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Abstract

Ultraluminous X-ray sources (ULXs) are the most energetic non-explosive stellar
systems, with luminosities exceeding the Eddington limit for stellar-mass black hole,
~10% erg s~!. They are formed by a compact object (black hole or a neutron star), and
a companion star from which material is extracted, forming an accretion disk, and
eventually falling onto the compact object. The release of the gravitational energy
of the accreted material powers the extreme luminosities of ULXs, which sometimes
dominate the X-ray output of their host galaxies.

Since ULXs are rare - typically one per galaxy - they are predominantly found at
large distances. Therefore, only a handful of systems have been studied thoroughly,
with the general properties of ULXs being still a matter of debate. The nature of the
accretor or the donor star, and the exact structure of the accretion disk are not fully
understood. Furthermore, their puzzling super-Eddington luminosities challenge our
understanding of the physics at extreme accretion rates, and has implications for the
effect of ULXs in the evolution of galaxies, and the intergalactic medium in the early
Universe.

The study of ULXs in the context of the host galaxies can constrain models
for their formation and evolution, and consequently provide input for the progeni-
tors of endpoints of massive binary systems, such as short gamma-ray bursts, and
gravitational-wave sources. In this respect, demographic studies of ULXs probe the
rate of ULXs in galaxies, and its connection to their stellar population parameters,
such as star-formation rate, stellar mass, and metallicity.

In this thesis, we create a census of ULX populations in the local Universe, and
we revisit their connection with the parameters of the host galaxies.

First, we create a all-sky, value-added catalogue of galaxies at distances up to
200 Mpc, the Heraklion Extragalactic Catalogue (HECATE), providing all the necessary



information for the detailed study of ULXs in nearby galaxies. Using information from
astrophysical databases, and multi-wavelength data, we determine the distances, and
the stellar population parameters of the galaxies. Furthermore, we discuss possible ap-
plications of the catalogue for other fields of astrophysics, such as the characterisation
of sources in multi-wavelength surveys, the identification of possible host galaxies of

gravitational-wave sources, and gamma-ray bursts, etc.

By associating the HECATE with the Chandra Source Catalog 2.0, we deliver a
census of ULX populations in galaxies up to a distance of 40 Mpc (at which source
confusion is not severe). In 309 galaxies, we find 629 ULX candidates. By statistically
correcting for foreground and background interlopers (~20% of the total number of
ULX candidates), we estimate the number of ULXs in the sample galaxies, and probe its
correlation with star-formation rate, stellar mass, and metallicity. Hence, we provide
the tightest constrain on the average scaling of ULXs with star-formation rate (SFR)
in late-type galaxies, 0.51+0.06 ULXs per Mg yr~!. This is close to the expected value
from recent high-mass X-ray binary luminosity functions, in line with the expectation
that ULXs in spiral galaxies are luminous high-mass X-ray binaries. By accounting
for sample differences, we explain the tension with older estimates of the ULX-SFR
scaling.

For the first time, we account for the contribution of low-mass X-ray binaries

(which scale with stellar mass, M,), in the ULX population of spiral galaxies, finding

0.45%0:9¢ MzF }fi_l + 3.3f§:§><§44—;. The above scaling depends on the morphological type
of the host galaxies, with early spiral galaxies (i.e., S0/a-Sbc) containing a small but
non-negligible population of luminous, low-mass X-ray binaries. In addition, we
confirm the known anti-correlation of the ULX rate with the metallicity of the host
galaxy, and attribute to this effect, the excess of ULXs in low-mass and late-type

galaxies in our sample.

Regarding the specific ULX frequency in early-type galaxies, we find 6.3+1.0 ULXs
per 10!2M,, in agreement with previous demographic results, and low-mass X-ray
binary luminosity functions, suggesting that ULXs in these galaxies are luminous low-
mass X-ray binaries. However, we discover an excess in low—stellar-mass early-type
galaxies, which we reproduce using binary population synthesis models, and realistic
star-formation histories. Finally, we hint at an excess of ULXs at large galactrocentric
distances in elliptical galaxies, indicating possible contribution from globular cluster

ULXs, in line with previous studies.



Ultimately, using X-ray images from Chandra observations, we simulate the effect
of source blending when targeting galaxies at distances from 10 Mpc up to 100 Mpc.
We identify the biases of source blending in terms of the slopes of luminosity functions
and the number of ULXs. We find that at larger distances (60 Mpc), source confusion
leads to a systematic overestimation in the number of ULXs. Finally, we highlight the
importance of the clumpy nature of star-forming regions, and diffusion emission in

the observed number of ULXs, even at lower distances.
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[TepiAnym

O vtépAapatpes Tnyég aktivov X (YIIX) elvow ot ta T1Lo evepyntikd, Un-ex-
ENKTIKA aGTEWKA GUGTARATA, (e AUITEOTNTES TTOV EeTteQvouv To 6o Eddington
Yl ueAaEg oTtég aeTEIKAG udcag, ~10% ergs™l. Tynuatitovton amé éva Guutayi
acTéEa (LeAovii OTtN N AGTEEO VETEOVIWV) Kol €va GUVodd aGTEQa aItd TOV
oTolo peta@épetal VAKS, oyxnuaticovtag €va 3iGKo TTROGOVENGNGS KOl KATOAN-
yovtag ev téAel 6to guumayn actépa. H ameAevBépmon PaQuTikng evépyelag
agtd TNV ITEocavEavouevn VAn teo@odotel Tig akpaleg Aaumpdtnies Twv YIIX,
TTOU UEQLKES (PORES KLELORYOVV GTN GUVOMKN €KITOUTTA aKTIivwv X TwVv YOAAELDV

JTOV TS PLAOEEVOUV.

Kabwng o YIIX elvar omdvies — tumtkd pio avd yalagio — evrtogticovton
KLVEIWGS oe ueydieg amootdoels. ‘Etol, uévo uepkd ogtd avtd To GUGTARATA
€xouv ueletnbel Se€odkd, e TIg yevikég 80TNTES TOL TANBLGUOU TOULS VO
agroteAov au@ideyouevo cntnua. H @von touv cuugtayols acGTEQO KoL TOU
GuvodoU Tov, KAl n akEPne doun tov dickov TEocavEnGng dev elvan TTANEWS
katavontés. EmimAéov, ol auviyuatikés Toug Aaumeotntes mtépav tov oplov Ed-
dington agtoteAovv mEékAnGn yia tn Puoikin tng taxelos meocavEnong pdcag,
KoL £(0UV GUVETTELES Yo Tnv eTidpacn twv YIIX ogtnv e£€MEN Twv YOAAELWY Kol

n StoyoAQElaKi VAN GTa TIEOWO GTASI0 TOU ZUUITAVTOG.

H yeAétn tov YIIX ot wAaiclo Twv @LA0EEVOUVTOV YOAAELWY TOUGS witopet
va eTPAAAEL TTEQLOELGUOVS GTIC TTAQAUETEOVS TTOV €ITTNREEATOVV TO GYNUATIGULS
KO TRV €E6MEN TOUG, KOL GUVETIOCS UItoQel vo oael TTAnQo@oies yio To TeAkd
OTASI0 SIITA®Y AGTEQRMV UeydAng wdcag, dTTms avTd TToU SNULOVEYOUV EKAGUAPELS
oktivov-y Beoyelag Sidpkelag, kor TTnyés PauTik®dv kuudtov. ‘Etct, dnuo-
yoapkés ueAéteg twv YIIX egetdcovv tn guxvotnta tov YIIX e yodagieg, ko
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TN GYEGN TNG UE TIC AGTOELKES TTAQAUETQOVS TOVG, OTTWS 0 QUOUAS AGTEOYEVVEGNG,
n OGTEWKA WAL KOl N UETOAAMKOTNTAL.

Ye avtnv tn dwatepn, Teayuatogtoovye uia agtoyea@n Twv ITAnBLGU®V
YIIX 670 ToTtkd TOUTTay, KoL £TTAVEEETATOVUE T GUVEEGN TOUG e TIC TTOQAUETEOUS

TOV YAALELOV GTOUS OTTOIOVS QLVILKOUV.

[TpodTa, KATAGKEVATOVUE €vav KOATAAOYO YOALEL®WY GE agtoatdoels <200 Mpc,
tov Heraklion Extragalactic Catalogue (HECATE 1 Exdtn), TTov TOQEXEL OAES TIC
agroalitnteg TAnQo@opies yia uta eugtepuatatousvn pedétn tov YIIX e kovti-
voug yoAagieg. Xopnowottoidvtog dedouéva amd acTovoulkés faoelg dedouévwy,
KOl TTOQATNENGELS GE Sld@oQa Unkn KULOTOG, TtRocdlopitovue TG OITOGTAGELS
KOL TIS OGTEWKES TTOQAUETEOUS T®V YoALElwv. EmmAéov, cuintovue tiBavég
AAAeg YENGOES TOU KATAAGYOU yia dAAOUG TouelS TIC AGTEOQUGIKAG, OTTWS O
YXOQUKTNEIGULOS TTNY®OV OTT0 GUOTNUATIKES €euveg Ge Sldpopa Unkn KVUITog, o
EVTOTILGUOC TV YOALELDV GTOUS 0TT0{0VS BEIGKOVTAL TTNYES POQUTIK®OV KUUATOV,

K.Ql.

Yvuvdvdcovtag tnv Exarn ue tov evtepo katdAoyo tov Chandra, KOTOGKEVA-
covue évav katdAoyo mAnbucudv YIIX ce yodagieg ue astootdoels uéyot 40 Mpc.
Beiokovue 629 YIIX ce 309 yoAlagleg. AlopBdvovTag GTATIGTIKA TN GUVELGPOQEA
(~20%) amd acTépla kol TnyEs vIToPAOEoV, ekTwovue To TTAMMBog Ttwv YIIX oe
kAOe yadaglo oto delyuo pag, ko ueAetovue tn Gxéon Tov ue to EuOUd aoc-
TEOYEVEGNG, TNV ACTEKA WACA Ko Tn uetaAMkoTnTa. Q¢ amotédecuo, divouue
TNV JTo0 okEPn uétenon tng avadoyiogs tov YIIX ce yoAlogles puetayeviéatepou
TUTOoV pe Tov aEud acteoyéveong (SFR), 0.51+0.06 YIIX avd Mg yr!. Avtid n
T efvar TTOAY KOVTA GTO AITOTEAEGULATO TIROGEATO SNULOGLEVUEVOV KOTAVOUL®V
Aapgtpdtntag STTA®V actépwv aktivav X peyding pdcos. Aaufdvovtag vitdyn
TS S1apoEES TV detyudtmv, egnyolue Th Slood te TTOAALGTEQES UETENTELS TG
avadoyiac ce ueAétes TTov ectiocav oe YIIX.

AauBdvouye vtéyn, yia TEOTN QOEA, TN GUVELGEOQEA TOV SLITADV AGTEQWV

aktivov X wkeng wdcag (stov elvar avdAoyn Tng acTEAS udcag, My), Pelokov-

Tag 0.45+0:9¢ x MiF }i’l +3.358 x ﬁ—*@ Ol TaEATTAV® GUVTEAEGTEG EEQTAOVTAL
OIT0 TOV LOEMOAOYIKO TUTTO TV YOUAWELWV, UE TOVS TLEMWOVS GITELQOESElS (TT.).,
S/a-Sbc) va. @ldogevovv éva wiked aAAG un-ageAntéo TAnBuoud amd AauTteovg

SumtAovg aoTépes aktivov X wkeng udcag. Akdun, emiBefot@vouvue Tng yvowoTh



aQVINTIKN GUGYETIGN TS Guyvotntos Twv YIIX pe tn petadkdTnta, ko agrodi-
dovue oe avtn, to mAedvacua YIIX ce yodagles wkeng ndgag n/kor UGTEQOU
HLOEMOAOYLKOV TUTTOV.

YxeTikd ue tnv ki guyvotnta tTewv YIIX ¢toug yoAagles TTowou TUTToU,
Botorovue 6.3+1.0 YIIX avd 102> Mg, 6e Guu@wvia ue Tponyoduevo, aTtoteAéc-
LOTO, KOL KOTOVOUES AQUITEOTRTAS SIITAMV acTéewV okTivav X WIKERG udlag,
VITOJERVVOVTOS TOUG TeAevuTalovg g Tnv JTeoéAevcn Twv TTAnBucuwv YIIX
oe elMelTttikoVg yadaglegs. QoT1660, avakaAvTttovue €va TAsdvacuo YIIX ce
yaAagies TE@OWOoU TUTTOU Kl WKENGS WALAS, TO 0ITOL0 avAITIAQAYOUUE UE TO GUV-
dvacud aIToTEAEGUATOV AITO TTEOGOUOLNGELS SITTADY OGTEQWYV, KL LGTOQLES OG-
TEOYEVEGNG aTtO TTEAyUaTikoUg yalagies. EmimAéov, Pplokovue evdeltels yia éva
TAnBuoud YIIX oe peydleg arooTdoels aItd To KEVTEO EAAELTITIKOV YOAAELDY,
VTTOSEIKVVOVTOG TTO0VA GUVELGPOQEA QITO TTNYES GE GPOLRWTA GUAVN, OTTWGS €xel
avapepbel e TTEONYOVUEVES €QEVVEG.

TE€NOG, XENGLLOTTOLWVTAGS €KOVES aITd JTapaTnEncels aktivov X ue to Chan-
dra, TTpOGOUOLWVOLUE TNV €TISEACGN TOU @EAVOUEVOL TG GUYXUGNG TINY®V, GE
atoctdoels amd 10 ws 100 Mpc. [Tpoadiopigovue Ta GuGTRUATIKA GEAAMLATO GTLG
KOTOVOUES AQUITEOTNTAG, KOl GTO Jtapatngovuevo TtAnfoc twv YIIX. Bpiokouue
0Tl oe agtogTdoelg ueyoAvtepes Twv 60 Mpce, n gUyyuon T®v TTNy®V TTEOKAAEL
cuGTNUATIKA vITtepekTiunon Twv YIIX. Té\og, Tovitovue tn onuacio tng cBoA®-
Soug”’ eUEAVIONG TV TTEQLOYWY OGTEOYEVEGNGS Ko Sidyvtng aktvoPoAiag, GTo

Taatneovuevo TAnbog tov YIIX.
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Introduction

1.1 X-ray astronomy and accreting binary stars

After the end of World War II, technology once used in combat and intelligence,
passed to the sciences, including astronomy. Just like radars were put to use by
radio-astronomers, V2 rockets were carrying the first detectors for the study of the
X-rays coming from the Sun — the only X-ray source known until 1962. However, the
decade of 1960s was devoted to the Moon, and the upcoming manned missions. In the
process of studying scattered solar X-ray radiation by the Moon, Giacconi et al. (1962)
discovered the first extrasolar X-ray source, Sco X-1.

Various theories were developed to explain the puzzling nature of Sco X-1: its
luminosity was millions of times higher than that of the Sun in the X-rays. Shklovsky
(1967) proposed the idea that Sco X-1 could be a neutron star accreting matter from
its environment. Following the era of rockets and balloons, soon X-ray astronomy
would enter its observatory era with Uhuru (e.g., Giacconi et al. 1971) which surveyed
the entire sky, discovering numerous X-ray sources, and confirming the existence of

compact objects in X-ray sources. Furthermore, discovery of pulsations, and eclipses
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Figure 1.1: Classification of X-ray binaries (Reig 2011).

showed that these X-ray stars, are indeed close binaries, and it was the release of
gravitational energy by material falling onto the compact object that is powering their
X-ray emission.

We now know that these sources — called X-ray binaries (XRBs) nowadays — are
composed of a compact object, i.e., white dwarf, neutron star, or black hole, which is
accreting matter from a companion star. Hundreds of systems have been discovered in

the Galaxy, its neighborhood (e.g., Magellanic Clouds), but also in distant galaxies.

The properties of XRBs depend on the nature, mass, and evolutionary stage of
the stars composing the system, which in combination with its orbital parameters,
determine the mass-transfer mechanism. These lead to a large variety in phenomenol-
ogy which has been predominantly explained on the basis of different accretor and
donor stars (see Figure 1.1). Accreting white dwarfs, give rise to a “zoo’ of different
types of systems which we refer to as cataclysmic variables. Due to their relatively

03 erg s™!) compared to the other types of XRBs (e.g., Seward &

low luminosities (<1
Charles 2010), cataclysmic variables are typically not detected in extragalactic XRB
surveys, and will not be discussed in the framework of this thesis. Henceforth, when

referring to XRBs we are excluding cataclysmic variables as a sub-class.
The mass of the companion can affect the properties of XRBs in numerous ways.
Firstly, a very massive star can have intense stellar winds, expelling material at a high

rate. In a binary with a compact object, a fraction of this material will be captured by the
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Figure 1.2: Artist’s impressions on mass-transfer mechanisms. Left: an accreting binary
system, consisting of a neutron star and a blue supergiant star. Intense stellar winds
from the supergiant drive the accretion onto the compact object, releasing energy in the
form of X-ray emission. ‘Clumps in the wind’ as the one depicted in the picture, may
be responsible for sporadic flares last hours, as those observed in the case of Supergiant
Fast X-ray Transients. Credit: ESA/AOES Medialab. Right: the GRO J1655-40, a system
undergoing mass-transfer from an evolved star on to a black hole via Roche-lobe overflow,
forming an accretion disk and a jet. Credit: ESA, NASA, and F. Mirabel.

compact object and, eventually, be accreted onto it. An example of this mass-transfer

scenario is illustrated in the left panel of Figure 1.2.

On the other hand, stellar winds in low-mass stars are too weak to power an
XRB. In the last stages of their evolution, however, the stars may fill their Roche lobe,
forming a channel for material to flow from the star to the compact object through
the L2 point. This mass-transfer mechanism is known as Roche Lobe overflow (RLO;
see right panel of Figure 1.2). Note, however, that RLO is not characteristic of only
low-mass stars; any star that during its evolution fills its Roche Lobe may transfer

matter to its companion.

Observational studies indicate a ‘bimodal’ distribution in the donor mass. Specifi-
cally, the donor stars in most XRBs are either less massive than the Sun (<1 M), i.e.
low-mass XRBs (LMXBs), or significantly higher in mass (>10 Mg), i.e. high-mass
XRBs (HMXBs). Although intermediate-mass XRBs also exist (e.g., Podsiadlowski
& Rappaport 2000), LMXBs and HMXBs dominate the population of XRBs. This be-
haviour may be the result of the complicated evolutionary paths of binary stars given
their initial parameters (e.g., initial mass function, orbital separation distribution, mass

ratio etc.)
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In Figure 1.3 we show the evolution of two cases of progenitors of XRB systems,
and use them as examples to explain some of the factors that come into play for their
evolution into a LMXB and a HMXB. In the left panel we see the evolution of a LMXB
system: after an initial Roche-lobe overflow before the formation of the compact object,
the more massive star evolves into a red giant, leading to a common envelope phase
which brings the two companions closer together. So close, that during the evolution
of the second star, a second, very effective RLO phase begins, effectively powering a
LMXB. In the right panel both stars are very massive initially. The initial Roche-lobe
overflow transfers a large fraction from the primary star to the secondary, delaying the
evolution of the former, and speeding up the evolution of the latter. The primary star,
stripped from its outer layer’s hydrogen, misses its giant phase, and the system does
not pass a common envelope phase. After the first supernova explosion, the orbital
system becomes too wide for a second RLO. However, the ‘rejuvenated’ secondary
star undergoes mass loss due to intense winds. The ‘loaned’ material returns into its
original owner which now is a neutron star. The hot accretion disk emits in the X-rays,
and the system is a HMXB for about 10 Myr. Subsequent evolution of the secondary

star leads short common-envelope and RLO phases.

Due to their complex evolutionary paths, XRBs have played an important role in
understanding binary evolution, and are laboratories for constraining binary evolution

models (e.g., Rappaport et al. 2005; O’Shaughnessy et al. 2008).

1.1.1 Demographics of X-ray binaries

Since high-mass stars have shorter lifetimes than low-mass stars, so do the com-
panions of HMXBs. For this reason, the latter are typically found in young stellar
populations, and therefore are associated to star-forming regions (e.g., Ho et al. 2001).
We expect to find them in the disks of spiral galaxies, as well as irregular galaxies
(see left panel of Figure 1.4). Elliptical galaxies, and dwarf spheroidal galaxies, having
quenched their star-formation, are not expected to host HMXBs. On the other hand,
the slow evolution of LMXBs — of the order of Gyr — means that their progenitors
are formed at earlier stages of the cosmic history, when galaxies were building their
stellar mass. Therefore, having lost their initial spatial distribution, they are found
spread out according to the mass distribution of their host galaxies. Elliptical galaxies

having large stellar masses, typically contain more LMXBs than spiral galaxies (e.g.,
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Figure 1.3: Common examples of evolution of XRB progenitor systems, a LMXB powered
by Roche-lobe overflow (left), and a HMXB powered by wind accretion. Credit: Tauris &
van den Heuvel (2006)

Gilfanov 2004). In addition, the dynamical formation of LMXBs in globular clusters
(e.g., Clark 1975), increases the population of LMXBs in elliptical galaxies which, in
general, host large globular cluster populations (see right panel of Figure 1.4).

The above trends are manifested in a correlation of the the number of LMXBs
and HMXBs with the stellar mass and star-formation rate (SFR) of the host galaxy,
respectively (e.g. Grimm et al. 2003; Gilfanov 2004). Therefore, SFR-scaled luminosity
functions (LFs) for HMXBs and stellar-mass—scaled LFs of LMXBs, have been con-
structed using X-ray observations of samples of star-forming and elliptical galaxies,
respectively (e.g., Grimm et al. 2003; Gilfanov 2004; Mineo et al. 2012; Zhang et al.

2012). Although the LFs agree in general, their exact numbers differ depending on the
sample, luminosity range, etc.

For example, Mineo et al. (2012) found that a SFR-scaled, broken power-law,
describes the luminosity function of HMXBs, based on a sample of galaxies with high
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Figure 1.4: Examples of the spatial distribution of XRBs in star-forming and quenched
galaxies. Left: image of the star-forming galaxy NGC2207 in the infrared (lower), X-rays
(middle) and X-ray + IR + optical composite (upper). Being an actively star-forming
galaxy, it hosts a large number of HMXBs which are spatially correlated with star-forming
regions (as indicated in the IR image). Credit: X-ray: NASA/CXC/SAO/S.Mineo, Optical:
NASA/STScl, Infrared: NASA/JPL-Caltech. Right: composite optical + X-ray image of
NGC4649. The point sources follow a radially symmetric pattern, following the mass
distribution of the elliptical galaxy, as well as, that of its globular cluster system. Credit:
X-ray: NASA/CXC/MSU/}.Strader, Optical: NASA/STScL.

specific star-formation rate:

dN _ £ SFR x Ly, Lsg < Ly,

dLss ng_“ L;SY . Ly < Lag < Ley,

(1.1)

where L3s=Lx/10%® ergs™!, L is the break luminosity, y; and y, are the power-law
indices before and after the break, and Ly is the cut-off luminosity, fixed at 5x10°. The
best-fit values were: £= (1.49+0.07) M3 yr, y1=1.58+0.02, y,=2.737133, and L;=110*3].
In the left panel of Figure 1.5 we reproduce figure 14 from Mineo et al. (2012) showing

the cumulative form of the best-fitting LF, on top of the LFs of individual galaxies.

Similarly, based on a sample or early-type galaxies, Zhang et al. (2012) fitted a

stellar-mass—scaled, doubly-broken power-law to the luminosity function of LMXBs
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(introduced by Gilfanov 2004):

K; (L36/Lb,l)_a1: L3s < Ly,

dN —ay

ET = My X 1Kz (Lss/Lb2) °, Lb1 < L3g < Ly, (1.2)
K3 (L36/Lcut)_a3 s Lb,2 < L36 < Lcut,

where L3s=Lx/10% ergs™!, L}, 1, Ly 2, and Ley; are the two luminosity breaks and the
cut-off luminosity, respectively, and ay, az, as are the tree power-law indices below
each break and the cut-off. The normalisation K; expresses the scaling with the stellar

mass, while the normalisations, K, and K3 are related to K; as follows:

Ky = Ky (L1 /Lb2) (1.3)
K; =K, (Lb,Z/Lcut)a3 : |

The best-fitting parameters where a;=1.027997, a,=2.06709%, a3=3.63707 L}, 1=54.6"33,

Ly,2=599"%>, and K;=1.01+0.28 per 10'' Mg, of stellar mass. The right panel of Figure 1.5
reproduces the fig 2 from Zhang et al. (2012) showing the cumulative LFs in early-type

galaxies.

The above mentioned studies of LFs have been used to obtain scaling relations of
the number of XRBs as a function of the stellar population parameters of the galaxies,

namely their SFR and stellar mass:

N (> 5x10% ergs™") = 5.4 X M, (10" M), (1.4)
N (> 10%ergs™) =3.22 x SFR (Mg yr ). (1.5)

However, the samples used for such scaling relations are based on either highly
star-forming galaxies (to exclude contribution from LMXBs) or early-type galaxies (to
exclude contribution from HMXBs). For this reason, Lehmer et al. (2019) introduced
an XRB LF which accounts simultaneously for the contribution of both LMXBs and
HMXBs:

dN _ dNumxB N dNLMxB
dL dL dL ~’

(1.6)
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Figure 1.5: Cumulative luminosity functions of HMXBs and LMXBs in nearby galaxies.
Left: The number of HMXBs per star-formation unit (Mg yr™!) as a function of the X-ray
luminosity, in seven representative galaxies from the sample of Mineo et al. (2012). The
solid line represents the best-fit HMXB LF in Mineo et al. (2012). Right: The number of
LMXBs per 10'° M, of stellar mass in the sample of Zhang et al. (2012). The solid line is
the best-fit LMXB LF in Gilfanov (2004).

which is the sum of a simple power-law HMXB LF, and a broken power-law LMXB LF.

Furthermore, the metal content (i.e., metallicity) of the star-forming gas in a galaxy
can affect the number of HMXBs as indicated in observational (e.g., Mapelli et al. 2010;
Basu-Zych et al. 2013a,b; Brorby et al. 2014; Douna et al. 2015) and theoretical studies
(e.g., Linden et al. 2010; Fragos et al. 2013a,b). These studies showed that metal poor
galaxies tend to have larger populations and/or more luminous X-ray sources. Recently,
a metallicity dependent LF was measured by Lehmer et al. (2020), finding that different

038

metallicities affect mostly the brightest sources (i.e. >10% ergs™).

Along with the metallicity effect, another important factor in the observed XRB
populations is the effect of the age of the parent stellar populations. This indicated
by binary population synthesis models (e.g., Fragos et al. 2008, 2013a). The effect of
age in the formation efficiency of HMXBs has been observed in a study of HMXBs
at sub-galactic scales in the Magellanic Clouds (Antoniou & Zezas 2016), and the
evolution of the integrated X-ray luminosity of XRB populations as a function of age
(Lehmer et al. 2017). These studies found that the populations of HMXBs and their
luminosities peak at ~30 — 50 Myr, while at longer timescales (~Gyr) they decline.
Similarly, an age-effect in LMXB LFs, is hinted in Lehmer et al. (2019).
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1.2 Ultraluminous X-ray Sources

1.2.1 History

Studies of X-ray point source populations in external galaxies with the Einstein
observatory, discovered off-nuclear sources (i.e. not associated with AGN) with lumi-
nosities exceeding 10°° erg s™! (Long & van Speybroeck 1983; Fabbiano 1989). As the
Eddington limit for an accreting compact object of mass M is ~1.3x103*M /Mg ergs™!,
the luminosities of these sources point at black holes more massive than those typically
found by studies of black hole X-ray binaries in the Milky Way (<15 Mg; e.g., Tanaka

1989; Remillard & McClintock 2006).

Among the various initial speculations for the origin of ULXs were background
AGN, luminous young supernovee, intermediate-mass black holes (IMBH; i.e., with
masses in the 102 —10* Mg range; Colbert & Mushotzky 1999), but were soon dismissed
on the basis of their numbers, variability and spectral properties, lack of associations
with radio sources, and problems in evolving IMBHs (e.g., Zezas & Fabbiano 2002;
King 2004; van der Marel 2004; Rappaport et al. 2005; Gladstone et al. 2009).

The most viable scenario was that ULXs are accreting black-hole binaries un-
dergoing near- or super-Eddington accretion, with non-isotropic emission due to
geometrical beaming (e.g., Shakura & Sunyaev 1973; King et al. 2001; Begelman 2002;
King 2009). The recent discovery of pulsar ULXs, i.e. ULXs with a neutron star
accretors (and therefore significantly lower masses than black holes), proved that
luminosities significantly higher than the Eddington limit are possible (e.g., Bachetti
et al. 2014; Furst et al. 2016; Israel et al. 2017a,b; Carpano et al. 2018). Furthermore,
it definitively showed that neutron star ULXs may be a significant fraction of the
ULX populations, challenging our understanding of ULX formation paths (e.g., King
& Lasota 2016; King et al. 2017; Middleton & King 2017), and motivating more detailed
binary population synthesis studies in order to account for neutron-star ULXs (e.g.,
Wiktorowicz et al. 2017; Misra et al. 2020).

1.2.2 Implications

The study of ULXs as extreme examples of compact X-ray sources is important for
probing accretion physics at high mass-transfer rates, and indicating whether ULXs

are characterised by a a new mode of accretion, the ultraluminous state (e.g., Gladstone
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et al. 2009). In this, supercritical accretion state, the Eddington luminosity corresponding
to a spherically accreting system is exceeded in the presence of a geometrically slim
or thick accretion disk (Abramowicz et al. 1988). The physical processes governing the
accretion disk (e.g., photon trapping: Begelman 1978; outflows: Shakura & Sunyaev
1973, formation of an inner funnel: Abramowicz et al. 1988) can provide useful insights
on its geometry and spectral energy distribution, as well as the properties of sub, near
and super-Eddington XRBs (e.g., Sadowski et al. 2014a). In addition, understanding
accretion physics in stellar-mass binaries may extend our knowledge on the spectra,
variability, and formation of other, more massive, accretion-powered sources such as

IMBHs and quasi-stellar objects.

