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ABSTRACT

‘We report on a multi-wavelength study of the unclassified X-ray source CXOU J110926.4-650224 (J1109). We identified the optical
counterpart as a blue star with a magnitude of ~20.1 (3300-10500 A). The optical emission was variable on timescales from hundreds
to thousands of seconds. The spectrum showed prominent emission lines with variable profiles at different epochs. Simultaneous
XMM-Newton and NuSTAR observations revealed a bimodal distribution of the X-ray count rates on timescales as short as tens of
seconds, as well as sporadic flaring activity. The average broad-band (0.3—79 keV) spectrum was adequately described by an absorbed
power law model with photon index of I' = 1.63 +0.01 (at 1o c.l.), and the X-ray luminosity was (2.16 +0.04) x 103 ergs™' for
a distance of 4kpc. Based on observations with different instruments, the X-ray luminosity has remained relatively steady over the
past ~15 years. J1109 is spatially associated with the gamma-ray source FL8Y J1109.8—6500, which was detected with Fermi at an
average luminosity of (1.5+0.2) x 10 ergs™' (assuming the distance of J1109) over the 0.1-300 GeV energy band between 2008
and 2016. The source was undetected during ATCA radio observations that were simultaneous with NuSTAR, down to a 30 flux upper
limit of 18 uJy beam™' (at 7.25 GHz). We show that the phenomenological properties of J1109 point to a binary transitional pulsar
candidate currently in a sub-luminous accretion disk state, and that the upper limits derived for the radio emission are consistent with

the expected radio luminosity for accreting neutron stars at similar X-ray luminosities.

Key words. accretion, accretion disks — methods: data analysis — stars: neutron — methods: observational — X-rays: binaries —

X-rays: individuals: CXOU J110926.4-650224

1. Introduction

Radio millisecond pulsars (MSPs) are believed to be old, weakly
magnetised pulsars that have been spun up after a Gyr-long
phase of angular momentum transfer through mass accretion
from a sub-solar (M < 1My) companion star in a low-mass
X-ray binary system (LMXB; e.g. Alparetal. 1982). Swings
between a rotation-powered MSP state and an accretion-powered
LMXB state were observed recently over a few weeks in the
transient system IGR J18245-2452 (Papitto et al. 2015), prov-
ing that the evolutionary path towards a radio MSP is not
smooth, but encompasses transitions on timescales compatible

Article published by EDP Sciences

with changes of the mass accretion rate onto the neutron star
(NS). State transitions have also been observed recently in the
systems PSR J1023+0038 (Archibald et al. 2009; Stappers et al.
2014) and XSS J12270-4859 (Bassa et al. 2014), although these
have never been observed to undergo a fully-fledged accretion
outburst (see Campana & Di Salvo 2018, for a review).

The three “transitional” MSPs (tMSPs) share an enigmatic
intermediate sub-luminous accretion disk state where the X-ray
luminosity is orders of magnitude lower than that measured
during the typical accretion outbursts of NS LMXBs. The
X-ray emission shows a peculiar bimodal distribution in the
count rates over a broad energy range (up to at least 80keV;
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e.g. Tendulkar et al. 2014). The switches between the two dif-
ferent intensity levels (henceforth dubbed “modes”) occur on
timescales as short as tens of seconds. Sporadic flaring activ-
ity is also observed (e.g. de Martino et al. 2013; Coti Zelati et al.
2018). tMSPs in the sub-luminous accretion disk state are
observed to emit in the gamma-ray band, with a luminosity
comparable to that in the X-ray band (e.g. Torres et al. 2017),
as well as in the radio band. In particular, the radio emission
is characterised by a flat to slightly inverted spectrum, and
is rapidly variable, a factor of approximately two to three on
timescales of minutes (e.g. Deller et al. 2015). Coherent X-ray
pulsations at the NS spin period have been observed only in the
high mode, and were initially interpreted in terms of intermit-
tent mass accretion onto the NS surface (Archibald et al. 2015;
Papitto et al. 2015). However, the radio flaring activity associ-
ated with the X-ray low mode (Bogdanov et al. 2018) and the
detection of optical pulses during the X-ray high and flare modes
(Ambrosino et al. 2017; Papitto et al., in prep.) in the proto-
typical tMSP, PSR J1023+0038, challenge this interpretation,
and suggest instead an active rotation-powered MSP in the sub-
luminous accretion disk state.

In search for X-ray counterparts to the 2131 unclassified
gamma-ray sources in the recent preliminary release of the
Fermi Large Area Telescope (LAT) eight-year point source list',
we pinpointed CXOU J110926.4—-650224 (J1109) as the only
X-ray counterpart to FL8Y J1109.8—6500. J1109 was discov-
ered during a ~5ks observation with Chandra in 2008, and
singled out as the soft X-ray counterpart of the unidentified
persistent hard X-ray source IGRJ11098—-6457 (Tomsick et al.
2009). It is also listed in the Palermo Neil Gehrels Swift Obser-
vatory (Swift) Burst Alert Telescope (BAT) source catalogue as
4PBCJ1109.3-6501% (Cusumano et al. 2014; see Fig. 1). How-
ever, its nature has so far remained elusive. The spatial coin-
cidence with the hard X-/gamma-ray source, as well as the
dramatic time variability of the soft X-ray emission on
timescales of tens of seconds that we revealed from a preliminary
analysis of the Chandra data (see Sect. 6.2 for more details), rep-
resent phenomenological properties shared by all three tMSPs in
the sub-luminous accretion disk state. We hence suspected that
J1109 could be a tMSP in the same state.

This paper reports on a multi-wavelength study of J1109
aimed at ascertaining its nature. The manuscript is structured as
follows: we report details on the associated optical and gamma-
ray sources in Sect. 2; we present the optical, X-ray, and radio
observations and the corresponding data analysis in Sects. 3-5,
respectively; we report on the results in Sect. 6; discussion of our
results and conclusions follow in Sects. 7 and 8, respectively.

2. The optical and gamma-ray counterparts

The X-ray source is located at RA = 11"09™26:43, Dec =
—65°0225”0 (J2000.0 equinox), with a positional uncertainty
of 0.55arcsec at a 1o confidence level (c.l.)>. The error cir-
cle includes an optical source listed in the second Gaia data
release (Gaia Collaboration 2018) at RA = 11"09™26:4057(9),
Dec = -65°02'2478216(4) (J2015.5 Barycentric Coordinate

' This list is preliminary as reported at https://fermi.gsfc.nasa.
gov/ssc/data/access/lat/£f18y/

2 See http://bat.ifc.inaf.it/100m_bat_catalog/100m_
bat_catalog_v0.0.htm

3 The uncertainty radius was computed as the sum of the positional
systematic uncertainty of the ACIS (Weisskopf et al. 2005) and the sta-
tistical uncertainty derived from the source counts and its distance from
the aim point (see Eq. (14) by Kim et al. 2007).
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Fig. 1. Exposure-corrected image of the field around J1109 (labelled in
white) extracted from Chandra ACIS-I data over the 0.3-8 keV energy
band. The image was smoothed with a Gaussian filter with a kernel
radius of 3 pixels (one ACIS pixel corresponds to 0.492 arcsec), and
a logarithmic scale was adopted for better visualization. North is up,
east to the right. The green ellipse has semi-major and semi-minor
axes of 5.5 and 4.3 arcmin, respectively, at a position angle of 39.2°
(measured from north towards east), and represents the error region (at
95% c.1.) for the position of the gamma-ray source FL8Y J1109.8—6500
obtained using 8 years of Fermi/LAT data. The magenta circle rep-
resents the error region for the position of the hard X-ray source
IGRJ11098-6457, obtained using 2995 ks of INTEGRAL IBIS data
between 2002 and 2010 (see the 8 yr INTEGRAL IBIS soft gamma-
ray survey catalogue by Bird et al. 2016 for more details). The yel-
low circle represents the error region for the position of the hard X-ray
source 4PBC J1109.3—-6501, obtained using 32.8 Ms of Swift BAT data
between 2004 December and 2013 March (see the 100-month Palermo
Swift BAT catalogue by Cusumano et al. 2014 for more details). The
colour code on the right indicates the S/N at the different positions in
the image.

Time; 1o uncertainties on the last digits are reported in paren-
theses). Its average observed magnitudes are G ~ 20.1, B, ~

20.2 and R, ~ 19.2 over the 3300-10500 A, 3300-6800 A and

6400-10 500 A wavelength ranges, respectively*. Its absolute
trigonometric parallax, @ = 0.73 + 1.06 mas, can be converted
into a distance by means of a Bayesian method, assuming
an exponentially decreasing volume density prior of the form
P(D|L)=QL>'D? exp(—D/L) (see Bailer-Jones et al. 2018).
For such an uncertain measurement, the distance estimate is
dominated by the choice of the prior length scale. On the one
hand, a value of D = 4.0kpc with 16th and 84th percentiles of
1.7 and 7.9 kpc, respectively, is obtained when adopting a length
scale of L = 2.1kpc, based on a three-dimensional model of the
Galaxy as seen by Gaia (Rybizki et al. 2018). On the other hand,
a larger value of D = 6.5kpc with 16th and 84th percentiles
of 4.4 and 15.5 kpc, respectively, is derived when considering
a length scale of L = 3.4kpc, based on the three-dimensional
model of the space distribution of LMXBs detected in the X-ray
band in the Galaxy (Grimm et al. 2002; Gandhi et al. 2018). The

4 B, and R, represent the magnitudes measured by the Blue and Red
Photometers on board Gaia, respectively.
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Fig. 2. Posterior probability distribution function (PDF; yellow curve)
for the distance of J1109 for an exponentially decreasing volume den-
sity prior with length scale of L = 2.11kpc (green curve). The mode
of the PDF is indicated by the vertical black solid line. The lower and
upper boundaries of the highest density interval containing 68.27% of
the posterior probability (i.e., the 16th and 84th percentiles) are indi-
cated by the two vertical black dotted lines. The known systematic zero-
point offset of —29 pas in the Gaia parallaxes determined from Gaia
observations of quasars (Lindegren et al. 2018) was taken into account
in the computation. The plot was produced using the code publicly
available at https://github.com/Alymantara/gaia_distance_
calculator/blob/master/gaia_distance_calculator.ipynb.
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posterior probability distribution function for the former case is
shown in Fig. 2.

The gamma-ray source was detected with the Fermi/LAT
(Atwood et al. 2009) at an energy flux of F, = (6+1) X
102 ergem™2 57! over the 0.1-100 GeV energy band between
2008 August and 2016 August. Its spectrum was well described
by a power law model with photon index of I', = 2.58 £ 0.15. No
information at higher energy is available, as the region around
J1109 was not covered by the H.E.S.S. survey of the Galactic
plane (H.E.S.S. Collaboration 2018%).

In the following, we will adopt the position of the opti-
cal counterpart as a reference for all datasets, assume for sim-
plicity a distance of D = 4kpc, and quote all uncertainties at
the 1o c.l. (unless otherwise explicitly stated). The gamma-ray
flux measured with Fermi/LAT translates into a luminosity of
L, = (1.5+0.2) x 10* d?ergs™" over the 100 MeV-300 GeV
energy band, where d, is the distance in units of 4 kpc. We stress,
however, that the assumed value for the distance should be taken
with caution, owing to the very large uncertainty on the parallax
measurement.

3. Optical observations
3.1. SALT

We obtained a set of six consecutive 100-s images of the field
around J1109 in the ¢’, " and " SDSS filters with the SALTI-
CAM imaging camera (O’Donoghue et al. 2006) mounted on the
10m Southern African Large Telescope (SALT; Buckley et al.
2006) at the Sutherland plateau of the South African Astronom-
ical Observatory. The observations started on 2018 March 4 at
00:52:29.33 Coordinated Universal Time (UTC).

