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ABSTRACT

EXO 1745—248 is a transient neutron star low-mass X-ray binary that resides in the glob-
ular cluster Terzan 5. We studied the transient during its quiescent state using 18 Chandra
observations of the cluster acquired between 2003 and 2016. We found an extremely variable
source, with a luminosity variation in the 0.5-10 keV energy range of approximately three
orders of magnitude (between 3 x 103" and 2 x 10* erg s~!) on time-scales from years
down to only a few days. Using an absorbed power-law model to fit its quiescent spectra,
we obtained a typical photon index of ~1.4, indicating that the source is even harder than
during outburst and much harder than typical quiescent neutron stars if their quiescent X-ray
spectra are also described by a single power-law model. This indicates that EXO 1745—248 is
very hard throughout the entire observed X-ray luminosity range. At the highest luminosity,
the spectrum fits better when an additional (soft) component is added to the model. All these
quiescent properties are likely related to strong variability in the low-level accretion rate in the
system. However, its extreme variable behaviour is strikingly different from the one observed
for other neutron star transients that are thought to still accrete in quiescence. We compare our
results to these systems. We also discuss similarities and differences between our target and
the transitional millisecond pulsar IGR J18245—2452, which also has hard spectra and strong
variability during quiescence.
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or X-ray pulsations are detected since these phenomena require the

1 INTRODUCTION presence of a solid surface and/or a magnetic field.
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A low-mass X-ray binary (LMXB) is a system in which a low-mass
star (typically <1 M) has filled its Roche lobe and transfers mass
to a neutron star (NS) or a black hole (BH). The type of accretor can
often be identified as being a NS when thermonuclear X-ray bursts
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Transient LMXBs are systems that undergo episodes of active
accretion (called outburst) after long periods (lasting up to decades)
of quiescence. These outburst episodes typically last at most several
months, though a few LMXB outbursts are known to last for several
years or even decades. Outbursts are thought to be caused by insta-
bilities in the accretion disc (see the review by Lasota 2001) and
can reach peak X-ray luminosities of Lx ~ 10°>3° erg s~!. During
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the quiescence period, no or only little accretion of matter occurs
and the LMXBs are observed at X-ray luminosities of only 103034
erg s~'. In this paper, we have used the term ‘quiescence’ to refer
to the state X-ray binaries are in when they have X-ray luminosities
<10* erg s7! (a definition commonly used in the literature, e.g.
Plotkin, Gallo & Jonker 2013; Wijnands et al. 2015). Below this
luminosity limit, systems that harbour a BH become softer when
their X-ray luminosity decreases (likely due to a change in the prop-
erties of the accretion flow, e.g. Plotkin et al. 2013). In contrast, NS
systems exhibit a more complex and heterogeneous behaviour (e.g.
depending on source, the quiescent spectrum might be dominated
by different spectral components; see Wijnands et al. 2015 for an
in-depth discussion).

The X-ray spectra of the quiescent systems that harbour BHs
(see e.g. Kong et al. 2002; Hameury et al. 2003; Tomsick et al.
2003; Plotkin et al. 2013) and the spectra of a subset of the NS
systems (e.g. Campana et al. 2002; Wijnands et al. 2005; Heinke
et al. 2007, 2009a; Degenaar & Wijnands 2012; Degenaar, Patruno
& Wijnands 2012) can be described by a hard component, which is
typically modelled with a phenomenological power-law component.
In the BH systems, this component has to come from some form
of accretion on to the BH (see Plotkin et al. 2013 and references
therein for a detailed discussion), but for the NS systems the origin
of this hard component is not clear. It could be related to accretion as
well, to physical processes that involve the NS magnetic field (see
e.g. Degenaar et al. 2012; Bernardini et al. 2013), or for example
to shock emission between the incoming matter and the relativistic
radio pulsar wind (Campana et al. 1998).

Although a significant number of quiescent NS systems have hard
spectra, the majority of the NS systems have either pure soft, thermal
quiescent spectra (typically described by a NS atmosphere model,
e.g. Wijnands et al. 2003, 2004; Degenaar & Wijnands 2011; Lowell
et al. 2012; Homan et al. 2014) or a two-component spectrum in
which the thermal and the non-thermal components both contribute
significantly (e.g. Asai et al. 1996, 1998; in’t Zand et al. 2001;
Rutledge et al. 2001, 2002; Tomsick et al. 2004; Cackett et al. 2005).
When the spectra are strongly dominated by the soft component, it
is typically thought that the emission originates from the cooling
emission of a NS that has been heated due to the accretion of
matter (see the review by Wijnands, Degenaar & Page 2017a).
When a strong hard component is present as well, the origin of
both components is less well understood. Although accretion on
to the NS surface had been considered as the reason for the soft
component (Campana et al. 1998), only recently! strong evidence
emerged that indeed both components arise from accretion on to the
NS, with the soft component coming directly from the surface (due
to potential energy release when the matter hits the surface) and
the hard component originating from the boundary layer (through
Bremsstrahlung; Chakrabarty et al. 2014; D’ Angelo et al. 2015).
Wijnands et al. (2015) suggested that if both components contribute
~50 per cent to the unabsorbed 0.5-10 keV flux, both components
are likely due to accretion (see also Cackett et al. 2010).

