; 222 AB mag), and considering distances of other
FXRT host galaxies such as FXRTs 8 and 9 (Zphoto/spec ~ 0.7),
FXRT 14 (mEXRT14=27.5 AB mag and z Rl 14=(0.39-3.21;

photo
Bauer et al. 2017), and CDF-S XT2 (mji%., =25.35 AB mag

and zXT2=0.738; Xueetal. 2019), we adopt a nominal red-
shift of z =1 for these sources. Figure 17 (open markers) com-
pares FXRTs 7, 10, 12 and 13 (at z=1.0) to several classes of
transients.

We note that FXRTs 7, 10, and 12 have light curves
that exhibit plateau phases of =~1-3 ks, followed by PL
decays (Fyoct™>%/~16) that are accompanied by possible soft-
ening of the spectra for FXRTs 7 and 12 (see Table 6).
Spectral softening has been seen previously in SBOs
(e.g., XRF080109/SN 2008D), GRBs afterglows, TDEs (e.g.,
MacLeod et al. 2014; Malyali et al. 2019), and CDF-S XT2
(Xue et al. 2019). FXRTs 7, 10 and 12 have photon indices (see
Table 5) similar to the SBO XRF080109/SN 2008D (I" ~2.3;
Soderberg et al. 2008) and GRB afterglows (I" ~ 1.5-3.0; Berger
2014; Wangetal. 2015) at a 1o confidence level. If these
events lie at z>0.5, we can discard the SBO scenario, how-
ever, due to their high X-ray luminosities (Lx peax > 10* erg s™);
an SBO association would only be expected at low redshift
(z<0.5). The light curves (at z=1.0) also appear inconsistent
with on-axis GRBs. Although they share similar luminosities
and PL decays beyond ~10° s, the early plateau phases of
FXRTs are inconsistent with the typical PL or BPL decays
of on-axis GRBs and afterglows. A subset of SGRBs exhibit
plateau phases (Rowlinson et al. 2010, 2013), although these
generally have plateau luminosities 210% erg s! (although
if no redshift is known the mean SGRB redshift is assumed,
z7~0.72; energy band 0.3-10 keV), which are inconsistent with
FXRTs 10 and 12 lying at z<2.1. An off-axis GRB after-
glow scenario seems unlikely. To observe luminosities similar
to SN2020bvc (Lxmax ~ 1.8 x 10" erg s7') and GRB 170817
(Lx max ®4 X 10% erg s7!), our sources must be at low red-
shifts, z<0.1, which could be discarded by the non-detection
of hosts. Furthermore, Fig. 17 shows a comparison of these
FXRTs with the ultra-long GRB 111209A. Assuming z = 1.0, at
early times their luminosities are orders of magnitude lower than
GRB 111209A.

On the other hand, the luminosities and light curve shapes
of FXRTs 7, 10, and 12 share remarkable similarities to X-ray
flashes XRF 060218/SN 2006aj and XRF 100316D/SN 2010bh
(which may be related to shock breakout from choked GRB
jets; Campana et al. 2006; Bromberg et al. 2012; Nakar & Sari
2012), as well as CDF-S XT2 (which is consistent with being
powered by a millisecond magnetar; Xue et al. 2019; Sun et al.
2019). The light curves of FXRTs 7, 10, and 12 follow the
expected shape for IMBH-WD TDEs (e.g., see MacLeod et al.
2014; Malyali et al. 2019). For instance, the photon index and
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flux PL decay of these FXRTs are similar to the IMBH TDE can-
didate TDE J2150-05 (I' 4.8 and Fx o ¢t~>/3; Lin et al. 2018).
Assuming z=1, only FXRT 7 reaches a luminosity close to the
beamed TDE Swift J1644+57 (Lx peak ~ 10*-10%" erg s7'; see
Fig. 17; Bloom et al. 2011; Levan et al. 2011), but without flar-
ing episodes. Again, the poor count statistics (to constrain any
spectral evolution) and the lack of host or additional EM coun-
terparts do not permit us to analyze this picture in detail.

FXRT 13 exhibits a single PL light curve with a slow decay
(Fx o t792). This seems to exclude a SBO nature for this FXRT.
There is a faint optical source likely associated with this FXRT,
only visible in i-band DECam images (m; ~24.7 AB mag),
which does not constrain its origin significantly.

Finally, assuming FXRTs 1 and 11 are actually background
objects that randomly overlap with nearby sources, we find
that their light curves remain unique. Given the uncertain-
ties in their distances, we adopt nominal redshifts of z=1 as
above (see Fig. 17). Their X-ray luminosities of reach val-
ues Lx peak ~ 10* and 5% 10%7 erg s, respectively, ruling out
an association with SBOs but falling in the range of XRFs
(e.g., XRF060218/SN2006aj and XRF 100316D/SN 2010bh;
Campana et al. 2006; Bromberg et al. 2012; Nakar & Sari 2012)
and beamed TDE:s (e.g., TDE J1644+57; see Fig. 17). The dura-
tion and shapes do not appear consistent with XRFs, but do
resemble individual flares seen from TDE J1644+57.

Unfortunately, the unknown distances of these FXRTs do not
permit better constraints on their origin.