We also obtained optical spectra of J1109 using the
Robert Stobie Spectrograph (RSS) on SALT in long-slit mode

5 See https://www.mpi-hd.mpg.de/hfm/HESS/hgps/

(Burgh et al. 2003; Kobulnicky et al. 2003). Two spectra each
with exposure times of 1000 s were recorded on 2018 March 4
(starting at 01:25:05 and 01:41:58 UTC, respectively), and one
with exposure time of 1800 s on 2018 July 6 (starting at 17:19:17
UTC). The PG0300 grating was used at grating angles of 5.375°
and 5°, respectively for the two dates, yielding a usable wave-
length range of ~3700-9000 A and a resolving power of 350
at 6200 A. We used a 1.5 arcsec slit placed at a position angle
of PA = 20° (measured from north towards east) for all the
observations.

The reductions of the photometric and spectroscopic
data were performed with PYSALT version 0.47, the offi-
cial PYRAF-based software package for SALT data reductions
(Crawford et al. 2010)°, and included gain correction, correction
for cross-talk between the amplifiers, bias subtraction and ampli-
fier mosaicking. Absolute flux calibration of SALT data is not
feasible, owing to the moving pupil of the telescope (the effec-
tive area of the telescope constantly changes during the tracks
and exposures; see Buckley et al. 2008).

The cleaned images of the field around J1109 in the three
filters are shown in Fig. 3. We performed differential photome-
try of J1109 against three relatively bright close-by (<30 arcsec)
stars listed in the Two Micron All Sky Survey (2MASS;
Skrutskie et al. 2006) all-sky point source catalogue, using the
paopHOT task (Stetson 2000) within the RAF (Image Reduction
and Analysis Facility) package’ (Tody 1986, 1993). We derived
the ¢’, ' and i magnitudes of the three stars using their G,
B, and R,-band magnitudes quoted in the second Gaia data
release and the magnitude colour conversion formulas reported
by Evans et al. (2018; see their Table A.2), after having veri-
fied consistency in the conversion between the 2MASS and Gaia
magnitudes. This approach allowed us to minimise any system-
atic effect related to flat-fielding, vignetting and atmospheric tur-
bulence. For each acquired image, we then averaged the values
for the magnitudes obtained using the three stars.

We performed further processing on the spectroscopic data
through standard spectral calibration procedures with IRAF.
Wavelength calibration was performed using an Argon arc lamp
spectrum acquired immediately after the science exposures.
Background subtraction was done by fitting and subtracting a
cubic spline function along every constant-wavelength column
in the two-dimensional spectral image, fitting only the back-
ground and ignoring stellar spectra and cosmic rays in the image.
During the spectral extraction from a tilted rectangular aperture,
a cleaning algorithm was applied to remove cosmic rays from the
resulting spectrum. Relative flux calibration was performed for
all the spectra, using observations of spectrophotometric stan-
dard stars at exactly the same RSS configurations as the J1109
observations. The 2018 March 4 target spectra were calibrated
using a spectrum of HILT600 obtained on 2018 February 28,
while the 2018 July 6 target spectrum was calibrated with a spec-
trum of LTT1020 obtained on 2018 November 11.

3.2. XMM-Newton optical monitor

The Optical/UV Monitor Telescope (OM; Mason et al. 2001) on
board XMM-Newton (Jansen et al. 2001) observed J1109 starting
on 2018 June 20 at 20:05:09 UTC (observation ID: 0764344301,
PI: A. Papitto). It collected the data both in the “Image” and
“Fast Window” modes using the B filter (3975-5025 A). Only

¢ https://astronomers.salt.ac.za/software/
pysalt-documentation/
7 http://iraf.noao.edu/
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Fig. 3. Zoom of the optical images of the field around J1109 obtained on 2018 March 4 using SALTICAM. North is up, east to the left. Images
acquired in the same filter were co-added, yielding total net exposures of 300s, 200s and 100s in the ¢, r’ and i’ filters, respectively. The white
strip is due to the gap between the two CCD chips. The blue arrowhead in each panel indicates the position of the source in the second Gaia data

release located within the error circle of J1109 (as determined using Chandra data). See the text for details.

Table 1. Journal of all X-ray pointed observations of J1109.

Satellite Obs. ID Instrument Mode Start — End time Net exposure  Net count rate
(UTC) (ks) (counts s~ 1)

Swift 00037050001 XRT PC 2008 Jan 22 00:18:35 — 2008 Jan 22 11:33:56 34 0.041 +0.003
Swift 00037050002 XRT PC 2008 Feb 11 18:50:37 — 2008 Feb 11 19:02:57 0.7 0.025 +0.006
Chandra 9066 ACIS-I TE FAINT 2008 Sep 12 14:39:22 — 2008 Sep 12 16:44:12 5.1 0.182 +0.006
Swift 00037050003 XRT PC 2009 Feb 25 05:15:40 — 2009 Feb 25 08:34:56 1.4 0.066 +0.007
Swift 00037050004 XRT PC 2018 Feb 23 03:13:45 — 2018 Feb 23 06:01:12 1.7 0.035 +0.005
Swift 00037050005 XRT PC 2018 Feb 28 03:49:52 — 2018 Feb 28 05:46:53 3.0 0.039 +0.004
XMM-Newton 0764344301 EPIC pn FT 2018 Jun 20 20:36:41 — 2018 Jun 21 14:27:22 62.8 0.584 +0.004
EPIC MOS 1 LW 2018 Jun 20 19:56:41 — 2018 Jun 21 14:27:03 65.4 0.172 +0.002

EPIC MOS 2 SW 2018 Jun 20 19:59:25 — 2018 Jun 21 14:29:28 64.1 0.199 +0.002

NuSTAR 80101101002 FPMA Science 2018 Jun 20 10:01:09 — 2018 Jun 21 18:01:09 67.5 0.065 +0.001
FPMB Science 2018 Jun 20 10:01:09 — 2018 Jun 21 18:01:09 67.5 0.060 +0.001

Notes. PC stands for “photon counting”, TE FAINT for “timed exposure” with faint telemetry format, FT for “fast timing”, LW for “large window”
and SW for “small window”. The average net count rates refer to the 0.3—-10keV energy band for Swift and XMM-Newton data, to the 0.3-8 keV
energy band for Chandra data, and to the 3-79 keV energy range for NuSTAR data.

seven exposures were acquired in the image mode (each lasting
4.3-4.5ks), owing to an instrument anomaly during the observa-
tion (Ballo, priv. comm.).

We reduced the data using the oMICHAIN and OMFCHAIN pro-
cessing pipelines of the XMM-Newton Science Analysis System
(sas v. 17.0.0). We corrected residual boresight errors in each
image by cross-matching the positions of the sources detected
with those appearing in the second Gaia data release.

4. X-ray observations
4.1. XMM-Newton EPIC and RGS

J1109 was observed with the European Photon Imaging Cameras
(EPIC) and the Reflection Grating Spectrometer (RGS) arrays
on board XMM-Newton for about 68 ks on 2018 Jun 20-21 (see
Table 1). The pn camera (Striider et al. 2001) was set in fast
timing (FT) mode (time resolution At.s ~ 29.52 us) using the
thin filter. The MOS1 and MOS2 cameras (Turner et al. 2001)
were operated in large (At,s ~ 0.9s) and small (At ~ 0.35)
window modes, respectively, using the thin filter. The RGSs
(den Herder et al. 2001) were operated in the standard spec-
troscopy mode (At.s ~ 5.7 s) throughout the observation. How-
ever, the RGS data were discarded from our analysis, as the low
signal-to-noise ratio (S/N) precluded any meaningful study of
the source X-ray emission properties.
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We processed the raw EPIC observation data files within sas,
using the most up to date calibration files available. We extracted
a light curve of single-pixel events (paTTERN = () for the whole
field of view (FoV) and for each EPIC instrument, and filtered
out the datasets corresponding to the initial ~3 ks of the observa-
tion, as these were affected by a slightly enhanced background
flaring activity. For the pn camera we extracted the source
counts within a ten-pixel-wide strip orientated along the read-
out direction of the CCD and centred on the brightest column
of CCD pixels (RAW-X = 37; one EPIC pn pixel corresponds
to 4.1 arcsec). Background events were accumulated within a
3-pixel-wide region far from the position of the source (3 <
RAW-X < 5). For the two MOSs, source counts were collected
within a circle with a radius of 30 arcsec, and the background
from a circle of the same size located on the same CCD. The
average source net count rate over the 0.3—10keV energy band
was 0.584 + 0.004 counts s~! for the pn, 0.172 +0.002 counts s~
for the MOS1 and 0.199 + 0.002 counts s~ for the MOS2. For
the timing analysis, we referred the photons’ arrival times of all
event lists to the Solar System barycentre reference frame using
the DE-200 Solar System ephemeris (which we adopt in the fol-
lowing for all data sets). We extracted the light curve of J1109
over the 0.3—10 keV energy range by combining the background-
subtracted and exposure-corrected time series from each cam-
era during the periods when all three instruments acquired data
simultaneously. For the spectral analysis, we retained only sin-
gle and double pixel events optimally calibrated (PATTERN < 4,
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Fig. 4. Images of the sky region around J1109 in different broad X-ray energy ranges obtained using different instruments. Top panel: INTEGRAL
IBIS/ISGRI 20-40 keV mosaicked image. Galactic coordinates are reported. The grey scale is proportional to the X-ray flux. All sources detected
in the field are labelled (J1109 is labelled in bold). Lower panels, left: NuSTAR FPMA+FPMB 3-79keV image with sub-pixel binning. The
50 arcsec circle adopted to extract the source photons is overlaid. The colour code indicates the S/N at the different positions in the image. Lower
panels, right: Swift BAT 15-150keV image. The colour code indicates the S/N at the different positions in the image (negative values are in
logarithmic scale). Different scales have been adopted for the images in the lower panels (more enlarged from left to right).

FLAG = ). We produced the redistribution matrices and effec-
tive area files for each spectrum, and grouped the background-
subtracted spectra following the optimal binning prescription of
Kaastra & Bleeker (2016). We restricted the spectral analysis of
the pn data to energies above 0.7 keV, owing to known calibra-
tion issues of this instrument at low energy when operating in
the FT mode.

4.2. NuSTAR

The Nuclear Spectroscopic Telescope Array mission (NuSTAR,
Harrison et al. 2013) observed J1109 on 2018 June 20-21 (obs.
ID: 80101101002; PI: A. Papitto) for an elapsed time of 115.2 ks
and an effective net on-source exposure time of about 67.5ks.
The observation began ~10h before and ended ~3.5h after
the XMM-Newton pointing, thus yielding complete simultaneity
with the XMM-Newton observation (see Table 1). We processed
the data using the script NUPIPELINE (v. 0.4.6) under the NusS-
TAR Data Analysis Software (NusTARDAS V. 1.9.3%), and adopted
the most recent instrumental calibration files (v20180419). We
also filtered the data excluding time intervals related to pas-
sages of the satellite through the South Atlantic Anomaly (SAA),

8 NusTARDAs V. 1.9.3 is distributed along with HEASOFT V. 6.25.

and corrected for drifts of the spacecraft clock adopting the
NuSTAR clock file v. 82. The combined image of the field
around J1109 extracted using both focal plane modules (FPMA,
FPMB) is shown in the inset of Fig. 4. For each FPM, we
collected the source counts within a circular region of radius
50arcsec, and background photons from a circle of radius
135 arcsec located on the same detector chip far away from the
source. The average source net count rate over the 3-79keV
energy band was 0.065 +0.001 countss™! for the FPMA and
0.060 +0.001 counts s~ for the FPMB. We referred the pho-
tons’ times of arrival to the Solar System reference frame.
Background-subtracted and exposure corrected light curves,
source and background spectra, response matrices and ancillary
files were created separately for each FPM using NuPrRODUCTS
(v. 0.3.0). The light curves were combined to increase the S/N,
and to probe the variability pattern of the source more in detail in
the hard X-ray band. The spectra were grouped using the scheme
of Kaastra & Bleeker (2016), as for the XMM-Newton data sets.

4.3. ROSAT

J1109 entered the FoV of the Position-Sensitive Proportional
Counter (Pfeffermann et al. 1987) on board the Roentgen Satel-
lite (ROSAT) for ~430s on 1991 January 18-21, during the
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satellite all-sky survey (sequence ID: RS932816N00). The
source was detected at a count rate of (27 +9)ks™! in the 0.1-
2.4keV energy band, computed applying the sosTa tool of xm-
AGE (v. 4.5.1) on the processed image.