By constraining models for the formation and evolution of ULXs, we can advance
our knowledge on stellar and binary evolution theory (e.g., Rappaport et al. 2005). The
latter is crucial for the study of other manifestations and states of compact binary stars,
gravitational-wave and gamma-ray burst sources (e.g., Abbott et al. 2017b), which
furthermore may have passed through a ULX phase (e.g., Finke & Razzaque 2017;
Marchant et al. 2017).

Observational studies indicate an excess in the total X-ray output of low-metallicity
galaxies, suggesting an enhancement in the numbers and/or the luminosities of XRBs
(e.g., Douna et al. 2015; Brorby et al. 2016). This metallicity trend could be the origin of
a similar excess observed in high-redshift galaxies since they typically present lower
metallicities (e.g., Lehmer et al. 2005; Basu-Zych et al. 2013a,b; Fornasini et al. 2020).
This has implications for the contribution of XRBs to the heating of the intergalactic
medium (IGM) before and during the epoch of reionisation (e.g., Madau et al. 2004;
Kaaret 2014; Pacucci et al. 2014). While initial studies indicated negligible effects from
XRBs to the heating of the IGM (e.g., Madau & Fragos 2017), the few but bright ULXs
may ionise the interstellar medium of the host galaxies, lowering the absorption in the
soft X-rays, ultimately allowing them to penetrate the host galaxy and heat the IGM
even more (e.g., Sazonov & Khabibullin 2018). Quantifying whether the metallicity
elevates the number of XRBs in general, or boosts their luminosities, is critical for our
knowledge of the X-ray luminosity and spectral energy distribution of the galaxies,

and its imprint in the thermal history of the Universe.

10
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1.2.3 ULX populations in the context of their host galaxies

The dismissal of the initial scenarios for the origin of ULXSs, led to the conclusion
that ULXs are objects in the high-end of the HMXB LF. The connection of ULXs with
HMXBs is supported by their direct association with star-forming regions in individual
galaxies, such as the Antene galaxies: (e.g., Fabbiano et al. 2001; Zezas et al. 2007),
the Cartwheel galaxy (e.g., Gao et al. 2003; Wolter & Trinchieri 2004), NGC4485/4490
(e.g., Roberts et al. 2002), and Arp299 (e.g., Zezas et al. 2003; Anastasopoulou et al.
2016). This motivated demographic studies of large samples of ULXs and their host
galaxies, which estimated the scaling of the number of ULXs with the SFR of their
host galaxy (e.g., Swartz et al. 2004, 2011; Luangtip et al. 2015). For example, Swartz
et al. (2011) found ~2 ULXs per Mg, yr~!. However, the HMXB LF of Mineo et al. (2012)
predicts ~0.6 ULXs per Mg yr~!. This tension may be rooted in the different host

galaxy samples used in different surveys.

Interestingly, ULXs are also found in elliptical galaxies, but due to the initially
small galaxy samples and large background source contamination, early surveys could
not reliably quantify their scaling with the stellar mass (e.g., Angelini et al. 2001;
Colbert & Ptak 2002; Irwin et al. 2004; Swartz et al. 2004). Constraints of the ULX-
stellar mass scaling factor (e.g., Plotkin et al. 2014; Wang et al. 2016) are consistent
with a specific ULX frequency of ~6 ULXs per 10'2M,. This value is in agreement
with the LMXB LF of Zhang et al. (2012), suggesting that ULXSs in elliptical galaxies
contribute to the high-luminosity tail of the LMXB LFs. This indicates that donors
of ULX systems can also be of late-type (e.g., Feng & Kaaret 2008; Wiktorowicz et al.
2017). However, this agreement is based on host galaxy samples at a narrow range in

the stellar mass (massive elliptical galaxies).

Surprisingly, dwarf star-forming galaxies present an excess of ULXs with respect to
their SFR (e.g., Swartz et al. 2008; Walton et al. 2011; Plotkin et al. 2014; Tzanavaris et al.
2016). This has been attributed to their lower metallicities, and it is highlighted by the
observed excess of ULXs in metal-poor galaxies (e.g., Soria et al. 2005; Prestwich et al.
2013; Mapelli et al. 2010). These trends are similar to those observed in normal XRBs
(e.g., Brorby et al. 2014; Douna et al. 2015), providing further support to the notion
that ULXs are the bright-end of the XRB populations. The metallicity effect in the
number of ULXs is mainly attributed to the weaker stellar winds in the low-metallicity

progenitors. The first consequence of the latter is that the black holes retain significant
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fraction of their initial mass (e.g., Heger et al. 2003; Belczynski et al. 2010), resulting
into more massive accretors in black-hole XRBs which exhibit higher efficiency in
converting gravitational energy to X-ray emission. The second consequence is that
the angular momentum losses are small, leading to tighter orbits which favour the
more efficient Roche-lobe overflow mass transfer, and hence the fraction of binaries

that evolve into luminous XRBs (e.g., Linden et al. 2010).

1.3 Aims of this study

The purpose of this thesis is to study in detail the populations of ULXs in the context of
the host galaxy properties such as star-formation rate, stellar mass, and metallicity. The
results will provide up-to-date and tight constraints for binary population synthesis
models, and aid in the design of new observational campaigns.

In order to perform this analysis we require large samples of host galaxies and

X-ray sources, and to overcome a number of challenges:

I. ULXs are rare (typically 0-2 per galaxy), and therefore are usually found at

distant galaxies.

II. At large distances, sources may be blended together, which can bias both their

numbers and their luminosity distribution.

ITI. Contamination from foreground stars and background AGN, especially in nearby,

extended galaxies.

IV. The required host galaxy parameters (e.g., distance, SFR, stellar mass, metallicity),

are not readily available for large samples of galaxies.

V. Nuclear activity in the host galaxy may bias the estimated stellar population

parameters.

Addressing these challenges motivated three stand-alone, albeit interconnected,

projects which are presented in three individual chapters:
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1.3.1 The Heraklion Extragalactic Catalogue — Chapter 2

The first step is to define the galaxy sample that will be used for the census of
ULXSs. Since there is no complete galaxy catalogue providing the required data for our
purpose, we compile a new galaxy compilation, the Heraklion Extragalactic Catalogue
(HECATE).

Being based on the most complete extragalactic database, the HyperLEDA (Makarov
et al. 2014), the HECATE includes all known galaxies in the local Universe, and hence
all potential hosts of sources detected from X-ray surveys (addressing challenge I).
Since the primary motivation for building the catalogue is the study of X-ray binaries
in nearby galaxies, we set a maximum distance of 200 Mpc, well above the distance at
which ULX demographics are possible (because of challenge II).

By incorporating data from extragalactic databases, and multi-wavelength surveys,

this new catalogue provides

1. positions and angular sizes of galaxies, which can be used to associate X-ray

sources;
2. robust distances;

3. morphological classifications which are necessary for revisiting demographic

results for different types of galaxies;

4. stellar population parameters that can be used for the study of the ULX scaling
relations (challenge IV); and

5. nuclear activity classifications (challenge V).

The HECATE, being an all-sky catalogue of all known galaxies in the local Universe,
can also be useful for a wide range of applications, beyond the study of XRBs. The
data provided by the catalogue can be used for the initial characterisation of transient
astrophysical sources (e.g., supernovee, tidal disruption events, gamma-ray bursts etc.)
In addition, in the case of the poorly-localised gravitational wave sources, follow-up
surveys of their electromagnetic counterparts can be aided by the prioritisation of

potential host galaxies based on their properties in the HECATE.
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1.3.2 A census of ULXs in the local Universe — Chapter 3

In this chapter, we associate the HECATE with X-ray sources. In order to address
the issue of source blending (challenge II), we use data from the high-resolution X-ray
observatory, Chandra, which allows us to probe ULX populations up to a distance of
~40 Mpc. Using the new Chandra Source Catalogue 2.0 (CSC 2.0), we probe the X-ray

source populations in thousands of galaxies.

However, the classification of X-ray sources based on optical associations or
timing and spectral analysis is not feasible for the majority of the sources in our

sample. Therefore, interlopers (challenge III) are removed statistically.

The combination of the HECATE and the CSC 2.0 and the tools developed in this
work, results in the most comprehensive demographic study of ULXs in the context of

the stellar population parameters of the host galaxies.

1.3.3 Source confusion — Chapter 4

Since the resolution of Chandra cannot be matched by any current, or upcoming
X-ray observatory, the problem of source blending (or confusion; challenge II) will
continue to limit the studies of XRB populations. In this chapter, we quantify the
effects of source confusion in the demographics of XRBs, and luminosity functions, as
a function of distance, and we find the optimal distance that maximises the galaxy

samples, while ensuring manageable confusion.

Finally, in Chapter 5 we present a summary of the results, and the conclusions

drawn from them, as well as future extensions of this work.
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2.1 Background

With the availability of all-sky surveys across the electromagnetic spectrum (e.g.,
LSST, ZTF, eROSITA) and the advent of the era of multi-messenger observations (e.g.,
gravitational-wave, neutrino, cosmic-ray observatories) there is an increasing need
for homogenised extragalactic catalogues that can be used for the characterisation of
individual sources.

Astronomical databases like NED (Helou et al. 1991), SIMBAD (Wenger et al. 2000)
and HyperLEDA (Makarov et al. 2014) have significantly boosted extragalactic research
via the collection, and organisation of data such as positions, distances, photometric
fluxes, and morphological classifications. However, due to the diversity of the different
sources of these data, they cannot be readily used for studies requiring derived galaxy
properties such as star-formation rate (SFR), stellar mass (M, ), metallicity, and nuclear
activity, for large samples of objects. Although detailed catalogues based on focused
surveys provide such information (e.g., MPA-JHU; Kauffmann et al. 2003; Brinchmann
et al. 2004; Tremonti et al. 2004), the lack of all-sky coverage limits their usefulness
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for many astrophysical applications, such as characterisation of sources in multi-
wavelength all-sky or serendipitous surveys (e.g., X-ray surveys; Kim et al. 2007;
Saxton et al. 2008).

The rapid identification of counterparts of transient sources such as gamma-ray
bursts (GRBs) or rare events (e.g., high-energy cosmic rays), and the strategic planning
of follow-up observations, are possible with the aid of all-sky galaxy catalogues.
Furthermore, the use of astrophysical information has been used to increase the
effectiveness of identifying the hosts of gravitational-wave (GW) sources (e.g., Abbott
et al. 2017b). To this extent there is a growing effort to build galaxy catalogues
providing information on M, or SFR (or their proxies) aiming to aid GW follow-up
observations (e.g., Kopparapu et al. 2008; White et al. 2011; Gehrels et al. 2016; Cook
et al. 2019; Dalya et al. 2018; Ducoin et al. 2020). However, these catalogues do not
provide metallicity, which can be a key factor for the identification of GW hosts (e.g.,
Artale et al. 2019). Since the aforementioned galaxy catalogues were designed for
applications focusing on distant galaxies (e.g., GWs, GRBs), the provided data may
not be very accurate for nearby galaxies (e.g., D<40 Mpc), which often require special
treatment (e.g., extended vs. point-source photometry, and distance measurements vs.
application of the Hubble-Lemaitre law). Therefore, studies involving nearby galaxy

samples often invest in compiling the necessary galaxy data from scratch.

In order to enable large-scale studies of transient events such as those described
earlier, or multi-wavelength properties of galaxies (e.g., X-ray or y-ray scaling relations;
Ackermann et al. 2012; Komis et al. 2019; Kovlakas et al. 2020), we require an all-sky
catalogue that gives accurate locations, galaxy dimensions, distances, multi-band
photometry, and most importantly derived stellar population parameters. For this
reason, we compiled an all-sky value-added catalogue of 204,733 nearby galaxies within
a distance of 200 Mpc: the Heraklion Extragalactic Catalogue (HECATE"). This catalogue
provides all the aforementioned quantities based on a variety of sources. Special care is
taken to develop procedures that consolidate the available data, maximise the coverage
of the parameters, and address possible biases and offsets between different parent
catalogues. The derivation of homogenised stellar population parameters, including
metallicity, and nuclear activity classifications, highlight the usefulness of the HECATE

as a reference sample for the characterisation of sources in multi-wavelength and/or

Hekate (greek, Exdtn), goddess of crossroads and witchcraft in ancient Greek mythology. Pronun-
ciation: hek-UH-tee.
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multi-messenger observations. The catalogue is publicly available at the HECATE
portal: https://www.ia.forth.gr/hecate.

In §2.2 we describe the selection of galaxies from the HyperLEDA database, and
the incorporation of redshift (z) and size information. The assembly and combination
of distance measurements, as well as the derivation of z-dependent distances for
galaxies without distance measurements is described in §2.3. The compilation of multi-
wavelength data and the derivation of stellar population parameters is presented in §2.4.
In §2.5 we compare the HECATE with other galaxy catalogues, discuss its limitations,
and present various applications. Finally, in §2.6 we present future extensions of the
catalogue. Throughout the paper, unless stated otherwise, uncertainties correspond to

68% confidence intervals.

2.2 Sample selection

As the basis of our catalogue, we use the HyperLEDA database (Makarov et al. 2014),
which includes, combines and homogenises extragalactic data in the literature, without
explicit flux or volume limits. Furthermore, common problems such as misprints,
duplication, poor astrometry and wrong associations that can be found in legacy
catalogues (e.g., UGC: Nilson 1973, RC3: de Vaucouleurs 1991) are generally identified
and rectified by the HyperLEDA pipeline.

,_
1)
<3
Distance (Mpc)

Figure 2.1: Sky map of the galaxies in the HECATE in Galactic coordinates, colour-coded
according to their distance.
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Out of the 5,377,544 objects in the HyperLEDA (as of October 2019), we select
3,446,810 (64%) that are characterised as individual galaxies (‘objtype=G’), excluding
groups, clusters, parts of galaxies, stars, nebule etc.

Since the distances for the majority of the galaxies have not been measured, we
perform the selection of local Universe galaxies based on a recession velocity limit.
We note that reported heliocentric radial velocity measurements typically contain
the components of the peculiar motions of the Sun and the Milky Way. The peculiar
motions of the galaxies are generally not known. We correct for those of the Sun
with respect to the local Universe by computing the Virgo-infall corrected radial
velocity, vyir, which corrects for all motions of the Sun, and Milky Way up to the
level of the infall of the Local Group to the Virgo Cluster. We select all galaxies
with vyi,<14, 000 km s™! (corresponding to z<0.047 and D< 200 Mpc assuming Hubble
parameter h=0.7). The Virgo-infall corrected radial velocity in HyperLEDA is outdated
(D. Makarov, private communication). Therefore, we compute it for all galaxies (see
Appendix 2.A for details on the computation).

204,467 objects are found in HyperLEDA with v;;<14,000 km s~ while 2,560,816
exceeded the velocity limit. However, for the 681,527 galaxies in HyperLEDA without
radial velocity measurements, we attempted to get measurements from NED. The
association to NED is described in Appendix 2.B.1. In total, we recover the radial
velocities for 1,494 additional objects with v,;; <14, 000 km s™1.

Note that in the above procedures, we performed various manual inspections
to exclude duplicates in HyperLEDA or misclassified objects (stars, artefacts from
diffraction light, ‘parts of galaxies’, etc.) In total 1,228 objects were rejected in this
process. The final sample consists of 204,733 galaxies. Figure 2.1 shows a sky map of
the HECATE.

Out of the 204,733 galaxies in our sample, there are 39,251 objects without size
information, restricting the cross-matching capabilities of our sample. For the majority
of them, the semi-major axis is complemented via cross-linking of our sample with
other databases and surveys, resulting into 199,895 galaxies with size information
(97.6%). The procedure is described in detail in Appendix 2.B.2.

Finally, in the HECATE we include additional information from HyperLEDA such as:
astrometric precision, object name, morphological classification, optical photometry,
inclination, and Galactic absorption. A full list of the information provided in the
HECATE is given in Appendix 2.D.

18



2.3. DISTANCE ESTIMATES

2.3 Distance estimates

Robust distance estimates for the galaxies in the HECATE are essential for the pur-
poses of this catalogue, and required for estimating the stellar population parameters

of the galaxies.

While redshift-derived distances can be calculated using the Hubble-Lemaitre
law for the majority of the galaxies in the HECATE (positive z), this approach is not
accurate in the case of nearby galaxies for which recessional velocities are dominated
by their peculiar motions. In addition, this method cannot be used for blue-shifted
galaxies". Furthermore, at the distance range of the HECATE, the unknown peculiar
motion of a given galaxy adds to the uncertainty on its distance, equally or more than
the propagation of the uncertainties of the galaxy’s z and the Hubble parameter. For
this reason, we use z-independent distance measurements from NED-D where available
(for #10% of the galaxy sample), and combine them with the method described in §2.3.1.
For the remainder of the galaxies (*x90%), we estimate the distance of the galaxies
using a regression method, described in §2.3.2, based on the sample of galaxies with

known distances.

2.3.1 Redshift-independent distances

The largest resource of z-independent distances is the NED-D compilation, con-
taining 326,850 measurements (as of March 2020) for 183,062 objects, based on 96
different distance indicators (Steer et al. 2017). However, for objects with multiple
measurements, NED-D does not readily provide a summary of these distance estimates.
On the other hand, CosmicFlows 3.0 (CF3; Tully et al. 2016), reports distance estimates
for 17,669 galaxies at 2<50.05, calculated as uncertainty-weighted averages of individual
measurements. Aiming at an as-large-as-possible sample of galaxies with distance
determinations, we obtain distance measurements from NED-D in order to combine

them into unique estimates for each galaxy, and use the CF3 for consistency checks.

We reject measurements that are not based on peer-reviewed sources, and those
using outdated distance moduli for the Large Magellanic Cloud (i.e. outside the

18.3—18.7 mag range; Pietrzynski et al. 2013) or distance scales calibrated for Hubble

In fact, the most blue-shifted galaxy in our sample with a reliable distance measurement is a Virgo
Cluster member, VCC 0815, at distance of 19.8 Mpc, which corresponds to a recession velocity
~1400 km s™! but its heliocentric radial velocity is —700+50 kms™'.
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Table 2.1: List of distance indicators used in HECATE (see Steer et al. 2017 and references
therein), the number of galaxies (Nga1) for which the measurements (number Nyeas) based
on each indicator were considered in the final distance estimates, and the corresponding
typical uncertainty of the distance moduli, (0,), in mag.

£3

Distance indicator Noal  Nmeas  (0y)
Cepheids 75 1416 0.11
Eclipsing binary 4 45 0.09
Fundamental plane 10697 26975 0.35
Horizontal branch 29 65 0.10
Red clump 14 102 0.09
RR Lyree 38 282 0.09
Sosies 280 280 0.29
Surface brightness fluctuations 482 1650 0.18
Tip of the red giant branch 358 1361 0.13
Tully-Fisher 10780 11309 0.40

" We note that Nieas>Ngal because for many galaxies there are multiple distance
measurements based on the same indicator.

constants outside the range 60—80 km s™! Mpc™'. Many of the 93 distance indicators
reported in NED-D are appropriate for objects at distances greater than the volume
limit of the HECATE (e.g., SNIa) and therefore we do not consider them. We also avoid
methods applied in less than three publications, as their systematic uncertainties or
validity may be insufficiently understood. To be conservative, we select 10 commonly
used indicators that are considered relatively reliable at distances <200 Mpc (e.g.,
Steer et al. 2017), listed in Table 2.1. For publications reporting for the same galaxy
multiple individual measurements based on the same indicator (e.g., Cepheid distances
for different stars within a galaxy), we adopt the concluding measurement in each
publication. Reported zero distance uncertainties (10 cases) were treated as undefined.
Preference is given to measurements with reported uncertainties over those without
uncertainties. In total, we associate 43,511 distance measurements with 21,174 galaxies
in the HECATE.

For the 13,247 galaxies with single distance measurements, we adopt them as they
are, 97% of which have reported uncertainties. For the 591 galaxies with multiple
measurements but no uncertainties, we use their weighted mean as the final estimate,
and their weighted standard deviation as the uncertainty. The weights depend on

the year of publication (penalising old measurements) to reduce historical biases (e.g.,
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older calibrations, unknown biases):
w; = 5yi_yref, (2‘1)

where § is the penalty per year — we set 5=2%! so that the weight is halved for every
decade passed’, y; is the year of measurement, and y,.r is an arbitrary reference year.
We note that for seven galaxies out of these 591, the standard deviation was 0 (possibly
duplicate measurements), and therefore we do not report the uncertainty of the final

distance estimate.

For the 7,336 galaxies with multiple distance measurements and uncertainties,
we calculate the final distances and corresponding uncertainties using a weighted

Gaussian Mixture (GM) model. The weight for the i-th measurement is
w; = §Y Vel g2 (2.2)

where the parameters are the same as in Equation 2.1, with the additional contribution
of the measurement uncertainty term o;. The GM distribution of the distance modulus

p of a galaxy is derived by combining M individual measurements:

M

M
fon) = Y wifi ) | 3w (23

i=1

where w; are the weights calculated in Equation 2.2, and f; is the PDF of the distribution
of each measurement. We consider each measurement to be Gaussian-distributed, with
mean and standard deviation equal to the distance modulus and its uncertainty reported
in NED-D. We note that the mean of the distribution resulting from Equation 2.3
is mathematically equivalent to the weighted average of the individual means (and
therefore consistent with the methods for galaxies with single measurement, or without
uncertainties), while its spread accounts for both the dispersion of the measurements

and their uncertainties.

We chose this value because: (i) we found systematic offsets (0.05-0.2 mag) in the distance moduli
measured at times with differences >20yr, and (ii) for small values of § (corresponding to !/,-folding
time-scales of less than 5 years), we found an increased scatter (>0.1 mag) because, effectively
only few newer measurements contribute to the distance.
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Figure 2.2: Hubble diagram of the galaxies in the HECATE with z-independent distances.
The orange line shows the Hubble-Lemaitre law with Hy=(67.8+0.1) km s~ Mpc™! (Planck
Collaboration et al. 2016). We note that the majority of the points are following the law,
albeit with significant dispersion at low values of vy;;, and the existence of a ‘branch’
at distance modulus ~31 (indicated by a green ellipse) caused by Virgo Cluster galaxies
which present significant velocity dispersion (cf. fig. 10 in Tully et al. 2016).

2.3.2 Redshift-dependent distances

For galaxies without distance measurements (~90%), we rely on the spectroscopic
redshift information. While we could simply use the Hubble-Lemaitre law and the
redshift of each object in order to calculate their distances, the proximity of the galaxies
in the HECATE sample makes them very sensitive to peculiar velocities and local devia-
tions from the Hubble flow. For this reason we adopt a data-driven approach where the
galaxies with z-independent distances (10% of the full sample) are used as the training
data set in a regression model that infers the distances (and uncertainties) at similar
recession velocities for the rest of the sample. The uncertainties of the radial velocities
were not accounted for in the regression since, in the case of spectroscopic redshifts,
they are negligible compared to the uncertainties of the distance measurements in the

training sample.

Figure 2.2 shows the distance modulus as a function of the radial velocity for the
galaxies with z-independent distances in our sample (calculated as described in §2.3.1).
We observe (i) that — unsurprisingly - the distance correlates with radial velocity even
for nearby and blueshifted galaxies, albeit with higher dispersion, and (ii) a horizontal

branch at distance modulus ~ 31 mag that is caused by Virgo Cluster galaxies. In order
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to account for such local deviations from the Hubble flow we employ a data-driven

approach for robust distance estimates as follows:

1. the galaxy sample is separated into two subsamples: galaxies in the Virgo Cluster
and the rest (§2.3.2.1);

2. for each subsample, a regressor is trained using the galaxies with redshifts and
z-independent distances, so that the distance and its uncertainty are predicted

from the recession velocity;

3. the distance and its uncertainty for the galaxies without z-independent mea-

surements, is predicted using the two regressors.

2.3.2.1 Virgo-cluster membership

As we discussed in the previous paragraphs, and shown in Figure 2.2, special
treatment of Virgo Cluster members is necessary for estimating their distance from
the recession velocity. The most up-to-date catalogue of galaxies of the Virgo Cluster,
the Extended Virgo Cluster Catalog (EVCC), was produced by Kim et al. (2014) using the
radial velocities and a cluster infall model, as well as morphological and spectroscopic
classification schemes. The EVCC is cross-matched with our sample to identify the

galaxies associated with the Virgo cluster.

2.3.2.2 Local average and standard deviation of Hubble diagram

We use the Kernel Regression technique (Nadaraya 1964) to compute the intrinsic
distance modulus i, (vyir) at a given Virgo-infall corrected radial velocity, u=vy;;. The
sample is split into Virgo members (VC) and non-Virgo members (nVC). For each
subsample, we compute the local (at u) distance modulus, pin(u) as the weighted
average of the distance moduli y; of the N galaxies it contains, with weights (g;(u))
given by the Guassian kernel with bandwidth k (or ‘averaging length’). Similarly, for
each subsample (VC and nVC) we calculate the ‘local standard deviation’ in terms of

the bias-corrected weighted standard deviation:

oi(v) = VIV, Z qi(w) [pi — pine (W) 17, (2.4)
1 i=1
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N N
where Vi = Y, gi(u) and V; = Y, ¢(u).
i=1 i=1

The choice of the bandwidth h effectively sets the resolution, in radial velocity, of
the derived statistical quantities. Due to the significant curvature of the radial velocity
vs. distance modulus diagram (Figure 2.2) for <2000 km s, the resolution should be
increased in this region in order to capture the shape and prevent mixing of data from
regions of significantly different slopes. On the other hand, at greater radial velocities
(or distances) a relatively large bandwidth would allow more data points to contribute,
and hence provide an estimate that is less influenced by outliers. For these reasons,
we set the bandwidth h for the Gaussian Kernel to be a function of the radial velocity,
increasing with radial velocity but also kept constant in the steep part of the diagram

by enforcing a minimum value, hApyjn:
h(u) = hpin X max {1, 1/2000 km s_l} , (2.5)

where h(u) is the bandwidth of the Gaussian Kernel for points evaluated at Virgo-
infall corrected radial velocity u. For the Virgo Cluster model, we keep the bandwidth
fixed as the distance modulus is expected to be roughly the same, rendering such

considerations irrelevant.

The baseline of the bandwidth, h;,, must be chosen carefully as it can easily
result into ‘overfitting’ if too small (only a few of the data points are considered for the
fit in each bin), or, ‘underfitting’ if too large (introducing lack-of-fit variance). We find
the optimal bandwidth, by minimising the total regression error S, i.e. the quadratic
sum of the regression errors, S;, corresponding to each galaxy. §; is evaluated by
employing the leave-one-out cross-validation technique: the i-th galaxy is removed
from the sample, and its distance is estimated using the kernel regression. The residual
between the true distance modulus, and the regressed one is S;. Additionally, when
the optimal bandwidth has been found, we remove outliers based on the true distance
modulus and the predicted one (and its uncertainty), by performing sigma clipping at
the 30-level, and re-optimise for hy, iteratively until no outlier is found. We applied
the above procedure and found optimal minimum bandwidth Ay, = 68.2kms™! for
non-Virgo galaxies, after removing 149 outliers (<1% of the nVC subsample). For the
Virgo galaxies, the optimal bandwidth was hyc=294.5km ™!, while only one outlier
was found (<1% of the VC subsample).
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2.3.2.3 Local intrinsic dispersion

The local standard deviation we compute in Equation 2.4 encompasses the un-
certainties of the distance moduli due to measurement uncertainties and the intrinsic
scatter of the true distance modulus. The latter is attributed to the peculiar velocities
of the galaxies and the systematic uncertainties due to the distance ladder calibration.

Given the model pyn (v) and following Kelly (2007) we formulate the error model

Hi = fint (0;) + € + €int (), (2.6)

where €; is a Gaussian-distributed random variate with mean equal to 0 and standard
deviation equal to the distance modulus uncertainty of the i-th galaxy, p, is the
local average and €iy¢(v;) is a Gaussian-distributed variate with mean equal to 0
and standard deviation oiyt(v), which is a local intrinsic scatter model. We apply a
Maximum Likelihood Estimator (MLE) to calculate the local intrinsic scatter, €;(v).
We note that the uncertainties on radial velocities have not been considered in our
analysis as they are typically one order of magnitude smaller (~10 km s™') than the
optimal kernel bandwidth for both VC and nVC models (~100 km s™!) and the typical

peculiar velocities of galaxies (~100 kms™!; e.g., Hawkins et al. 2003).

We apply the above Kernel Regression model to 617 Virgo galaxies and 182,326
nVC galaxies to derive their distances and uncertainties. Also, for 37 Virgo galaxies
and 317 nVC galaxies with z-independent distances but no uncertainties, we apply
the local intrinsic scatter model to estimate their uncertainty. We ensure that the two
models are applied only to galaxies with radial velocities covered by the training data
sets: vyir€ [-792kms™, 2764kms™!| for VC and ovyir€ [-481kms™, 14,033 kms™ |
for nVC in order to avoid extrapolation (note that the ranges are expanded by half
optimal bandwidth, hy,;,), leaving only 12 objects in the HECATE without distance

estimates.

For quick reference, in Appendix 2.C we provide empirical formulee for the distance
modulus of a galaxy pint, and its uncertainty ey, given its Virgo-infall corrected

velocity, based on the results of the aforementioned methods.
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Figure 2.3: Assessment of the accuracy of the Kernel Regression models. The models
capture the trends in the D-z in the local Universe, and provide accurate distances (0.2-
0.4 mag or 10-20%) particularly for vy;; 22500 (D> 35 Mpc). Top: z-independent distances
in our sample (points), separated to Virgo Cluster members (orange) and nVC galaxies
(blue). The black lines depict the local mean and the 2-sigma regions (using the local
standard deviation) according to the two regressors (dashed for VC, and continuous for
nVC). Middle: The local standard deviation of the distance modulus of the two models.
Bottom: The ratio of the local average distance (§2.3.2.2) and the distance inferred from
Hubble-Lemaitre law for two values of Hubble parameter: 0.72 (HST Key Project; magenta
line) and 0.678 (Planck 2015; green line). For each ratio, we plot with the same colours,
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the 68% confidence region that reflects the local intrinsic scatter (§2.3.2.3).
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2.3.2.4 Validation of the regression technique

The resulting distances from the Kernel Regression technique described above
should reflect the trends of the z-independent distances used in the HECATE, and

converge to the Hubble-Lemaitre law for large distances.

