INAF

ISTITUTO NAZIOMNALE

2 ASTROFISICA

MATIRAL INSTITLITE
FOR ASTROFHYSICS

Publication Year

2016

Acceptance in OA

2020-05-05T13:41:08Z

Title

A deep Chandra observation of the interacting star-forming galaxy Arp 299

Authors

Anastasopoulou, K., Zezas, A., Ballo, L., DELLA CECA, Roberto

Publisher's version (DOI)

10.1093/mnras/stw1200

Handle

http://hdl.handle.net/20.500.12386/24507

Journal

MONTHLY NOTICES OF THE ROYAL ASTRONOMICAL SOCIETY

Volume

460




of the
ROYAL ASTRONOMICAL SOCIETY i

MNRAS 460, 3570-3586 (2016) doi:10.1093/mnras/stw1200
Advance Access publication 2016 May 19

A deep Chandra observation of the interacting star-forming
galaxy Arp 299

K. Anastasopoulou,’>* A. Zezas,"»>3 L. Ballo* and R. Della Ceca*

YPhysics Department and Institute of Theoretical and Computational Physics, University of Crete, 71003 Heraklion, Crete, Greece
2 Foundation for Research and Technology-Hellas, 71110 Heraklion, Crete, Greece

3 Harvard—Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, MA 02138, USA

4Osservatorio Astronomico di Brera (INAF), via Brera 28, 1-20121 Milano, Italy

Accepted 2016 May 17. Received 2016 May 17; in original form 2016 February 27

ABSTRACT

We present results from a 90 ks Chandra ACIS-S observation of the X-ray luminous interacting
galaxy system Arp 299 (NGC 3690/IC 694). We detect 25 discrete X-ray sources with lumi-
nosities above ~4.0 x 10°® ergs~! covering the entire Ultra Luminous X-ray source (ULX)
regime. Based on the hard X-ray spectra of the non-nuclear discrete sources identified in
Arp 299, and their association with young, actively star-forming region of Arp 299 we identify
them as HMXBs. We find in total 20 off-nuclear sources with luminosities above the ULX
limit, 14 of which are point-like sources. Furthermore we observe a marginally significant
deficit in the number of ULXSs, with respect to the number expected from scaling relations of
X-ray binaries with the star formation rate (SFR). Although the high metallicity of the galaxy
could result in lower ULX numbers, the good agreement between the observed total X-ray
luminosity of ULXs, and that expected from the relevant scaling relation indicates that this
deficit could be the result of confusion effects. The integrated spectrum of the galaxy shows the
presence of a hot gaseous component with k7= 0.72 £ 0.03 keV, contributing ~20 per cent of
the soft (0.1—2.0 keV) unabsorbed luminosity of the galaxy. A plume of soft X-ray emission
in the west of the galaxy indicates a large scale outflow. We find that the AGN in NGC 3690
contributes only 22 per cent of the observed broad-band X-ray luminosity of Arp 299.

Key words: galaxies: individual: Arp 299 —galaxies: interactions— galaxies: starburst—
X-rays: binaries — X-rays: galaxies.

verifies these relations is an important test of their applicability to

1 INTRODUCTION . . .. . .
the most extreme star forming galaxies and is informative for their

X-ray emission of galaxies is key for understanding compact ob-
ject populations and accreting binaries and in particular their most
extreme manifestation the so-called Ultra-Luminous X-ray sources
(ULXs; defined as off-nuclear point sources that have luminosities
L(0.1-10.0keV) > 10% ergs™!). In particular, high star-formation
rate (SFR) galaxies often host large populations of ULXs (e.g.
Swartz et al. 2011). As such they are useful for studying the pop-
ulation, demographics, and scaling relations of ULXs with galaxy
parameters. Since scaling relations are based on local galaxies with
SFRs up to a few (~20) M@ yr~' (e.g. Lehmer et al. 2010; Mineo,
Gilfanov & Sunyaev 2012a), and there is some evidence for evo-
lution of these scaling relations with SFR (Basu-Zych et al. 2012;
Mineo et al. 2014), examining if a local highly star-forming galaxy

*E-mail: kanast@physics.uoc.gr

use as analogues of high-z galaxies.

Arp 299 is one of the most powerful star-forming galaxies in the
local Universe (44 Mpc; Heckman et al. 1999) belonging to the
class of Luminous Infrared Galaxies (LIRGs; Sanders & Mirabel
1996) with a total infrared luminosity of Lir = 5.16 x 10" L
(Charmandaris, Stacey & Gull 2002). It consists of two galaxies in
an advanced merging state separated by ~22 arcsec. The western
galaxy is referred to as NGC 3690 (or B) and it is believed to host an
AGN (Della Ceca et al. 2002; Zezas, Ward & Murray 2003; Ballo
et al. 2004; Ptak et al. 2015). The eastern galaxy is referred to as
IC 694 (or A) and the overlapping region as C and C’ (following
the nomenclature of Hibbard & Yun 1988).

Due to its proximity and intense star forming activity Arp 299
has been studied extensively in all wavelengths. Optical and infrared
observations have shown that Arp 299 is dominated by widespread
star formation taking place in the two nuclei and in the overlapping
area with typical ages of ~15 Myr (Alonso-Herrero et al. 2000).

© 2016 The Authors
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Results in the mid-infrared show that most of the star-forming re-
gions are deeply embedded into dust (Charmandaris et al. 2002).
Recent Spitzer/IRS results are now showing that the integrated mid-
infrared spectrum of Arp 299 exhibits a remarkable similarity with
those of high-z Ultra Luminous Infrared Galaxies (ULIRGs) albeit
its lower luminosity and possibly higher metallicity. This suggests
that it may represent a local example of the star-forming processes
occurring at high-z (Alonso-Herrero et al. 2009).

In the X-ray regime Arp 299 is the second most luminous
galaxy in the local Universe (S50Mpc) with a luminosity of
L(0.1—10.0 keV) = 4 x 10" erg s~! (Zezas, Georgantopoulos &
Ward 1998; Heckman et al. 1999). A short 24 ks Chandra observa-
tion obtained in 2001 showed that Arp 299 hosts 16 ULXs, one of
the richest galaxies in the local Universe, although the short expo-
sure allowed us to probe only a fraction of the overall population
(Zezas et al. 2003). Luangtip et al. (2015) studied a sample of 17
nearby LIRGs (including Arp 299) and found a general deficit in
their number of ULXs per unit SFR compared to the rate in nearby
normal star-forming galaxies from Swartz et al. (2011). This re-
sult is also supported by Smith et al. (2012) who found that the
total number of ULXs in LIRGs (including Arp 299) normalized
to their far-infrared luminosity is deficient in comparison to the
ULX rates found for spiral galaxies. They argue that metallicity
may have some influence on ULX numbers but the main reason for
this deficit is high columns of gas and dust that obscure these ULXs
from our view. If this trend holds for galaxies experiencing intense
starbursts, it will have important implication for understanding the
X-ray output of high-z galaxies.

Furthermore BeppoSAX revealed for the first time the existence
of a deeply buried (N ~ 2.5 x 10** cm™2) AGN with a luminosity
of Los—100 kev == 1.9 x 10¥erg s~! (Della Cecaet al. 2002). Chan-
dra and XMM-Newton observations confirmed the existence of a
strongly absorbed AGN and located it in the nucleus of NGC 3690
while there is evidence that the second nucleus IC 694 might also
host an AGN of lower luminosity (Zezas et al. 2003; Ballo et al.
2004; Iwasawa et al. 2009; Perez-Torres et al. 2010; Alonso-Herrero
et al. 2013). Recent results of simultaneous observations with NusS-
TAR and Chandra (including Chandra data presented in this pa-
per) confirmed the existence of an AGN in NGC 3690 constrained
its total X-ray luminosity to L(10—30 keV) ~ 1.2 x 10%erg s~!
and its obscuring column density to Ny ~ 4 x 10* cm™2. It
also showed that any AGN in IC 694 must be heavily obscured
or have a much lower luminosity than that in NGC 3690 (Ptak
et al. 2015).

In this paper we analyse data from a deep Chandra observation
of Arp 299 (=90 ks) which allow us to further explore the nature of
the X-ray source population in this interesting system. In particular
we are able to study the entire population of ULXs by reaching a
detection limit of 4 x 10* ergs~! and to explore the contribution
of the AGN to the energetics of the galaxy. Arp 299 is possibly
an analogue of actively star-forming galaxies at higher redshifts
(Alonso-Herrero et al. 2009). Therefore studying its hot gaseous
and X-ray binary components and energetics with this deep Chandra
high resolution observation and their scaling with its star-forming
activity we can have useful insights of the nature of the high-z
normal galaxies detected in medium and high depth surveys where
a detailed analysis of the sources is not possible.

The structure of the paper is as follows. In Section 2 we describe
the observation, the data analysis and our results. We discuss our
results in Section 3 and in Section 4 we summarize our findings.
All errors from spectral analysis correspond to the 90 per cent con-
fidence interval unless otherwise stated.

A deep Chandra observation of Arp 299 3571

2 OBSERVATION AND DATA ANALYSIS

Chandra (Weisskopf et al. 2000) observed Arp 299 with the ACIS-
S camera (Garmire 1997) for a total of 90.37ks. The observa-
tion was split in two segments due to scheduling constraints: a
38.49 ks exposure performed on 2013 March 12 (OBSID 15619)
and a second exposure of 51.88 ks performed on the 2013 March
13 (OBSID 15077). The data analysis was performed with the ciao
software version 4.7 and caLDB version 4.6.5. To apply the latest
calibration data we reprocessed the Level-1 events files using the
acis_process_events tool. We then created the Level-2 events files
using the dmcopy tool to filter for bad grades and status bits (keep-
ing only grades = 0, 2, 3, 4, 6 and status = 0). We checked for
background flares during our observation and we found that the
background level is fairly constant.

Since the two observations are almost contiguous, and they are
performed at the same ROLL angle and pointing, we created an
events file for the merged exposure. Using the reprojec_obsid tool
we first reprojected the two Level-2 files to a common tangent point
and then we combined them to create the merged Level-2 events
file. The scientific analysis was performed on these three files.

We created images as well as exposure maps in the broad (0.5—
7.0 keV), soft (0.5-1.2 keV), medium (1.2-2.0 keV), and hard
(2.0-7.0 keV) bands using the fluximage tool for the reprojected
files and the flux_obs tool for the merged one. We additionally
normalized all the exposure maps to the exposure of a reference
pixel at approximately the centre of the galaxy.

We adaptively smoothed these images using the csmooth ciao tool
with a Gaussian convolution kernel, and applying a minimum and
maximum signal-to-noise ratio (SNR) of 3 and 5, respectively. A
‘true colour image’ consisting of the soft (red), medium (green), and
hard (blue) smoothed images for the merged observation is shown
in Fig. 1. From this image we see a population of discrete sources
(Section 2.1) and extended soft diffuse emission of the galaxy.