4.4. Swift XRT

J1109 was observed three times with the X-ray Telescope (XRT;
Burrows et al. 2005) on board Swift (Gehrels et al. 2004) in 2008
and 2009. We requested two additional pointings more recently,
on 2018 February 23 and 28, to assess the source flux after
a decade-long gap of X-ray observations of the field, and to
unveil possible long-term spectral and flux variations of the soft
X-ray emission. In all cases, the XRT was configured in the pho-
ton counting (PC) mode, yielding a readout time of ~2.5s (see
Table 1).

We processed all data with standard screening criteria and
generated exposure maps with the task XRTPIPELINE (v. 0.13.4)
from the rroorLs package. We extracted the source and back-
ground event lists and spectra using a circular region with a
radius of 20 pixels (corresponding to 90% of the XRT encir-
cled energy fraction at 1.5keV) and an annulus with inner and
outer radius of 40 and 80 pixels, respectively (one XRT pixel
corresponds to about 2.36 arcsec). For all the observations we
extracted exposure-corrected and background-subtracted light
curves using XRTLCCORR and LcMaTH (the latter accounting also
for different areas of the source and background extraction
regions). We created the observation-specific ancillary response
files, assigned the appropriate redistribution matrix available in
the HEAsARC calibration data base, and filtered out photons with
energy below 0.3 keV. Because some of the spectra were charac-
terised by too few counts for the y2-fitting, we decided to group
each dataset so as to contain at least 5 counts in each spectral
bin, and used the Cash statistics (Cash 1979).

4.5. Chandra

The Chandra X-ray Observatory observed the field of J1109
with the imaging array of the Advanced CCD Imaging Spec-
trometer (ACIS-I; Garmire et al. 2003) for ~5ks on 2008
September 12, as part of a programme aimed at localising and
characterising the soft X-ray counterparts of unclassified INTE-
GRAL sources (Tomsick et al. 2009). The ACIS-I was set in full-
imaging timed-exposure mode (frame time of 3.24 s) with faint
telemetry format.

We re-analysed the data following the standard analy-
sis threads for a point-like source with the Chandra Inter-
active Analysis of Observations software (ciao, v. 4.10;
Fruscione et al. 2006) and the calibration files stored in the
Chandra caps (v. 4.8.1). First, we reprocessed the data using
the cHANDRA_REPRO script. The exposure-corrected image of the
sky region around J1109 is shown in Fig. 1. J1109 was located
far off-axis, about 5.8 arcmin away from the position of the aim
point. Because the shape and size of the ACIS point spread func-
tion are known to change significantly as a function of the off-
axis angle, we decided to apply the psFsizE_srcs tool to esti-
mate the radius of the 90% encircled counts fraction in the 0.5—
7.0keV energy band at a similar offset angle. Source photons
were hence collected within a circular region with a radius of
Sarcsec. The background was extracted from an annulus cen-
tred on the source location, with inner and outer radius of 6 and
12 arcsec, respectively. We visually inspected the time series of
the background emission, and did not find any flaring episode
during the whole duration of the observation, regardless of the
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Table 2. Log of the XMM-Newton EPIC pn slew observations of J1109.

Slew ID Date Exposure Net count rate  Detection
(s) (countss™')  likelihood
9222600004 2012 Feb 4 10 0.7+0.3 ~25
9259600004 2014 Feb 11 7 0.6+0.3 ~17
9312700008 2017 Jan 5 6 09+04 ~19

Notes. The pn was configured in the full frame mode in all cases. The
average net count rate refers to the 0.2-12 keV energy band.

adopted time bin. We hence retained all datasets in the following
analysis. We then restricted the analysis to the 0.3-8 keV energy
interval, where the calibration of the spectral responses is best
known. The average source net count rate in this energy band
was 0.182 + 0.006 counts s~!. The times of arrival of the source
photons were referred to the Solar System reference frame.
The source and background spectra, the associated redistribu-
tion matrix and ancillary response file were generated by means
of the sPECEXTRACT script. The background-subtracted spectrum
was rebinned as explained by Kaastra & Bleeker (2016).

4.6. XMM-Newton slew observations

The field of J1109 was covered by XMM-Newton slew obser-
vations on 2012 February 4, 2014 February 11 and 2017
January 5, when the spacecraft was moving between sched-
uled pointing positions during revolutions 2226, 2596 and 3127,
respectively (see Table 2 for a journal of the observations).
The slew observations are based on data from the pn camera
alone, with the medium optical blocking filter in place. The in-
orbit slew speed of 90° h™! translates into exposure times in the
1-11 s range, yielding a sensitivity limit on the observed flux of
~1.2 x 1072 ergem™2s7! over the 0.2-12keV energy interval
(see Saxton et al. 2008). We ran the ESLEWCHAIN and ESLEWSEARCH
tasks of sas to process the data and compile a list of detected
sources, respectively®. J1109 was detected at a count rate of
0.7 0.3 countss™!, 0.6 + 0.3 countss~! and 0.9 + 0.4 counts s~/
over the 0.2-12keV energy band in 2012, 2014 and 2017,
respectively (see Table 2). Hence, the count rate was consis-
tent with being the same within the uncertainties along the three
epochs.

4.7. INTEGRAL

The field around J1109 was observed with the Interna-
tional Gamma-Ray Astrophysics Laboratory (INTEGRAL;
Winkler et al. 2003) from 2003 January 29 to 2018 February
28, covering the satellite revolutions 36-1916. We processed
and analysed all the publicly available data using the Off-line
Scientific Analysis software (osa v. 10.2) distributed by the
INTEGRAL Science Data Centre (Courvoisier et al. 2003).

The INTEGRAL observations are divided into “science win-
dows” (SCWs), i.e. pointings with typical durations of ~2-3 ks.
For the analysis we retained all SCWs for which the source was
located within an off-axis angle from the centre of the instru-
ment FoV of 12° for the ISGRI detector (Lebrun et al. 2003)
on the IBIS instrument (Ubertini et al. 2003) and 3.5° for the
JEM-X (Lund et al. 2003). These choices allowed us to minimise

% https://www.cosmos.esa.int/web/xmm-newton/
sas-thread-epic-slew-processing
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the instruments calibration uncertainties'®, and led to a selection
of a total of 4078 SCWs.

We extracted the IBIS/ISGRI and JEM-X mosaic images by
combining the images acquired in the single SCWs. J1109 was
detected in the IBIS/ISGRI 20—40keV mosaic (effective expo-
sure of 6962 ks) at a significance of 6.90 and average count rate
of 0.07 +0.01 countss™" (this corresponds to 0.5+ 0.1 mCrab,
i.e. roughly 4 x 10712 ergcm™2s~!). The source was instead not
detected by JEM-X, and we estimated a 30 upper limit on its
3-20keV flux of 0.6 mCrab (roughly 1.4 x 10~!! ergem™2s71)
from the mosaic. Figure 4 shows a zoom of the IBIS/ISGRI
mosaic of the region around the source.

Given the relatively low detection significance in the
IBIS/ISGRI mosaic, we extracted for this instrument a single
spectrum integrating over the entire exposure time available. A
power-law fit to the 20-50keV spectrum yielded a photon index
of '=3.3+1.9andaflux ~6 x 1072 ergcm™2 s~! (reduced chi-
squared X?e 4 = 0.3 for 3 degrees of freedom, d.o.f. hereafter). In
Sect. 6.2.3 we will fit again the spectrum by fixing the photon
index to the better constrained value measured by the joint spec-
tral fits of the XMM-Newton and NuSTAR datasets.

We also inspected all IBIS/ISGRI SCWs to search for possi-
ble few ks-long flares from the source. We extracted the light
curves with a time resolution of 1 SCW over the 2040keV,
40-80keV and 20-100keV energy bands, but found no signifi-
cant detections.

4.8. Swift BAT

The field has been continuously monitored in the hard X-ray
range also by the BAT (Barthelmy et al. 2005) on board Swift,
since the satellite launch. The hard X-ray counterpart of J1109,
also listed in the fourth Palermo BAT catalogue with the name
of 4PBCJ1109.3—-6501, was detected at an average count rate of
(14+0.2) x 107 counts s~! over the 15-150keV energy inter-
val between 2004 December and 2017 October, at a S/N of 7.3
(see the inset in Fig. 4). We downloaded the eight-channel aver-
age spectrum, the response matrix file and the light curve binned
at 360d from the archive publicly available at the Palermo BAT
survey website.

The spectrum is well described by a power law with photon
index of ' = 1.6 +0.3 ()(rzed = 1.44 for 6 d.o.f.), yielding a flux of

~7.8 x 1072 ergem™2 57! over the 15-150keV energy interval.
The value for the photon index is compatible within the uncer-
tainties with that derived from the spectral fit of the INTEGRAL
data over a narrower energy interval (see Sect. 4.7). In Sect. 6.2.3
we will fit again the spectrum by fixing the photon index to the
value measured with the joint XMM-Newton and NuSTAR spec-
tral fits.

5. Radio observations

We observed the field around J1109 with the Australia Tele-
scope Compact Array (ATCA; Frateretal. 1992) on 2018
June 20 between 10:16:12 UTC and 15:42:36 UTC simulta-
neously at central frequencies of 5.5 and 9.0 GHz. The data
were recorded utilising the Compact Array broad-band Backend
(CABB; Wilson et al. 2011), comprised of 2048 1 MHz chan-
nels. The total on-source integration time was ~4.8 h, entirely
overlapping with the NuSTAR observation.

Data were processed and imaged following standard pro-
cedures within the Common Astronomy Software Applications

10 http://www.isdc.unige.ch/integral/analysis

Table 3. Journal of the photometric observations of J1109 performed
with SALTICAM on 2018 March 4.

SDSS filter  Start time Magnitude
(UTC)
r 00:52:29.33  19.90+0.02
g 00:54:49.53  20.74+0.03
g 00:58:56.95 20.44 +0.01
i’ 01:01:34.63  19.08 =0.06
r 01:08:19.93  19.52+0.01
g 01:12:47.80 20.53 +0.01

Notes. Each exposure lasted 100s. Magnitudes are not corrected for
intervening absorption along the line of sight towards J1109.

package (casa version 4.7.2; McMullin et al. 2007). We used
1934-658 as the primary bandpass and flux calibrator, and
1059-63 (~1.8° away) as the phase calibrator. Images were
produced using a Briggs robustness parameter of 2 (natural
weighting) to maximise sensitivity. With the array in the 1.5A
array configuration, this choice provided angular resolutions of
6.0 arcsec X 2.5 arcsec at 5.5 GHz and 3.6 arcsec X 1.4 arcsec at
9.0 GHz, with a position angle of 68° (measured from north
towards east).

6. Results
6.1. The optical emission

The optical counterpart was detected in all the SALTICAM
frames (see Table 3). The emission was highly and rapidly vari-
able, increasing by ~0.3 mag and ~0.4 mag in the ¢’ and 7’ filters,
respectively, on timescales of hundreds of seconds. J1109 was
also only detected in two consecutive XMM-Newton OM images
(out of seven exposures), at a magnitude B = 20.47 +0.09 and
B =20.45 £0.09 in the Vega system. This shows that the optical
variability extends to longer timescales, of the order of a few ks.
Interestingly, these two detections correspond to time intervals
when flaring activity was registered in the X-ray band during the
last part of the observation (see Sect. 6.2.1), possibly suggest-
ing a correlated variability pattern. However, the low S/N in the
two OM images precluded any meaningful characterization of
the optical variability and of a possible correlation between the
optical and X-ray emissions.

All three spectra showed prominent, broad Balmer emission
lines with variable profiles in time (see Fig. 5 and Table 4). On
the other hand, the low-resolution spectra did not allow us to
identify possible absorption features of the donor star.