6. Rates

We computed the event rates of FXRTs and compared them
with those for other transients to explore possible associations
and interpretations. We derived the event rates (deg™> yr!;
Sect. 6.1), the volumetric rate for nearby and distant samples
(yr’1 Gpc’3; Sect. 6.2), the local density rate (Sect. 6.3), and the
expected number of events for current and future X-ray missions
(Sect. 6.4).

6.1. Event-rate estimation

We found 14 FXRTs (including XRT 000519, XRT 110103 and
CDF-S XT1; Jonker et al. 2013; Glennie et al. 2015; Bauer et al.
2017) within 160.96 Ms of CSC2 data. For a set of Chandra
observations, the number of transients can be written as

N = ZRiSiQitis 5)
1

where R; is the event rate, €; and ¢; are the FoV and exposure

time, respectively, and &; is an area correction factor, with the

subscript i denoting each Chandra observation.

The area correction factor, &;, is important for the faintest
FXRTs and captures the changes in sensitivity over the Chan-
dra detector. ¢; is defined as the area within which we expect
successful FXRT detections (S/N 2 3.0) normalized by the
total detection area. To determine g;, we simulate 1,000 fake
instances of each FXRT, randomly distributed in position (using
MARX and simulate_psf scripts taking into account the partic-
ular features per Chandra observation) within Chandra’s FoV
for each individual observation. We compute the S/N for fake
FXRTs in the energy range of 0.3-10 keV. Thus, ¢; falls in the
range £;€[0.0, 1.0]. For the brightest FXRTs, &; ~ 1.0, meaning
that they are detectable across the entire detector FoV, while for
fainter FXRTs, &; < 1.0, such that only a portion of the detector
is sensitive to them.
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We assume that R; is constant (such that R; = R), because the
universe is isotropic on large scales and we are focusing on extra-
galactic sources (Yang et al. 2019). Q; depends on which chips
of the detector are turned on; due to the degradation of the PSF at
higher instrumental off-axis angles, we consider only chips 10—
13 for ACIS-I and chips S1-S4 for ACIS-S, respectively. There-
fore, the expected number of events depends on €, #;, and &; per
observation as

N =R e (©)
such that the event rate, R, is
N
R= —— . 7
2. €iQt; @

We derive the rate of our sample considering two cases: (i)
five nearby events (seven if we include FXRT 1/XRT 000519
and FXRT 11/XRT 110103, which have unclear associations
with M86 and the galaxy cluster Abell 3581, respectively;
called Case I), and (ii) seven distant events (nine if we
include FXRT 1/XRT 000519 and FXRT 11/XRT 110103; called
Case II). Because our algorithm does not have good efficiency in
detecting objects in observations with exposure times <8 ks (in
fact, we do not detect any candidates for such exposures), we do
not consider such observations to derive the rates. Another con-
sideration when estimating the event rates for both FXRT sam-
ples is to identify and isolate the fraction of observations that tar-
get nearby galaxies. While distant FXRTSs can be detected in any
Chandra observation (i.e., in the background of nearby galaxy
observations), nearby FXRTs can only be detected if nearby
galaxies lie within the Chandra FoV. Thus for Case II, we con-
sider just Chandra observations that target non-nearby galaxies,
while for Case I, we only consider the fraction of Chandra obser-
vations that target nearby galaxies at <100 Mpc (=21% of the
total sample; see Sect. 3.5).

Therefore, we estimate the event-rates (fully account-
ing for the ambiguity of FXRTs 1 and 11 in the errors)
of nearby FXRTs to be Rease 1=53.7722% deg™ yr'; while
for distant FXRTSs it is Rcase 11 = 28.2f2'g deg’2 yr’1 (for
Fx peak 2 1 X 10713 erg cm~2 s7'). The distant rate is consistent
with the rate of Ryang+19 > 591 deg™ yr™! at the Poisson lo-
confidence level, as derived by Yang et al. (2019), but is 0.9 dex
higher than the rate of ~3.4 deg™? yr~! derived by Glennie et al.
(2015). The latter discrepancy is not surprising, however, since
Glennie et al. (2015) calculated the rate for a much higher peak
flux of Fx peax 2 10710 erg cm™ 571

It is essential to mention again that FXRTSs previously
discovered as CDF-S XT2 (XRT 150321; Xueetal. 2019),
XRT 170831 (Lin et al. 2019) and XRT 210423 (Lin et al. 2021)
are not part of this work because of the date cut-off of CSC2. As
we showed in Sect. 2.5.6, the number of FXRTs that is removed
from our sample by our selection criteria erroneously is prob-
ably less than 1. Therefore, the estimated event rates are robust
results for FXRT candidates brighter than log(Fpea) 2 —12.6 for
Chandra observations with Ty, > 8 ks.

