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ABSTRACT

This study represents the most sensitiveChandraX-ray point source catalogue of M31.
Using 133 publicly availableChandraACIS-I/S observations totalling∼ 1 Ms, we detected
795 X-ray sources in the bulge, northeast, and southwest fields of M31, covering an area
of ≈ 0.6 deg2, to a limiting unabsorbed 0.5 − 8.0 keV luminosity of∼ 1034 erg s−1. In the
inner bulge, where exposure is approximately constant, X-ray fluxes represent average values
because they were determined from many observations over a long period of time. Similarly,
our catalogue is more complete in the bulge fields since monitoring allowed more transient
sources to be detected. The catalogue was cross-correlatedwith a previousXMM-Newton
catalogue of M31’sD25 isophote consisting of 1948 X-ray sources, with only 979 within
the field of view of our survey. We found 387 (49%) of ourChandrasources (352 or 44%
unique sources) matched to within 5′′ of 352 XMM-Newtonsources. Combining this result
with matching done to previousChandraX-ray sources we detected 259 new sources in our
catalogue. We created X-ray luminosity functions (XLFs) inthe soft (0.5− 2.0 keV) and hard
(2.0− 8.0 keV) bands that are the most sensitive for any large galaxy based on our detection
limits. Completeness-corrected XLFs show a break around≈ 1.3 × 1037 erg s−1, consistent
with previous work. As in past surveys, we find the bulge XLFs are flatter than the disk,
indicating a lack of bright high-mass X-ray binaries in the disk and an aging population of
low-mass X-ray binaries in the bulge.

Key words: catalogues — galaxies: individual: M31, NGC 224 — X-rays: binaries — X-
rays: galaxies

1 INTRODUCTION

M31 is the nearest large spiral galaxy to our own, and as such al-
lows for the best possible spatial resolution and sensitivity of any
Milky Way sized galaxy. The X-ray population of spiral galaxies
can include X-ray binaries (XRBs), both low-mass (LMXBs) and
high-mass (HMXBs), supernova remnants, supersoft sources, and
massive stars. There is also contamination from backgroundac-
tive galactic nuclei (AGN) or galaxies/galaxy clusters and Galactic
foreground stars. Unlike the Milky Way, which is difficult to ob-
serve in X-rays due to absorption and the fact we are in the disc,
M31 has moderate Galactic foreground absorption (NH = 7× 1020

cm−2 Dickey & Lockman 1990) and can provide a galaxy-wide sur-
vey of the X-ray population, specifically XRBs. With an increased
sample size, it is possible to study large-scale propertieslike the
radial distribution across a range ofLX. The goal of this paper
is to create the deepestChandraX-ray catalogue of regions with
archival observations in M31. Specifically, the bulge has> 1 Ms

⋆ nvulic@uwo.ca

of data largely from monitoring programs that have not been fully
exploited.

The X-ray point source population of M31 was first stud-
ied by (Trinchieri & Fabbiano 1991) using≈ 300 ks ofEinstein
imaging observations. They detected 108 sources of which 16
showed variability. They did not find a significant difference be-
tween the luminosity distribution of the bulge and disc popula-
tion. Primini et al.(1993) completed a survey of the central∼34′

of M31 using theROSATHigh-Resolution Imager (HRI). They
found 18 variable sources within 7.5′ of the nucleus and 3 prob-
able transients. Also,> 75% of the unresolved X-ray emission in
the bulge was either thought to be diffuse of from a new class of
X-ray sources. This work was followed-up by deeperROSATob-
servations (Supper et al. 1997, 2001) detecting 560 sources down to
5×1035 erg s−1 in the∼ 10.7 deg2 view. They associated 55 sources
with foreground stars, 33 with globular clusters, 16 with supernova
remnants, and 10 with radio sources and galaxies, leaving 80% of
sources without an optical/radio identification. They confirmed the
previous result fromEinsteinthat the total luminosity is distributed
evenly between the bulge and disc. A comparison with theEin-
stein results revealed 11 variable sources and 7 transients, while
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comparison with the firstROSATPosition Sensitive Proportional
Counter (PSPC) survey found 34 variable sources and 8 transients.
TheROSATsurveys also revealed the presence of supersoft sources
(a class of white dwarf X-ray binary) in M31 (Supper et al. 1997;
Kahabka 1999). Trudolyubov & Priedhorsky(2004) usedXMM-
NewtonandChandra to detect 43 X-ray sources coincident with
globular cluster candidates, finding 31 of the brightest hadspectral
properties similar to Galactic LMXBs. X-ray monitoring of optical
novae in the centre of M31 withROSAT, XMM-Newton, andChan-
dra (Pietsch et al. 2005, 2007) showed them to be primarily su-
persoft sources.Shaw Greening et al.(2009) completed anXMM-
Newtonspectral survey of 5 fields along the major axis of M31
(excluding the bulge) and detected 335 X-ray sources, whichwere
correlated with earlier X-ray surveys and radio, optical, and in-
frared catalogues. They classified 18 sources as HMXB candidates
by spectral fitting with a power law model with a photon index of
0.8−1.2, indicating they were magnetically accreting neutron stars.
Peacock et al.(2010b) used the 2XMMi catalogue of X-ray point
sources along with supplementalChandraandROSATobservations
to identify 45 globular cluster LMXBs. This study covered 80%
of the known globular clusters in M31 (Peacock et al. 2010a) and
confirmed trends whereby high metallicity, luminosity, andstellar
collision rate correlated positively with the likelihood of a cluster
hosting an LMXB.Henze et al.(2014) completed monitoring ob-
servations withXMM-Newtonand Chandraof the bulge of M31
and detected 17 new X-ray counterparts of optical novae, with 24
detected in total.

The most comprehensive X-ray population survey of M31 to
date was completed byStiele et al.(2011) using theXMM-Newton
European Photon Imaging Camera. They detected 1897 sourcesto
a limiting luminosity of 4.4×1034 erg s−1, including 914 new X-ray
sources. Their source classification/identification was based on sev-
eral methods: X-ray hardness ratios, spatial extent of the sources,
long-term X-ray variability, and cross-correlation with X-ray, op-
tical, infrared, and radio catalogues. Confirmed identifications in-
cluded 25 supernova remnants, 46 LMXBs, 40 foreground stars,
and 15 AGN/galaxies. There were many candidates for each of
these classes as well, including 2 HMXBs and 30 supersoft sources.
Nevertheless, 65% of their sources had no classification. Wesum-
marize a few of the major X-ray surveys of M31 in Table1 (for a
more detailed list please seeStiele et al.(2011)).

Chandrahas not observed all of M31 as previous observa-
tories have, but instead mostly monitored the supermassiveblack
hole in the nucleus, with the majority of exposures each being 5 ks.
Various groups have used a handful of observations to surveythe
bulge and create a catalogue of sources with either the Advanced
CCD Imaging Spectrometer (ACIS-I/S) or the High-Resolution
Camera (HRC-I/S). Kong et al. (2002) compiled the firstChan-
dra catalogue of M31 within the bulge, finding 204 sources above
& 2 × 1035 erg s−1. Their most important result was finding dif-
ferent X-ray luminosity functions (XLFs) when different regions
(inner/outer bulge and disc) were considered separately. The in-
ner bulge showed a break at 1036 erg s−1 and this break shifted to
higher luminosities when moving outwards from the inner bulge
to the disc. In addition, the slopes became steeper, indicating non-
uniform star formation history.Kaaret(2002) used the HRC-I to
detect 142 sources, which when compared toROSATobservations
revealed 50% of the sources> 5 × 1036 erg s−1 to be variable.
No evidence was found for X-ray pulsars, leading to the conclu-
sion that most sources should be LMXBs.Di Stefano et al.(2002)
used 3 disc fields in M31 to analyse globular cluster LMXBs while
Di Stefano et al.(2004) used these fields with a nuclear pointing

to study supersoft/quasi-soft sources.Williams et al. (2004) used
HRC-I to study the disc and bulge of M31 with snapshot images,
finding variability in 25% of 166 detected sources.Voss & Gilfanov
(2007) combined 26 ACIS observations to investigate the X-ray
population in the bulge, finding 263 X-ray sources (64 new) down
to 1035 erg s−1. They clearly demonstrated the power of merg-
ing observations to obtain deeper exposures and detect the faintest
sources, decreasing the (completeness-corrected) XLF limit by a
factor of 3.Hofmann et al.(2013) used 64 HRC-I observations to-
talling 1 Ms to detect 318 X-ray sources. They studied the long-
term variability of sources by producing light curves and found 28
new sources, along with classifying 115 as candidate XRBs. Afur-
ther 14 globular cluster XRB candidates, several new nova candi-
dates, and a new supersoft X-ray source outburst were discovered.
Recently, the∼12 yrs of monitoring observations of the nucleus
have been utilized in a number of studies to investigate variability
and detect transients (Barnard et al. 2012a,b, 2013). Specifically,
Barnard et al.(2014) used 174ChandraACIS and HRC observa-
tions to detect 528 X-ray sources in the bulge down to 1035 erg s−1.
By studying source variability, they identified 250 XRBs (200 new)
with X-ray data alone, a factor of 4 increase. Table2 summarizes
previousChandraM31 X-ray catalogues. At the time of writing,
a largeChandraprogram (350 ks) has been accepted to survey a
part of the star-forming disc of M31 (PI: B. Williams). Asidefrom
being able to confirm the first HMXBs in M31, it will completely
characterize a large part of the X-ray source population using opti-
cal photometry and spectroscopy.

