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ABSTRACT

In this paper we discuss the X-ray point source population of NGC 4472, an elliptical galaxy
in the Virgo cluster. We used recent deep Chandra data combined with archival Chandra data
to obtain a 380 ks exposure time. We find 238 X-ray point sources within 3.7 arcmin of the
galaxy centre, with a completeness flux, Fx 95.21ev = 6.3 X 10-1¢ erg s~! cm™2. Most of
these sources are expected to be low-mass X-ray binaries. We finding that, using data from
a single galaxy which is both complete and has a large number of objects (~100) below
10°% erg s~!, the X-ray luminosity function is well fitted with a single power-law model. By
cross matching our X-ray data with both space based and ground based optical data for NGC
4472, we find that 80 of the 238 sources are in globular clusters. We compare the red and blue
globular cluster subpopulations and find red clusters are nearly six times more likely to host an
X-ray source than blue clusters. We show that there is evidence that these two subpopulations
have significantly different X-ray luminosity distributions. Source catalogues for all X-ray
point sources, as well as any corresponding optical data for globular cluster sources, are also

presented here.
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1 INTRODUCTION

The Chandra X-ray Observatory (Weisskopf et al. 2000) has made
it possible to carry out detailed studies of low-mass X-ray binaries
(LMXBs) beyond the Local Group, allowing us to probe these
systems in a wide variety of galactic environments. LMXBs can be
formed either at the end point of stellar evolution. These binaries
can also be produced in globular clusters (GCs) via N-body capture
(Clark 1975; Fabian, Pringle & Rees 1975; Hills 1976) or direct
collisions between compact objects and red giant stars (Verbunt
1987). Yet, despite all we know about them, many unanswered
questions about LMXBs still remain. Is the LMXB X-ray luminosity
function universal across all galaxies? Is there a difference between
LMXBs found in the field of the galaxy and those found in GCs?
Why do these X-ray sources prefer red GCs over blue ones? The
GC-LMXB relationship is of particular interest as these clusters
appear to be a rich environment for LMXBs. It is necessary to
study nearby elliptical galaxies and their GC systems to gain a
better understanding of the issues related to LMXB formation and
evolution.
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NGC 4472 is a massive (8 x 10'! M@; Coté et al. 2003), nearby
elliptical galaxy that is falling into the Virgo cluster (d = 16 Mpc;
e.g. Macri et al. 1999). It contains much less bright diffuse X-ray gas
than other massive nearby ellipticals such as M 87 and NGC 1399,
making it easier to probe fainter X-ray point sources within the
galaxy. NGC 4472 has a system of roughly 6000 globular clusters
(Rhode & Zepf 2001) and is therefore an excellent environment in
which to study the GC-LMXB connection.

Kundu, Maccarone & Zepf (2002) studied the X-ray point source
population of NGC 4472 using a 40 ks Chandra observation and
archival Hubble Space Telescope (HST) data (see also Kundu &
Whitmore 2001). They considered only X-ray data from the Chan-
dra ACIS-S3 chip and excluded the central 8 arcsec due to the
high background in this region. A total of 144 X-ray sources were
detected. This study found that the spatial distribution of the GCs,
the GC-LMXBs and the field LMXBs were similar. They showed
that 30 of the 72 LMXBs situated within the HST fields were co-
incident with GCs. The subsequent work of Maccarone, Kundu
& Zept (2003, hereafter MKZ03) found no statistically signifi-
cant differences between the X-ray properties of the GC and field
LMXBs. These findings could imply that a significant propor-
tion of field LMXBs were created in GCs and then ejected from
the cluster due to dynamical interactions or the destruction of the
cluster.
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Table 1. A list of all the Chandra observations of NGC 4472 used in this

work.

Date Obs ID Exposure time (ks)
2000 June 12 321 40

2010 February 27 11274 40

2011 February 14 12 889 140

2011 February 21 12 888 160

More recent deep Chandra data has become available for NGC
4472. By combining these data with archival observations we should
be able to detect enough X-ray sources to carry out robust compar-
isons of various LMXB populations within the galaxy.

2 OBSERVATIONS AND DATA ANALYSIS

In this work we used both archival and recent Chandra observations
of NGC 4472 to study its X-ray point source population. All the
data were taken with ACIS-S. The most recent data were taken in
2011 on February 14 (Obs ID 12889) and February 21 (Obs ID
12888); with exposure times of 140 ks and 160 ks, respectively.
Two shorter observations of 40 ks each were also used, giving a
total exposure time of 380 ks. The more recent of the two (Obs ID
11274; Maccarone et al. 2010) was taken on 2010 February 27 and
the oldest observation (Obs ID 321; Kundu et al. 2002) was taken
on 2000 June 12. These data are summarized in Table 1.

All the data sets were first reprocessed with the ciao' script
chandra_repro using calibration data from 2011 March. New level
two event files were created for all the observations using this script.
The data were then checked for background flares and these were
eliminated. The event files and images were restricted to the well
calibrated 0.5-5 keV range using the ciao command dmcopy.

Exposure maps were created for each CCD chip of each obser-
vation using the asphist, mkinstmap and mkexpmap scripts. Point
spread function (PSF) files were produced using mkpsfimap to de-
termine the size of the PSF at each position on the images. The
exposure maps and PSF file data were then used by the point source
detection script wavdetect with a false source detection probability
threshold of 1077 to correctly identify point sources in the images.

All sources within 8 arcsec of the galaxy centre were excluded
to avoid the area of very high X-ray background, consistent with
the work of Kundu et al. (2002). Furthermore, only sources within
3.7 arcmin of the galaxy centre were included in this study, to avoid
areas close to the CCD edges that were not adjacent to another CCD
and to exclude the regions with substantially enlarged PSF. Thus
we only include sources from ACIS-S3 and ACIS-S4 in this work.

We obtained a counts-to-energy conversion factor by comparing
the fluxes of two bright sources with their respective net count rate.
The spectrum of a bright source that had a disc blackbody (diskbb)
continuum with an inner disc temperature, kT = 1.5 keV, and one
that had a power-law (PL) continuum with I' = 1.7 were analysed
in 1s1s and fluxes and flux errors were obtained. The respective net
count rates (net counts per source divided by the net exposure)
and the corresponding errors were obtained from wavdetect. The
counts-to-energy conversion factor was then calculated by dividing
the flux obtained through spectral fitting by the net count rate of
each source. These conversion factors were then used to calculate
the X-ray fluxes for both diskbb and PL models for the rest of the
X-ray point sources using their respective count rates. The errors
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Figure 1. The log N-log S plot for the entire X-ray point source sample.
The dotted vertical line indicates the 0.5-2 keV completeness limit and the
dashed line indicates the number of background sources as a function of
flux (see equation 1 in Tozzi et al. 2001).

for the flux values were calculated by using the flux errors obtained
from 1s1s for the two bright sources mentioned above and the errors
on the count rate obtained from wavdetect and propagating them in
the standard way.

A 4 o completeness limit was calculated for the combined 380 ks
data set. Using the smoothed background image of the data set cre-
ated in wavdetect, the number of background counts at each source
position was determined using the region enclosing 90 per cent
of the source energy. This gives the background sensitivity as a
function of position. The 4 o upper limit was then calculated and
these background counts were then converted to flux values using
the counts-to-energy conversion factor. It was found that the diffuse
X-ray emission in the central region of the galaxy dominated the
background sensitivity and the completeness limit was determined
based on the flux values in that region.

‘We made use of the TopcaT programme (Taylor 2005) to search for
sources coincident with GCs found in both ground (Rhode & Zepf
2001) and space based (Jordan et al. 2009) optical observations.
Rhode & Zepf (2001, hereafter RZ01) surveyed the GC system of
NGC 4472 using B, V and R filters. The survey field covers the
central 0.66-23 arcmin region of the galaxy and 1465 GCs were
detected.

Jordan et al. (2009) surveyed the GC system of the inner region of
NGC 4472 using the F475W and F850LP bandpasses as part of their
Virgo Cluster Survey (VCS). These bandpasses are approximately
equivalent to the Sloan g and z filters, respectively and will be
referred to as such in the rest of this work. The VCS covers the
central 3.3x 3.3 arcmin of the galaxy (see Coté et al. 2004); 764
GCs were detected in this region of NGC 4472.

MKZ03, using Obs ID 321, found 30 X-ray sources coincident
with GCs. They used archival HST observations that covered central
region as well as the halo of NGC 4472 (see Fig. 1 in Kundu et al.
2002) and used V and [ filters (see Kundu & Whitmore 2001).
We cross matched the GC source list of MKZ03 with our source
catalogue using the Chandra coordinates to try to identify more GC
X-ray sources.