2.1 Source detection

We used the wavdetect tool (Freeman et al. 2002) to detect discrete
sources. We searched in the broad (0.5-7.0 ke V), soft (0.5-1.2 keV),
medium (1.2-2.0 keV), and hard band (2.0-7.0 keV) images of the
reprojected individual observation segments, as well as, the merged
data set for sources on scales of 2, 4, 8, and 16 pixels. We then cross-
correlated the source lists created in all bands of the individual and
the merged observations. We visually inspected the final source list
in order to make sure that no individual sources were excluded. We
found in total 42 sources within the D25 region of the galaxy (RC3;
de Vaucouleurs et al. 1991; Corwin, Buta & de Vaucouleurs 1994).

In order to calculate the photometric parameters of the sources,
we manually defined a source aperture based on the merged obser-
vation. We took care to include as many of the source counts as
possible and at the same time to avoid contamination from nearby
sources and background. The minimum aperture radius of (~1 arc-
sec) which encompasses at least 90 per cent of the encircled en-
ergy at 1.49keV of an on-axis point source for the ACIS-S camera
was satisfied by the mean aperture radius of our sources which is
~1.3 arcsec. The background was defined as an annulus around
each source with inner radius about 1-2 pixel larger than the source
aperture in order to avoid contamination by the wings of the source
PSF and outer radius large enough (~25 arcsec) to obtain good
count statistics to perform photometry and to avoid contamination
from nearby sources.

MNRAS 460, 3570-3586 (2016)
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Figure 1. An adaptively smoothed true colour image of Arp 299 from the merged observation. We show with red colour the soft band (0.5-1.2 keV), with
green colour the medium band (1.2-2.0 keV), and with blue the hard band (2.0-7.0 keV). Overlaid are the 26 sources with SNR > 3.0 (yellow circles) as well
as the six detections (1a to 6a; cyan circles) with 2.0 < SNR < 3.0 that are noted as possible sources.

We used the dmextract tool to perform the photometry on the
42 sources in the merged and individual exposures for the broad,
hard, medium, and soft bands. In more detail we ran dmextract
on the images and normalized exposure maps for the discrete
sources and on the background image. The errors on the num-
ber of counts were calculated following the Gehrels approxima-
tion (Gehrels 1986). We calculated the SNR of each source as
SNR = S/v/(1 4+ +0.75+T)? + (1 + +/0.75 + B)? where S are
the net source counts, T the total counts, and B the estimated back-
ground counts for each source rescaled to the source area. We con-
sider as significant detections and therefore present in this paper the
results for the 26 sources that have SNR > 3.0. We also present six
detections (1a—6a) that exceeded SNR = 2.0 as possible sources.

The photometry for the 26 sources obtained from the merged
events file is presented in Table 1 for the broad-band. Column (1)
gives the source number, Columns (2) and (3) give the sky coordi-
nates, Column (4) gives the net source counts and the corresponding
error counts. The background source counts and the SNR of each
source are presented in columns (5) and (6). Columns (7) and (8)
give the ellipse major and minor radius for the source apertures.
Column (9) gives the corresponding source identifier from Zezas
etal. (2003), and Column (10) presents comments about each source
such as variability, extension, and names from previous works. The
same information for the hard, medium, and soft bands is presented
in the appendix (Table A1). The description of columns is the same
as for columns (1)—(6) of Table 1. Columns (7)—-(10) of Table 1
are exactly the same and thus not included. The properties of the
six lower significance detections (1a—6a), that are noted as possible
sources, are presented in the appendix (Table A2).

MNRAS 460, 3570-3586 (2016)

The location of 26 discrete sources as well as the six lower
significance detections (1a—6a) is shown on the ‘true colour image’
of Fig. 1. In Fig. 2 we overlay the location of the discrete sources on a
multi-band image consisting of HST images in the F814W (814 nm;
green) and F435W (435 nm; blue) and a Spitzer IRAC band 4 (8 pm;
red) non-stellar image. The IRAC non-stellar image in particular
was produced by subtracting a scaled 3.6 um image from the 8 um
in order to remove the stellar emission (Brassington et al. 2015).
The above filters give a picture of the distribution of the old, young,
and obscured young stellar populations, respectively (Fig. 2). We
see that the vast majority of the sources are located within the main
body of the galaxy and particularly its most actively star-forming
regions.

2.2 Spectral analysis

We extracted source and background spectra of the discrete sources
using the specextract tool. Since the two observations are taken with
the same orientation, and within 13 h of each other, we decided to
extract the spectra from the merged events file.! This is supported
by the fact that the spectral parameters of the sources are consistent
between the two observations, while all but one source do not show
any variability between the observations (Section 2.4). We supplied
specextract a stack of the two reprojected events files and a stack
of their corresponding auxiliary files, and we ran it with combine =
yes. This produced the correctly summed Pulse Height Amplitude

Uhttp://cxc.harvard.edu/ciao/caveats/merged_events.html
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Table 1. Properties of the discrete sources in the broad-band (0.5—7.0 keV).

A deep Chandra observation of Arp 299 3573

Src? RA Dec Net counts Bkg S/N I n Src ID Notes
1D hms orr “+error arcsec arcsec (Z03)
Y] 2) 3) 4) (5) (6) (7 (3) ) (10)
1 11:28:26.8 +58:34:07 1353 + 129 4.7 10.1 1.74 1.73 1 ULX
2 11:28:30.4 +58:33:46 430.8 £ 25.3 115.2 15.9 0.93 0.94 - ULX
3 11:28:30.6 +58:33:42 336.2 + 28.7 260.7 10.9 0.92 0.77 4? ext (hard)
4 11:28:30.7 +58:33:48 583.0 + 37.8 372.0 15.4 1.43 1.39 2 C; ext (hard)
5 11:28:30.7 +58:33:44 206.2 + 19.8 84.8 9.9 0.82 0.82 3 ext (hard)
6 11:28:31.0 +58:33:44 140.5 + 16.7 80.5 7.5 0.73 0.80 5 ULX
7 11:28:31.0 +58:33:41 8925 £ 373 264.4 22.8 1.31 1.11 6 AGN; B1; ext
8 11:28:31.2 +58:33:26 352 £ 7.5 5.8 4.2 1.33 1.36 7
9 11:28:31.4 +58:33:43 722 £ 245 172.7 33 2.00 1.85 - ULX
10 11:28:31.6 +58:33:49 221.3 + 16.9 23.6 12.5 1.08 1.13 8 ULX; C”
11 11:28:32.0 +58:33:59 232 + 6.8 6.8 3.0 1.27 1.18 -
12 11:28:32.2 +58:33:18 198.2 + 15.6 12.8 12.2 2.11 2.15 9 ULX
13 11:28:33.0 +58:33:37 703 £ 11.1 24.6 5.7 1.23 1.30 10 ULX
14 11:28:33.1 +58:33:56 195.0 + 16.6 30.0 11.2 1.40 1.54 11 ULX
15 11:28:33.1 +58:33:44 147.6 + 19.3 99.4 7.4 1.36 1.34 12 ULX
16 11:28:33.2 +58:34:02 213.7 + 16.4 8.2 13.0 1.57 1.47 13 ULX
17 11:28:33.3 +58:33:45 559.9 + 28.1 109.0 19.1 1.04 0.99 14 ULX
18 11:28:33.6 +58:33:46 4233 + 36.9 294.6 12.7 1.28 1.20 16 A; ext (hard)
19 11:28:33.6 +58:34:03 56.7 £ 10.3 17.3 5.1 1.31 1.41 - ULX;variable”
20 11:28:33.6 +58:33:51 433 £+ 12.1 58.7 3.0 0.85 0.71 15 ext
21 11:28:33.8 +58:33:51 453 £ 11.5 40.6 3.6 0.67 - 15
22 11:28:34.0 +58:33:49 132.1 &+ 254 238.8 5.0 1.54 1.27 - blob; ext (hard)
23 11:28:34.1 +58:33:40 133.1 &£ 15.0 45.8 8.1 1.21 1.23 17 ULX
24 11:28:34.4 +58:33:43 50.0 + 12.8 61.9 34 1.40 1.51 - ext (hard)
25 11:28:34.5 +58:33:30 26.5 + 7.0 7.4 33 1.29 1.28 -
26 11:28:37.5 +58:33:40 35.6 £ 7.2 1.4 4.7 1.21 1.23 18 ULX

Notes. “Column 1: the source identification number, columns 2 and 3: sky coordinates, column 4: net source counts and corresponding error counts, columns 5
and 6: the background source counts and the SNR of each source, columns 7 and 8: the two ellipse major and minor radius for the source apertures, column 9:
the corresponding source identifier from Zezas et al. (2003), column 10: comments on variability, extension, and name sources from previous works. Sources

that are point-like ULXs are also reported in this column.
bSee Section 6.

Figure 2. Colour image of Arp 299. Composed of an F814W
(814 nm; green), F435W (435nm; blue) HST images and IRAC band
4 (8 um; red; saturated at the nuclei) non-stellar image (see text). The

X-ray sources with luminosities L(0.1—10.0 keV) > 5 x 10°° erg s~!

are shown with black circles, while lower Iuminosity sources
(L(0.1—10.0 keV) < 5 x 10% erg s~1) are shown with yellow circles.
With white arrows we show the additional names of our sources Src 18
(A), Src 7 (B1), Src 4 (C), Src 10 (C”); C’ is unidentified in our observation
and is presented here with a blue circle.

(PHA) file, spatially weighted Auxiliary Response File (ARF) and
Redistribution Matrix File (RMF). As a final step we grouped the
resulting spectra to have at least 20 total counts per spectral bin
using the dmgroup tool to allow for x? fitting.

We fitted the grouped spectra using the xspEc v12.8.2 software
(Arnaud 1996). We ignored events with energies above 8.0 keV and
below 0.4 keV since they are dominated by the background. The
spectral fitting was performed only for the 20 sources with more
than about ~50 net counts (i.e. three or more spectral bins). In all but
four cases a single power-law model which is generally used to fit
the spectra of X-ray binaries (XRBs) with photoelectric absorption
gave satisfactory fits. For these sources the photon indices range
from I' = 0.9 to I' = 3.9, consistent with those of XRBs, and
the hydrogen column density is typically greater than the Galactic
(~9.5 x 10" cm~2; using the Colden tool,> with the NRAO neutral
hydrogen data set, a compilation by Dickey & Lockman).

The spectra of sources 9 and 22 were too noisy after subtracting
their local background. Since we extract the background from areas
surrounding each source, this indicates that these two sources are
local enhancements in the diffuse emission and their spectra are
similar to the spectra of their surrounding regions. Therefore, in
order to obtain a picture of the physical properties of these regions
we extracted background from an area outside the galaxy and we
model the diffuse emission with a thermal plasma component.

2 http://cxc.harvard.edu/toolkit/colden jsp

MNRAS 460, 3570-3586 (2016)
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Table 2. Spectral parameters based on spectra and X-ray colours of the discrete sources.