The top panel of Figure 2.3 shows the distance moduli as a function of the radial
velocity of the two subsamples: 273 Virgo Cluster galaxies and 15,294 non-Virgo
galaxies. We see the local average and the 20 confidence intervals in terms of local
intrinsic scatter. The latter is shown independently in the middle panel of Figure 2.3,
where we observe that the accuracy of the non-VC model drops significantly for
051,500 kms™! as expected from the domination of the peculiar velocities over the
Hubble-flow component. Conversely, the VC model presents a slight increase in the
distance with increasing radial velocity, which is possibly due to the contamination
from background galaxies in the EVCC. For the same reason, the uncertainty of the
inferred distances at high radial velocities for VC members is higher than that at the

low radial velocities.

The convergence to the Hubble-Lemaitre law is shown in the bottom panel of
Figure 2.3, where we plot the ratio of the local average model (vyi; see §2.3.2.2)
to the Hubble flow distance, for vy;€ [200, 14, 000] kms™!. Two different values of
H, are considered: 72kms™! Mpc™! (HST Key Project; Freedman et al. 2001) and
67.8 kms™! Mpc™! (Planck Collaboration et al. 2016). We see that the z-independent
distances converge to the Hubble flow distances, and agree to the local Universe
estimate of the Hubble constant (HST Key Project).

Finally, we check the distance estimates in the HECATE against CF3. For 1,949
galaxies with z-dependent distances in the HECATE, but z-independent in CF3, we

find a very good agreement: less than 3¢ difference for 99% of the galaxies.

2.4 Multi-wavelength data and stellar population pa-

rameters

One of the main objectives for the compilation of the HECATE is to provide
stellar population parameters for galaxies in the local Universe. To do so, we obtain

photometric and spectroscopic data by cross-correlating the HECATE with surveys
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from the infrared (IR) to the optical. In §2.4.1 we evaluate the required data to attain
the most reliable galaxy properties and discuss the selection and cross-matching
criteria for each survey. In §2.4.2 we describe the methodology we use for deriving

the parameters from the associated multi-wavelength data.

2.4.1 Associated photometric and spectroscopic data

Star-formation rate estimates can be obtained by photometric data from IR to UV
bands (or combinations of them; for a review, see Kennicutt & Evans 2012). While
optical and UV-based SFR indicators are sensitive to dust absorption, IR indicators
overcome this limitation by measuring the dust-reprocessed stellar emission. Although
UV+IR composite SFR indicators (e.g., Hao et al. 2011) are now becoming more widely
used (especially in the case of dwarf metal-poor galaxies) their implementation relies
in the availability of integrated UV photometry. The all-sky GALEX UV survey does
not provide integrated photometry for large, nearby galaxies, hampering the use of
these SFR indicators. Therefore, we rely on mid- and far-IR indicators using IRAS
and WISE photometry (see §§2.4.1.1 and 2.4.1.2), aiming at a homogeneous and as-

complete-as-possible compilation of SFR estimates.

For the computation of the galaxy stellar masses, one of the most reliable pho-
tometric indicators is the K;-band luminosity (e.g., Gardner et al. 1997). In order to
account for the stellar-population age dependence of the mass-to-light ratio (M/L) we
use calibrations that incorporate optical colours (Bell et al. 2003). For this reason, we
obtain 2MASS and SDSS photometry, as described in §§2.4.1.3 and 2.4.1.4.

Spectroscopic data can be used to estimate the metallicity of the galaxies, as well

as characterise them on the basis of their nuclear activity. In §2.4.1.4 we describe the

acquisition of spectroscopic data from SDSS.

2.4.1.1 Far-infrared: IRAS

We cross-link the HECATE galaxies to IRAS objects. For the cross-correlation
with the IRAS catalogue we adopt the following approach. When a galaxy is included
in the IRAS Revised Bright Galaxy Sample (IRAS-RBGS), we adopt this photometric
information, which is more reliable for extended galaxies (Sanders et al. 2003). In total,
we associate 589 galaxies with the IRAS-RBGS catalogue (Appendix 2.B.3). For the
remaining galaxies, we use the Revised IRAS-FSC Redshift Catalogue (RIFSCz; Wang
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et al. 2014) which provides a clean (excluding poor quality and cirrus sources) sample
of IRAS galaxies at 60um. This also gives more reliable positions than its parent IRAS
Faint Source Catalog (IRAS-FSC, Moshir 1990) via the association to more recent surveys.

In total, we associate 19,082 galaxies in our sample with RIFSCz (Appendix 2.B.4).

2.4.1.2 Mid-infrared: WISE

The previous cross-matches with IRAS-RBGS and RIFSCz objects incorporate IRAS
photometry for 19,671 objects in the HECATE (9.6%). To obtain a more complete
census of the IR emission of the galaxies in the HECATE sample we could also use the
deeper all-sky, surveys (e.g., WISE, AKARI). However, at the time of compilation of
the HECATE, there are no extended source catalogues of WISE and AKARI that can
provide reliable flux measurements for nearby galaxies. For this reason, we use the
‘forced photometry’ catalogue by Lang et al. (2016) who extracted fluxes from un WISE
images (Lang 2014) for SDSS-DR10 photometric objects using the SDSS apertures. We
cross-correlate this catalogue with the HECATE by matching the SDSS ID, which is
already specified in the HECATE (§2.4.1.4). As the WISE forced photometry catalogue
is organised in un WISE tiles, there are galaxies in overlapping regions. For these cases,
we select the data from the tile in which the galaxy is closer to the tile’s centre. 123,699
HECATE galaxies to objects are linked to SDSS objects with WISE forced photometry.
We note, however, that the use of this catalogue restricts our WISE photometric data
to the SDSS footprint. WISE photometry is available for the wider HECATE sample,

but as mentioned earlier it is not reliable for the resolved galaxies.

2.4.1.3 Near-infrared: 2MASS

To incorporate 2MASS photometry in our sample, we cross-match the HECATE
with three 2MASS catalogues in the following order of priority: (i) Large Galaxy
Atlas (2MASS-LGA; Jarrett et al. 2003), (ii) Extended Source Catalog (2MASS-XSC;
Skrutskie et al. 2006), and (iii) Point Source Catalog (2MASS-PSC; Cutri et al. 2012). This
order ensures that for the resolved galaxies we use the most reliable measurements
of their flux. Specifically, from 2MASS-LGA and 2MASS-XSC we obtain the JHK
‘total’ magnitudes from the extrapolated surface brightness profiles (see 2MASS-LGA
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home page* and §4.5.a.iv in the Explanatory Supplement’). From the 2MASS-PSC
we obtain the ‘default’ magnitudes. We note that when no uncertainty is provided,
the listed magnitudes are upper limits. We link HECATE galaxies to 609 objects in
the 2MASS-LGA, 117,713 in the 2MASS-XSC, and 25,224 in the 2MASS-PSC, overall
providing 2MASS photometry for 143,546 galaxies. More details about the cross-

matching procedure can be found in Appendix 2.B.5.

2.4.1.4 Optical: SDSS

For the cross-matching of the HECATE and the SDSS, we use the DR12 photometric
catalogue, and select only primary* objects. We use a match radius of 3 arcsec around
the HECATE coordinates, and we select the closest match (typical separation of the

matched objects is ~0.2 arcsec), resulting in 123,711 matches.

We opt to use spectroscopic data from the MPA-JHU DR8 catalogue (Kauffmann
et al. 2003; Brinchmann et al. 2004; Tremonti et al. 2004), which are based on the
emission-line component of the spectrum after subtracting the underlying stellar
component, to estimate the metallicities and classify the galaxies on the basis of
their nuclear activity. By cross-matching the catalogue with the HECATE, we obtain
measurements for 93,714 out of the 123,711 SDSS objects in the HECATE.

The GALEX-SDSS-WISE Legacy Catalog 2(GSWLC-2) of Salim et al. (2016) provides
SFR and M, estimates through optical-UV spectral energy distribution (SED) fits
to galaxies within the SDSS footprint and distance >50 Mpc. By matching 75,672
HECATE galaxies to GSWLC-2 objects on the basis of their object IDs in SDSS, we
obtain additional SFR and M, estimates.

2.4.2 Derived parameters

The following paragraphs describe the methods employed for the estimation of
parameters from the acquired multi-wavelength data (§2.4.1). An overview of the
provided data is listed in Table 2.D.1.

https://irsa.ipac.caltech.edu/applications/2MASS/LGA/intro.html
T https://old.ipac.caltech.edu/2mass/releases/allsky/doc/explsup.html
¥ www.sdss.org/dr12/help/glossary/#surveyprimary
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2.4.2.1 Stellar masses

The stellar masses are estimated by combining the K;-band luminosities of the
galaxies with the appropriate mass-to-light ratios. The integrated K;-band luminosities
of the galaxies are calculated from their 2ZMASS photometry and distances (we adopted
3.29 mag for the absolute magnitude of the Sun; Blanton & Roweis 2007). We exclude
objects without uncertainties in their photometry, or uncertainty higher than 0.3 mag,
resulting in Lx measurements for 133,017 (65%) galaxies in the HECATE. The K;-band
M/L ratio (=M, /Lg,) is computed using the calibration of Bell et al. (2003) which
accounts for differences in the stellar populations by means of the g — r colour of the

galaxies:
log (M/L) = —0.209 + 0.197 (g — r) . (2.7)

g — r colours are available for 53,171 (26%) galaxies with reliable photometry (SDSS
flags ¢_mode="+" and Q=3, and uncertainties < 0.1 mag on g and r). The mean M/L
ratio of the galaxies in the HECATE is 0.822, while the scatter is 0.091. This mean
value is used for the 79,846 (39%) galaxies without SDSS photometry. The scatter gives
us an estimation of the M/L ratio variations due to the different g — r colours of the
galaxies, and it can be used to assess the uncertainty on the M, of galaxies without
SDSS photometry. For the remainder (35%) of the HECATE sample that does not have

K,-band measurements in 2MASS we do not estimate M,.

The GSWLC-2 provides M, derived using a different method (SED-fitting using UV
to IR data; Salim et al. 2016). In Figure 2.4 we compare these estimates with our derived
M, using near-IR photometry. We find very good agreement (scatter of 0.21 dex),
although SED-based M, are slightly lower on average (factor of —0.11 dex), possibly

due to assumptions of stellar population models, or star-formation histories.

2.4.2.2 Star-formation rates

The SFR estimates of the HECATE galaxies are based on measurements of IR
luminosity from the IRAS or WISE surveys. These surveys provide the optimal combi-
nation of reliable, well-calibrated, SFR indicators (Kennicutt & Evans 2012), sensitivity,
and sky coverage. Since the sensitivity of the two surveys varies depending on the

band, we use a combination of SFR indicators depending on the availability of reliable
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Figure 2.4: Comparison of the stellar mass estimates in the HECATE and the GSWLC-2
for the common galaxies. The galaxies closely follow the 1:1 line, indicated by the black,
dashed line, with an intrinsic scatter of 0.21 dex.

measurements. For IRAS, we use the total-IR (TIR), far-IR (FIR) and 60pm luminosities,
depending on the bands with reliable IRAS fluxes (‘FQUAL’>2, i.e, excluding upper
limits). For WISE we use the monochromatic Band-3 (W3; 12um) and Band-4 (W4;
22pm) fluxes from the WISE forced photometry catalogue as discussed in §2.4.1.2. SFR
estimates are not provided for objects with uncertainties greater than 0.3 mag, or those

that were considered as point sources in the analysis of Lang et al. (2016)".

For completeness, we provide in our catalogue SFR measurements based on all
indicators (Table 2.2) available for each galaxy (including the SED-based SFR from the
GSWLC-2). This is particularly important since the various surveys used to derive
the SFRs, cover different subsets of the HECATE. In order to have consistent SFRs for
the largest possible set of objects, and given the fact that different indicators often
result in systematic offsets in the derived SFRs, we also provide a homogenised SFR

(SFRygce), calculated as follows.

First, we account for offsets between the different SFR indicators (Table 2.2) by
calculating their ratio with respect to the TIR-based SFR which we consider as a
reference. The mean ratio for each indicator is adopted as the correction factor.
Figure 2.5 shows comparisons between the SFR indicators, also giving the scaling

factor, standard deviation, and the number of galaxies used in each comparison. The

Using the galaxies with WISE and IRAS photometry we found that the WISE SFRs are significantly
lower for sources with the flag ‘treated_as_pointsource’ set in the catalogue of Lang et al. (2016).
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Figure 2.5: Comparison between the TIR-SFR indicator and the other four indicators used
in the HECATE (not rescaled as in the computation of SFRygc); the 1:1 line is shown as a
green line. For each SFR indicator, the linear scaling factor and the scatter are reported
in the top left corner, while the number of overlapping galaxies used for the scaling is
reported in the bottom right corner. The four SFR indicators scale with the reference
indicator (TIR) well, and present intrinsic scatter upto 0.27 dex (typical of photometric
SFR estimates; Kennicutt & Evans 2012). The scaling factors are used for the computation
of the homogenised SFR column in the HECATE.

homogenised SFR of an object in the HECATE is the TIR-SFR if available, otherwise
we use, in order of preference, the rescaled FIR-SFR, 60um, 12um and 22um based
SFR. Although the 22pm-band (probing hot dust associated with young star-forming
regions) is a better-calibrated SFR than the 12ym-based one (probing emission from
polycyclic aromatic hydrocarbons; e.g., Parkash et al. 2018), preference is given to the
latter due to the higher quality of the W3 WISE data (e.g., Cluver et al. 2017). We note

that no rescaling is performed in the individual SFR indicator columns.

The TIR luminosity includes emission in the 100um band, which in the case of
galaxies with low specific SFR may have a non-negligible contribution from stochasti-
cally heated dust from older stellar populations (e.g., Galliano et al. 2018). Although
this may overestimate the SFR in early-type galaxies, it is a widely used and well

understood SFR indicator that gives reliable SFR for actively star-forming galaxies,
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Figure 2.6: Comparison between the homogenised SFRs and the SED-based SFRs from
the GSWLC-2 for early (orange) and late-type (blue) galaxies. In the bulk of the sample,
mainly consisting of late-type galaxies, the GSWLC-2 underestimates the SFR due to
the lack of the dust component associated with the star-forming activity, whereas in
early-type galaxies, the HECATE overestimates the SFR due to the dust emission caused
by the stochastic heating from old stellar populations, rather than star-formation.

which are the majority of the HECATE (fig. 2 in Kovlakas et al. 2020). We note that
the catalogue provides all SFR indicators (Appendix 2.D) before rescaling, and the ho-
mogenised SFR, where indicators were rescaled according to the procedure described
above. A flag is provided, denoting which indicator was used in the homogenised SFR
(cf. Table 2.2). Therefore, based on the scaling factors reported in the table, one can

translate the provided SFR to the reference indicator of their choice.

In Figure 2.6 we compare the homogenised SFRs against the SED-based SFRs from
the GSWLC-2. We see that at SFR> 0.1 Mg yr™! (typical for star-forming galaxies),
the HECATE provides SFRs that scale with, but are a factor of ~2.3 larger than those
of GSWLC-2. This could be because the SEDs used in the GSWLC-2 do not include IR
emission above 22um, therefore missing the dominant, relatively cold, dust component
associated with star-forming activity (probed in the ~60um band). As discussed above,
the IR-based SFRs may overestimate the SFR in low specific-SFR galaxies, which can
explain the flattening observed at low SFRs, and the difference between early-type
and late-type galaxies.
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Table 2.2: The five different SFR indicators used in the HECATE.

Survey / bands Nga1  Calibrations Scaling in SFRygc Flag

(1) 2) () (4) ()

IRAS 25, 60, 100pum 5,125 Dale & Helou 2002; (reference) RT/FT ;5,125
Kennicutt & Evans 2012

IRAS 60, 100pm 5,721 Helou & Walker 1988; 1.15 (0.08 dex) FF; 596
Kennicutt 1998

IRAS 60um 19,671 Rowan-Robinson 1999 1.90 (0.12 dex) R3/F3*; 13,950

WISE 12um 81,948 Cluver et al. 2017 1.97 (0.25 dex) W3; 72,726

WISE 22um 46,078 Cluver et al. 2017 4.08 (0.27 dex) W4, 1,872

Description of columns: (1) the survey (IRAS or WISE), and the photometric bands used
for the computation of the flux; (2) the number of galaxies for which the SFR indicator is
computed; (3) references to the definition of the composite band and SFR scaling calibration;
(4) The scaling factor used only for the homogenisation’ of the SFR indicator with respect
to the TIR indicator. In parenthesis we give the scatter of the homogenisation’ relation; (5)
the flag (in the column ‘logSFR_flag’; see Table 2.D.1) and the number of galaxies used to
calculate the homogenised SFR. Note: ~ the first letter indicates whether the photometry
was taken from the IRAS-RBGS (R) or RIFSCz (F).

2.4.2.3 Metallicity estimates

To measure the gas-phase metallicities for our sample, we use the optical emission-
line fluxes provided in the MPA-JHU DR8 value-added ‘galSpecLine’ catalogue (see
details for methods in Brinchmann et al. 2004) based on the SDSS-DR8 data. Especially
relevant for measuring accurate nebular emission lines, this catalogue applies stellar-
population synthesis models to accurately fit and subtract the stellar continuum,
including stellar absorption features. We calculate the gas-phase metallicities, 12 +
log(O/H), using the Pettini & Pagel (2004) O3N2 (henceforth, PP04 O3N2) prescription,
which has been shown by Kewley & Ellison (2008) to be robust (i.e. it can trace a
wide range of metallicities, it has relatively low scatter, and most importantly it is
less sensitive to extinction effects than other indicators). Our metallicity analysis is
subject to the quality of the [O 111], [N 11], Hf, or Har emission lines and the PP04 O3N2
relation limitations. Therefore, we set the following flags (see column ‘flag_metal’ in
Appendix 2.D) to mark uncertain results: sources with ‘1> have O3N2 >2 ratios (670
sources), where the PP04 O3N2 relationship is invalid, and therefore the extrapolated
metallicities are highly uncertain; ‘2’ marks emission lines with low signal-to-noise
(0<3; 882 sources). Therefore, only sources with flags set to ‘0° have reliable metallicity

measurements (62,728 sources). Objects without metallicity estimates are flagged with
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-1’ (140,453 sources).

2.4.2.4 Nuclear activity

Using the SDSS-DR8 emission-line data (see §2.4.1.4 and §2.4.2.3), we identify
AGN based on the location of the galaxies in the emission-line ratio diagnostic of
Stampoulis et al. (2019). This diagnostic takes into account all available line ratios in
order to provide a single robust activity classification that avoids the contradictory
classifications that can be obtained from the use of the traditional two-dimensional line-
ratio diagrams. We consider the ([S11 A16717,6731A]/Ha, [N 11 16584A]/Ha, [O 111
A5007A]/Hp) three-dimensional diagram and when we have reliable measurements
for the [O 1] A6300A line we use the four-dimensional ([S 11]/He, [N 11]/He, [O 1]/He,
[O111]/HP) diagram. In this way, we provide nuclear activity classification for 64,280
(31%) galaxies with signal-to-noise ratio greater than 2 in the emission lines used. Out
of these 64,280 galaxies, 9,987 (15%) are characterised as AGN, leaving a non-AGN
sample of 54,293 galaxies.

One of the motivations for the compilation of this galaxy catalogue, was the
study of X-ray source populations in ‘normal’ (i.e., non AGN-hosting) nearby galaxies.
Therefore, we also include the AGN classifications from She et al. (2017) who studied
galaxies that had been observed with Chandra at distances less then 50 Mpc. In total,
we obtain classifications for 716 galaxies.

Finally, we combine the classifications in a single estimate. For galaxies with
classifications from only one of the two sources, we adopt them as they are. For
galaxies both in the SDSS and She et al. (2017) sample, they are characterised as AGN
if they are classified as such by either of the two sources, otherwise as non-AGN.
The SDSS, She et al. (2017), and the combined classifications are all provided in the
catalogue (for 64,280, 716, and 64,910 objects respectively, leaving 139,823 galaxies

without classification).

2.5 Discussion

2.5.1 Comparison with other catalogues

Out of the available all-sky galaxy catalogues only the Galaxy List for the Advanced
Detector Era (GLADE; Dalya et al. 2018), the Mangrove (Ducoin et al. 2020), and the
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Census of the Local Universe (CLU; Gehrels et al. 2016; Cook et al. 2019) are similar
in scope (i.e., offer multi-wavelength photometry and galaxy characterisation) as the
HECATE.

The GLADE galaxy catalogue provides coordinates, distances, and photometry
in the B, J, H, and K-bands by cross-matching five catalogues: HyperLEDA, 2MASS-
XSC, GWGC, the 2MASS photometric redshift catalogue, and SDSS-DR12Q. Without
an explicit limit on z, it is an ideal tool for low-redshift cosmology, and studies of
distant transient events such as long GRBs. A recent extension of the GLADE is the
Mangrove catalogue, which provides M, estimates via mid-IR photometry obtained by
cross-matching the GLADE and the AIIWISE catalogue.

Over the distance range covered by the HECATE, the completeness of GLADE and
Mangrove in terms of the B-band luminosity is similar to that of the HECATE (cf., fig.
2 in Délya et al. 2018 and Figure 2.8). However, the two catalogues do not include size
information for the galaxies, limiting their usability for the association of host galaxies
with sources from serendipitous and all-sky surveys (e.g., Webb et al. 2020). Another
important difference between the HECATE and the GLADE or Mangrove is that the
HECATE provides robust distances, SFRs based on a wide suite of indicators, as well
as, homogenised SFRs that bridge the systematic differences between the individual

indicators, and integrated 2MASS and WISE photometry for nearby galaxies.

The CLU catalogue has been progressively constructed since 2016 to aid the
identification of GW hosts (Gehrels et al. 2016), and provide a census of emission-
line galaxies with D<200 Mpc using new observations (Cook et al. 2019). Including
information from the NED, HyperLEDA, Extragalactic Distance Database, SDSS-DR12,
2dF Galaxy Redshift Survey, the Arecibo Legacy Fast ALFA, GALEX, and WISE, it
provides multi-wavelength data, SFRs and M, based on WISE photometry. However,
for studies of nearby galaxies, the CLU has the same limitations as in the case of
GLADE: it does not provide size information on the sample galaxies, and the WISE-
based photometry is problematic for nearby, extended objects (§2.4.1.2).

Concluding, the HECATE provides robust distances (an important parameter for
nearby galaxies; see §2.3), and additional data that are not readily-available in the
other catalogues: reliable homogenised SFRs, metallicities, as well as morphological
and AGN classifications.

37



Chapter 2. The Heraklion Extragalactic Catalogue

102 o

2
Z.

10" o

3 [0-33 Mpc

— GI16

—— HECATE

mm 10°

10* o
10°
102 4

10"

3 133-67 My

be

— GI16

—— HECATE

rm 10°

10°
lil‘é
11]‘1;
1(]”1;

10"

3 | 67- 100 Mpc

— GI16

—— HECATE

T
10%

T
107

T
1010

T
10t

1012

T
10%

T
10°

T T
1010 10t

1012

107

T

10%

T T
109 1010

T T
10 10!

10° o
10* o

10° o

Number of galaxies

10" o

10°

100 - 133 Mpc

|||r_1 TTTTIT

— GI16

—— HECATE

1(1“1:
10‘1:
1(1‘1:
1(1»’-:

10" o

10°

133 - 167 Mpc

(11

— GI16

—— HECATE

1(1"1:
1(1‘1:
m‘-;
1(131;

10" 4

10° 4

167 - 200 Mpc

— GI16

—— HECATE

107

ot
10%

T

T
107 1010
Lg (Lp,o)

10

1012107

T
10%

T
107 1010

T
10

Lg (Lp.o)

1012107

T
10%

T
10

e
1010
Lg (Lp,o)

101! 10!

Figure 2.7: The distribution of the B-band luminosities of the galaxies in the HECATE at
different distance ranges (top left boxes), and comparison against the expectation from
the Lg LF in Gehrels et al. (2016).

2.5.2 Completeness

The completeness of the HECATE cannot be robustly calculated due to the un-
known selection function of the HyperLEDA, which is further complicated by the
selection effects introduced by the other catalogues that it is cross-correlated with.
However, we can obtain an estimate of the completeness by comparing the distribu-
tion of B-band luminosities with the expectation from the galaxies LF, following the
approach of Gehrels et al. (2016) and Dalya et al. (2018). Using the same Schechter
LF as in the aforementioned papers’, we compute the expected number of galaxies in
different bins of luminosities and distances, shown in orange in Figure 2.7, which we
compare with the number of galaxies in the HECATE in the respective bins (black).
We find that the HECATE is complete down to Lg~10°°Lp, at distances less than
33 Mpc, and down to Lg~10'Lg o at 67<D<100 Mpc. However, at distances greater
than 167 Mpc the HECATE suffers by incompleteness even at the high-end of the LF.

Since many applications of the HECATE are related to the stellar content of the
galaxies, we can quantify its completeness in terms of the ratio of the integrated B-
band luminosity of galaxies at distance D, with respect to the mean Lg-density of the
local Universe. This approach has been followed in several studies of nearby samples
of galaxies: Kopparapu et al. (2008); White et al. (2011); Gehrels et al. (2016); Dalya

®=1.6x10"2 h* Mpc™3, a=—1.07, and L,=1.2x10'° Ly ¢ (cf. Gehrels et al. 2016). We adopt h=0.7 as
an intermediate value between the published H, calibrations.
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Figure 2.8: The completeness of the HECATE in terms of the included B-band, K;-band,
and SFR density with respect to the expectation from observational estimates. The com-
pleteness is between 50% and 100% within 150 Mpc. At small distances, the completeness

exceeds 100 per cent because of the overdensity in the neighbourhood of the Milky Way
(cf. Gehrels et al. 2016).

et al. (2018). We adopt the mean Ly density of (1.98 + 0.16) x 10® Mpc™> (Kopparapu
et al. 2008) that was used by the aforementioned works. To account for the different
sources of uncertainties. we sample from the distributions of the various quantities
involved in the computation (i.e., the mean Lg-density, and the galaxy distances), and
compute the completeness in bins of 10 Mpc. This is performed for 10,000 iterations
to obtain the mean and standard deviation of the completeness as a function of the
distance. The Lg-completeness is shown by blue error bars in Figure 2.8. We find that
the HECATE is >75% complete in terms of the blue light at D<100 Mpc, and ~50% at
D~170 Mpc. The completeness above 100% at small distances (D<30 Mpc) is the result
of the over-density in the neighbourhood of the Milky Way.

Similarly, we calculate the completeness of the HECATE in terms of the M,. For this
reason we perform the same exercise with the K;-band luminosity, which is a tracer of
the M, of the galaxies. We adopt a K;-band luminosity density of 5.8 x 108hLg o Mpc?
(Bell et al. 2003). The result is similar to the Lg-completeness as shown by orange
in Figure 2.8, exhibiting both the excess at small distances and the cut-off at large

distances.
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The completeness in terms of the SFR is calculated in the same way (shown by
green points in Figure 2.8), adopting a local Universe SFR density of 0.015 Mg yr™! Mpc™>
(Madau & Dickinson 2014), and using the homogenised SFR for the HECATE galax-
ies. In this case, the HECATE is incomplete at all distances in its regime, with ~50%
completeness at 30<D <150 Mpc. The higher incompleteness in SFR with respect to
the other parameters (Lg and M,) stems from the fact that the WISE-based SFRs in
the HECATE do not have all-sky coverage since they are based on forced photome-
try on SDSS objects. Nevertheless, due to the all-sky coverage of IRAS and despite
its shallowness, it covers more than 50% of the star-forming activity in the Galactic

neighbourhood.

2.5.3 Limitations

The parent sample of the HECATE, the HyperLEDA database, includes objects and
related data, from hundreds of surveys with different sky coverage and sensitivity
limits. Therefore, the selection function of the HyperLEDA, and as a consequence, that
of the HECATE, is intractable (§2.5.2). Generalisations based on the provided galaxy

compilation should be treated carefully.

At low distances (D <20 Mpc) peculiar velocities dominate the Hubble flow (§2.3.2).
This is accounted for by the regression model for estimating distances based on the
recession velocities of the galaxies, however the increased scatter reduces the accuracy
of the inferred distances for velocities vy S 1,500 km s~ (Figure 2.3). This can be
remedied by measuring z-independent distances for the nearby galaxies. In addition,
there are a few cases where distance measurements are significantly different from the
Hubble-flow distance’. The causes of these discrepancies are diverse and difficult to
identify in most cases (e.g., problematic distances due to biases in distance indicators,
wrong redshifts because of superimposed stars, typos, etc.) In the future, the methods

for estimation of distances will include special treatment for such outliers.

Furthermore, the derived stellar population parameters are based on multi-wave-
length data from combinations of surveys and calibrations. The statistical treatments
presented in this paper (e.g., homogenisation of SFR estimates, fixed M/L ratio for

galaxies without M /L estimate) provide estimates of stellar populations for a large

e.g., NGC 5434 is reported to have a distance of 3.8 Mpc both in NED-D, and subsequently in the
HECATE, but its z implies D~70 Mpc.
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Figure 2.9: Venn diagram of the coverage of the stellar population parameters, SFR, M,,
and metallicity, in the HECATE. The per cent coverage for each is reported next to its
label, while the numbers in the coloured areas denote the percentage for the different
combinations of parameters.

fraction of galaxies in the local Universe. While this allows for statistical studies of
large galaxy samples, or quick searches for objects of interest, more accurate methods

ought to be preferred when focusing on individual galaxies.