Transient LMXBs have been identified in different environments
of our Galaxy. Most are located in the disc of the Galaxy, but
some of them reside in globular clusters (GCs), such as Terzan
5. This GC is located at 5.5 = 0.9 kpc (Ortolani et al. 2007) in
the direction towards the bulge of the Galaxy. Thanks to the high-

! Although earlier studies already suggested that the power-law component
could also be due to low-level accretion on to the NS (e.g. Rutledge et al.
2002; Cackett et al. 2010), the evidence for this was still rather inconclusive.
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spatial resolution of the Chandra X-ray Observatory, many faint
X-ray sources have been detected in this cluster (e.g. Heinke et al.
2006) when no transient was in outburst. When in outburst, a bright
transient makes studying these faint sources very difficult and, in
fact, frequent X-ray outbursts have been observed from sources
located in the cluster. Chandra observations during these outbursts
allowed for accurate positions of the associated transients (Heinke
et al. 2003; Pooley et al. 2010, 2011; Homan & Pooley 2012) and
so far three distinct X-ray transients have been identified there (all
NS systems; see for example table 1 of Degenaar & Wijnands, 2012
and table 5 of Bahramian et al., 2014). The transient NS LMXB
EXO 1745—248 has been identified as the system responsible for
several of the episodes of high X-ray activity in the cluster (see
e.g. Heinke et al. 2003; Degenaar & Wijnands 2012; Serino et al.
2012; Tetarenko et al. 2016; Wijnands et al. 2016; Matranga et al.
2017). Observations of thermonuclear bursts from this source have
demonstrated that the primary object is a NS (see e.g. table 1 in
Degenaar & Wijnands 2012, and references therein)

The quiescent state of EXO 1745—248 has been investigated
by Wijnands et al. (2005) and Degenaar & Wijnands (2012) using
Chandra observations of Terzan 5 when the transient was not in out-
burst. Both studies found that the quiescent X-ray spectrum of the
source could be modelled with only a hard emission component with
no need to add a soft component. In addition, Degenaar & Wijnands
(2012) found that the source was very variable between different ob-
servations; it exhibited a quiescent luminosity between 4 x 103! and
~10% erg s! during the period 2003—2011. In order to determine
an upper limit on the contribution of a possible thermal component
in the quiescent spectrum, Degenaar & Wijnands (2012) added a NS
atmosphere component to their power-law model. They determined
a NS surface temperature of <42 eV. This low upper limit indicates
that the NS in EXO 1745—248 has a relatively cold core, suggest-
ing that the NS efficiently cools in-between outbursts (e.g. through
enhanced neutrino emission; Yakovlev & Pethick 2004; Degenaar
& Wijnands 2012).

In this paper, we further study the quiescent spectra and the
extreme variability of EXO 1745—248. By studying the unusual
quiescent behaviour of this source, we increase our general under-
standing of quiescent NS LM XB systems. To accomplish our goals,
we complement the Chandra observations used by Wijnands et al.
(2005) and Degenaar & Wijnands (2012) with 14 additional obser-
vations taken during the period 2011-2016. Several of them have
been used previously to study the other transients in Terzan 5 (e.g.
Degenaar et al. 2013, 2015; Bahramian et al. 2014). However, it is
the first time that these additional observations have been used to
further study the quiescent behaviour of EXO 1745—248.

2 OBSERVATIONS AND DATA REDUCTION

The Chandra data used in this paper were taken at different epochs
during the period 2003-2016 (see Fig. 1 and Table 1 for a log of
the observations?). The data were downloaded from the Chandra
archive.? All the data were taken in the faint mode, with a nominal
frame time of 3.2 s. The target was positioned on the S3 chip.

Besides the Chandra observations used in our paper, several additional
Chandra pointings have been performed on Terzan 5. However, during
these observations, one of the three transients located in this GC was active
and their bright luminosities strongly influenced the data quality for faint
sources. Therefore, we do not discuss these observations in this paper.
3http://cxc.harvard.edu/cda/

8102 4990120 0 UO Jasn elaq|y Jo AysIanlun ayL AQ L¥8SE0S/LL.2/Z/6LNoSAe-9[o1e/Selul/woo"dno-ojwapese//:sdny Wwoly papeojumoq


http://cxc.harvard.edu/cda/

Extreme quiescent variability of EXO 1745—248

Table 1. Log of the Chandra observations of EXO 1745—248 used in
this paper. The net, background-corrected count rate given in column 4
corresponds to the energy band 0.5-10 keV. The count rates are averages
for the whole observation.

Date ObsID Exposure Net count rate
time (ks) (counts s™1)

2003-07-13/14 3798 31.2¢ 7.6+05 x 1073
2009-07-15/16 10059 36.3 1.12 4 0.06 x 1072
2011-02-17 13225 29.7 254+ 1.1 x 1074
2011-04-29/30 13252 39.5 264 1.0x 1074
2011-09-05 13705 13.9 47406 x 1073
2011-09-08 14339 34.1 32403 x 1073
2012-05-13/14 13706 46.5 2.79 4+ 0.08 x 1072
2012-09-17/18 14475 30.5 14402 x 1073
2012-10-28 14476 28.6 124+02x 1073
2013-02-05 14477 28.6 74417 x 1074
2013-02-22 14625 49.2 1.44 £ 0.05 x 1072
2013-02-23/24 15615 84.2 11401 x 1073
2013-07-16/17 14478 28.6 45404 x 1073
2014-07-15 14479 28.6 1.48 +0.02 x 107!
2014-07-17/18 16638 71.6 3.49 4£0.02 x 1073
2014-07-20 15750 23 1.16 + 0.07 x 1072
2016-07-13/14 17779 68.9 2.84 4 0.06 x 1072
2016-07-15/16 18881 64.7 2.04 +0.06 x 1072

“Effective exposure time after the subtraction of background flares. The
original exposure time was 39.3 ks.

For the data reduction, we have followed the Chandra threads*
which make use of the ciao software package (v4.9; Fruscione et al.
2006). We recalibrated all the data using the chandra_repro script
to assure that the newest calibrations were applied.