The event rate (event rate per dex of flux) behaves as a PL
function as R < F 1;1, where vy is a positive value. In Fig. 18, we
plot the observed cumulative log N—log S distribution for our
entire sample, which appears to follow y ~ 0.5 (red line). We also
plot the extrapolation of the best-fit slope, y = 1.0, based on the
estimates of FXRTs at bright fluxes (310710 erg cm™2 s7!) from
Arefiev et al. (2003). We caution that Arefiev et al. (2003) do not
specify an exact energy band and make no distinction between
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Fig. 18. Observed cumulative logN—log$ distribution of our sample
of FXRTs as a function of fluence (in units of Crab’ x second). Also
shown are two PL models, N(> S )ocS ™, with slopes y = 0.5 (red line)
and 1.0 (blue line). The y = 0.5 line denotes the best fit to the CSC2 sam-
ple. The y =1 line represents the best fit and 1o error of Arefiev et al.
(2003) based on bright FXRTs. The brightest sources in our sample
appear to be consistent with this bright-end extrapolation, although our
fainter sources fall ~1dex below, implying a break. For comparison
with Arefiev et al. (2003), we convert the fluence to 2—-10 keV. TA Crab
is a standard astrophotometric unit for measurement of the intensity of
celestial X-ray sources.

various potential Galactic and extragalactic classes, although it is
noteworthy that the sky distribution at these bright fluxes is also
isotropic. We see that the brightest sources in our CSC2 sample
are consistent with this extrapolation, while the fainter sources
fall well below it by ~1 dex, implying a potential break around
a fluence of 3 x 1078 erg cm™ to our best-fit slope.

For comparison, a spatially homogenous distribution of iden-
tical (standard candle) sources would yield a Euclidean slope
of 1.5. Based on this, we adopt ¥ =1.0 when extrapolating to
brighter fluxes, and y = 0.5 to fainter fluxes.

6.2. Volumetric rate estimate

In addition to the event rate on the sky (deg™2), we compute the
volumetric density rate p(z), in units of yr~' Gpc™3, to compare
with other known transient classes (GRBs, SBOs, or TDEs). Fol-
lowing Zhang (2018), the number of FXRTs, N, identified per
unit (observing) time, d¢, per unit redshift bin, dz, can be written
as

AN _ p() dV(2)

Y 8
didz 1+2z dz ®)

where dV(z)/dz is the derivative of the volume with regards to z.
Integrating the previous equation by df and dz, we can estimate
the density rate at a particular redshift z as

3 4N +2)

9
QTVC,max ( )

where V; max is the maximum co-moving volume (at the maxi-
mum co-moving distance D max), while Q and 7' are the FoV
and the exposure time used in this work (corrected by &;; see
Sect. 6.1), respectively.

For Case I (between five and seven local FXRTS), the den-
sity rate at <100 Mpc is pase 1= (5.9732) X 1072 yr~! Mpc ™2, at
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a 1o confidence level. Due to the small distance of these FXRTs,
we can approximate this result at z ~ 0, also called the local den-
sity rate (denoting as pg), that is, Pcase 1 ® P0.Case 1- This value is
consistent with previously derived rates for ULXs, taking ULX
MB82 as an example (1.75 x 1072 yr~! Mpc~3; Kaaret et al. 2006;
Swartz et al. 2011; Pradhan et al. 2020).

For Case II (distant FXRTs), redshift and cosmological
effects become important. Currently, we only have photometric
redshifts for FXRT 8 and FXRT 9 (z,no ~ 0.7), and suspect that
FXRT 13 must have a broadly similar redshift range (z~0.2—
1.1 and z~0.7; see Sect. 4). Thus we only compute the cos-
mological rate for these FXRTs. Using Eq. (9) and assuming
that FXRTs 8, 9, and 13 occurred at z~0. 7 the density rate of
these three FXRTSs is ppxgrrs 8/9/13 = =(4. 8+ )X 103 yr‘l Gpc~ 3
at a maximum redshift of z,,x ~ 2.1 (assumlng a mean value of

F %‘(“;edk ~1x 10713 erg cm™? s7! as the threshold limit detection

and an isotropic luminosity L, ~3 X 10 erg s!). In a simi-
lar way, we compute the density rate for CDF-S XT1 at z,x = 3
of pcpr-s xT1 = (4.8%) ;1) x 10% yr™! Gpc™. In Fig. 19, left panel,
we compare the den51ty rates for FXRTs 8/9/13 (cyan star) and
CDF-S XTI (red square) to other transient classes. We note that
these rate could increase by a factor of up to ~2, considering that
we do not have firm redshifts for ~50% of the FXRT candidates.

Considering first the density rate for FXRT 8/9/13, we find
that prxrr 8/9/13 1S comparable to the rate of events hke CDF-
S XT2, (px12(zmax =1.9)=(1.373%)x 10* yr™' Gpc™; purple
square, Fig. 19 left panel; Xue et al. 2019), at a 51m11ar red-
shift. Excluding FXRT 13 due to its uncertain redshift and
computing the density rate only for FXRTs 8 and 9, the den-
sity rate drops by a factor of ~1.6. pgxgrrs/9/13 remains a
factor >100 lower than the expected rate of CC-SNe (dotted
orange line; Madau & Dickinson 2014), but is in good agree-
ment with the density rate expected at z ~ 2.0 for LGRBs [blue-
filled region; assuming porLcras =250-500 yr‘1 Gpc‘3 from
Wanderman & Piran (2010) and Zhang (2018), and the normal-
ized rate redshift evolution from Sun et al. (2015)] and TDEs
[gray-filled region; assuming po tpgs = 10*~10° yr~! Gpc~ from
Sun et al. (2015) and luminosities L~ 10*?~10* erg s~'] rein-
forcing a possible association with these kinds of events. For
LGRBs, we adopted a jet correction factor of 500 (Frail et al.
2001; Zhang 2018); however, other works argue for lower
corrections of x~50-100 (Piran 2004; Guetta et al. 2005). The
PEXRT 8/9/13 also overlaps with the expected density rate of
LL-LGRBs (green-filled region; with Ly, =5x 10% erg s7!,
P0.LL-LGRBs = 100-200 yr~! Gpc~ and the normalized rate red-
shift evolution from Sun et al. 2015), adopting a beaming correc-
tion of ~1 since observations of LL-LGRBs do not show strong
evidence of collimation, suggesting wider jet opening angles
(Virgili et al. 2009; Pescalli et al. 2015).

