High-mass X-ray Binaries: Illuminating the Passage
from Massive Binaries to Merging Compact Objects
Proceedings IAU Symposium No. 346, 2019 (© International Astronomical Union 2019
L. M. Oskinova, E. Bozzo, T. Bulik € D. Gies, eds. doi:10.1017/S1743921318008086

Ultraluminous X-ray source populations
in the Chandra Source Catalog 2.0

Konstantinos Kovlakas'?, Andreas Zezas'?3, Jeff J. Andrews!?
Antara Basu-Zych*°, Tassos Fragos®’, Ann Hornschemeier®?,

Bret Lehmer® and Andrew Ptak®®

!Department of Physics, University of Crete
Voutes University Campus, 71003 Heraklion, Crete, Greece
email: kkovlakas@physics.uoc.gr
2Institute of Electronic Structure & Laser, Foundation for Research & Technology - Hellas
Voutes University Campus, 71003 Heraklion, Crete, Greece
3Harvard-Smithsonian Center for Astrophysics
60 Garden Street, Cambridge, MA 02138, USA
4NASA Goddard Space Flight Center
8800 Greenbelt Rd, Greenbelt, MD 20771, USA
SCRESST, Department of Physics, University of Maryland Baltimore County
Baltimore, MD 21250, USA
SDARK, Niels Bohr Institute, University of Copenhagen
Juliane Maries Vej 30, DK-2100 Copenhagen, Denmark
"Geneva Observatory, University of Geneva
Chemin des Maillettes 51, 1290 Sauverny, Switzerland

8Department of Physics & Astronomy, Johns Hopkins University
3400 North Charles Street, Baltimore, MD 21218, USA

9Department of Physics, University of Arkansas
825 West Dickson Street, Fayetteville, AR 72701, USA

Abstract. The nature and evolution of ultraluminous X-ray sources (ULXs) is an open problem
in astrophysics. They challenge our current understanding of stellar compact objects and accre-
tion physics. The recent discovery of pulsar ULXs further demonstrates the importance of this
intriguing and rare class of objects.

In order to overcome the difficulties of directly studying the optical associations of ULXs,
we generally resort in statistical studies of the stellar properties of their host galaxies. We
present the largest such study based on the combination of Chandra archival data with the
most complete galaxy catalog of the Local Universe. Incorporating robust distances and stellar
population parameters based on associated multi-wavelength information, and we explore the
association of ULXs with galaxies in the (star formation rate, stellar mass, metallicity) space.

We confirm the known correlation with morphology, star formation rate and stellar mass, while
we find an excess of ULXs in dwarf galaxies, indicating dependence on age and metallicity.
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1. Introduction

Ultraluminous X-ray sources are X-ray binaries exceeding the Eddington limit for a
stellar black hole (Lx > 103% ergs~!), challenging our understanding of accretion physics
and binary evolution (for a review, see Kaaret et al. 2017). Links with cosmological
(IGM heating during the reionization era; e.g. Madau & Fragos 2017) and gravitational
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wave research (ULXs as progenitors of binary mergers; e.g. Marchant et al. 2017) further
demonstrate their importance. While studies of individual objects provide significant
input for understanding accretion physics in ULXs, statistical studies probe their forma-
tion and evolution via the connection with their environment, e.g. the star formation rate
(SFR), stellar mass (M, ) and metallicity (Z) of the host galaxy (Swartz et al. 2011; Wang
et al. 2016). Such studies provide input for population synthesis models (e.g. Fragos et al.
2015), addressing key questions, such as the nature of the compact objects in ULXs and
their evolutionary paths.

Using the new Chandra Source Catalog 2.0 (CSC 2.0; Evans et al. 2010) we revisit
the correlation of the ULX populations with global parameters of their host galaxies by
creating the most up-to-date census of ULXs in the Local Universe. By associating the
CSC 2.0 with a complete catalog of galaxies, we will

a) provide the most up-to-date census of ULXs and host galaxy properties

b) study the correlation of the number of ULXs with stellar population parameters
¢) constrain the rate of Hyperluminous X-ray sources

d) study the high-end of the luminosity function of High Mass X-ray Binaries

(
(
(
(

2. The Sample

The first step is to create a sample of galaxies in the Local Universe for which we have
reliable information on their SFRs, M, and Z. We select all HyperLEDA (Paturel et al.
2003; Makarov et al. 2014) galaxies with recession velocity less than 14000 km s=! (<
200 Mpc.) We collect all redshift-independent distances from NED-D (Steer et al. 2017)
and derive the distance and its uncertainty for the galaxies with distance measurements.
Via a Kernel Regression technique, the redshifts and distances of these galaxies are used
to derive redshift-dependent distances for the the rest of the sample.

