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ABSTRACT
The examination of two 2010ChandraACIS exposures of the Circinus galaxy resulted in the
discovery of two pulsators: CXO J141430.1–651621 and CXOU J141332.9–651756. We also
detected 26-ks pulsations in CG X–1, consistently with previous measures. For� 40 other
sources, we obtained limits on periodic modulations. In CXO J141430.1–651621, which is
� 2 arcmin outside the Circinus galaxy, we detected signals at6120� 1 s and64:2 � 0:5 ks.
In the longest observation, the source showed a �ux of� 1:1 � 10� 13 erg cm� 2 s� 1 (ab-
sorbed, 0.5–10 keV) and the spectrum could be described by a power-law with photon index
� ' 1:4. From archival observations, we found that the luminosity is variable by� 50 per cent
on time-scales of weeks–years. The two periodicities pin down CXO J141430.1–651621 as
a cataclysmic variable of the intermediate polar subtype. The period of CXOU J141332.9–
651756 is6378� 3 s. It is located inside the Circinus galaxy, but the low absorption indicates
a Galactic foreground object. The �ux was� 5 � 10� 14 erg cm� 2 s� 1 in theChandraobser-
vations and showed� 50 per cent variations on weekly/yearly scales; the spectrum is well �t
by a power law with� ' 0:9. These characteristics and the large modulation suggest that
CXOU J141332.9–651756 is a magnetic cataclysmic variable, probably a polar. For CG X–1,
we show that if the source is in the Circinus galaxy, its properties are consistent with a Wolf–
Rayet plus black hole binary. We consider the implications of this for ultraluminous X-ray
sources and the prospects of Advanced LIGO and Virgo. In particular, from the current sam-
ple of WR–BH systems we estimate an upper limit to the detection rate of stellar BH–BH
mergers of� 16 yr� 1.

Key words: galaxies: individual: Circinus – novae, cataclysmic variables – X-rays: binaries –
X-rays: individual: CXOU J141332.9–651756 – X-rays: individual: CXO J141430.1–651621
– X-rays: individual: CG X–1 (CXOU J141312.3–652013)

1 INTRODUCTION

TheChandraACIS Timing Survey at Brera And Rome astronom-
ical observatories project (CATS @ BAR; Israel et al., in prepara-
tion) is a Fourier-transform-based systematic search for new pulsat-
ing sources in theChandraAdvanced CCD Imaging Spectrometer
(ACIS; Garmire et al. 2003) public archive. As of 2015 April 30,
10,282 ACIS Timed Exposure observations have been examined
and� 457,000 sources were detected. Data taken with gratings or
in Continuous-Clocking mode were not considered. The� 93,600
light curves of sources with more than 150 photons were searched

? E-mail: paoloesp@iasf-milano.inaf.it

for coherent signals with an algorithm based on that of Israel &
Stella (1996). The limit of 150 counts is related to the intrinsic
ability of the Fourier transform to detect a signal with 100 per cent
modulation at a minimum con�dence level of 3.5� in 105–106 tri-
als. CATS @ BAR has so far discovered 43 new certain X-ray pul-
sators; see Esposito et al. (2013b,c,a) for the �rst results and Espos-
ito et al. (2014, 2015) for our analogousSwiftproject.

In this paper, we report on the CATS @ BAR results for the
galaxy ESO 97–G13 (the `Circinus galaxy', hereafter CG; Free-
man et al. 1977) and its surroundings in the Circinus constella-
tion. CG is a nearby Seyfert II active galaxy that lies close to the
plane of our own Galaxy (J2000 Galactic coordinates:l = 311:� 3,
b = � 03:� 8; distanced = 4 :2 Mpc; Tully et al. 2009). The CG con-
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2 P. Esposito et al.

tains hydrogen-rich star forming regions in the inner spiral arms
and, due to its closeness, offers a good opportunity to study its
population of X-ray sources (Bauer et al. 2001; Sambruna et al.
2001), which includes several ultraluminous X-ray sources (ULXs,
Winter et al. 2006; Mapelli et al. 2010b; Walton et al. 2013; see
Mushotzky 2004; Fabbiano 2006; Zampieri & Roberts 2009; Feng
& Soria 2011 for reviews on ULXs).