Spectral analysis

X-ray colours

Src ID r kT Ny x? (dof) C C, Cs Tcol Niicol
keV 10?? cm—2 10?2 cm—2
(€] (@) (3) “ 5 (6) (7 ®) © (10)
1 2.1970% - 0.867038 2.6 (4) —-0.507020  —0.027013 —0.52+020 2.0 0.6
2 1.86793¢ - 0.23019 22321  —0.1271 —0.00%0%  —0.12+01 1.6 0.13
3 3.207078 - 2331081 29124  —1.627992 0227012 184709} 3.5 3.0
4 2767559 - 0.271011 37.7 (37) 0.007210 0317012 0.327013 2.7 0.25
5 2.6775%8 - 0.887053 7.8 (9) —0.497933 0127014 —0.36703] 2.6 0.8
6 3.92+169 - 2.89+157 7.4(8) —14979% 0217017 —1.70%99 32 2.5
7 1027968 052709 1.027032,127.07319¢ 5253 4D 0247000 0107058 0347008 - -
8 - - - - —0.39704¢ 0.15703  —0.24703 2.6 0.6
9 2731097 0.467032 0.517016 13.9 (7) 0.76°553 0.28+18¢ 1.07508 - -
10 1217058 - 0.06700¢ 10.8 (7) —0.777938  —0.16701 —0.92793° 1.9 1.0
11 - - - - —0.521073 0.07703%  —0.457977 2.5 0.8
12 1917978 - 0.407039 4.3 (6) —-0.267014 0117013 —0.147013 22 0.40
13 1.987092 - 0.14704) 0.5(2) 0.00%927 0.1010:28 0.107028 1.7 0.07
14 172755 - 0.531043 3.0 (6) ~0.367029 —0.0770:12 044702 L6 0.4
15 2.67139) - 0.967535 11.9 (8) —0.571042 0.187013 —0.40104 3.0 1.0
16 2.531083 - 1.28+0:48 6.2 (6) —0.551020 _0.08%01 —0.6210% 1.8 0.6
17 1697934 - 0.25701¢ 27728  —0.2575%9 0.0170:08 —0.2470:59 1.8 0.3
18 0.9370% - 1.877147 40.1031)  —l.46%8! -0.6770%  —2.1370% - -
19 1027922 - 0.01704 1.8 (1) —043%03¢ 012702 055103 1.5 0.45
20 - - - - 0.33105 0.1970%8 0.52+03% - -
21 - - - A T R R R -
2 - 0.631007 0.62108 33.6 (16) 0.47703} 1.307172 1797058 - -
23 2.021033 - 2.05 2.9 (5) —0.8410:63 —0.361011 —1.21+0:60 1.3 1.0
24 2.691380 - 0.0095¢ 114 —0.19]32 —0.6279-8 -0.831074 - -
25 - - - - 0121041 0.37704¢ 0.2410:38 32 0.45
26 - - - - -0.16%03%  —0.057038 -0.21%03) 1.4 0.13

Notes. “Column 1: source identification number, column 2: photon index values from spectral fitting and corresponding errors, column 3: thermal plasma model
temperatures, column 4: line-of-sight hydrogen column density, column 5: Chi-square of the spectral fit and degrees of freedom (d.o.f), columns 6, 7, and 8:
X-ray colours, and their corresponding uncertainties, defined as C; = log0(S/M), C2 = logio(M/H), C3 =1og10(S/H) where S, M, and H are the net counts in
the soft (0.5-1.2 keV), medium (1.2-2.0 keV), and hard (2.0-7.0 keV) bands (see text for details). Columns 9 and 10: photon index I"¢co; and hydrogen column

density Nycol based on the X-ray colours.

bThe spectral model contains also a Gaussian line with Ej = 6.30 + 0.03keV with o = 0.01870:0)% keV and EW = 0.72 % 0.01 keV.
“Equivalent hydrogen column density of partial covering fraction absorption with covering fraction 95 per cent.

4This value is fixed at the Galactic line-of-sight value.

For Src 9 an absorbed power law plus a thermal plasma model

gave a good fit while for Src 22 a reasonable fit was given by an
absorbed thermal plasma model. Source 9 could be a diffuse emis-
sion region but the existence of a power-law component suggests
that one or more X-ray binaries are embedded in this region. We
consider Src 22 a diffuse emission region as its spectrum is well
fitted with only a thermal plasma component. The detailed results
for the fitted parameters of the 20 sources are reported in Table 2.

2.3 Hardness ratios

Hardness ratios or X-ray colours are a useful tool for deriving the
spectral properties of faint sources. We calculated X-ray colours
for all sources; in this way we estimate the spectral parameters
for the sources with less than 50 counts while for the brighter
sources we can have a direct comparison of the spectral parameters
calculated from the X-ray colours and the spectral fits.

MNRAS 460, 3570-3586 (2016)

X-ray colours are defined as C; = log,,(S/M), C, = log,,(M/H),
C; = log,,(S/H) where S, M, and H are the net counts in the soft
(0.5-1.2 keV), medium (1.2-2.0 keV), and hard (2.0-7.0 keV)
bands. In our analysis we use X-ray colours instead of the hard-
ness ratios, since they are better behaved in terms of their error
distribution (Park et al. 2006). We calculated the X-ray colours and
their uncertainties for the 26 sources, using the BEHR code (Park
et al. 2006) which evaluates their posterior probability distribution
and provides reliable estimates and confidence limits even when
either or both soft and hard counts are very low. The resulting X-ray
colours and their corresponding 90 per cent confidence intervals, are
presented in Table 2.

In order to estimate the spectral parameters of the X-ray sources
we created grids on plots involving two different X-ray colours and
placed our sources on them. The grids were calculated by simulating
absorbed power-law spectra. Fig. 3 shows our sources on the grid of
the C, — C, plot. We see that while the majority of the sources fall on
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Figure 3. (Top panel) C; = logio(M/H) versus C; = logo(S/M) X-ray
colour. Overlaid is the grid of different hydrogen column densities (in units
of 10?2 cm~?) and photon indices assuming a simple absorbed power-law
model. With the red solid circles we plot our sources and with the magenta
arrows we show the direction of increasing hydrogen column density and
photon index. (Bottom panel) same as top panel but showing the correspond-
ing errors for each source with blue bars.

the grid and particularly the region corresponding to I' ~ 1.5—2.5
and N < 0.85 x 10?2 cm™2, there are five sources (9, 20, 21, 22, and
24) that fall outside the grid indicating sources with either too low
absorption or too steep photon index. For three of them (9, 22, and
24) we have X-ray spectra; two are well fitted with a soft thermal-
plasma model (Src 22) or a power-law component combined with a
thermal plasma (Src 9), which would increase the intensity of their
soft band and shift the C; colour to higher values. Source 24 has
very large errors in both C; and C, colours, and particularly C,
which is most closely related to the column density Ny. Therefore
we decided to fix its Ny to the Galactic line-of-sight value. For the
rest of the sources we estimate their spectral parameters based on
their location on the grid and we present these estimates in Table 2.
In Table 2 we do not include the results of the colours based analysis
for sources 7, 9, 18, and 22 which have more complex spectra. For
sources 20 and 21 that we cannot estimate their spectral parameters
based on their X-ray colours we adopt in our following analysis
I' = 1.7 and the hydrogen column density at the galactic value Ny
= 9.5 x 10" cm™? (Table 2). This is consistent with the X-ray
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Figure 4. Photon index calculated from the spectral analysis versus photon
index calculated from the X-ray colours for our sources with spectra fitted
with a simple absorbed power-law model. The errors from the spectral fit
are shown with blue bars. The blue solid line is the 1:1 line.
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Figure 5. Hydrogen column density calculated from the spectral analysis
versus hydrogen column density calculated from the X-ray colours for our
sources with spectra fitted with a simple absorbed power-law model. The
errors from the spectral fit are shown with blue bars. The blue solid line is
the 1:1 line.

colour of Src 20 (Fig. 3), while Src 21 appears to have somewhat
softer colours.

We checked the accuracy of the spectral parameters, calculated
based on their X-ray colours, by comparing them with those calcu-
lated from the spectral fit (see Table 2) and we found that they agree
well within their errors (Figs 4 and 5). For the four sources (7, 9,
18, and 22) which were not fitted with a single absorbed power-law
model as well as for the sources not falling on the grid (sources 20,
21, and 24) we cannot make this comparison.

2.4 Variability

We searched for variability with the glvary tool applied on the
two reprojected events files. This tool uses the Gregory—Loredo
algorithm (Gregory & Loredo 1992). First we ran the dither_region

MNRAS 460, 3570-3586 (2016)
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Figure 6. Observed flux in the broad-band (0.1—10.0 keV) versus date of
observation for source 19. The corresponding errors are shown with red
bars.

tool which creates a normalized effective area file to be used with
glvary. The latter accounts for the fraction of the total exposure that
a source falls on bad pixels or goes off the detector. For our sample
the fractional area was always one meaning that the source was
always within good detector pixels. This ensures that any measured
time variation is intrinsic and not due to the combination of the
dither motion of the spacecraft and the pixel-to-pixel variation in
the detector effective area. Then glvary assigns a variability index
that takes values from O to 10, with the value of O indicating a
definitely not variable source and values from 6 to 10 indicating a
definitely variable source.

The results of the glvary tool did not identify any variable source
for observation OBSID 15619 with the majority of the sources being
definitely not variable (variability index = 0) and some considered
not variable and probably not variable (variability index = 1 or 2).

For OBSID 15077 we found that only one source showed ev-
idence for variability: Source 19 presented a variability index of
8 indicating that it is definitely a variable source. Inspecting its
light curve one can see a dramatic reduction in the observed counts
by about a factor of 6 in the second half of the observation. Also
we explored its long-term variability by analysing data from the
first observation of Arp 299 (OBSID 1641), and OBSID 15619.
We calculated its broad-band observed flux (0.1—10.0 keV) based
on spectra extracted from each observation and the best-fitting pa-
rameters we calculated from the merged observation. In the case of
OBSID 15077 we split the observation into two segments at the time
when the counts decreased. Source 19 was not detected in the first
observation of Arp 299 (Zezas et al. 2003). None the less we can
use BEHR (Park et al. 2006) to calculate the 90 per cent confidence
interval upper limit on the broad-band intensity of the source even
though it is not formally detected in any band.

InFig. 6 we present the broad-band flux (0.1—10.0 ke V) of source
19 versus the date of observation. We can see that the observations
15619 and 15077a do not show major differences as their fluxes
agree within the errors but there is a difference with both the first
observation performed in 2001 and the second half of OBSID 15077
by at least a factor of 4.

Furthermore we examined the long-term variability of all sources
that were also detected at Zezas et al. (2003). We found six variable
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sources that differed in luminosity by a factor of 3 or more; namely
the sources 6, 7, 10, 14, 17, and 18.

2.5 Extended sources

The relatively large distance of Arp 299 make it subject to possible
confusion effects. Therefore, we used the srcextent tool® to deter-
mine if our sample contains extended sources. The srcextent tool
calculates the sizes and associated errors of a list of sources using
the Mexican Hat Optimization (MHO) algorithm (Houck 2007).
A PSF is used as input to srcextent for more reliable results. For
this purpose we used ChaRT (Carter et al. 2003) to simulate the
PSF and converted the output set of rays into a pseudo-events file
by projecting the rays on to the detector-plane using MarRx v.5.01.1
(Davis et al. 2012). This analysis resulted in nine extended sources
in the broad-band (0.1—10 keV) at the 90 per cent confidence level.
Namely the sources 3, 4, 5, 7, 20, 21, 22, 24, and 28. Sources 3, 4,
5, 18, 22, and 24 are extended in the (2.0—8.0 keV) band as well,
following the same analysis.