6.2. The X-ray emission
6.2.1. Timing properties

The light curve extracted from XMM-Newton EPIC data is
reported in Fig. 6. It shows unpredictable, substantial, rapid
changes in the net count rate on timescales as short as 30s. A
bimodal trend of the net count rates was particularly evident over
the first ~49 ks of the observation: during a few time instances,
the net count rate dropped sharply to zero for elapsed times rang-
ing from a minimum of a few tens of seconds up to about half
a hour (e.g. during the time intervals 3.8-4.5ks, 35.0-36.2ks
and 47-49 ks in Fig. 6). These flat-bottomed dips showed asym-
metric profiles with a variety of timescales for the changes of
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Fig. 5. Left-hand panel: low-resolution optical spectrum of J1109 obtained from the average of the two spectra acquired on 2018 March 4
using SALT RSS (total exposure of 2000s), and restricted to the 4100-8600 A wavelength range. The gaps over the 4530-4630 A and 7790-
7860 A wavelength ranges are due to the gaps between the CCD chips in the RSS. The most prominent emission features as well as the telluric
(atmospheric) O, absorption feature are labelled. Right-hand panel: zoom on the wavelength ranges around the HB and Ha emission lines for
the three spectra (in black, red and blue following the chronological order of spectra acquisition). Spectra were normalised to the continuum, and

shifted along the vertical axis for better visualization.

Table 4. Properties of the Balmer emission lines of J1109 measured for
the three spectra acquired with SALT RSS (see the text for details).

Line Equivalent width (A)  Full-width at half-maximum (A)

Specl Spec2 Spec3 Specl Spec2 Spec3
Hy 8(1) 5.0(1) 21(1) 30(5) 72 56(3)
HB 15(1) 22(2) 16(3) 24(1) 16(3) 15(1)
Ha 32(1) 45(5) 48(6) 18.2(1) 20(2) 14.8(2)

Notes. Numbers in parentheses denote the uncertainty on the last quoted
digit.

the net count rates at the beginning and at the end of the dips,
between tens of seconds and about ten minutes. Following a
prolonged dipping episode lasting about half a hour, the source
underwent a rather powerful flare (during the time interval
49.0-49.8 ks in Fig. 6) with a peak count rate of ~2.8 countss™'.
It then entered a period of erratic (i.e. no more bimodal) vari-
ability characterised by a lower average count rate and spo-
radic flaring episodes superposed. These episodes exhibited
different profiles (e.g. saw-toothed, triangular, flat-top, mono-
and double-peaked) and variable duration in the range
~1-10min, and reached slightly different peak intensities.

This change in the emission pattern can be visualised more
clearly in the top-left panel of Fig. 7, where we report the dis-
tribution of the count rates separately for the first and second
part of the observation. The morphologies of the two distribu-
tions are clearly different. The former (black colour in the figure)
displays a double-peaked profile, which is adequately described
by the superposition of two log-normal distributions with cen-
troids at 0.11*5:9% counts s™' and at 1.077 +0.008 countss™" for
the secondary peak and the more prominent peak, respectively

rzed = 1.2 for 9 d.o.f.). Based on the F-test, the inclusion
of a second log-normal distribution component yielded a null-
hypothesis probability of ~3 x 1073. The latter (red colour
in the figure) is instead characterised by a single peak that is
located in between the two peaks recorded during the first part
of the observation, at a value of ~0.6 counts s~!. The distribution
decays smoothly with increasing count rate, and an additional,
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separate tail appears at 2.2 counts s~!. It is related to the above-
mentioned flaring activity (no flares were instead registered over
the first 49 ks of the observation).

A very similar variability pattern on the same timescales was
observed at higher energy in the nearly simultaneous NuSTAR
datasets, as well as in archival Chandra datasets. In particu-
lar, the NuSTAR data showed that J1109 maintained the state
of erratic variability (and underwent a few more flares) at least
until the end of the observation, hence for at least ~12.7 ks after
the end of the XMM-Newton pointing. We show the distribution
of count rates derived from the NuSTAR and Chandra data and
the corresponding light curves in the middle and bottom pan-
els of Fig. 7, respectively. The histograms display a bimodal
shape, although the relatively scarce photon counting statistics
precludes a detailed sampling of the count rate distribution as
for the XMM-Newton EPIC data.

We did not find any evidence for the presence of a recur-
rence time between consecutive dips or flares. Moreover, we did
not observe any (anti-)correlation between the dip duration and
the time elapsed before the occurrence of the following dip, or
between the peak intensity reached during flares and their flu-
ence, rise and/or decay time or overall duration.

To investigate correlations and lags between the soft and
hard X-ray emissions, we extracted the light curves separately
over the 0.3-2keV and 2-10keV energy ranges for the XMM-
Newton EPIC data sets, and over the 3—7.5keV and 7.5-79 keV
energy intervals for the NuSTAR data. These energy ranges were
selected so as to achieve a comparable number of source net
counts in both bands. We computed the z-transformed discrete
correlation function (zDCF) between the light curves adopting
the algorithm developed by Alexander (1997), which is based
upon the DCF method of Edelson & Krolik (1988). It is partic-
ularly effective for unevenly sampled datasets, as those acquired
by NuSTAR. The zDCFs are reported in Fig. 8, and display a
symmetric shape with a prominent peak at zero lag. We calcu-
lated the uncertainty on the peak width using the maximum like-
lihood method by Alexander (2013), and found the peak location
to be consistent with absence of time lag (at 1o~ c.1.)'!.

" We used the codes available at http://www.weizmann.ac.il/
particle/tal/research-activities/software
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Fig. 6. 0.3-10keV background-subtracted and exposure-corrected light curve of J1109 obtained with XMM-Newton EPIC with a time bin of 30s.

Hereafter we define three different flux modes taking the
EPIC 0.3-10keV light curve as a baseline. We adopted the fol-
lowing selections for the count rate ranges: >2.2 counts s~ over
the whole duration of the observation for the flare mode (leading
to a total of eight distinct flaring episodes); [0.8—1.8] counts s~
and <0.4 counts s~! during the first 49 ks of the observation for
the high and low modes, respectively (see again Fig. 7). We
checked that slightly different choices for the count rate thresh-
olds yielded very similar results in the following analyses. Based
on these choices, we estimated that J1109 spent fractional times
of ~2, ~63 and ~12% in the flare, high and low modes, respec-
tively, during the XMM-Newton observation. The source spent
also a non-negligible amount of time in a “transition” region,

during which it switched back and forth across the different
modes and hence attained values for the count rate outside the
boundaries defined above. The lack of time delays between the
soft and hard X-ray emissions (see above) led us to apply the
good time interval files associated to the three modes in the EPIC
data directly to the strictly simultaneous NuSTAR event files, and
single out the flux modes over a broader energy interval. The
resulting exposure times and count rates for the X-ray modes
and the different X-ray instruments are listed in Table 5.

We computed a power density spectrum (PDS) over the
whole EPIC pn observation length to search for periodicities
having a probability smaller than p = 2.7 x 1073 (corresponding
to a 30 c.l.) of being compatible with counting noise. No signal

A211, page 9 of 21


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201834835&pdf_id=6

A&A 622, A211 (2019)

T T

£ F I
% 100 > 2%, 3k ‘ ‘ E
| e :
= : S£g 20 | ﬁ E
kS w33 qE .j
5 10 L 338 (O
[ E 0 F A ‘ 4
'g E | | . | E|
E] 1 | | 0 2x10* 4x10* 6x10*
Z . .

0 1 2 3 Time (seconds since 2018 Jun 20 20:36:40.906 UTC)

XMM-Newton EPIC 0.3-10 keV count rate (counts s™!)

[T T T T
»n L T 5
i > 2% a2 E
o 200 [ TESLS | :
<5 o255 1¢E E
= N E | f
© (RO RS £ ‘ =
;o o5 AU WAMN IRk W
,@ : 0 E" ! ™ ] A . ; I AL
E A , , , 0 5x10* 10°

0 0.2 0.4 0.6 0.8 Time (seconds since 2018 Jun 20 10:21:55.347 UTC)

NuSTAR FPMs 3-79 keV count rate (counts s!)
30 i T T T T T

E T T T T T T T
fa)
¢ 20 | 1= 84, 04 .
5 %52
o | 3 8 0.2 -
5 10 f | 4°9=
@ | —'—\_‘_‘ 0t PO e L U R R
E 1 1 1 A - 4000 5000 6000 7000 8000

0.1 0.2 0.3 0.4
Chandra ACIS-1 0.3-8 keV count rate (counts s™)

Time (seconds since 2008 Sep 12 14:36:22.3 UTC)

Fig. 7. Distribution of the count rates (left-hand panels) obtained from the binned background-subtracted and exposure-corrected light curves of
J1109 extracted using different X-ray instruments (right-hand panels). The vertical error bars in the distributions are evaluated as the square root
of the number of time bins measured in the corresponding count rate interval (i.e. as the standard deviation of a Poisson distribution). Top panel:
from the XMM-Newton EPIC 30-s binned light curve, separately for the first 49ks (in black) and the last 16 ks (in red) of the observation. The
black solid line represents the best-fitting model for the former distribution, i.e. the superposition of two log-normal distributions (see the text for
details). A logarithmic scale was adopted for the vertical axis, for better visualization. Middle panel: from the NuSTAR FPMA+FPMB 40-s binned
light curve. The ~3-ks long gaps in the light curve are due to Earth occultation. Bottom panel: from the Chandra ACIS-I 40-s binned light curve.

Table 5. Journal of the X-ray modes of J1109 from the simultaneous XMM-Newton EPIC and NuSTAR data sets, and results of the spectral fits.

Mode Instrument Net exposure  Net count rate r Absorbed flux Unabsorbed flux Luminosity sze 4 (do.f)
(ks) (counts s~ 1) (1072 ergem™2s71) (1072 ergem™?s™") (103 dﬁ ergs!)
EPIC pn 1.0 1.54 +£0.04
EPIC MOS 1 1.0 0.44+0.02
Flare =~ EPIC MOS2 1.0 0.51+£0.02 1.68 £0.04 10.7+£0.5 27+2 52+04 0.89 (75)
FPMA 0.4 0.13+0.02
FPMB 0.4 0.13+0.02
EPIC pn 31.0 0.728 + 0.006
EPIC MOS 1 31.3 0.216 +0.003
High EPIC MOS 2 30.8 0.248 £0.003  1.61+0.01 5.42+0.06 142+0.3 2.72+0.06 1.19 (437)
FPMA 19.9 0.081 +0.002
FPMB 20.0 0.073 +0.002
EPIC pn 5.7 0.063 +0.008
EPIC MOS 1 5.8 0.016 +0.002
Low  EPICMOS2 5.7 0.018+0.002  1.5+0.1 0.56+0.09 16793 0.317210 1.05 (26)
FPMA 4.2 0.007 £ 0.002
FPMB 4.2 0.005 +0.002

Notes. The net count rates refer to the 0.3—10keV energy band for XMM-Newton data and to the 3—79 keV energy range for NuSTAR data. Spectra
were fitted with an absorbed power law model with column density fixed to the average value, Ny = 5.3 x 10?! cm™2. Fluxes and luminosities are
quoted over the 0.3-79 keV energy band. Luminosities were computed assuming a distance of D = 4 kpc and isotropic emission.
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was detected over the 0.3—10keV energy range, and we set an
upper limit of A < 4.5% (30 c.1.) on the root mean squared (rms)
amplitude for any coherent signal with frequency lower than
1.5 kHz. We notice, however, that tMSPs in the sub-luminous
accretion disk state showed a coherent X-ray signal only dur-
ing the high mode (Archibald et al. 2015; Papitto et al. 2015).
Moreover, we point out that a coherent X-ray signal searched
over the whole 17 h-long observation could be easily washed
out if the putative pulsar belongs to a tight binary system with
an orbital period of a few hours (as for the case of tMSPs),
owing to Doppler frequency shifts induced by the motion of the
compact object along the orbit. Hence, we carried out a more
honed search for periodicities selecting the time intervals corre-
sponding to the high mode, and accounting for the effects of the
unknown binary orbital motion as follows. First, we performed
a search over time intervals of length Ar = 495 s, which repre-
sents the optimal choice for a circular orbit, a sinusoidal signal
with a period of 2.5 ms, an orbital period of 12 h, a mass for the
donor star of 0.3 My and a system inclination of i ~ 45° (see
Eq. (21) by Johnston & Kulkarni 1991). We derived a very loose
upper limit of A < 67% on the rms pulse amplitude. We obtained
a more constraining limit of A < 41% considering time inter-
vals of length 2A¢. Shorter time intervals should be considered
to search effectively for a signal from a faster-spinning pulsar in

a tighter orbit (Af o« Pl ZPZT/S , Where P is the spin period of
the pulsar and P,y is the binary orbital period). However, the
count rate of J1109 (~0.5 counts s~!) is so low that a search over
time intervals Ar < 495 s would be meaningless, as the ampli-
tude sensitivity would be > 100%. We then applied a quadratic
coherence recovery technique (Wood et al. 1991; Vaughan et al.
1994). This is an acceleration search method that relies on the
assumption that the sinusoidal Doppler modulation of the pho-
tons’ times of arrival caused by the motion along a circular orbit
can be approximated well by a parabola over a restricted time
interval. We considered time intervals of length 2A¢, i.e. the most
effective for a spin period of 2.5 ms, an orbital period of 2.4 h,
a mass for the donor star of 0.3 M and a system inclination of
i ~ 45° (see Eq. (22) by Johnston & Kulkarni 1991). We cor-
rected the times of arrival in each time interval using the relation
¢ = ar*, where