This paper aims to study the properties of M31 X-ray point
sources down to the lowest luminosities for any large galaxy.
Specifically, we will report general source catalogue characteris-
tics (e.g. flux and radial distributions), cross-correlateour cata-
logue with previousXMM-NewtonandChandrasurveys, and study
the XLF. In addition, high-resolutionHubble Space Telescopedata
from the Panchromatic Hubble Andromeda Treasury (PHAT) Sur-
vey (Dalcanton et al. 2012) allows optical counterpart identifica-
tions for X-ray sources, especially AGN. We adopt a distanceto
M31 of 776± 18 kpc as inDalcanton et al.(2012), which corre-
sponds to a linear scale of 3.8 pc arcsecond−1.

2 OBSERVATIONS AND DATA REDUCTION

2.1 Observations and Preliminary Reduction

We used all 133 publicly availableChandra ACIS observations
of M31, composed of 29 ACIS-S and 104 ACIS-I observations,
summarized in Tables3 and 4 respectively. We only used obser-
vations where M31 was the target, and so overlapping observa-
tions where M32 was the target (e.g. ObsIDs 2017, 2494, 5690)
were not included.Revnivtsev et al.(2007) published an X-ray
point source catalogue of M32 by merging all availableChan-
dra ACIS observations in the field. Data reduction was performed
using theChandra Interactive Analysis of Observations (CIAO)
tools package version 4.5 (Fruscione et al. 2006) and theChan-
dra Calibration database (CALDB) version 4.5.5 (Graessle et al.
2006). Before astrometric alignment could be completed we had
to create source lists for each of the 133 ACIS observations in
order to match them to a reference list. Starting from the level-1
events file, we created a bad pixel file usingacis_run_hotpix
and eliminated cosmic ray afterglows with only a few events using
acis_detect_afterglow. We then processed the level-1 events
file with acis_process_events using the default parameters to

MNRAS 000, 000–000 (2016)
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Table 1. Summary of Previous M31 X-ray Surveys

Observatory Detected Sources LX (erg s−1) Region References

Einstein 108 5× 1036 − 1038 (0.2− 4.0 keV) 14Einsteinimaging observations (∼ 4 deg2) Trinchieri & Fabbiano(1991)
ROSAT(HRI) 86 & 1.8× 1036 (0.2− 4.0 keV) central∼34′ (∼ 0.3 deg2) Primini et al.(1993)

ROSAT(PSPC) 560 5× 1035 − 5.5× 1038 (0.1− 2.4 keV) whole galaxy (> D25 ellipse, 10.7 deg2) Supper et al.(1997, 2001)
XMM-Newton/Chandra 43 ∼ 1035 − 1039 (0.3− 10.0 keV) bulge & major axis (1.7 deg2) Trudolyubov & Priedhorsky(2004)

XMM-Newton 335 ∼ 1034 − 1039 (0.3− 10.0 keV) 5 fields along major axis (1 deg2) Shaw Greening et al.(2009)
XMM-Newton/Chandra 45 ∼ 1035 − 7× 1038 (0.2− 12.0 keV) whole galaxy (> D25 ellipse, 4 deg2) Peacock et al.(2010b)

XMM-Newton 18971 4.4× 1034 − 2.7× 1038 (0.2− 4.5 keV) whole galaxy (> D25 ellipse, 4 deg2) Stiele et al.(2011)
XMM-Newton/Chandra 24 ∼ 1035 − 9× 1037 (0.2− 2.0 keV) centre (∼ 0.2 deg2) Henze et al.(2014)

Luminosities have all been corrected to a distance of 776 kpcused in this paper.Chandrasurveys are summarized in Table2. SeeStiele et al.(2011) for a
more comprehensive list.

1 TheXMM-NewtonLP total catalogue includes 1948 X-ray sources.

Table 2. Summary of PreviousChandraM31 X-ray Catalogues

Instrument Detected Sources LX (erg s−1) Region References

ACIS -I 204 & 2× 1035 (0.3− 7.0 keV) central∼ 17′ × 17′ (0.08 deg2) Kong et al.(2002)
HRC-I 142 2× 1035 − 2× 1038 (0.1− 10.0 keV) central∼ 30′ × 30′ (0.25 deg2) Kaaret(2002)

ACIS -I/S & HRC-I 28 5× 1035 − 3× 1038 (0.3− 7.0 keV) 3 disc fields (0.7 deg2) Di Stefano et al.(2002)
ACIS -S3 33 ∼ 1035 − 1038 (0.1− 7.0 keV) 3 disc fields and nucleus (0.7 deg2) Di Stefano et al.(2004)

HRC-I 166 ∼ 1036 − 5× 1038 (0.1− 10.0 keV) disc & bulge (0.9 deg2) Williams et al.(2004)
ACIS -I/S 263 5× 1033 − 2× 1038 (0.5− 8.0 keV) 12′ radius from core (0.126 deg2) Voss & Gilfanov(2007)

HRC-I 318 N/A (0.1− 10.0 keV) 30′ radius from core (0.8 deg2) Hofmann et al.(2013)
ACIS -I/S & HRC-I 528 5× 1034 − 5× 1038 (0.3− 10.0 keV) 20′ radius from core (0.35 deg2) Barnard et al.(2014)

Luminosities have all been corrected to a distance of 776 kpcused in this paper.

update charge transfer inefficiency (CTI), time-dependent gain, and
pulse height. The VFAINT option was set for certain observations
as appropriate. We removed the pixel randomization option by set-
tingpix_adj to “none” to maintain the native position of each pho-
ton. Each events file was then filtered using the standard (ASCA)
grades (0,2 − 4,6), status bits (0), good time intervals, and CCD
chips (I0-I3 for ACIS-I and S3 for ACIS-S). We only used data
from the S3 chip from ACIS-S observations due to the degrada-
tion of the point spread function (PSF) at large off-axis angles. We
then created exposure maps and exposure-corrected images using
fluximage with a binsize of 1 in the soft (0.3−2 keV), hard (2−8
keV), and full (0.3− 8 keV) energy bands. Source lists in each en-
ergy band were created withwavdetect using the

√
2 series from

1 to 8 for thescalesparameter and corresponding exposure maps
to reduce false positives. Default settings were used for all other
parameters. We did not remove background flares from our level-2
events files because the background for point sources is addressed
in the sensitivity calculation (Section3.3). We checked for back-
ground flares in all level-2 event files (ACIS-I and ACIS-S) using
theCIAOdeflare script and found negligible flaring throughout.

2.2 Image Registration

While Chandrahas absolute astrometry of≈ 0.6′′ (90 per cent un-
certainty circle, within 3′ of the aimpoint)1, creating an X-ray point
source catalogue requires more precision. Therefore we performed
alignment to a ground-based standard for every ACIS observation
to improve astrometry to the extent possible. We began by us-
ing a wide-field image that covers the PHAT-fields (Williams et al.
2014) obtained with theCanada-France-Hawaii Telescope(CFHT)

1 http://cxc.harvard.edu/cal/ASPECT/celmon/

MegaPrime/MegaCam in thei (MP9701) filter. The astrometry
in this image had already been corrected to match the Two Mi-
cron All Sky Survey (2MASS,Skrutskie et al. 2006) reference sys-
tem, which is accurate to< 0.2′′. We used this image because
the PHAT data was aligned to it, therefore making optical coun-
terpart identification more precise. We used thedaofind tool in
the IRAF\DAOPHOT package (Stetson 1987) to compile a source
list from theCFHT image. We chose sources in theCFHT image
that were either background galaxies or globular cluster LMXB
sources. For thedatapars settings we changed thefwhmpsfpa-
rameter to 2 based on an analysis of numerous point sources in
the image. Thesigma(the standard deviation of the mode of the
background),datamin, anddatamaxparameters were all calculated
from the image; thereadnoisewas set to 5. Forcenterpars the
calgorithmwas set to centroid, while thefitskypars parameter
salgorithmwas set to median andannulusanddannuluswere both
set to 8 (4× fwhmpsf). Thephotpars parameterzmagwas set to
25.72, the zero point of the magnitude scale for thei filter on the
CFHTMegaPrime/MegaCam2. Thefindpars settings were left to
their defaults. We ran thephot procedure with the above settings
to determine precise centroids for our output source list.

We used theCIAO tool wcs_match to match and then align
the X-ray source list (from the full energy band) for an observa-
tion to the reference source list created usingIRAF\DAOPHOT from
theCFHT image. We set the search radius to 2′′ and use the WCS
from the input (X-ray) source list since the program requires WCS
parameters to specify a tangent point for the transform calcula-
tions. To eliminate matches with large positional errors from the
final transformation calculation, we disabled theresidlimparame-
ter (set to 0), set theresidtypeparameter to 0, and set theresidfac

2 http://www.cfht.hawaii.edu/Instruments/Imaging/MegaPrime/generalinformation.html
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Figure 1. The field of view of the ACIS-I (red dashed outline) merged observations and ACIS-S3 chips (yellow) for each observation used in our analysis
overlaid on a Spitzer 24µm image of M31 (Gordon et al. 2006). Far left is the northeast region (NE), the bulge region is approximated by the red dashed
outline (includes the ACIS-S observations within it), and the southwest region is far right (SW). The bulge region is additionally labelled into 3 separate
regions based on the distribution of ACIS-S observations, bulge 1 (B1), bulge 2 (B2), and bulge 3 (B3). B3 includes the observations overlapping M32 as well
as the fields just above it.