We incorporate stellar population parameters (SFR, M,, Z) or compute them using
multi-wavelength information, by associating our sample with the:

e Revised Bright Galaxy Sample (Sanders et al. 2003)

e Revised IRAS-FSC Redshift Catalogue (Wang et al. 2014)

e 2MASS Extended Source Catalogue (Jarrett et al. 2000)

e 2MASS Large Galaxy Atlas (Jarrett et al. 2003)

e GALEX-SDSS-WISE Legacy Catalog (Salim et al. 2016)

e WISE forced photometry for SDSS galaxies (Lang et al. 2016)

e Firefly Stellar Population parameters (Comparat et al. 2017)

e MPA-JHU (Kauffmann et al. 2003; Brinchmann et al. 2004; Tremonti et al. 2004)

The result is the Heraklion Extragalactic CATaloguE (HECATE), a compilation of
~ 163000 galaxies in the Local Universe, providing photometric/spectral data, star
formation rates, stellar masses, metallicities, AGN content, etc.

By cross-matching HECATE with the current state of CSC 2.0 and correcting for
background contamination, we obtain the largest census of ULXs in the widest up-to-
date range of environments (four orders of magnitude in SFR and M,). Out of the
13286 X-ray sources in 1678 galaxies with Chandra data, we find 2352 ULX candidates
(Lx >10% ergs™1) in 1435 galaxies.

3. First Results

For the following analysis, we select 280 galaxies with distance less than 40 Mpc (to
avoid source confusion effects) for which we have reliable estimates on the star formation
rate and stellar mass. After accounting for AGN contamination, in these galaxies we
estimate to have about 300 ULXs.
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Figure 1. Cumulative number of galaxies in our sample of various morphological types (see
legend), as a function of number of ULXs per 10''Mg, stellar mass.
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Figure 2. Average number of ULXs per galaxy as a function of SFR and stellar mass of their
host galaxies. Diagonal lines correspond to equal specific SFRs. The blue vertical shows the
stellar mass for which the contamination by low mass X-ray binaries (LMXB) is expected to be
significant (one source above 10%° ergs™' assuming the LXMB luminosity function from Zhang
et al. 2012). The average number of ULXs per galaxy increases with SFR and stellar mass.

Using the stellar mass as a proxy for the galaxy size, we compute the number of ULXs
per stellar mass. In Figure 1 we present the cumulative distribution of this quantity
for various morphological types. We find that early-type galaxies are characterized by
small number of ULXs, while late-type galaxies typically host one ULX per 10 M.
Additionally, irregulars host about 10 times more ULXs than spirals of the same mass.

In Figure 2, we show the average number of ULXs per galaxy as a function of SFR
and stellar mass of the host galaxy. To quantify the correlation, we employ a Maximum
Likelihood Estimator where we model the observed number of ULXSs (nqps) as a Poisson
variate with rate depending linearly on its SFR and M,, while accounting for the
contamination by background AGN, npy,, from Kim et al. (2007):

Nobs ~ Pois (Cl x SFR + b x M, + nbkg) (31)

We find a:0.408f8j8§(; M(Sl yr, in agreement with with previous results (e.g. Swartz
et al. 2011). For the stellar mass scaling factor we find b = (3.981‘%:3?) x 10712 Mél which
is consistent with the LMXB contribution that we calculate from Zhang et al. (2012) (one

luminous LMXB per 2.5 x 10! M, stellar mass; see blue line in Figures 2 and 4.) In
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Figure 3. Relative likelihood, Aln L = In (L/Lmax) as a function of the scaling factors a and
b (for SFR and stellar mass contribution, respectively.) The black point corresponds to the
maximum likelihood, while the black contours represent the regions with confidence levels 68%,
95% and 99%. We find a = 0.40870 032 M_" yr and b= (3.9871:37) x 107'* M, consistent with
previous results (see text for more details.)

i -
1.0 . ol 2.0
v ,/
0.5 £ ) .

4 vt ’ A
| ’ 5 . - 1.5 3
= 0.0 4 %
> N 2 ,/ b

484 Z.
© P 7 <
S —0.5 ;9/ R F1.0 %
- N :
L —1.0 s Z
N v 0.5 @
o0 $/7 o)
2 -15 NS

O s
/
—2.0 . - 0.0
T T L
9 10 11
log M, (Mo)

Figure 4. Same as Figure 2 but now the number of ULXs is divided by the expected number
of ULXs based on the fitted model of Equation 3.1. An excess is found for galaxies with low
M, indicating higher formation efficiency of ULXs in the low-Z environment of dwarf galaxies.

Figure 3 we plot the likelihood relative to the maximum likelihood, and confidence regions
on the parameter space of the fit. The SFR scaling factor is better constrained than the
M, factor, indicating that the observed ULX populations are primarily correlated with
the SFR of the host galaxy. We attibute the covariance between a and b to the correlation
of SFR and M, in star forming galaxies (e.g. Maragkoudakis et al. 2017; Rodighiero et al.
2011).