The IR-based SFR estimates are based on calibrations that assume ‘normal’ star-
forming galaxies. In the case of quenched, early-type galaxies, the SFRs may be
overestimated (e.g., Hayward et al. 2014). Indicators based on optical-UV SED analysis

could be more reliable for these galaxies.

One of the most important limitations of the HECATE is its non-uniform coverage
in terms of the SFR and M,. In Figure 2.9 we show the coverage of stellar population
parameters in the HECATE. SFR, M,, and metallicity estimates are available for 46%,
65%, and 31% of the galaxies, respectively. Currently, the WISE photometry is obtained
through the forced photometry catalogue of Lang et al. (2016) which is limited to
the SDSS footprint. While this is driven by the need for accurate photometry for
the extended galaxies (which are the majority of the HECATE galaxies), it leaves a
significant fraction of the sample without sensitive IR photometry that could provide
reliable and uniform SFR measurements. For specific cases, this limitation can be
remedied by including in the analysis data from additional catalogues. In a future
version of the HECATE we will apply the forced photometry method to all galaxies
in the HECATE, thus providing robust stellar population parameters. In addition,
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incorporation of additional photometry and spectroscopy from other surveys (e.g.,
Pan-STARSS, LAMOST; Chambers et al. 2016; Deng et al. 2012), will increase the
multi-wavelength, AGN classification, and metallicity coverage of the HECATE. This
will also allow the computation of SED fits, that will provide additional SFR and M,

estimates for the galaxies.

2.5.4 Applications

The motivation for creating an all-sky galaxy catalogue with positions, sizes,
multi-wavelength data, and derived parameters (e.g., SFR, M,, metallicity) was to
enable several applications relying on the initial characterisation of sources in the
context of the host galaxy, or identifying counterparts of transient events for follow-up

observations. In this section we outline some specific use cases.

2.5.4.1 Application to all-sky and serendipitous surveys

The distance limit of the HECATE and the large array of the information it provides
make it an ideal sample for designing wide-area multi-wavelength surveys, or char-
acterising sources within. For example, it can form the baseline sample for realistic
simulations of the data expected to be obtained with future surveys (see Basu-Zych
et al. 2020, for an application to the eROSITA survey), but also it can be a reference
sample for the initial characterisation of newly-identified sources (e.g., with Dark
Energy Survey: Flaugher 2005; Large Synoptic Survey Telescope, LSST survey: Ivezi¢
et al. 2019).

A demonstration of the potential of the HECATE is given in Kovlakas et al. (2020),
a comprehensive study of ultraluminous X-ray sources in the local Universe based on
the Chandra Source Catalog 2.0 (Evans et al. 2010). The positional and size information
available in HECATE allowed the association of X-ray sources with their host galaxies
and the robust estimation of the fraction of interlopers. In addition the SFR, M,,
and metallicity information was used to derive scaling relations between the ULXs
and the stellar populations in their host galaxies. The special treatment of nearby
galaxies (e.g., extended photometry) in the HECATE was essential for the science in
this project since the target sample was limited in a volume out to 40 Mpc. Similarly,
the combination of HECATE with XMM-Newton has been is the basis for the largest

study of the X-ray scaling relations of galaxies (Anastasopoulou et al., in preparation),
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and the largest XMM-Newton census of ULXs in nearby galaxies up to date (Bernadich

et al., in preparation).

2.5.4.2 Application in search of EM counterparts to GW sources

All-sky galaxy catalogues are crucial for the timely identification of electromag-
netic (EM) counterparts to GW sources (e.g., Nissanke et al. 2013; Gehrels et al. 2016).
This is a key step for constraining their nature (e.g., Abbott et al. 2017b), understanding
the formation and evolution of their progenitors (e.g., Kalogera et al. 2007; Abbott et al.
2017c), or even using them as standard ‘sirens’ to measure the Hubble constant (e.g.,
Schutz 1986; Chen et al. 2018; Abbott et al. 2017a).

The poor localisation of GW sources by the contemporary GW detectors (2100 deg?;
Abbott et al. 2020), makes the search for EM counterparts a daunting task. The adopted
solution is to perform targeted follow-up observations of a list of potential hosts
prioritised based on properties such as their distance, or the parameters of their stellar
populations (e.g., Kanner et al. 2008; Nuttall & Sutton 2010; Gehrels et al. 2016; Kasliwal
et al. 2017; Arcavi et al. 2017; Del Pozzo et al. 2018; Yang et al. 2019; Salmon et al. 2020;
Wyatt et al. 2020).

This approach has already led to the compilation of galaxy catalogues that provide
in addition to positions and distances, photometric information (as proxies to SFR;
e.g., Kopparapu et al. 2008; White et al. 2011; Gehrels et al. 2016), or directly SFR and
M, determinations (e.g., Dalya et al. 2018; Cook et al. 2019; Ducoin et al. 2020). This is
driven by models which predict that GW populations scale with SFR (e.g., Phinney
1991), and/or M, (e.g., Mapelli et al. 2017; Artale et al. 2019; Toffano et al. 2019; Adhikari
et al. 2020). However, these catalogues lack information on metallicity which can be
an important factor in the GW rates (e.g., O’Shaughnessy et al. 2017; Mapelli et al.
2018; Artale et al. 2019; Neijssel et al. 2019; Artale et al. 2020b; Bavera et al. 2020).

The HECATE, having a distance limit (~200 Mpc) that is sufficient for searches of
EM counterparts to GW sources from binary neutron stars (BNS) until the mid-2020s
(e.g., Buikema et al. 2020), and providing stellar population parameters, can be used for
assigning likelihoods to putative GW hosts for observational follow-up campaigns. In
this section, we use as an example the GW event GW170817, the only case of verified
EM counterpart of a BNS, to
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1. illustrate the use of the HECATE in producing priority lists of galaxies for EM

counterpart searches,

2. study the effect of the different pieces of information (direction, distance, and

stellar population parameters) in the prioritisation of host candidate galaxies,

3. assess, post facto, the ability of various schemes in giving high priority to the
host galaxy of GW170817, NGC 4993.

The priority lists are the result of ordering the galaxies based on their probability
of being the hosts,

P o P3p X Gipgr (2.8)

where Psp is the volume-weighted probability given the position and distance of the
galaxy, and Giny, is a factor (or grade) which scales with the probability for a galaxy to

host a GW event given its intrinsic properties (e.g., M, or SFR proxy, or merger rate).

As a first step, we acquire the HEALPix map (Gorski et al. 2005) produced by
BAYESTAR (Singer et al. 2016) which contains the 2-D localization probability, i.e.
the probability that the GW event is on a specific direction of the sky, and the corre-
sponding distance probability distribution. By cross-matching the HECATE with the
HEALPix map we find 2,249 candidate host galaxies in the 99.9% region of GW170817.
As the ‘directional’, namely the 2-D probability of the galaxy, P,p, we assign the value
of the HEALPix pixel which contains the centre of the galaxy.

The 3-D probability, Psp=P,pX Py, is computed by combining the P,p with the GW
event distance probability density (Pg) for the corresponding pixel in the HEALPix
map, and the distance of the galaxy in the HECATE.

Subsequently, the 3-D probabilities are multiplied by ‘astrophysical’ terms (Gint;)
which are assumed to be proportional to the merger rate of BNSs, and therefore the
probability of a merger. The astrophysical terms are generally parametrised in terms
of the Ly (cf. Arcavi et al. 2017; Salmon et al. 2020), stellar mass (cf. Ducoin et al. 2020),
and the theoretical predictions on the merger rate of BNS, as a function of different
combinations of the stellar population parameters: (i) n(M,), (ii) n(M,, SFR), and (iii)
n(Ms, SFR, Z), based on the results of Artale et al. (2020b) for z = 0 (cf. their table 1),
where Z is the metallicity of the galaxy.
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Since the three stellar population parameters may not be known for all galaxies in
the HEALPix map, we also use a ‘combined’ estimate, where the appropriate merger

rate is used depending on the available information:

n(M,,SFR, Z) if My, SFR and Z are defined
Neomb = § n(M,, SFR) if M, and SFR are defined . (2.9)
n(M,) if M, is defined

Finally, in order to include in our analysis galaxies without M, estimates (for

which n cannot be inferred), we employ the weighting scheme of Ducoin et al. (2020):

2. Psp

=0 (2.10)
Z P3Dncomb

Ppy o< Psp (1 + aneomp), Where o =

The quantities, Psp, P3p, PspXLp, Psp XMy, PspXn(My), PspXn(M,, SFR), P3pXncombs
and Pp,, are used to produce priority lists of the host galaxy candidates, to test the
aforementioned schemes for prioritising candidate host galaxies (Table 2.3). The
scheme which accounts for the metallicity dependence of the merger rate is omitted

due to lack of metallicity estimates in the sky region of the GW event.

We find that NGC 4993 is given the highest priority by the schemes involving
the Lg or M,, and second priority for those also involving the SFRs". Except for the
priority lists based only on the 2-D or 3-D position, the lists feature the same top-five
galaxies as in the first prioritisation list published after the GW170817 alert (Kasliwal
et al. 2017) based on the CLU catalogue (Gehrels et al. 2016). The same holds for the
top-three galaxies reported in (i) Artale et al. (2020a) who use M, and SFR estimates
from the Mangrove catalogue (Ducoin et al. 2020), and (ii) in Yang et al. (2019) who
used the B-band luminosity from GLADE (Dalya et al. 2018) as the ‘astrophysical’ term.
The top-ranked HECATE galaxies based on the different prioritisation schemes, agree
to a high degree with the results of the same schemes in Ducoin et al. (2020) using the

Mangrove catalogue.

While in the case of GW170817 there is no significant difference between the use
of B-band luminosity, M, or the fits with M, and SFR (NGC 4993 was always first, or

Following §2.5.3, because GW170817 falls outside the SDSS footprint, for this application we
supplement the IRAS photometry with mid-IR photometry from the AIIWISE catalogue.
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Table 2.3: Prioritisation lists of host galaxy candidates (first five sources), and computed
probabilities based on different schemes. The true host (bold text), NGC 4993, is suc-
cessfully recovered as first or second most probable host galaxy once the astrophysical
information is accounted for.

Galaxy(i) Pop Galaxy(ii) Pip
PGC4690279 0.002 ESO508-004 0.054
PGC3799401 0.002 ESO575-055 0.051
PGC3798804 0.002 ESO575-053  0.049
PGC4690296 0.002 PGC4692149 0.045
PGC4690280 0.002 PGC169673  0.045
Galaxy with Ly Galaxy with M,
NGC4993 0.096 NGC4993 0.163
ESO508-019 0.079 NGC4830 0.148
1C4197 0.074 1C4197 0.119
NGC4830 0.073 NGC4970 0.115
NGC4970 0.072 NGC4968 0.103
Galaxy with n(M,) Galaxy with n(M,, SFR)
NGC4993 0.164 NGC4968 0.180
NGC4830 0.151 NGC4993 0.135
1C4197 0.121 NGC4830 0.102
NGC4970 0.117 1C4187 0.100
NGC4968 0.102 NGC4970 0.087
Galaxy with neemp ~ Galaxy Ppu
NGC4968 0.180 NGC4968 0.082
NGC4993 0.135 NGC4993 0.071
NGC4830 0.102 NGC4830 0.050
1C4197 0.100 1C4197 0.049
NGC4970 0.087 NGC4970 0.044

Notes: ® The rank of NGC 4993 is 461. @ The rank of NGC 4993 is 7.
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Figure 2.10: (a) The sky distribution of the 2,248 galaxies in the HECATE that lie inside
the 99.9% CR of the 2-D localisation map for the GW170817 event. The inset zooms in
the region of the galaxy NGC 4993 (red square). The colour indicates the normalised 2-D
probability across all the host candidates. In (b), the 3-D probability is used accounting for
the distance estimates at each direction in the sky. In (c), the 3-D probability is multiplied
by the stellar mass. Similarly, in (d) the 3-D probability is multiplied by the merger rate
as computed by the fits in Artale et al. (2020b), and the weighting scheme of Ducoin et al.
(2020) is used to allow galaxies without stellar population parameters estimates to enter
in the prioritisation list. Note that in (a) and (b) the contrast of the highest-probability
galaxies to the rest is small. The introduction of the ‘astrophysical’ terms in (c) and (d),
gives prominence to NGC 4993.
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second with a small difference in the probability), refined prioritisation schemes will
be important for the quick identification of EM counterparts of future BNS coalescence
signals with poorer localisation or at higher distances. The HECATE, making readily
available a large set of intrinsic properties for the candidate host galaxies, offers

versatility in the choice, design, and assessment of different priority schemes.

We note that the practice of initially narrowing down the galaxy sample by
deciding on a confidence region based on the 2-D probability, increases the risk of
missing the true host. This is indicated by the rank of NGC 4993 in the P,p-based
priority list (461), and the fact that total 2-D probability of galaxies closer to the
centroid (a few degrees from NGC 4993) is as high as 75%. We suggest using the full
galaxy catalogue together with priority schemes involving distance (and astrophysical
information where possible). For example, the inclusion of the distance information in
Psp, promotes NGC 4993 to the 7th position, and shifts the centroid by a few degrees
(see panel (b) of Figure 2.10), a consequence of the non-homogeneity of the Universe
at the distance of the event (out of the 15 galaxies in Table 2.3 for schemes with 3-D
positional term, 10 are considered members of the NGC4970 group; Kourkchi & Tully
2017).

2.5.4.3 Application in short gamma-ray bursts

Another manifestation of BNS mergers are short GRBs (sGRBs; e.g. Tanvir et al.
2013) as it has been shown by the association of GW170817 to GRB170817A (Goldstein
et al. 2017). The identification of the host galaxies of sGRBs is important for two
reasons: (a) connecting their populations with the star-formation history of their host
galaxies, and (b) measuring the displacement of the GRBs from their host galaxies. The
former is key for modelling the evolutionary paths of sGRBs and their cosmological
evolution (e.g., Leibler & Berger 2010; Selsing et al. 2018; Abbott et al. 2017c). The
latter is important for constraining the effect of kicks in the populations of sGRBs
(e.g., Zevin et al. 2019). and studying the enrichment of the interstellar medium in
r-process elements (e.g., Andrews & Zezas 2019). The HECATE can provide the initial
information required to quickly associate a GRB with their host galaxy which is also

important for prompt follow-up observations.
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2.5.4.4 Localisation of neutrino and cosmic-ray sources

In the case of neutrino events, the large error-box of their localisation poses the
same challenges as the GW detections (e.g., KrauB} et al. 2020). Therefore, a catalogue
of galaxies, which is as complete as possible, can be a valuable resource for the
identification of their origin when one could follow a similar approach as the prioritised
host list developed for GW events (§2.5.4.2). Furthermore, the availability of multi-
wavelength data, stellar population parameters, and nuclear activity classifications is
particularly useful for the identification of potential neutrino sources (see IceCube

Collaboration 2018, and references therein).

The same holds for the case of cosmic-ray detections, which also have very large
error-circles (e.g., Pierre Auger Collaboration 2015). Recent studies of anisotropy
in the arrival direction of high-energy cosmic rays, and the existence of a dipole at
high Galactic latitude, indicate that their origin is neither exclusively Galactic, nor
cosmological (e.g., Pierre Auger Collaboration 2017). Since the Greisen-Zatsepin-
Kuzmin effect limits the propagation of high-energy cosmic rays to <100 Mpc (e.g.,
Bhattacharjee 2000), the HECATE, as an all-sky galaxy catalogue at this distance range,
can be used for the detailed study of their origin (e.g., Pierre Auger Collaboration 2010;
He et al. 2016).

2.5.4.5 Applications in transient astronomy

In the following paragraphs we outline potential applications of the HECATE in

various other fields of transient and multi-messenger astrophysics.

Tidal disruption events (TDEs) are typically witnessed as an outburst in X-ray
or optical wavelengths resulting from accretion of the material shredded from a star
under the effect of the tidal field of a supermassive black-hole (SMBH). Such events are
expected to be routinely detected in the eROSITA all sky X-ray survey, and the LSST
optical survey. HECATE can provide the basis for the quick identification of the host
of such an event and its basic properties. In particular, information on the distance,
the presence of an AGN, and the velocity dispersion (used to initially estimate the
SMBH mass; all available in the HECATE) are valuable for a quick interpretation of

transient events (e.g., French et al. 2020).

A value-added catalogue providing robust distances and stellar population param-

eters is also useful for the characterisation and study of the populations of transient
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events observed in on-going or future multi-wavelength surveys. For example, LSST is
expected to provide a host of supernoveae every night. The association of these events
with a catalogue like HECATE will facilitate systematic studies of their populations in
the context of their host galaxies (e.g., My, SFR, and most importantly metallicity; e.g.,
Greggio & Cappellaro 2019). These pilot studies can be used to effectively plan more
focused follow-up observations. The same holds for the identification of hosts of fast
radio bursts (e.g., Marcote et al. 2020).

2.6 Conclusions and future work

We present a new catalogue of galaxies which includes all known galaxies within
a distance limit of D <200 Mpc. We

1. use all available distance measurements for the sample to get robust redshift-
independent distances, which are preferred over recessional velocity based
estimates for galaxies in the local Universe, for as many galaxies as possible
(10%),

2. compute redshift-dependent distances for the rest of the galaxies (90%) which are
consistent with the redshift-independent distances (Kernel Regression method),
while quantifying their uncertainties due to the unknown peculiar velocity

component,

3. incorporate integrated multi-band photometry with special treatment for nearby

and/or extended galaxies,

4. derive SFRs, M,, metallicities, and nuclear activity classifications utilising the

best available information for each galaxy,

5. offer five different IR-based SFR indicators, as well as, a homogenised SFR indica-

tor, while providing all the necessary information for user-defined calibrations.

Despite its limitations in terms of the completeness of the catalogue (§2.5.2), and
data coverage (§2.5.3), the HECATE is the most complete sample of known galaxies in
the local Universe. Owing to its wealth of information, the HECATE can be a useful
tool for a wide range of applications. By providing positions and size information the
catalogue can be used as the basis of future associations of galaxies with additional
multi-wavelength surveys. We discuss a wide range of applications, including the

prioritisation of host galaxies for follow-up searches for EM counterparts of GW
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sources, as well as, the initial characterisation of transient sources which will be

critical in the era of Big Data of astronomy.

Future versions of the catalogue will expand the distance range beyond the current
limit of 200 Mpc, and provide a wider coverage in terms of the stellar population
parameters. SFR and M, estimates will be improved by: (i) including additional multi-
wavelength data, (ii) adoption of forced-photometry techniques allowing the full
exploitation of existing all-sky surveys also for extended objects, and (iii) performing
SED analysis. Finally, incorporation of different sources of spectroscopic data will
not only extend the coverage of metallicity and nuclear activity classifications, but
more importantly will serve as a cross-validation dataset for AGN classifications. This
is crucial for many areas of applications (e.g., screening for AGN in X-ray studies of

galaxies, identification of candidate sources of high-energy y-ray or cosmic rays).

51



This page intentionally left blank



Appendix

Appendix 2.A Computation of the Virgo-infall cor-

rected radial velocities
Starting from the heliocentric velocity, vy, of a galaxy at galactic coordinates
(I, b), we adopt the correction of Karachentsev & Makarov (1996) for solar motion

in the Local Standard of Rest (LSR) and the Milky Way’s motion with respect to the
Local Group (LG) centroid:

0lg = Ope + Vg [cosbcos b, cos (I —1,) +sinbsinb,], (2.11)
where V,= (316+5) km s™! is the velocity of the Sun towards the LG centroid at galactic
coordinates [,=(93+2) ° and b,= (—4%2) °. Then, we correct for the Local Group’s
infall to the Virgo cluster following Terry et al. (2002):

Uyir = Ulg + Vlg—infal] cos 6, (2.12)
where Vig_ipfan1= (208+9) km s~ is the infall velocity of LG to Virgo cluster, and @ is

the great-circle distance between the galaxy’s supergalactic coordinates and LG’s apex
(102288, —2234).
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Appendix 2.B Cross-matching procedures and obtained
data

The following paragraphs provide additional details regarding some of the cross-

matching procedures described in §2.4.1.

2.B.1 HyperLEDA vs. NED

The cross-correlation of the HyperLEDA and the NED is an essential step to
(i) obtain missing radial velocities, (ii) use the associations to match HyperLEDA
objects to z-independent distance measurements in NED-D, and (iii) provide quick
links to NED entries for the galaxies. This step of the pipeline is executed before
applying the recession velocity cut, since NED complements our sample with radial
velocities. Therefore, 884,766 objects are searched, i.e. galaxies with heliocentric
velocity <14, 500 km g1 (ensuring that no object with ovy;, <14, 000 km s7!is excluded),
and objects without radial velocity information in HyperLEDA. We use the Python
‘astroquery’ package to associate the HyperLEDA galaxies to NED objects on the basis
of their designation: for each object in HyperLEDA, we perform two searches: based
on their PGC ID (e.g., PGC000002) and principal designation (e.g., UGC12889). We

perform a series of checks to identify cases where:

1. the two searches (principal designation and PGC number) return different NED
objects (1,024).

2. different HyperLEDA objects are associated to the same NED object (510),
3. positions or radial velocities disagree (1,232),

4. the HyperLEDA object has a large astrometric error and size, and has been

associated to a NED object by chance (usually Zone of Avoidance objects; 33,101),

5. there are typographic errors in galaxy pairs (e.g., A in the place of B in NED;
202)

The above situations are resolved automatically (e.g., positional disagreement larger
than 1 arcmin), or after manual inspection. In total, 137,586 galaxies (67%) are associ-
ated to NED objects.
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2.B.2 Supplementary size information

HyperLEDA provides the size of the galaxies based on the D5 isophote in the
B-band. However, for 39,251 objects (19%) this information is not available. Using
the associations of HyperLEDA to NED objects, we find that for the majority of these
objects, the diameters can be obtained from 2MASS and SDSS. In addition, using the
CDS XMatch service (http://cdsxmatch.u-strasbg.fr/), we find eight other catalogues
that can provide diameters for the majority of the rest of these objects. The catalogues

used to draw this information are listed in Table 2.B.1.

The supplementary size information is incorporated by rescaling the semi-major
axis from the external catalogue, gy, using as reference the HyperLEDA semi-major

axis, apyp. To do so, we:
1. associate all HyperLEDA objects to the external catalogue,

2. use the associated galaxies for which both ayy, and aey; are defined to compute

the scaling factor c=(anyp/dext), and

3. fill in the ay,y, for the galaxies in HECATE without semi-major axis from Hyper-
LEDA: anyp=cXdext.

The priority of the external catalogues was selected on the basis of the quality of
the scaling relation between the proposed diameter and the D,5 in the HyperLEDA for
the common objects (e.g., number of common of objects, scatter) and the proximity of
the band they use to the B-band. More details can be found in Table 2.B.1.

When available, semi-minor axes and position angles are also taken from the
external catalogues (the axis ratio in the HECATE is the same as the one reported by
the external catalogue). In total, we complete the size information for 34,413 galaxies,
leaving 4,837 (2.4%) galaxies without such information in the HECATE. Because of
the different wavebands and methods used by the external catalogues, the application
of a scaling factor is over-simplistic and may have introduced biases. Users of the
catalogue are suggested to use the corresponding flag, ‘dsource’, to either filter out

these galaxies, or study any biases.
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Table 2.B.1: The various sources of semi-major axis information incorporated in the
HECATE. Where available, axis ratios and position angles are also obtained. The semi-
major axes are rescaled to match the D5 isophotal one in HyperLEDA. The columns are:
(1) the name of the source; (2) The flag in the column ‘dsource’ in the provided catalogue;
(3) the number of objects in the HECATE for which the sizes where obtained from the
source; (4) the scaling factor C in dex, used to homogenise the sizes r; from the given
source to R; (adopted semi-major axis) as in log R; = logr; + C; (5) the scatter (in dex)
between the size in HyperLEDA and the source for the common objects; (6) notes; and
reference of the source.

Source Flag Number Scale Scatter Notes & Reference

1) ) G @ (5) ()

HyperLEDA H 165,482 This is the reference sample. Adopted as
they are. Cf. (Makarov et al. 2014)

SDSS S 12,214 0.208 0.188 Petrosian radius in the g-band from Data

Release 15. The g-band was selected be-
cause of the small scatter in the scaling
factor, as expected due to its proximity to
the B-band. Cf. Aguado et al. (2019)

2MASS 2 12,918 0.236  0.118 Super-coadd 3-sigma isophotal semi-major
axis radius (‘sup_r_3sig’). The J-band
21 mag/arcsec? isophotal semi-major axis
presents a slightly small scatter of 0.115
but it was not available for all objects. Cf.
Jarrett et al. (2000)

6dFGS 6 6,327 1.940  0.065 The scaling factor converts from pixels to
arcmin. Cf. Jones et al. (2004)

WINGS W 740 -0.056  0.104 Cf. Moretti et al. (2014)

SkyMapper Y 1,814 0.355 0.203 Data Release 1.1. Cf. Wolf et al. (2018)

AMIGA-CIG A 65 -0.255 0.137 Cf. Verdes-Montenegro et al. (2005)

UNGC K 60 -0.068 0.170 Cf. Karachentsev et al. (2013)

Vi/77 \% 28 -0.069 0.121 Catalogue in the Vizier service.
Cf. Springob et al. (2005)

KKH2001 1 26 No correction applied (B-band isophotes).
Cf. Karachentsev et al. (2001)

KKH2007 7 9 No correction applied (B-band isophotes).
Cf. Karachentsev et al. (2007)

NED N 212 No correction applied. Miscellaneous di-

ameters based on B-band, mainly from
ESO-LV. See http://ned.ipac.caltech.edu

56


http://ned.ipac.caltech.edu

2.B. CROSS-MATCHING PROCEDURES AND OBTAINED DATA

2.B.3 IRAS-RBGS

We cross-match objects in the HECATE and IRAS-RBGS on the basis of their D5
elliptical regions. 589 galaxies out of the 629 objects in IRAS-RBGS are associated to
HECATE galaxies. The remaining 40 objects are not cross-linked for the following rea-
sons. 19 associations are rejected because they are galaxy pairs that are resolved in the
HECATE but unresolved in IRAS-RBGS: AM1633-682, ESO 60-1G016, ESO 255-1G007,
ESO 343-1G013, IC 0563/4, IC 2810, IC 4518 A/B, NGC 3395/6, NGC 3994/5, NGC 4038/9,
NGC 4568/7, NGC 4922, NGC 5394/5, NGC 6052, NGC 6670A/B, NGC 7592, NGC 7752/3,
NGC 5257/8, and UGC 12914/5. In addition, 21 IRAS-RBGS objects are not found in
the HECATE because: (i) their radial velocity exceeds our recession velocity limit
oyir=14,000km s™! (18 galaxies), (ii) their object type in HyperLEDA is unknown
(ESO 221-1G010 and ESO 350-1G038), or (iii) is identified as a star (IRAS F05170+0535).

2.B.4 RIFSCz

Before the cross-matching of RIFSCz and HECATE, we corrected an object desig-
nation in RIFSCz which was appearing twice in the catalogue (column ‘FSCNAME’):
two instances of F14012+5434, one of which was corrected to F01339+1532, after
manual inspection using the provided coordinates. We associate the HECATE objects
(without associations to IRAS-RBGS) to RIFSCz objects, if the D,s elliptical region of
the former and the 6 arcsec circle (i.e., the resolution of IRAS) of the latter overlap.
We find thousands of multiple matches. In order to resolve the multiple matches, we
apply a four-step procedure:

1. Since RIFSCz provides better positional accuracy than IRAS (through associations
to other surveys such as 2MASS), we use a matching radius of 3 arcsec to cross-
link the HECATE and RIFSCz. 18,147 matches are accepted, after resolving
manually six multiple matches on the basis of radial velocities and offsets of the
matched sources.

2. For the objects in HECATE and RIFSCz that remain unmatched after step (i),
we use a 6 arcsec match radius for both catalogues. We find 550 matches, after
resolving manually six multiple matches with the same criteria as in (i).

3. The unmatched objects (after (i) and (ii)), are cross-linked using the D,5 region
in the HECATE and the 6 arcsec circle around the position in the RIFSCz. Mul-

tiple matches are resolved with the requirement that radial velocities match
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(<100 km s™! difference). 407 matches are found, leaving only 168 unmatched
objects in the HECATE, and 175 in RIFSCz.

4. The matches of the steps (i)-(iii) are joined and inspected for ambiguous matches,
i.e., galaxy pairs may be resolved in the HECATE but not in the RIFSCz. We
reject 22 such associations.

The above steps provide 19,082 unique associations between HECATE and RIFSCz

objects.

2.B.5 2MASS

We sequentially cross-match the HECATE with the three catalogues providing
2MASS data: 2MASS-LGA, 2MASS-XSC and 2MASS-PSC. This order ensures that the

associated photometric data reflect the full extent of the galaxies.

Out of the 665 objects in 2MASS-LGA, we exclude 35 because they are not galaxies
(see https://irsa.ipac.caltech.edu/data/LGA/overview.html). Out of the remaining 620
galaxies, 609 are cross-matched to HECATE objects. The unassociated objects were
either exceeding the radial velocity criterion (7 objects), or HyperLEDA did not classify
them as galaxies (3 objects), or belonged to the galaxy pair Arp 244 that is resolved in
the HECATE (1 object).

Then, we cross-match the HECATE and the 2MASS-XSC using a 3 arcsec match
radius. From this procedure, we exclude the HECATE objects that are already associated
to the 2MASS-LGA galaxies. We also exclude the following extended galaxies that are
resolved in the 2MASS, and would produce thousands of chance coincidence matches:
Draco Dwarf, Leo B, Sextans Dwarf Spheroidal, the Magellanic Clouds and Carina
Dwarf Spheroidal. In total, we find 117,713 matches.

Finally, considering objects not associated to either the 2MASS-LGA or the 2MASS-
XSC, we cross-match HECATE and 2MASS-PSC and find 25,224 matches.