Table 3. ACIS-S Observations

ObsID Date R.A. Decl. Distance Livetime Datamode CCDs Roll Angle Region δx δy Rotation Scale Factor Matched Sources Catalogue
(J2000) (′) (ks) (◦) (Pixels) (Pixels) (◦)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16)

309 2000-06-01 10.68800 41.27877 0.6 5110 FAINT 235678 87.5 B2 -0.16364 -0.26018 -0.03257 0.99909 4 CFHT
310 2000-07-02 10.68311 41.27876 0.6 5263 FAINT 235678 108.7 B2 0.36313 -0.19187 0.10652 1.00187 8 CFHT
313 2000-09-21 10.65816 40.87837 23.5 5980 FAINT 235678 162.9 B3 0.48271 -0.96208 0.03642 1.00353 3 2MASS
314 2000-10-21 10.64900 40.86757 24.1 5190 FAINT 235678 209.4 B3 0.49169 -1.32084 0.05563 1.00032 6 X-ray
2052 2000-11-01 11.53802 41.65947 45.0 13878 FAINT 235678 226.9 NE -0.00785 -0.60853 0.08427 1.00164 4 CFHT
2046 2000-11-05 9.62713 40.26241 77.2 14767 FAINT 235678 237.6 SW 1.25572 -0.05402 -0.10691 0.99895 8 X-ray
2049 2000-11-05 10.44879 40.98187 20.2 14572 FAINT 235678 236.1 B3 -0.42443 0.56398 -0.23159 1.00028 5 2MASS
1580 2000-11-17 10.66379 40.85630 24.8 5407 FAINT 235678 251.5 B3 0.42793 -0.92874 0.19477 1.00102 4 2MASS
1854 2001-01-13 10.67349 41.25548 0.9 4697 FAINT 235678 295.6 B2 -0.65829 -0.27766 0.09229 1.00050 5 CFHT
2047 2001-03-06 9.69689 40.27309 74.7 14591 FAINT 235678 330.4 SW 2.11548 -1.17785 -0.01302 0.99931 7 X-ray
2053 2001-03-08 11.61538 41.66618 48.2 13363 FAINT 235678 330.5 NE 0.25278 -1.17593 -0.09831 0.99927 4 CFHT
2050 2001-03-08 10.51841 40.99440 18.1 13046 FAINT 235678 331.7 B3 -1.22735 -0.54781 0.06256 1.00063 4 2MASS
2048 2001-07-03 9.64190 40.33115 73.5 13779 FAINT 235678 109.6 SW -0.25110 -0.31239 -0.10373 0.99851 4 Nomad
2051 2001-07-03 10.45902 41.05868 16.2 13583 FAINT 235678 109.0 B3 0.50294 -0.03155 -0.18985 0.99596 5 2MASS
2054 2001-07-03 11.54972 41.71649 47.3 14531 FAINT 235678 108.3 NE -0.59834 -0.00160 -0.19307 0.99860 4 CFHT
1575 2001-10-05 10.66840 41.27894 1.0 39093 FAINT 235678 180.4 B2 0.21776 -0.65811 0.06315 1.00038 10 CFHT
2900 2002-11-29 11.16410 41.35916 22.3 5331 FAINT 136789 263.7 B1 0.00674 -1.04238 -0.15971 1.00138 4 SDSS
4541 2004-11-25 11.51934 41.70871 45.9 25631 FAINT 235678 260.0 NE 0.00551 -0.98102 -0.00539 0.99743 7 SDSS
6167 2004-11-26 11.51931 41.70871 45.9 24230 FAINT 235678 260.0 NE 0.76975 -0.25521 -0.04166 1.00155 7 SDSS
4536 2005-03-07 10.46483 40.93912 22.1 56181 FAINT 235678 330.4 B3 0.24710 -2.32722 -0.09497 1.00424 3 X-ray
14197 2011-09-01 10.68124 41.26788 0.2 37465 FAINT 235678 143.6 B2 -0.18277 -0.08271 0.01628 0.99981 7 CFHT
14198 2011-09-06 10.68135 41.26769 0.2 39875 FAINT 235678 147.7 B2 -0.22336 0.35097 -0.00697 1.00107 9 CFHT
13825 2012-06-01 10.68170 41.27070 0.2 39791 FAINT 23567 87.7 B2 -0.09198 0.00991 0.03199 1.00160 8 CFHT
13826 2012-06-06 10.68155 41.27051 0.2 36681 FAINT 235678 91.9 B2 -0.32372 -0.29423 0.03545 1.00100 9 CFHT
13827 2012-06-12 10.68139 41.27031 0.2 41481 FAINT 235678 96.2 B2 0.12455 1.22787 -0.10924 1.00182 8 CFHT
13828 2012-07-01 10.68111 41.26974 0.2 39881 FAINT 235678 107.9 B2 -0.06387 -0.33627 0.02094 1.00162 8 CFHT
14195 2012-08-14 10.68103 41.26846 0.2 27891 FAINT 235678 132.2 B2 0.49410 0.38553 -0.00897 1.00107 10 CFHT
15267 2012-08-16 10.68105 41.26846 0.2 11103 FAINT 235678 132.2 B2 0.41818 -0.28493 0.01966 0.99979 8 CFHT
14196 2012-10-28 10.68565 41.26598 0.2 42851 FAINT 23567 221.7 B2 -0.02078 -0.09118 0.05369 1.00091 10 CFHT

The R.A. (column 3) and Decl. (column 4) represent the pointing of the optical axis, the RA_PNT and DEC_PNT keywords from the level-2 events
files. Distance (column 5) represents the distance in arcminutes of the observation’s pointing (RA_PNT and DEC_PNT) from the centre of M31
(J004244.33+411607.50). Livetime (column 6) is the total amount of time that CCDs actually observe a source, which excludes the dead time (e.g. time
it takes to transfer charge from the image region to the framestore region). CCDs (column 8) indicates the CCD chips that were on during the observation,
where for ACIS-S we only used chip 7 (S3) for analysis. Region(column 10) defines one of the 5 ACIS-S regions in Figure1: northeast (NE), left (northeast)
of the bulge (B1), bulge centre (B2), right (southwest) of the bulge (B3), and southwest (SW). Columns 11− 16 summarize the results from matching each
ObsID to a reference astrometric catalogue (see Section2.2for details) using theCIAO tool wcs_match.

MNRAS 000, 000–000 (2016)
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Table 4. ACIS-I Observations

ObsID Date R.A. Decl. Distance Livetime Datamode CCDs Roll Angle δx δy Rotation Scale Factor Matched Sources Catalogue
(J2000) (′) (ks) (◦) (Pixels) (Pixels) (◦)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15)

303 1999-10-13 10.67806 41.26989 0.3 11839 FAINT 012367 193.0 -0.18797 0.16872 0.02523 0.99995 15 CFHT
305 1999-12-11 10.68273 41.26395 0.3 4131 FAINT 01236 274.0 -0.26412 0.36347 0.02543 0.99911 12 CFHT
306 1999-12-27 10.68409 41.26370 0.3 4134 FAINT 01236 285.4 -0.00194 -0.34534 0.03549 1.00060 12 CFHT
307 2000-01-29 10.68116 41.25783 0.7 4118 FAINT 01236 304.3 -0.14524 -0.12621 0.02251 0.99985 15 CFHT
308 2000-02-16 10.68763 41.25244 1.0 4015 FAINT 012356 315.0 -0.02836 -0.76721 -0.03976 1.00036 13 CFHT

The R.A. (column 3) and Decl. (column 4) represent the pointing of the optical axis, the RA_PNT and DEC_PNT keywords from the level-2 events
files. Distance (column 5) represents the distance in arcminutes of the observation’s pointing (RA_PNT and DEC_PNT) from the centre of M31
(J004244.33+411607.50). Livetime (column 6) is the total amount of time that CCDs actually observe a source, which excludes the dead time (e.g. time
it takes to transfer charge from the image region to the framestore region). CCDs (column 8) indicates the CCD chips that were on during the observation,
where for ACIS-I we used chips 0123 (I0-I3) for analysis. Also, ObsID’s 1581/82 only had 2 active CCDs. Columns 10− 15 summarize the results from
matching each ObsID to a reference astrometric catalogue (see Section2.2 for details) using theCIAO tool wcs_match. We do not classify ACIS-I observa-
tions by region since they are contiguous. (This table is published in its entirety in the electronic edition of the journal. A portion is shown here for guidance
regarding its form and content.)

parameter to 25. If any residual-to-source pair position error ratio
exceeds the value ofresidfacit is omitted from the transformation
calculation, where theresidtypeparameter setting ensures this is
completed for each individual source-pair as opposed to averaging
all source-pairs. The program then created a transformation matrix
with x andy offsets (R.A. and decl.) as well as a rotation and scale
parameter. This matrix was then used withwcs_update to correct
the astrometry of the aspect solution file for each individual ob-
servation. Since we reprocessed each observation from the level-1
events file, which specifies events in chip coordinates, onlythe as-
pect solution file needed to be corrected since it provides the appro-
priate WCS foracis_process_events to convert from chip coor-
dinates to sky coordinates. A complication arose during matching
that stems from the exposure mode for many of our observations.
The majority of observations were completed in interleavedmode
(known as alternating exposure mode), which is carried out by al-
ternating short and long frame times. Two separate event files are
produced, one representing events with long frame times andan-
other the short frame times. This is advantageous when observing
sources that may be piled-up, such as those in the nucleus of M31.
The event files with short frame times all have small livetimeex-
posures and therefore it was difficult to find matching sources for
alignment. Since the event files with long frame times alwayshad
much larger livetime exposures, they provided more preciseastro-
metric alignment because more sources were detected. Therefore
we used the same transformation matrix from the long frame time
event file to correct the astrometry for the short frame time event
file.