On the other hand, pgxrr 8/9/13 is a factor of ~1.5 higher
than the estimated SGRB rate (red-filled regions; assuming
00.sGrBs = 1375 yr~! Gpc™ from Wanderman & Piran 2015;
Zhang 2018, a merger delay Gaussian model (Virgili et al. 2011;
Wanderman & Piran 2015), and the normalized rate redshift evo-
lution from Sun et al. 2015). However, some SGRBs are colli-
mated (Burrows et al. 2006; De Pasquale et al. 2010), with typ-
ical jet aperture correction factors of ~25 (Fong etal. 2015),
although other authors claim a wider range of =70 + 40 (Berger
2014). Given the large uncertainties, the rates of prxgrr 89,13 and
SGRBs might remain compatible.

We now consider the densny rate for CDF-S XT1/FXRT 14
(ocpE-s xT1 = (4. 8+11 1) x 10? yr- Gpc 3). It remains consistent
with TDEs, falls on the high side of SGRBs at z~3, and is a
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factor of ~2-5 lower than LGRBs, and falls on the low side of
the LL-LGRBs. Keeping in mind the uncertainty in the jet aper-
ture correction, it is impossible to discard the association with
LGRBs. On the other hand, the rates are ~2 order of magnitude
lower than those of CC-SNe.

Finally, five potential distant FXRTs (FXRTs 1, 7, 10, 11,
and 12) lack redshift constraints of any kind. To constrain their
contribution to the density rate, we compute upper limits assum-
ing that they all lie in a single redshift bin of Az~ 0.5. Figure 19,
left panel, shows the resulting upper limits (black triangles) on
the rate of these FXRTs. These limits are consistent with the
density rate computed for FXRTs 8, 9, and 13, CDF-S XT1, and
CDEF-S XT2 (Xue et al. 2019), but are inconsistent with CC-SNe
beyond z > 0.5. Clearly, with firmer distance constraints on these
objects, we will be able to pin down the density rates with higher
precision.

6.3. Local density rate

Additionally, we extrapolate the density rates of FXRTs 8, 9, and
13 and CDF-S XT1 to the local universe (i.e., z ~ 0) and compare
them to other transients. The density rate of any transient evolves
through redshift following Sun et al. (2015),

p(2) =pof(2),

where f(z) is a function that describes the density rate evolution
(normalized to z=0) and p is the density rate at z = 0. Therefore,
it is possible to determine the local density rate if f(z) is known.

We adopted pgxrT 8/9/13 = =(4. 8+47) x 103 yr- -1 GpC at
Zmax = 2.1, and use the average f(2) between LGRBs and SGRBs
(cons1der1ng the Gaussian merger delay model because of the
slight overlap with our result) taken from Sun et al. (2015); there
is not much difference between the relative evolutions of LGRBs
and SGRBs. This yields a local density rate for FXRTs 8, 9, and
13 of p§R3nr 80,13 = (- 839)x 10 yr! Gpe™. Meanwhlle for
CDF-S XT1, we find pgléBDiLS <1 = (5.4713H x 10% yr! Gpe™
The range of pgxrr 8/9 /13’ is also consistent with that of TDEs (see
Fig. 19, left panel), and based on the density rate evolution of
TDEs from Sun et al. (2015), this yields a local density rate for
FXRTs 8/9/13 ofpg’[;f(% g0,13= (5 9*38)x 10* yr~! Gpe™3. This
value is =2 order of magnitude hlgher than the recent extended
ROentgen Survey with an Imaging Telescope Array (eROSITA)
average TDE volumetric rate reported by Sazonov et al. (2021)
of 2210 yr~! Gpc™3 (at z=0.0-0.6).