Appendix 2.C Empirical formulZ for the distances
of the HECATE galaxies

The intrinsic distance modulus pj,: and its uncertainty €, of a galaxy with Virgo-

infall corrected radial velocity vy, inferred by the Kernel Regression explained in
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2.C. EMPIRICAL FORMULA FOR THE DISTANCES OF THE HECATE GALAXIES
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Figure 2.C.1: The local 99.7% intervals of the distance modulus of the two models, orange
for the Virgo cluster and blue for the rest. The black lines correspond to the mean
and same interval (dashed for VC model) computed using the approximation formulee

(Appendix 2.C).

§2.3.2.2, can be approximated by the following formulee for nVC galaxies:

26.34 + 0.006057u, u < 358.5

Hint ~ , (2.13)
1574+ 5log, u,  u > 358.5
u
€t ~ 0.2611 + 0.8016 ex (——) 2.14
mnt P\ 1341 (2.14)

where u=vy;,/ kms™!. The above relations are valid for the range ue [—481.7, 14, 033.0].

Similarly, for VC galaxies:

fintve = 31.08 +9.177 x 107542, (2.15)
€mtve ~ 0.3235 + 6.464 X 10w, (2.16)

valid in the range ue [-792.5, 2764]. These approximating formule for the distance

modulus pint, and the 3e€j, region are plotted in Figure 2.C.1, on top of the correspond-

ing quantities computed using the regression models.
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Appendix 2.D Description of columns in the provided

catalogue

The columns of the HECATE are described in Table 2.D.1.

Table 2.D.1: Description of the columns in the machine-readable catalogue. In

cases of adopted values from external catalogues, the middle column reports the
source: H=HyperLEDA, N=NED, I=IRAS, F=WISE forced photometry, M=2MASS, S=SDSS,
G=GSWLC-2. Unflagged columns were computed by us.

Column Description

pgc, objname H Principal Galaxy Catalogue number, and name in the HyperLEDA.

id_ned, id_nedd N Name in NED and NED-D respectively.

id_iras I Name in IRAS-RBGS, or in RIFSCz if in the form Fxxxxx+XxxX.

id_2mass M ID in 2MASS-LGA, 2MASS-XSC, or 2MASS-PSC (see flag_2mass).

sdss_photid, S SDSS photometric and spectroscopic IDs (consistent with DR >8).

sdss_specid

ra, dec H Decimal J2000.0 equatorial coordinates (deg).

f astrom H Astrometric precision flag. -1 for ~0.1 arcsec; 0 for ~1 arcsec; 1 for
~10 arcsec; and so on.

rl, r2, pa H D,5 semi-major and semi-minor axes (arcmin), and North-to-
Northeast position angle (deg).

rsource, rflag Source (see Table 2.B.1) and flag of the size information: 0=missing,
1=all size information defined, 2=either r2 or pa were missing and
they were set equal to r1 and 0.0 respectively (circular isophote).

toe_t H Numerical Hubble-type and its uncertainty. See de Vaucouleurs
et al. (1976).

incl H Inclination (deg).

v,e v HN | Heliocentric radial velocity, and its uncertainty (kms™').

V_vir, e_v_vir Virgo-infall corrected radial velocity and its uncertainty (kms™?).

ndist Number of distance measurements in NED-D used for the compu-
tation of d.

edist If True, the NED-D distance measurements used had uncertainties.

d, e d Distance, and it uncertainty (Mpc).

d_[lo/hi][68/95] 68% and 95% confidence intervals on the distance.
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Table 2.D.1 — Continued from previous page

Column Description

dmethod Method for the estimation of the distance: N=from NED-D,
Z=regressor, Zv=VC-regressor, C(v)=distance from NED-D but
uncertainty from (VC-)regressor.

ut, bt, vt, it H Total U, B, V, and I magnitudes (mag).

e_[u/b/v/i]t H Uncertainties on ut, bt, vt, it (mag).

ag, ai H Galactic and intrinsic absorption in B-band.

s12, 25, s60, s100 I IRAS fluxes at 12, 25, 60, and 100um respectively (Jy).

q12, q25, q60, q100 I Quality flags for s12, s25, $60, s100: 0=not in IRAS, 1=upper limit,
2=moderate quality, 3=high quality in FSC or 4=flux from RBGS.

wil, w2, wi3, wi4 F 3.3, 4.6, 12 and 22um fluxes in the WISE forced photometry cata-
logue (mag).

e_wf1/2/3/4 F Uncertainties on wfl, wf2, wf3, wf4 (mag).

wipoint, wftreat F ‘True’ if point source, and “True’ if treated as such, respectively,
in the WISE forced photometry catalogue.

j,» h, k M | J, H, and K;-band apparent magnitudes in 2ZMASS (mag).

e j,e h,ek M Uncertainties on j, h, k (mag).

flag_2mass Source of the 2MASS ID and JHK magnitudes: 0=none, 1=LGA,
2=XSC, 3=PSC.

u,gr,i,z S u, g, r, i, and z-band apparent magnitudes in SDSS (mag).

e_u/g/r/i/z S Uncertainties on u, g, 1, i, z (mag).

logL._TIR
logL._FIR
logL_60u
logL._12u
logL._22u
logL_K

ML _ratio
logSFR_TIR
logSFR_FIR
logSFR_60u
logSFR_12u
logSFR_22u

Decimal logarithm of the TIR luminosity (Lo).

Decimal logarithm of the FIR luminosity (Lg).

Decimal logarithm of the 60um-band luminosity (Lo).
Decimal logarithm of the 12ym-band luminosity (Le).
Decimal logarithm of the 22um-band luminosity (Lg).
Decimal logarithm of the K;-band luminosity (Lg).
Mass-to-light ratio (§2.4.2.1).

Decimal logarithm of the TIR-based SFR estimate (Mg yr™?).
Decimal logarithm of the FIR-based SFR estimate (Mg yr™1).
Decimal logarithm of the 60ym-based SFR estimate (Mg yr™!).
Decimal logarithm of the W3-based SFR estimate (Mg yr™?).
Decimal logarithm of the W4-based SFR estimate (Mg yr™?).

Continued on next page ...
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Table 2.D.1 — Continued from previous page

Column Description

logSFR_HEC Homogenised log SFR (Mg yr™!). Rescaling of SFR indicators is
performed only here (§2.4.2.2).

SFR_HEC_flag Flag indicating photometry source and SFR indicator used for
logSFR_HEC (Table 2.2).

logM_HEC Decimal logarithm of the M, (Mg).

logSFR_GSW Decimal logarithm of the SFR in GSWLC-2 (Mg yr™!).

logM_GSW Decimal logarithm of the M, in GSWLC-2 (Mg).

min_snr Minimum signal-to-noise ratio among all emission lines used for

metal, flag_metal

class_sp

agn_sl17

agn_hec

the activity classification (class).

Metallcity [12 + log (O/H)] and its quality flag (§2.4.2.3).
Nuclear activity classification (§2.4.2.4): O=star forming, 1=Seyfert,
2=LINER, 3=composite, -1=unknown.

AGN classification in She et al. (2017): Y=AGN, N=non-AGN, ?=un-
known.

Combination of SDSS and She et al. (2017) classifications (§2.4.2.4):
Y=AGN, N=non-AGN, ?=unknown.
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A census of ultraluminous X-ray sources

in the local Universe

3.1 Background

Ultraluminous X-ray sources (ULXs) are galactic point-like X-ray sources, not
associated with an active galactic nucleus, with X-ray luminosities above the Eddington
limit of an accreting stellar-mass black hole (210%* ergs™!; for a recent review see
Kaaret et al. 2017). Soon after their discovery by the Einstein observatory (Long & van
Speybroeck 1983; Fabbiano 1989), three scenarios were proposed to explain their high
luminosities. Initially, it was proposed that ULXs are accreting black holes (BHs) with
masses in the range between stellar-mass and supermassive BHs (~102-10° Mp), i.e.,
intermediate-mass BHs (IMBHs; Colbert & Mushotzky 1999; Makishima et al. 2000; van
der Marel 2004). This scenario was dismissed on theoretical grounds due to difficulties
in the formation of X-ray binaries with IMBHs (e.g., Kuranov et al. 2007), although a
few cases are still viable (e.g., ESO 243-49 HLX-1: Farrell et al. 2009; M82 X-1: Ptak

& Griffiths 1999). The second scenario involves stellar-mass BHs (with masses in
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the range of Galactic BHs, <15 Mg; Remillard & McClintock 2006), which may have
super-Eddington luminosities when accreting at super-critical rates (e.g., Begelman
2002). In the third scenario the ULX luminosities are the result of geometrical beaming
of the emitted radiation (King et al. 2001) due to the formation of a funnel in the central
part of the supercritical accretion disk (e.g., Abramowicz et al. 1988; Sadowski et al.
2014b).

The combination of these two scenarios can explain the observed ULX population
with Lx<10* erg s™! as the high-luminosity end of the luminosity function of X-ray
binaries (XRBs). Recently, the discovery of pulsating ULXs (Bachetti et al. 2014; Furst
et al. 2016; Israel et al. 2017a,b; Carpano et al. 2018) showed that the accretor can
even be a neutron star (NS), making the super-Eddington accretion scenario necessary
for their explanation (e.g., Fragos et al. 2015; King & Lasota 2016; King et al. 2017,
Middleton & King 2017; Misra et al. 2020).

The above three scenarios highlight the importance of ULXs in understanding
massive binary evolution and accretion physics at extreme accretion rates. The latter is
crucial for shedding light at the formation of compact object mergers that are detected
as short gamma-ray bursts and gravitational wave sources (Berger 2014; Finke &
Razzaque 2017; Marchant et al. 2017; Mondal et al. 2020). In addition, the extreme
emission of ULXs may have played a role in the heating of the Universe during the
epoch of reionization (e.g., Venkatesan et al. 2001; Madau et al. 2004; however see Das
et al. 2017; Madau & Fragos 2017).

A deeper understanding of ULXs can be obtained by detailed spectral and timing
studies of individual sources (e.g., Gladstone et al. 2009; Middleton et al. 2015; Walton
et al. 2019; Koliopanos et al. 2019). While these studies provide valuable insights
into the physics and nature of the accretion, they offer limited information on the
formation and evolution pathways of ULXs. The latter can be better constrained by
identifying their optical counterparts and/or studying their populations in the context
of their host galaxies. Since ULXs are rare and usually found in distant galaxies, the
identification of optical counterparts and measurement of the compact object masses
are observationally challenging (Angelini et al. 2001; Colbert & Ptak 2002; Swartz et al.
2004; Feng & Kaaret 2008). Consequently, ULX demographics and scaling relations
between the ULX content and stellar population parameters of their host galaxies,

such as SFR and M,, are important tools for understanding the nature and evolution
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of ULXs via the comparison with binary population synthesis models (e.g., Rappaport
et al. 2005; Wiktorowicz et al. 2017).

Early surveys of nearby galaxies revealed an overabundance of ULXs in late-type
galaxies (LTGs) (e.g., Roberts & Warwick 2000), while direct association of ULXs with
star-forming regions of their hosts connected ULXs with young stellar populations,
indicating that the majority of ULXs are a subset of high-mass X-ray binaries (HMXBs;
e.g., Fabbiano et al. 2001; Roberts et al. 2002; Gao et al. 2003; Zezas et al. 2007; Wolter
& Trinchieri 2004; Kaaret et al. 2004; Anastasopoulou et al. 2016; Wolter et al. 2018).
Nevertheless, a small but significant fraction of ULXs are found in early-type galaxies,
and therefore are connected to old stellar populations, i.e. ultraluminous low-mass
X-ray binaries (LMXBs; Angelini et al. 2001; Colbert & Ptak 2002; Swartz et al. 2004;
Kim & Fabbiano 2004; Fabbiano et al. 2006; Feng & Kaaret 2008. These demographic
studies agree on two findings:

a) Dwarf galaxies have been found to host more ULXs than expected given their
SFR (Swartz et al. 2008; Walton et al. 2011; Plotkin et al. 2014; Tzanavaris et al.
2016).

b) An observed excess of ULXs (and XRBs in general) in low-metallicity galaxies
(e.g., Mapelli et al. 2010; Prestwich et al. 2013; Brorby et al. 2014; Douna et al.
2015; Basu-Zych et al. 2016)

The excess in low-metallicity galaxies has highlighted the effect of metallicity
on the accretor’s mass and the evolutionary paths of ULXs (Heger et al. 2003; Soria
et al. 2005; Belczynski et al. 2010; Linden et al. 2010; Mapelli et al. 2011; Marchant et al.
2017). The same effect has been invoked to interpret the X-ray emission properties of
high-redshift galaxies (Lyman Break Galaxies and Lyman Break Analogs; Basu-Zych
et al. 2013a,b, 2016; Brorby et al. 2016; Lehmer et al. 2016), as demonstrated by binary
population synthesis models (Linden et al. 2010; Fragos et al. 2013a,b; Wiktorowicz
et al. 2017).

In the era of ROSAT and the early days of Chandra, ULX demographics were
limited to a few tens of sources and galaxies (e.g., Colbert & Ptak 2002; Swartz et al.
2004; Liu et al. 2006). Therefore, these studies were unable to resolve the dependence of
ULX populations on the stellar populations of their host galaxies. The first quantitative
study of the rate of ULXs in the local Universe, based on a complete sample of galaxies
up to 14.5 Mpc, showed that the observed population of ULXs is ‘consistent with the ex-
trapolation of the luminosity function of ordinary X-ray binaries’ (LMXBs and HMXBs
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in early- and late-type galaxies respectively; Swartz et al. 2011). However, the volume
limit resulted into an oversampling of irregular galaxies and under-representation of
elliptical galaxies. The largest to date demographic study of ULXs (343 galaxies) was
presented in Wang et al. (2016), using Chandra observations until 2007. This work
constrained the X-ray luminosity function (XLF) parameters of ULXs in galaxies of
different morphological types, and showed that elliptical galaxies host more ULXs
than in samples of previous studies. However, Wang et al. (2016) focused on XLFs of
ULXs and did not study their scaling with the SFR, M, and metallicity of their hosts.
The most recent catalogue of ULX candidates was presented in Earnshaw et al. (2019).
It includes 384 ULXs drawn from the 3XMM-DR4 catalogue. This study showed that
the hardness ratio distribution of ULXs is similar to that of the lower-luminosity XRBs,
but not AGN, and mostly independent of the environment (elliptical vs. spiral galaxies).
However, this study focused on the X-ray spectral and timing properties of the sources

rather than their connection to their hosts.

The Chandra Source Catalog 2.0 (CSC 2.0) gives a unique opportunity to study the
demographics of ULXs in the context of the stellar populations of their host galaxies
(SFR, M,, metallicity) by utilising the largest available sample of X-ray sources, and a

new catalogue of galaxies in the local Universe.

This paper is organised as follows: in Sections 3.2 and 3.3 we describe the sample
of host galaxies and X-ray sources, respectively. In Section 3.4 we report the results on
ULX demographics and their connection with stellar population parameters, while in
Section 3.5 we discuss the implications of this study in comparison to previous studies
and ULX population models. Finally, in Section 3.6 we summarise the main findings.
Unless stated otherwise, the reported uncertainties correspond to 68% confidence

intervals.
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Figure 3.1.1: Sky map of the HECATE galaxies in Galactic coordinates with colour
denoting their distance. Galaxies included in the CSC 2.0 are shown as black points.
Note the sparsity of sources in the plane of the Milky Way (Zone of Avoidance) and the
increased density in the North and West parts due to the inclusion of SDSS galaxies in the
HyperLEDA.

3.2 The galaxy sample

We use the Heraklion Extragalactic Catalogue (HECATE), a compilation of all
galaxies within 200 Mpc, from the HyperLEDA (Makarov et al. 2014), arguably the most
complete compilation of galaxies with homogenised parameters. The HECATE adopts
positions, sizes, morphological classifications, and redshifts from the HyperLEDA.
These are complemented with size and redshift information from other catalogues
when not available in the HyperLEDA. It also provides robust estimates of distances,
along with SFRs, stellar masses, metallicities and nuclear activity classifications. In
the following paragraphs we provide a brief summary of the relevant properties of the
catalogue. A detailed description of the catalogue and the data it contains is presented
in §2.

The HECATE is based on all HyperLEDA galaxies (object type ‘G’) with Virgo-infall
corrected radial velocities less than 14000 km s™! (corresponding to distances <200 Mpc
and redshifts <0.047). When redshift and size information (semi-major/minor axes
and position angles) are not directly available in the HyperLEDA, they are obtained
from other databases or catalogues (e.g., NED, SDSS, 2MASS)*. Figure 3.1.1 shows the

*

None of these galaxies (with supplemented redshift/size information) is included in our analysis
because they lack other required information (e.g., morphological classifications, IR photometry
which is used for deriving SFR and stellar mass measurements).
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Table 3.2.1: Parameters of the 2218 host galaxies. Only a small portion of this table is shown here, indicative of the various cases
(e.g., flags, missing parameters). The full table is available in the online journal.

PGC ID a § R R ¢ T D logSFR logM, Z AGN fis U Nobs Nipp  Nuix

® @ (3) @ G © O @ (¢ Qo a1 12) 13) (14 (15) (16) (17) (18)

2557 NGC0224  10.684684 41.268978 88.91 34.83 35 3.0+0.4 0.8 -0.33 10.61 Y 046 0 001 0.007}1
16570 NGC1741B  75.398106 -4.263220 0.46 0.23 42 6.8+3.3 55.7 9.34 100 * 2 009 1.91*18
23324 UGC04305 124.768125 70.721674 3.96 279 15 9.9405 34 -207  8.77 027 * 1 000 1.00}4
35249 NGC3683 171.882672 56.877021 0.87 0.35 124 4.8+0.7 333 094 1081876 Y 100 * 5 012 4882
38742 NGC4150  182.640252 30.401578 0.99 0.66 148 -2.1£0.7 13.6  -0.84  9.90 N 100 * 2 002 1.98*1%

—1.14

Column descriptions: (1) identification number in the HyperLEDA and the HECATE; (2) galaxy name; (3), (4) right ascension and
declination (J2000.0) (°); (5)-(7) the semi-major and -minor axes (’), and the North-to-East position angle (°); (8) morphological code,
T (see Table 3.3.2); (9) distance (Mpc); (10) decimal logarithm of SFR [ Mg yr~!]; (11) decimal logarithm of M, [ Me]; (12) metallicity
(12 + log (O/H)); (13) the galaxy hosts an AGN; (14) fraction of D,5 covered by the CSC 2.0 stacks; (15) * if the galaxy is used in
the analysis in this paper (see §3.3.2); (16) number of observed sources with Lx>10*° erg s™!, excluding nuclear sources if the host
is classified as AGN (see §3.3.7); (17) number of expected foreground/background source contamination in the ULX regime; (18)
number of ULXs by subtracting interlopers. Columns (1)-(13) are taken from the HECATE, while the rest are described in §3.3.
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position of the galaxies in the HECATE in Galactic coordinates.

The HECATE provides redshift-independent distances (e.g., based on the Cepheids,
RR Lyrae, Tully-Fisher, surface-brightness fluctuations, tip of the red-giant branch
methods) for ~10% of the galaxies obtained from the NED-D (Steer et al. 2017). When
only one distance measurement is available, it is adopted as is. In the case of multiple
distance measurements, a statistical estimate is made using a weighted Gaussian Mix-
ture model, with weights that penalise uncertain or old measurements. Subsequently,
these distances along with the radial velocities for the same galaxies are used to train a
Kernel Regression model which is the used to predict the radial-velocity based distance
(and its uncertainty based on the intrinsic scatter) for all the other objects. More details
on the method for calculating the galaxy distances are given in §2.

The HECATE provides SFR estimates for galaxies with reliable mid- and far-infrared
photometric measurements from the IRAS and the WISE. Depending on the availability
and quality of photometry, three different SFR indicators were computed based on IRAS
photometry: (i) total-infrared (TIR; 24, 60 and 100u calibrations of Dale & Helou 2002
and Kennicutt & Evans 2012), (ii) far-infrared (FIR; 60 and 100 calibrations of Helou
& Walker 1988 and Kennicutt 1998), and (iii) 60y (calibrations of Rowan-Robinson
1999). Additionally, WISE photometry, obtained from the forced photometry catalogue
of Lang et al. (2016) for galaxies in the SDSS footprint, is used to provide 12y and
22pu-based SFR estimates (calibrations of Cluver et al. 2017). An ‘adopted’ SFR for each
galaxy is obtained by homogenising the SFR indicators (using the TIR-based one as
reference) and selecting for each galaxy the first available SFR estimate in the following
order of preference: TIR, FIR, 60y, 124, 22. It should be noted that Ha SFR indicators
are more appropriate than infrared (IR) indicators for studying the connection of
ULXs with young stellar populations, since the latter probe star formation at scales
(~100 Myr), longer than the life-time of HMXBs (cf. Kouroumpatzakis et al. 2020).
However, IR photometry is readily available for a significant fraction of our sample,
and it is generally well correlated with Ha.

The integrated 2MASS K-band photometry and SDSS g—r colour, were used to
estimate the stellar masses of the galaxies, using the mass-to-light ratio calibrations
of Bell et al. (2003). For galaxies without SDSS photometry, the HECATE assumes the
mean mass-to-light ratio of the galaxies with SDSS data.

In addition, the HECATE includes gas-phase metallicities based on SDSS spectro-
scopic data from the MPA-JHU catalogue (Kauffmann et al. 2003; Brinchmann et al.
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2004; Tremonti et al. 2004), using the O 111-N 11 calibration in Pettini & Pagel 2004.
Based on the star-light subtracted SDSS spectra, the HECATE identifies AGN on the
basis of their location in optical emission-line ratio diagnostic diagram, using the

multi-dimensional classification scheme of Stampoulis et al. (2019).

The Third Reference Catalogue of Bright Galaxies (RC3; de Vaucouleurs 1991) has
been the reference galaxy sample for several studies of ULXs (e.g. Swartz et al. 2011;
Wang et al. 2016; Earnshaw et al. 2019). While it provides a wide range of information
(positions, diameters, morphological types, photometry, and radial velocities), its
small size (23022 galaxies) has been superseded by larger and more complete samples
of galaxies. The HyperLEDA, and subsequently the HECATE, provide a ~10 times
improvement in the sample size within our volume of interest (D<200 Mpc). Therefore,
the HECATE, provides a much more complete census of the galaxy populations in
the local Universe, supplemented by a wealth of additional information described in
the previous paragraphs. This makes it more appropriate for the exploration of the

multi-wavelength properties of galaxies based on serendipitous surveys.

3.3 The X-ray sample

To identify ULX candidates, we use the CSC 2.0°, which is a publicly available
catalogue of all the sources detected in Chandra observations performed up to the end
of 2014. It contains 317167 X-ray sources, an improvement of more than a factor of 3

compared to the previous version (version 1.1; Evans et al. 2010).

3.3.1 Selection of sources

An X-ray source is associated with a HECATE galaxy if it is located within its D55
region. The positional uncertainties of the sources are not considered, since they are
negligible with respect to the dimensions of the galaxies: 95% (98%) of the sources
have uncertainties less than the 1% (10%) of the semi-major axes of their host galaxies.
The few, galaxies without size information in the HECATE (~2% of the full sample)

are excluded from the cross-matching.

Out of the 317167 sources in the CSC 2.0, we associate 23043 sources to 2218
galaxies within a distance of 200 Mpc. The host galaxies are shown by black points

https://cxc.harvard.edu/csc2/
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in Figure 3.1.1. The parameters of the host galaxies are listed in Table 3.2.1 (columns

(1)-(13)), while the properties of the selected X-ray sources are given in Table 3.3.1.

We characterise sources as ‘reliable’ or ‘unreliable’ (column (9) in Table 3.3.1)
based on their attributes in the CSC 2.0. A source is marked as ‘unreliable’ if any of

the following conditions are met:
(i) the flux is zero (i.e., upper limit) or no confidence interval is provided,

(i) the ‘dither_warning_flag’ is on: indicating that the highest peak of the power
spectrum of the source occurs at the dither frequency (or its beat frequency) in

all observations,

(iii) the ‘streak_src_flag’ is on: the source is found on an ACIS readout streak in all

observations,
(iv) the ‘sat_src_flag’ is on: saturated in all observations.

We find 3783 (16.4%) ‘unreliable’ sources, out of which, 1040 (4.5%) are characterised
as such because of a flag, 1952 (8.5%) have zero flux, and 791 (3.4%) have missing confi-
dence intervals. The remaining 19260 sources (83.6%) are characterised as ‘reliable’.
In the following analysis we consider only the ‘reliable’ sources. We note that the
majority of the more luminous sources in our sample (Lx>10%° erg s™!) are flagged

as ‘unreliable’ (see §3.4.1), since they are more likely to be saturated.

3.3.2 Chandra field-of-view coverage

The Chandra observations from which the X-ray sources in the CSC 2.0 are ob-
served, typically target individual galaxies. The field of view is usually centred on the
galaxy and covers fully its D5 region. However, there are cases of large nearby galaxies

that are partially covered, as well as, observations that target off-centre regions.

In order to measure the coverage of each galaxy by Chandra, we compute the
fraction, f75, of the D,5 region in the union of the stack-field-of-view" of all the stacks
contributing in the CSC 2.0 (column (11) in Table 3.2.1). We consider galaxies with
fas > 0.7 as sufficiently covered. After visually inspecting multi-wavelength images of
the galaxies without full coverage, we find that the missing area generally leaves a
negligible fraction of the total SFR and M, unaccounted for.

http://cxc.harvard.edu/csc2/data_products/stack/fov3.html
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Table 3.3.1: Properties of the 23043 X-ray sources. Only a small portion of this table is shown here, indicative of the various cases
(e.g., flags, missing parameters). The full table is available in the online journal.

PGC 1D a 6 logf logfio logfiu p u n ¢ logLx loglLxl, logLxni
(1) ) 3) @ 6 6 @ © ¢ 1) 11 3d2) (13) (14)
101 2CXO0 J000120.2+130641 0.33422  13.11141 -14.37 -14.54 -14.25 0.14 39.44 39.28 39.56
1305 2CXO0 J002012.6+591501 5.05281  59.25038 -13.36 -13.40 -13.32 * 0.97 36.47 36.42 36.50
2789 2CXO0 J004732.9-251748 11.88735 -25.29692 -12.15 -12.16 -12.15 * 0.17 39.02 39.01 39.03
12997 2CXO J032953.1-523054 52.47155 -52.51524 -13.87 -13.97 -13.80 *0.02 40.60 40.51 40.68
42038 2CXO J123622.9+255844 189.09568  25.97891 -15.05 * 0.09 37.24

Column descriptions: (1) identification number of host galaxy in the HyperLEDA and the HECATE; (2) name of master source in the
CSC 2.0; (3), (4) right ascension and declination (J2000.0) (°); (5)-(7) decimal logarithm of flux (‘flux_aper90_b’) and its 68% confidence
interval [ergs™! cm™2]; (8) * if pileup source (lower limit on flux and luminosity); (9) * if ‘unreliable’ source (see §3.3.1); (10) * if
nuclear source; (11) galactocentric scale parameter; (12-14) decimal logarithm of X-ray luminosity and its 68% confidence interval
[ergs™!]. The data in columns (2)-(8) are taken directly from the CSC 2.0, while those in columns (9)-(14) are described in §3.3.

Table 3.3.2: Morphological types and corresponding numerical codes (or indices) T, as described in the documentation of the
Second Reference Catalogue of Bright Galaxies (de Vaucouleurs et al. 1976). Throughout this paper, we consider as early-type
galaxies (ETGs) the elliptical (T<-3.5) and lenticular galaxies (—3.5<T<-0.5), and as late-type galaxies (LTGs) the rest. The
morphological types of the galaxies are taken from the HECATE. Throughout the text, different binnings are described as ranges
(e.g., Sdm-Im), and measurements with uncertainty less than 1.0 in T are considered reliable.

Elliptical Lenticular Early spiral Late spiral Irregular (Irr)
Morphological type | ¢cE  E0 E+ S0~ S0° S0* S0/a Sa Sab Sb Sbc Sc Sed Sd Sdm Sm Im
Numerical code, T -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 8 9 10
ETGs LTGs

Chapter 3. A census of ULXs
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We find 34 galaxies (<2%) with coverage less than 70%. Some galaxies may have
poor coverage because of observations performed in sub-array mode (e.g., those
focusing on known ULXs.) Excluding these galaxies would bias our demographics; on
the other hand, ULXs that are located in the unobserved area of the galaxies would
also provide an incomplete picture of ULX populations. For this reason, we manually
inspect for the presence of bright sources in XMM-Newton observations with wider
field-of-view. Such observations are available for 16 objects, for which we find no
other bright (Lx>10° erg s™!) sources in their D,s5 regions. Therefore, we include them
in the following analysis since their ULX population is complete in our Chandra-based
sample. The remaining 18 galaxies are excluded from the subsequent analysis (most of

which are known to not host ULXs, e.g., SMC), but not from the provided catalogues.

3.3.3 Survey coverage and representativeness
3.3.3.1 Source confusion

At large distances, source confusion severely limits X-ray binary population
studies. This effect is more prominent in studies of young stellar populations (such as
ULXSs; e.g., Anastasopoulou et al. 2016; Basu-Zych et al. 2016) due to the clumpy nature
of star-forming regions (e.g., Elmegreen & Falgarone 1996; Sun et al. 2018). Specifically,
at D>40 Mpc, the half-arcsecond beam of Chandra is comparable to the angular sizes
of typical star-forming regions (<0.5 kpc; see discussion in Anastasopoulou et al. 2016).
For this reason we restrict our analysis to the 644 galaxies in the host galaxy sample
that are closer than 40 Mpc. This allows for direct comparisons with the works of
Grimm et al. (2003) and Mineo et al. (2012) which adopt similar distance limits.