2.6 Fluxes and luminosities of the discrete sources.

The calculation of the flux for the 20 sources that had spectral
fitting parameters (see Table 2) was done with the xspec package.
The errors were calculated by propagating the count errors and
taking into account the count rate to flux conversion given the
specific model for each source. In order to see how much is the
effect of the spectral uncertainties in the measured flux, we used
the flux command with the error option which accounts for spectral
uncertainties in the flux calculation. The errors are estimated by
drawing parameter values from their best-fitting distribution and
calculating the flux for each set of draws. Then the resulting fluxes
are ordered and the central 90 per cent per cent is selected to give
the error range. This method increases the errors on average by a
factor of 2.

The fluxes for the 6 remaining sources were calculated also using
the flux command but this time the spectral parameters were fixed
to the values determined based on their X-ray colours (Table 2).
Flux uncertainties are then simply calculated by propagating the
count rate errors reported in Table 1. The resulting observed and
absorption corrected luminosities in the broad (0.1—10.0 keV), soft
(0.1-2.0 keV), and hard (2.0—10.0 keV) bands are presented in
Table 3.

We find that 22 sources (20 of which are off-nuclear) have lumi-
nosities above 10* ergs~!, (i.e the ULX limit) reaching observed
luminosities of 4.8 x 10* ergs™' (0.1—10 keV). Our sample also
includes four sources below the ULX limit, with the faintest source
at4.0 x 108 ergs™! (0.1-10 keV).

2.7 Integrated X-ray emission of the galaxy

We extracted the integrated spectrum of the galaxy encompassed
within its D25 area (RC3; de Vaucouleurs et al. 1991; Corwin et al.
1994). The background spectrum was determined from a source-
free area outside the D25 area using the specextract tool. Based
on previous observations of this galaxy (Zezas et al. 2003) which
indicate the presence of X-ray binaries together with a hot gaseous
component, we obtained the best fit (x2/dof = 331.88/294) with
a model consisting of an absorbed thermal plasma component and

3 http://cxc.harvard.edu/ciao/threads/srcextent/
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Table 3. Observed and absorption-corrected fluxes and luminosities.
Src? fxObs (f)c(orr) fxObs (fiorr) fxObs (fEOIT) L;)bs (Liorr) Lgbs (Liorr) L;’bs (L;orr)
D (0.1-10.0keV) (0.1-2.0keV) (2.0-10.0keV) (0.1-10.0keV) (0.1-2.0keV) (2.0-10.0keV)

107 ergs™ em=2 10" ergs™! em=2 107 *ergs™! em™2 10% ergs™! 10¥ ergs™! 10% ergs™!

() (@) 3 “ 5) (6) @)
1* 1.6 £ 0.1 (5.6) 0.3 £ 0.1 (4.2) 1.3 £02(014) 3.7 £ 0.3(13.0) 0.7 £ 0.1 (9.7) 3.0 £ 04(3.3)
2% 4.7 £ 0.3 (8.12) 14 £ 0.1 4.7) 34 £ 0334 10.9 £ 0.6 (18.8) 3.2 £ 0.2(10.8) 7.8 £ 0.7 (8.0)
3 4.8 £ 0.4 (240.9) 0.8 £ 0.1(235.3) 4.0 £ 0.4 (5.6) 11.1 £ 0.9 (558.0) 1.9 £ 0.3 (544.9) 9.2 £ 0.9 (13.0)
4 44 £+ 0.3(27.8) 24 £ 0.2(25.7) 2.0 £ 0.3(2.0) 10.2 + 0.7 (64.5) 5.6 £ 0.4 (59.7) 4.6 £ 0.7 (4.8)
5 2.0 £ 0.2(17.6) 0.6 £ 0.1 (16.0) 1.45 £ 0.2 (1.6) 4.7 £ 0.4 (40.9) 1.3 £ 0.2(37.1) 34 £ 0.5(3.8)
6* 1.7 £ 0.2 (747.7) 0.3 £ 0.1(745.4) 14 £ 0.22.2) 4.0 £ 0.5(1732.0) 0.8 £ 0.2 (1726.0) 32 £ 04(5.3)
7 27.5 £ 0.9 (66.4) 2.2 £ 0.1 (40.0) 25.3 £ 1.2(26.4) 63.8 + 2.1 (153.8) 5.0 £ 0.3(92.7) 58.8 + 2.7 (61.1)
8 0.3 = 0.1 (1.02) 0.1 = 0.1(0.7) 0.2 £ 0.1(0.2) 0.7 £ 0.2(2.3) 0.2 = 0.1(1.8) 0.5 £ 0.2(0.5)
9% 1.4 £ 0.1(10.9) 1.0 £ 0.1 (10.5) 04 £+ 0.1(0.4) 3.3 £ 0.1(25.3) 2.3 £ 0.1(24.3) 0.9 £ 0.1 (1.0)
10* 42 £ 0.3 (4.6) 0.8 = 0.1(1.2) 34 £ 03(3.4) 9.8 + 0.7 (10.7) 1.9 + 0.2 (2.8) 7.9 £ 0.8 (7.9)
11 0.2 £ 0.1 (0.7) 0.1 £ 0.1(0.5) 0.2 £ 0.1(0.2) 0.6 £ 0.1 (1.7) 0.1 £ 0.1(1.3) 04 £+ 0.2(04)
12% 2.2 £+ 0.2 (4.46) 0.5 £ 0.1 (2.7) 1.7 £ 0.2 (1.8) 5.2 +£ 0.4 (10.3) 1.2 £ 0.1(6.2) 39 +£ 0.6 (4.1)
13% 0.7 £ 0.1 (1.24) 0.3 £ 0.1(0.8) 04 £+ 0.1(0.4) 1.6 £ 0.2 (2.9) 0.6 £ 0.1(1.8) 1.0 £ 0.3 (1.0)
14* 2.7 £ 0.2 (4.8) 0.5 + 0.1 (24) 23+ 0324 6.4 = 0.5(11.0) 1.1 £ 0.1(5.5) 53 £ 0.6(5.5)
15% 1.4 £ 0.2 (12.6) 04 £ 0.1(11.4) 1.0 £ 0.2(1.2) 3.3 £ 04(29.3) 0.9 £ 0.1(26.5) 24 £ 0527
16* 24 + 0.2 (18.1) 0.5 &£ 0.1 (15.8) 2.0 £ 0.2(2.3) 5.7 &£ 0.4 (42.0) 1.1 £+ 0.1 (36.7) 46 £ 0.5(54)
17* 7.3 £ 04 (11.1) 1.7 £ 0.1(54) 5.6 £ 0.5(5.7) 16.9 £ 0.8 (25.8) 4.0 £ 0.3(12.5) 129 +£ 1.1 (13.2)
18 13. £ 1.2 (18.0) 03 + 0.1 (3.2) 13.2 + 0.9 (14.7) 314 +£ 2.7 (41.7) 0.8 £ 0.2(74) 30.6 + 2.3 (34.2)
19% 1.0 £ 0.2 (1.1) 0.2 £ 0.1(0.2) 0.9 £ 0.2(0.9) 2.5 £ 04(2.6) 0.5 £ 0.1(0.5) 2.1 £05@2.1)
20 0.5 £ 0.1(0.5) 0.2 + 0.1(0.2) 0.2 £ 0.1(0.2) 1.2 £ 0.3(1.2) 0.5 + 0.2 (0.6) 04 £ 0.2(04)
21 0.5 £ 0.1 (0.5) 0.2 £ 0.1(0.2) 0.3 £ 0.1(0.3) 1.2 £03(1.2) 0.5 £ 0.1(0.5) 0.7 £ 0.3(0.7)
22 1.8 £ 0.1 (13.7) 1.6 £ 0.1 (13.4) 0.2 £ 0.1(0.2) 42 £ 0.2(31.8) 37 £0231.2) 0.5 £ 0.1(0.5)
23* 24 £+ 0.3(8.12) 02 £ 0.1(54) 2.3 £ 0.3(2.7) 5.6 £ 0.6 (18.8) 04 £ 0.1 (12.5) 52 £ 0.7(64)
24 0.7 = 0.2 (10.5) 0.1 =+ 0.1 (9.6) 0.7 £ 0.1 (0.9) 1.6 + 0.4 (24.4) 0.1 &£ 0.1 (22.2) 1.5 £ 0322
25 0.1 £ 0.1(0.9) 0.1 £ 0.1(0.9) 0.1 £ 0.1(0.1) 04 £ 0.1(2.2) 0.2 £ 0.1 (2.0 0.2 £ 0.1(0.2)
26%* 0.5 £ 0.1 (0.6) 0.1 + 0.1(0.2) 04 £ 0.1(04) 1.3 £ 0.3(1.4) 0.3 + 0.1 (04) 1.0 +£ 0.3 (1.0)

Notes.aColumn 1: the source identification number, ULXs are denoted with *; columns 2, 3, and 4: fluxes in the broad, soft, and hard bands, respectively;
columns 5, 6, and 7: luminosities in the broad, soft, and hard bands, respectively.

a power law plus a second thermal component, both seen through
an additional absorber. The first absorption component was fixed
to the Galactic line-of-sight value. We also added a Gaussian
line to account for a line-like feature at 1.3 keV which signifi-
cantly improves the fit without affecting the values of any other
model parameters (Fig. 7). Therefore the full model in xspEC was:
phabs (gaussian+apec+phabs (apec+powerlaw) ).

The best-fitting parameters are I' = 1.67701), Ny, = 9.5 x
10" em2, Ny, = (0.5579%5) x 1022 ecm~2, kT, =0.32 4+ 0.01 keV
andkT, = 0.837)03 keV (Table 4). These results are consistent with
studies of the integrated X-ray spectra of other star-forming galax-
ies (e.g. Zezas et al. 1998; Cappi et al. 1999; Moran, Lehnert &
Helfand 1999; Pereira-Santaella et al. 2011).

The results of the absorbed, corrected for the Galactic absorp-
tion, and unabsorbed luminosities in the broad (0.1—10.0 keV),
soft (0.1—2.0 keV), and hard (2.0—10.0 keV) bands are shown in
Table 5.

2.7.1 Luminosity of X-ray binaries and ULXs

X-ray binaries are the dominant component of X-ray emission of
galaxies above 2keV (e.g. Lira et al. 2002; Fabbiano 2006). We
measure the integrated emission of both resolved and unresolved
XRBs in Arp 299 by extracting the integrated spectrum of the
galaxy, excluding Src 7 which corresponds to the AGN in NGC 3690
(Section 2.8). We fitted this spectrum, with a model consisting of an
absorbed thermal plasma component and a power-law plus a second
thermal component, both seen through an additional absorber (full

0.01 0.1

normalized counts s-' keV-!
10-2

10

-2

Energy (keV)

Figure 7. (Top panel) the integrated X-ray spectrum of Arp 299, along
with the best-fitting folded model consisting of: An absorbed power-law
component (dashed red line), two apec components (dotted blue lines), and
a Gaussian line (dash—dotted green line). (Bottom panel) The fit residuals
in terms of sigmas with error bars of size lo.

model in XSPEC: phabs (apec+phabs (apec+powerlaw) ) ;
x2 = 302.11/282). The power-law component is then attributed to
the total population of X-ray binaries which may be embedded in
a star-forming region, hence requiring an additional absorption. In
this way we account not only for the discrete X-ray sources but also
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Table 4. Spectral fitting parameters of integrated spectrum of galaxy, binaries, ULXs, and diffuse emission.