The CG was observed several times withChandra, but it was
in two long Timed Exposure observations carried out in late 2010
that CATS @ BAR pinpointed two new X-ray pulsators in the Circi-
nus region: CXO J141430 and the uncatalogued CXOU J141332.
The pipeline detected also CG X–1 (CXOU J141312.3–652013),
whose emission is modulated at� 7 h. CG X–1 is not a new pul-
sator, but the long-standing debate about its nature (Smith & Wil-
son 2001; Bauer et al. 2001; Weisskopf et al. 2004) prompted us to
include it in our study.

The plan of the paper is as follows. In Section 2 we give details
on the X-ray observations used in our study. The rest of the paper
is divided into two main parts. The �rst one focuses on the new
pulsators and comprises Sections 3 to 7. In Section 3 we describe
the timing analysis that led to the discovery of the new pulsators
and allowed us also to set upper limits on the pulsations for dozens
of other X-ray sources. The detailed study of CXO J141430 is pre-
sented in Section 4, that of CXOU J141332 in Section 5. To study
these sources, we used also data fromXMM–Newtonand optical
observations taken with the VLT Survey Telescope (VST). The op-
tical observations and their analysis are described in Section 6. The
nature of CXO J141430 and CXOU J141332 is discussed in Sec-
tion 7.

The second part of the paper is dedicated to CG X–1. In Sec-
tion 8 we recall the main facts about this source. The results from
the analysis of the 2010Chandradata, which were not used before
to study CG X–1, are summarised in Section 9. In Section 10, we
propose that CG X–1 might be a Wolf–Rayet plus black hole (WR–
BH) binary system, and consider the implications of this possibility
for ULXs and for the prospects of detection of gravitational radi-
ation from BH–BH mergers. A summary with conclusive remarks
follows in Section 11.

2 X-RAY OBSERVATIONS

All the observations used in this work are summarised in Ta-
ble 1. The most important observations are the one in which
CATS @ BAR detected the new pulsators and its companion, 12823
and 12824, marked with a hash mark in Table 1. They were carried
out in a week in 2010 December to study the central region of the
CG (Mingo et al. 2012). Their combined exposure is� 190 ks. In
both cases, three ACIS-S and two ACIS-I CCDs were used in full
frame mode, ensuring a wide coverage over the Circinus region.
TheChandradata were processed and analysed with theChandra
Interactive Analysis of Observations software package (CIAO, ver-
sion 4.7; Fruscione et al. 2006) and the calibration �les inCALDB

version 4.6.7. The Circinus �eld as imaged withChandrain ob-
servation 12823 is shown in Fig. 1. In the data sets 12823 and
12824, CG X–1 and CXOU J141332 were positioned in the back-
illuminated CCD 7 (S3). The photons from these sources were ac-
cumulated within a circle with radius 1.5 arcsec and an ellipse with
semi-axes 3.5 and 3 arcsec, respectively. CXO J141430 fell on the
front-illuminated CCD 3 (I3) and the source counts were extracted
from an ellipse with semi-axes of 15 and 14 arcsec. The choice of
regions of different size is due to the point-spread function at the

off-axis angles of the sources. For each source, the background was
estimated locally, using source-free regions as close as possible to
the target. The Solar system barycentre correction to the photon
arrival times was applied withAXBARY . The spectra, the redistri-
bution matrices, and the ancillary response �les were created using
SPECEXTRACT.