_ Lasin()(2x\( 27 : .
0 =3 ST =) sino,

6]

a sin(i)/c is the projected semi-major axis of the NS orbit and
¢o is the orbital phase at the beginning of the time series. We
varied the coeflicient of the quadratic term in steps equal to
Sa = 2.4 x 10719571 over the range —1.4 x 1077 57! < o <
1.4 x 1077 s7!, i.e. we performed N, = 2amu/da = 1167
quadratic time transformations on each time interval (the step
and the range were computed using Eq. (4) by Vaughan et al.
1994, assuming the values for the spin and orbital periods quoted
above, as well as masses of 1.4 My and 0.3 M, for the NS and
the donor star, respectively). We extracted a PDS from all the
corrected time series, and evaluated the detection level corre-
sponding to a 3¢~ c.l. taking into account the number of quadratic
time transformations in each time interval, the number of time
intervals considered, and the number of independent frequen-
cies examined in the PDS. We did not detect any periodic signal
above this threshold, and set an upper limit of A < 42% (30 c.l.)
on the rms pulse amplitude.

To study the aperiodic time variability of J1109 more in
detail, we extracted the PDS as follows: we first sampled the
EPIC pn light curve with a time bin of 27!2s (~244 us), and
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Fig. 8. z-transformed discrete correlation functions (zDCFs) between
the light curves of J1109 extracted in the soft and hard X-ray
energy bands from XMM-Newton EPIC pn (top panel) and NuSTAR
FPMA+FPMB (bottom panel) data using a time step of 2s (see
Sect. 6.2.1 for the definitions adopted for the energy bands). The zDCFs
have been normalised so as to account for Poisson noise. Positive time
delays correspond to higher energy photons lagging lower energy pho-
tons. For plotting purpose, an extended range of time delays is shown,
and uncertainties on the values have been omitted.

calculated power spectra into 2''s (2048 s) long consecutive
time intervals (each spectrum is thus characterised by a fre-
quency resolution of ~0.5 mHz and a Nyquist limiting frequency
of 2048 Hz). We then normalised each power spectrum following
the prescription of Leahy et al. (1983), averaged the 30 spectra
so evaluated, and rebinned the resulting spectrum as a geomet-
ric series with a step of 0.2. We estimated a counting statistics
(Poisson) noise level of 1.9999(2) Hz™! by fitting a constant term
to the PDS above 200 Hz, and subtracted it from each power
estimate. The white noise-subtracted PDS was then converted
to fractional variance per unit frequency (Belloni & Hasinger
1990; Miyamoto et al. 1991). The stochastic variability of J1109
is characterised by an increasing noise component towards lower
frequencies (i.e., red noise), which is adequately described by a
power law, P(v) « VP, with 8 = 1.3+0.1 (,\/?ed = 1.0 for 58
d.o.f.; see Fig. 9). We obtained an identical slope when aver-
aging power spectra computed over shorter time lengths (down
to 512 s), and/or when applying different geometrical rebinning
factors to the averaged spectrum. We did not find any evidence
for a turnover in the noise component at low frequencies, not
even in the power spectrum extracted using the whole duration
of the time series (i.e. down to T, ' ~ 20uHz). We integrated
the best-fitting model for the PDS over the 0.5 mHz —-100 Hz fre-
quency interval, and estimated a fractional rms variability ampli-
tude of ~47% for the noise component over this frequency band
(~39% over the 0.5-10 mHz band). We also extracted the PDSs
separately over the 0.3-2keV and 2-10keV energy bands, in
the high and low modes, as well as over the first 49 ks and the
last 16 ks of the observation (the flaring episodes were excluded
from the time series). We did not find any change of the func-
tional shape of the PDS either as a function of energy, flux or
time. We repeated the analysis using the NuSTAR FPMs data,
accounting for the 19 gaps in the time series due to Earth occul-
tation and passages of the satellite through the SAA. We chose
to compute the PDS from the co-added FPM light curves rather
than to adopt the real component of the cross spectrum from
the two light curves (a.k.a. co-spectrum), as the spurious effects
resulting from the instrumental average dead time of ~2.5 ms are
expected to be negligible at the low average count rate of J1109
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Fig. 9. White noise-subtracted power density spectrum of J1109 in the
0.1 mHz-100 Hz frequency range, computed from the EPIC pn data fil-
tered over the 0.3—-10keV energy range. The red dashed line represents
the best-fitting power law model (see the text for details). Post-fit resid-
uals in units of standard deviations are shown in the bottom panel.

(~0.06 counts s~'). Moreover, the PDS provides a better sensi-
tivity to the presence of possible variability features than the co-
spectrum, as the uncertainties on the powers computed with the
PDS are smaller than those obtained with the co-spectrum by
a factor of =272 (see Bachetti et al. 2015). We derived a best-
fitting power law index fully consistent with that inferred from
the analysis of the EPIC pn data. On the other hand, a similar
analysis could not be performed using the Chandra and Swift
XRT data owing to the coarser time resolution of the ACIS-I and
the XRT, as well as the scarce number of source photon counts
available.

6.2.2. Spectral properties

We performed all spectral fits within the Xspec spectral pack-
age (v. 12.10.1; Arnaud 1996). We modelled the photoelectric
absorption by the interstellar medium along the line of sight
via the Tuebingen-Boulder model (TBaBs in xspec), adopting
the photoionization cross-sections from Verner et al. (1996) and
the chemical abundances from Wilms et al. (2000). We fitted an
absorbed power law model to the average XMM-Newton and
NuSTAR spectra, including a renormalization factor to account
for intercalibration uncertainties across the different instruments
(these factors were always found consistent with each other
within the uncertainties in all subsequent fits). We obtained a
satisfactory description of the spectra, with sze ¢ = 110 for
707 d.o.f. The best-fitting parameters were power law photon
index of I' = 1.64+0.01 and absorption column density of
Ny = (5.3+0.1) x 10*' cm™2. The unabsorbed flux was Fy =
(1.13+0.02) x 10" ergcm2s7! over the 0.3-79keV energy
band, translating into a luminosity of Ly = (2.16+0.04) X
10* d2 erg s™' over the same band assuming isotropic emission.
A thermal bremsstrahlung model was instead rejected by the data

red = 1.29 for 707 d.o.f.). More physically-motivated models
for the continuum emission (e.g. Comptonization models) are
beyond the scope of this paper.

The spectra together with the best-fitting absorbed power
law model and the post-fit residuals are shown in the left-hand
panel of Fig. 10. We did not observe structured residuals over
restricted energy intervals across the whole energy range that
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might hint at the presence of narrow and/or slightly broadened
emission/absorption features. We set upper limits on the emis-
sion associated with the iron Ka complex by superimposing to
the power law component Gaussian models centred either at
6.4keV (corresponding to the neutral or low-ionised Fe [ Ka;
and Ka, atomic transitions), 6.7 keV (Helium-like Fe XXV), or
6.97keV (Hydrogen-like Fe XXVI). In all fits, the absorption
column density and the power law photon index were fixed to
their best-fitting values, whereas the Gaussian width was fixed to
zero to mimick lines narrower than the intrinsic spectral energy
resolution of the different instruments. We derived 30 upper lim-
its of 63, 57 and 73 eV for the equivalent width of any Gaussian-
like feature at 6.4, 6.7 and 6.97 keV, respectively.

To check for possible spectral variations either as a function
of time, energy and/or count rate without making any assump-
tion on the spectral shape, we first extracted energy vs. time
images by binning the source counts collected by EPIC pn into
80 s-long time bins and 50 eV-wide energy channels, and those
collected by NuSTAR FPMs into 2.3 ks-long time bins and 1 ke V-
wide energy channels. We then normalised these images to the
time-averaged energy spectrum and the energy-integrated light
curve. Visual inspection of the normalised images did not yield
any evidence for the presence of structured excesses or deficits
of counts with respect to the time-averaged spectrum, i.e. for
the presence of emission or absorption features in the spectrum
that vary in time and/or energy. We also tried different binnings,
and found the same result. As a second step, we computed a few
hardness ratios (HRs) between the time series filtered in the same
energy intervals used to compute the cross-correlation functions
in the X-ray band (see Sect. 6.2.1). We adopted different time
bins between 30 and 60s (40 and 80s) for EPIC (FPMs), so
as to guarantee sufficient photon counting statistics in the bins
corresponding to the low mode, the mode switchings and the
shortest flaring episodes. We also evaluated the HRs by employ-
ing an adaptive rebinning of the source light curves (see, e.g.
Bozzo et al. 2013), so as to achieve a S /N > 10 in each soft time
bin. In none of these cases we did find conspicuous variation
of the HR. We repeated these analyses using slightly different
selections for the energy ranges, and found the same result.

Nevertheless, a comprehensive analysis of several XMM-
Newton data sets of the tMSP PSR J1023+0038 over the past
5 years revealed a non-negligible contribution from a soft, ther-
mal component during the X-ray high mode, which was mod-
elled in terms of radiation from both the NS polar caps and
the accretion disk (with fractional contributions of ~7 and
~3%, respectively; Campana et al. 2016; Coti Zelati et al. 2018).
Hence, we extracted the XMM-Newton EPIC and NuSTAR spec-
tra separately for each mode, and carried out a count rate-
resolved spectral analysis. We fitted an absorbed power law
model to the spectra, fixing Ny at the best-fitting average
value and allowing the photon index to vary (as for the aver-
age spectra, renormalization factors were included to account
for intercalibration uncertainties, and turned out to be always
consistent with each other within the uncertainties). In all cases
we obtained an adequate description of the data, with no need for
an additional thermal component — either a blackbody model,
a model describing the emission from a NS hydrogen atmo-
sphere'? (nsarmos; Heinke et al. 2006), or models reproduc-
ing the multicolour blackbody emission from an accretion disk
(DISKBB, DISKPBB Or DISKFBB) — in any of the modes.

12 The NS mass, radius and distance were held fixed to Mys = 1.4 My,
Rns = 10 km and D = 4 kpc.
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Fig. 10. Background-subtracted X-ray spectra of J1109 extracted over the 0.3-79 keV energy range from the simultaneous XMM-Newton and
NuSTAR observations on 2018 June 20-21. Left-hand panel: spectra relative to the average emission. Black refers to the pn, red to MOS 1, green
to MOS 2, blue to FPMA and cyan to FPMB. Right-hand panel: spectra relative to the flare, high and low X-ray modes separately. Only the
XMM-Newton EPIC MOSI1 (0.3-10keV) and NuSTAR FPMA (3-79keV) spectra are shown for plotting purposes. Orange and red refer to the
flare mode, black and grey to the high mode, and blue and cyan to the low mode. In both panels the best-fitting absorbed power law model is
indicated by the solid lines, and post-fit residuals in units of standard deviations are shown in the bottom panel. Data were re-binned to better

visualise the trend in the spectral residuals. See the text and Table 5 for details.