We estimated the boresight corrections for the X-ray positions
by calculating the weighted mean offset between obvious initial
matches of the optical and X-ray data. The RZ01 data had offsets
of —0.25 arcsec(RA) and —0.50 arcsec (Dec.), while the VCS po-
sitions had offsets of 0.18 arcsec and 0.10 arcsec for RA and Dec.,
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Table 2. A sample of the table of X-ray fluxes of the sources within 3.7 arcmin of the galaxy centre. The fluxes are in units of erg s~' cm ~2. The PL and
DBB subscripts denote the spectral model conversion factor used to calculate the flux. The ‘err’ designation denotes flux errors. The flag column identifies
sources that are interesting and/or for which caution must be used when analysing the source properties. The key is as follows: bkg = source in an area of high
background; ¢ = wavdetect has misidentified or not detected the source in one of the observations; cg = the source is in or very close to a chip gap in one of
the observations; and GC = the source is associated with a globular cluster.

RA Dec. FluXpL FluxPL err FluXpL FluxPL err FluxDBB FluXDBB err FluXDBB FluXDBB err Flag
(degrees) (degrees)  (0.5-5keV) (0.5-5keV) (0.5-2keV) (0.5-2keV) (0.5-5keV) (0.5-5keV) (0.5-2keV) (0.5-2keV)
187.49977  8.020 63 1.456E-14 1.724E-15 7.641E-15 9.052E-16 1.536E-14 1.829E-15 6.248E-15 7.436E-16 -
187.498 04  8.029 89 9.137E-16 2.96E-16 4.795E-16 1.553E-16 9.639E-16 3.125E-16 3.921E-16 1.271E-16 -
187.49757  7.998 43 1.097E-15 2.586E-16 5.759E-16 1.357E-16 1.158E-15 2.732E-16 4.709E-16 1.111E-16 -
187.49175  7.967 68 2.955E-15 7.334E-16 1.551E-15 3.849E-16 3.118E-15 7.746E-16 1.268E-15 3.151E-16 -
187.4915 7.968 26 1.831E-15 3.881E-16 9.61E-16 2.037E-16 1.932E-15 4.101E-16 7.858E-16 1.668E-16 -
187.49098  7.991 21 1.57E-15 3.028E-16 8.242E-16 1.589E-16 1.657E-15 3.201E-16 6.739E-16 1.302E-16 -
187.49021  7.9924 1.708E-15 3.068E-16 8.962E-16 1.611E-16 1.801E-15 3.245E-16 7.328E-16 1.32E-16 GC

respectively. These mean offsets were then applied to the X-ray
positions.

We experimented with several different matching radii for the
RZ01 and VCS catalogues. For the VCS catalogue, it was found
that a matching radius of 0.5 arcsec produced only 36 matches
between X-ray and optical sources whereas a 0.75 arcsec matching
radius produced nearly twice as many. A 1 arcsec matching radius
yielded as many matches as the 0.75 arcsec matching radius and
thus we adopted the latter in our work.

For the RZ01 catalogue, we tried various matching radii in the
range 0.75-2 arcsec. We found that a matching radius of 1.25 arcsec
provided a good number of matches without being so large as to
include non-coincident sources.

The false match probability for matches between the optical and
X-ray data were determined by shifting each X-ray source position
by a distance much greater than the matching radius and much
smaller than the field of view and then seeing how many matches
were found. In this case, the shift value used was 10 arcsec.

3 RESULTS AND DISCUSSION

3.1 X-ray point source population

We find 238 sources within 3.7 arcmin of the galactic centre, 70
of which are bright enough to be detected in all four observations.
191 sources are found to be brighter than 6.3 x 107 erg s~' cm™2
(0.5-2 keV; Ly o5.51ev = 3.7 x 10¥ erg s7'), the 4 o complete-
ness limit for the combined data set. We expect roughly 10 of the
X-ray sources to be background active galactic nucleus (AGN) at
this completeness limit (Tozzi et al. 2001). Data for AGN counts
are generally given for a soft band (0.5-2 keV) and a harder band.
Since it was not possible to find AGN X-ray luminosity function
(XLF) data present specifically for the 0.5-5 keV band we use in
the rest of the paper, we present the 0.5-2 keV data for the AGN
data as well as our own X-ray point source data for NGC 4472. We
also note that the soft band AGN slope is shallower than the hard
band slope estimates, thus using the 0.5-2 keV AGN data provides
a slight overestimate of the number of expected background AGNSs.
These data are summarized in Fig. 1.

A list of the X-ray luminosities of the sources can be found in
Table 3. A sample of this table is shown in Table 2.

We have constructed the XLF for NGC 4472 using multi-epoch
data. One might therefore believe that the population of transient X-
ray sources in the galaxy would lead to an incorrect XLF. However,
Grimm-J., Gilfanov & Sunyaev (2003) point out that XLFs created
from Chandra observations of the same galaxy taken at different
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Figure 2. The X-ray luminosity function for the completeness limited
X-ray point source sample (solid line) with the best-fitting function over
plotted (dotted line). The luminosity is for the 0.5-5 keV range.

times and even from different parts of the galaxy were not signif-
icantly different from each other. Thus we expect that combining
observations of NGC 4472 taken at different time, but covering the
same area to create one XLF would not lead to an incorrect XLF.
Sell et al. (2011) also found that source variability did not change
the slope or normalization of an XLF created from merged data sets
taken at different epochs compared to XLFs created from individual
observations.

We fit a PL function to the differential XLF, using only the
completeness limited luminosity data. The function has the form
% = kL;(’S (see e.g. Gilfanov 2004). To account for the back-
ground AGN contamination component, we calculate the expected
number of background AGNs using the luminosity function from
Tozzi et al. (2001) and subtract this contribution from the observed
XLF. We used the xspec spectral fitting tool (Arnaud 1996) to fit the
PL model to the XLF data, using the Cash statistic.

We find that the best-fitting parameters for the slope and nor-
malization are 8 = 2.03"1% and k = 68.53"573, respectively. This
slope is in good agreement with the results of other studies of the
XLF for individual ellipticals as well as the average XLF for an
ensemble of elliptical galaxies, where § is typically found to be
~2 (e.g. Gilfanov 2004; Kim & Fabbiano 2004; Kim et al. 2006).
The cumulative XLF was constructed by integrating the differential
XLF and is shown in Fig. 2.
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Table 3. The sources within 3.7 arcmin of the galaxy centre. The fluxes are in units of erg s~' cm~? and the luminosities are in units of erg s~!. The PL and

DBB subscripts denote the spectral model conversion factor used to calculate the flux. The ‘err’ designation denotes flux errors. The flag column identifies
sources that are interesting and/or for which caution must be used when analysing the source properties. The key is as follows: bkg = source in an area of high
background; ¢ = wavdetect has misidentified or not detected the source in one of the observations; cg = the source is in or very close to a chip gap in one of
the observations; and GC = the source is associated with a globular cluster.

RA Dec. F]uXpL FluxPL err FILIXPL FluXpL err FluxDBB FluXDBB err FluXDBB FluXDBB err Flag
(degrees) (degrees)  (0.5-5keV) (0.5-5keV) (0.5-2keV) (0.5-2keV) (0.5-5keV) (0.5-5keV) (0.5-2keV) (0.5-2keV)

187.499 77  8.020 63 1.46E-14 1.72E-15 7.64E-15 9.05E-16 1.54E-14 1.83E-15 6.25E-15 7.44E-16 -

187.498 04  8.029 89 9.14E-16 2.96E-16 4.8E-16 1.55E-16 9.64E-16 3.13E-16 3.92E-16 1.27E-16 -
187.49757  7.998 43 1.1E-15 2.59E-16 5.76E-16 1.36E-16 1.16E-15 2.73E-16 4.71E-16 1.11E-16 -
187.49175  7.967 68 2.96E-15 7.33E-16 1.55E-15 3.85E-16 3.12E-15 7.75E-16 1.27E-15 3.15E-16 -
187.4915 7.968 26 1.83E-15 3.88E-16 9.61E-16 2.04E-16 1.93E-15 4.1E-16 7.86E-16 1.67E-16 -
187.49098  7.991 21 1.57E-15 3.03E-16 8.24E-16 1.59E-16 1.66E-15 3.2E-16 6.74E-16 1.3E-16 -
187.49021  7.9924 1.71E-15 3.07E-16 8.96E-16 1.61E-16 1.8E-15 3.25E-16 7.33E-16 1.32E-16 GC
187.4864 7.95771 1.17E-14 1.4E-15 6.16E-15 7.35E-16 1.24E-14 1.49E-15 5.04E-15 6.04E-16 -
187.48501  8.00251 2.7E-15 4.04E-16 1.42E-15 2.12E-16 2.85E-15 4.28E-16 1.16E-15 1.74E-16 -
187.484 83  8.008 48 4.12E-15 5.46E-16 2.16E-15 2.87E-16 4.35E-15 5.78E-16 1.77E-15 2.35E-16 GC
187.48422  8.013 45 1.04E-15 2.82E-16 5.46E-16 1.48E-16 1.1E-15 2.97E-16 4.46E-16 1.21E-16 -
187.483 01  7.956 25 2.27E-15 4.13E-16 1.19E-15 2.17E-16 2.4E-15 4.37E-16 9.76E-16 1.78E-16 GC
187.48287  8.000 96 1.57E-15 2.99E-16 8.26E-16 1.57E-16 1.66E-15 3.16E-16 6.75E-16 1.29E-16 GC
187.481 18  8.049 89 1.09E-15 2.85E-16 5.74E-16 1.5E-16 1.15E-15 3.01E-16 4.69E-16 1.23E-16 -
187.47628  8.016 13 2.62E-15 3.81E-16 1.38E-15 2.0E-16 2.77E-15 4.04E-16 1.13E-15 1.64E-16 -