The second most useful observation for our study is that per-
formed with XMM–Newtonin 2001 August with a duration of
� 100 ks (obs. ID 0111240101; Molendi, Bianchi, & Matt 2003; it
is marked by a star in Table 1). We used the data collected with the
European Photon Imaging Camera (EPIC), which consists of two
MOS (Turner et al. 2001) and one pn (Strüder et al. 2001) CCD
detectors. The raw data were reprocessed using theXMM–Newton
Science Analysis Software (SAS, version 14.0) and the calibration
�les in the CCF release of 2015 March. The observation suffered of
intense soft-proton �ares. The intervals of �aring background were
located by intensity �lters (see e.g. De Luca & Molendi 2004) and
excluded from the analysis. This reduced the net exposure time by
� 30 per cent in the pn back-illuminated CCDs and� 10 per cent
in the MOS front-illuminated CCDs. The source photons were ex-
tracted from circles with radius of 25 arcsec for CXO J141430 and
15 arcsec for CXOU J141332 (these radii were essentially imposed
by CCD gaps and/or the presence of neighbouring sources) and
the backgrounds from regions in the same chip as the sources.
CXOU J141332 was in the unread part of the central CCD of the
MOS 2 operated in a partial window mode, so only pn and MOS 1
data exist for it. Photon arrival times were converted to the Solar
system barycentre using theSAS taskBARYCEN. The ancillary re-
sponse �les and the spectral redistribution matrices for the spectral
analysis were generated withARFGEN andRMFGEN, respectively.
Due to the low number of photons, we combined for each source
the spectra from the available EPIC cameras and averaged the re-
sponse �les usingEPICSPECCOMBINE.

We made use of otherChandraandXMM–Newtonobserva-
tions, which were reduced and analysed in a similar way; they pro-
vided only detections and �ux estimates, or upper limits for the
two new pulsators. Six data sets were collected withChandrafrom
2000 to 2009 with various instrumental setups and durations from
� 1 to 25 ks, and one withXMM–Newtonin 2014 with exposure of
� 30 ks. Apart from these observations, listed in Table 1, no other
Chandrapointing of the CG covered the positions of CXO J141430
or CXOU J141332, while in a� 60 ks observations performed with
XMM–Newtonin 2013 (obs. ID 0701981001), both sources fell ei-
ther in gaps or at the edge of CCDs, or outside the �eld of view of
the instruments.

3 CATS @ BAR TIMING ANALYSIS

TheCIAO WAVEDETECT routine detected 156 sources in the ACIS
�eld of view of observation 12823; they are marked by circles in
Fig. 1. The 44 sources with more than 150 photons (those marked
by magenta and red circles in Fig. 1) were searched for periodic sig-
nals. The CATS @ BAR search algorithm is based on a fast Fourier
transform and takes into account also the possible presence of ad-
ditional non-Poissonian noise components in the Leahy-normalised
(Leahy et al. 1983) power spectra (see Israel & Stella 1996 for more
details). Correspondingly, the CATS @ BAR signal threshold in a
power spectrum, which takes into account the number of indepen-
dent Fourier frequencies, is a function also of the local underlying
noise. For the Circinus data, the maximum frequency of the search
(� 0.16 Hz) is dictated by the sampling time of 3.14 s, while the
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Table 1.Summary of the X-ray observations used in this work. The hash marks and the star indicate theChandraandXMM–Newtonobserva-
tions from which most of the information was obtained.

Satellite Instrument Obs. ID Date Exp. Modea

(ks)

Chandra ACIS-23678 355 2000 Jan 16 1.3 TE FAINT (3.24 s)
Chandra ACIS-235678 356 2000 Mar 14 24.7 TE FAINT (3.24 s)
Chandra ACIS-235678 2454 2001 May 02 4.4 TE FAINT (3.24 s)
XMM * pn / MOS 1 / MOS 2 0111240101 2001 Aug 6–7 100.6 / 104.1 / 104.0 FF (73.4 ms) / FF (2.6 s) / LW (0.9/2.7 s)
Chandra ACIS-456789 10873 2009 Mar 01 18.1 TE HETG VFAINT (2.04 s)
Chandra ACIS-456789 10850 2009 Mar 03 13.8 TE HETG VFAINT (2.04 s)
Chandra ACIS-456789 10872 2009 Mar 04 16.5 TE HETG VFAINT (2.04 s)
Chandra# ACIS-23678 12823 2010 Dec 17–19 154.4 TE VFAINT (3.14 s)
Chandra# ACIS-23678 12824 2010 Dec 24 39.4 TE VFAINT (3.14 s)
XMM pn / MOS 1 / MOS 2 0656580601 2014 Mar 01 32.7 / 37.8 / 37.9 FF (73.4 ms) / FF (2.6 s) / LW (2.7 s)