However, 10 ACIS-I and 13 ACIS-S observations were either
outside of the PHAT-field or did not have at least three source-pair
matches toCFHT image sources. For these observations we first at-
tempted to introduce more matches by using a source list of galax-
ies from the Sloan Digital Sky Survey (SDSS) Data Release 10.
We obtained the source list through the CasJobs batch query ser-
vice3 because it has no limit on the number of rows output. In the
cases where the SDSS match failed, we introduced stars foundin
the SDSS, whose positions are not necessarily as precise because
they may be subject to large proper motions (foreground stars). The
proper motions of matched stars that were available were found to
be negligible (< 5 mas yr−1). Lastly, we introduced a source list
of galaxies from the Two Micron All Sky Survey (2MASS) All-
Sky Point Source Catalogue. Since 2MASS publishes an error el-

3 http://skyserver.sdss3.org/casjobs/

lipse, we used
√

a× b to determine the error for R.A. and Decl.,
wherea and b are the semi-major and semi-minor axes. The re-
maining ACIS-I observations were all aligned with the inclusion of
the 2MASS point sources. However, 5 ACIS-S observations (314,
4536, 2046, 2047, and 2048) still had< 3 reliable matches. We
then included stars from the Naval Observatory Merged Astromet-
ric Dataset (Zacharias et al. 2005), which also mostly appeared in
the SDSS catalogue. This helped us align observation 2048, where
we were careful to check that the proper motions of the matched
stars were negligible. For the last 4 observations we mergedthe
wavdetect X-ray source lists from the soft, hard, and full energy
bands and repeated the matching procedure above with no suc-
cess. Since many of our observations overlap one another, weused
the astrometric alignments calculated to update thewavdetect X-
ray source lists from observations that overlapped the 4 that were
still unaligned. This method was still unsuccessful for observation
4536, and so it maintains its original astrometry. The details of as-
trometric alignment are summarized in Tables3 and4.

2.3 Merging

We needed to create merged images of each M31 region (northeast,
bulge, southwest) in order to detect the faintest sources. After cor-
recting the astrometry in each individual observation by updating
the aspect solution file, we repeated the same preliminary reduc-
tion process for events files outlined in Section2.1with one minor
change: we enabled the energy-dependent subpixel event reposi-
tioning algorithm inacis_process_events to improve the spa-
tial resolution of point sources on-axis. This algorithm isuseful to
later distinguish nearby X-ray point sources since most of the ob-
servations are centred on the nucleus of M31, and point sources are
denser in this region of the galaxy. We then reprojected the cleaned
event files for all 29 ACIS-S and 104 ACIS-I observations using
reproject_obs. Reprojections were made to the tangent points
of the longest observations within the given region. We thencre-
ated exposure maps and exposure-corrected images (photonscm−2

s−1 pixel−1) for each observation with theflux_obs tool, which
combined them to create an exposure-corrected image of the 104
ACIS-I observations in the bulge and 5 exposure-corrected images
of the various 29 ACIS-S observations based on their overlapping
fields (northeast and southwest regions, and 3 regions in thebulge:
nucleus and left (northeast) and right (southwest) of the nucleus;
see Figure1). The right (southwest) bulge field has 2 ACIS-S re-
gions that we combined due to their proximity. We used a binsize

MNRAS 000, 000–000 (2016)

http://skyserver.sdss3.org/casjobs/


6 N. Vulic, S. C. Gallagher,& P. Barmby

of 1 to maintain the native resolution and weighted spectrumfiles
(corresponding to the soft, hard, and full energy bands) to calculate
instrument maps.

We created a total of 18 images throughout the soft, hard, and
full energy bands, 3 ACIS-I and 15 ACIS-S, with each representing
the regions in Figure1. The plate scale of theChandraimages is 0.5
arcsecond pixel−1, corresponding to 1.9 pc pixel−1 at the distance
of 776 kpc for M31 adopted at the end of Section1. ChandraACIS
has spatial resolution that ranges from 1′′ on-axis to 4′′ at 4′ off-
axis for 1.5 keV X-rays at 90 per cent encircled energy fraction4.
The 3 ACIS-I images of the bulge were each≈ 150 MB and had di-
mensions of 5824 pixels by 6145 pixels. Executingflux_obs and
wavdetect to create this image and detect sources required a large
amount of memory (e.g.∼ 25 GB for ACIS-I image creation) and
storage space (> 1 TB for all data and ancillary files). We used the
Canadian Advanced Network for Astronomical Research (CAN-
FAR; Gaudet et al. 2011) to complete this processing.

2.4 Source Catalogue Creation

Source detection was accomplished usingwavdetect in order to
create a preliminary list of source positions. Starting from our
merged exposure-corrected images (one ACIS-I region and five
ACIS-S regions) in the soft, hard, and full bands, we used the

√
2

series from 1 to 8 for thescalesparameter, corresponding expo-
sure maps to reduce false positives, and the inverse of the number
of pixels in an image for thesigthreshparameter as recommended
by theChandraX-ray Center. Since our merged images are larger
than the standard 1024×1024 pixels for most images, thesigthresh
parameter needed to be modified to reduce the number of false
sources detected. It was set to 3× 10−8 for the ACIS-I image and
∼few×10−6 for the five ACIS-S images. Theexpthreshparameter
was changed from its default value of 0.1 to 0.001 for all 6 merged
images. Pixels with a relative exposure (pixel exposure value over
maximum value of exposure in the map) less thanexpthreshare not
analysed, and adopting the default value would exclude the analy-
sis of many of the low-exposure regions in our merged images.All
otherwavdetect parameters were left at their default values. The
source lists we obtained were then combined into a master source
list using thematch_xy tool from the Tools for ACIS Review and
Analysis (TARA) package5, resulting in a candidate list of 1068
sources. In addition, to ensure all possible sources were detected
reproject_image was used to merge the 3 ACIS-S bulge region
counts images with the ACIS-I counts image. Runningwavdetect
on each energy range for this master bulge region image and com-
bining the source lists following the same procedure as above we
recovered 331 additional sources (unique from the original1068).
Therefore we had a total of 1399wavdetect sources.

To obtain source properties from our preliminary list of source
positions we usedACIS Extract(AE; Broos et al. 2010), which per-
formed source extraction and characterization. AE analyses the
level-2 event files of each observation individually beforemerg-
ing and determining source properties. In order to create a reli-
able catalogue, we followed the methods outlined in the valida-
tion procedure6 used by the authors of AE. This multi-step pro-
cess (summarized in Figure 1 ofBroos et al. 2010) involved many
iterations of extracting, pruning, and repositioning sources in the

4 http://cxc.harvard.edu/proposer/POG/
5 http://www2.astro.psu.edu/xray/docs/TARA/
6 http://www2.astro.psu.edu/xray/docs/TARA/ae_users_guide/procedures/

candidate catalogue. We pruned sources using theAE parameter
pns (‘ prob_no_source’ or the p-value for no-source hypothesis),
which calculates the Poisson probability of a detection notbeing a
source by taking the uncertainty of the local background into ac-
count. Using thepnsvalue removes the bias inherent in using the
traditional 3σ source significance criterion, where sources with low
count rates would have been left out.

Before pruning any source we visually inspected it in any of
the observations it appeared to be sure that it was insignificant. In
some cases 2 neighbouring sources were both selected for pruning,
but it was often found that either one would survive if the other was
removed. The most advantageous aspect of the validation proce-
dure was the ability to review each source and select the mostlikely
position based on the properties of an individual source. Specifi-
cally, the repositioning stage displays the original catalogue posi-
tion and also calculates 3 other position estimates: the mean data,
correlation, and maximum-likelihood reconstruction positions. The
catalogue and/or centroid positions were used most often, but for
sources with large off-axis angles (& 5′) the correlation position
was used, whereas for crowded sources with overlapping PSFsthe
maximum-likelihood reconstruction position was used (see§7.1 of
Broos et al. 2010for a detailed description of source positions).
AE also produces smoothed residual images for each observation,
which are the smoothed residuals remaining after the point source
models are subtracted from the observation data. The residual im-
age is scaled to emphasize only bright residuals, which are possible
sources that may have been missed bywavdetect or were acci-
dentally pruned. Inspecting the observed events and point source
model for a bright residual reveals whether it is an artefactor likely
point source. We found 43 sources using the residual images that
were added to our source list. After catalogue positions were val-
idated, the one-pass photometry procedure (follows the validation
procedure, see footnote6) completed the final extraction for all 795
sources in our final M31 catalogue; output source propertiesare
summarized in Tables5−6. To be included in the final catalogue
a source was required to have apnsvalue≤ 1 × 10−2 (default in
AE) in any of the energy bands (full, soft, or hard). We chose this
value since it was used for theChandraCarina Complex Project
(Broos et al. 2011) to balance sensitivity with source detection sig-
nificance. In the full band, all 795 (100%) of our sources had apns
value≤ 1× 10−2.