3.3.3.2 Observer bias

A limitation of this study is that our ULX sample is not based on a homogeneous,
blind survey, but an accumulation of archival data gathered from targeted observations
with different selection criteria. The unknown selection function may lead to observer
biases, such as an over-representation of starburst galaxies: SFR is connected to
the number of ULXs, as well as, other interesting phenomena (e.g. galaxy mergers)
which may have been the focus of Chandra observations. To explore any biases or
selection effects, Figure 3.3.1 shows the distributions of the (a) morphological types
(see Table 3.3.2 for the morphological classification used in this paper), (b) SFRs, (c)
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Figure 3.3.1: Distribution of morphological types (upper left), SFRs (upper right), M,
(lower left) and gas-phase metallicities (lower right) for the total volume of the HECATE
(light blue bins) and the D<40 Mpc subset (blue steps), as well as, the HECATE/CSC 2.0
galaxies (light orange bins) and their D<40 Mpc subset (orange steps). For reference, the
distribution of morphological types in the RC3 is shown with dashed black steps in the
top left panel. The fractions are computed with respect to the sample size of each subset
(shown in the legend).

stellar masses, and (d) metallicities for all galaxies with available relevant information
in the HECATE. We compare the parent sample with the subset observed by Chandra,
in the total volume and the D <40 Mpc limited sample.

In terms of morphology, Chandra has observed a slightly larger fraction of ETGs
galaxies compared to late-type galaxies, a result of observations of nearby clusters
which host larger populations of elliptical galaxies. In the D<40 Mpc sample, the
HECATE includes a large population of irregular galaxies (mostly satellites of Local
Group galaxies), though Chandra has observed only a small fraction of them. For
comparison with previous works, in the top left panel of Figure 3.3.1 we show the
distribution of the morphological types in RC3. The distribution is similar to the one
of the host galaxy sample with D<40 Mpc. We also find that the distributions of M,,
SFRs and metallicities of galaxies with Chandra observations in the total volume of the

HECATE, are slightly shifted towards larger values than those in the parent sample.

These biases combined with the complex selection function of the HECATE and
Chandra samples, do not allow us to calculate the volume density of ULXs. Nonetheless,

the fact that the X-ray sample covers a wide range of SFRs, M, and metallicities
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characteristic of the local galaxies, allows us to draw representative scaling relations.
Figure 3.3.2 shows the coverage in the SFR-M, and sSFR-SFR planes for three different
samples: the D<40 Mpc galaxies in the HECATE, the subset of those that are included
in the CSC 2.0, and the subset of the latter hosting ULXs. We note that in this figure we
exclude AGN-hosting galaxies to avoid biases in the stellar population parameters (see
§3.3.7). We find that the host sample covers galaxies down to stellar mass of 107> Mg,
and SFR of 102> Mg yr™!, and is uniform in specific SFR (sSFR).

2~ HECATE X
T @ incscao SXXKK ~ 5
£, N with ULX W%ggoo‘ R R .
= 07 2RSS ~ 04 AR
o BT e | - BRI
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Figure 3.3.2: Coverage of the HECATE non-AGN galaxies with D<40 Mpc, in the SFR-M,
(left) and sSFR-SFR (right) planes. Right-angled hatching indicates galaxies covered by the
CSC 2.0, while galaxies with left-angled hatching are ULX hosts. It is fairly representative
for galaxies of My >10"> Mg and SFR>10"2> Mg yr~! and covers the full sSFR range in this
region. ULX hosts (back diagonal hatching) cover the same parameter ranges, however,
as expected, more sparsely in the low-SFR regime.

3.3.4 Galactocentric distances

The shape of the spatial distributions of ULXs in galaxies of different morphological
types can provide valuable information regarding their association to the young or
old stellar populations, and globular cluster systems. For this reason we calculate
the galactocentric distance as the deprojected distance between the source and the
centre of the galaxy, assuming the source resides in the disc of the galaxy. In order to
normalise the measured galactocentric distance for the size of the galaxy, we derive
the galactrocentric scale parameter, c (see Table 3.3.1), which we define as the ratio
of the deprojected galactocentric distance of the source over the semi-major axis of
the latter. A full description of the deprojection method and the calculation of ¢ is

presented in Appendix 3.A.
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3.3.5 Source luminosities

In principle, spectral fitting is required for reliable estimates of the source fluxes.
Due to the insufficient photon counts for most sources, we use the full-band (0.5 —
8.0 keV) aperture-corrected net energy flux inferred from the PSF 90% enclosed count
fraction aperture as provided by the CSC 2.0 (columns (5)-(7) in Table 3.3.1). In the
case of sources with multiple observations, their fluxes are estimated from the ‘longest
observed segment based on a Bayesian Block analysis of all observations™. We avoid
the use of average fluxes (from coadds) since they systematically underestimate the
flux of variable sources (e.g., Zezas et al. 2007). Indeed, we find that the above fluxes

for our sources are, on average, ~5% higher than their average™ fluxes in the CSC 2.0.

We convert fluxes to luminosities (columns (12)-(14) in Table 3.3.1) adopting the
distance of the host galaxy in the HECATE (column (6) in Table 3.2.1). The luminosities
of 49 sources with significant pileup (column (8) in Table 3.3.1), are considered as
lower limits. However, this does not affect the ULX demographics: their majority
(41 sources) are excluded from the ULX demographics as nuclear sources in galaxies
hosting an AGN (or without nuclear classification; see §3.3.7). Three of them are found
in poorly-covered galaxies (excluded from our analysis; see §3.3.2) which are known
to not host ULXs (SMC, LMC, Draco Dwarf). The remaining five piled-up sources
present luminosities >10%? erg s™! and therefore are bona-fide ULX candidates, but
their small number does not bias the luminosity distributions presented in this paper,

while they are fully accounted for in the demographics.

3.3.6 Foreground/background contamination

The main source of contamination in large-area surveys are background (e.g. AGN)
and foreground (e.g. stars) objects. Even through we cannot classify individual X-ray
sources in our sample as ULXs, AGN, or other classes, using statistical techniques we
can remove the effects of these contaminants from our analysis. As a first step we
quantify the expected number of foreground/background (f/b) sources in the CSC 2.0
footprint for each galaxy.

There are two commonly used methods to estimate the surface density of inter-

lopers, based on: (i) blank fields around the target galaxies (e.g., Wang et al. 2016),

see ‘flux_aper90_b’ and ‘flux_aper90_b_avg’ in http://cxc.harvard.edu/csc2/columns/fluxes.html
for more details.
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and (ii) the average log N-log S distribution from wide-area and deep surveys (e.g.,
Swartz et al. 2011). Since the former method requires around each object the presence
of blank areas wide enough to allow the reliable estimation of the interlopers, which
is not always the case, we choose the log N-log S method. We estimate the number
of interlopers in the ULX regime in a given galaxy, by rescaling the log N-log S for
the Chandra-covered fraction of the D,5 area of the galaxy, and integrating it down
to the flux corresponding to 10%° erg s~! for its distance. We use the log N-log S from
the Chandra Multiwavelength Project (ChaMP; Kim et al. 2007, model ‘B¢’ in their
table 3). We account for uncertainties in the galaxy distances and the ChaMP log N-
log S parameters by Monte Carlo sampling from the corresponding Gaussian error
distributions, assuming parameter independence. The expected f/b contamination in

each galaxy is given in column (14) of Table 3.2.1.

The second step is to estimate the number of bona-fide ULXs in each galaxy given
the number of observed sources and the previously calculated background contamina-
tion. We model the total number of sources as a mix of ULXs and interlopers, assuming
both populations are Poisson distributed. We determine the posterior distribution of
the number of ULXs, following the Bayesian method described in Park et al. (2006) with
the modification that the background ‘counts’ in our case are not directly measured

but estimated from the log N-log S. Specifically,

Nobs = Nuix + Nt jp
Nuix ~ Pois(A) (3.1)
Ngyp, ~ Pois(p),
where N, is the observed number of sources in each galaxy: the sum of Ny, ULXs
and N/}, interlopers. The latter follow Poisson distributions of means A and S, respec-

tively, which are independent because the ULX sources in the target galaxy and the

foreground/background sources are disconnected populations:
Nobs ~ Pois(A+ ) and P(A B) = P(A)P(p). (3.2)

To estimate the expected number of ULXs for each galaxy we compute the posterior
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distribution, marginalised over fS:

oo

P(A[Naps) = / P(A, BINops) dB, (33)

0

where

P(4, B|Nobs) o< P(Nobs|4, f)P(A, f) = P(Nobs| A, H)P(1)P(f). (3.4)

In order to account for uncertainties in the parameters of the log N-log S distribution,
the number of interlopers f is not fixed, but allowed to vary. Specifically, the prior
for f is obtained by evaluating the log N-log S for varying values of its best-fitting
parameters. This is performed by taking M=10000 samples of the parameters from the
corresponding Gaussian distributions (best-fiting values as means, and uncertainties as
standard deviations), ultimately giving M samples, f3;, which represent the distribution
of B. By design, the samples f; have equal probability to be sampled, P(f;)cc1. For a
uniform prior for A, P(1)x1, and sufficiently large M, the marginalised posterior takes

the form

M
P(ANobs) = P(Nobslds HP(BIP(2) e ) P(Napsl2. B, (3.5)
i=1

where
P(Nobs|A, Bi) o< (4 +ﬁi)N°bs e_/l_ﬂi, A > 0. (3.6)

From the resulting posterior distribution for each galaxy, we compute the mode and
the highest posterior density interval corresponding to 68% probability. The observed
number of sources (Nyps), and the estimate on the number of ULXs (Ngjy) for each

galaxy in our sample are listed in Table 3.2.1 (columns (13) and (15) respectively).

To evaluate the accuracy of this method, we compare against the previously
published ULX catalogue of Wang et al. (2016) which uses the ‘blank fields’ approach.
We perform this comparison for the 343 galaxies in the sample of Wang et al. (2016)

039

that are common with our sample. We adopt the same luminosity cut (2x10%° erg s™1),
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Figure 3.3.3: Comparison between the expected foreground/background number of
sources from ‘blank fields’ approach (Wang et al. 2016), and log N-log S (this study), down
to a luminosity limit of 2x10%° ergs™!. The orange line indicates the 1:1 relation. The
x-error bars are equal to 0.005 counts because of the 0.01 precision of the reported values
from Wang et al. (2016) and the y-error bars reflect the uncertainty from the log N-log S
parameters.

distance and area on the sky for each galaxy as Wang et al. (2016). We exclude four
very local galaxies from this comparison because the 2 x 10*’ erg s™! limit corresponds
to brighter fluxes than those used to derive the ChaMP log N-log S. The results of
the comparison of the two methods are shown in Figure 3.3.3. We find that both
approaches agree in the total number of interlopers: 33.1+0.1 (‘blank fields’) and
36.4+0.3 (log N-log S) interlopers in the galaxies used for this comparison. The results
on individual galaxies are in good agreement for the majority of them: 30 consistency
for 90% of the objects. A possible explanation for the disagreement of the two methods
for the remaining 10% of the galaxies is the fact that the ‘blank fields’ method is based
on observations of the individual galaxies, and therefore able to account for the cosmic
variance at their location. However, this estimate suffers from incompleteness, due to
the degradation of the PSF at the larger off-axis angles from which the background
sources are sampled (note that the log N-log S estimate is on average 10% higher than

the ‘blank fields’ estimate).
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3.3.7 AGN in the host galaxies

The presence of AGN in the host galaxies can affect our investigation of ULX

populations in two ways:

(i)

clas

While AGN typically have Lx>10* ergs™! (e.g., Brandt & Alexander 2015), they
may exhibit X-ray luminosities as low as 10*-10% ergs™! (e.g., Ho et al. 2001;
Ghosh et al. 2008; Eracleous et al. 2002), and therefore may contaminate the
sample of luminous X-ray binaries. We account for this by excluding from the
demographics (but not the provided catalogues), the nuclear sources in any
galaxies classified as AGN, as well as, in galaxies for which we do not have any
information on their nuclear activity. We consider sources as nuclear if they are
located in the central 3 arcsec region’. These sources are indicated in column (10)
in Table 3.3.1. Note that this practice unavoidably removes circum-nuclear XRBs
(e.g., Wang et al. 2016; Gong et al. 2016).
The IR component of the AGN emission will overestimate the inferred SFR and
M, of the host galaxy, and it will bias the measured metallicity (e.g., Mullaney
et al. 2011; Delvecchio et al. 2020). While the magnitude of this effect can be
small in the case of low-luminosity AGN, we take the conservative measure
of excluding any AGN hosts (or galaxies with no nuclear activity information)
from our scaling relations. However, scaling relations considering all galaxies
(regardless of nuclear activity), labelled as ‘full’ sample to avoid confusion with
the non-AGN sample, are presented in Appendix 3.B and are discussed in the
main text when relevant.

To characterise the nuclear activity of the galaxies in our sample, we adopt the

sification from the HECATE, which uses two sources of information to identify

AGN:

(i)

(i)

Stampoulis et al. (2019) who classified galaxies as AGN based on their location
in 4- or 3-dimensional optical emission-line ratio diagnostic diagrams, using
spectroscopic data from the MPA-JHU catalogue.

She et al. (2017) who investigated galaxies at D<50 Mpc, observed by Chandra:
the nuclear classifications are either adopted from the literature or determined

using archival optical line-ratio spectral data.
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i.e., three times the quadratic sum of the typical positional uncertainty in the HECATE and the
CSC 2.0 (1 arcsec). The positional uncertainties of the sources are considered negligible since 98%
of the circum-nuclear sources have positional uncertainties <3”.
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A galaxy is classified as AGN host if it is identified as such in either of the two. These
studies provide nuclear activity diagnostics for 539 (84%) galaxies out of the 644 host
galaxies within 40 Mpc. Note, that the exclusion of AGN in the scaling relations,
affects the sample of ETGs more strongly since they have higher chance of having
been observed due to their nuclear activity, while spiral and irregular galaxies are
usually selected for their XRB populations. This is illustrated in Figure 3.3.4 where we
plot the fraction of galaxies with AGN as a function of the morphological type, in the

parent galaxy sample and the galaxies with Chandra observations.

£ 1.00
S § HECATE
0.75 1 Chandra
5 O O g =
f 0.50 O
@)
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g
S 0.25 - - - [u]
. @
— 0.00 1 1 1 1 T +—

E S0 S0/a-Sab Sb-Sc Scd-SdmSm-Im
Morphological type
Figure 3.3.4: The AGN fraction as a function of the morphological type for the HECATE
galaxies (points) and those hosting Chandra sources (squares). The error bars correspond
to the 68% CI of the fractions, after accounting for uncertainties on the morphological

types, and the Poisson distribution of the number of galaxies.The AGN fraction in Chandra
targets is higher than in the general population, especially in elliptical galaxies.

3.4 Results

In the total volume of the HECATE we find 23043 X-ray sources, out of which
19260 are characterised as ‘reliable’. In the D<40 Mpc sample which is used for the
population statistics presented below, there are 16758 ‘reliable’ X-ray sources, out
of which 793 exceed the ULX limit. Of those 793 sources with Ly>10’ erg s™! in the
D<40 Mpc volume, 164 (21%) are found close to the centres of galaxies which are
classified as AGN hosts, and therefore are not considered as ULX candidates in this
study. This leaves a sample of 629 ULX candidates in 309 galaxies, out of which 20%

are expected to be foreground/background contaminants (see §3.4.1).
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Chapter 3. A census of ULXs

3.4.1 Luminosity distribution of X-ray sources

The luminosity distribution

XRBs will be presented in a separate paper. Here, we discuss the distribution of X-ray

luminosities above the ULX limit

of ULXs is crucial for probing the high-end of the

luminosity function (LF) of stellar X-ray sources. The calculation of the LF of the
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Figure 3.4.1: Cumulative number

for sources in galaxies with D<40

Figure 3.4.1 shows the cumu

sources in our sample in all galaxies (top panel) and in those with D<40 Mpc (bottom
panel). We provide the distribution of all (black), nuclear (green), off-nuclear (blue)

and ‘unreliable’ sources (orange; see §3.3.1). For reference, we also plot the expected
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of sources, N(>Ly), as a function of X-ray luminosity
(Lx), for various categories: all sources (black), ‘unreliable’ sources (orange), off-nuclear
‘reliable’ sources (blue), nuclear ‘reliable’ sources (green). The expected number of inter-
lopers is shown by the black dashed lines. Top: for all sources in our sample. Bottom:

Mpc.

lative distribution of the luminosities of the X-ray
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distribution of luminosities of interlopers (f/b; see §3.3.6). Since we are interested
in the contamination of these interlopers within the ULX population, we convert
the log N-log S distribution of the foreground/background sources to the luminosity
distribution for the corresponding galaxies using their respective distances. We find
that for galaxies within 40 Mpc, the background sources (dashed black line) account
for ~20% of all the sources with Lx>10% erg s™!. The contamination dominates the

0405 ergs71.

population of the off-nuclear sources at Lx>1

The gradual flattening of the luminosity distribution for the total volume (top
panel in Figure 3.4.1) with decreasing luminosity is a tell-tale sign of incompleteness
effects. In the case of the D<40 Mpc distribution (bottom panel), the flattening in the
distribution due to incompleteness occurs at ~ 3x10°® erg s7!, below the luminosity
limit for ULX candidates in this study. In addition, the typical limiting luminosity of
sources detected in the galaxies (using the least luminous source) in the total volume of
the HECATE, ~4x10% erg s71 is above the ULX limit, while in galaxies with D<40 Mpc,
it is ~1.5x10%% erg s71, well below the luminosity limit for ULX candidates in this study.

Therefore, our local sample of ULXs is expected to be complete.

From the top panel of Figure 3.4.1 we can see that nuclear sources outnumber the
off-nuclear sources above 2x10* erg s™! in the full-volume sample. This is partly the
result of the larger distances of galaxies in the full volume survey leading to more
significant source confusion: in the dense stellar environment of the galactic cores
the sources are blended, ultimately flattening the luminosity distribution. Instead,
at the D<40 Mpc sample, the source confusion is significantly reduced: the nuclear
sources dominate the sample at a higher luminosity ~10*’ erg s7!, as it is expected by
the population of AGN.

3.4.2 Morphology of ULX hosts and spatial distribution of

sources

Early ULX population studies, showed that ULXs preferentially occur in late-
type galaxies, with only a small fraction ($20%) of elliptical galaxies hosting ULXs
(e.g., Swartz et al. 2004; Liu et al. 2006; Swartz et al. 2011), in contrast to the recent
studies of Wang et al. (2016) and Earnshaw et al. (2019). To test this, we quantify
the probability for a galaxy to host ULXs as a function of its morphological type.

Figure 3.4.2 shows the fraction of galaxies that host off-nuclear sources above different
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Figure 3.4.2: Fraction of galaxies in the HECATE/CSC 2.0 hosting at least one off-nuclear
source above the ULX limit (black) as a function of the morphological type. Differ-
ent colours indicate different limits: 2x10%° ergs™! (blue), 5x10%* ergs™! (orange) and
10* erg s™! (green). The error bars indicate the 68% ClIs, after accounting for the uncer-
tainties on the morphological classifications.

luminosity thresholds, with respect to all galaxies of the same morphological type

0%? ergs! appear to

with Chandra observations. Sources with luminosities above 1
be present in about 30% of galaxies in all morphological types. There is slightly
higher incidence of ULXs (~40%) in elliptical galaxies and Sb-Scd spiral galaxies, while
lenticular and irregular galaxies are less likely to host ULXs (~20%). However, galaxies

containing sources with Lx>5x10% ergs™! are typically of late type.

The spatial distribution of X-ray sources can provide insights into their nature.
We would expect the surface density of ULXs to follow the distribution of starlight in
the host galaxies. However, Swartz et al. (2011) and Wang et al. (2016) find a flattening
of the surface density of ULXs in spiral galaxies at large galactocentric distance, in
contrast to their exponential surface brightness profile. In addition, Wang et al. (2016)

observe an excess of ULXs at large galactocentric distances in elliptical galaxies.

In order to test these observations, we quantify the spatial distribution of ULXs,
by computing their surface density on the basis of their galactocentric distances, c, for
off-nuclear sources with luminosities above 1, 2 and 5x10%* erg s~!. Using the method
described in §3.3.6, we correct for the expected f/b contamination. We perform this
exercise for galaxies of different morphological types and distances up to 40 Mpc. The

distributions are shown in Figure 3.4.3. We do not report the number of ULXs at ¢<0.1
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Figure 3.4.3: The density of ULXs per fraction of D,5 area enclosed in annuli with
galactocentric distances ¢ —dc to ¢ +dc, as function of ¢, for different luminosity thresholds
(colours), and morphological classes of galaxies. The estimates are corrected for f/b
contamination. The dips observed in lenticular (at ¢~0.65) and irregular galaxies (at
c~0.55) are statistical fluctuations due to the small numbers of sources; they were found
to be sensitive to the binning scheme.

since it is biased by the exclusion of nuclear sources’.

We find that the surface density of ULXs follows the expected exponential trend

in spiral galaxies, in contrast to Swartz et al. (2004) and Wang et al. (2016). This

disagreement may be caused by foreground/background contamination since it is not

accounted for in the spatial distribution analysis of Swartz et al. (2004) and Wang et al.

(2016). The number of interlopers scales with area and therefore adds a constant in

the surface density profile, effectively flattening the distributions. In our sample, the

surface density of ULXs in elliptical galaxies flattens at large galactocentric distances
as observed by Wang et al. (2016).

*

At 40 Mpc the typical semi-major axis of galaxies in our sample is 30 arcsec, while in this study
we consider nuclear regions of 3 arcsec.
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3.4.3 Rate of ULXs

To quantify the number of ULXs per galaxy as a function of their luminosity for
various morphological types, we consider five luminosity thresholds: 1, 2, 3, 5 and
10x10% erg s™1. We compute the background-corrected number of ULXs above each
luminosity threshold, and its 68% confidence intervals, by accumulating the number
of observed sources and expected interlopers, and applying the method described in
§3.3.6. The calculation is performed for each morphological class, as well as, the total
galaxy sample. Galaxies with uncertain morphological classification are excluded from
this analysis (uncertainty in numerical morphological code >1; see Table 3.3.2). By
considering non-AGN host galaxies, we also calculate the number of ULXs per total
SFR for LTGs, or per total M, for ETGs. In addition, we also report the number of
ULXs per total M, for all ETGs (‘full’). The results are presented in Table 3.4.1.

We find that the number of ULXs per galaxy for the total population is 0.88+0.05
for Lx>10%" erg s™! and 0.20+0.02 for Lx>5x10% erg s™!. Comparable frequencies are
found in early spirals (S0/a-Sb), while in late spirals (Sbc-Sd) they are ~1.5 times higher.
In elliptical galaxies (E) the ULX frequency per galaxy is slightly lower than that of
the total population. Lenticular (S0) galaxies present the lowest frequencies in all

luminosity limits, with irregular galaxies following.

The number of ULXs per SFR in irregular galaxies (Sdm-Im) is higher than in
spirals, in contrast to their small numbers per galaxy. Early spirals (50/a-Sb) exhibit
the lowest numbers of ULXs per SFR.

Additionally, the ‘full’ sample of ETGs presents lower specific ULX frequencies
than the non-AGN sample by a factor of ~2. Interestingly, we find that the number of
ULXs per M, is higher in elliptical (E) than in lenticular galaxies (S0) by a factor of
~2, a result also observed by Wang et al. (2016). However, this trend disappears when
considering the ‘full’ ETG sample: the specific ULX frequencies are consistent within

the uncertainties.

In addition to the above analysis, we perform fits of the number of ULXs against
the M, or SFR of the galaxies. For Nps sources with Lx>10* erg s™! and Ny /b expected
number of interlopers from the ChaMP log N-log S, we fit the model

Nobs = Pois (b X My + Nsp) (3.7)
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Chapter 3. A census of ULXs

Table 3.4.2: Fitting results for the scaling factor a (Equation 3.8) for all LTGs and different
morphological classes, and the scaling factor b (Equation 3.7) for all ETGs, elliptical (E)
and lenticular (S0) galaxies. These results are plotted in Figure 3.4.4.

Morphology Ngai Nec  Nip,  a (ULXs per Mg yr™")

LTGs 119 123 17.0 0.51+5:9¢
S0/a-Sab 11 18 29 0.231097
Sb 12 12 22 0.34101%
Sbc 14 26 48 0.44 *012
Sc 17 19 26 0.51%0:13
Scd 22 23 24 1.54 793
Sd-Sdm 23 19 17 2.29 1087
Sm-Im 20 6 05 216150
Morphology Nga  Nsie N b (ULXs per 102My)
ETGs 50 35 83 15.17557
E 22 25 55 21.91%7
SO 28 10 238 8.7732
ETGs (ful) 195 152 57.6 6.3%5%
E (full) 96 104 375 7.5*13
SO (full) 99 47 200 4.8*17

for all ETGs with robust morphological classifications (see caption of Table 3.3.2), and
the subdivisions of elliptical and lenticular galaxies, using the Maximum Likelihood

method. In a similar fashion, we fit the model
Nyps = Pois (a X SFR + Nf/b) (3.8)

for the LTGs and five sub-populations: S0/a-Sab, Sb, Sbc, Sc, Scd, Sd-Sdm and Sm-Im".
The results are listed in Table 3.4.2.

For the scaling with M, in ETGs we find b=15.1"}7 ULXs per 10'*M, while in

elliptical galaxies it is significantly higher (21.97%3 ULXs per 10'2My) than in lenticular

galaxies (8.7%5% ULXs per 10'2Mo). However, in the full ETG sample (i.e. including

AGN hosts), the specific ULX frequencies are lower than those in the non-AGN ETGs

(6.3*59 ULXs per 10'°Mo). See §3.5.4 for an explanation of this difference.

The selection of the ranges of morphological types ensured that at least ten galaxies were con-
tributing to the statistical estimates.
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Figure 3.4.4: Fitting results for the SFR and M, scaling factors for different morphological
classes. Top: the scaling parameter a (Equation 3.8) for late-type galaxies (line) and 68%
CI (grey band), and for various late-type morphological classes (black error bars). Bottom:
same as the top panel, but for the scaling parameter b (Equation 3.7) for early-type (line
and band), elliptical and lenticular galaxies (error bars).

In LTGs, we find that the scaling with SFR, a, is 0.5140.06 ULXs per Mg yr™!
(horizontal line in the top panel of Figure 3.4.4) and that it monotonically increases
with morphological type: from 0.23 ULXs per Mg yr~! (S0/a-Sab) to 2.16 ULXs per
Mp yr~! (Sm-Im).

3.4.4 SFR and stellar mass scaling in late-type galaxies

In order to account for the contribution of ULXs associated with LMXBs*, we
perform a joint fit of the number of ULXs in LTGs with respect to both their SFR and

E.g., GRS1915+105-type systems; Greiner et al. (2001)
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M,.

The correlation can be visualised by binning the galaxies by SFR and M, and
computing the average number of ULXs per galaxy, for each bin, after removing the
f/b contamination (see §3.3.6). We plot the result in Figure 3.4.5, where we see a trend
for galaxies with higher SFR and M, to host larger numbers of ULXs. This trend
becomes stronger in regions of high sSFR (indicated by the diagonal lines).
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Figure 3.4.5: The mean, background-corrected number of ULXs (Nyx) per galaxy (color
scale) as a function of SFR and M,, in non-AGN LTGs. The diagonal dashed lines cor-
respond to indicative specific SFRs, while the numbers in boxes denote the number of
galaxies in each bin. We see a trend for more ULXs in galaxies with high SFR, M,, and
sSFR.

While SFR and M, are known to be correlated in star-forming galaxies (e.g.,
Rodighiero et al. 2011; Speagle et al. 2014; Maragkoudakis et al. 2017), the SFR is
expected to be the primary parameter correlated with the population of ULXs. To
study the dependence of Ny, on both parameters, we fit the model

Nyps ~ Pois (0{ X SFR + ff X M, + Nf/b) (3.9

039 1

where N, is the total number of observed sources with Lx>10"" ergs™, @ and f are
the scaling factors that will be fitted, and N;;, is the expected number of interlopers
(computed in §3.3.6). The model is applied to all LTGs with robust morphological
classifications (see Tables 3.2.1, 3.3.2) and the two sub-populations of early spirals (50/a-

Sbc), and late spirals / irregular galaxies (Sc-Im). The results are listed in Table 3.4.3,
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Table 3.4.3: Mode and 68% Highest Posterior (marginalised) Density Intervals of the
scaling parameters « and f (see Equation 3.9) for all LTGs and their ‘early’ and ‘late’
subdivisions (see Table 3.3.2). For each fit we report the number of galaxies (Nga1), sources
(Nsre) and interlopers (Ng/p). See below for the joint distributions (Figure 3.4.6).

Sample  Ngi Nge Negpy a (Moyr )™' B (10" Mg)™!

LTGs 106 117 158  0.45700% 3.34%
S0/a-Sbc 37 56 9.9 0.167998 11.2+32
Sc-Im 69 61 59 098700 <6.6
x10~11
2~ — LTGs ~-- S0/a-Shc
I
—~ \‘ \\\ SC—Im
Ko} Voo
\z_/ 14 \\ % \\\ ---------
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Figure 3.4.6: The best-fitting values (X symbols) and, 68% confidence regions (lines) of
the scaling parameters a and b of Equation 3.9 for all LTGs (solid), and the ‘early’ (S0/a-Sbc;
orange) and ‘late’ (Sc-Im; blue) spiral galaxies. See Figure 3.4.3 for marginalised results.

while the joint posterior distributions of & and f are shown in Figure 3.4.6.

The best-fitting value of the SFR scaling factor for LTGs is a=0.4599% ULXs per
Mo yr~! while the M, scaling factor is f=3.3"3% ULXs per 10'“My,. For the early-type
spirals we find lower a=0.16+0.08 ULXs per Mo yr~! and higher f=11.2*32 ULXs per
10'>Mg, while for the late-type spirals the situation is inverted, i.e. ®=0.98%-11 ULXs

~0.20
per Mg yr~! and f3 is consistent with zero (<6.6 ULXs per 102M).
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3.5 Discussion

3.5.1 Comparison with other ULX surveys

Our estimate for the scaling of the number of ULXs with SFR (0.51 + 0.06 ULXs
per Mg yr~!; Table 3.4.2) is four times lower than that estimated in Swartz et al. (2011;
2 ULXs per Mg yr™!). This is the result of differences in: (i) the selection of host
galaxy sample, and (ii) the method used in the calculation of the X-ray fluxes. When
we account for these differences, we find consistent results as discussed in detail in
Appendix §3.C.1.