187.476 02  8.002 71 4.86E-15 6.33E-16 2.55E-15 3.32E-16 5.12E-15 6.71E-16 2.08E-15 2.73E-16 GC
187.47566  7.95535 5.98E-15 7.76E-16 3.14E-15 4.08E-16 6.31E-15 8.23E-16 2.57E-15 3.35E-16 -

187.474 88  8.04315 1.48E-15 2.8E-16 7.74E-16 1.47E-16 1.56E-15 2.96E-16 6.33E-16 1.2E-16 -
187.47378  7.99391 6.02E-15 7.74E-16 3.16E-15 4.06E-16 6.35E-15 8.2E-16 2.58E-15 3.34E-16 -
187.47378  8.044 69 3.28E-15 4.67E-16 1.72E-15 2.45E-16 3.46E-15 4.94E-16 1.41E-15 2.01E-16 -
187.47234  8.007 24 3.51E-15 4.78E-16 1.84E-15 2.51E-16 3.7E-15 5.06E-16 1.51E-15 2.06E-16 GC
187.47229  8.0526 3.17E-15 4.43E-16 1.67E-15 2.33E-16 3.35E-15 4.7E-16 1.36E-15 1.91E-16 GC
187.47228  8.01491 2.59E-15 3.8E-16 1.36E-15 1.99E-16 2.73E-15 4.02E-16 1.11E-15 1.63E-16 -
187.47223  7.997 79 3.61E-15 5.01E-16 1.9E-15 2.63E-16 3.81E-15 5.31E-16 1.55E-15 2.16E-16 GC

187.47144  7.956 63 1.26E-15 3.09E-16 6.61E-16 1.62E-16 1.33E-15 3.27E-16 5.41E-16 1.33E-16 -
187.47109  7.947 15 1.18E-15 3.36E-16 6.17E-16 1.76E-16 1.24E-15 3.55E-16 5.05E-16 1.44E-16 -
187.47044  7.991 58 2.18E-15 4.97E-16 1.15E-15 2.61E-16 2.3E-15 5.26E-16 9.36E-16 2.14E-16 -
187.47031  7.999 06 4.21E-15 5.68E-16 2.21E-15 2.98E-16 4.44E-15 6.01E-16 1.81E-15 2.45E-16 -
187.47021  7.965 14 1.27E-15 3.67E-16 6.65E-16 1.93E-16 1.34E-15 3.87E-16 5.44E-16 1.58E-16 -
187.47006  7.972 02 2.93E-15 4.85E-16 1.54E-15 2.55E-16 3.09E-15 5.13E-16 1.26E-15 2.09E-16 GC
187.469 72 8.03225 1.38E-14 1.62E-15 7.23E-15 8.48E-16 1.45E-14 1.71E-15 5.91E-15 6.97E-16 -
187.469 69  7.95261 1.78E-15 3.5E-16 9.35E-16 1.84E-16 1.88E-15 3.7E-16 7.64E-16 1.51E-16 GC
187.46921  8.01933 1.96E-15 3.07E-16 1.03E-15 1.61E-16 2.06E-15 3.25E-16 8.39E-16 1.32E-16 GC
187.469 14  8.004 49 1.65E-15 3.61E-16 8.67E-16 1.89E-16 1.74E-15 3.81E-16 7.09E-16 1.55E-16 GC
187.468 83  8.000 51 3.14E-15 4.58E-16 1.65E-15 2.41E-16 3.31E-15 4.85E-16 1.35E-15 1.97E-16 GC
187.468 16  7.993 14 3.26E-15 9.31E-16 1.71E-15 4.89E-16 3.43E-15 9.83E-16 1.4E-15 4.0E-16 -
187.46788  8.01287 8.14E-16 2.2E-16 4.27E-16 1.15E-16 8.59E-16 2.32E-16 3.49E-16 9.44E-17 -
187.46582  7.996 76 3.14E-15 9.44E-16 1.65E-15 4.96E-16 3.31E-15 9.97E-16 1.35E-15 4.06E-16 GC
187.46582  8.039 06 1.48E-15 3.38E-16 7.79E-16 1.77E-16 1.57E-15 3.57E-16 6.37E-16 1.45E-16 cg

187.46556  7.999 96 4.17E-15 5.69E-16 2.19E-15 2.99E-16 4.4E-15 6.03E-16 1.79E-15 2.45E-16 GC
187.46548  7.9732 2.56E-15 4.07E-16 1.34E-15 2.13E-16 2.7E-15 4.3E-16 1.1E-15 1.75E-16 -
187.46543  7.991 96 1.39E-15 3.23E-16 7.27E-16 1.7E-16 1.46E-15 3.41E-16 5.95E-16 1.39E-16 GC
187.46507  8.000 83 3.99E-15 1.05E-15 2.1E-15 5.5E-16 4.21E-15 1.11E-15 1.71E-15 4.5E-16 -
187.464 89  7.966 36 2.55E-15 4.6E-16 1.34E-15 2.42E-16 2.69E-15 4.87E-16 1.09E-15 1.98E-16 -
187.46478  7.95126 2.51E-15 4.85E-16 1.32E-15 2.55E-16 2.65E-15 5.13E-16 1.08E-15 2.09E-16 -
187.46394  7.98809 2.08E-15 3.7E-16 1.09E-15 1.94E-16 2.19E-15 3.91E-16 8.91E-16 1.59E-16 GC
187.4634 8.057 63 3.52E-15 9.38E-16 1.85E-15 4.92E-16 3.72E-15 9.9E-16 1.51E-15 4.03E-16 -
187.46323  7.974 08 1.04E-15 2.63E-16 5.44E-16 1.38E-16 1.09E-15 2.78E-16 4.45E-16 1.13E-16 -
187.463 15  8.040 35 7.28E-15 9.14E-16 3.82E-15 4.8E-16 7.68E-15 9.69E-16 3.12E-15 3.94E-16 -
187.46276  7.99645 3.37E-15 1.04E-15 1.77E-15 5.46E-16 3.56E-15 1.1E-15 1.45E-15 4.47E-16 GC
187.46225  7.987 36 1.49E-15 3.46E-16 7.79E-16 1.82E-16 1.57E-15 3.66E-16 6.37E-16 1.49E-16 GC
187.462 8.002 71 9.52E-15 1.14E-15 5.0E-15 6.01E-16 1.0E-14 1.21E-15 4.08E-15 4.93E-16 GC
187.46196  8.036 52 2.07E-15 3.6E-16 1.09E-15 1.89E-16 2.18E-15 3.81E-16 8.87E-16 1.55E-16 -
187.461 83 79715 1.95E-15 3.68E-16 1.02E-15 1.93E-16 2.05E-15 3.89E-16 8.35E-16 1.58E-16 -
187.461 69  8.046 09 1.04E-15 1.99E-16 5.44E-16 1.05E-16 1.09E-15 2.11E-16 4.45E-16 8.58E-17 -
187.46132 8.01972 1.18E-15 2.38E-16 6.2E-16 1.25E-16 1.25E-15 2.51E-16 5.07E-16 1.02E-16 GC
187.461 06  7.964 07 2.05E-15 4.9E-16 1.07E-15 2.57E-16 2.16E-15 5.18E-16 8.77E-16 2.11E-16 -
187.461 01  8.006 52 6.63E-16 2.4E-16 3.48E-16 1.26E-16 6.99E-16 2.53E-16 2.84E-16 1.03E-16 -
187.460 63  7.988 88 3.41E-15 4.96E-16 1.79E-15 2.6E-16 3.6E-15 5.25E-16 1.47E-15 2.13E-16 -
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The X-ray point source population of NGC 4472 4137