3 X-RAY SOURCE CATALOGUE PROPERTIES

3.1 Source Catalogue

Our final M31 catalogue consists of 795 X-ray point sources. Their
properties are summarized in Tables5−6. The detailed FITS tables
from AE, which include∼ 100 other source photometric properties
used inAE (e.g. background region metrics) in 16 energy bands
(see Section 7.8 of theAE manual for these bands), are available
on the journal website. Of the 795 sources, 42 are in the northeast
portion of M31, 728 are in the bulge, and 25 are in the southwest.
The fluxes in Table6 were calculated using conversion factors of
5.47, 1.86, and 3.37 in units of 10−9 erg photons−1 for the full, soft,
and hard bands (to convert from photon flux in photons cm−2 s−1

to energy flux in erg cm−2 s−1). Photon fluxes were estimated by
AE (flux2 parameter) based on the number of net source counts
(net_cts), the exposure time, and the mean ancillary response func-
tion (MEAN_ARF) in the given energy band. This flux estimate
suffers from a systematic error (compared to the true incident flux)
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because theMEAN_ARF is the correct effective area normalization
based on an incident spectrum that is flat. To obtain a more accurate
flux estimate, one should sum the flux values over narrow energy
bands. We performed this summation for the full, soft, and hard
energy bands using the fluxes in narrow energy ranges provided by
AE: 0.5−1.0, 1.0−2.0, 2.0−4.0, 4.0−6.0, and 6.0−8.0. We found a
difference of−8%, 5%, and 13% between the summed flux values
and those from theflux2parameter. This percent difference is much
smaller than the expected uncertainties for fluxes based on the Pois-
son errors for the net counts. We reported the summed fluxes inthe
full, soft, and hard bands in the last 3 columns of Table6. We used
theAE flux2fluxes for our analysis. We converted the photon flux
into an energy flux assuming an absorbed power-law spectrum with
Γ = 1.7 andNH = 6.66× 1020 cm−2 (details in Section3.3). In Fig-
ure2, we show histograms of the net counts (left panel) and source
flux in erg s−1 cm−2 (right panel) for all our sources. The left panel
shows sources with< 200 counts, while the inset shows a log distri-
bution of all sources, clearly indicating the majority of sources have
< 100 counts. The 191 sources that have& 200 counts are suitable
for spectral modelling. The source flux histogram shows a peak in
the flux distribution near our 90% detection limit of≈ 5 × 10−15

erg s−1 cm−2 (3× 1035 erg s−1). The X-ray point source population
of M31 is comprised of LMXBs and HMXBs, supernova remnants,
and background AGNs. To determine the makeup of our population
of point sources we created XLFs and used various cataloguesfrom
previous studies.

3.2 Cross-Correlation With Existing Catalogues

Of the many previous studies in M31 summarized in Tables1 -
2, not all actually publish a traditional X-ray catalogue. Approx-
imately half the studies were focused on only one specific X-ray
population. Our first comparisons are to theXMM-Newtoncata-
logue (Stiele et al. 2011) because it is complete throughout M31 to
a limiting luminosity of∼ 1035 erg s−1. Of the 1948 X-ray sources
identified, only 979 appear within the field of view of ourChandra
data. Figure3 shows the deprojected radial distribution of X-ray
sources in our catalogue (black) compared to those from theXMM-
Newtonsurvey (blue). Because our survey has sporadic coverage,
only the nuclear region, where the exposure is significant, do we
see a greater source density. Also, the subarcsecond resolution of
Chandraallowed us to separate closely-spaced sources thatXMM-
Newtonwas unable to resolve due to its 5′′ PSF.

We also matched our catalogue to theXMM-Newtoncata-
logue using a matching radius of 5′′, equivalent toXMM-Newton’s
source positional uncertainty. We found that 352XMM-Newton
sources matched to 387 (49%) of ourChandrasources, where the
352 uniqueChandra sources (closest matches) made up 44 per
cent of our catalogue. Because theXMM-NewtonPSF is much
larger thanChandra’s, multiple Chandra sources were matched
to within 5′′ of an XMM-Newtonsource. The median offset be-
tween matches was 1.08′′. In Figure 4 we show the positional
offset between the matches (left panel) and compare the average
fluxes from both surveys (right panel).Chandrafluxes appeared
systematically brighter with a mean value of∼ 50%, either due to
cross-calibration between the observatories or the assumed conver-
sion factor used forXMM-Newtonfluxes. To address the sources
in theXMM-Newtoncatalogue that were not matched to our cata-
logue, we compiled a list of all the original input sources through-
out all three fields (1399) and included an additional∼ 5000
sources from a low-significancewavdetect run. Matching this list
to theXMM-Newtoncatalogue within 5′′ we find that 895 (91%)

of XMM-Newtonsources were matched. Therefore many sources
can be identified as candidates in theChandraobservations but not
‘detected’ due to a low significance (e.g., shallow exposure, tran-
sience).

Our catalogue was also matched to within 1′′ of previous
Chandracatalogues of various X-ray sources. From theChandra
surveys in Table2, a total of 1436 sources (some authors omit-
ted sources from their catalogue if they were not new) were cross-
matched with those from our catalogue. Among the pastChan-
dra catalogues there is some redundancy as groups do not always
exclude previously detected sources from their catalogue.Using
this matching radius we find only 347 of our sources that matched
to previously detectedChandrasources, with a median offset of
0.27′′. 448 of our catalogue sources were detected for the first time
from Chandraobservations. When combining the unique matches
from both XMM-Newtonand previousChandrasurveys we find
that 536 matched from our catalogue of 795 sources, meaning 259
of our X-ray sources were detected for the first time. These new
sources have a factor of 2 smaller exposure times, a factor ofthree
fewer counts and photon fluxes, a factor of six fewer observations
per source, andpnsvalues that are twelve orders of magnitude less
significant, when compared to median values of the whole cata-
logue (e.g.pns ≈ 10−17). When compared to only the matched
sources, these differences are exacerbated even more so. Match-
ing results are shown in Table7. The cross-match information be-
tween our catalogue and previousXMM-NewtonandChandracata-
logues, including their identification numbers/values (where avail-
able), is shown in Table8. We also show the number of our cat-
alogue sources matched for each source classification type from
other catalogues in Table9.

3.3 Sensitivity Curve

In order to create corrected XLFs (logN-logS) we had to evaluate
the sensitivity of each point in the survey field, which givesthe
energy flux at which a source would be detected. Complications
arise when attempting to compute sensitivity for overlapping ob-
servations/regions, which are prevalent in our survey field. In ad-
dition, theCIAO tools are not designed for this type of analysis
and also do not accommodate combining ACIS-I/S observations.
Therefore we take a statistical approach and follow the method of
Georgakakis et al.(2008) to determine the sensitivity throughout
the survey field. The source extraction process inAE estimates the
Poisson probability that the observed counts in the detection cell
arise completely from random fluctuations of the background. The
three parameters that define this process are the size and shape of
the detection cell and the Poisson probability thresholdPthresh (AE
valuepns). The size and shape of the detection cell are defined by
AE for each source based on the count distribution, source crowd-
ing, off-axis angle. By settingPthresh to 1× 10−2 for our analysis,
which is theAEdefault value, we set the minimum number of pho-
tons required in a detection cell to be considered a source.