To search for potential periods of high background (likely due
to background flares), for each observation we created background
light curves excluding the source region. No episodes of high back-
ground rates were observed for all but one observation: the data
set with identification number (ObsID) 3798. Therefore, we repro-
cessed that data set following the appropriate Chandra tools® to
remove episodes of high background (i.e. the last 8.1 ks of the ob-
servation were removed). This reduced its exposure time to 31.2 ks.
The exposure times for all used observations are given in Table 1.

To create the left-hand panel of Fig. 2, we stacked ObsID 13225
and 13252 during which the source was particularly faint. To cor-
rectly combine these data sets, we first carried out relative astrome-
try (besides the absolute astrometry provided by Chandra) follow-
ing the appropriate Chandra thread,® and we created a broad-band
(0.5-7 keV) source catalogue with the routine FLUXIMAGE. The cor-
responding point spread function map was created with MKPSFMAP,
while the wAVDETECT algorithm was used to locate the sources. The
task wes_match was used to perform a source cross-match. This
routine also determines the transformation parameters to shift a
given image to the reference image (ObsID 15615).

The position of EXO 1745—248 has been previously constrained
using Chandra by identifying the source in outburst (Heinke et al.
2003), resulting in a sub-arcsecond precision position of our tar-
get. This allows us to straightforwardly identify the right quiescent
counterpart among the other faint cluster sources (see Fig. 2). To

4http://cxc.harvard.edu/ciao/threads/
Shttp://cxc.harvard.edu/ciao/threads/filter/
Ohttp://cxc.harvard.edu/ciao/threads/reproject__aspect/
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Figure 1. Light curve inthe 0.5-10 keV energy range of our Chandra obser-
vations of EXO 1745—248 during quiescence. The observations correspond
to these described in Table 1.

extract light curves and spectra of EXO 1745—248, we used cir-
cular regions with variable radius centred on the source. We used
an extraction region with a radius ranging from ~1 to ~1.7 arcsec
depending on the (variable) source flux (see Fig. 2 and Section 3.1).
The background spectra were extracted from a source free part of
the CCD using a circular region with a radius of 10 arcsec. We used
the task pMEXTRACT for creating light curves in the energy range
0.5-7 keV. The time bins were optimized (see Table 2) to avoid as
much as possible bins with zero counts.

The tool SPECEXTRACT was used to obtain the source and back-
ground spectra (using the same extraction regions as used for the
light-curve extraction) and to generate the ancillary response files
and redistribution matrix files. The data were grouped to have at
least 15 counts per bin for most of the observations. This allows the
use of the x 2 minimization fitting technique. However, for data sets
in which the source was very faint, we rebinned the data to have
at least 1 count per bin. For these observations, we used the back-
ground subtracted Cash statistics (W-statistics; Wachter, Leach &
Kellogg 1979) instead of x 2 (see Table 2). The spectra were grouped
using the tool DMGROUP.

To carry out all the spectral fitting, we used the software pack-
age XsPEC (v12.9.1; Arnaud 1996). To model the hydrogen column
density Ny, we used the model thnew_gas’ with WILM abun-
dances (Wilms, Allen & McCray 2000) and VERN cross-sections
(Verner et al. 1996). We fitted our spectra with a power-law model
(PEGPWRLW). In one case (ObsID 14479; Section 3.2), we also used
a two-component model consisting of a power-law model plus a
blackbody model (BBoDYRAD). The luminosities were calculated us-
ing a distance towards Terzan 5 of 5.5 £ 0.9 kpc (Ortolani et al.
2007). All errors quoted in the paper correspond to 90 per cent con-
fidence levels.

3 RESULTS

3.1 Spectral analysis and variability

To study the quiescent spectral behaviour of EXO 1745—-248, we
analysed its X-ray spectrum at different epochs in the energy band
0.5-10 keV. Wijnands et al. (2005) and Degenaar & Wijnands
(2012) carried out similar spectral studies of EXO 1745—248 in

http://pulsar.sternwarte.uni-erlangen.de/wilms/research/tbabs/
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Figure 2. Chandra (50 arcsec x 50 arcsec) images of Terzan 5 in the 0.5-7 keV energy range. The NS LMXB EXO 1745—248 is indicated with a red circle.
Note the large variability of the source between different epochs. We show data obtained during observations in which the source was the faintest (left-hand
panel; 2011 February—April; this is a stacked image of observations with IDs 13225 and 13252) and the brightest (middle panel; 2014 July 15). We also show
the image obtained on July 17/18 (right-hand panel), which was only taken 2 d after the brightest observation. Clearly the source was considerably fainter
again, demonstrating that the source was highly variable on time-scales of days (and not only on time-scales of years).

Table 2. Results for the power-law model with Ny, I', and Fx as free parameters (fitted in the energy range 0.5-10keV). All quoted errors correspond to 90
per cent confidence intervals. To calculate the luminosities (0.5-10keV), we assume a distance towards EXO 1745—248 of 5.5 kpc. When fitting the individual
groups, the Ny and I" were tied for each observation during the fitting, but the fluxes were left free. For each group, the X-ray fluxes and luminosities correspond
to the average value of the individual fluxes. Column 8 indicates the length of the time bins used to create the light curves shown in Fig. 6.