Table 3 — continued
RA Dec. Fluxpr, Fluxpr, err Fluxpr, Fluxpr, err Fluxppp Fluxpgp err Fluxppp Fluxpgp err Flag
(degrees) (degrees) (0.5-5keV) (0.5-5keV) (0.52keV) (0.5-2keV) (0.5-5keV) (0.5-5keV) (0.5-2keV) (0.5-2keV)

187.460 04 8.003 79 9.21E-15 1.11E-15 4.83E-15 5.82E-16 9.72E-15 1.18E-15 3.95E-15 4.78E-16 GC
187.459 57  8.009 99 1.86E-15 3.42E-16 9.78E-16 1.79E-16 1.97E-15 3.61E-16 8.0E-16 1.47E-16 -
187.4594 7.973 35 1.96E-15 3.71E-16 1.03E-15 1.95E-16 2.06E-15 3.93E-16 8.4E-16 1.6E-16 -
187.458 86 8.021 88 1.45E-15 2.75E-16 7.63E-16 1.45E-16 1.53E-15 2.91E-16 6.24E-16 1.18E-16 -
187.458 78  7.99547 7.63E-15 9.79E-16 4.0E-15 5.14E-16 8.04E-15 1.04E-15 3.27E-15 4.22E-16 GC
187.45789  7.999 61 1.86E-15 5.43E-16 9.79E-16 2.85E-16 1.97E-15 5.73E-16 8.0E-16 2.33E-16 bkg
187.45758 8.007 14 1.07E-15 2.57E-16 5.6E-16 1.35E-16 1.13E-15 2.71E-16 4.58E-16 1.1E-16 -
187.45639  7.986 17 1.28E-15 3.31E-16 6.74E-16 1.74E-16 1.36E-15 3.5E-16 5.51E-16 1.42E-16 -
187.456 36 7.990 33 1.62E-15 4.87E-16 8.48E-16 2.56E-16 1.7E-15 5.14E-16 6.93E-16 2.09E-16 bkg, GC
187.456 12 7.992 93 1.86E-15 4.04E-16 9.78E-16 2.12E-16 1.97E-15 4.27E-16 8.0E-16 1.74E-16 GC
187.456 08  8.055 66 8.28E-16 1.87E-16 4.34E-16 9.79E-17 8.73E-16 1.97E-16 3.55E-16 8.02E-17 -
187.45568  7.964 79 5.58E-15 7.49E-16 2.93E-15 3.93E-16 5.88E-15 7.94E-16 2.39E-15 3.23E-16 GC
187.45552  8.003 58 1.52E-14 1.79E-15 7.98E-15 9.39E-16 1.6E-14 1.9E-15 6.52E-15 7.71E-16 -
187.4555 8.038 52 1.23E-15 2.73E-16 6.46E-16 1.43E-16 1.3E-15 2.89E-16 5.28E-16 1.17E-16 GC
187.45524  8.029 64 1.96E-15 3.12E-16 1.03E-15 1.64E-16 2.07E-15 3.3E-16 8.41E-16 1.34E-16 -
187.45509 8.054 76 1.24E-15 3.06E-16 6.52E-16 1.61E-16 1.31E-15 3.23E-16 5.33E-16 1.31E-16 c
187.45507 8.0155 7.23E-16 2.62E-16 3.8E-16 1.38E-16 7.63E-16 2.77E-16 3.1E-16 1.13E-16 GC
187.454 61  8.0076 8.41E-16 2.18E-16 4.41E-16 1.14E-16 8.87E-16 2.3E-16 3.61E-16 9.36E-17 GC
187.454 38  7.991 98 1.52E-15 4.46E-16 7.95E-16 2.34E-16 1.6E-15 4.7E-16 6.5E-16 1.91E-16 -
187.45426  7.980 95 1.5E-14 1.76E-15 7.88E-15 9.26E-16 1.58E-14 1.87E-15 6.44E-15 7.61E-16 -
187.454 16  7.996 12 2.81E-15 4.66E-16 1.48E-15 2.45E-16 2.97E-15 4.93E-16 1.21E-15 2.01E-16 -
187.45379  7.979 48 1.73E-15 4.34E-16 9.07E-16 2.28E-16 1.82E-15 4.59E-16 7.41E-16 1.87E-16 GC
187.45375 8.016 16 4.87E-16 2.1E-16 2.56E-16 1.1E-16 5.14E-16 2.21E-16 2.09E-16 9.0E-17 -
187.45308 8.02145 1.11E-15 3.36E-16 5.84E-16 1.76E-16 1.18E-15 3.55E-16 4.78E-16 1.44E-16 -
187.452 61  7.9984 2.16E-15 4.14E-16 1.13E-15 2.17E-16 2.28E-15 4.38E-16 9.26E-16 1.78E-16 -
187.452 61  7.987 06 1.9E-15 4.38E-16 9.98E-16 2.3E-16 2.01E-15 4.62E-16 8.16E-16 1.88E-16 -
187.4525 7.995 42 5.88E-15 8.37E-16 3.09E-15 44E-16 6.2E-15 8.87E-16 2.52E-15 3.61E-16 -
187.45198  8.009 91 1.55E-15 4.8E-16 8.15E-16 2.52E-16 1.64E-15 5.07E-16 6.66E-16 2.06E-16 bkg
187.451 87 8.03341 9.42E-16 2.0E-16 4.94E-16 1.05E-16 9.93E-16 2.11E-16 4.04E-16 8.58E-17 -
187.451 55 8.005 54 8.56E-16 3.34E-16 4.49E-16 1.75E-16 9.03E-16 3.52E-16 3.67E-16 1.43E-16 -
187.45135 7.992 31 3.51E-15 5.81E-16 1.84E-15 3.05E-16 3.7E-15 6.15E-16 1.51E-15 2.5E-16 -
187.451 13  8.004 54 2.89E-15 1.09E-15 1.52E-15 5.74E-16 3.05E-15 1.15E-15 1.24E-15 4.69E-16 -
187.45073  8.016 39 1.49E-15 2.71E-16 7.79E-16 1.42E-16 1.57E-15 2.86E-16 6.37E-16 1.17E-16 -
187.45034  7.994 76 1.44E-15 4.38E-16 7.54E-16 2.3E-16 1.52E-15 4.62E-16 6.17E-16 1.88E-16 GC
187.45009 7.976 28 6.51E-16 2.47E-16 3.42E-16 1.3E-16 6.87E-16 2.61E-16 2.8E-16 1.06E-16 GC
187.45006  7.985 58 1.54E-15 3.65E-16 8.1E-16 1.92E-16 1.63E-15 3.86E-16 6.62E-16 1.57E-16 -
187.449 82  8.002 33 8.39E-15 1.36E-15 44E-15 7.14E-16 8.85E-15 1.44E-15 3.6E-15 5.85E-16 bkg, GC
187.449 47  7.997 76 3.19E-15 7.79E-16 1.67E-15 4.09E-16 3.36E-15 8.23E-16 1.37E-15 3.35E-16 bkg
187.449 46  8.010 21 3.44E-15 5.42E-16 1.81E-15 2.84E-16 3.63E-15 5.73E-16 1.48E-15 2.33E-16 -
187.449 42 7.995 56 1.32E-15 4.35E-16 6.91E-16 2.28E-16 1.39E-15 4.59E-16 5.65E-16 1.87E-16 -
187.44941 7.988 63 2.18E-15 4.32E-16 1.15E-15 2.27E-16 2.3E-15 4.57E-16 9.36E-16 1.86E-16 GC
187.44936  7.992 83 2.55E-15 4.88E-16 1.34E-15 2.56E-16 2.69E-15 5.16E-16 1.09E-15 2.1E-16 -
187.4492 8.005 54 1.08E-15 4.19E-16 5.67E-16 2.2E-16 1.14E-15 4.43E-16 4.63E-16 1.8E-16 bkg
187.448 94  7.990 55 4.14E-15 5.99E-16 2.17E-15 3.14E-16 4.37E-15 6.34E-16 1.78E-15 2.58E-16 GC
187.448 81  7.982 98 1.43E-15 3.82E-16 7.51E-16 2.0E-16 1.51E-15 4.03E-16 6.14E-16 1.64E-16 -
187.448 73  8.028 52 1.28E-15 2.5E-16 6.74E-16 1.31E-16 1.35E-15 2.65E-16 5.51E-16 1.08E-16 -
187.448 68  8.021 99 1.49E-15 2.96E-16 7.8E-16 1.55E-16 1.57E-15 3.13E-16 6.38E-16 1.27E-16 -
187.448 67 8.0074 7.79E-15 9.76E-16 4.09E-15 5.12E-16 8.22E-15 1.04E-15 3.34E-15 4.21E-16 -
187.448 49  7.978 68 1.06E-15 2.77E-16 5.54E-16 1.45E-16 1.11E-15 2.92E-16 4.53E-16 1.19E-16 -
187.447 65 8.002 22 1.47E-14 2.0E-15 7.71E-15 1.05E-15 1.55E-14 2.12E-15 6.3E-15 8.61E-16 -
187.44753  7.986 58 1.1E-15 3.52E-16 5.78E-16 1.85E-16 1.16E-15 3.71E-16 4.72E-16 1.51E-16 GC
187.44716 8.01575 1.04E-15 2.41E-16 5.43E-16 1.26E-16 1.09E-15 2.54E-16 4.44E-16 1.04E-16 GC
187.4465 8.038 7.06E-16 2.27E-16 3.7E-16 1.19E-16 7.44E-16 2.4E-16 3.03E-16 9.76E-17 -
187.446 48  7.976 05 1.78E-15 3.49E-16 9.32E-16 1.83E-16 1.87E-15 3.68E-16 7.62E-16 1.5E-16 GC
187.446 04 8.031 01 7.59E-16 1.83E-16 3.98E-16 9.63E-17 8.01E-16 1.94E-16 3.26E-16 7.88E-17 cg
187.446 02 8.003 73 1.91E-14 2.28E-15 1.0E-14 1.2E-15 2.01E-14 2.42E-15 8.19E-15 9.83E-16 -
187.44598  7.995 39 1.24E-15 4.57E-16 6.53E-16 2.4E-16 1.31E-15 4.83E-16 5.34E-16 1.96E-16 -
187.44595  7.979 69 5.78E-15 7.48E-16 3.03E-15 3.93E-16 6.1E-15 7.93E-16 2.48E-15 3.22E-16 GC
187.44517 7.98295 1.7E-15 3.64E-16 8.91E-16 1.91E-16 1.79E-15 3.85E-16 7.29E-16 1.57E-16 -
187.444 18  7.992 37 2.18E-15 4.25E-16 1.15E-15 2.23E-16 2.3E-15 4.49E-16 9.37E-16 1.83E-16 -
187.44399  7.990 15 1.97E-15 3.85E-16 1.04E-15 2.02E-16 2.08E-15 4.06E-16 8.46E-16 1.65E-16 -
187.443 64 7.994 37 1.6E-15 4.42E-16 8.38E-16 2.32E-16 1.68E-15 4.66E-16 6.85E-16 1.9E-16 -
187.44349  8.018 67 1.4E-15 3.69E-16 7.35E-16 1.94E-16 1.48E-15 3.9E-16 6.01E-16 1.59E-16 -
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4138