Power law Thermal plasma Disc blackbody
Region Nu r Norm* kT z Norm” Tin Norm*¢
1022 cm—2 keV (XZg) keV x?2/dof
Total galaxy’ 0.55+006 167701 2633103 0324001 - 134+ 1.0 - - 331.88/294
0.831004 70.1 + 14.0
Total galaxy (no AGN)®  0.55+£0.06 1.807)13  27.17733%  032+001 - 134£1.0 - - 302.11/282
0.84 £ 0.03 673 £ 143
All ULXs (20) 0.27+0:05 - - 0.62014 0.1810% (Fe)  11.0138 142700 6,670 160.75/164
0.50%002 2047012 181135 0317008 0.717933 (Fe) ~ 19.27%81 - - 176.00/164
Point-like ULXs (14) 0.23%002 - - 0.547014 0.197928 (Fe)  4.1759 L5101 34808 12160131
0554014 195701 109717 024700 1.00 (Fe) 20.0M112 - - 130.08/132
Diffuse emission 745£002 1.52703%  7.07%9 072£0.03 1.24%036 Ne) ~ 49.077% - - 201.44/210

1.147025 (Mg)
0.2670 (Fe)

Notes. “Normalization of power-law component in units of 10~ photonskeV~! cm=2s~! at 1 keV.
>Normalization of thermal plasma component in units of 10~ photons keV~' cm=2s~! at 1 keV.
¢Normalization of disc blackbody component in units of 1073 photonskeV~! cm2s~! at 1 keV.

4 Also includes a component to account for the Galactic line-of-sight absorption (Ng = 9.5 x 10' cm™2).
¢Also includes a component to account for the Galactic line-of-sight absorption (N = 9.5 x 10" cm~2).

Table 5. Luminosities of the integrated spectrum of the total galaxy, X-ray binaries, ULXs, and the diffuse emission.

N LoPs(Leor) LoPs(Leory
(0.1-10.0keV) (0.1-2.0keV)
10% ergs~! 10% ergs™!

Lobs oy Lobs oy
X X X X
(2.0-10.0keV) (0.5-8.0keV)
10* ergs™! 10% ergs!

Total galaxy®

Binaries” 25.0 £ 0.2 (48.0£0.4) 45 £ 04((262+23)
ULXs20 10.4 £ 0.1 (13.1 £0.1) 2.6 £ 04(5.1£0.8)
ULXs14 7.1 £ 0.1 (8.8£0.1) 1.7 £0432£0.7)

Diffuse emission 22.1 £ 0.2(242+0.2) 15.0 £ 0.2(17.0 £0.2)

49.0 £ 04(51.0+£0.41120.0£0.8)  23.0 £ 0.2(23.0£0.2(92.0£0.8)  26.0 £ 0.6(27.0 £0.6|28.0 £0.6)  42.1 £ 0.3(42.7 £0.3189.8 & 0.6)

21.0 + 0.8 (21.8 £0.8)
78 £ 02(8.1+0.2)
54 £ 0.1(5.5+0.1)
71 4 07(7.2+0.7)

21.7 £ 0.2(324 £0.3)
10.0 £ 0.1 (11.9 £0.1)
6.8 £ 0.1(7.9£0.1)
19.7 £ 0.2(20.6 £0.2)

Notes. “The displayed luminosities for Apr 299 are given in the form Lgbs (L

/|LSOT) where the L¢P is the observed luminosity, L%, is the luminosity

xGal

corrected only for the Galactic line-of-sight absorption, and LS is the unabsorbed luminosity. ”Includes also emission from unresolved sources.

for the unresolved X-ray binaries. The best-fitting parameters for
this fit are presented in Table 4 (second row) and the corresponding
absorbed and unabsorbed luminosities in Table 5.

As mentioned previously ULXSs are off-nuclear point sources that
have luminosities L.i_10.0 kev) > 10°° erg s~'. In our sample we
found 20 off-nuclear sources that fulfil the criterion and belong to
the ULX class. In these we do not include Src 22 which had a soft
thermal plasma spectrum that is inconsistent with an X-ray binary. If
we account only for the point sources in the broad-band our sample
reduces to 14 ULXs (denoted with an asterisk in Table 3).

Given the distance of Arp 299 we expect that this observation
suffers from source confusion which affects the number of observed
sources. In order to avoid this complication our analysis focuses
on the total luminosity of ULXs which is not affected by source
confusion. When we discuss the source numbers, we give results
for the total ULX sample (20 sources), as well as for the more
conservative choice of point-like objects (14 sources).

We calculated the total flux of the 20 and 14 ULXs by extract-
ing a spectrum from a region consisting of all their apertures and
using a background spectrum from a source-free area outside the
D25 area. A model consisting of an absorbed power law and a
thermal-plasma model with variable abundances gave an accept-
able fit but with significant residuals in the 1.0—2.0 keV range
(Model in xsPEC: phabs (vapec+po) ). Therefore, we also used
an absorbed thermal-plasma (with variable abundances) and a disc
blackbody model (Mitsuda et al. 1984; Makishima et al. 1986)
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which has been successfully used to model the spectra of ULXs
(Gladstone, Roberts & Done 2009; Rana et al. 2015) (Model in
XSPEC: phabs (vapec+diskbb)). The best-fitting parameters
for both models are shown in Table 4 and they are in good agreement
with fits to the XMM-Newton spectra of nearby ULXs Gladstone
et al. (2009).

In order to measure the integrated luminosity of the ULXs, we
used the second model (phabs (vapec+diskbb)) because it
gave a marginally better fit and accounted only for the diskbb com-
ponent. The thermal component is interpreted as the contribution
of the diffuse emission of the galaxy which could not be subtracted
completely by the background spectrum. This is supported by the
fact that the abundance of Fe is in agreement with that of the diffuse
emission (see Section 2.7.2). The integrated absorbed and unab-
sorbed luminosities of the combined 20 and the combined 14 ULXs
are reported in Table 5.

2.7.2 Luminosity of the diffuse emission

The diffuse emission of star-forming galaxies shows evidence for
a hot thermal gaseous component often associated with a galactic
scale superwind (e.g. Strickland & Stevens 2000). Arp 299 is not
an exception as seen from fits to its integrated X-ray spectrum
(Section 2.7). Furthermore, optical observations of Arp 299 show
evidence for a galactic-scale wind (Heckman et al. 1999). A plume
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Figure 8. Composite colour image of Arp 299 where the soft smoothed
image at 0.1—1.2 keV is the green colour and red and blue colours are the
F814W (814nm) and F435W (435nm) images from HST. The contours
outline the distribution of the diffuse X-ray emission and the green arrow
indicates the location of the plume in the west of the galaxy.

in the west of NGC 3690 (Fig. 8) extending beyond the optical
outline of the galaxy would be associated with such a superwind.

In order to measure the luminosity of the diffuse soft
(0.1-2.0keV) and hard (2.0—10.0keV) X-ray emission of
Arp 299, we created ‘swiss cheese’ images in each of the two
bands after removing the regions corresponding to the 25 detected
X-ray sources. To obtain a picture of its spectral parameters we
extracted a spectrum from the D25 region of the galaxy (also ex-
cluding the discrete X-ray sources) and a background spectrum
from a source-free area outside the D25 area using the specextract
tool. The spectrum was fitted with an absorbed power-law model
(to account for unresolved X-ray binaries) plus a thermal plasma
model with variable abundances. We also added a second pho-
toelectric absorption component fixed to the line-of-sight Galactic
absorption (model in xspEC: phabs (phabs (po+vapec) ) ). The
abundances of Ne, Mg, and, Fe were left free to vary. For the other
elements we adopted solar abundances. We tried to thaw the oxygen
and silicon elements but since there was no improvement in the fit,
and their resulting values were close to the solar, we adopted a solar
value for these elements as well. The best-fitting parameters for
this model (x2/dof = 201.44/210) and their corresponding errors
at the 90 per cent confidence level are shown in Table 4.

Since this spectrum does not account for the diffuse emission
that lies within the excised source regions we cannot directly com-
pute the flux and therefore the luminosity of the diffuse emission
of Arp 299. For this reason we created an image of the diffuse
emission by interpolating the pixel values in the source regions
with values from annular regions surrounding them, using the dm-
filth tool. These annular regions were the same as those used as
background regions in the spectral analysis. Then we measured the
total diffuse emission intensity within the D25 region of the galaxy.
Using the spectral model and making the implicit assumption that
the spectrum in the source regions is on average the same as in
the rest of the galaxy, we calculated the flux and the corresponding
luminosity of the diffuse emission in the soft and hard bands by
rescaling the model-predicted fluxes by the ratio of the counts in
the interpolated image and the swiss-cheese image in each band.
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Figure 9. (Top panel) the X-ray spectrum of the nucleus of NGC 3690 (Src
7), along with the best-fitting folded model consisting of: an absorbed power-
law component (dashed red line), a thermal plasma component (dotted blue
line), and a Gaussian line (dash—dotted green line). (Bottom panel) the fit
residuals in terms of sigmas with error bars of size lo.

The absorbed as well as the corrected luminosities for both ab-
sorption components are reported in Table 5. Correcting for the
Galactic line-of-sight absorption essentially makes no difference in
the absorption-corrected luminosity.

2.8 Nucleus of NGC 3690

The NGC 3690 nucleus has been extensively studied in the X-ray
regime. The fist observational evidence of a heavily obscured AGN
existing in Arp 299 was revealed with Beppo-SAX (Della Ceca et al.
2002). Chandra and XMM-Newton, as well as recent results from
simultaneous observations with NuSTAR and Chandra, confirmed
the existence of an AGN in NGC 3690 with the detection of a
strong 6.4 keV line (Zezas et al. 2003; Ballo et al. 2004; Ptak et al.
2015). With the excellent spatial resolution and this deep exposure
of Chandra we are able to individually study the nucleus of NGC
3690 and its contribution in the X-ray output of Arp 299. Therefore
we extracted the spectrum of Src 7 (nucleus of NGC 3690, B1)
from the same region and using the same background as in our
photometric analysis (Section 2.1).

We first tried a simple model consisting of an absorbed power-
law, a Gaussian line and a thermal plasma component (model in
XSPEC: phabs (apec+po-+gaussian) ). The best-fitting param-
eters (x2/dof = 60.92/43) and their corresponding uncertainties
are: Ny = (1.15 & 0.18) x 10*2 cm~? for the hydrogen column
density and T' = 0.1970% for the photon index of the power-
law component. The thermal plasma model has a temperature of
kT = 0.55%)1} keV and the Gaussian line energy is E; = 6.33 +
0.04keV with o = 0.1070% keV.

We notice that I" is very flat indicative of a heavily obscured
AGN. Therefore we try a model appropriate for heavily ob-
scured AGN (e.g. Iwasawa et al. 2009). This model consisted of
a power-law plus a Gaussian line at 6.4keV seen through a par-
tial covering absorber (Fig. 9) and a thermal-plasma component.
All the components were absorbed by photoelectric absorption
(model in xspEC: phabs (apec+pcfabs (po+gaussian))).
The adopted model corresponds to a physical picture where the
emission of a deeply embedded AGN, and possibly some X-ray

MNRAS 460, 3570-3586 (2016)

9T0Z ‘T JBSCUWBAON UO (eJoig Ip 0OILUOUOIISY OLIOJRAISSO) OU |1 BRI 4N | I8 /B10'S [euIno pio o se.utu//:dny woJy pepeojumod


http://mnras.oxfordjournals.org/

3580 K. Anastasopoulou et al.

Table 6. AGN luminosities.