With the parameters of the source extraction process in hand,
two additional data products are needed to proceed: an exposure
map and a background map. The exposure map is the total expo-
sure at any point in the field. We created 3 exposure maps from
our existing data products for 3 separate regions of the M31 field:
the northeast, bulge, and southwest. In the bulge, we mergedthe
ACIS-I/S exposure maps using theCIAO tool reproject_image
to reproject the maps to a common tangent plane and merge them.
The background maps were required to be identical in size to the
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Table 5. M31 Source List

Source CXOU J R.A. (J2000) Decl. (J2000) Distance PosErr θ No. of Detector Region Tot Exp Tot Exp. Map Rsrc SNR Emedian Match
No. (◦) (◦) (′) (′′) (′) Obs (ks) Value (s cm2) (sky pixel) (keV)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16)

1 004542.90+414312.6 11.428779 41.720189 43.03 0.2 4.1 2 ACIS-S NE 49 1.14E+07 4.5 6.5 2.1
2 004551.05+414452.4 11.462750 41.747912 45.26 0.3 3.5 2 ACIS-S NE 49 1.64E+07 3.5 2.7 2.7
3 004551.30+414220.7 11.463769 41.705754 43.74 0.2 2.8 3 ACIS-S NE 64 2.20E+07 2.8 2.4 2.3 AGN
4 004552.93+414441.8 11.470551 41.744965 45.42 0.2 3.1 2 ACIS-S NE 49 1.68E+07 3.0 2.8 2.0
5 004555.72+414551.8 11.482172 41.764389 46.56 0.3 3.7 2 ACIS-S NE 49 1.67E+07 4.0 2.5 2.5
6 004556.82+414440.8 11.486787 41.744673 45.98 0.2 2.6 2 ACIS-S NE 49 1.72E+07 2.5 2.5 2.7
7 004556.99+414831.7 11.487497 41.808829 48.48 0.2 6.2 2 ACIS-S NE 49 1.60E+07 9.3 9.6 2.4 AGN
8 004559.07+414113.0 11.496132 41.686945 44.27 0.2 2.6 5 ACIS-S NE 91 3.38E+07 3.0 5.3 2.9
9 004602.43+414515.7 11.510137 41.754377 47.16 0.2 3.1 3 ACIS-S NE 63 1.84E+07 3.3 5.7 2.1
10 004602.70+413856.7 11.511251 41.649095 43.61 0.3 3.4 3 ACIS-S NE 41 1.62E+07 4.1 3.6 1.4

Notes. Column 2: source ID, which contains the source coordinates(J2000.0). Column 5: distance in arcminutes of the source from the centre of M31 (J004244.33+411607.50). Column 6: positional uncertainty
√

σ2
x + σ

2
y, where the single-axis position errorsσx andσy are estimated from the standard deviations of the PSF in the extraction region and the number of counts extracted. Column7: average off-axis angle

for merged observations. Column 8: number of observations extracted. Column 9: source detected in ACIS-I, ACIS-S, or Both. Column 10: for a source detected in ACIS-S or Both, indicates which region from
Figure1 it belongs to. Columns 11 & 12: total values for merged observations. Column 13: average radius of the source extraction region (1 sky pixel= 0.492′′). Column 14: photometric significance (net counts
/ upper error on net counts) (0.3− 8.0 keV). Column 15: background-corrected median photon energy (0.3− 8.0 keV). Column 16: cross-match results from Section3.4: active galactic nuclei (AGN) or low-mass
X-ray binary (LMXB).
(This table is published in its entirety in the electronic edition of the journal. A portion is shown here for guidance regarding its form and content.)

Table 6. Additional M31 Source Properties

Source pns pns pns net_cts σupper σlower net_cts σupper σlower net_cts σupper σlower f lux f lux f lux Summedf lux Summedf lux Summedf lux
No. (0.5− 8.0 keV) (0.5− 2.0 keV) (2.0− 8.0 keV) (0.5− 8.0 keV) (0.5− 2.0 keV) (2.0− 8.0 keV) (0.5− 8.0 keV) (0.5− 2.0 keV) (2.0− 8.0 keV) (0.5− 8.0 keV) (0.5− 2.0 keV) (2.0− 8.0 keV)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19)

1 0.00E+00 1.40E-45 1.37E-23 55.65 8.60 7.53 33.52 6.90 5.80 22.13 5.87 4.76 3.07E-14 3.97E-15 8.83E-15 2.24E-14 4.06E-15 6.43E-15
2 7.48E-12 6.96E-09 6.96E-05 13.01 4.84 3.69 7.65 3.96 2.76 5.35 3.60 2.38 5.37E-15 6.33E-16 1.65E-15 5.64E-15 6.45E-16 2.31E-15
3 2.17E-09 1.18E-08 5.55E-03 10.96 4.57 3.41 7.63 3.96 2.76 3.33 3.18 1.91 3.40E-15 4.76E-16 7.70E-16 3.02E-15 4.83E-16 9.89E-16
4 4.98E-14 1.50E-10 1.19E-05 13.32 4.84 3.69 7.79 3.96 2.76 5.53 3.60 2.38 5.46E-15 6.34E-16 1.70E-15 3.84E-15 5.92E-16 1.30E-15
5 2.19E-09 1.08E-06 2.45E-04 11.71 4.71 3.56 6.53 3.78 2.58 5.18 3.60 2.38 4.86E-15 5.34E-16 1.62E-15 4.46E-15 6.04E-16 1.65E-15
6 1.04E-13 2.88E-08 5.85E-07 11.56 4.57 3.41 5.84 3.60 2.37 5.72 3.60 2.37 4.66E-15 4.66E-16 1.74E-15 4.33E-15 4.98E-16 1.77E-15
7 0.00E+00 2.01E-41 0.00E+00 117.40 12.23 11.18 50.47 8.34 7.26 66.93 9.55 8.48 5.10E-14 4.33E-15 2.19E-14 3.73E-14 4.19E-15 1.54E-14
8 1.88E-39 1.19E-12 2.21E-28 40.21 7.54 6.45 12.37 4.71 3.56 27.84 6.46 5.35 8.61E-15 5.19E-16 4.51E-15 6.79E-15 4.64E-16 3.34E-15
9 0.00E+00 6.44E-38 1.24E-16 44.71 7.84 6.76 28.51 6.45 5.35 16.20 5.21 4.08 1.69E-14 2.12E-15 4.63E-15 1.21E-14 2.04E-15 3.74E-15
10 3.91E-18 8.90E-20 5.38E-03 21.35 5.88 4.76 17.42 5.33 4.20 3.93 3.40 2.16 1.01E-14 1.58E-15 1.43E-15 7.11E-15 1.76E-15 1.20E-15

Notes. Columns (2)-(4) represent thepnsvalues, which are the Poisson probability of a detection notbeing a source (discussed in Section2.4). Columns (5)-(13) are the net counts in a given energy range
with 90% upper and lower uncertainty limits. Columns (14)-(16) show the fluxes (theflux2parameter inAE) in units of erg cm−2 s−1. Columns (17)-(19) are the fluxes in erg cm−2 s−1 calculated by summing
narrow energy bands and thus avoiding systematic errors in theflux2 parameter fromAE (see Section3.1). Conversion factors were 5.47, 1.86, and 3.37 in units of 10−9 erg photons−1 for the full, soft, and
hard bands (to convert from photon flux in photons cm−2 s−1 to energy flux in erg cm−2 s−1). The conversion factors account for foreground absorption using an absorbed power-law spectrum withΓ = 1.7

andNH = 6.66× 1020 cm−2. To convert energy fluxes to luminosity in erg s−1 multiply by 7.2× 1049
(

d
776 kpc

)2
cm2. For some sources the soft or hard band had< 0 counts, and so uncertainties could not be

determined and are represented as -99.99. By extension, some fluxes in the soft or hard band were< 0 and so luminosities appear as -9.99. Each source has apnsvalue< 1× 10−2 in at least one energy band.
(This table is published in its entirety in the electronic edition of the journal. A portion is shown here for guidance regarding its form and content.)
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Figure 2. Histograms of the net source counts (left panel) and source flux (right panel) in the full energy band. The left panel showssources with< 200 counts
while the inset shows a histogram of all 795 sources. While the majority of sources have< 200 counts, the 191 sources (mostly in the nucleus) with&200
counts are candidates for spectral modeling. In the right panel, the peak in the distribution is near our 90% detection limit of ≈ 5×10−15 erg s−1 cm−2 (3×1035

erg s−1).
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Figure 3. Deprojected radial source distribution of X-ray point sources in
our catalogue (black) compared with those from theXMM-Newtonsurvey
(blue). The density of ourChandrasources drops off considerably around
a few kpc because the coverage of our survey is sparse (see Figure 1).
However, the deeper observations of the nucleus combined with the sub-
arcsecond resolution ofChandraresults in a∼ 3-fold increase in the num-
ber of sources within the central kpc.

Table 7. Matching Results

XMM-Newton PreviousChandra Total Matched New sources

This work (795) 387 (352 unique) 347 536 259

A 5′′ radius was used for matching toXMM-Newton, while a 1′′ radius was
used when matching to previousChandracatalogues. 387 of our catalogue
sources were matched to 352XMM-Newtonsources.

exposure maps and so we generated 3 maps for each of the regions
as for the exposure maps.

The background map is an estimate of the source-free back-
ground across the different regions in the survey. We started by us-
ing the merged counts images in each region (created in the same
manner as the merged exposure maps). We removed the counts in
the vicinity of detected sources using an aperture 1.5 timeslarger
than the 90 per cent enclosed PSF radius (obtained fromAE). These
pixel values were replaced by the background values calculated by
AE for each source. We now had an image in units of counts where
we have removed the contribution from all detected sources.How-
ever, the background map should have units of counts pixel−1 so
that every pixel in the survey field has a background value asso-
ciated with it. This was required for us to estimate the sensitivity
at each pixel. Such an image is created by using theCIAO tool
dmimgpm, which calculates a modified Poissonian mean for each
pixel using a box of width 64′′ as the sampling region around that
pixel.

Using the background map values we estimated the minimum
number of counts required in each pixel for a detection (above our
thresholdPthresh) with the inverse survival function (Python ver-
sion 2.7.8; scipy.stats.poisson module version 0.14.0). We then es-
timated the mean expected number of counts (T = S + B) that
would be produced at each pixel for a range of fluxes.B is the
background value of the pixel andS is the mean expected source
contribution (equation (5) ofGeorgakakis et al. 2008). Finally, we
estimated the probability that a given flux would produce themean

expected number of counts above the minimum counts required
for a detection in each pixel using the survival function (python
scipy.stats.poisson module). To correct our logN-logS relations to
represent the number of sources at a given flux per deg−2 we created
an area curve. This was accomplished by summing the probabilities
for each pixel at a given flux to obtain the total area, which when
done for the various flux values in the soft and hard energy bands
gave the area curves shown in Figure5.