Date ObsID Ny r Fx Lx )(3 (dof) Time bin Group
(10713 erg
(10?2 cm™2) cm~2s7h (1033 erg s7h size (ks)
2003-07-13/14 3798 L.6t13 15107 21759 07103 0.2 (11) 2 -
2009-07-15/16 10059 11798 1.04+04 3.1+£04 1.140.1 1.1(21) 2 2
2011-09-08 14339 <18 0.9%0% 0.7+£02 03+0.1 0.7 (3) 5 1
2012-05-13/14 13706 14103 12402 7.5+£04 27£02 1.04 (73) 2 3
2013-02-22 14625 1.3+ 0.4 1.5+03 3.570% 1.3+0.1 1.3 (40) 2 2
2013-07-16/17 14478 <45 L6t 1.2+ 0.4109 0.9 (4) 2 1
2014-07-15 14479 21401 1.7+0.1 455778 165798 1.1 (194) 1 -
2014-07-17/18 16638 1.77}2 15757 1.0%03 0440.1 0.7 (12) 2 1
2014-07-20 15750 L1t 14108 2.8+ 10793 1.6 (13) 3 2
2016-07-13/14 17779 17402 16107 8.0+0.5 29402 1.04 (104) 2 3
2016-07-15/16 18881 1.6+03 14402 57404 2.1£0.1 1.3 (74) 2 3
Group Nu r (Fx) (Lx)
(102 cm™2) (107 Berg  (10¥3 ergs™)
em 257!
1 1.5+ 0.9 14405 1.0+04 0.4102 0.7 (23)
2 12403 1.3+£02 3.1£05 1.1£02 1.3 (78)
3 1.6 £ 0.1 1.5+0.1 7.0 £0.6 26£02 1.1(255)
Date ObsID Ny r Fx Lx W-stat (dof) Time bin
(102 cm™2) (10~ 13 erg (1033 erg s7h size (ks)
em 257
2013-02-23/24 15615 1.0%0¢ L6%0¢ 0.340.1 0.10 & 0.04 1.2 (89) 5
2011-02-17 13225 1.4 fix L4 fix 0.1075:00 0.0470.03 52(8) 5
2011-04-29/30 13252 1.4 fix 1.4 fix 0.081003 0.037052 16.6 (11) -
2011-09-05 13705 14713 12799 13759 0.5707 58.8(52) 3
2012-09-17/18 14475 1.4 fix 1.4 fix 0.4£0.1 0.10 £ 0.04 55.3(33) 5
2012-10-28 14476 1.4 fix 1.4 fix 0.30%000 0.10 £ 0.04 447 (31 5
2013-02-05 14477 1.4 fix 1.4 fix 0.201009 0.071203 21.3(19) 5

quiescence using a sub-set of the observations we are presenting
here. They found that the spectra can be well described by a power-
law model, and that the inclusion of a thermal component did not

improve the spectral fits.

Based on these studies, we also used an absorbed power-law

model (PEGPWRLW in Xspec). In this model the hydrogen column

MNRAS 479, 2777-2788 (2018)

density (Ny), the photon index ("), and the X-ray flux (Fx®) are
the model parameters. Initially, we left all of them free to vary
in the fits (for all the spectra; see Table 2 for the results of these

8Which corresponds to the power-law normalization in the pegpwrlw model.
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Figure 3. The hydrogen column density (Ny) versus luminosity (0.5—
10 keV) for EXO 1745—248 for the case in which Ny, I', and Fx are
free to vary for each individual spectrum. The blue (dark and light) points
correspond to the quiescent state as analysed in this work. Data (the light
blue points) are grouped as in Table2. The two ungrouped dark blue points
below 5 x 10°% erg s~ were obtained using W-statistics. The rest of the
quiescent points were obtained using x 2. The green points correspond to the
very hard state data points of the source published by Parikh et al. (2017).

fits). However, for several data sets that have a small number of net
counts, we noted that Ny and I' have large errors or that the fit did
not converge. This suggests that the signal-to-noise ratio (S/N) of
our spectra is too low to constrain the parameters of this simple,
phenomenological, model. In these cases, we fixed the values of
Ny and T to 1.4 x 10?2 cm~2 and 1.4, respectively. These values
correspond to the average Ny and I' derived from the observations
for which the quality of the spectra was good enough to obtain
reasonably constrained parameter values (these are the observations
for which the x? statistics could be used). The obtained results are
also shown in Table 2.

For the observations performed in 2003 and 2009, we obtained
results consistent with those reported by Wijnands et al. (2005)
and Degenaar & Wijnands (2012). For ObsID 13225 and 13252
(2011 February and April), Degenaar & Wijnands (2012) imposed
Ny =12 x 102 cm™? and T = 1.5 and found a 0.5-10 keV
X-ray luminosity Ly ~ 4 x 10°! erg s~!. This is consistent with
our results, even though we have used different abundances and a
slightly different Ny absorption model.

We note that at a given X-ray luminosity, the spectral parameters
are constant within uncertainties (e.g. compare ObsID 10059 and
15750). To better constrain the spectral parameters, we therefore
combined several of these observations into groups according to
their luminosity. For each group we tied Ny and I", but we left Fx
free to vary since it was found to slightly change when fitting the
observations individually. We then fitted each group separately. The
results of these fits are also displayed in Table 2.

In Fig. 3, we compare Ny from this work with that of Parikh
et al. (2017) of EXO 1745—248 during its 2015 outburst (Lx >
1 x 10% erg s~!). From this figure, it can be seen that the Ny during
outburst reached higher values (although not always) than what we
observe in quiescence. In addition, there is the indication of a trend
during quiescence, with Ny also increasing with the flux. This may

3.5
<+ Quiescence ungrouped
<+ Quiescence grouped
3.01 + BHs
NSs
+ Hard spectral state
2.5

2.0 —“ + - |—+— +
) 1.51 } o Bhoe
i r
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{4

——
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Figure 4. The photon index I" versus luminosity (0.5-10 keV) for EXO
1745—248 in the case in which Ny is allowed to vary for each individual
spectra. The blue (dark and light) points are our quiescent points. The green
points correspond to the very hard state (Parikh et al. 2017). For comparison,
the results for other NS systems (light grey points) and for BH systems (dark
grey points) are also plotted (taken from Wijnands et al. 2015). The grouped
light blue points correspond to the data groups given in Table 2. The two
ungrouped dark blue points below 5 x 103? erg s~ were obtained using
W-statistics. The rest of the quiescent points were obtained using 2.

suggest that the absorption internal to the system increases. Note
that the obtained values of Ny are close to these of the cluster itself
(Bahramian et al. 2014, 2015), indicating that the contribution of
any additional Ny absorption component (if any) would be minimal.