The results of the spectral analysis for the three modes are
summarised in Table 5, whereas the spectra, best-fitting mod-
els and post-fit residuals are shown in the right-hand panel of
Fig. 10. The 1, 2 and 30 contour plots for the power law index
and the unabsorbed broad-band flux derived from the spectral
fits of each X-ray mode (corresponding to Ay? = 2.30, 4.61 and
9.21, respectively) are reported in Fig. 11. They show that the
values for the photon index in the different modes are compati-
ble with each other (and with the average value) within 20-. We
also fitted an absorbed power law model to the broad-band X-ray
spectra extracted separately for each flaring event and for each of
the three longest episodes of low mode. We resorted to the Cash
statistics owing to the paucity of counts available, and evalu-
ated the quality of each fit by Monte Carlo simulations using the
GoobNEss command within xspec. The power law photon indexes
and fluxes turned out to be compatible with each other and with
the values derived for the corresponding flare and low modes
within the large uncertainties.

Finally, we fitted an absorbed power law model to the spec-
trum extracted using the last 16 ks of the XMM-Newton obser-
vation and after removal of the time intervals corresponding to
the flaring events. We obtained a statistically acceptable result
(,\/rzed = 0.96 for 260 d.o.f.). The best-fitting photon index
was I' = 1.58 £ 0.02, again compatible within the uncertainties
with that measured during both the high and low modes. The
unabsorbed flux was (8.5+0.4) x 107'2ergcm=2s~! over the
0.3-79 keV energy range (yielding a luminosity [1.62 + 0.08] X
103 df erg s~ in the same band), i.e. a factor of ~1.7 lower than
that maintained in the high mode during the first part of the
XMM-Newton observation. We conclude that there are no sig-
nificant changes in the X-ray spectral shape as a function of the
count rate and/or time.

6.2.3. The long-term light curves

The archival observations of the field allowed us to extract the
long-term light curve of J1109 in the soft X-ray band over an
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Fig. 11. 1, 2 and 30 confidence regions for the power law photon index
as a function of the unabsorbed flux over the 0.3-79keV energy band
for the best-fitting models of the flare (orange), high (black) and low
(blue) mode spectra of J1109. The crosses mark the best-fitting values
(see Table 5 for details).

almost three-decade-long time span, between 1991 and 2018.
We first fit an absorbed power law model to all Swift XRT and
Chandra ACIS-I spectra. The absorption column density was
fixed at Ng = 5.3 x 10*! cm™2, the best-fitting value inferred
from the joint fit of the XMM-Newton and NuSTAR spectra.
The power law photon index was allowed to vary, and turned
out to be consistent with being the same in all cases within
the uncertainties. This implies no remarkable changes of the
source spectral shape over the time span covered by the obser-
vations. On the other hand, the paucity of source counts col-
lected during the ROSAT and XMM-Newton slew observations
precluded any meaningful spectral modelling of these data sets.
Hence, we converted the measured count rates into fluxes using
the Portable, Interactive Multi-Mission Simulator (piMms, v. 4.9),
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Fig. 12. Long-term light curves of J1109 in the X-ray bands. Top panel:
over the 0.3-10keV energy range, obtained from data with different
observatories in the time interval from 1991 January 18 to 2018 June
21. Bottom panel: over the 15-150keV energy range, obtained from
data with the Swift BAT in the time interval from 2004 December 8 to
2017 October 1 with a time bin of 360 d.

assuming the best-fitting absorbed power law model derived
from the analysis of the XMM-Newton and NuSTAR data (see
Sect. 6.2.2). The time evolution of the unabsorbed flux of J1109
over the 0.3—-10keV energy band is shown in the top panel of
Fig. 12. The source has maintained a relatively steady emis-
sion level over the time span covered by the observations in
the past 10.5 yr, also comparable to that measured in 1991. The
slight scatter between the data points, particularly evident for
the case of the Swift XRT observations, is likely due to the
fact that the short exposures of these pointings presumably sam-
pled different modes (or a blend of different modes) at the dif-
ferent epochs. Fitting a constant term to the data points yields
Fos-10kev = (4.36 +£0.03) x 10712 ergcm‘z s r2ed = 2.1 for
10 d.o.f.).

We modelled again the cuamulative INTEGRAL IBIS/ISGRI
and Swift BAT spectra with an absorbed power law model
with parameters fixed to those derived from the joint fit of
the XMM-Newton and NuSTAR data. We estimated unabsorbed
fluxes of (5.2+0.8) x 107!2 ergecm™2s~! over the 20-50keV
energy range from the IBIS/ISGRI data (over the period 2003—
2018; the spectral fit yielded y>, = 0.7 for 4 d.o.f.) and

red
(8+1) x 1072 ergem™2s7! over the 15-150keV energy range
from the BAT data (between 2004 and 2017; the spectral fit
yielded sze 4 = 1.24 for 7 d.o.f.). We extracted the hard X-ray
light curve of J1109 again performing a count rate-to-flux con-
version of the light curve downloaded from the Palermo BAT
survey website, assuming the XMM-Newton plus NuSTAR spec-
trum (see the second panel of Fig. 12). J1109 has maintained a
relatively steady flux in the hard X-ray band since 2004 (fitting
a constant to the light curve yielded )(fe 4 =0.77 for 12 d.o.f.).

6.2.4. Upper limits on other persistent point sources
compatible with FL8Y J1109.8-6500

We employed the Chandra datasets to set upper limits on the net
count rate for any persistent point-like soft X-ray source located
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Fig. 13. Naturally-weighted 7.25 GHz image of the sky region around
J1109, extracted from our 4.8 h long ATCA observation on 2018 June
20. A logarithmic scale was adopted for better visualization. The white
circle is centred on the optical position of J1109, with an enlarged radius
of 10 arcsec for imaging purposes. The green ellipse denotes the error
region for the position of the Fermi/LAT gamma-ray source.

within the error ellipse of FL8Y J1109.8—6500 other than
J1109 (we did not consider the XMM-Newton EPIC MOS and
NuSTAR imaging data because the adopted instrumental setups
provided a much smaller coverage of the error ellipse of the
Fermi/LLAT source compared to Chandra). We derived an upper
limit of 8 x 10™*countss~! over the 0.5-7.0keV energy band
(at the 90% c.1.), by means of the srcrLUX tool within c1so. This
limit translates into an unabsorbed flux Fy < (0.3 — 1.9) X
10" ergecm=2 57! over the 0.3—10keV energy band. This value
was estimated with piMms assuming an absorbed power law spec-
trum with column density equal to the contribution expected
within the Galaxy towards the field (Ng ~ 6.7 X 102! ecm™2;
Willingale et al. 2013), and photon index in the range 1 < T" < 4.
This is a factor » 20 smaller than the average unabsorbed flux of
J1109 within the same energy range (see Sect. 6.2.3).

6.3. The radio non-detections

We did not detect any radio counterpart to J1109 in our ATCA
observations. We determined 30~ upper-limits on the flux den-
sity at the position of J1109 of 27 uJy beam™' at 5.5GHz
and 24 uJy beam™! at 9.0 GHz. Stacking the two images pro-
vided our deepest limit of 18 uJy beam™! at a central frequency
of 7.25GHz (see Fig. 13 for the stacked image). Assuming
a flat radio spectrum as typically observed in accreting com-
pact objects, this value translates into a 5 GHz luminosity of
Lsgu, = 4nvFs g, D* < 2.5 x 10* d; ergs™". The radio coun-
terpart was also not detected at either frequency or in our stacked
image when dissecting the observation into the time intervals
corresponding to the X-ray high and low modes recorded with
NuSTAR (see Sect. 6.2.1). From the stacked images, we mea-
sured 30 upper limits of F7r5gH, < 24uly beam™! and
F755 grz < 57 uJy beam™ during the periods of high and low X-
ray modes, respectively. Assuming again a flat spectrum, these
values translate into luminosities of Ls gu, < 4 X 10* d? ergs™
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Fig. 14. Large panel: time-averaged spectral energy distribution of J1109 from the radio to the gamma-ray band. Vertical bars represent 1o
statistical uncertainties, whereas arrowheads indicate 95% upper limits. The blue dashed line represents the best-fitting power-law model for
the average X-ray emission detected with XMM-Newton and NuSTAR, and its extrapolation to the optical and nIR bands. The X-ray spectrum
has not been corrected for absorption. Inset: SEDs of J1109, PSR J1023+0038 (taken from Bogdanov et al. 2015), XSS J12270-4859 (from
de Martino et al. 2015) and 1RXS J154439.4—112820 (from Bogdanov et al. 2018 for the optical, UV and X-ray data) plotted together to highlight
their similarities among these systems in the sub-luminous accretion disk state (we note in particular the virtually identical slope of the power law

model in the X-ray band).

and Ls gu, < 1028 dﬁ erg s7L, respectively. In Sect. 7 we will use
these limits and the luminosities over the 1-10 keV energy inter-
val derived from the analysis of the simultaneous X-ray data (see
Sect. 6.2.2) to place J1109 on the X-ray vs. radio luminosity
plane for accreting compact objects, comparing the source emis-
sion properties with those observed in accreting NSs and, in par-
ticular, other tMSPs.

6.4. The spectral energy distribution

The extensive multi-wavelength datasets collected for J1109
allow us to extract the time-averaged spectral energy distribu-
tion (SED) over a broad range spanning 17 orders of magnitudes
in photon frequency, from the radio to the gamma-ray band. The
SED is shown in Fig. 14.

The line-of-sight extinction towards J1109 over the whole
Gaia wavelength bandpass has not been determined (see
Andrae et al. 2018). To infer the de-reddened optical and nIR
brightness of J1109, we substituted the values for its magnitude
and its colour quoted in the Gaia catalogue, G = 20.08 and

Gp, — Gg, = 1.06 £ 0.02, into the conversion formulas by
Evans et al. (2018). This allowed us to derive the magnitudes in the
Johnson-Cousins (Landolt 2009) and 2MASS filters: V ~ 20.3,
R ~198,1 ~ 194,J ~ 187, H ~ 183 and K; ~ 18.2. We
did not consider the B-band magnitude measured with the XMM-
Newton OM as representative of the average source brightness, as
J1109 was detected only in a couple of exposures (see Sect. 6.1).
The derived nIR magnitudes should be taken with caution, as these
were obtained extrapolating the Gaia magnitude colour outside
the nominal Gaia bandpass. The expected line-of-sight extinction
in the V band can be estimated as Ay 1.85+£0.07, assuming
the neutral hydrogen column density derived from the X-ray spec-
tral fits, Ny = 5.3 x 10*' cm™2, and the empirical conversion
factor Ny /Ay = (2.87+0.12) x 10*! cm 2 mag™' (Foight et al.
2016'%). This value is smaller than the Galactic integrated

13 The formula was derived from X-ray and optical studies of supernova
remnants using the chemical abundances by Wilms et al. (2000), i.e. the
same that we assumed to evaluate the absorption column density towards
J1109.

A211, page 15 of 21


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201834835&pdf_id=14

A&A 622, A211 (2019)

extinction in the same band at the source position derived using
the extinction maps by Schlafly & Finkbeiner (2011), Ay ~ 2.7.
Based on the relations between the extinctions at different wave-
lengths (Schlafly & Finkbeiner 2011), we thus estimated extinc-
tion coeflicients Ag ~ 1.47,A; ~ 1.02,A; ~ 0.48, Ay ~ 0.30 and
Ag, ~ 0.20. The derived de-reddened optical colours V—R ~ 0.11,
R—I ~ —0.05and V-1 ~ 0.07 are consistent with a blackbody ata
temperature of T ~ 11 000 K.

We attempted to constrain the location of the turnover
between the X-ray and gamma-ray power law slopes by fitting a
broken power law model to the SED data points over the 3 keV—
100 GeV energy range, of the form:

. {kvﬁ‘ for 7.254 x 10 Hz < v < vy,
vF, =

_ 2
kvgzvl(}ﬁ‘ P for v, < v <2.418 x 10*° Hz. 2

Here v}, is the break frequency. The best-fitting value for the cut-
off energy was E, = hv, = 49f}g MeV (szed = 0.96 for 197
d.o.f.), where h is the Planck’s constant.