Table 3 — continued

T. D. Joseph et al.

RA Dec. Fluxpr, Fluxpp, err Fluxpr, Fluxpr, err Fluxppp Fluxpgp err Fluxppp Fluxppgp err  Flag
(degrees) (degrees)  (0.5-5keV) (0.5-5keV) (0.5-2keV) (0.5-2keV) (0.5-5keV) (0.5-5keV) (0.5-2keV) (0.5-2keV)
187.44335  8.020 61 9.58E-16 2.93E-16 5.03E-16 1.54E-16 1.01E-15 3.09E-16 4.11E-16 1.26E-16 -
187.44327  7.96177 1.51E-15 3.77E-16 7.94E-16 1.98E-16 1.6E-15 3.98E-16 6.49E-16 1.62E-16 -
187.443 17  8.024 19 3.13E-15 4.35E-16 1.64E-15 2.28E-16 3.3E-15 4.6E-16 1.34E-15 1.87E-16 GC
187.44288  7.978 72 2.15E-15 3.95E-16 1.13E-15 2.07E-16 2.26E-15 4.17E-16 9.2E-16 1.7E-16 -
187.442 88  8.022 39 9.69E-16 2.28E-16 5.08E-16 1.2E-16 1.02E-15 2.41E-16 4.16E-16 9.8E-17 -
187.4425 7.998 15 2.88E-14 3.44E-15 1.51E-14 1.8E-15 3.04E-14 3.64E-15 1.23E-14 1.48E-15 -
187.44231  7.989 61 3.31E-15 5.06E-16 1.74E-15 2.66E-16 3.49E-15 5.35E-16 1.42E-15 2.18E-16 GC
187.44205  8.023 09 1.15E-15 2.42E-16 6.04E-16 1.27E-16 1.21E-15 2.56E-16 4.94E-16 1.04E-16 GC
187.44202  7.987 61 1.38E-14 1.64E-15 7.24E-15 8.62E-16 1.46E-14 1.74E-15 5.92E-15 7.08E-16 GC
187.44131  8.024 14 5.76E-15 7.22E-16 3.02E-15 3.79E-16 6.08E-15 7.66E-16 2.47E-15 3.11E-16 GC
187.44093  8.004 75 4.39E-15 8.92E-16 2.3E-15 4.68E-16 4.63E-15 9.43E-16 1.88E-15 3.84E-16 -
187.440 87  7.988 51 2.84E-15 5.14E-16 1.49E-15 2.7E-16 3.0E-15 5.43E-16 1.22E-15 2.21E-16 -
187.44078  7.962 04 2.82E-15 5.15E-16 1.48E-15 2.7E-16 2.98E-15 5.44E-16 1.21E-15 2.21E-16 GC
187.4406 7.9692 3.14E-15 4.77E-16 1.65E-15 2.51E-16 3.31E-15 5.05E-16 1.35E-15 2.05E-16 -
187.44054  8.024 76 2.58E-15 3.77E-16 1.35E-15 1.98E-16 2.72E-15 3.99E-16 1.11E-15 1.62E-16 c
187.44023  7.994 62 1.04E-15 3.31E-16 5.44E-16 1.74E-16 1.09E-15 3.49E-16 4.45E-16 1.42E-16 GC
187.44004  7.993 41 74E-16 2.68E-16 3.89E-16 1.41E-16 7.81E-16 2.83E-16 3.18E-16 1.15E-16 GC
187.43988  8.02479 2.35E-15 3.58E-16 1.24E-15 1.88E-16 2.48E-15 3.79E-16 1.01E-15 1.54E-16 c
187.43985  8.0164 6.02E-15 7.61E-16 3.16E-15 4.0E-16 6.35E-15 8.07E-16 2.58E-15 3.28E-16 -
187.43968  8.033 74 3.11E-15 4.28E-16 1.63E-15 2.25E-16 3.28E-15 4.54E-16 1.33E-15 1.85E-16 -
187.43941  7.991 74 2.56E-15 4.79E-16 1.34E-15 2.52E-16 2.7E-15 5.07E-16 1.1E-15 2.06E-16 -
187.4392 7.985 76 2.35E-15 5.29E-16 1.23E-15 2.78E-16 2.48E-15 5.59E-16 1.01E-15 2.27E-16 -
187.43919  7.987 81 1.87E-15 4.26E-16 9.81E-16 2.24E-16 1.97E-15 4.5E-16 8.02E-16 1.83E-16 -
187.4391 7.993 42 1.71E-15 3.85E-16 8.98E-16 2.02E-16 1.81E-15 4.07E-16 7.35E-16 1.66E-16 GC
187.439 8.0046 7.38E-15 9.98E-16 3.87E-15 5.24E-16 7.78E-15 1.06E-15 3.17E-15 4.3E-16 -
187.43899  7.994 49 2.04E-15 4.14E-16 1.07E-15 2.17E-16 2.15E-15 4.37E-16 8.74E-16 1.78E-16 GC
187.43893  8.008 17 1.99E-15 3.85E-16 1.04E-15 2.02E-16 2.1E-15 4.07E-16 8.52E-16 1.65E-16 -
187.43846  8.02502 4.56E-16 1.96E-16 2.39E-16 1.03E-16 4.81E-16 2.07E-16 1.96E-16 8.42E-17 -
187.43825  7.947 48 1.69E-15 4.53E-16 8.87E-16 2.38E-16 1.78E-15 4.79E-16 7.25E-16 1.95E-16 -
187.43823  8.010 61 4.85E-16 2.33E-16 2.55E-16 1.22E-16 5.12E-16 2.46E-16 2.08E-16 1.0E-16 bkg
187.43763  7.997 41 3.48E-15 5.13E-16 1.82E-15 2.69E-16 3.67E-15 5.43E-16 1.49E-15 2.21E-16 GC
187.43755  8.036 82 1.95E-15 3.24E-16 1.03E-15 1.7E-16 2.06E-15 3.42E-16 8.38E-16 1.39E-16 -
187.43733  8.010 12 9.53E-16 3.29E-16 5.0E-16 1.73E-16 1.01E-15 3.47E-16 4.09E-16 1.41E-16 bkg
187.4368 8.0013 1.96E-15 3.7E-16 1.03E-15 1.94E-16 2.07E-15 3.91E-16 8.41E-16 1.59E-16 -
187.43675  8.059 09 1.08E-15 2.89E-16 5.68E-16 1.52E-16 1.14E-15 3.05E-16 4.64E-16 1.24E-16 -
187.4361 8.000 19 4.43E-15 6.12E-16 2.33E-15 3.21E-16 4.68E-15 6.48E-16 1.9E-15 2.64E-16 -
187.43583  7.956 21 2.79E-15 5.13E-16 1.46E-15 2.69E-16 2.94E-15 5.42E-16 1.2E-15 2.21E-16 -
187.43494  8.039 65 9.25E-16 3.23E-16 4.86E-16 1.7E-16 9.76E-16 3.41E-16 3.97E-16 1.39E-16 -
187.43483  7.994 99 9.4E-16 3.1E-16 4.93E-16 1.63E-16 9.92E-16 3.27E-16 4.03E-16 1.33E-16 GC
187.43415 8.011 61 3.25E-15 4.72E-16 1.71E-15 2.48E-16 3.43E-15 5.0E-16 1.4E-15 2.03E-16 GC
187.43395  8.05697 1.14E-15 3.08E-16 5.99E-16 1.62E-16 1.2E-15 3.26E-16 4.9E-16 1.32E-16 -
187.43375  7.978 04 6.34E-15 8.32E-16 3.33E-15 4.37E-16 6.69E-15 8.82E-16 2.72E-15 3.59E-16 GC
187.43343  8.02091 1.92E-15 6.93E-16 1.01E-15 3.64E-16 2.03E-15 7.31E-16 8.24E-16 2.98E-16 GC
187.43332  7.997 64 5.77E-15 7.61E-16 3.03E-15 4.0E-16 6.09E-15 8.06E-16 2.48E-15 3.28E-16 GC
187.43302  8.047 08 9.81E-15 1.74E-15 5.15E-15 9.14E-16 1.04E-14 1.84E-15 4.21E-15 7.49E-16 -
187.43289  8.05309 6.23E-16 2.13E-16 3.27E-16 1.12E-16 6.57E-16 2.24E-16 2.67E-16 9.13E-17 -
187.43269  7.965 69 3.06E-15 6.56E-16 1.6E-15 3.44E-16 3.22E-15 6.93E-16 1.31E-15 2.82E-16 GC
187.43259  7.999 11 1.52E-15 3.26E-16 8.0E-16 1.71E-16 1.61E-15 3.45E-16 6.54E-16 1.4E-16 GC
187.43248  7.9543 4.08E-15 5.94E-16 2.14E-15 3.12E-16 4.31E-15 6.29E-16 1.75E-15 2.56E-16 -
187.43245  7.95842 1.88E-15 4.22E-16 9.89E-16 2.21E-16 1.99E-15 4.46E-16 8.08E-16 1.81E-16 -
187.43237  8.01162 2.42E-15 4.0E-16 1.27E-15 2.1E-16 2.56E-15 4.23E-16 1.04E-15 1.72E-16 GC
187.43185 8.01442 3.08E-15 4.39E-16 1.62E-15 2.31E-16 3.25E-15 4.65E-16 1.32E-15 1.89E-16 -
187.43142  7.981 88 1.25E-15 3.45E-16 6.57E-16 1.81E-16 1.32E-15 3.65E-16 5.37E-16 1.48E-16 -
187.43135  7.996 51 9.21E-15 1.13E-15 4.83E-15 5.95E-16 9.71E-15 1.2E-15 3.95E-15 4.88E-16 -
187.43102  8.03289 3.25E-15 1.37E-15 1.7E-15 7.2E-16 3.42E-15 1.45E-15 1.39E-15 5.89E-16 -
187.43047  8.060 57 2.41E-15 3.56E-16 1.26E-15 1.87E-16 2.54E-15 3.77E-16 1.03E-15 1.53E-16 -
187.43035  8.04347 3.95E-15 1.06E-15 2.07E-15 5.54E-16 4.17E-15 1.12E-15 1.7E-15 4.54E-16 cg
187.42999  7.981 77 8.77E-16 3.02E-16 4.6E-16 1.58E-16 9.25E-16 3.18E-16 3.76E-16 1.3E-16 -
187.42988  8.009 11 1.64E-15 3.32E-16 8.58E-16 1.74E-16 1.73E-15 3.51E-16 7.02E-16 1.43E-16 -
187.42951  8.01101 4.92E-15 6.43E-16 2.58E-15 3.37E-16 5.19E-15 6.81E-16 2.11E-15 2.77E-16 GC
187.42938  8.038 32 5.66E-16 2.04E-16 2.97E-16 1.07E-16 5.97E-16 2.15E-16 2.43E-16 8.74E-17 -
187.42923  7.982 38 1.66E-15 4.28E-16 8.71E-16 2.24E-16 1.75E-15 4.52E-16 7.12E-16 1.84E-16 -
187.42922  7.95775 1.85E-15 4.78E-16 9.73E-16 2.51E-16 1.96E-15 5.04E-16 7.95E-16 2.05E-16 -
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Table 3 — continued