In Fig. 4 we show I' versus Lx and compare our results with
that of EXO 1745—248 during its 2015 outburst and with that of a
large group of NS and BH systems (fig. 1 of Wijnands et al. 2015)
during outburst (BH and NS) and those that meet our definition of
quiescence (BH only). We clearly see that the photon index of EXO
1745—-248 is ~1.5 over the full two orders of magnitude range of
the quiescent luminosity (10°>~10%* erg s~!). Moreover, the photon
index is lower, and thus the source is harder than BH systems at
similar luminosities. This remains true even if we scale the results
to Eddington luminosities. Interestingly, I is even lower (0.5-2)
above 1 x 10%® erg s~!. This led Parikh et al. (2017) to suggest that
during its 2015 outburst the source was in a newly identified very
hard state. Currently, we have no high S/N data for the luminosity
range ~1 x 10%* to ~1 x 10% erg s!, so it is unclear if the
source follows the general NS trend and thus becomes softer below
1 x 10% erg s~!, but then suddenly hardens around 1 x 10%* erg
s~!, orif it stayed very hard over the full luminosity range covered
in this figure.

In Fig. 5 we show the spectra of ObsIDs 14479, 13706, 14625,
and 16638, taken during the period 2012-2014, where the strong
variability of the object is clearly visible. The X-ray luminosity of
EXO 1745—248 was found to vary from 4 x 10% erg s™! up to
~1.7 x 103 erg s~! (see Table 2). This shows that during quies-
cence, the object exhibits luminosity variations of several orders
of magnitude on time-scales of days to years (see also Fig. 2 and
Table 1).

To investigate the variability of the source in more detail, we
created light curves in the energy range 0.5-10keV (Fig. 6). Due
to the large difference in source count rates during the individual
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Figure 5. The Chandra spectra of EXO 1745—248 observed at different
epochs during its quiescent state. The energy range is 0.5—10keV. From top
to bottom, the spectra obtained during the observations with the following
ObsIDs are plotted: 14479, 13706, 14625, and 16638. X-ray luminosities
in the range 4 x 10%2—1.7 x 103 erg s~! are observed between these
observations. In each of these observations, the system shows luminosity
variations of around two orders of magnitude in time-scales of a few hours
(see Fig. 6). The solid lines represent the best absorbed power-law model in
which Ny, I', and Fx were free parameters in the fit.

observations, we used a variety of time bin sizes (see Table 2) to
highlight the variability, trying to avoid as much as possible time
bins with count rates of zero. We do not plot the light curve of
ObsID 13252 because of the very low number of counts.

We found that, on top of the long-term variations, the source also
displayed intense short-term variability. This is shown in the light
curves obtained during ObsIDs 13706, 14625, and 14479 (Fig. 6),
where variations of two orders of magnitude within a few hours are
observed.

Although Fig. 3 shows that Ny might not be constant in quies-
cence (and thus not only due to interstellar absorption), it is also
possible that Ny might in fact remain constant. If the gas column
is actually not changing, the inferred variability in Ny would then
indicate that the true intrinsic spectral shape of the source might
change but be masked by the inferred Ny variations. To investigate
further if Ny changes during quiescence, we fitted the spectra tying
the Ny between the individual observations. I" and Fx were left free
to vary. We only did this for the data for which we could use the x>
statistics (i.e. we excluded the spectra with one count per bin, since
they require the use of W-statistics). The results of this analysis
are given in Table 3. The photon indices and fluxes are consistent
within uncertainty with those presented in Table 2 (where Ny is
free to vary). Therefore, it could be possible that Ny indeed remains
constant in quiescence, but leaving it free would not significantly
affect the obtained photon indices and fluxes (besides making the
errors bars on the indices slightly larger). Also in this case, we then
grouped observations with similar Lx and I". Thus, for each group
we also tied the value of I". We fitted the groups with the remaining
individual observations (i.e. ObsIDs 3798 and 14479), and report
the results in Table 3 (see also Fig. 7). The values of I" and F'x for the
remaining individual observations are practically identical to those
obtained without grouping (keeping Ny tied between observations)
and therefore we do not show them.

MNRAS 479, 2777-2788 (2018)

3.2 The thermal component of EXO 1745-248

Given the high quality spectrum of ObsID 14479 (during which the
source was brightest), and the non-fully satisfying fit obtained using
an absorbed power-law model (x2=1.1 for 194 dof; p-value p =
0.14), we added a thermal component (blackbody model, BBoDYRAD
in Xspec). When using this two-component model and assuming an
emitting region with radius of 10km at a distance of 5.5 kpc, we
obtained the following parameters: Ny = 3.8 £ 0.2 102 cm™2, " =
1.540.1, Fx =454+2.0 x 103 ergcm ™2 s~!, and a temperature of
0.221 £ 0.007 keV for the blackbody component. This fit produced
a x2 = 0.9 for 193 dof, with a p-value p = 0.82. This probability is
large compared to that one obtained with the absorbed power-law
model alone. When using this model, the power-law component
contributed “41 per cent of the total flux in the 0.5-10keV range.
On the other hand, we found that the spectral fit for the second high
quality spectrum (ObsID 17779) did not show substantial improve-
ment when we added a thermal component. That spectrum is well
described by a power-law model (Table 2). This does not mean that
the presence of a possible thermal component is discarded in the
other spectra, but that given their quality, an additional component
(beyond the power law) is not required.