a TE: Timed Exposure, HETG: High Energy Transmission Grating, VFAINT: Very Faint telemetry format, FF: Full Frame, LW: Large Win-
dow; the readout time is given in parentheses, for the central and peripheral CCDs in the case of the MOS 2 in LW.

longest period to which the observation is realistically sensitive (be-
cause of its duration) is� 80 ks; 32 768 frequencies were searched.
The search resulted in the detection of �ve sources with signi�cant
signals in their power spectra.

In two cases the power peaks were coincident with the fre-
quencies of known spurious signals due to the spacecraft dithering
pattern. The CATS @ BAR pipeline automatically performs check
for these arti�cial signals by means of theDITHER REGION CIAO

task.1 Furthermore, every candidate signal is crosschecked with the
CATS @ BAR database of recurring signals of instrumental ori-
gin, and repeating or dubious signals are carefully inspected and
rejected. These two sources are the supernova remnant candidate
CG X–2 (Bauer et al. 2001), labelled 7–2 in Fig. 1, and Circinus
XMM2, which is classi�ed as an ULX (Winter et al. 2006), la-
belled 7–17. In a third object, CG X–1, the detected� 27 ks-period
modulation was already known (Bauer et al. 2001; object 7–3 in
Fig. 1). This source is discussed in detail in Sections 8 to 10. The
remaining two sources, 3–1 = CXO J141430 (Section 4) and the
uncatalogued 7–20 = CXOU J141332 (Section 5), are genuine new
X-ray pulsators, as it was con�rmed also by the other data sets.

For all the other sources with more than 150 events, a 3� up-
per limit to the pulsed fraction of any sinusoidal signal was cal-
culated (throughout the paper, we will give 3� upper limits on
non-detections and limits at 90 per cent con�dence level on poorly
constrained quantities; all uncertainties will be given at 1� con�-
dence level). The pulsed fraction was de�ned as the semi-amplitude
of the sinusoidal modulation divided by the mean count rate. As
expected, around 100–200 photons the upper limits start crossing
the 100 per cent threshold, above which no meaningful informa-
tion related to any coherent signal can be inferred. For many other
sources, the upper limits are not constraining. For future reference,
all the results are summarised in Fig. 2.

4 THE 1.7 / 17.8 h PULSATOR: CXO J141430

4.1 Timing analysis

CXO J141430 is the brightest of the two new CATS @ BAR pul-
sators. It shows two distinct periodic signals: a� 100 per cent-
modulation at about 6.1 ks and another large-amplitude signal at

1 See http://cxc.harvard.edu/ciao/ahelp/ditherregion.html.

about 64 ks. The power spectrum is shown in Fig. 3. When the
32 768 frequencies analysed and the number of sources for which
the search was carried out (44) are taken into account, both signals
were detected at a con�dence level larger than 10� .