The right panel in Fig. 19 shows the local density rate of
FXRTs 8/9/13 assuming evolution as GRBs (cyan star), TDEs
(blue star) and CDF-S XTl1-like events (red square), as well
as a comparison with CDF-S XT2-like events (purple square;
Xue et al. 2019) and other transients. The GRB local den-
sity rates of FXRTs 8, 9, and 13 (p&%?% g0/13)» CDF-S XTI,
and CDF-S XT2-like events remain consistent with the values
observed for most flavors of GRBs (given the large uncertain-
ties), as well as GRB 170817A and GW 170817 (green and
magenta squares, respectively; Abbott et al. 2017b), BNSs (light
green circle; Abbott et al. 2021c), and neutron star and BH merg-
ers (NS-BH) (gray circle; Abbott et al. 2021b). These rates are,
however, 1-3 dex below those expected for SBOs (yellow circle
and square; Madau & Dickinson 2014; Novara et al. 2020), CC-
SNe (magenta triangle; Madau & Dickinson 2014), and SMBH-
MS TDEs (Sun et al. 2015). The difference with SMBH-MS
TDEs may simply be a consequence of the f(z) assumption.
Moreover, the TDE local density rate of FXRTs 8, 9, and 13
) remains consistent with SMBH-MS TDE rates

(10)

(pTDEs
0,FXRT 8/9/13
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Fig. 19. Density rate as a function of redshift for several known transient classes compared to our sample. Left panel: density rate as a function
of redshift for FXRT 8/9/13 (cyan star) and CDF-S XT1/FXRT 14 (red square), and upper limits (black triangle) for FXRTs without measured
redshifts. We also show the density rate of CDF-S XT?2 (purple square; Xue et al. 2019), CC-SNe (dotted orange line; Madau & Dickinson 2014),
the redshift-dependent intrinsic event rate densities of LGRBs (blue-filled region; taken from Sun et al. 2015 and Wanderman & Piran 2010,
normalized to the local universe value and corrected for jet-aperture as porgras ~ 250-500 yr~! Gpc™3), LL-LGRBs (green-filled region; taken
from Zhang 2018, normalized to the local universe value and corrected for jet-aperture as pogres ~ 100200 yr’1 Gpc’3), SGRBs considering a
merger delay Gaussian model (red-filled region; taken from Sun et al. 2015 and Wanderman & Piran 2015, normalized to the local universe value
and corrected for jet-aperture as pgsgres ~ 13=75 yr~! Gpc™3), and TDEs (gray-filled region, taken from Sun et al. 2015, normalized to the local
universe as pgpgs ~ 10°~10° yr~! Gpc™ at luminosities ~10%2-10* erg s™'). Right panel: local density rate for FXRT 8/9/13 considering they are
related to GRBs (cyan star), TDEs (blue star), or FXRT 14/CDF-S XT1 (red square) (see Sect. 6.3). As a comparison, we also plot the local event
rate of CDF-S XT2-like events (purple square; Xue et al. 2019), GW 170817 (green square; Abbott et al. 2017b), and GRB 170817A (magenta
square; Zhang et al. 2018), as well other kinds of transients, such as the new SBO candidate in XMM-Newton data (yellow square and circle;
Xu et al. 2008; Novara et al. 2020), the TDE rate of SMBH-MS TDEs (black triangle; Sun et al. 2015) and the IMBH-WD TDE rate (orange
triangle and circle; Malyali et al. 2019; Tanikawa et al. 2021), the CC-SN rate (magenta triangle), the merger rate of BNS systems (light green
circle; Abbott et al. 2021c), and the merger rate of neutron star and BH systems (gray circles; Abbott et al. 2021b). The local event rate of LGRBs,
LL-LGRBs, and SGRBs are plotted (blue, green, and red horizontal shaded regions, corrected for the jet aperture factor; Zhang 2018).

(Sun et al. 2015) but not with IMBH-WD TDEs (Tanikawa et al.
2021), likely due to the different progenitor system.

6.4. Expected events in current and future missions

Taking the computed rates from Sect. 6.1, we examine the
prospects for detecting FXRTs in other ongoing and future X-
ray missions. The expected event rate of a new mission (called
Rnew) regarding our results using CSC2 is

FNew,lim

-y
RNew = ( ) Rescas (11)

Fescalim

where Rnew and FNew 1im are the event rate and X-ray flux limit of
the new mission, respectively. Then, the expected total number
of events must be

F New,lim

-y
7 ) Resca,  (12)
€SC2,lim

NNew = QNew TNewRNeW = QNew TNew (
where Qnew and Tnew are the FoV and the operational time
of a new mission, respectively. It is important to realize that
Eq. (12) takes into account the ratio between the new mis-
sion (FNew.im) and Chandra (the limit imposed by our method
Fescogim=1.5% 10713 erg cm2 s7h) X-ray flux limits, respec-
tively, which is a correction factor between both instruments.

Given the low-count statistics, we quote estimates incorporating
the Poisson 1o errors.

Current operating observatories such as XMM-Newton,
Swift—XRT, and eROSITA have sufficient sensitivity and/or his-
tory in orbit to detect similar FXRTs to those found here.

The European Photon Imaging Camera (EPIC; pn plus Metal
Oxide Semi-conductor CCD arrays) on board the XMM-Newton
telescope have an instantaneous FoV ~0.25 deg?, flux sensitiv-
ity of ~107'* erg cm™ s7! in the energy range of 0.15-12 keV,
and have an archive of roughly ~476 Ms total exposure time dur-
ing ~20 years in orbit (mean value between pn and MOS cam-
eras; Ehle et al. 2003). Adopting a spectral slope of I'=1.7, typ-
ical of FXRTs (e.g., CDF-S XT1), a correction factor to account
for the contribution of background flares (assuming that 30—
40% of exposure time is affected by them) and a flux cutoff
of Fxymiim ~ 1071% erg cm™ s7! (to avoid effects from Poisson
noise), we predict up to ~68—135 Case I and ~37-68 Case II
FXRTs, respectively.