In Fig. 8, we show the spectrum (ObsID 14479) of EXO
1745—-248 fitted with a power-law model (left-hand panel) and
with a two-component model (right-hand panel). The residuals are
much smaller for the two-component model.

To see if the two-component model better describes the spectrum
than the absorbed power-law model alone, we have followed the
method suggested by Protassov et al. (2002). First, we simulated
10° spectra based on the best power-law model of the original
spectrum (null model). For the simulated spectra we used the same
ancillary, response, and background files that we used for the initial
fitting. Then, we fitted a power-law model and a power law plus
blackbody model to each of the simulated spectra. Using the results
of each fit, we computed the F-statistics for each spectrum. We built
a probability distribution with these results. Thus, we calculated the
probability of obtaining the same F-value that we obtained with the
initial power-law fit and the fit to the spectrum using a power law
plus blackbody component. We found a probability p = 0, because
the initial F-value is outside of the probability distribution. This
means that the probability that the new component is only fitting
a random fluctuation is <1073, The obtained probability gives us
confidence that the spectrum is better described by adding another
component than by a single power-law model.

In the two-component case, where we leave the radius of the
thermal emitter free to vary, the obtained parameter values are: Ny
=264+02102ecm 2T =104+0.1, Fx=38+15x 1071
erg cm™2 s~ a temperature of 0.3410 03 keV, and a radius of 2|
km for the thermal source. The y? fitting gives a p-value p =
0.96. Again, we compared this model to the single absorbed power-
law model. We followed the same steps as before to produce an
empirical probability distribution for F. We obtained a probability
p ~ 5 x 1073 that the improvement in the x? statistic would be due
only to chance. This suggests that the spectral fit likely requires a
second component, which could be a blackbody one. In this two-
component fit when the radius of the thermal emitter was allowed
to vary, the power-law component contributed “64 per cent of the
total 0.5-10keV flux. Given the small radius obtained for the region
of thermal emission, it is unlikely that it originates in an accretion
disc.

We note that for the model in which we fix the radius of the
blackbody component, the obtained Ny is very high (~3.8 x 10??
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Figure 6. Light curves of EXO 1745—248 in the 0.5-10keV X-ray band during quiescence. The ObsIDs correspond to the different Chandra observations
listed in Table 1. They are ordered in chronological order from left to right, top to bottom. Only the light curve for ObsID 13252 is not shown due to the small
number of counts. For each ObsID, we used a different bin size to highlight the variability but ensuring that we have as much as possible no bins with zero
photons. Reference time is the start time of each observation.
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Figure 6. Continued
cm~2). This is even higher than what has been observed when the in line with the other observations and with the average of the cluster,
source was in outburst (Fig. 3) and higher than the average value of so this model might be more applicable. However, it is still unclear
Ny for the cluster itself (2.6 x 10*? cm™2; Bahramian et al. 2015, why the Ny in this model is still significantly higher than observed
when Wilm abundances are used). But when leaving the radius as a for the other quiescent observations. This likely indicates correlated
free parameter, the Ny decreases to 2.6 x 1022 cm~2 which is more behaviour between Ny and the other model parameters. However,
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Table 3. The fit results obtained in the 0.5-10keV band when tying Ny between all spectra, but leaving I' and Fx as free parameters. The resulting Ny was
Ny = 1.8f8;é 1022 cm™2. All quoted errors correspond to 90% confidence intervals. The luminosities (0.5-10keV) were calculated using a distance towards
EXO 1745—248 of 5.5 kpc. Only those observations for which the x? statistics could be used were considered for the fit. The resultant Xf value was 1.15 for
565 dof for the individual observations and x2 = 1.17 for 571 dof for the fit in which some of the individual spectra were grouped. Groups are formed as in

Table 2.
Date ObsID r Fx Lx
(1073 ergem=2s71) (108 ergs™)
2003-07-13/14 3798 1.7£0.3 2.1+0.2 0.80 = 0.07
2009-07-15/16 10059 1.3£02 34+03 1.2+0.1
2011-09-08 14339 17404 0.9792 0.3010:07
2012-05-13/14 13706 1.5+£0.1 7.8 +£0.4 28+0.1
2013-02-22 14625 1.84£02 39+03 14+0.1
2013-07-16/17 14478 1.8+£04 1.3+£0.2 0.50 £ 0.07
2014-07-15 14479 1.5+0.1 430+ 14 156 £0.5
2014-07-17/18 16638 1.6 £03 1.0£0.1 0.40 £ 0.04
2014-07-20 15750 17403 3.2%04 1.2+0.1
2016-07-13/14 17779 1.7£0.1 83+04 3.0+0.1
2016-07-15/16 18881 1.5+0.1 59+03 2.1 £0.1
Group r (Fx) (Lx)
(1013 ergcm_2 s7h (1033 erg s7h
1 1.6 £0.2 1.1+£03 04 £0.1
2 1.6+ 0.1 34405 12402
3 1.6 +0.8 73£06 26+0.2
3.5 : ~1.7 x 10* erg s~! on time-scales of days to years. Similarly to
i gu!escence ungrouped what was found previously by Wijnands et al. (2005) and Degenaar
uiescence grouped
3.01 + BHs & Wijnands (2012), we obtained quiescent spectra that are very
NSs hard, with photon indices of ~1.4 (when the spectra are fitted with
2.5 a single power-law model). Intriguingly, the spectral shape does
) not significantly change over this large luminosity range (although
_F + the column density is potentially correlated with the luminosity?;
2.0 + —+ Fig. 3), except for the brightest observation during which a soft
L t bt component was added to obtain a better fit (Section 3.2). Note that
1.51 t +‘ e a soft thermal component is frequently observed in quiescent NS
LMXBs (see e.g. X3 in Terzan 5 and GRS 1747—312 in Terzan 6;
1.01 Degenaar et al. 2015; Vats et al. 2018) when spectra of similar S/N
are available.
Wijnands et al. (2005) already reported on strong variability of
0.5 the quiescent emission of EXO 1745—248. Also Degenaar & Wij-
nands (2012) found that the source varied by a factor of ~3 within