The SED of J1109 is shown also together with those
obtained for PSRJ1023+0038, XSSJ12270-4859 and

1RXS J154439.4—112820 in the inset of Fig. 14.

7. Discussion

The results of our multi-wavelength study of the unidentified
X-ray source J1109 can be summarised as follows.

The optical counterpart was detected at an average magni-
tude of ~20.1 over the 3300-10500 A wavelength range. Con-
siderable variability was observed on timescales ranging from
hundreds to thousands of seconds. In particular, the optical
brightness varied by ~0.3—-0.4 mag over an elapsed time of
less than a ks (see Table 3). Optical spectra obtained at dif-
ferent epochs showed prominent Balmer emission lines with
variable profiles. The de-reddened optical colours are consistent
with a blackbody temperature of T ~ 11 000K, as typically
observed in accreting systems. The distance estimated from par-
allax measurements using different assumptions, the proximity
of the source to the Galactic plane (b ~ —4.3°), and the presence
of optical emission lines at a redshift of z =~ 0, point to a location
of J1109 within the Milky Way.

The X-ray spectral shape measured over the 0.3-79keV
energy band with our simultaneous XMM-Newton and NuSTAR
observations was described adequately by an absorbed power
law model with photon index of I' ~ 1.6, with no evidence
for any cutoff. The average luminosity at the epoch of these
observations was ~2.2 x 103 d2ergs™" over the same energy
band. The X-ray emission showed dramatic short-term variabil-
ity: J1109 spent about 60% of its time in a stable high mode, at
a luminosity ~2.7 x 10* d? ergs™" over the 0.3-79keV energy
band, which unpredictably alternated on timescales as short as
tens of seconds to a stable low mode for about 10% of the
time, at a luminosity ~3 x 10* d2 ergs™" over the same band.
Sporadic flaring activity at a luminosity of ~5 x 103 di ergs™!
was also observed on top of a more erratic, variable emission.
No significant spectral changes were observed across the three
modes. No statistically significant periodic signal was found in
the power density spectrum. An upper limit of A < 42% (30
c.l.) was set on the rms amplitude for any coherent signal with
frequency lower than 1.5 kHz emitted by a pulsar in a tight orbit
(orbital period of a few hours) during the high mode. The X-ray
aperiodic time variability of J1109 was characterised by a red
flicker noise component extending down to a few 10~ Hz, which
could be well modelled by a power law with index of § ~ 1.3.
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Our recent X-ray observations were complemented by archival
X-ray datasets with different space-born satellites (ROSAT,
Swift, Chandra, INTEGRAL), covering a broad energy range.
These again revealed a distinctive bimodal behaviour in the net
count rates, and showed that the source has maintained a rela-
tively steady average flux level over the time span covered by
the observations.

The spatially associated gamma-ray source was detected by
Fermi/LAT at an average luminosity of ~1.5 x 10°* dﬁ ergs™!
over the 100 MeV-300GeV energy band between 2008 and
2016, comparable to the average X-ray luminosity of J1109. Its
integrated spectrum was well described by a power law with pho-
ton index of Iy, ~ 2.6.

Radio continuum observations with ATCA (which were
simultaneous with NuSTAR) resulted in a non-detection, with a
30 upper limit on the 5 GHz luminosity of 2.5 x 10?7 d; ergs™".

The multiband observational campaign that we con-
ducted on J1109 allows us to compare several phe-
nomenological properties of this source with those already
observed in the three confirmed tMSPs (IGRJ18245-2452,
PSR J1023+0038 and XSS J12270-4859) during their pecu-
liar sub-luminous accretion disk state, as well as in a couple
of additional tMSP candidates, 1RXSJ154439.4-112820
(Bogdanov & Halpern 2015; Bogdanovetal. 2018) and the
eclipsing binary 1SXPS J042749.2—-670434 (Strader et al. 2016;
see Campana & Di Salvo 2018 for a comprehensive observa-
tional review). Before addressing the phenomenological analo-
gies between J1109 and the above-mentioned systems in the next
section, we point out that two other X-ray sources have been pro-
posed recently as tMSP candidates: XMM J083850.4—-282759
(Reaetal. 2017) and CXOGIbJ174804.5-244641 amid the
globular cluster Terzan 5 (Bahramian et al. 2018a).

A phenomenological comparison with confirmed and candi-
date tMSPs

Optical variability is commonly observed in the sub-luminous
accretion disk state of tMSPs on a wide range of timescales,
from seconds (e.g. Shahbaz et al. 2018) to weeks (Kennedy et al.
2018; Papitto et al. 2018). While the presence of a stable mode
switching (similar to that detected in the X-ray band) is currently
debated, tMSPs (and J1109 as well) are certainly observed to
flicker and undergo sporadic flaring episodes in the optical with
variable duration between tens of seconds and hours. In almost
all cases, these flares correlate with the emissions in the X-ray
band (see e.g. Jaodand et al. 2016 for a compilation of simul-
taneous X-ray and optical time series of PSR J1023+0038), as
well as with those in the nIR and ultraviolet bands (see, e.g.
de Martino et al. 2010, 2013; Saitou et al. 2009; Patruno et al.
2014; Bogdanov et al. 2015, 2018; Bogdanov & Halpern 2015;
Strader et al. 2016; Shahbaz et al. 2018). Prominent emission
lines in the optical spectrum typical of accreting systems were
also observed for PSR J1023+0038 (e.g. Coti Zelati et al. 2014,
Bogdanov et al. 2015), XSSJ12270-4859 (de Martino et al.
2014) and 1SXPSJ042749.2—-670434 (Strader et al. 2016). In
J1109 as well as in these other systems, the profiles of the Balmer
lines are typically double-peaked. This is indicative of motion
within an accretion disk around the NS.

The bimodal distribution in the net X-ray count rates of
J1109 is strikingly similar to that observed over a broad
X-ray energy range (and also overyears) in almost all the
known tMSPs in the sub-luminous accretion disk state (e.g.
Saitou et al. 2009; de Martino et al. 2010, 2013; Linares 2014;
Tendulkar et al. 2014; Bogdanov et al. 2015; Jaodand et al. 2016;
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Coti Zelati et al. 2018). The rapid timescale of the switches and
the fraction of time spent in each of the three modes are also
reproducible, not only from source to source, but also across
observations of the same target at different epochs. We note,
however, that such a remarkable similarity among the tMSPs
might represent only a fluke, due to the small sample size of
tMSPs caught so far in the sub-luminous accretion disk state,
as well as to the detection of an “anomalous” 10h long low
mode in the X-ray emission of IGR J18245-2452 (Papitto et al.
2015; Linares et al. 2014). Although no flares have been reported
yet from the tMSP candidates 1RXS J154439.4—-112820 and
1SXPS J042749.2—-670434, intense flares with a variety of mor-
phologies and durations have been observed in almost all high-
time resolution XMM-Newton and NuSTAR observations of
PSR J1023+0038 and XSS J12270-4859 (e.g. de Martino et al.
2010, 2013; Jaodand et al. 2016). Interestingly, a common char-
acteristic shared by J1109 and these two tMSPs is that the
onset of (brighter) flaring events is often preceded by rela-
tively long time intervals of low mode. For example, both
XSS J12270-4859 and PSR J1023+0038 persisted in the low
mode for about ~20 min before undergoing a sustained flaring
activity during XMM-Newton observations in 2011 January and
2015 November, respectively. There is, however, no evidence
for any significant correlation between the duration of the low
mode and that of the subsequent flares or their peak intensity.
Moreover, in J1109, XSS J12270-4859 and PSR J1023+0038,
flares are typically interspersed with time intervals of lower
flux where the X-ray emission varies erratically, at odds with
the flat-bottomed emission observed during the low mode.
The highly reproducible pattern of the light curve in different
observations and the remarkable steadiness of both the high
and low mode intensity levels over timescales of years sug-
gest a negligible impact of the flaring events on the emis-
sion properties in the two modes, in tMSPs as well as in
J1109.

The upper limit that we derived on the pulse fractional ampli-
tude for any coherent signal during the high mode, A < 42%,
does not constrain significantly the presence of X-ray pulsations
from J1109 as it is much larger than the typical amplitudes mea-
sured for tMSPs in the same mode, ~8% (Archibald et al. 2015;
Papitto et al. 2015). The aperiodic time variability of J1109 lacks
the typical flat-topped low-frequency noise observed in several
accreting MSPs (with characteristic frequency within the 0.1—
1Hz interval; see e.g. van Straaten et al. 2005). This appears,
however, to be a hallmark of tMSPs. In particular, the functional
shape of the noise of J1109 — a power law with index g ~ 1.3
— is similar to that already reported for other members of the
class (Papitto et al. 2015; Ferrigno et al. 2014 for the case of
IGR J18245-2452; Tendulkar et al. 2014 for PSR J1023+0038;
Hernéndez Santisteban 2016; Papitto et al. 2018 for analogous
studies of PSR J1023+0038 in the UV and optical bands, respec-
tively). We also performed a preliminary study of the ape-
riodic time variability of both 1RXS J154439.4-112820 and
1SXPS J042749.2-670434 using NuSTAR and XMM-Newton
data publicly available, and adopting a similar procedure to
that described in Sect. 6.2.1. We derived again a similar slope,
B ~14-15.

The X-ray spectral shape of J1109 is virtually identical to
that observed for the average emission of all tMSPs in the
sub-luminous accretion disk state (e.g. de Martino et al. 2013;
Bogdanov et al. 2018; Straderetal. 2016; Coti Zelati et al.
2018). J1109 was always caught at a similar X-ray flux
across a broad energy band over the past >15yr. The
detection during an archival ROSAT observation in 1991 at

comparable flux is probably indicative of an even longer
X-ray active state, although the lack of sensitive X-ray obser-
vations of the field between 1991 and 2003 cannot rule
out — at least in principle — a possible switch back and
forth to a fainter X-ray state over this time period. Sim-
ilar prolonged (=8yr) sub-luminous states were observed
also in the two tMSP candidates 1RXSJ154439.4-112820
(Bogdanov & Halpern 2015) and 1SXPSJ042749.2-670434
(Strader et al. 2016). Furthermore, the case of J1109 is very
similar to that of XSS J12270-4859, which was also detected
by ROSAT, the Rossi X-ray Timing Explorer, INTEGRAL and
Swift BAT before switching to a X-ray fainter disk-free, rotation-
powered state in 2013 (e.g. de Martino et al. 2010; Papitto et al.
2014). We note that no pulsar spatially coincident with J1109 is
listed in the most updated online version of the Australia Tele-
scope National Facility (ATNF) pulsar catalogue (v. 1.59; see
Manchester et al. 2005). However, no deep searches for radio
pulses from the source position have been performed to our
knowledge. Dedicated studies are required to investigate whether
a radio pulsar is turned on during the current state of J1109.
The dispersion measure expected at the position and distance of
J1109 is comparatively large, DM ~ 390 cm™ pc according to
the state of the art model for the distribution of free electrons in
the Galaxy (Yao et al. 2017)'%.

The gamma-ray emission properties of the Fermi source
associated to J1109 also closely resemble those observed for
PSR J1023+0038 and XSSJ12270-4859 and the candidates
IRXSJ154439.4-112820 and 1SXPSJ042749.2-670434 in
the sub-luminous accretion disk state, i.e. the only known
NS LMXBs hitherto known for which a GeV counterpart has
been established unambiguously. All these systems show a
power-law like spectrum (Torres etal. 2017 and references
therein) extending up to a much higher energy compared to
the rotation-powered state, and slightly softer (I', ~ 2.4 — 2.5)
than that measured in the X-ray band (I' ~ 1.5 — 1.7). The
larger photon counting statistics available for the two brightest
gamma-ray sources, PSR J1023+0038 and XSS J12270-4859,
led additionally to the detection of a statistically significant
spectral cut-off in these systems, at energy Ec ~ 3GeV and
~11GeV, respectively (and a slightly harder photon index of
I, ~ 2.0, 2.3 compared to the simple power law model; see
Torres et al. 2017; Xingetal. 2018). The ratio between the
average gamma-ray and X-ray luminosities is also compatible
across all these systems when in the sub-luminous accretion disk
state, and of the order of unity: Lo1-300Gev/Los-79key ~ 0.7,2.4,
1.8, 1.5 and 1 for J1109, PSR J1023+0038, XSS J12270-4859,
1RXSJ154439.4-112820 and 1SXPSJ042749.2-670434,
respectively. A summary of the multiband emission properties
of confirmed and candidate tMSPs in the sub-luminous accretion
disk state is reported in Table 6.