Similarly, Swift—XRT has a FoV ~ 0.15 degz, a flux sensitiv-
ity of 8 x 107!* erg cm=2 57! in the energy band of 0.2-10 keV,
and has accumulated ~ 315.4 Ms of archival data over ~14 years
operational time (Hill et al. 2000; Burrows et al. 2003). Adopt-
ing a flux limit of Fxrrjim~8x 10713 erg cm™ s7! (again, to
avoid Poisson noise effects), the expected number of FXRTs are
~27-55 Case I and ~15-27 Case II events.
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The above implies that there should be a substantial num-
ber of FXRTs hidden within the XMM-Newton and Swift—XRT
archives and catalogs. The X-ray transient and variable sky
(EXTraS) project (De Luca et al. 2021) and systematic searches
such as Alp & Larsson (2020) have reported 136 and a dozen
candidates to date, respectively, which presents a lower bound
to the total numbers estimated above. Also, in the systematic
search developed by the EPIC-pn XMM-Newton Outburst Detec-
tor (EXOD) search project (Pastor-Marazuela et al. 2020), 2536
potential XRTs have been identified, but this large number is
dominated by stellar flares, cataclysmic variables, type I X-ray
bursts, supergiant FXRTs, SBOs, AGNs, and more.

Finally, the Spectrum-Roentgen-Gamma (SRG)-eROSITA
mission, launched in July 2019, is scanning the entire sky in
the X-ray band (0.2-10 keV) with a FoV ~0.833 deg’ during
SRG—eROSITA’s official 4-year survey phase. This should pro-
vide roughly equivalent coverage in sky area per time to the cur-
rent XMM-Newton archive. The SRG—eROSITA all sky survey is
expected to yield flux limits of ~10~'* and ~10~"® erg cm™2 57!
in the 0.5-2 and 2-10 keV energy bands, respectively. Avoiding
Poisson noise effects as above, we adopt an SRG-eROSITA 0.5—
2 keV flux limit for FXRTs of FeroSITA lim ® 10713 erg cm 257!,
Thus, during the 4-year survey, the expected number of FXRTs
detected by SRG—eROSITA (in the 0.5-2 keV band) should
be ~50-100 and 27-50 events for Case I and Case II,
respectively.

Concerning future missions, the Advanced Telescope for
High ENergy Astrophysics (Athena) has been selected by
European Space Agency to characterize the hot and energetic
universe, with an anticipated launch in the mid 2030s. It is pro-
jected to have an effective area of 0.25-2.0 m?, energy range
of 0.3-12 keV, and a nominal lifetime of five years, although
consumables (such as fuel) have been rated for 10 years in the
case of a mission extension (Nandra et al. 2013; Barret et al.
2013). The Wide Field Imager (WFI) is one of two detectors
on board Athena, with a spectral resolution of AE <170 eV at
7 keV, spatial resolution of <10 arcsec PSF on-axis), and FoV
of 0.44 deg2 (Rau et al. 2016). To estimate the number of extra-
galactic FXRTs, we conservatively assume a flux threshold 10
times higher than the nominal 60 ks (longer than the expected
duration of the FXRTs) flux limit due to Poisson fluctuations of
FwrLlim ~ 10715 erg cm~? s7!' (where the point source detection
limit is ~107' erg cm™2 s~! for the WFI deep fields). This flux
limit is a factor of 100 deeper than the SRG—eROSITA sky sur-
vey flux limit. Thus, during a =4 year mission, adopting y =0.5
for the faint-end slope extrapolation the expected number of
FXRTs detected by Athena will *130-270 and 72—130 events for
Case I and Case 11, respectively. This sample size of bright and
fainter events can be used to probe the multiwavelength proper-
ties with coordinated campaigns. Assuming that the WFI obser-
vations will be spread evenly during the mission and that those
observations will also be performed during the Athena ground
contact, approximately one-sixth of the events (=9 and 16) could
have Athena alerts with latencies <4 h.

We also consider the Einstein Probe (EP), which aims to
monitor high-energy transient and variable phenomena in 0.5—
4.0 keV band (Yuan et al. 2015, 2017). The EP is scheduled
for launch by the end of 2023, with a 3-year operational life-
time and 5-year goal (Yuan et al. 2017). EP will carry two scien-
tific instruments, the Wide-field X-ray Telescope (WXT) with a
large instantaneous FoV of 3600 deg? and a narrow-field Follow-
up X-ray Telescope, as well as a fast alert downlink system
(Yuan et al. 2015). To estimate the expected number of FXRTs,
we consider just the WXT instrument, which has a threshold sen-
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sitivity of Fyxr~5x 107! erg cm™2 s7! at 1 ks, that is, 500
times higher than our flux limit and y = 1.0.

Thus, during the ~3 year mission, the expected number of
FXRTs detected by EP should be ~69—-138 and 38—69 events for
Case I and Case II, respectively.