Dividing the number of ULXs in different bins of the SFR-M, plane by their expected
number according to the fitted model (see Equation 3.1), we can probe the region of the
parameter space that can form ULXs more efficiently. As we see in Figure 4, galaxies with
low M, or SFR are more efficient in forming ULXs, in agreement with previous results
(Lehmer et al. 2016; Basu-Zych et al. 2016). As galaxies with low M, are generally
metal-poor (e.g. Sénchez et al. 2017), we interpret this excess of ULXs as the metallicity
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effect suggested by theoretical studies (e.g. Linden et al. 2011; Fragos et al. 2013) and
observations (e.g. Prestwich et al. 2013).

Acknowledgments

The research leading to these results has received funding from the European Research
Council under the European Union’s Seventh Framework Programme (FP/2007-2013) /
ERC Grant Agreement n. 617001. This project has received funding from the European
Union’s Horizon 2020 research and innovation programme under the Marie Sklodowska-
Curie RISE action, grant agreement No 691164 (ASTROSTAT). We sincerely thank the
reviewer for suggestions that helped to improve this manuscript.

References

Basu-Zych, A. R., Lehmer, B., Fragos, T., et al. 2016, ApJ, 818, 140

Brinchmann, J., Charlot, S., White, S. D. M., et al. 2004, MNRAS, 351, 1151

Brorby, M., Kaaret, P., & Feng, H. 2015, MNRAS, 448, 3374

Comparat, J., Maraston, C., Goddard, D., et al. 2017, arXiv:1711.06575

Evans, I. N., Primini, F. A.; Glotfelty, K. J., et al. 2010, ApJS, 189, 37

Fragos, T., Lehmer, B., Tremmel, M., et al. 2013, ApJ, 764, 41

Fragos, T., Linden, T., Kalogera, V., & Sklias, P. 2015, ApJL, 802, L5

Grimm, H.-J., Gilfanov, M., & Sunyaev, R. 2003, MNRAS, 339, 793

Jarrett, T. H., Chester, T., Cutri, R., et al. 2000, AJ, 119, 2498

Jarrett, T. H., Chester, T., Cutri, R., Schneider, S. E., & Huchra, J. P. 2003, AJ, 125, 525

Kaaret, P., Feng, H., & Roberts, T. P. 2017, ARAA, 55, 303

Kauffmann, G., Heckman, T. M., White, S. D. M., et al. 2003, MNRAS, 341, 33

Kim, M., Wilkes, B. J., Kim, D.-W.; et al. 2007, ApJ, 659, 29

Lang, D., Hogg, D. W., & Schlegel, D. J. 2016, AJ, 151, 36

Lehmer, B. D., Basu-Zych, A. R., Mineo, S., et al. 2016, ApJ, 825, 7

Linden, T., Kalogera, V., Sepinsky, J., et al. 2011, Evolution of Compact Binaries, 447, 121

Madau, P., & Fragos, T. 2017, ApJ, 840, 39

Makarov, D., Prugniel, P., Terekhova, N., Courtois, H., & Vauglin, 1. 2014, A&A, 570, A13

Maragkoudakis, A., Zezas, A., Ashby, M. L. N., & Willner, S. P. 2017, MNRAS, 466, 1192

Marchant, P., Langer, N., Podsiadlowski, P., et al. 2017, A&A, 604, A55

Paturel, G., Petit, C., Prugniel, P., et al. 2003, A&A, 412, 45

Prestwich, A. H., Tsantaki, M., Zezas, A., et al. 2013, ApJ, 769, 92

Rodighiero, G., Daddi, E., Baronchelli, 1., et al. 2011, ApjL, 739, L40

Salim, S., Lee, J. C., Janowiecki, S., et al. 2016, ApJS, 227, 2

Sénchez, S. F., Barrera-Ballesteros, J. K., Sdnchez-Menguiano, L., et al. 2017, MNRAS, 469,
2121

Sanders, D. B., Mazzarella, J. M., Kim, D.-C., Surace, J. A., & Soifer, B. T. 2003, AJ, 126, 1607

Skrutskie, M. F., Cutri, R. M., Stiening, R., et al. 2006, AJ, 131, 1163

Steer, 1., Madore, B. F., Mazzarella, J. M., et al. 2017, AJ, 153, 37

Swartz, D. A., Soria, R., Tennant, A. F., & Yukita, M. 2011, ApJ, 741, 49

Tremonti, C. A., Heckman, T. M., Kauffmann, G., et al. 2004, Apj, 613, 898

Wang, L., Rowan-Robinson, M., Norberg, P., Heinis, S., & Han, J. 2014, MNRAS, 442, 2739

Wang, S., Qiu, Y., Liu, J., & Bregman, J. N. 2016, ApJ, 829, 20

Zhang, Z., Gilfanov, M., & Bogdén, A. 2012, AEA, 546, A36

https://doi.org/10.1017/51743921318008086 Published online by Cambridge University Press


https://arXiv.org/abs/1711.06575
https://doi.org/10.1017/S1743921318008086

	Ultraluminous X-ray source populations  in the Chandra Source Catalog 2.0
	Introduction
	The Sample
	First Results