0'01630 1031 1(')32 1633 10‘34 1635 1636
Luminosity [erg s™*]

Figure 7. Similar to Fig. 4 (without the very hard state points when the
source was in outbursts; Parikh et al. 2017), but for the case in which Ny is
tied between the observations during the spectral fitting.

it is important to note that despite adding a thermal component
(which substantially improved the fit), the model shows residuals
which suggest that a more complex model could improve even more
the fit of the data. But, in particular it is clear that a single power-
law spectrum does not describe properly the spectrum of ObsID
14479. Instead, an additional component should be added. This in
turn could explain the obtained high value of Ny.

4 DISCUSSION

We report on 18 Chandra observations (spanning from 2003 to
2016) performed on the GC Terzan 5 to study the quiescent prop-
erties of the transient NS LMXB EXO 1745—248. We found that
the source is extremely variable: its quiescent luminosity (assuming
a distance of 5.5 kpc; 0.5-10keV) varies between ~3 x 103! and

hours, but by an order of magnitude between different observations
(separated by years). Here we demonstrate that the variability of the
source is even more extreme: its average luminosity varies by up to
two orders of magnitude within ~4 h (e.g. during observations with
ObsID 13706, 14625, and 14479; Fig. 6) to nearly three orders of
magnitude on the time-scale of years. Interestingly, the source was
brightest during the observation performed on 2014 July 15 (ObsID
14479), with an X-ray luminosity of ~1.7 x 10* erg s~!. But only
a few days later (on 2014 July 17/18; ObsID 16638), the source had
decreased again down to ~4 x 10*? erg s~!. However, during both
observations the source was very variable as well (see Fig. 6), with
a lowest count rate of only a few times 10~ counts s=! (ObsID
16638) and with a highest one of ~3 x 10~! (ObsID 14479). This
indicates count rate fluctuations in only 3 d of nearly three orders

9As already suggested by Degenaar & Wijnands (2012), this might be the
reason why they found that the X-ray colours of the source during the
2003 observation (ObsID 3798) were softer than those obtained during the
2009 observation (ObsID 10059) despite that we have found that the photon
indices during both observations are consistent with each other.
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Figure 8. Comparison of the different models used to fit the spectra obtained for ObsID 14479. Left: A power-law model. Right: A model with a power law
plus a blackbody component. The components are indicated with blue lines. The respective model is indicated with a solid red line. The residuals of each fit

are indicated below in terms of sigma.

of magnitude. The mechanism behind this strong variability of the
source is currently not clear.

Degenaar & Wijnands (2012) discussed in detail the potential
origin of the quiescent emission of EXO 1745—248 and concluded
that the emission likely was due to very low-level accretion down to
the NS. However, recent observational insight (Cackett et al. 2010;
Chakrabarty et al. 2014; D’Angelo et al. 2015; Wijnands et al.
2015) suggests that when low-level accretion on to a NS occurs,
the resulting X-ray spectrum would have a soft thermal component
(released when the matter hits the NS surface) as well as a hard,
non-thermal one (due to Bremsstrahlung in the boundary layer).
This is quite contrary to what we observe for EXO 1745—248.
Only for the brightest observation, a soft component substantially
improved the fit. The soft component could still be present at lower
luminosities. However, due to the limited quality of the spectra,
an extra component is not statistically required. So, if indeed EXO
1745—248 is accreting at very low levels in its quiescent state, then
(at least) below 10** erg s~! some other emission mechanism might
be at work compared to the other quiescent NS LM XBs that are still
accreting.

In this context, it is interesting to compare our source with the
transient IGR J18245—2452 in the GC M28 (Papitto et al. 2013).
This source is one of the so-called transitional millisecond pulsars
(tMSPs), which are systems that transition between a radio mil-
lisecond pulsar phase and a phase in which they are accreting. IGR
J18245-2452 is the only tMSP for which a bright (~10%7 erg s7!)
outburst has been observed (Papitto et al. 2013; Linares et al. 2014;
De Falco et al. 2017). During the outburst, the source showed several
remarkable properties. Its spectra were always very hard (Linares
et al. 2014; Parikh et al. 2017) and it showed very strong variability
(Papitto et al. 2013; De Falco et al. 2017; Wijnands et al. 2017b). In
addition, its quiescent spectra are very hard and strongly variable
(Linares et al. 2014).

This looks very similar to what we observed for EXO 1745—248.
Both sources exhibit a highly unusual very hard state at relatively
high luminosities (Parikh et al. 2017). In particular, EXO 1745—-248
was also very hard during (part of) its 2015 outburst (Tetarenko
et al. 2016) and strongly variable (Wijnands et al. 2017b). More-
over, strong variability was also seen during its 2000 outburst
(Altamirano et al. in preparation). Finally, also resembling IGR

MNRAS 479, 2777-2788 (2018)

J18245-2452, the quiescent spectrum of EXO 1745—248 is also
very hard and extremely variable (see Section 3.1). Ferraro et al.
(2015) identified the optical companion of EXO 1745—-248 as a
main sequence turn-off star, which is experiencing its first envelope
expansion. These authors suggested that it is possible that the system
is in an evolutionary state previous to the swinging phase shown
by tMSPs.