To hone the estimates of the periods, we made use of both the
Chandra12823 and 12824 pointings, where about 820 and 250 net
counts, respectively, were collected. For the short signal, we used
a phase-�tting technique and foundP1 = 6 120 � 2 s. For the
64 ks period, the number of sampled cycles, approximately three,
is too small for the phase �tting. We therefore binned the light
curve to 6 120 s, so to avoid beat-frequency signals produced by
the shorter periodicity, and �t a sinusoidal function to it. The �t has
a � 2 of 54 for 30 degrees of freedom (dof) and we derived the pe-
riod P2 = 64 :2 � 0:5 ks. The 0.5–10 keV background-subtracted
light curves folded on our best periods are shown in Fig. 3. We mea-
sured the following pulsed fractions:100� 4 per cent (P1 = 6 :1 ks;
this value is to be regarded as a lower limit) and70 � 4 per cent
(P2 = 64 :2 ks). Within the statistical uncertainties, the shape and
the pulsed fraction of both signals are energy-independent. In the
soft (< 2 keV) and hard (> 2 keV) bands we measured pulsed frac-
tions of96 � 5 per cent and106� 5 per cent for the 6.1 ks period,
and69 � 5 per cent and64 � 7 per cent for the 64.2 ks period.

The 6.1-ks signal is signi�cantly detected also in the 2001
XMM–Newton/EPIC data (� 700 net counts between the three EPIC
cameras), while the observation is too short for the 64.2-ks pe-
riod (Fig. 3). We measured the periodP1 = 6 :04 � 0:04 ks and
a pulsed fraction of88 � 12 per cent. CXO J141430 is detected
with � 170 net counts in the 2014XMM–Newtonpointing (pn plus
MOS 2, in the MOS 1 the source fell in one of the failed CCDs).
The short-period pulsations are clear also in that data set, but the
low count statistics hampers a precise estimate of the period. Fi-
nally, CXO J141430 was in the �eld of view ofChandraalso in
the observations 355 (2000 January, 1.3-ks) and 356 (2000 March
25-ks; Table 1). In observation 355, CXO J141430 is detected with
a dozen of photons only, and a signal-to-noise ratioSNR & 3: the
short duration and the very small number of photons preclude any
analysis of the periodic signals. In the data set 356, the source is
detected with about 90 photons (SNR > 9). The 6.1-ks signal can
be clearly observed but, similarly than in the 2014XMM–Newton
observations, the uncertainty on the period is very large.

c 2015 RAS, MNRAS000, 1–17
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Figure 1. Chandra/ACIS image of the Circinus �eld. North is top and east is left; each CCD subtends an8:04 � 8:04 square on the sky and the zoomed area
is 1:02 � 10. Circles mark the detected sources. Red circles indicate sources with> 150 counts for which we performed a timing analysis, blue circles the
sources from which periodic signals were detected. The labelled sources (with the ACIS CCD number and an identi�cation number) are those for which either
signals were detected (source 7–3 is CG X–1, 7–20 is CXOU J141332, and 3–1 is CXO J141430) or an upper limit on the pulsed fraction could be placed
(see Fig. 2). The solid and dashed ellipses indicate the size of the CG from 90 per cent totalB light and total infrared (2MASS) magnitude, respectively
(from the NASA/IPAC Extragalactic Database, NED, see http://ned.ipac.caltech.edu/). Source 7–1 is the CG's active galactic nucleus (AGN), 7–2 is the young
supernova remnant candidate in the CG (CG X–2; Bauer et al. 2001); other notable sources are the ultraluminous X-ray sources 7–5 = Circinus ULX3, 7–16=
Circinus ULX4, 7–4 = Circinus XMM1 = ULX5, 7–17 = Circinus XMM2 (while Circinus XMM3 is undetected; we used the nomenclature of Winter et al.
2006; Gladstone et al. 2013; Walton et al. 2013).

4.2 Spectral analysis

For the spectral analysis, we started from the longChandraob-
servation 12823. The �ts were performed between 0.6 and 6 keV
because of the very low signal of CXO J141430 outside this range.
We �t to the data a power law model, a blackbody, and an optically-
thin thermal bremsstrahlung. The blackbody model yielded a re-

duced� 2
� = 1 :37 for 40 dof with clearly structured residuals;

the derived temperature iskT = 0 :81 � 0:03 keV, while for
the absorption there is only an upper limit ofNH < 0:8 �
1022 cm� 2 at 90 per cent con�dence. The observed �ux was
FX = 6 :8+0 :5

� 0:4 � 10� 14 erg cm� 2 s� 1




