7. Conclusions and future work

In this work we search for extragalactic FXRTs hidden in
CSC2. We have applied a modified version of the algorithm
developed by Yangetal. (2019) to 214,701 X-ray sources
identified in the CSC2 with |b|>10 deg (i.e., 5303 Chan-
dra observations, totaling ~169.6 Ms and 592 deg?). Consid-
ering additional criteria (analyzing further X-ray observations
taken by Chandra, XMM-Newton, Swift—XRT, Einstein, and
ROSAT) and other astronomical catalogs (Gaia, NED, SIM-
BAD, VHS, DES, Pan-STARRS, and others), we identify 14
FXRTs that remain consistent with an extragalactic origin. We
rediscover all (five) previously reported Chandra events covered
by CSC2: XRT 000519 (previously identified by Jonker et al.
2013), XRT 110103 (previously identified by Glennie et al.
2015), XRT 030511 and XRT 110919 (previously identified by
Lin et al. 2019, 2022), and XRT 141001/CDF-S XT1 (previously
identified by Bauer et al. 2017).

Candidates have peak 0.5-7 keV fluxes between
~1.0x 10713 and 2x 107! erg cm=2 s~! and Ty, values from ~4
to 40 ks. None of the FXRTs are detected in gamma rays near
the time of the detection of the transient X-ray light. Based on
multiwavelength constraints, we rule out a Galactic origin (e.g.,
as Galactic M or brown-dwarf stellar flares) in all but two cases
(for these, existing data cannot yet rule out extreme stellar X-ray
flares). The origin of the extragalactic FXRT sample appears
to be diverse: five events are robustly associated with local
galaxies (<100 Mpc; called the local sample); seven are likely
distant events (2100 Mpc; called the distant sample); and two
events, XRT 000519 and XRT 110103, have nearby associations
that remain somewhat ambiguous. Among the distant FXRTs,
we identify hosts for four FXRTs, which span a wide range of
magnitudes (m; = 20.6-27.0 AB mag), while we can only place
upper limits on five FXRTs.

We have studied the spectral and timing properties of the
FXRTs. The X-ray spectra can be well fitted by PLs with a
median slope of ['=2.5 and an overall range I'~ 1.7-4.0. Fur-
thermore, we observe potential spectral softening for six FXRTs
with time (for XRT 000519 and XRT 110103, the softening is
highly significant and occurs during the main flare; Glennie et al.
2015. In the case of timing properties, five FXRTs show plateaus
in their X-ray light curves, similar to CDF-S XT2 (Xue et al.
2019), with durations of ~2—10 ks followed by PL decays with
slopes ranging from ~1.2 to 2.6. For three FXRTs we see, simul-
taneously with the plateau and decay, possible spectral softening
(at 90% confidence), similar to CDF-S XT2 (Xue et al. 2019).

The five local FXRTs have projected physical offsets
between ~0.7 and 9.4 kpc, with four being co-spatial with appar-
ent star-forming regions or young star clusters. Adopting their
host distances, these local events have peak isotropic X-ray lumi-
nosities of Lx peak = 10%8-10% erg s71, well below expectations
for GRBs, TDEs, XRFs, and supernova SBOs. Such luminosities
are comparable to those of ULXs and Galactic XRBs, although
the durations and time variability properties of the local FXRTs
are quite distinct. As such, we speculate that several may repre-
sent a new type of X-ray phenomenon related to massive stars.

Among the distant FXRT sample, two are associated with
relatively bright optical and NIR extended sources, allowing
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us to derive galaxy properties using photometric archival data.
The other two host associations are very faint extended sources;
one is detected only in a single band, and hence lacks physi-
cal constraints, while the other is fortuitously observed by the
HST but has only weak constraints on its properties. Both bright
hosts have similar redshifts (zpno = 0.5-0.7) and stellar masses
(M, ~3x10' M), but starkly different SFRs (SFR~0.5 vs.
~125 My yr™!), and the faint HST host has an uncertain red-
shift (zpnet & 0.4-3.2) and associated host properties (Bauer et al.
2017). Adopting z=0.7 for all four events, the peak luminosi-
ties, energetics, and spectro-temporal properties robustly rule out
an SBO origin but potentially remain consistent with origins as
on-axis GRBs, and even off-axis GRBs in the tail of the X-ray
afterglow, or TDEs involving an IMBH and a WD.

For the three FXRTs that lack optical and NIR host detec-
tions, interpretations are broader. An association with SBOs
remains possible at low redshifts (z<0.5), as long as potential
hosts are low-mass, low-SFR dwarf galaxies. An on-axis GRB
scenario remains possible for z > 1.0 and naturally explains the
non-detection of faint host galaxies by existing optical and NIR
facilities. An off-axis GRB afterglow scenario is also viable,
except perhaps for very low redshifts (z.<0.1), where the lack
of any association with a host becomes problematic. Finally, a
TDE scenario remains possible across a broad redshift range,
although the lack of a detectable host requires strong beaming,
for instance, similar to Swift J1644+57.

Finally, we compute the event rates of local (Case I) and dis-

tant (Case IT) FXRTSs of Reyse 1=53.7722¢ and Reaee 1=28.272%

deg™? yr~!, respectively. Additionally, for three distant FXRTs
(assuming z=0.7), we derive a volumetric rate (in units of
yrt Gpe™) of pexgrr 8oz =487 x10% yr! Gpe™ at
Zmax =2.1. This value is in good agreement with the value
derived by Xue et al. (2019) at a similar redshift (zy.x = 1.9), as
well as with other transient classes such as LGRBs, SGRBs, and
TDEs. Nevertheless, this rate is 2 order of magnitude lower
than that of CC-SNe.