Furthermore, we would expect our results to agree with those of Wang et al. (2016),
since they also use Chandra observations for a similarly large sample of host galaxies
(343 galaxies) to study the ULX content in nearby galaxies. However, Wang et al.
(2016) consider ULXs at twice our luminosity threshold (i.e., 2 x 10%*) and at larger
separations from the galaxy centres (2XD,s area instead of Dys). After accounting for
these differences, and a small offset between the computed X-ray fluxes resulting from
different methods, we find similar frequency of ULXs in all galaxies, and separately
for their different morphological classes (Table 3.4.1). See Appendix §3.C.2 for details
of this comparison.

Earnshaw et al. (2019), using a sample of 248 galaxies with sensitivity limit below
the ULX limit in their X-ray samples, found that one out of three galaxies host at least
one ULX, with spiral galaxies having a slightly higher fraction (~40%) than elliptical
galaxies (~30%). This is in agreement with our results (see Figure 3.4.2): the fraction
of ULX hosts in galaxies of different morphological types is between 20% and 40%,

with the peak at Sc galaxies, and a fraction of ~35% in elliptical galaxies.

3.5.2 Dependence of number of ULXs on SFR and stellar mass

in star-forming galaxies

In §3.4.3, we find the number of ULXs in LTGs to be 0.51+0.06 per Mg yr™! (see
Table 3.4.2), consistent with the expectation from the Mineo et al. (2012) HMXB-
LF, of 0.56 ULXs per Mg yr™!. We observe a dependence of the scaling factor per
SFR (parameter a in Equation 3.8 and Figure 3.4.4) on the morphological type; it
monotonically increases from 0.23+0.07 to 2.16*{:19 ULXs per Mg yr~! from S0/a-Sab
to Sm-Im galaxies (Table 3.4.2). The higher scaling factor in late spiral and irregular
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galaxies can be attributed to their lower metallicity with respect to early spiral galaxies
(e.g., Gonzalez Delgado et al. 2015): as discussed in §3.5.3 low metallicity galaxies
show an excess of ULXs. Figure 3.5.1 shows the metallicity distribution for different
morphological types in the HECATE and our host galaxy sample. We see that the
average metallicity quickly drops for galaxies later than Sc, the same galaxies for
which the scaling factor (see Table 3.4.2) increases from 0.51 to 1.54 ULXs per Mg yr™'.
However, these trends do not account for another important factor which cannot be
tested in the current sample: late-type galaxies are more prone to short and intense
star-formation episodes, which might increase their ULX content significantly (e.g.,
Wiktorowicz et al. 2017), although the effect of metallicity appears to have a stronger
effect in the X-ray output of a galaxy (e.g., Fragos et al. 2013a).

9.0
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Figure 3.5.1: The metallicity, 12 + log (O/H), as a function of the morphological type in
the host (‘Chandra’; black ‘x” markers) and parent (HECATE’; orange plus markers) galaxy
samples. Note, that only non-AGN galaxies with robust morphological classification and
D<40 Mpc are shown. For the morphological types that correspond to the results of
the scaling of ULXs with SFR, a, in Table 3.4.2, we show the mean metallicity and its
standard error (blue errorbars). Scd galaxies and later, present the lower metallicities,
partly explaining the result that in the same galaxies a is significantly higher than the
average in LTGs.

In order to account for the LMXB contribution in LTGs, in §3.4.3 we computed
the scaling parameters « and f for the linear relation between number of observed
sources with Ly>10%’ erg s™! and both SFR and M, (Equation 3.9). The value of & =
0.45"%9 ULXs per M yr™! (see Figure 3.4.3) for all LTGs is somewhat smaller, but
consistent with the value of a = 0.51+0.06 ULXs per Mg yr~! found using the model
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of Equation 3.8 where only the SFR scaling is considered (see Table 3.4.2). The smaller
scaling when accounting for the contribution of the M, is the result of the small
fraction of the ULX population that is associated with the old stellar population (and
consequently the M,) in spiral galaxies. The results of the fits for early and late spirals
(see Figure 3.4.3 and Figure 3.4.6) illustrate that the M, contribution is significant
in early spirals (50/a-Sbc) at the 2o0-level, while it can be neglected in late spirals
(8<6.6 ULXs per 10'2M, with most probable value 0.0).

Recently, Lehmer et al. (2019) constructed luminosity functions of XRBs as a
function of both SFR and M, to account for the contribution of both LMXBs and
HMXBs. Using the best-fitting parameters for their full sample (see table 4 in Lehmer
et al. 2019) we integrated the LF above the ULX limit (10* ergs™!). We find that
they predict Ny = ap19SFR + by 19M,, where ag 19 = 0.62+0.08 ULXs per Mg yr~! and
Prio = 18723 ULXs per 10'2Mg. The scaling with SFR () is consistent at the 1o-level
with our findings for all LTG galaxies (0.45"9%9¢ ULXs per M, yr™'; see Equation 3.9).
The scaling with M, (p) is highly uncertain in the ULX regime, but also consistent at

the 1o-level with the one we find for all LTG galaxies (3.3"3% ULXs per 10'2My).

Finally, the above results are consistent with the qualitative picture shown in
Figure 3.4.5; the number of ULXs in LTGs increases with both SFR and M,. Note that
the trend of galaxies hosting larger population of ULXs at higher sSFR (see diagonal
lines), may have a trivial explanation: ULXs being primarily associated with young
stellar populations, are more abundant in galaxies with higher SFR and/or lower mass.
However, an age effect may be at the play: starbursts have high sSFR, by definition, and
are expected to have high formation rate of BH ULXs, which dominate the population
at ~5Myr (e.g. Fragos et al. 2013b).

Such an age effect will manifest as an excess of ULXs in high sSFR galaxies
compared to the expectation from the average SFR-M, scaling relation based on all

LTGs in our sample. We assess this by defining the excess of ULXs,

N,
excess = log —obs (3.10)

exp

where Ngps is the number of ULX candidates, and Neyp is the expected number of
sources according to the model in Equation 3.9 and its best-fitting values (Figure 3.4.3).

In order to explore the possible dependence of the ULX excess on SFR and M,, we plot
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in Figure 3.5.2 the ULX excess of galaxies as a function of their SFR and M,.. We do not
see a dependence on the sSFR; instead, it is clear that low-mass galaxies present an
excess of ULXs, in agreement with Swartz et al. (2008). Since low-mass galaxies tend
to present lower metallicities (e.g., Kewley & Ellison 2008) we interpret this excess as

likely being related to the metallicity of their hosts.
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Figure 3.5.2: The mean excess of ULXs (colour scale; as expressed in Equation 3.10) in
LTGs as a function of SFR and M. The diagonal lines correspond to indicative specific
SFRs. The numbers in the boxes denote the number of galaxies in each bin. Despite their
small numbers, the data show that galaxies with low masses exhibit a clear excess in the
number of ULXs over the expectation.

3.5.3 Excess of ULXs in low-metallicity galaxies

There is a growing observational body of evidence for an excess of ULXs in low-
metallicity galaxies (e.g., Soria et al. 2005; Mapelli et al. 2010; Prestwich et al. 2013;
Brorby et al. 2014; Tzanavaris et al. 2016). This trend can be interpreted theoretically in
the context of the weaker stellar winds in low-metallicity stars. The stars retain higher
fraction of their initial mass, and as a consequence, more massive BHs are formed,
with smaller orbital separation due to weaker angular momentum losses (e.g., Heger
et al. 2003; Belczynski et al. 2010; Marchant et al. 2017). In addition, the tighter orbits
result in an increased fraction of HMXBs that enter a Roche-lobe overflow phase,
which being a more efficient accretion mechanism than stellar winds, leads to more
luminous X-ray sources (Linden et al. 2010).

To investigate the correlation of the ULX population with metallicity, we plot in
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Figure 3.5.3: Left panel: the number of ULXs per SFR unit ULXs for LTGs in our sample
(blue) with metallicity estimates (blue points), and that of Mapelli et al. (2010) (orange).
The metallicities of the galaxies with no sources above the ULX limit, are shown as ticks on
the x-axis. Low-metallicity galaxies present an excess of ULXs with respect to the average
scaling (dotted horizontal line.) Right panel: same as the left panel but now the y-axis
is the excess of ULXs as defined in Equation 3.10. We find a significant anti-correlation
(Kendall rank correlation coefficient 7=—0.43 with p-value 0.002). We bin the galaxies to
reduce the stochasticity of the ULX excess (see §3.5.3) and compute the median and 68%
CIs of the excess as a function of the metallicity (blue error bars). We repeat the same
procedure for the ULX excess in the sample of Mapelli et al. (2010) (orange) which also
exhibits significant anti-correlation (z=—0.40 and p=0.001).

Figure 3.5.3 (left) the number of ULXs per SFR as function of the host galaxy metallicity
for the 44 galaxies with metallicity measurements in the HECATE (blue circles). We see
an excess of ULXs in low metallicities with respect to the average relation shown with
the dotted line. In the right panel of Figure 3.5.3 we plot the ULX excess (Equation 3.10)
against metallicity. We see that the frequency of ULXs indeed increases with decreasing
metallicity (Kendall rank correlation coefficient 7= — 0.43 with p-value of 0.002). For
comparison, we also plot in the same figure the excess of ULXs computed from the
sample in Mapelli et al. (2010) (orange circles) using their reported values for (i) the
number of ULXs, (ii) the expected background contamination, and (iii) the SFRs of the
host galaxies”. To reduce the Poisson noise, the galaxies are grouped in metallicity
bins (defined to have a similar number of objects in each bin and always more than

eight) shown as x-axis error bars in Figure 3.5.3. The central values and the error

Since Mapelli et al. (2010) do not provide M, estimates, which are needed to compute Ny, in
Equation 3.10, we obtain our own estimates for Ny, using the SFR and the scaling constant of
0.51 ULXs per Mg yr!, determined from fits presented in §3.4.3 (cf. Equation 3.8). In addition,
metallicities from Mapelli et al. (2010) were converted from solar units (Zy) using their adopted
solar metallicity 12 + log (O/H) , =8.92.
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bar length in the y-axis correspond to the median and the 68% confidence interval of
the ULX excess, computed by accounting for Poisson uncertainty of the number of

sources and interlopers.

Based on the binned statistics in Figure 3.5.3, we find that the galaxies with the
lowest metallicities in our sample (corresponding to 0.3-0.5 Zg) host more ULXs per
SFR by a factor of ~2, in comparison to galaxies of intermediate metallicity (0.5-0.7 Z)
which present no excess of ULXs. Interestingly, galaxies with near-solar metallicity
(>0.7 Zo) present a deficiency of ULXs; they host half of the expected ULX population.

The same trend is observed in the sample of Mapelli et al. (2010). However, there
seems to be a small horizontal offset of ~0.25 dex between our study and that of Mapelli
et al. (2010). We attribute this offset to the different metallicity calibrations” which
can have systematic biases up to 0.7 dex (see fig. 2 in Kewley & Ellison 2008). Using
eight common galaxies in our sample and that of Mapelli et al. (2010), we find that the

mean offset between the metallicities is 0.28 + 0.09.

In conclusion, an excess of ULXs is linked with low-metallicities. This is also in
line with our result that the ULX-SFR scaling factor is significantly higher in later-
type galaxies, for which the metallicity is lower (see §3.5.2). This excess has direct
implications for the XRB content of the high-redshift Universe. The mean metallicity
of galaxies at z~2.5 was only ~0.1Zg (e.g., Madau & Dickinson 2014). Indeed, an
excess of the integrated X-ray luminosity per unit SFR is seen in observational studies
of high-redshift galaxies (e.g., Lehmer et al. 2005, 2016; Basu-Zych et al. 2013a,b, 2016;
Brorby et al. 2016; Fornasini et al. 2019, 2020; Svoboda et al. 2019). Our results indicate
that this excess is the result of a larger population of luminous X-ray sources per unit
SFR in lower metallicities. However, we cannot exclude the possibility that the stellar
population age also plays a role on the ULX excess. Since the metallicity and age can
vary by region in a galaxy, investigation on sub-galactic scales can help to disentangle
their relative effects on the XRB populations (cf. Anastasopoulou et al. 2019; Lehmer
et al. 2019; Kouroumpatzakis et al. 2020).

In our sample we use the metallicity estimates in the HECATE which were calculated via the
O 1-N 11 calibration in Pettini & Pagel (2004), while the metallicities in Mapelli et al. (2010) are
based on many different calibrations, mainly those in Pilyugin 2001 and Pilyugin & Thuan 2005.
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3.5.4 ULXs and old stellar populations

ULXs in elliptical galaxies (e.g., David et al. 2005) are considered to belong to
the high-end of the LMXB-LF (e.g., Swartz et al. 2004; Plotkin et al. 2014). Notably,
rejuvenation of stellar populations due to galaxy mergers might also produce additional
ULXs (Zezas et al. 2003; Raychaudhury et al. 2008; Kim & Fabbiano 2010). In addition,
it is possible that a small population of ULXs are dynamically formed in GCs (e.g.,
Maccarone et al. 2007; Dage et al. 2020). Indeed, we find evidence that a small but
significant population of ULXs in elliptical galaxies resides at large galactocentric
distances (see §3.4.2), i.e., not following the M, distributions. Literature review of
the hosts of these sources showed evidence for recent merger activity, or large GC
populations, indicating that these ULXs could be associated with GCs, given the flatter
distributions of GCs and their LMXB populations with respect to the stellar light (e.g.,
Kim et al. 2006).

In §3.4.3, based on the fit of the number of ULXs against the M, of ETGs (see
Equation 3.7), we find 15.1*3? ULXs per 10'2M, in the non-AGN sample. However, it
is higher by a factor of 2-3 than the expectation from the LMXB-LF of Zhang et al.
(2012) (5 + 2 ULXs per 10'2My,), and the specific ULX frequency in Plotkin et al. (2014)
(6.2+1.3 ULXs per 1012Mg) and Walton et al. (2011) (~7 ULXs per 10'2M,). While these
studies address possible contamination from AGN in their X-ray source samples, they
still consider (except for Zhang et al. 2012) the total K-band luminosity of the galaxies
as a tracer of the M, even if the galaxy hosts an AGN. The contamination by the AGN
would lead to an overestimation of the M,, and consequently an underestimation of
the specific ULX frequency. To quantify this effect, in Appendix 3.B we compute the
specific ULX frequency in the full sample (including galaxies hosting AGN, but still
excluding their nuclear sources). We find 6.3%) ULXs per 10'*Mg, in good agreement

with the literature estimates.

Why do non-AGN ETGs exhibit higher specific ULX frequency than the ‘full’ ETG
sample? As we show in Appendix 3.B the presence of an AGN does not significantly
affect the observed K-band luminosity and therefore the measured M,. The AGN
contribution is <10% of the total K-band luminosity (Bonfini et al. 2020, submitted).
However, the full sample extends to much larger masses than the non-AGN ETG
sample. Consequently, the difference in the specific ULX frequency between the full

and non-AGN sample could be explained by a non-linear dependence of the number
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of ULXs on the M,.

In order to quantify the dependence of the specific ULX frequency on the M,, we
compute the scaling factor b in our ETG sample, over three M, bins (10°> — 101%9;
10190 — 1010, 10195 — 1011 M), separately for AGN and non-AGN galaxies. This is
shown in Figure 3.5.4. The results for the AGN and non-AGN samples agree within
the errors, as expected based on the previous assessment that the AGN do not lead
to significant overestimation of the M, (see Appendix 3.B). They also agree with the
scalings reported in Zhang et al. (2012) and Plotkin et al. (2014) for the corresponding
M, bins (also plotted in Figure 3.5.4). Interestingly, however, we find that b depends
strongly on the M, of the host galaxy. This dependence explains the lower specific
ULX frequency found in the ‘full’ ETG sample which is biased towards more massive
galaxies than in the case of non-AGN ETG sample.

The dependence of the specific ULX frequency on the M, could be caused by
star-formation history (SFH) differences in ETGs (McDermid et al. 2015). Simulations
indicate that ULXs with neutron-star accretors and red giant or Hertzsprung-gap
donors can appear several hundreds of Myrs after a star-formation episode (Wiktorow-
icz et al. 2017), and therefore their frequency in early-type galaxies is expected to
be strongly dependent on the SFHs. Calculated specific ULX frequencies (circles in
Figure 3.5.4) using the Wiktorowicz et al. (2017) simulation and the McDermid et al.
(2015) average SFHs for the same stellar mass ranges (see §3.5.5), are in excellent
agreement with the observed specific ULX frequencies in our sample.

Therefore, comparisons of ULX rates in ETGs should account for the mass range
covered in each sample and the corresponding bias due to different SFHs. In this
respect, we attribute differences between our estimates of the specific ULX frequency
and those of previous studies to the different M, ranges in the samples. Note, however,
that the specific ULX frequency was found to be constant in elliptical galaxies in
Walton et al. (2011), albeit with a relatively small sample of 22 galaxies.

Furthermore, in §3.4.3 we find that lenticular galaxies in our sample host 2-3 times
fewer ULXs than elliptical galaxies, by a factor of 2-3, even when normalising by the
M,.. This result is in agreement with the findings of Wang et al. (2016). However, we
noticed that this difference disappears when considering the ‘full’ sample. Given the
dependence of the specific ULX frequency on the M, shown in Figure 3.5.4, it is possible
that this discrepancy stems from the different M, regimes of the corresponding samples.

Indeed, we find that the interquartile range (middle 50%) of the stellar masses in the
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Figure 3.5.4: The specific ULX frequency for ETGs in our sample with stellar masses
in the ranges 10°°-10'°, 101°-10!%5 and 101%°-10" M, for AGN (orange error bars) and
non-AGN galaxies (blue error bars). The cross and plus markers indicate the specific ULX
frequency and the mean stellar mass of the samples in Zhang et al. (2012) and Plotkin et al.
(2014). The circles indicate the computed values by convolving the binary population
synthesis results of Wiktorowicz et al. (2017) with average SFH of ETGs in McDermid
et al. (2015). Note that the x-axis error-bars do not indicate bin widths, but the standard
deviation of the stellar masses of the galaxies contributing in each bin, to give a sense of
the stellar mass distribution in each bin.

‘full’ sample lies in the 1.6x10'° My-10!! Mg, range, for both elliptical and lenticular
galaxies, while in the case of the non-AGN sample, lenticular galaxies present higher
masses, 1.4-4x101° M, compared to that of the elliptical galaxies, 0.5-3.5x10" M.

3.5.5 Comparison with models

Comparison of binary population synthesis models and demographic studies of
ULXs provide tests for models of the formation and evolution of X-ray binaries with
extreme mass transfer rates.

We compare our findings with the results in Wiktorowicz et al. (2017), who
computed the observed number of ULXs as a function of time for three different
metallicities (0.01, 0.1 and 1 Zg). Since the SFR indicators used in our study are based
on the IR emission which is sensitive to stellar populations of ages up to ~100 Myr

(Kennicutt & Evans 2012), we compare our results with the number of ULXs reported in
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Wiktorowicz et al. (2017) observed after 100 Myr for a starburst scenario for 6 x 101 M,
of stars formed with 100 Myr duration. They report 4 x 10 ULXs which corresponds
to a formation rate of 0.67 ULXs per Mg, yr™!. This value is close to our results for all
LTGs (0.5140.06 ULXs per M, yr~!; see Table 3.4.2).

To study the effect of metallicity, we also consider the 0.1 Z; simulation from
Wiktorowicz et al. (2017). The resulting formation rate is 12 ULXs per Mg yr™!, about
18 times stronger than that in the case of Z=Z. As shown in Figure 3.5.3, our sample at
such low metallicities is insufficient to estimate the excess of ULXs. However, we find
an excess of ~0.7 dex in the ULX rate for ~0.3 dex lower metallicities in comparison
to the bulk of the galaxies (which are predominantly solar metallicity galaxies). This
translates to a factor of ~5 more ULXs at Z=0.3Z which is between the expectations
from the models of Wiktorowicz et al. (2017) for Z=0.1Z, and Z=Z.

However, the SFHs of real galaxies may present individual star-formation episodes
(as can be the case in irregular galaxies). This is expected to have a strong effect
on the formation rate of XRBs, as it has been demonstrated in HMXB populations
(e.g., Antoniou & Zezas 2016; Antoniou et al. 2019; Lehmer et al. 2019), and the
observed populations of ULXs which are typically associated to recent star-formation
episodes. Although the SFHs of the galaxies in our sample are not known, based on the
simulations of Wiktorowicz et al. (2017) we can estimate the range of ULX formation
rates as a function of time in a continuous SF episode over a time-scale of 100 Myr. We
compute the formation rate as the number of ULXs at time ¢ from fig. 2 in Wiktorowicz
et al. (2017) divided by the stellar mass of the parent population formed in the same
SF episode. By performing this computation for various values of t<100 Myr, we
find formation rates in the range 0 — 1.58 ULXs per Mg yr™! (see Figure 3.5.5) close to
the range of the ULX-SFR scaling in samples of different morphological classes (see
Table 3.4.2), except for the late-type spiral galaxies and irregulars (Sd-Im). The latter
present an excess of ULXs due to their lower metallicities (see §3.5.2).

In the case of ETGs, most of the ULXs are expected to be long-lived systems of
LMXBs with ages >100 Myr, but as shown in Wiktorowicz et al. (2017), the number
of ULXs decreases with time since the SF episode. Therefore, the number of observed
ULXs in ETGs, depends strongly on the SFH. In addition, recently, it has been shown
in McDermid et al. (2015) that the age of stellar populations in ETGs can vary more
than it was thought before. In order to compute a fiducial range of specific ULX
frequency in ETGs, we use the average SFH of ETGs in McDermid et al. (2015) in three
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Figure 3.5.5: Formation rate of ULXs as a function of time since the onset of a star-
formation episode (with constant SFR) based on the simulations of Wiktorowicz et al.
(2017) for solar metallicity. The horizontal lines indicate the parameter a (number of ULXs
per SFR) found in different morphological types of LTGs in our sample (see Table 3.4.2).
The range of a in LTGs is comparable to the range of the computed formation rate of ULXs
at timescales of 10 — 100 Myr, except for Sd-Sdm and Sm-Im galaxies, possibly because of
their sub-solar metallicity (see §§3.5.2, 3.5.3).

stellar-mass ranges: log M, € (9.5,10.0), (10.0,10.5) and (10.5,11.0). These ranges
cover the majority of the ETGs in our sample (~90%).

For the three average SFHs, we compute the number of expected ULXs at the
present time by convolving the SFHs (cf. Kouroumpatzakis et al. 2020) with the ULXs
rates” per unit stellar mass from the prediction of Wiktorowicz et al. (2017) for solar
metallicity. Then, we divide by the the midpoint for each mass range in order to calcu-
late the specific ULX frequencies in each mass range. We find 70.1, 16.7 and 5.1 ULXs
per 1012M;, for the low-, intermediate- and high-mass ETGs, suggesting that the ULX
content of ETGs is indeed a strong function of SFH (see Figure 3.5.4). These estimates
are comparable to the rates we derived from our ETGs sample, b=15.1"3? ULXs per
10*Mg, for non-AGN ETGs, and b=6.3*{) ULXs per 10'*M, for the full ETGs sample

9
(which is biased towards the higher mass bin; see Table 3.4.2 and Appendix 3.B).

Since Wiktorowicz et al. (2017) do not provide an instantaneous SB response function, rather a SB
of duration of 100 Myr, the convolution is performed in bins of 100 Myr.
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3.5.6 Limitations of this study

The parent sample of the HECATE, the HyperLEDA, includes galaxies and mea-
surements from a multitude of surveys with different sky coverage and sensitivity.
Similarly, parameters provided in HECATE (e.g., SFR, M,, metallicity, AGN classifica-
tions) are derived from combinations of data from all-sky surveys (e.g. IRAS, 2MASS)
and the SDSS (e.g., M/L ratios, WISE forced photometry of SDSS objects). Despite the
unknown selection function of the parent sample, the HECATE is the most complete
sample of galaxies in the local Universe with available information on their stellar con-
tent, allowing us to draw meaningful conclusions regarding the ULX scaling relations
covering a very broad stellar mass (107.5-10'!-> M) and SFR range (1072°-10% M yr™;
§3.3.3.2).

Similarly, the serendipitous nature of the CSC 2.0 leads by definition to a non-
uniform X-ray sample. In addition, to avoid contamination from X-ray emitting AGN,
we exclude nuclear sources in galaxies that were either classified as AGN or we did
not have information on their nuclear activity. The drawback of this approach is that

we may have excluded circum-nuclear ULXs.

Finally, for the study of scaling relations, we primarily consider a secure sample
of non-active galaxies to avoid the overestimation of SFR and M, due to nuclear
activity. This practice reduces the sample used for the ULX investigations, and may
have removed known bona-fide starforming ULX hosts (e.g., Holmberg II). In addition,
it leads to a bias against massive galaxies which are more likely to be targeted as AGN
hosts. As discussed in §3.5.4, including the AGN sample, at least in the ETGs, does not

bias the measured galaxy properties.
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3.6 Summary

We construct a census of ULXs in nearby galaxies (D<40 Mpc) by cross-matching
the CSC 2.0 and the HECATE. We use this sample in order to study the ULX rates as
a function of morphology, SFR, M, and metallicity of their host galaxies. We deliver
a sample of host galaxies and their ULX populations that serves as a benchmark for

models describing the nature, formation and evolution of ULXs. We

(i) constrain the number of ULXs in LTGs as a function of SFR, and both SFR and
M (to account for the LMXB contribution):

SFR
Nute = (0.51 % 0.06) X ———— (3.11)
oyr
SFR
_ +0.06 +3.8 *
Nux = 0.45_0'09 X Mo yr_l + 3.3_3.2 X m (312)

(ii) find that the ULX-SFR scaling increases with the morphological type of LTGs.

(iii) verify the excess of ULXs in low-metallicity galaxies, which partially drives the

above mentioned trends with the morphological type.

(iv) find evidence for evolution of the specific ULX frequency in ETGs with their M,,
which we attribute to their different SFHs.

(v) find that our observed scaling relations can be reproduced by published ULX
formation rates from population synthesis models when accounting for the
galaxies SFHs and/or metallicity.

While eROSITA (Predehl et al. 2010; Merloni et al. 2012) will provide a uniform
flux-limited sample of normal galaxies and ULXs in the local Universe (e.g., Basu-Zych
et al. 2020), serendipitous surveys with Chandra will continue to probe unconfused
ULX populations at larger distances and their connection to the lower luminosity XRB

populations.
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Appendix 3.A Galactocentric scale parameter

We define the galactocentric scale parameter, c, as the deprojected distance of a
source from the centre of its host galaxy, normalised by the galaxy’s semi-major axis.
Since the shapes of the galaxies in our study are defined through isophotal ellipses and
the length of the semi-major axis is free of projection effects, we observe that ¢ can be
computed as the ratio of the semi-major axes of two projected ellipses: a scaled version
of the isophotal ellipse (same centre, orientation and axis ratio) passing through the
source, and the isophotal ellipse itself. Consequently, for a source at (a5, J5) and a
galaxy centred at (ay, §,) with semi-axes Ry, R, and position angle & measured from
North to East, the scale c is found by

(i) rotating the coordinates so that the centre of the galaxy falls in (a, §)= (0, 0) and

the semi-major axis is on a meridian (a=0)

(i) setting the sum of the great-circle distances of the source from the focal points

to be equal to two times the semi-major axis (of the scaled version of the ellipse)

Step (i) is performed by converting the spherical coordinates to Cartesian (unit

radius):
(x,y,z) = (cos ds cos as, cos ds sin a, sin J;) , (3.13)

and rotating around the z-axis by —ay, the y-axis by §, and the x-axis by —w (to

align the semi-major axis with the meridian), by multiplying with the corresponding
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3D-rotation matrices:

/

X X
Y | = Re(—w) - Ry(Jy) - Re(—aty) - [y | (3.14)
4 z

The final coordinates are converted back to spherical coordinates:

/

N

(a,8) = [tan™! —cos 7). (3.15)

,°

=
S

Figure 3.A.1: The scaled version of the
ellipse passing through the source (P).
The separation of the source s and its

a distance from the two focal points (F,
F’) is denoted with green dashed lines.
The solid black lines denote the semi-
major and semi-minor axes, while the
dashed black lines indicate the distance
of the co-vertex (A) to the focal points.
The co-vertex A is introduced so that
the focal distance f is estimated in an
intermediate step.

Step (ii) consists of finding the parameters of an ellipse shown in Figure 3.A.1
for which the semi-major and semi-minor axes are scaled versions of the original
ellipse (r1,r2) = (cRy, cRz). This is done by requiring (F, P) + (F/, P) = (F,A) + (F', A)
where (A, B) denotes the great-circle distance between points A (a1, 1) and B (a, 82),
computed by employing a form of the Haversine formula which is more precise for

nearby points:

a; —az

5 -6
s=2sin"! \/sin2 % + cos &1 cos &, sin® (3.16)
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The solution in terms of ¢ (the scale of the ellipse) is found by solving for c the

equation:
sin 'V +w+sin ' Vut +w = cRy, (3.17)
where
u* = sin® @, w = cosfcos5sin2 g,f = cos™! [M] ) (3.18)
2 2 cos (cRy)

Since the Equation 3.17 is not in closed form, it is solved numerically. Due to the
periodicity of trigonometric functions, there are multiple solutions corresponding to
ellipses engulfing the celestial sphere multiple times. To avoid this, we require that r;
is less than 7. Also, the separation of the source from the centre of the galaxy acts as a
lower and upper limit for the semi-major and semi-minor axes respectively. Therefore

the galactocentric distance is constrained on

s (s &«
c€|—,min{—,—¢|, (3.19)
R; Ry, 2Ry

where s is now expressed in the transformed coordinates as:

é o
s = 2sin”' 4/sin® = + cos I sin® —. (3.20)
2 2

Appendix 3.B Results of fits with and without AGN
hosts

As described in §3.3.3.2, the far- and near-infrared emission from AGN may bias
the estimates of SFR and M, in our sample. Therefore, when fitting the models in
§3.4.3, i.e. number of ULXs as a function of SFR and M, in late- and early-type galaxies,
we considered only galaxies that were classified as non-AGN in the HECATE. Here, we
perform the same analysis for the complete sample (including the AGN and unclassified
galaxies). The results of these fits also enable the direct comparison of this study with

previous works where the AGN-hosts were not excluded from their samples.
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Figure 3.B.1: Comparison of fitting results between non-AGN and ‘full’ samples. Top:
the scaling parameter a (see Equation 3.8) in non-AGN LTGs (dashed black line) and its
68% CI (grey band), and in the ‘full’ sample (orange line and band). Fitting results for
various morphological subclasses of LTGs are shown with error bars. Bottom: same as

top panel, but now for the scaling parameter b (see Equation 3.7) in ETGs and separately
in elliptical and lenticular galaxies.