Notably, the SED reported in Fig. 14 indicates that the
extrapolation of the best-fitting power-law model for the X-ray
spectrum (corrected for the effects of interstellar absorption)
towards lower photon frequencies predicts an optical and nIR
flux which is smaller than that inferred using Gaia measure-
ments. This implies that the emission process responsible for
the X-ray flux cannot account for the bulk of the optical and
nIR emissions. Such optical/nIR excess was reported also for
the cases of XSS J12270—-4859 (de Martino et al. 2013, 2015),
PSR J1023+0038 (Coti Zelati etal. 2014; Bogdanov et al.
2015) and the tMSP candidate 1RXSJ154439.4—-112820
(Bogdanov et al. 2018), and it was ascribed to emission from the

4 http://119.78.162.254/dmodel/index. php
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Table 6. Multi-wavelength emission properties of the confirmed and candidate tMSPs in the sub-luminous accretion disk state; other systems
properties are also listed.

Confirmed* Candidates”

J18245 J1023 J12270 J1544 J0427 J1748 J1109
Optical properties®
Magntitude - G~ 163 V ~16.1 G~ 18.6 G~ 177 - G ~20.1
Short-term variability - v v v v - v
Orbital modulation - v v v N4 — —
Spectral emission lines - v v v v - v
Pulsations - V/(in high, flare modes) - - - - -
X-ray properties®
Iy 1.44 £0.05 1.62 £0.02 1.70 £ 0.02 1.63 +£0.02 1.68+0% 1.5+0.1 1.63+£0.02
Ly (103 ergs™) 11.2+0.5 52+0.1 12+2 16.5+0.6 63+04 65+03 21.6+04
Lypigh (10% ergs™) 13.1+0.6 7.9+0.1 13+£3 25.1+£0.7 10.3+0.8 - 27.2+0.6
Lyiow (103 ergs™) 2.0+0.3 0.87 £0.04 20+04 14+03 36+04 - 3+1
Pulsations v V(in high mode) V(in high mode) - - - -
Red noise power law slope 1.18 £0.01 1.05 +£0.05 1.39+£0.06 1.41+0.04 1.5+0.1 - 1.3+£0.1
Gamma-ray properties®
r, - 241+0.10 2.36 +0.06 248+0.05 2.48+0.06 - 2.58+0.15

(2.53+£0.05) (2.39+0.06)

L, (10¥ ergs™) - 125+04 21.9+0.7 24.7+0.2 6.5+04 - 15+£2
Radio properties’
I, 0.39+£0.06 0.09+0.18 -0.1+£0.1 - - - -
L. (10¥ ergs™) 112 0.97 54 - - - <25
L, [high X-ray mode] (10*” ergs™") - 0.63 - - - - <4.0
L, [low X-ray mode] (10* ergs™!) 112 1.9 - - - - < 10.0
Other properties?
Spin period (ms) 3.93 1.69 1.69 - - - -
Orbital period (h) 11.03 4.75 6.91 5.80 8.80 - -
Spin-down luminosity (10°* ergs™) - 48+0.5 83+1.8 - - - -
NS dipolar magnetic field (10® G) - 1.9 23 - - - -
System inclination (°) - 46+2 46-55 T+1 78+2 - -
Spectral type of the companion - Mid-G V G5 K6-7v mid-to-late K - -
NS mass (My) - 1.65%019 - - 1.86+0.11 - -
Companion mass (M) 0.20+0.01 0.22+0.03 >0.27 < 0.7 0.65+0.08 - -

Notes. Values are not reported for those cases where the corresponding counterpart is uncertain, has not been identified yet or was not observed
during the sub-luminous accretion disk state, and also where the X-ray modes and the slope of the red noise component have not been clearly
singled out. ’Systems that have been observed to undergo a state transition. ’Systems that have not been observed to undergo a state transition
so far. ©@Optical magnitudes are not corrected for extinction and are taken from the second Gaia data release, except for XSS J12270—4859 which
persisted in a rotation-powered state since the satellite launch in 2013 December. Y All X-ray luminosities were re-computed in this work over the
0.3-79 keV energy band adopting the abundances of Wilms et al. (2000) for the absorption model, to allow a direct comparisons among the different
systems. We assumed isotropic emission at the following distances: 5.5 kpc for IGR J18245-2452 (Harris 1996), 1.37 kpc for PSR J1023+0038
(Deller et al. 2015), 1.6kpc for XSSJ12270-4859 (Jennings et al. 2018), 3.8 kpc for 1RXSJ154439.4-112820 (Britt et al. 2017), 2.4 kpc for
1SXPS J042749.2-670434 (Strader et al. 2016), 5.9 kpc for CXOGIb J174804.5-244641 (Lanzoni et al. 2010) and 4 kpc for J1109 (this work).
The luminosities of IGR J18245-2452 and CXOGIb J174804.5-244641, for which no observations exist in the hard X-ray band during the sub-
luminous accretion disk state, were obtained extrapolating the best-fitting absorbed power law model for the soft X-ray emission and assuming no
spectral cut-off up to 79 keV. Uneclipsed luminosities are reported for 1SXPS J042749.2—-670434. The value for the simple power law model is
reported for both PSR J1023+0038 and XSS J12270-4859, although evidence for an exponential cut-off was found in both systems (Torres et al.
2017; Xing et al. 2018). The value reported on the Fermi/LAT eight-year point source list is also quoted in parentheses. Uncertainties are statistical
only. Gamma-ray luminosities are evaluated over the 0.1-300 GeV energy band and for the same distances as in (d). Uncertainties are statistical
only. PRadio luminosities are evaluated at a frequency of 5 GHz and for the same distances as in (d). Upper limits are evaluated assuming a flat
spectrum. @ See also Strader et al. (2019).

donor and the accretion disk surrounding the NS (see the inset 2014). X-/gamma-ray observations with instruments covering
of Fig. 14). The energy of the spectral turnover between the the MeV-GeV energy range, such as those of the originally
X-ray and gamma-ray power law slopes in J1109, although proposed mission e-ASTROGAM (de Angelis et al. 2018), could
only poorly constrained, is of the same order of magnitude constrain better the energy of the spectral turnover of J1109 and
of that estimated for other tMSPs (see, e.g. Tendulkar etal. tMSPs in general.
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Fig. 15. Radio vs. X-ray luminosity plane for different classes of accreting compact objects, adapted from Bahramian et al. (2018b). Data points for
PSR J1023+0038 and J1109 (see the green triangles) are plotted also separately for the high and low X-ray modes (Bogdanov et al. 2018 and this
work). The data point for IGR J18245-2452 (M28]) was derived from strictly simultaneous ATCA and Swift XRT observations (Ferrigno et al.
2014), and we computed its position on the plane after performing time-resolved spectral analysis of Swift XRT data (obs. ID 00032785003).
Upper limits are denoted by arrowheads. The cyan shaded area encloses the 30~ confidence interval on the shape of the correlation holding for

accreting NSs (see Gallo et al. 2018 and the text for more details).

The only property that makes J1109 seemingly at odds with
the other tMSPs is the non-detection of its radio counterpart,
as all tMSPs studied so far were observed to emit in the radio
band in the sub-luminous accretion disk state. In these other sys-
tems, the radio emission is characterised by a flat to slightly
inverted spectrum (@ ~ 0 — 0.5, where F, « v*) that is sig-
nificantly different from the typical pulsar-like steep spectrum
(@ < —1.5) observed during the disk-free, rotation-powered
state. The emission is also rapidly variable, a factor of ~2-3
on timescales of minutes (Ferrigno et al. 2014; de Martino et al.
2015; Deller et al. 2015). Radio counterparts were detected also
for 1IRXS J154439.4-112820 and 1SXPS J042749.2—-670434 at
5GHz in ATCA observations in 2012 September (Petrov et al.
2013). The radio:X-ray luminosity plane for accreting compact
objects including J1109 is shown in Fig. 15 (see Bahramian et al.
2018b for an updated compilation). Recently, Gallo et al. (2018)
performed a comprehensive regression analysis aimed at char-
acterising empirically the shape of the correlation between the
radio and X-ray luminosities for different classes of accreting
compact objects. In particular, they found that the correlation
holding for a sample of 41 NSs (including all known accreting

X-ray MSPs and the 3 tMSPs) can be described by the following
formula:

Lsch:
Log(ﬂ) = (28.40 £0.15)
erg

g1

+ o.44t3;}§[Log(L“‘—°‘fj") - 36.30], 3)
ergs
where the uncertainties on the constant and theslope are quoted
at the 30 c.l. (see the cyan shaded area in Fig. 15). Assum-
ing that J1109 follows the correlation described by Eq. (3), we
would expect an average radio flux density within the range
~8-50u]y at 5 GHz based on the X-ray luminosity estimated
from our XMM-Newton and NuSTAR observations. Therefore,
the 30~ flux upper limit of 18 uJy beam™! (at 7.25 GHz) that we
derived in Sect. 6.3 would be consistent with the presence of a
faint radio counterpart. Furthermore, we note that the shape of
the correlation has become more uncertain very recently follow-
ing the discovery of radio emission from the Be/X-ray binary
system SwiftJ0243.6+6124 during its outburst decay between
2017 October and 2018 January (van den Eijnden et al. 2018),
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as well as of bright radio emission from the accreting MSP
IGR J17591-2342 during the early stages of its outburst in 2018
August (Russell et al. 2018). Accounting for these detections
leads to an even wider parameter space allowed for accret-
ing NSs on the radio:X-ray luminosity plane (see Fig. 3 by
van den Eijnden et al. 2018 and Fig. 2 by Russell et al. 2018).

We also stress that the non-detection of the radio counter-
part would not be so surprising if the anti-correlated variability
pattern between the radio and X-ray emissions (Ferrigno et al.
2014; Bogdanov et al. 2018) is ubiquitous for all tMSPs. The
NuSTAR light curve shows that J1109 spent overall only ~30 min
in the X-ray low mode during the time span strictly simultane-
ous with the radio observation (this value shall be deemed how-
ever merely as a lower limit, owing to the uneven sampling of
the light curve extracted from the NuSTAR datasets). Assuming
that J1109 follows such an anti-correlation as well, we would
expect the source to have attained a radio high mode only for
<10% of the whole ATCA on-source time. In Fig. 15 we also
report the position occupied by J1109 on the radio:X-ray lumi-
nosity plane separately during the X-ray high and low modes
(see Table 5 and Sect. 6.3). In particular, the upper limit derived
on the radio luminosity during the X-ray low mode of J1109,
Ls gu, < 108 ergs™, clearly stands above the region occupied
by tMSPs and the NS population as a whole. Deeper radio con-
tinuum observations would be thus needed to possibly detect any
radio emission from J1109.

8. Conclusions

In search for transitional pulsars lurking behind new unas-
sociated Fermi/LAT gamma-ray sources, we carried out an
intensive multi-wavelength observing campaign spanning the
optical, X-ray and radio bands of the unidentified X-ray source
CX0UJ110926.4-650224 (J1109). We discovered that J1109
is characterised by several hallmark phenomenological proper-
ties of tMSPs in the enigmatic sub-luminous accretion disk state.
Hence, we propose it as a new tMSP candidate.

J1109 represents the first case so far for a tMSP candidate
whose GeV counterpart became detectable only after more than
four years of continuous monitoring of the gamma-ray sky by
the Fermi/LAT. We are currently scrutinising the LAT eight-year
point source list and investigating systematically the multiband
properties of several unidentified sources case by case, in an
effort to select new potential gamma-ray faint tMSP candidates
in this unique transitional phase. Meanwhile, we will monitor
J1109 on a regular cadence to assess the evolution of its emission
properties over a longer time span, and unveil possible marked
changes that would signal the long-sought state transition typical
of tMSPs.
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