Ltype L (0.1-10.0 keV) L (0.1-2.0 keV) L (2.0—-10.0 keV)
10% ergs~! 10 ergs~! 10% ergs~!
Absorbed 63.8 £ 2.1 50+ 03 58.8 £ 2.7
Galactic corrected? 153.8 £ 5.1 927 £ 5.5 61.1 £ 2.8
Unabsorbed” 759.7 £ 243 211.8 £ 12.7 5479 £ 25.1
AGN unabsorbed® 672.3 £ 22.1 1253 £ 7.5 547.0 £ 25.1

Notes. “Corrected luminosity for the Galactic line of sight.
bCorrected luminosity for both photoelectric absorption components.
“Corrected luminosity for both photoelectric absorption and for thermal plasma components.

binaries (which we cannot isolate from the AGN), escapes and is
later absorbed by another concentration of cold gas.

We obtained a very good fit (x> /dof = 52.53/41) where the best-
fitting parameters and their corresponding uncertainties (also shown
in Table 2) are: Ny = (1.027037) x 102 cm~2 for the hydrogen
column density of the overall photoelectric absorption component,
while for the H1 column density and covering fraction the of the
partial covering absorber we have Ny, = (127.0779) x 10 cm ™2
and f = 0.95 (i.e. Spercent of the emission escapes the first ab-
sorber). The photon index of the power-law component is I' =
1.02f8:(7’§’. The still flat photon index originates probably from the
fact that we are not recovering the intrinsic power-law spectrum
because of the limited band of Chandra. The thermal plasma model
has a temperature of kT = 0.5270"% keV. The Gaussian line energy
isE; =6.3040.03keV witho = 0.0187007 keV and an equivalent
width of EW = 0.72 & 0.01 keV. These results are consistent with
the NuSTAR spectral fits (Ptak et al. 2015) apart from the power-law
photon index which in our case is much flatter than in the NuSTAR
fits. This is understandable given the much narrower energy range
of Chandra.

Table 6 shows the observed and absorption corrected luminos-
ity of the AGN. We note here that with the Chandra data we do
not recover the intrinsic AGN and therefore the luminosities we
measure are only a lower limit. None the less they are very useful
for constraining its contribution in the observed total X-ray output
of Arp 299 in the Chandra band. Rows 1, 2, and 3 present the ab-
sorbed luminosity, the unabsorbed luminosity corrected only for the
Galactic column density, and the total unabsorbed luminosity for the
broad, soft, and hard bands. Row 4 presents the AGN unabsorbed
luminosity not accounting for the thermal-plasma emission in the
same bands. This luminosity can give us an idea of the emission of
the AGN. In all cases we cannot disentangle contamination from
X-ray binaries within the AGN aperture. However the large X-ray
luminosity (even if not corrected for absorption) suggests that the
measured emission is dominated by the AGN.

The AGN contributes to 13.1 per cent of the total absorbed lumi-
nosity of Arp 299 in the broad-band (0.1—10.0 keV), 2.3 per cent
in the soft band (0.1—2.0 keV), and 22.1 per cent in the hard band
(2.0—10.0 keV). Correcting the spectrum for the photoelectric ab-
sorption (phabs) the contributions are 12.7 per cent in the broad,
10.0 per cent in the soft and 21.7 per cent in the hard band. When
correcting for the second absorption (pcfabs) the hard X-ray lu-
minosity of the AGN is larger than the hard X-ray luminosity of the
whole galaxy. This result may seem at odds but can be explained by
the fact that the contribution of the AGN in the integrated spectrum
of the galaxy is only 22 per cent. As a result we cannot recover the
AGN spectral parameters from the integrated galaxy spectrum. Fur-
thermore, the inferred AGN luminosity is strongly model dependent
on its spectral parameters, which have rather large uncertainties.
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None the less, the AGN has only minor contribution to the observed
X-ray output of the system, but it may dominate its energetics.

2.9 Nucleus of IC 694

The nucleus of IC 694 (Arp 299-A) has also been studied extensively
and its nature is still debated. Zezas et al. (2003) with a relatively
short exposure claimed that the IC 694 can be explained with a
significant number of high-mass X-ray binaries (HMXBs; 5 x 10°
O-type stars) although the presence of a relatively weak, mildly
obscured, AGN cannot be excluded. Chandra and XMM—-Newton
observations detected ionized Fe-K emission in IC 694. Part of
it may come from an AGN although significant contribution may
be accounted to star formation (Ballo et al. 2004). Evidence of an
AGN in IC 694 based on the existence of a strong flat spectrum radio
source is presented in Perez-Torres et al. (2010). Alonso-Herrero
et al. (2013) also supported the existence of both a more obscured
and much less luminous AGN than in NGC 3690 by modelling
its mid-infrared spectrum. Ptak et al. (2015) with a simultaneous
observation of Chandra and NuSTAR showed that the lack of signif-
icant emission above 10 keV suggests that any AGN must be highly
obscured or have a much lower luminosity than that of NGC 3690.
In general the observed He-like Fe-Ka emission line and the lack
of a 6.4keV Fe-Ku line makes the presence of an AGN inconclu-
sive. For example several nearby LIRGs/ULIRGS with no apparent
AGN signatures, show strong ionized Fe-line (Iwasawa et al. 2005,
2009), which can be accounted for by thermal emission originating
from a starburst (e.g. Strickland & Heckman 2009).

With the spatial resolution and high S/N of the Chandra obser-
vation considered here we can locate the source of the Fe-K line
and separate the nuclear (possible AGN) from the circumnuclear
(XRBs) hard component.

Therefore we extracted the spectrum of the nucleus of IC 694
(Src 18) from the same annulus and using the same background
as in the photometric analysis (Section 2.1; Table 1). Src 18 was
strongly contaminated from the local background (see Fig. 10) in
the soft band. In order to assess the effect of the background in our
analysis we also tried to model the spectrum using a background
region outside the D25 area of the galaxy. As expected the errors in
the soft (<1.5keV) part of the spectrum were significantly smaller.
Apart from that no significant change in the shape of the spectrum
was noticed. Therefore we decided to use the local background of
the source.

We obtained a good fit with an absorbed power-law model
(x2/dof = 40.10/31). The best-fitting spectral parameters for all
models are shown in Table 7. However, because there is a hint for
an emission line at ~ 6.0—7.0 keV we introduced a Gaussian line
in our model (model in XspPEC: phabs (po+gaussian)).
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Figure 10. (Top panel) the X-ray spectrum of the nucleus of IC 694 (Src
18), along with the best-fitting folded model consisting of an absorbed
power-law component. (Bottom panel) the fit residuals in terms of sigmas
with error bars of size lo.

If we model it as an unresolved line its centre is at 6.60") )2 keV
which is consistent to an ionized Fe-Ko line. The inclusion of the
Gaussian line improves the fit, but at a non-statistically significant
level, and it makes the photon index slightly steeper (~1.50) with
respect to I' ~ 0.93. As a result the absorption corrected flux in
the broad and soft bands change by 30 percent and 140 per cent
respectively (the hard flux is effectively the same). These results still
do not give any evidence for either a weak, relatively obscured AGN,
or a buried AGN. Either case is consistent with the non-detection
of a 6.4keV Fe-Ka line. On the other hand, a 6.7keV line from
highly ionized iron could be produced by a high temperature thermal
plasma associated with intense star-forming activity confined in the
nuclear region of IC 694.

3 DISCUSSION

In the previous sections we presented the results from the analy-
sis of the discrete sources (photometry, spectral, timing analysis),
as well as the spectral properties of the integrated galactic emis-
sion. In this section we discuss these results in the context of the
star-forming of the star-forming activity in Arp 299. We exam-
ine the contribution of the XRBs, ULXs, and the diffuse emission
to the integrated luminosity of the Arp 299. We discuss the nature
of the discrete sources and the implication of our results for studies
of very high SFR galaxies.

Table 7. Nucleus of IC 694 spectral fitting parameters.

A deep Chandra observation of Arp 299 3581

3.1 Multiwavelength comparison

To further explore the nature of the discrete sources we used Fig. 2
where we combined HST images in the F814W (814 nm; green)
and F435W (435 nm; blue) and IRAC band 4 (8 um; red) non-
stellar image. We see that the majority of the sources are located
in the most actively star-forming regions with very few sources
located outside the main body of the galaxy, indicating that they are
HMXBs.

We can further explore this assertion by looking at the ages of
the star-forming episodes in the regions of our sources. The ages
of the nucleus of IC 694 (A) and the overlap region (C-C’), based
on the ratio of mid infrared lines, are >7 Myr and 4—7 Myr, re-
spectively, with complex C-C’ considered to be the youngest region
of Arp 299 (Alonso-Herrero et al. 2009). This association indi-
cates that Src 18 (Nucleus of IC 694; A), Src 7 (nucleus of NGC
3690; B1), Src 4 (C), and Src 10 (C”) are young HMXBs; re-
gion C’ is not associated with any discrete X-ray source (Fig. 2).
Complex C is identified as Src 4 in our sample which is a ULX
with L(0.1-10.0 keV) = 1.03 x 10* erg s~!. Since this is the
youngest region in the galaxy, and ULXs are related to young stel-
lar populations, such a high luminosity would be justified by a very
young HMXB. Such a young X-ray binary would be expected to
have a very massive black hole fed by a donor star with a strong
stellar wind especially at the relatively high metallicity of Arp 299
giving rise to high X-ray luminosity.

In addition we constructed a map of specific star formation rate
(sSFR; defined as the SFR per unit stellar mass) of Arp 299. We
used images in the 8§ pmand 3.6 pm obtained from the Spitzer IRAC
camera provided by Brassington et al. (2015). We transformed the
8 um non-stellar image to SFR map using the relation :

. vL,[8pm]
SFRg,mM@p yr™ ) = m (1
(Wu et al. 2005) and the 3.6 um image to a mass map using the
relation:

M L(3.6
log 7 = (=0.79 £ 0.03) + (119 £ 0.01) x log LG 6pm)
©

€]

(Zhu et al. 2010). We therefore computed that the total D25 sSFR
of the galaxy is sSFR = 1.54 x 1070 yr=!. Lehmer et al. (2010)
suggest a limit in sSFR of 5.9 x 10! yr~!, above which the X-ray
source population are dominated by HMXBs. Since the integrated
SSFR of Arp 299 as well as the sSFR at the location of the X-ray
sources are above this limit, we can conclude that all the sources
we have detected are HMXBs. This is in good agreement with the
maximum number of LMXBs expected in our sample, less than two
sources, based on the XLF for LMXBs of Lehmer et al. (2014), and
stellar mass calculated from the K-band luminosity of the galaxy.

model Ny r Norm* E Norm? o EwW

1022 cm—2 keV keV keV x?/dof
phabs(po-+gaussian) 3.62728 2101039 54913207 6.57133 34071850 0.55293 3.11 28.47/28
phabs(po-+gaussian) 272729 1.50+058 2.3710% 6.601520 1.64 + 1.02 0.02¢ 1.19 33.01/29
phabs po 1871140 0.93%0.29 1.0275% - - - - 40.10/31

Notes. “Normalization of power law in units of 10~ photonskeV~! cm=2s~! at 1 keV.

bNormalization of Gaussian line in units of 107 photons keV~' cm=2s~!.