The extreme properties of IGR J18245—2452 have been at-
tributed to the effect of the NS magnetic field in this system
(see e.g. the discussion in Ferrigno et al. 2014). This might sug-
gest that something similar is possible for EXO 1745—248, and
could explain why during our brightest quiescent observation (Ob-
sID 14479) the source showed a thermal contribution potentially
arising from only a small emitting region (see Section 3.2): the
presence of a dynamically important magnetic field would poten-
tially channel the accreted material only to the magnetic poles of
the NS and not to the whole surface. This scenario would result
in pulsations in the data of EXO 1745—248, but the time reso-
lution of the ACIS detectors does not allow to search for them.
However, detailed pulsation searches have been performed using
XMM-Newton observations obtained during the 2015 outburst of the
source and none were found (upper limit in amplitude of 2 per cent;
Matranga et al. 2017). Similarly, no pulsations were detected dur-
ing the 2000 outburst (Altamirano et al. in preparation) using the
Proportional Counter Array on board of the Rossi X-ray Timing
Explorer, which had a higher sensitivity to pulsations than XMM—
Newton. Although weak pulsations might still be present for EXO
1745—248, it is unlikely that this system is, in this aspect, similar
to IGR J18245—2452 (see also the discussion in Wijnands et al.
2017b). Moreover, geometrical effects could prevent the detection
of pulsations.

Another difference between IGR J18245-2452 and EXO
1745—-248 is the fact that the observed variability in IGR
J18245—-2452 was quite different during outburst (i.e. even more
extreme) than observed for EXO 1745—248, potentially indicating
different types of accretion flows (see Wijnands et al. 2017b). On
the other hand, during quiescence, the short-term variability proper-
ties of EXO 1745—248 (Fig. 6) are more extreme (and less regular)
than what has been seen for IGR J18245—2452 (Linares et al.
2014). Finally, also the outflow properties are quite different: IGR
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J18245-2452 is a very strong (for a NS transient) radio source'”
during outburst (L ~10%7 erg s~!, Pavan et al. 2013; Papitto et al.
2013), but EXO 1745—248 is actually the faintest NS radio source
known at similar luminosities (when compared to NS transients
in the hard or very hard state; Tetarenko et al. 2016). This again
suggests quite different accretion properties between both systems.
So despite that the systems are both very hard over a very large
luminosity range and show very strong variability, the details of
their behaviour differ. Thus, it is unclear whether we see the same
accretion process active in both systems with only small changes
between sources (such as the strength or configuration of the mag-
netic fields of the NSs) or that two, likely unrelated mechanisms are
at work.

For EXO 1745—248, we have observed X-ray luminosities rang-
ingupto~1.7 x 10* erg s~! and the source is always very hard over
the full luminosity range we explored. Parikh et al. (2017) report
on Swift outburst data of this source (see also Tetarenko et al. 2016)
and found that around ~103¢ =37 erg s~!, EXO 1745—248 had also
very hard spectra (it was one of the only three NS systems identi-
fied by these authors to have this previously unrecognized very hard
state). However, their data only goes down to a luminosity of ~103¢
erg s~ (see also Fig. 4), with a potential minor softening at the
lowest observed luminosity. The spectral behaviour of the source is
unknown in the so far unexplored luminosity range of 103-103¢ erg
s~!. It might be possible that the source always remained hard and,
in this case, it would behave quite differently from what is observed
for the majority of the NS systems (see Fig. 4 and fig. 1 in Wijnands
et al. 2015).

The softening of the other NS systems is thought to be due to
the NS surface starting to dominate their X-ray spectra (Wijnands
et al. 2015). If for EXO 1745—248, the contribution from the NS
surface is lower (in our preferred two-component model, the thermal
component only contributes 36 per cent to the 0.5-10keV flux
instead of the usual 50 per cent), then the source indeed could remain
hard over a very large luminosity range (from a few times 103! to
~10% erg s7!). In this case, it is interesting to compare our source
once again with IGR J18245—2452 because Linares et al. (2014)
see also Parikh et al., 2017 found that the latter indeed remained
hard down to ~10% erg s~!, but softened (for unclear reasons)
between 10** and 10% erg s~!. However, it became hard again at
lower luminosities. Observations during a future outburst of EXO
1745—248 could test if a similar behaviour is observed to that of
IGR J18245—-2452.

Alternatively, EXO 1745—248 might follow the same track as
observed for the other NS systems (see Fig. 4), but if true, at around
10** erg s7! it suddenly would have to become hard again (i.e. the
NS would suddenly not be visible again, or only with a relatively
small contribution). This would be roughly similar to the behaviour
of the accreting millisecond pulsar SAX J1808.4—3658 (Wijnands
& van der Klis 1998), which has a similar hard quiescent spectra
(Campana et al. 2002; Heinke et al. 2007, G26 ), but above 10%
erg s~! it follows the track of the other NS systems (see fig. 1 of
Parikh et al. 2017). However, the quiescent luminosity of SAX
J1808.4—3658 is very low, ~8 x 10°! erg s~! and the transition
from the soft spectra to the hard spectra below 10°* erg s~! could
be more gradual than what is required for EXO 1745—248. More
detailed spectral observations are needed for all three sources (EXO
1745—248, IGR J18245—-2452, and SAX J1808.4—3658) below

19During outburst and in quiescence, IGR J18245—2452 is a strong radio
emitter, but it is only in quiescence that the radio emission is pulsed.
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10%® erg s~! to be able to make more conclusive statements about the
similarities and differences between them, which would highlight
potential differences in NSs and/or accretion properties.
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