As in Stiele et al.(2011), we assumed an absorbed power-
law spectrum withΓ = 1.7 and choseNH = 6.66 × 1020 cm−2

(Dickey & Lockman 1990), which was the weighted average for a
1 degree radius cone around the M31 nucleus. This model matches
what we expect from XRBs and background AGN in M31. As
Tüllmann et al.(2011) point out, the model fails for extremely hard
(soft) sources by overestimating (underestimating) the flux, but
does not bias the logN-logS relation to systematically higher or
lower fluxes. In addition, most of the previous M31 surveys have
used the sameΓ value and a similar Galactic foreground absorp-
tion, therefore making comparisons more accurate. We summarize
the completeness limits for our survey in Table10.

3.4 The logN-logS Relation and X-ray Luminosity Functions

The logN-logS relation is calculated by determining the cumulative
number of sourcesN(> S) above a given fluxS (in erg s−1 cm−2)
that are found in a survey with a total geometric areaA:

N(> S) =
∑

Si>S

1
A(Si)

(1)

The valueN(> S) has units of sources deg−2 and is weighted
by the survey area over which a source with fluxS could have
been detected. We constructed logN-logS distributions for the soft
(0.5 − 2.0 keV) and hard (2.0 − 8.0 keV) bands using all 795
sources in our catalogue with calculated fluxes in the given band.
These XLFs are shown in Figure6. We show both the uncorrected
(grey) and completeness-corrected (black) data, which indicates the
level of completeness of our survey in each band at the turnover of
the grey curve, similar to the values in Table10. We calculated
1σ uncertainties for our XLFs using Poisson statistics (Gehrels
1986). We have only accounted for foreground (Galactic) extinc-
tion in computing our fluxes and therefore any internal extinction
in M31 would push our curves right towards brighter fluxes. We
also plot the expected contribution from AGN using the distribu-
tion of AGN from the 4 MsChandraDeep-Field South (CDF-S)
survey (Lehmer et al. 2012). The curve is shown in red with corre-
sponding uncertainties. As expected, the hard-band XLF shows a
significant contribution from expected AGN across the entire flux
range. Near the 95 per cent completeness limit of 3.29× 1035 erg
s−1, the AGN contribution overtakes the corrected curve, possibly
a result of cosmic variance from the CDF-S survey.

In Figure 7 we plot the AGN-subtracted completeness-
corrected curve (blue) to represent the X-ray sources that belong
to M31. We matched our detected X-ray sources in each band to a
catalogue of LMXBs in M31 to within 1′′. The catalogue consisted
of 26 confirmed globular cluster X-ray sources and 10 confirmed
field LMXBs from Stiele et al.(2011), along with 45 confirmed
LMXBs from Peacock et al.(2010b). The XLF of known LMXBs
is shown in gold. We cannot produce an XLF curve for HMXBs be-
cause none have been confirmed in M31. We also used several cat-
alogues of background galaxies/AGN to match to our X-ray point
sources within 1′′. These catalogues include the 2270 background
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Figure 4. A comparison of the 352 (44%) uniqueChandraX-ray sources (a total of 387 (49%) were matched) detected inthis work that were the closest
matches to those from theXMM-Newtoncatalogue within 5′′ (approximately the positional uncertainty associated with XMM-Newtonsources). The left panel
shows the approximate positional offset between the matches while the right panel compares the fluxes. The red triangles representXMM-Newtonsources that
were matched to multipleChandrasources, where the values plotted came from the closest-matched source.XMM-Newtonfluxes (0.2 − 4.5 keV) have been
corrected to theChandraenergy range (0.5 − 8.0 keV) assuming the spectral model from Section3.3. Chandrafluxes are∼ 50% brighter, which is due to
either cross-calibration between the observatories or theassumed conversion factor used forXMM-Newtonfluxes.

Table 8. X-ray Catalogue Cross-Matches

Source CXOU J XMM-NewtonMatch ChandraMatch LMXB Match AGN Match

No. ID Classification Catalogue ID Peacock et al.; GC Stiele et al.; Field Stiele et al.; GC PHAT SDSS DR12 NED SIMBAD
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

1 004542.90+414312.6 1685 <hard> - - - - - - - - -
2 004551.05+414452.4 - - - - - - - - - - -
3 004551.30+414220.7 - - - - - - - 3900 - - -
4 004552.93+414441.8 - - - - - - - - - - -
5 004555.72+414551.8 - - - - - - - - - - -
6 004556.82+414440.8 - - - - - - - - - - -
7 004556.99+414831.7 1716 <hard> - - - - - 1938 - - -
8 004559.07+414113.0 - - - - - - - - - - -
9 004602.43+414515.7 1732 <SNR> - - - - - - - - -
10 004602.70+413856.7 - - - - - - - - - - -

Notes. This table summarizes the details of the cross-match between our catalogue and various others. Columns (1) and (2) represent our catalogue. Columns (3) and (4) are theXMM-Newtoncatalogue
identification number and classification. Column (5) is theChandracatalogue matched to: BA (Barnard et al. 2014), DS02 (Di Stefano et al. 2002), DS04 (Di Stefano et al. 2004), HO (Hofmann et al. 2013), KA
(Kaaret 2002), KO (Kong et al. 2002), VO (Voss & Gilfanov 2007), WI (Williams et al. 2004). Column (6) is the catalogue source identification value taken from each respective paper. Columns (7)-(9) represent
matches to LMXBs fromPeacock et al.(2010b) globular clusters (GC), andStiele et al.(2011) field and globular clusters (GC), with the corresponding names or identification number. Columns (10)-(13) show
the results of AGN matching to various catalogues. For PHAT,we used the Andromeda project identification number fromJohnson et al.(2015). See Section3.4 for more details on matching.
(This table is published in its entirety in the electronic edition of the journal. A portion is shown here for guidance regarding its form and content.)

Table 9. Summary of X-ray Catalogue Cross-Matches

Source Classification Number Matched Number Matched (including candidates)

AGN 29 40
XRB 8 33

Globular Cluster (LMXB) 46 54
Supernova Remnant (SNR) 12 14

Foreground Star 6 29

Total number of sources from our catalogue matched to previously identi-
fied sources from catalogues listed in Table8. The last column includes the
sources fromStiele et al.(2011) that were identified as candidates in addi-
tion to the confirmed sources (second column) from all other catalogues.

galaxies from the PHAT survey (Johnson et al. 2015), 1870 back-
ground quasars identified with the LAMOST survey (Huo et al.

Table 10. Completeness Limits

Completeness Full [0.5− 8.0 keV] Soft [0.5− 2.0 keV] Hard [2.0− 8.0 keV]

50% 0.66 0.20 0.33
70% 1.37 0.45 0.69
90% 4.05 1.58 1.98
95% 6.73 2.68 3.29

Completeness limits in various energy bands calculated from our sensitiv-
ity curves. Values show unabsorbed luminosities in units of1035 erg s−1.

2010, 2013, 2015), and radial searches of 2 degrees around the M31
centre in NED, SIMBAD, and SDSS DR12. The known AGN are
represented by the purple curve in Figure6. In Table5 we have
indicated if one of our catalogue sources was matched to an AGN
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Figure 5. Sensitivity curves in the soft and hard energy bands for the completeChandrasurvey area in M31. Sensitivity for the various overlappingobservations
and different fields was calculated using the method ofGeorgakakis et al.(2008). Unabsorbed fluxes and luminosities are shown assuming an absorbed power-
law spectrum withΓ = 1.7 andNH = 6.66× 1020 cm−2 (see Section3.3for more details).

or LMXB. We have also added the detailed cross-match informa-
tion with the various AGN/LMXB catalogue identifications (where
available) to Table8. In both energy bands, the brightest sources
have a significant contribution from LMXBs, whereas the known
AGN are only identified for fainter fluxes. The break in the XLFs
is observed at≈ 1.3× 1037 erg s−1, similar to results from previous
work.Stiele et al.(2011) found that∼ 65 per cent of sources in their
M31 catalogue had no confirmed optical counterparts, which is re-
flected in the lack of known LMXB/AGN sources. The gap in the
AGN-subtracted completeness-corrected curve (blue) in the hard
band occurs in the region of our 95% completeness limit as well as
where the CDF-S curve turns over. The background AGN popula-
tion as measured from the CDF-S accounts for all of the sources in
our flux range in both the soft and hard bands. However, the gapin
the blue curve in the hard band is likely due to the uncertainties in
the CDF-S that do not include cosmic variance, biasing the results
from the CDF-S.