Our investigation of 14 Chandra-detected extragalactic
FXRT candidates breaks new ground in terms of characteriz-
ing their diverse properties and nature, although the lack of
firm distances and host properties for the distant subset clearly
leaves much to speculation. The Chandra sample provides the
most accurate positions among existing X-ray missions, which
is critical for pinpointing potential host galaxies and poten-
tial physical offsets. Given the low numbers of distant FXRTs
(both found here and predicted in other archives) and the diverse
range of host redshifts and properties, it will be critical to iden-
tify and follow up their associated host galaxies with dedicated
spectroscopy and/or deep multiwavelength imaging in order to
place extragalactic FXRTs in a proper physical and cosmolog-
ical context. The contemporaneous multiwavelength nature of
FXRTs remains completely unknown. Given the short duration
of these events, progress here will crucially hinge upon the abil-
ity of current and future X-ray observatories to carry out efficient
strategies for (onboard) detection and alert generation to trigger
follow-up campaigns while the FXRTs are still active in X-rays
and, presumably, at other wavelengths. The launch of narrow-
and wide-field observatories such as Athena and EP should pro-
vide a watershed moment for expanding samples.

As future work, we plan to characterize this new sample of
FXRTs using recent optical and NIR observations to catch their
host galaxies and thus constraint their energetics. Also, we plan
to extend our search to Chandra data not considered in the CSC2
to identify new FXRTs and thus better understand their elusive
nature.
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Appendix A: Spatial location and duration of X-ray
events

To estimate the duration of the final sample of FXRTs, we com-
puted the Tgy duration parameter. 7oy measures the time over
which the event emits from 5% to 95% of its total measured
counts (in the 0.5-7.0 keV band in our case). Figure A.1 shows
the Ty duration (orange region) for each event, as well as their
light curves (with a bin time of 1 ks) in unit of counts.
Furthermore, Fig. A.2 confirms that the final sample of
FXRT candidates are real celestial sources in the sky rather than
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detector artifacts. Due to Chandra’s Lissajous dither pattern,
executed during observation, the X-ray photons of the FXRTs
are distributed over dozens to hundreds of individual pixels on
the detector. The first column of the figure shows the light curves,
color-coded by the phase in the light curve evolution. The second
column shows the spatial location in x and y chip detector coor-
dinates, also color-coded by time, tracing out a sinusoidal-like
evolution in x and y coordinates over time. The third and fourth
columns show the x and y position changes (in blue and pur-
ple, respectively, over time, with the light curve superimposed in
dark gray.
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Fig. A.1. Light curves for each FXRT candidate in units of counts and the region covering the Toy (which measures the time over which the event
emits from 5% to 95% of its total measured counts; orange region) The light curves have a bin width of 1 ks.
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Fig. A.2. Lissajous dither pattern in detector coordinates. First column: FXRT 0.5-7.0 keV light curves in count units, color-coded as a function
of time. Second column: Chandra 0.5-7.0 keV images in detector coordinates, with the same color-coding as a function of time, demonstrating
the temporal movement of the source on the detector in response to the Lissajous dither pattern. A flaring pixel would appear as a point on these
plots. Third and fourth columns: x (blue) and y (purple) detector coordinates, respectively, of the detected X-ray photons from the FXRTs as a
function of time, with the candidate light curves superimposed as solid dark gray lines.
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Fig. A.2. (continued)
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Appendix B: Color-magnitude diagram of stellar
matches

To further demonstrate the stellar-like nature of the star candi-
dates (beyond identification by Gaia), we show an example M,
versus g — i color-magnitude diagram (see Fig. B.1) consider-
ing all Pan-STARRS and DECam counterparts of X-ray sources
classified as stars according to Criterion 2 (see Sect. 2.5.2).
Isochrones with different ages (from log(Age) = 7.0—10.0) taken
from the MIST package (Dotter 2016; Choi et al. 2016) are

overplotted, with each panel representing different metallicities
(from [Fe/H]= - 3.0 to +0.5). Solid and dashed lines denote
isochrones with attenuations of Ay =0.0 and 5.0, respectively.
The vast majority of the stars fall on these tracks. Accord-
ing to SIMBAD, the outliers are identified as PNe, YSOs, or
emission-line stars. We additionally stress that the Pan-STARRS
and DECam colors are not necessarily taken in a purely simul-
taneous manner; in the case of Pan-STARRS, they are averaged
over the duration of the survey, while for DECam they come
from only a few disjoint epochs.
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Fig. B.1. Color-magnitude diagrams, considering only Pan-STARRS and DECam counterparts (gray background points) of X-ray sources classified
as stars according to Criterion 2 (see Sect. 2.5.2). As a comparison, we overplot isochrones with different ages (from log(Age) =7.0 — 10.0) taken
from the MIST package (Dotter 2016; Choi et al. 2016). Each panel represents different metallicities (from [Fe/H] = — 3.0 to +0.5), while solid
and dashed lines are isochrones with attenuations of Ay =0.0 and 5.0, respectively.
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