4139

RA Dec. Fluxpr, Fluxpp, err Fluxpr, Fluxpy, err Fluxppp Fluxpgp err Fluxppp Fluxppp err  Flag
(degrees) (degrees) (0.5-5keV) (0.5-5keV) (0.5-2keV) (0.5-2keV) (0.5-5keV) (0.5-5keV) (0.5-2keV) (0.5-2keV)
187.429 11  7.979 57 2.74E-15 4.24E-16 1.44E-15 2.23E-16 2.89E-15 4.49E-16 1.18E-15 1.82E-16 GC
187.427 65  8.044 81 1.11E-15 2.89E-16 5.81E-16 1.52E-16 1.17E-15 3.06E-16 4.75E-16 1.24E-16 cg
187.42639  8.002 18 2.38E-14 2.74E-15 1.25E-14 1.44E-15 2.51E-14 2.91E-15 1.02E-14 1.18E-15 GC
187.426 24  8.02524 8.39E-16 2.54E-16 4.4E-16 1.33E-16 8.85E-16 2.68E-16 3.6E-16 1.09E-16 -
187.426 03  7.950 57 1.93E-14 2.25E-15 1.01E-14 1.18E-15 2.04E-14 2.39E-15 8.29E-15 9.71E-16 -
187.42509  8.003 96 3.43E-15 9.75E-16 1.8E-15 5.12E-16 3.62E-15 1.03E-15 1.47E-15 4.19E-16 -
187.42509  7.984 77 2.25E-15 5.92E-16 1.18E-15 3.11E-16 2.37E-15 6.25E-16 9.64E-16 2.54E-16 -
187.42493  7.980 13 8.64E-15 1.07E-15 4.54E-15 5.6E-16 9.12E-15 1.13E-15 3.71E-15 4.59E-16 -
187.4247 8.021 68 1.21E-15 5.16E-16 6.37E-16 2.71E-16 1.28E-15 5.45E-16 5.21E-16 2.22E-16 -
187.42371 797253 2.65E-15 5.3E-16 1.39E-15 2.78E-16 2.8E-15 5.6E-16 1.14E-15 2.28E-16 -
187.4236 8.000 46 1.14E-15 3.1E-16 5.99E-16 1.63E-16 1.2E-15 3.28E-16 4.9E-16 1.33E-16 GC
187.4235 8.013 64 1.25E-15 2.45E-16 6.57E-16 1.29E-16 1.32E-15 2.59E-16 5.37E-16 1.05E-16 GC
187.42342  8.017 31 2.82E-15 4.04E-16 1.48E-15 2.12E-16 2.97E-15 4.28E-16 1.21E-15 1.74E-16 -
187.42342  8.01238 1.76E-15 3.02E-16 9.25E-16 1.58E-16 1.86E-15 3.19E-16 7.57E-16 1.3E-16 GC
187.42336  8.003 98 9.62E-15 1.18E-15 5.05E-15 6.17E-16 1.01E-14 1.25E-15 4.13E-15 5.07E-16 GC
187.423 34  8.01633 4.79E-15 6.26E-16 2.51E-15 3.29E-16 5.05E-15 6.63E-16 2.06E-15 2.7E-16 GC
187.423 06  7.975 56 3.5E-15 5.1E-16 1.84E-15 2.68E-16 3.7E-15 5.4E-16 1.5E-15 2.2E-16 -
187.42266  7.984 55 5.57E-15 7.27E-16 2.93E-15 3.82E-16 5.88E-15 7.7TE-16 2.39E-15 3.13E-16 -
187.42255  7.981 66 4.62E-15 6.39E-16 2.43E-15 3.35E-16 4.88E-15 6.77E-16 1.98E-15 2.75E-16 -
187.42249  8.03555 1.3E-15 2.43E-16 6.8E-16 1.27E-16 1.37E-15 2.57E-16 5.56E-16 1.04E-16 -
187.42242  7.957 37 4.76E-15 6.81E-16 2.5E-15 3.58E-16 5.03E-15 7.22E-16 2.04E-15 2.93E-16 -
187.421 64  7.991 88 1.54E-15 3.51E-16 8.09E-16 1.84E-16 1.63E-15 3.71E-16 6.61E-16 1.51E-16 -
187.42092  8.000 86 3.26E-15 4.77E-16 1.71E-15 2.5E-16 3.44E-15 5.05E-16 1.4E-15 2.05E-16 GC
187.42088  7.962 33 5.11E-14 5.78E-15 2.68E-14 3.03E-15 5.39E-14 6.13E-15 2.19E-14 2.49E-15 GC
187.42039  7.995 27 4.64E-15 6.21E-16 2.43E-15 3.26E-16 4.89E-15 6.58E-16 1.99E-15 2.68E-16 -
187.41845  8.040 04 1.04E-15 2.24E-16 5.45E-16 1.18E-16 1.1E-15 2.37E-16 4.45E-16 9.64E-17 -
187.4175 7.9957 2.84E-15 4.44E-16 1.49E-15 2.33E-16 3.0E-15 4.7E-16 1.22E-15 1.91E-16 GC
187.41745  7.9748 3.9E-15 1.23E-15 2.04E-15 6.46E-16 4.11E-15 1.3E-15 1.67E-15 5.29E-16 GC
187.41707  7.990 93 7.94E-15 9.78E-16 4.16E-15 5.13E-16 8.37E-15 1.04E-15 3.41E-15 4.22E-16 GC
187.41536  7.982 63 1.33E-15 3.34E-16 6.99E-16 1.75E-16 1.41E-15 3.53E-16 5.72E-16 1.43E-16 GC
187.41524  7.991 26 1.67E-15 3.86E-16 8.76E-16 2.03E-16 1.76E-15 4.08E-16 7.16E-16 1.66E-16 GC
187.4145 8.028 78 3.73E-15 5.16E-16 1.96E-15 2.71E-16 3.93E-15 5.46E-16 1.6E-15 2.22E-16 -
187.41433  8.01041 1.96E-15 3.36E-16 1.03E-15 1.77E-16 2.07E-15 3.56E-16 8.43E-16 1.45E-16 -
187.41324  7.988 68 5.07E-15 6.78E-16 2.66E-15 3.56E-16 5.35E-15 7.19E-16 2.18E-15 2.92E-16 GC
187413 14  7.994 75 2.74E-15 4.25E-16 1.44E-15 2.23E-16 2.9E-15 4.5E-16 1.18E-15 1.83E-16 GC
187.41275  7.953 64 3.95E-15 6.24E-16 2.07E-15 3.28E-16 4.16E-15 6.6E-16 1.69E-15 2.69E-16 GC
187.411 18  7.965 51 5.0E-15 7.05E-16 2.62E-15 3.7E-16 5.27E-15 7.47E-16 2.15E-15 3.04E-16 GC
187.41049  8.04092 9.77E-16 2.48E-16 5.13E-16 1.3E-16 1.03E-15 2.62E-16 4.19E-16 1.06E-16 -
187.41046  7.991 52 1.84E-15 6.81E-16 9.68E-16 3.58E-16 1.95E-15 7.19E-16 7.92E-16 2.92E-16 GC