“This parameter is frozen.
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Figure 11. A [Nem] 15.56 um/[Neu] 12.8 pum line ratio map of Arp 299
(Alonso-Herrero et al. 2009). The X-ray sources are overlaid with cyan
ellipses. Lighter colours indicate higher [Nem]/[Ne] ratios indicating
younger star-forming regions (see text for details).

Furthermore, we wanted to see if a correlation between sSFR and
the youngest most massive stars exists in Arp 299. In this case we
could use this correlation to identify which sources are younger and
possibly hosting more massive donor stars by inspecting the sSFR
map of the galaxy. We used a map of [Ne m]/[Ne ] (Fig. 11), which
is a tracer of the most massive stars present in a galaxy (Alonso-
Herrero et al. 2009). Comparison of this map with the sSFR map of
the galaxy did not show any correlation between the [Ne m]/[Ne 1]
ratio and the sSFR at the general region of the X-ray sources. The
fact that we do not see a correlation most probably implies that the
highest values of the [Ne m]/[Ne 1] ratio could correspond to deeply
embedded areas of the galaxy, since these mid-infrared lines are
less affected by absorption, than the shorter wavelengths used to
trace the SFR and stellar mass.

3.2 The star formation rate

In order to study the link between X-ray binaries, the hot gas of
the galaxy, and its star-forming activity we calculate the total SFR
of Arp 299 by adopting two different methods. Based on /RAS flux
densities and using the relation of Helou et al. (1988) we find that the
total infrared luminosity is Ls_1000 um) = 5.9 X 10'" L and then
using the calibration of Kennicutt & Evans (2012) we find an SFR|g
= 88.89 M yr~'. Since the total infrared luminosity includes the
contribution of the AGN, the SFR estimated this way should be
treated as an upper limit to the total SFR of the galaxy.

We have also calculated the SFR from the polycyclic aromatic
hydrocarbon (PAH) emission, which is a reasonably good SFR
indicator (Wu et al. 2005; Shipley et al. 2016), using an IRAC
8um non stellar image (Brassington et al. 2015) and the calibration
relation of Wu et al. (2005). This gives SFRg, = 33.06 M yr !
The image was saturated at the nuclei and knowing that the 8um
PAHs emission is suppressed in AGN (Lutz et al. 1998) we consider
this as lower limit.

3.3 Nature of the X-ray sources

Based on analysis presented in Section 2.7.1 the total luminosity
(0.1—10 keV) of the X-ray binaries based on their power-law com-
ponent is 2.5 x 10*ergs™' (absorbed) and 48.0 x 10*ergs™!
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Figure 12. Ly — SFR relation for a sample of 29 nearby galaxies LIRGS
and ULIRGS, the best-fitting solid line and the 1o scatter indicated by the
grey area (Mineo et al. 2012a, M12a). We show the position of Arp 299 on
the diagram with two red circles corresponding to the higher and lower SFR
we calculated. For Arp 299 we show the Lx of the power law which traces
the XRBs.

(unabsorbed). From the results in Table 5 we find that the contribu-
tion of binaries to the absorbed luminosity of Arp 299 is 52 per cent
in the broad-band, 21 per cent in the soft band, and 77 per cent in
the hard band, while their contribution to the unabsorbed luminos-
ity is 39 per cent in the broad-band, 28 per cent in the soft band and
77 per cent in the hard band.

We can also compare the number of X-ray sources using their
scaling relation Nxgp(>10%) = 3.22 x SFR (Mineo et al. 2012a).
Although our observation does not reach luminosities all the way
down to 10% erg s~! due to incompleteness, we can still have an
idea of the number of XRBs. According to the integrated SFR of
the galaxy (Section 3.2) we would expect to observe between 4 and
11 times more XRBs than we do, depending on the SFR adopted.

Given the much higher SFR of Arp 299 compared to the popu-
lation of nearby galaxies we wish to test whether Arp 299 verifies
the scaling relations between XRB X-ray luminosities and SFR
observed for other galaxies. For that reason we used the linear re-
lation LYEBS | (ergs™') =2.61 x 10¥SFR(Mg yr~") (Mineo
et al. 2012a) between the integrated luminosity of HMXBs and SFR
which is based on a sample of 29 nearby star-forming galaxies. The
scatter of this relation is 0.43 dex. Measuring the total luminosity
of the XRBs of Arp 299 (Table 5) in the same energy range we
find LXRBS(()j,g_()ch) =2.17 x 10*! erg s~ In Flg 12 we plOt the
X-ray luminosity of XRBs in the sample of galaxies used by Mineo
et al. (2012a) against their SFR, along with their best-fitting linear
relation. In the same plot we show Arp 299 (red points depending
on the SFR indicator used). We see that Arp 299 verifies the relation
within the 1o scatter using both of the calculated SFRs.

We also calculated the expected luminosity of the ULXs again in
the (0.5-8.0keV) band from the XLF of Mineo et al. (2012a) and
found a luminosity of Ly xs = (2.3 & 0.4) x 10* ergs~! based
on the total infrared SFR, and Ly xs = (8.5 & 0.2) x 10*ergs™!
based on the PAH 8um SFR. The errors in the luminosities were
calculated by propagating the errors from the XLF. We find that the
observed integrated luminosities of ULXs in the 0.5—8.0 keV band
agree with those expected from the general HMXB XLF within
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2.50 if we use the SFRjg = 88.89 M yr*1 and under 1o if we use
the SFRg,.m = 33.06 Mgy yr .

From the same general HMXB XLF we calculated that the ex-
pected number of ULXs per unit of SFR is N{[% /SFR M@ yr™!) =
0.66. In the case of Arp 299, given the total population of 20 ULXs
we find a much lower ratio of 0.23 assuming the IR-based SFR,
and a ratio of 0.60 assuming the 8§ pm PHAs-based SFR. The same
results for the 14 point-like ULXs are 0.16 and 0.42 for the IR-SFR
and the PHA-SFR, respectively.

If we now compare with the number of ULXs expected from the
work of Swartz et al. (2011) (N3 /SFR (M yr~!) = 2.0)) the
deficit is even larger since the values for Arp 299 are 0.16 to 0.60
(depending on SFR and number of ULXs chosen). We would expect
65-178 ULXSs in our observation depending on the SFR chosen.

These results indicate a marginally statistically significant deficit
in the number of ULXs in Arp 299: 0.50-1.30 comparing
with the XLF of Mineo et al. (2012a), and >2.5-30 with re-
spect to with the ULX SFR calibration of Swartz et al. (2011)
(NXE/SFR M@ yr ') = 2.0)). Since this effect in Arp299 (but
also other LIRGs) has been discussed extensively in the literature,
we discuss its origin in the light of the deeper observations presented
in this work.

The same deficit is reported by Luangtip et al. (2015) who stud-
ied a sample of 17 nearby LIRGs (including Arp 299). Although
they found 8-9 ULXs for Arp299, based on the first much shal-
lower Chandra exposure and the exclusion of sources very close to
the nuclei, the deficit remains when we include the new detections.
This result is also supported by Smith et al. (2012) where the total
population number of ULXs in LIRGs (including Arp 299) com-
pared to the far-infrared luminosity is deficient in comparison to
the values found in spiral galaxies. Luangtip et al. (2015) discuss
that metallicity may have some influence on ULX numbers (Linden
etal. 2010; Mapelli et al. 2011; Basu-Zych et al. 2013a,b; Prestwich
et al. 2013; Brorby, Kaaret & Prestwich 2014) but they argue that
the main reason for this deficit is high columns of gas and dust that
obscure these ULXs from our view.

But can high columns of dust and gas be the main reason for
this deficit of ULXs in Arp 299? The X-ray luminosity of HMXBs
we observe agrees with the one we would expect and follows the
existing scaling relation by Mineo et al. (2012a) (Fig. 12) which
strongly suggests that we are not missing any X-ray emission from
sources in heavily obscured areas of the galaxy. If high obscuration
was present we would also expect a deficit in the observed X-ray
luminosity, or in other words a lower ratio between the observed
ULX X-ray luminosity and that expected from the scaling relation
with SFR, since the SFR is based on the 8um luminosity which is
less affected by the extinction. Therefore, Arp 299 would be below
the line indicating the Mineo et al. (2012a) relation in Fig. 12,
which is not the case as it falls on the fitting line for the IR-SFR
and above it for the 8 um SFR. Checking area A (Src 18), one
of the areas with the greatest absorption (A, = 34 mag; Alonso-
Herrero et al. 2009), and using the relation Ny = 1.9 x 10*'A,
(Zombeck 2006) we find an expected H; column density of Ny =
6.46 x 10%* cm~2 which agrees within the errors with our observed
value 3.627750 x 10”2 cm~2. This indicates that the region where
most of the HMXBs are expected to be produced is hidden only
behind moderate absorbing columns, which would influence the
detectability of only the faintest sources, and certainly not their
integrated emission.

Can metallicity be a reason of this deficit? Recent studies have
shown that the numbers of ULXs could be suppressed in high
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metallicity environments (Linden et al. 2010; Mapelli et al. 2011;
Basu-Zych et al. 2013a,b; Prestwich et al. 2013; Brorby et al. 2014).
Luangtip et al. (2015) based on the results of Prestwich et al. (2013)
argued that metallicity on its own could not be a sufficient reason
for this deficit. According to Douna et al. (2015) HMXBs are typ-
ically 10 times more numerous per unit of SFR in low-metallicity
galaxies (12 + log(O/H) < 8.0). In Arp 299 where 12 + log(O/H)
= 8.80 (Relafio et al. 2007) the metallicity could play a role in the
deficit of sources but the existing trends (Douna et al. 2015) have
significant scatter and therefore do not allow us to draw any definite
conclusions.

In Arp 299 there is a clear deficit in the number of HMXBs as well
as in the number of ULXs but no deficiency in their total observed
luminosity compared to that expected from scaling relations. We
argue that this is the result of source confusion owing to the large
distance of the galaxy (44 Mpc). At this distance the typical scale of
star-forming region (<0.5 kpc) corresponds to 2.5 arcsec hindering
the detection of individual discrete sources especially in the most
active star-forming regions. HST data show that star-forming regions
have angular scales of 0.5-1.0 arcsec which are easily confused
with the 0.5 arcsec Chandra beam. Therefore, given that the total
luminosity of the HMXBs is consistent with that expected from the
scaling relation, and accounting for the large distance of Arp 299,
we attribute this deficit mainly to confusion effects. Such effects
may also explain the deficit of ULXs in other (U)LIRGs, which are
generally in larger distances than Arp 299.