In addition to our XLFs for all our sources, we also divided our
sample to study the bulge and disk fields in M31. In Figure8, we
show the soft and hard band XLFs for these regions.Courteau et al.
(2011) found that the M31 bulge light dominates forRmin . 1.2kpc,
which represents the projected minor axis radius. The disk domi-
nates in the range 1.2 kpc< Rmin < 9 kpc, and the halo beyond that.
We include the disk+halo curve in our XLF (represented by the
Rmin > 1.2 kpc curve) because there is no change in the XLF when
excluding the halo sources as defined inCourteau et al.(2011). In
the soft band, the bulge has a larger number of brighter sources
(this may be biased due to the incompleteness of disk data), al-
though the number is still within the statistical uncertainties com-
pared to the disk+halo. In the hard band, the disk+halo harbours
the brightest sources but again the bulge has a larger cumulative
number of bright sources above the break at≈ 1.3 × 1037 erg s−1.
The flatter bulge XLFs in both bands are consistent with previous
results from M31 (e.g.Kong et al. 2002; Williams et al. 2004). The
M31 XLF is different from other galaxies (e.g.Colbert et al. 2004;
Binder et al. 2012) in that the older stellar population in the bulge
has a flatter slope than the younger stellar population in thedisk.
The lack of bright sources and steeper XLF in the disk indicates
that star formation in the disk is low, and thus any HMXBs would

be faint (likely a reason none have yet been confirmed). Using
XMM-Newton, Trudolyubov et al.(2002) analysed the bulge and
two northeast fields and found the disk and bulge XLFs to have a
similar slope, but using a 15′ radius for the bulge. They did find
that disk sources are all fainter than 2× 1037 erg s−1, while brighter
bulge sources existed.

XLF’s have been produced for the M31 X-ray population in a
number of differentChandrasurveys.Kong et al.(2002) found 204
sources in the bulge to a detection limit of 1035 erg s−1 (no mention
of a completeness limit), whereas we have about a factor of∼ 1.5
more at the same limit in the full band (uncorrected). However, they
do not correct for completeness so a direct comparison is difficult,
particularly since the total areas vary.Kong et al.(2002) also found
that the flattening of the XLF below 1036 erg s−1 in the inner bulge
(2′ by 2′) was intrinsic and not due to the incompleteness of their
survey. The same flattening is seen in our XLFs albeit at a higher
flux, beginning at≈ 1.3 × 1037 erg s−1, after correcting for com-
pleteness. The discrepancy arises from the different definition for
the bulge, where ours was much larger (5.3′ radius).Kong et al.
(2003) extended their own work to three disc fields in M31, and
when combining this with their data from the bulge they recovered
∼ 200 sources at a completeness limit of 1036 erg s−1. We have
315 sources (uncorrected XLF) at this level, but it is again difficult
to compare values since their XLF is not completeness-corrected.
They also found that the bulge (central 17′ square) XLF was flat-
ter than the disk fields they surveyed. The sources in the bulge were
more luminous than the outer disk fields only when removing glob-
ular cluster X-ray sources from disk fields.Williams et al.(2004)
detected 85 sources above 4×1036 erg s−1, while we detected twice
as many above the same limit. They also found that the disk XLF
was steeper than the bulge with a power law slope comparable to
typical elliptical galaxies. We detected a larger number ofsources
due to variations in sensitivity, coverage (M31 X-ray source den-
sity varies with radius), and source extraction parameters. While
these factors all contributed to some degree, the transientnature of
X-ray sources, specifically binary systems, is the primary reason
for such a discrepancy. This was demonstrated by the matching re-
sults from Section3.2, where 627 and 408XMM-NewtonandChan-
dra sources respectively were unmatched in the same field of view.
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Figure 6. Cumulative number counts for the soft and hard energy bands.Both uncorrected (grey) and completeness-corrected curves (black) are plotted using
all X-ray point sources with calculated fluxes in the given energy band from our catalogue. All uncertainties are 1σ (Gehrels 1986). The AGN number counts
from the 4 MsChandraDeep-Field South survey (Lehmer et al. 2012) are shown in red with their corresponding uncertainties. The 90% completeness limit is
marked by the dashed vertical line. The red curve overtakes the black curve around the 95% completeness limit in the hard band, indicating that the majority
of sources near this flux are AGN. The flattening observed (where the XLF turns over) begins at≈ 1.3× 1037 erg s−1 and is consistent with previous results
from M31 (Kong et al. 2002).
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Figure 7. Cumulative number counts for the soft and hard energy bands.The completeness-corrected curve (black) is plotted usingall 795 X-ray point sources
from our catalogue. Known LMXBs have been matched to within 1′′ of our point sources and their XLF is shown in gold. We also used various observational
catalogues of known AGN and background galaxies to match within 1′′ of our point sources, with their XLF shown in purple. The bluecurve shows our
completeness-corrected curve after subtracting the contribution from AGN CDF-S (red curve from Figure6). All uncertainties are 1σ (Gehrels 1986). The
90% completeness limit is marked by the dashed vertical line. AsStiele et al.(2011) pointed out, many sources in M31 have no confirmed optical counterparts;
this is reflected in the lack of known sources. The backgroundAGN population as measured from the CDF-S accounts for all ofthe sources in our flux range in
both the soft and hard bands. The gap in the blue curve in the hard band is likely due to the uncertainties in the CDF-S, whichdo not include cosmic variance,
biasing the results from the CDF-S (our 95% completeness limit is also located in this region).

Sensitivity is a factor, however, sinceXMM-NewtonandChandra
surveys did not have equal exposure throughout, andChandra is
generally more sensitive.

Our XLFs are the deepest in terms of luminosity produced
for any large galaxy based on our detection limits. The AGN con-
tribution from the CDF South dominates the hard band XLF as
expected, whereas a larger proportion of sources in the softband
are representative of M31 X-ray sources (e.g. LMXBs, supernova
remnants). Based on the distribution of AGN from the CDF-S, the

M31 contribution observed from various catalogues is incomplete
below 5× 10−13 erg s−1 cm−2 in the hard band. The PHAT survey
has identified many AGN by-eye using crowd-sourcing and crite-
ria that led to a minimal number of misclassifications (Section 3 of
Johnson et al. 2015). However, the field of view of these AGN did
not overlap well with theChandradata in this catalogue. As in the
Milky Way, M31 has only a handful of very bright X-ray sources
(mostly in globular clusters), and none above≈ 1038 erg s−1. Due
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Figure 8. Cumulative number counts for the soft and hard energy bands in the bulge (black) and disk+halo (blue) fields of M31. The completeness-corrected
curves have uncertainties of 1σ (Gehrels 1986). The bulge and disk+halo populations were separated using projected radii based on the results ofCourteau et al.
(2011). In the soft band, the bulge has a larger number of brighter sources (although this may be biased due to the incompleteness of disk data), which is
unexpected for an older stellar population. However, both curves are similar within uncertainties near the bright-end. In the hard band the disk+halo harbours
the brightest sources but again the bulge has a larger cumulative number of bright sources above the break at≈ 1.3× 1037 erg s−1. The flatter bulge XLFs in
both bands are consistent with previous studies.

to M31’s low star formation rate, very few bright HMXBs would
be expected, and to date only∼ 30 candidates have been identified.

4 SUMMARY

We have used 133 publicly availableChandraACIS-I/S observa-
tions totalling∼ 1 Ms to create the deepest X-ray point source cat-
alogue of M31. We detected 795 X-ray sources within our field of
view (0.6 deg2) to a limiting unabsorbed 0.5 − 8.0 keV luminos-
ity of ∼ 1034 erg s−1. Our 90% (0.3 − 8.0 keV) completeness limit
is 4 × 1035 erg s−1. We detected 728, 42, and 25 sources in the
bulge, northeast, and southwest fields of M31 respectively.In the
bulge fields, X-ray fluxes are closer to average values because they
are calculated from many observations over a long period of time.
Similarly, our catalogue is more complete in the bulge fieldssince
monitoring allows more transient sources to be detected. Cross-
correlating our catalogue with a previousXMM-Newtoncatalogue
of 1948 X-ray sources, with only 979 within the field of view
of our survey area, we found 387 (49%) of ourChandrasources
(352 or 44% were unique sources) matched to within 5′′ of 352
XMM-Newtonsources with a median offset of 1.08′′. Similarly, we
matched our catalogue to a master list of 1436 previously published
Chandrasources in M31 and found 347 of our sources within 1′′.
Collating the matching results from all catalogues we found259
new sources in our catalogue. We also created XLFs in the softand
hard bands that are the deepest for any large galaxy based on our
detection limits. Using published catalogues of AGN and LMXBs
we determined the contribution to the XLF from these populations.
The observationally identified AGN in M31 are incomplete below
∼ 10−13 erg s−1 cm−2 (hard band) based on data from theChandra
Deep Field South. The completeness-corrected XLFs show a break
at≈ 1.3 × 1037 erg s−1, which is consistent with previous work in
M31. We found that the bulge XLFs are flatter compared to the
disk, consistent with other studies. This indicates a lack of bright
high-mass X-ray binaries in the disk due to a low star formation rate
and an aging population of low-mass X-ray binaries in the bulge.

This catalogue is more robust and complete than the latestChan-
dra source catalogue release due to the stringent processing and
requirements we have placed on source detection. In addition, we
have published a much more detailed set of source characteristics
usingACIS Extract.

ImpendingChandraandNuSTARX-ray surveys in M31 will
cover new regions of the galaxy (e.g. PHAT field) that have only
been observed byXMM-Newton. This will result in high spatial
resolution 0.3− 30 keV data that will be crucial for classifying and
characterising the X-ray source population.
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