187.409 74  8.008 33 4.49E-15 5.95E-16 2.36E-15 3.13E-16 4.74E-15 6.31E-16 1.93E-15 2.57E-16 -
187.409 46  8.003 56 1.14E-15 2.68E-16 5.98E-16 1.41E-16 1.2E-15 2.84E-16 4.89E-16 1.15E-16 GC
187.409 14  8.042 96 3.24E-15 4.74E-16 1.7E-15 2.49E-16 3.42E-15 5.02E-16 1.39E-15 2.04E-16 -
187.408 86  7.977 14 4.37E-15 7.0E-16 2.29E-15 3.67E-16 4.61E-15 7.4E-16 1.88E-15 3.01E-16 -
187.40746  7.979 34 9.39E-15 1.17E-15 4.93E-15 6.16E-16 9.91E-15 1.24E-15 4.03E-15 5.06E-16 GC
187.407 31  8.01271 4.22E-15 5.72E-16 2.21E-15 3.0E-16 4.45E-15 6.06E-16 1.81E-15 2.46E-16 -
187.406 54  8.021 18 1.26E-15 2.86E-16 6.61E-16 1.5E-16 1.33E-15 3.02E-16 5.41E-16 1.23E-16 -
187.400 84  7.969 44 2.1E-15 5.37E-16 1.1E-15 2.82E-16 2.21E-15 5.67E-16 9.0E-16 2.31E-16 -
187.400 01 8.041 56 1.13E-15 3.29E-16 5.95E-16 1.73E-16 1.2E-15 3.47E-16 4.86E-16 1.41E-16 -
187.39989  8.01516 1.82E-15 3.28E-16 9.54E-16 1.72E-16 1.92E-15 3.47E-16 7.8E-16 1.41E-16 -
187.396 35  7.999 97 1.59E-15 4.39E-16 8.33E-16 2.3E-16 1.67E-15 4.63E-16 6.81E-16 1.88E-16 -
187.39564 8.013 46 4.68E-15 6.13E-16 2.46E-15 3.22E-16 4.94E-15 6.5E-16 2.01E-15 2.64E-16 -
187.386 48  7.98249 9.36E-15 1.17E-15 4.91E-15 6.14E-16 9.87E-15 1.24E-15 4.02E-15 5.04E-16 -
187.386 16  7.982 17 1.31E-14 1.75E-15 6.88E-15 9.21E-16 1.38E-14 1.86E-15 5.62E-15 7.56E-16 -

The xspEC goodness command was used to calculate the
goodness-of-fit, using the Anderson—Darling (AD) test statistic, as
this test is sensitive to differences between the model and the data
at the edges of the distribution (see e.g. Maccarone et al. 2016). We
ran 10 000 simulations with the goodness command to determine
the null hypothesis probability. We find that our XLF data is well
fitted with a single PL model, with a null hypothesis probability of
0.24.

Other studies have found that the XLF for LMXBs in elliptical
galaxies are better fitted with a broken PL function due to a flat-
tening of the luminosity distribution at low luminosities (Lx < 4
x 10%7 erg s7!; e.g. Voss & Gilfanov 2006). Gilfanov (2004) sug-
gested that this flattening is a ubiquitous property of the XLF for
LMXBs. In the case of NGC 4472 itself, Kundu et al. (2002) found
that the XLF required a broken PL fit with a break at Ly = 3 X
10°® erg s~!. This break is also seen in the XLF of other galaxies and
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it was suggested that this break corresponds to the transition in the
XLF from neutron star to black hole binary luminosities (Sarazin,
Irwin & Bregman 2000).

We also fit the XLF with a broken PL model, using the same fit
statistic and AGN contamination component as for the single PL.
The best-fitting parameters for the broken PL are as follows: the
slope values are 1.34103 and 2.60™3 for the low and high lumi-
nosity range of the XLF, with a normalization of 93.99743%. The
break energy is found to be 1.19%)%? keV. The goodness command
was used again with the AD test statistic; the null hypothesis was
to be 0.04 per cent. This result indicates that the broken PL model
is overfitting the data and the added complication of a broken PL
model is not justified.

Therefore, since we find an acceptable fit to the data with only a
single PL. model, we do not consider a broken PL to be necessary to
describe the XLF of NGC 4472. Indeed, Kim et al. (2006) showed
that the flattening of the XLF slope at low luminosities is not seen in
their ensemble of galaxy XLFs. They caution against the acceptance
of the flattening as a general characteristic of the XLF across all
galaxies, since factors such as incompleteness and multiple X-ray
point source populations may not have been taken into account in
other studies. We note that NGC 4472 does not have multiple point
source populations and we only use completeness limited sample,
with ~100 sources less luminous than 10°® erg s, to construct our
XLF.