3.4 Diffuse emission

Based on analysis presented in Section 2.7.2 we found that the lu-
minosity of the diffuse emission in the soft (0.1—2.0 keV) band is
1.5 x 10*! (absorbed), 1.7 x 10*' (unabsorbed), and in the hard
(2.0—10.0 keV) band is 7.1 x 10* (absorbed), and 7.2 x 10%°
(unabsorbed). From the results presented in Table 5 we see that
the contribution of the soft, diffuse, emission to the total soft X-
ray luminosity of the galaxy is 70 per cent (absorbed), 17 per cent
(corrected for the Galactic absorption), and 18 per cent (totally un-
absorbed). The contribution of the hard diffuse emission to the
total hard luminosity of the galaxy is 26 per cent (absorbed) and
25 percent (corrected for the Galactic absorption and the totally
unabsorbed).

The parameters of the thermal emission such as the temperature
(kT =0.72 £ 0.03 keV; Table 4) are consistent within the errors with
results found in other star-forming galaxies (e.g. Antennae, M101;
Fabbiano et al. 2003; Baldi et al. 2006a; Kuntz & Snowden 2010;
Mineo, Gilfanov & Sunyaev 2012b). The elemental abundances
are generally expected to be solar or subsolar in starburst galaxies
or ULIRGsS (e.g. Huo et al. 2004; Strickland et al. 2002, 2004).
The abundance of Fe is consistent (0.267003) with this result. The
abundances of Ne and Mg are super solar (1.24703¢ and 1.14752
but consistent with solar within the uncertainties. Subsolar values
of Fe and especially the high values of [Mg/Fe] and [Ne/Fe] ratios
indicate enrichment of the ISM by Type II supernovae (Baldi et al.
2006b). This is expected given its strong recent star forming activity
which would result in an enhanced type II supernova rate.

Mineo et al. (2012b) have reported scaling relations of the to-
tal diffuse emission from star-forming galaxies and their SFR.
Arp 299 is an extreme star-forming galaxy with a high SFR sim-
ilar to that witnessed in higher redshift galaxies. Therefore it is
instructive to see if it follows this general scaling relation de-
rived from more moderate systems. We used the correlations of
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Figure 13. Unabsorbed (corrected for the galactic column density) lumi-
nosity of the diffuse emission in the 0.5—2.0 keV band versus SFR for a
sample of 21 galaxies, the best-fitting solid line, and the lo scatter indi-
cated by the grey area (Mineo et al. 2012b, M12b). We show the position of
Arp 299 with the red circles for the two SFRs calculated.
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Figure 14. Unabsorbed luminosity of the thermal component of the diffuse
emission in the 0.3—10.0 keV band versus SFR for a sample of 21 galaxies
and the best-fitting solid line, and the 1o scatter indicated by grey area
(Mineo et al. 2012b, M12b). We show the position of Arp 299 with the red
circles for the two SFRs calculated.

Mineo et al. (2012b) involving (a): the luminosity of the diffuse
emission in the 0.5—2.0 keV band versus SFR, and (b): the lu-
minosity of the thermal component in the 0.3—10.0 keV band.
The measured luminosities for the diffuse and thermal plasma
components of Arp 299 are L3L , ., = 1.44 x 10* erg 57! and
L™ ey = 1.89 x 10! erg s~!. In Figs 13 and 14 we plot the
scaling relation of Mineo et al. (2012b) along with the values for
Arp 299.

As we see from these figures Arp 299 even though has an SFR
2-4 times higher than the most actively star-forming system used
in the scaling relation it does not deviate from the general trend.
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Such deviation would be expected, for example in the case of strong
superwinds which would drive significant amount of hot gas outside
the galaxy (Strickland & Stevens 2000). In fact Arp 299 has a very
high supernovarate (e.g. Ulvestad 2009; Kankare et al. 2014) which
would drive such an outflow. As discussed in Section 2.7.2 there
is evidence of a plume extending beyond the optical body of the
galaxy in the west of NGC 3690 (Fig. 8), suggestive of such an
outflow. However, this is not a full-scale superwind as seen in other
galaxies (e.g. M82; Watson, Stanger & Griffiths 1984; Fabbiano
1988; Strickland, Ponman & Stevens 1997; Stevens, Read & Bravo-
Guerrero 2003; Strickland & Heckman 2009). This could be the
result of either the young age of star-formation in Arp 299 or its
much larger mass compared to that of the dwarf galaxies typically
exceeding large scale outflows.

4 SUMMARY

We have analysed a deep 90 ks Chandra ACIS-S observation of the
interacting star-forming galaxy Arp 299 (NGC 3690/IC 694) and
found in total 25 discrete sources and a diffuse emission component.
We have found, in agreement with previous studies (Lira et al. 2002;
Fabbiano 2006), that the discrete sources dominate the hard X-ray
emission of the galaxy above 2.0 keV whereas the diffuse emission
component contributes to the soft emission of the galaxy below
2.0keV.

We verity the presence of an AGN in the nucleus of NGC 3690
by observing its prominent Fe-Ka line. However, its contribution to
the overall hard emission of the galaxy is quite small (~20 per cent).
For the nucleus of IC 694 we have only a hint of the ionized Fe-
Ko line which could arise from hot thermal gas in this intensively
star-forming region. The lack of a neutral iron line does not let us
to conclude the existence of an AGN.

We have reported 23 off-nuclear sources, 20 of which exceed
the ULX limit. 14 of them are point-like sources and therefore
considered ULXs. We argued that these sources are young HMXBs
based on their association with regions of active, on-going star
formation.

We reported a deficit in the number of HMXBs and ULXs versus
the SFR according to the expecting number from the XLF of Mineo
et al. (2012a) and the calibration of the ULX/SFR of Swartz et al.
(2011). We attributed the main cause of this deficit to confusion of
sources since we observed the expected emission of the HMXBs
and ULXSs.

These results show that although Arp 299 is a local extreme star-
forming galaxy, its observed hard X-ray luminosity per unit SFR is
very similar to that of higher-z galaxies (e.g. Basu-Zych et al. 2012;
Mineo et al. 2014). This indicated that Arp 299 is an excellent
analogue of the X-ray luminous higher-z objects detected in the
deep X-ray surveys.
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APPENDIX A: TABLES

K. Anastasopoulou et al.

Table A1. Properties of the discrete sources in the hard, medium and soft bands.

Src? Net counts(hard) Bkg S/N Net counts (medium) Bkg S/N Net counts (soft) Bkg S/N
1D Ferror +error +error

(1) 2) (3) ) (5) (6) (N ®) ) (10
1 59.8 + 8.9 1.1 6.5 57.3 £ 8.5 1.6 6.3 18.1 £ 5.6 1.9 29
2 157.0 £ 144 15.9 10. 156.2 + 15.6 40.8 9.3 117.5 £ 15.1 58.5 7.0
3 2104 £ 20.5 101.0 9.6 126.2 + 18.2 100.7 6.5 —-0.5 £ 109 58.5 -0.0
4 113.0 £ 16.6 60.0 6.7 234.0 + 24.6 153.0 9.5 236.0 £ 24.9 159.0 9.4
5 744 £ 11.7 21.6 6.0 98.6 + 134 30.4 7.0 332 + 10.6 32.8 29
6 87.5 £ 11.8 22.5 6.7 54.5 + 10.7 29.5 4.5 —-15+70 28.5 —0.1
7 398.0 + 24.0 80.0 15. 3152 £ 23.0 103.7 13.0 179.2 £+ 18.7 80.7 9.0
8 11.5 + 4.6 0.5 22 16.5 £ 5.2 0.5 2.9 72 + 4.6 4.7 1.3
9 54+ 9.6 21.5 0.6 11.2 + 15.1 64.8 0.8 55.6 + 184 86.4 33
10 1219 + 12.5 8.05 9.3 84.5 + 10.9 9.5 7.3 148 £ 5.9 6.2 2.2
11 89 + 44 1.0 1.8 104 + 4.7 1.6 2.0 38 £43 4.2 0.7
12 65.7 + 9.4 33 6.6 852 + 104 1.8 8.0 473 £ 8.6 7.7 5.0
13 19.9 + 6.1 4.1 29 25.1 + 6.9 6.8 33 253 + 7.6 13.7 29
14 88.0 £ 10.6 2.0 8.1 74.3 + 10.3 6.7 6.9 327 £ 9.2 21.3 32
15 50.1 + 10.8 22.8 44 752 £ 127 30.8 5.7 222 + 11.6 45.8 1.8
16 1029 + 114 1.0 8.9 86.0 + 10.6 1.0 8.1 248 + 7.6 6.2 33
17 215.8 £ 17.8 41.1 11. 221.1 + 184 49.8 114 1229 + 13.5 18.1 8.8
18 3543 4+ 26.2 90.6 14. 77.6 + 22.0 121.3 4.0 —8.7 £ 16.6 82.7 —-0.6
19 27.0 £ 6.7 2.0 3.8 20.7 £ 6.3 33 3.1 9.0 £ 64 12.0 1.2
20 69 + 4.1 1.1 1.5 12.1 £ 7.2 18.8 1.4 242 + 9.8 38.8 2.1
21 11.7 £ 5.7 53 1.8 32.0 + 8.0 10.0 3.7 1.7+£75 253 0.2
22 —45 + 88 314 -05 358 + 145 73.1 2.4 100.7 + 20.1 134.2 49
23 879 £ 11.5 16.0 7.1 384 + 8.9 16.6 3.9 6.7 £ 6.1 13.3 0.9
24 338 + 7.8 7.1 4.0 99 £ 7.5 22.0 1.1 6.2 + 83 32.8 0.6
25 52 £ 3.6 0.8 1.2 119 + 4.7 1.0 2.3 94 £ 50 5.5 1.5
26 143 £ 5.0 0.6 2.6 12.6 + 4.7 0.4 2.4 8.6 + 4.1 0.4 1.9

Note. “Column 1: the source identification number, columns 2, 5, and 8: net source counts and corresponding error counts in the hard (2.0—7.0 keV), medium
(1.2—2.0 keV), and soft (0.5—1.2 keV) bands, respectively, Columns 3, 4, 6, 7, 9 and 10: the background source counts and the SNR of each source and hard,
medium and soft bands, respectively.

Table A2. Properties of lower significant detections (2.0 < SNR < 3.0) in the broad-band (0.5—7.0 keV).

Src? RA Dec Net counts Bkg S/N r 9}

D hms orn +error arcsec arcsec
(1) 2 (3) 4) ) (6) (7 (3)

la 11:28:29.3 +58:33:50.8 240 + 7.5 12.0 2.8 0.96 1.02
2a 11:28:30.4 +58:33:58.8 33.1 £ 10.5 33.9 2.9 1.45 1.45
3a 11:28:31.5 +58:33:38.1 344 £ 11.2 42.6 2.8 1.00 0.96
4a 11:28:31.5 +58:33:55.2 213 +£ 7.5 16.6 2.4 1.37 1.22
Sa 11:28:33.1 +58:33:59.7 16.5 £ 6.1 6.5 2.4 0.95 1.22
6a 11:28:33.8 +58:33:52.5 39.5 £ 13.5 63.5 2.7 0.85 0.97

Note. “Column 1: the source identification number, clumns 2 and 3: sky coordinates, column 4: net source counts and corresponding error counts, columns 5

and 6: the background source counts and the SNR of each source, columns 7 and 8: the two ellipse major and minor radius for the source apertures.
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