3.2 Globular cluster LMXB population

We find that a total of 80 of the 238 detected X-ray sources are
associated with GCs, 68 with fluxes above the X-ray completeness
limit. The X-ray and optical parameter values of these 80 sources
can be found in Table 4. A total of 233 X-ray sources lie within
the RZ01 survey field and of these 40 were found to have a match
with a RZ01 GC, with a subsample of 35 with fluxes above the
X-ray completeness limit. The VCS field included 210 X-ray
sources and 56 matches were found with this data, 46 of which
have fluxes above the X-ray completeness limit. Cross matching
the MKZ03 GC-LMXB catalogue yielded 24 sources that were
matched to a X-ray source in our catalogue, with 23 sources above
the X-ray completeness limit. Three of these MKZ03 GC matches
were not found in either the VCS or RZ01 catalogues. We estimate
that there would be two and five false matches in the RZ01 and VCS
samples, respectively.

For the purposes of our analysis, we apply X-ray and optical (see
Section 3.2.2) completeness cuts to our GC sample. A comparison
of the RZ01 and VCS catalogues show that only 36 per cent of RZ01
GC sources are also found in the VCS catalogue in their overlapping
region. Thus we also limit our analysis to field and GC sources that
fall within the area covered by the VCS catalogue to ensure a cleaner
sample of both GC and field sources for comparison. After applying
these three cuts, we have a sample of 44 GC and 89 field LMXBs.

3.2.1 Field versus globular cluster LMXB populations

We compare the GC and field LMXB populations to ascertain
whether the two populations have significantly different X-ray prop-
erties. We find that there is not statistically significant difference be-
tween the mean 0.5-5 keV luminosity for the GC-LMXB 1.14+21.1
x 10% erg s~! and field LMXB populations 1.24-1.3 x 10% ergs~!.
These values and findings are consistent with those found by Kundu
et al. (2002) for their smaller sample of NGC 4472 LMXBs.
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Figure 3. The log N-log L plots for the GC (solid line) and field (dashed
line) populations. The number of sources in each sample has been normal-
ized to one for ease of comparison.

The AD test was performed on the luminosities of the GC and
field samples to quantify any differences between the two distri-
butions. We find that the probability that the GC and field LMXB
luminosities are drawn from the same sample is at least 25 per cent.
The findings of previous studies of other elliptical galaxies (see
e.g. Kim et al. 2006) as well as that of the previous study of NGC
4472 (Kundu et al. 2002) do not find any significant difference be-
tween the two luminosity distributions. Fig. 3 shows the normalized
log N-log S plots for both the GC and field LMXB populations.

However, we note that our completeness limitis 3.7 x 10*7 erg s~
and therefore we do not sample the same low luminosity range as
other studies. For example, using samples with completeness limits
< 1037 erg s~!, Voss et al. (2009), Kim et al. (2009) and Zhang
et al. (2011) find that the luminosity functions for field and GC—
LMXB populations differ significantly for sources with Ly < 4 x
10%” erg s~!, with fewer faint sources in the GC population. It is then
perhaps not surprising that we do not see the flattening of the XLF
slope at low luminosities since our completeness limited sample
contains very few sources fainter than 4 x 10°” erg s~1.

In addition, Lehmer et al. (2014) and Peacock & Zepf (2016) find
a flatter slope for the XLF of the GC-LMXB population compared
to that of the field population, which implies a difference between
the XLFs at the bright end of the distribution as well. We performed
an AD test on just the bright (Lx > 10* erg s™') end of our GC
and field luminosity distributions and find that the probability that
the GC and field bright end XLFs are statistically similar is at least
25 per cent. Thus our findings are that the field and GC-LMXB
luminosity distributions are statistically indistinguishable, which is
in contrast to the findings of other studies.

The radial distance distributions of the GC and field LMXB
populations were also analysed. For the GC source list, both X-ray
and optical completeness was taken into account (see next section
for optical completeness data). The average radial distance of field
and GC sources was found to be 1.3£0.7 arcmin and 1.54+0.6
arcmin, respectively. We perform an AD test and find the probability
that the two radial distance distributions are drawn from the same
sample to be 14 per cent. This result is similar to that of Kundu et al.
(2002) who found that the probability that the GC and field sources
were drawn from the same radial distribution population could not
be ruled out at greater than the 30 per cent level.
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The X-ray point source population of NGC 4472
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Figure 4. The VCS versus RZ colours for the clusters that appear in both
catalogues. The area enclosed by the broken (solid) lines show the area of
parameter space where both the VCS and the RZ classify as red (blue). The
two sources for which the colours disagree are also shown.

3.2.2 Red versus blue globular cluster subpopulations

We compare the red and blue GC subpopulations to try and deter-
mine the role that GC colour, and hence metallicity, plays in LMXB
formation. For some of the analysis, we combine our VCS, RZ01
and MKZ03 GC samples. This does not present a problem, even
though not all GC sources have RZ01 or MKZ03 counterparts and
vice versa. Colour bimodality is an intrinsic property of GC systems
(Ashman & Zepf 1998). Therefore, for analysis that only requires
the source to be labelled blue or red, it does not matter which pho-
tometric system was used to measure the colour of the GC. Once a
GC colour has been determined and the GC has been assigned the
red or blue qualitative property, we can use that to carry out further
analysis. The colour bimodality of the GC system of NGC 4472 is
well known and has been quantified by VCS, RZ01 and MKZ03.

For the VCS GC sample, the g — z colour distribution is also
bimodal, with peaks at roughly 1.1 and 1.45 and a dividing g — z
colour of approximately 1.17 (see fig. 6 in Jordan et al. 2009). RZ01
found that their GC sample has a bimodal B — R colour distribution
with peaks at 1.1 and 1.35, with a dividing B — R colour of 1.23.
MKZ03 found that their GCs had a dividing colour of V — I = 1.10,
with blue and red peaks at 0.98 and 1.23, respectively. We combined
the three samples and applied both X-ray and optical completeness
limits, where the 100 per cent optical completeness limits are V ~
23.5(RZ01), g =23.3 and z = 22.2 (VCS) and V ~ 23.5 (MKZ03).
This yielded a sample of 54 GCs hosting X-ray sources. We then
found two GCs for which the colour assignments did not match
across the three catalogues; these two clusters were not included
in the analysis. The final completeness limited sample therefore
consists of 37 red and 7 blue GCs. Fig. 4 shows the VCS versus
RZ colours for the clusters that appear in both catalogues. There
is good agreement between the colours across the catalogues. The
two sources for which there is a disagreement between the colours
are also shown.

The ratio of red to blue GCs hosting X-ray sources to be 5.343.0.
When we account for the slightly larger number of blue GCs across
the three samples, we find that ratio of red to blue GCs hosting
X-ray ray sources to be 5.8+2.8. Previous studies (see e.g. Kundu
etal. 2002; Maccarone et al. 2003; Jordan et al. 2004; Sivakoff et al.
2007) have found that red GCs are roughly three times more likely

4143

to host a LMXB than blue GCs. Jordan et al. (2004) provide the
figure with the largest error, 3+1.

The mean 0.5-5 keV luminosity for the red and blue subpop-
ulations are 1.141.2 x 10% erg s7! and 1.340.4 x 10° erg s7!,
respectively; they are statistically indistinguishable. However, using
an AD test, we find the probability that the two X-ray luminosity
distributions are drawn from the same sample to be only 4.9 per cent.
Thus there is evidence that the red and blue GC-LMXB populations
have different luminosity functions. This result is in contrast to the
findings of Kim et al. (2013) and Peacock & Zepf (2016) who found
that the XLFs of red and blue subpopulations were similar across a
large luminosity range.

The radial distributions of the red and blue GC subpopulations
were analysed. The mean radial distances for red and blue GC sub-
populations were found to be 1.6£0.8 arcmin and 2.0+0.6 arcmin,
respectively. Using an AD test, we find that the probability of the
two distributions being drawn from the same sample is 18 per cent.
Thus there is no evidence to suggest that red and blue GC subpop-
ulations have different radial distributions.

4 CONCLUSIONS

‘We have found 238 X-ray point sources in the central 3.7 arcmin of
NGC 4472; of which 191 were brighter than the 4 o completeness
limit of 6.3 x 10716 erg s~! cm~2 (0.5-2 keV). The completeness
limited XLF is well fitted by a single PL model with slope and
normalization of 2.037)1% and 68.53573, respectively. Eighty of
the 238 LMXBs in NGC 4472 are found to reside in GCs. We have
shown that there is no significant difference between the X-ray
luminosities of the LMXBs in the field and those found in GCs.

Our study also shows that within the GC-LMXB population,
the X-ray sources are preferentially found in red GCs at a ratio of
roughly six to one. Our analysis of the red and blue GC subpopu-
lations shows that they have indistinguishable radial distributions.
However, there is evidence to suggest that the luminosity distribu-
tions of the red and blue GC-LMXB populations differ significantly
in contrast to other GC-LMXB systems.
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