In the following paragraphs, the complete sample without removing any AGN
hosts is referred as ‘full’ sample. The sample used in §3.4 and §3.5, where galaxies
with nuclear activity or lacking classification in the HECATE were excluded from the
fits, is referred as ‘non-AGN’. The ‘full’ sample is larger than the ‘non-AGN’ sample by

a factor of ~4 in elliptical, ~3 in lenticular, ~2 in spiral and ~ 1.2 in irregular galaxies.

The top panel of Figure 3.B.1 shows the scaling of the number of ULXs with
the SFR (parameter a in Equation 3.8) in LTGs (top left) and their morphological
sub-classes (top right), for the full (black) and the ‘non-AGN’ (orange) samples. We
find a = 0.45*):92 ULXs per M yr~! in the case of the ‘full’ sample, lower than that
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Figure 3.B.2: The best-fitting values (X symbols) and, 68% CIs (lines) of the scaling
parameters o and f of Equation 3.9, for all late-type galaxies (solid) and their non-AGN
subset (dashed). The bias due to the overestimation of SFR in AGN hosts, manifests as an
underestimation of the scaling parameter a. The value of f is highly uncertain to notice
any bias due to the inclusion of AGN (lower contribution of old stellar populations in the
number of ULXs in LTGs).

of the ‘non-AGN’ group, 0.51+0.06 ULXs per M yr!. However the difference is not
significant (~10). The comparison between the ‘non-AGN’ and ‘full’ sample for the
ULX-SFR scaling in different morphological types is not conclusive because of the

large uncertainties (see Figure 3.B.1).

The bottom panel of Figure 3.B.1 shows the posterior probability distribution of
the scaling of the number of ULXs with M, (b) for the ‘full’ (solid line) and ‘non-AGN’
(dashed line) ETGs. We find that the specific ULX frequency is significantly lower when
‘full’ ETGs are considered (6.3*};) ULXs per 10'2M) than in the case of ‘non-AGN’
ETGs (15%37% ULXs per 10'*Mg), with similar results between elliptical and lenticular
galaxies.

For the scaling of the number of ULXs with SFR and M, in LTGs, the posterior
distribution of the two scaling factors (@ and f§) considering the ‘full’ sample is shown in
Figure 3.B.2. For comparison we also show the ‘non-AGN’ case (dashed lines; presented
in §3.4.3). We find for the 233 galaxies in the ‘full’ sample, hosting 328 ULX candidates
(48.7 expected f/b sources), a = 0.35"9% My yr™ and f = 6.8"25x107> ULXs per
102Mg (marginalised). The difference of the posteriors for the scaling factor « is

consistent with the difference seen in the fits with SFR scaling only.
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Given their broad-band SED, AGN may have significant contribution in the op-
tical/UV of their host galaxies, and also in their FIR emission in the case of type-2
AGN (cf. Risaliti & Elvis 2004). However, their contribution in the near-infrared part
of the spectrum is relatively small. Therefore, the difference we find in the specific
ULX frequency between the ‘full’ and ‘non-AGN’ samples of ETGs is unlikely to be
due to an overestimation of the K-band based M, estimates in possible AGN in the

full sample.

This is supported by the X-ray luminosities of the nuclear sources in the full ETG
sample. These are very low (only one exceeds 10*! erg s™!), indicating that if there is
an AGN its contribution to the K-band luminosity may not be significant. Additional
support comes from the ratio of the nuclear and the total K-band luminosity in a
representative sample of star-forming galaxies of Bonfini et al. (2020; submitted). This
study (based on morphological decomposition of K-band images of the Star-Formation
Reference Survey; Ashby et al. 2011) shows that the typical AGN contribution to the
galactic K-band luminosity is <10%. We conclude that the M, estimates in AGN-hosts
are not expected to be significantly biased upwards by the potential presence of an
AGN.

Therefore, as discussed in §3.5.4, the difference in the specific ULX frequency in
the non-AGN and the ‘full’ ETG samples is the result of the SFH differences in ETGs

of different stellar masses.

Appendix 3.C Detailed comparisons with previous

ULX surveys

In the following subsections we compare our results with two major surveys of
ULXs in the local Universe: Swartz et al. (2011) (hereafter S11) and Wang et al. (2016)
(hereafter W16).

3.C.1 Comparison with Swartz et al. (2011)

Based on the total late-type galaxy sample in our study, we find a SFR scaling
factor of ~0.51+0.06 ULXs per Mg yr~! (see Table 3.4.2) which is ~4 times lower than
that found by S11 (~2 ULXs per Mg yr™1).
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The main reason behind this discrepancy is the different samples of host galaxies
in terms of morphology: S11 consider a large population of late-type and irregular
galaxies, as shown in their fig. 1). Using the reported fractions of morphological
types in their sample, and our fitting results for a in different sub-classes of LTGs
(see Table 3.4.2), we compute the expected number of ULXs in a sample with the
same distribution of morphological types as in S11, based on our findings. We find
1.2 ULXs per Mg yr™1, a factor of 2.4 higher than in our sample. Another reason for
this discrepancy could be differences in the X-ray photometry of the sources’. Indeed,
for the 99 common X-ray sources (cross-match radius of 3”), only 73 of them are
characterised as ULX candidates by us, while we find that the luminosities we report
are smaller by ~ — 0.4dex (a factor of ~0.4) compared to those computed by S11.
Assuming a cumulative slope of 0.6 (appropriate for the HMXB-LF; Grimm et al. 2003;
Mineo et al. 2012), this corresponds to a lower number of ULXs by a factor of ~1.7
compared to S11. In total, the combination of the two factors give a factor of 4.2 lower

estimate of the SFR scaling factor in our sample, explaining the difference we find.

Finally, in our sample, we find ~0.68 + 0.10 ULXs per elliptical galaxy (see Ta-
ble 3.4.1) which is significantly higher than the rate (0.23) reported in S11. We attribute
this discrepancy to the small number statistics, and the under-representation of ellipti-
cal galaxies in S11. On the other hand, the fraction of elliptical galaxies in our sample
is similar to that of W16, which presents comparable number of ULXs per elliptical
galaxy (0.43+0.11).

3.C.2 Comparison with Wang et al. (2016)

We cross-check the number of ULXs in our sample against the results of W16, the
largest and most recent study of ULX demographics with Chandra observations. To
do so, we compare the total number of ULXs in the common galaxies in our sample
and in that of W16.

As a first step, we cross-match the two galaxy samples. Out of the 343 galaxies in
the sample of W16, 315 are associated with our host galaxy sample. The remaining 28

galaxies are not included in our sample for various reasons. In 22 cases, the targets

S11 used a count-rate to flux conversion factor assuming an absorbed power-law model with
I' = 1.8 and, for sources with > 130 counts, performed spectral fits or adopted published results.
Instead, we adopt the aperture-corrected net energy flux from the CSC 2.0.
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were observed with shallow observations (exposure times < 5ks) and Chandra did
not detect any source. In the remaining six cases, the sources in W16 do not lie in
the D5 regions of the galaxies, our criterion for associating sources to host galaxies
(NGC3066, NGC1507), or the observations were not included in the CSC 2.0 (NGC3489,
NGC3489, PGC48179, PGC35286).

However, there are three additional important differences between this study and

that of W16 that need to be considered in the comparison:

(i) In W16, X-ray sources must exceed 2x10%° ergs™! in X-ray luminosity to be

considered as ULX candidates, instead of our criterion of Lx>103° erg s1.

(i) The X-ray source sample of W16 was taken from Liu (2011) who computed the
fluxes of the sources using a count-to-flux conversion assuming a power-law
spectrum with I'=1.7 and Galactic line-of-sight absorption. Instead, we use the
net energy of the photons as reported in the CSC 2.0 (see §3.3.5).

(iii) In this study, we associate sources to a host galaxy if they lie in its D5 region. In
W16 the 2xD,s5 regions are used, namely the sky ellipses with twice the major

and minor axes.

In order to account for the luminosity difference, we cross-match our X-ray
sample with the one used by W16, and we find that our luminosities are 6% smaller
(median ratio; scatter of 0.5 dex). Therefore, for this comparison only, we will consider

0% erg s™!

as ULXs in our sample, the ‘reliable’ X-ray sources with Lx > 1.89 X 1
to account for the above mentioned luminosity offset. We find a total of 186 ULX
candidates in our sample. The same luminosity limit is used to calculate the expected
foreground/background contamination (see §3.3.6), for which we find 37.9 sources,
leading to a final estimate of 148.1 ULXs in the 315 galaxies, based on our emulation

of the W16 sample.

To correct for the difference between the number of sources in the Dys and 2XD5s
regions, we cross-match the X-ray sample with the HECATE and find that the number
of X-ray sources that lie in the 2XD,5 regions is 35% larger than the number of sources
in the D;5 regions. Therefore, the number of ULX candidates in the 2XD,s5 regions,
215, as reported in W16, corresponds to about 159.3 candidates in the D,5 regions. By
subtracting one forth of the, reported by W16, number of interlopers (since the area

of the Dy5 regions is four times than the area of the 2x D55 regions), we find that the
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number of ULXs in the D55 regions is 151.1, close to the value we find in our sample
(148.1).

Lastly, the ULX rates above 2, 3, 5 and 10x10*° erg s! in the different morphologi-
cal types in our sample (see Table 3.4.1) are consistent at the 20-level with the rates
found in the table 2 in W16.
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Source confusion and ULXs

4.1 Background

Source confusion (or blending) is an inherent problem in astronomical surveys.
Its magnitude depends on the telescope resolution, and the spatial distribution of the
sources. Due to the relatively low resolution of X-ray observatories, source confusion
limits the distance at which sources can be probed in external galaxies. While luminous
sources like active galactic nuclei (AGN) may dominate the output of their host galaxies
and can be studied even at high redshift, sources of lower luminosities, such as X-ray
binaries (XRBs), may be blended in nearby galaxies.

In the case of low-mass XRBs, which follow the mass distribution of galaxies,
confusion is expected to be more significant in the bulges and circum-nuclear regions
of galaxies. On the other hand, the confusion of high-mass XRBs, which are associated
to star-forming regions, is dictated by the clumpy and hierarchical nature of star-
formation (e.g., Elmegreen & Elmegreen 2001). Consequently, the magnitude of the
confusion effect may vary depending on the morphological type of the galaxies, and

hence their ‘clumpiness’ (e.g., Elmegreen et al. 2009).
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If the effect is significant, the numerous sources in the lower-end of the lumi-
nosity function (LF), will have a higher chance of being blended into other sources
of comparable or higher luminosities. Therefore, the numbers of faint sources will
decrease, and additional brighter sources will appear in the luminosity function. The
overall effect will be seen as a flattening of the LF, and a decrease in the total number

of sources (i.e., normalisation constant).

Source confusion limits the study of XRBs as individual objects to the Milky Way
and nearby galaxies (D<10 Mpc). This introduces major challenges in demographic
surveys of XRBs: the lower the distance, the smaller the sample size, and the variety
of the hosting galactic environments. For example, the Galactic neighbourhood is
dominated by late-type galaxies, with massive elliptical galaxies being encountered
usually at more distant galaxy clusters (>16 Mpc). Consequently, studies of X-ray
binary populations in the context of the stellar population parameters of their host
galaxies, and the respective scaling relations (e.g., Grimm et al. 2003; Gilfanov 2004;
Mineo et al. 2012; Zhang et al. 2012; Brorby et al. 2014; Lehmer et al. 2019) are limited

to a narrow parameter space (in star-formation rate, stellar mass, and metallicity).

The above mentioned surveys are important for: (i) understanding the formation
and evolution of XRBs; (ii) understanding the connection with the star-formation
history and metallicity of the host galaxies; and (iii) constraining stellar and binary
evolution theory. The quantification of the source confusion effect on the LFs, demo-
graphics and scaling relations, is crucial for fully exploiting data from previous and
current observations (e.g., Chandra, XMM-Newton), as well as upcoming surveys (e.g.,
eROSITA, Athena).

4.1.1 Addressing the source confusion problem

The obvious way to reduce the source blending effect in a survey, is to use a
high-resolution telescope for the observations. For this reason, studies of XRBs in
external galaxies are usually performed using the Chandra X-ray observatory (e.g.,
Fabbiano et al. 2006).

In demographic studies, an optimal distance limit is adopted for minimising the
effect of confusion, while covering an adequate sample of galaxies. For example,

studies focusing on bright HMXBs (e.g., Lx>10% erg s™!), and ultraluminous X-ray
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sources (ULX; by definition Ly >10%, erg s™!), usually choose a distance limit of 40 Mpc

for the galaxy sample (e.g. Mineo et al. 2012). This limit was also our choice in §3.

One way to quantify the effect of confusion in the LF of XRBs (especially in studies
of even more distant galaxies: D>70 Mpc) is to perform a simulation of X-ray data
constructed by distributing artificial XRBs (from canonical LFs) according to the star-
formation rate map (or a proxy of it) for a given galaxy. Following this procedure,
Basu-Zych et al. (2016) tested whether the observed excess of ULXs in local (D~85 Mpc)
Lyman-break analogs can be attributed to confusion effects or their low-metalliciy
which is known to lead in increased numbers of ULXs (e.g. Mapelli et al. 2010). This
approach is not practical for large galaxy samples, since it relies on modelling each

galaxy separately.

In this work, we aim at quantifying in a statistical way, and as a function of
distance, the effect of confusion in the luminosity functions of XRBs, and especially
the population of ULXs, which have been the focus of our recent study using Chandra
data (see §3). In §4.2 we describe the methodology for simulating X-ray observations
of galaxies at different distances, the analysis of the simulated data, and the confusion
metrics we use. In §4.3 we present the results, and in §4.4 we discuss the implications

of these findings for demographic studies of ULXs.

4.2 Methodology

To study the effect of source confusion in X-ray observations, we obtain X-ray
images of nearby galaxies (D<10 Mpc). Then, by binning them at different scales, we
will simulate the conditions of observing them at larger distances. By detecting the
X-ray sources in the original and simulated distances, we will obtain the necessary data
for exploring the effect of source confusion in the luminosity distributions of X-ray
sources. This data will be used to estimate the distance at which ULX populations

remain virtually unaffected by source blending.

4.2.1 The galaxy sample

In order to investigate the source confusion as a function of the distance, we

require a sample of nearby galaxies for which we can obtain a relatively complete
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Table 4.2.1: Basic parameters of the galaxy sample.

Name RA Dec Type R, R, D Coverage fmin N
(1) (2) 3) @ G) (6 ) @) (9 (10)
M51 202.46955 47.19515 SABb 69 58 8.6 1.00 2.8 243
M63 198.95540  42.02928 Sbc 59 4.0 89 1.00 29.7 62
M33 204.25390 -29.86563 Sc 6.8 6.5 438 1.00 2.7 319
M101 210.80237  54.34902 SABc 12.0 115 6.9 1.00 1.1 246
NGC 55 3.72337 -39.19658 SBm 149 15 1.8 091 15.1 68
NGC 300 13.72302 -37.68448 Scd 9.7 65 2.0 099 7.2 131
NGC 2403 114.21424  65.60242 SABc 100 5.0 3.3 098 6.2 91
NGC 2903 143.04205 21.50157 Sbc 60 26 94 1.00 15.1 58
NGC 4449 187.04626  44.09363 1B 23 14 47 1.00 20.0 26
NGC5253 20498330 -31.64004 SBm 2.5 1.1 3.8 1.00 9.7 21
NGC 6946 308.71917 60.15352 SABc 57 54 55 1.00 4.0 129
NGC7793 359.45759 -32.59107 Scd 52 3.0 34 1.00 7.3 36

Column descriptions: (1) Galaxy in Messier or NGC catalogue; (2) Decimal J2000.0 right
ascension in degrees; (3) Decimal J2000.0 declination in degrees; (4) Morphological type;
(5) D5 semi-major axis in arcmin; (6) D25 semi-minor axis in arcmin; (7) Adopted distance
in Mpc; (8) Fraction of D5 area covered by Chandra observations; (9) Flux of the faintest
source in 1071% erg s™! cm™2 at the Dy5 region in the original image; (10) Number of X-ray
sources at the Dy5; region in th original image.

census of their XRB populations. We select galaxies from the host galaxy sample

presented in §3, requiring they meet the following criteria:

1. distance less than 10 Mpc, to avoid source confusion effects at the original

distance;

2. larger than 90% coverage in the D;5 region, to avoid over-representation of

specific regions (e.g., bulges, disks);

3. atleast 20 X-ray sources detected at the original distance, to avoid small number

statistics;
4. morphological type later than Sb, to study the actively star-forming galaxies;
5. galactic latitude |b|> 10 deg, to avoid significant galactic absorption;

In addition, we exclude edge-on galaxies with strong galactic winds, since diffuse
emission clumps will significantly contaminate the population of detected X-ray
sources. In total, we select 12 galaxies, the basic parameters of which are listed in
Table 4.2.1.
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4.2.2 The X-ray source sample

The X-ray data needed for this study, are the luminosity distributions of X-ray
sources in each galaxy at the original distances, as well as simulated distances. We
adopt the following set of distances: 5, 10, 20, 30, 40, 50, 60, 80, and 100 Mpc. This
range of distances covers the full range of our ULX census in §3 and extends more
than twice the distance limit of 40 Mpc which is commonly adopted in HMXB and
ULX demographics.

Firstly, we obtain X-ray images from the Chandra archive for each galaxy. The
analsis of the data is performed with ciao 4.12. First, the event files are spatially
binned at different scales to create images emulating the observation of galaxies
at different distances. We use wavdetect to detect sources in these images. The
source detection is performed on scales of 2, 4, and 8 pixels in order to minimise
contamination by extended diffuse emission clumps, while ensuring the detection of
sources broadened by the effect of PSF at the edges of the field for large, extended
galaxies. In the case of galaxies with 5 Mpc<D<10 Mpc, we do not produce images at
the simulated distance of 5 Mpc. By performing source detection on the binned images
we produce source lists for each galaxy, at each simulated distance. In our analysis
we only use sources with signal-to-noise ratio above 3. Figure 4.2.1 shows the galaxy
M&83, along with the positions of the sources detected at the minimum (5 Mpc) and

maximum distance (100 Mpc).

In order to convert the count rate to luminosity, we assume a power-law spectrum
with photon index T' = 1.7, and line-of-sight column density Ny=10%° cm™%. While
the assumed model will affect the absolute luminosity of the detected sources, it will
not affect the comparison between the simulated sources for the different distances.
In Appendix 4.A, we present the resulting luminosity distributions of the sources for

each galaxy and distance.

Demographic studies of ULXs often exclude nuclear regions from their analysis
(e.g., Swartz et al. 2011; Wang et al. 2016; Kaaret et al. 2017; Kovlakas et al. 2020). In
order to provide insights for similar studies, we also construct LFs excluding nuclear
sources, i.e., with separation less than 3 arcsec from the centre of the galaxy in each
simulation, following our criterion in §3.3.7. The LF of off-nuclear sources are shown

in Figure 4.A.2.
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M . - 1
to ), g
Figure 4.2.1: DSS-blue image of M83 and the X-ray sources in its D,5 region, detected for
the original distance of 4.8 Mpc (cyan filled circles) and the simulated distance of 100 Mpc
(red squares). The number of sources at 100 Mpc is relatively small, and are characterised

by the joint emission of multiple sources (at the original distance), especially at regions of
high source density (e.g., the nucleus).

4.2.3 Source confusion metrics

To quantify the effect of source confusion we use three metrics, presented in the
following paragraphs.

4.2.3.1 Flattening of the luminosity functions

We probe the expected flattening of the LFs by studying the evolution of the slope
of the LF with distance. We assume a simple power-law model, ‘2—12[ o L7971 The
cumulative slope, a, and its uncertainty, are estimated though the maximum-likelihood

formulas of Crawford et al. (1970).
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The calculated slopes and uncertainties are used to test for monotonicity in dif-
ferent ranges of simulated distances. We perform ordinary least square fits of the
distance vs. slope data, where the slopes are Monte Carlo sampled from the Gaussian
distributions with means and standard deviations equal to the estimated slopes and
their uncertainties. If the 90% of the linear slopes are found negative (positive) we

consider that the LF slope at the specific distance range is decreasing (increasing).

4.2.3.2 Number of ULXs as a function of distance

Since we are interested in the ULX regime of the LFs, we cannot rely on the com-

0% erg s™! due to the small number of luminous sources. For

putation of slopes above 1
this reason, we directly count the number of ULXs in each sample galaxy. Essentially,
a change in the number of ULXs with distance in each galaxy, indicates the distance

at which source blending affects their number.

4.2.3.3 Confusion distance as a function of luminosity

While the first metric (power-law slope) accounts for all sources in the LF, it may
be biased by deviations from the simple power-law, but more importantly it does not
probe the confusion effect at different luminosities. On the other hand, the second
metric (number of ULXs) while focusing on the ULX regime, it may be affected by
small number statistics. For this reason, we define a new metric, the confusion distance

which combines advantages of both of the above metrics.

Specifically, the confusion distance at luminosity L in a given galaxy, is the distance
dc so that at any distance above dc, the number of sources with luminosities above L
differs from the number of sources above the same threshold at the original distance,
by at least two. The value of two is selected so that the metric is not sensitive to
stochastic effects that may produce small fluctuations. Finally, assuming different
luminosity thresholds, and combining the estimates of dc for all galaxies in our sample,

we estimate the average confusion distance as a function of the source luminosity.
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4.3 Results

4.3.1 Slopes of luminosity functions

Figure 4.A.3 shows the slopes of the LFs of all sources in each galaxy, at each
simulated distance. Based on the results of the monotonicity tests (see §4.2.3.1), we
find a trend for flattening of the LF slope as a function of distance for three galaxies
(M101, M83, and NGC 2403). Fore another four galaxies (NGC 6946, NGC 7793, NGC 55,
and NGC 300) we do see a similar trend, which however is not systematic: it appears
mostly when comparing slopes at D <40 Mpc with slopes at D>40 Mpc. In four galaxies
(NGC 4449, NGC 5253, M51, and M63) we do not see any evidence for significant change
in the slope within the uncertainties. Interestingly, we find an increase of the slope
with distance, in NGC 2903 between D = 10 Mpc and D>50 Mpc.

The above findings do not change when excluding the nuclear sources (see Fig-
ure 4.A.4), as it is expected by their small contribution in the overall populations, and

consequently their negligible effect in the computation of the slopes.

4.3.2 Number of ULXs as a function of distance

We count the sources with luminosities above 103° erg s™! (henceforth, Nyrx) in
each galaxy in our sample, and for all distances (see left panel of Figure 4.3.1). In half
of the galaxies (M83, NGC 2403, NGC 4449, NGC 5253, NGC 6946, and NGC 7793) there
is an increase of Nypx at various distances in the range of 10-100 Mpc. On the other
hand, in the ULX-rich galaxies, M51, M63, M83, and NGC 2903, we notice fluctuations
in the number of ULXs as a function of distance: they initially decrease at 10-40 Mpc,
but increase at 80-100 Mpc. In the remaining galaxies, NGC 55 and NGC 300, there is

no ULX found even at large distances.

The above trends are also observed when excluding the nuclear regions of the
galaxies (see right panel of Figure 4.3.1), with the following differences: (i) the fluc-
tuations in Nyrx are reduced, (ii) the extra ULXs appearing in M83 (at D=100 Mpc),
NGC 2903 (at D=100 Mpc), and NGC 4449 (at D=60 Mpc) are not found anymore, (iii)
no ULX is found in NGC 5253, NGC 6946.

The mean distance at which the number of ULXs increases, and its standard error,

is 63+9 Mpc, with scatter 30 Mpc. Similar results are obtained when excluding nuclear
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Figure 4.3.1: Left: the number of ULX candidates in each galaxy, as a function of
the distance. Small (<0.3) offsets have been applied in the data of a few galaxies, for
visualisation purposes. Right: same as the left panel, but excluding nuclear sources.

sources (62+15 Mpc with scatter of 34 Mpc). Due to the small number of sources, this

experiment cannot provide a statistically significant answer to our question.

4.3.3 Confusion distance results

Figure 4.3.2 shows the confusion distance estimates for the galaxies in our sample,
evaluated at a grid of luminosity thresholds extending to the full range of X-ray
luminosities in our sample”. We observe that the confusion distance increases with
luminosity. Around the ULX limit, Lyx>10%° erg s~1, the confusion distance is observed
at 40—100 Mpc.

To quantify the average trend in our sample, we apply a Kernel smoothing method
to the dc estimates of all galaxies, as function of luminosity. Specifically, we use

local linear regression which accounts for changes in the slope in the data (e.g.,

*

We selected a spacing of 0.01 dex for visualisation purposes. We note that this value does not
affect the results. The metric d¢ exhibits a ‘cumulative logic’, similar to the cumulative luminosity
functions which can be evaluated at any interval.
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Figure 4.3.2: The confusion distance d¢ for each galaxy (see labels), and for all (top) or
off-nuclear sources (bottom). The black line represents the average confusion distance,
obtained by smoothing the data points from all galaxies, whereas the dashed lines en-
compass the 68% CI of the average. At the ULX limit (10%° erg s™!; see vertical line), the
average confusion distance when accounting for all sources is 87+28 Mpc, whereas after
excluding nuclear sources is 91+29 Mpc.
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Cleveland 1979), with a Gaussian kernel of bandwidth equal to 0.5 dex in X-ray lu-
minosity. Similarly, we calculate the local scatter at any given luminosity using the
weighted standard deviation with the weights computed using the same kernel as
above. The average confusion distance increases with luminosity, as expected from the
estimates from individual galaxies, and presents a flattening above Lx=10° erg s™1. At
Lx>10% ergs™!, and 10*° erg s}, we find d-=54+24 Mpc, and 87+28 Mpc, respectively.
Similar results are found when excluding nuclear sources: dc (10 erg s™1)=58+27 Mpc
and dc(10%° erg s71)=91+29 Mpc.

4.4 Discussion

4.4.1 The trends of slopes with distance

The investigation of the decrease of the X-ray luminosity function power-law
slope in §4.3.1 indicates that in more than half of the galaxies in our sample (seven),

the slope decreases at distances larger than 40 Mpc.

In four galaxies, however, the slopes are consistent with being constant along the
different distances, possibly due to the large uncertainties in the slope estimates, or
the small source density: two of these galaxies are the ones with the lowest number of
sources (NGC 4449 and NGC 5253).

Notably, the other two galaxies with almost constant slope, M51 and M63, along
with the galaxy in which we observe an increase of the slope with distance, NGC 2903,
are the most ULX-rich in our sample (at least four off-nuclear sources with X-ray
luminosity >10? erg s™!). The presence of ULXs is indicative of a highly star-forming
environment, the clumpy nature of which, may affect significantly the spatial scales
at which source confusion is important. Instead, the lack of systematic trends could
reflect differences in the spatial distribution between the ULXs and the fainter sources
(i.e., bright sources, including ULXs are more sparsely distributed, resulting in lower
confusion, while lower luminosity sources may be subject to confusion). In addition,
this could be the result of the rejection of sources that appear as extended sources
after binning the images. Such sources may not be recovered by the detection process

because of their larger spatial extent
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Figure 4.4.1: A 2.4x1.5arcmin® region around the central part of M83 in the original
X-ray image. Sources detected at the original distance are shown by red circles. Cyan
squares denote ULXs detected at the binned image corresponding to a distance of 10 Mpc.
The known ULX in M83 is detected at all distances (towards the left part of the image). The
three additional ULX candidates close to the nucleus, appear at 10 Mpc, only to become
blended into one nuclear source at D>20 Mpc.

4.4.2 Number of ULXs

As discussed in §4.3.2 (see also Figure 4.3.1), the number of ULX as a function of

fiducial distance is not a very reliable confusion metric.

The fluctuations in the number of ULXs as a function of the simulated distance, in
three galaxies, can be attributed to the diffuse emission clumps. In the case of M83,
at its original distance of 5 Mpc, we detect one source above 10*° erg s™!, which is a
known ULX (CXOU ]J133705.1-295207; Soria et al. 2012). However, at D=10 Mpc, in
the crowded, and diffuse-emission rich, circumnuclear region of the host galaxy, we
detect three additional ULX candidates. This is supported by the fact that the sums of
the luminosities of all sources, in the original resolution (unbinned image), detected
within a 5 arcsec radius from the confused sources, are less than the luminosities of
the latter. At distances >20 Mpc, these three sources, are blended together, so that

only two ULXs appear: the catalogued one, and the nuclear source. In Figure 4.4.1 we
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show the above mentioned sources on the original X-ray image used for our analysis.

The same effect is observed in NGC 2903. Two out of the five ULX candidates at
10 Mpc, are found close to the nucleus. At D=20 Mpc, an a additional circum-nuclear
source is detected. However, the three nuclear sources at these distances, are gradually

blended into two and finally one nuclear source, at 30 and 40 Mpc respectively.

In the third such galaxy, M51, with an original distance of 9 Mpc, we detect eight
ULX candidates. Two of them are found close to the nucleus, and become blended
at 20 Mpc. Four are found at large separations from the centre (~2 arcmin) and are
detected as unique sources at all probed distances. However, the remaining two ULXs,
are found also at large separations from the centre, but being close to each other

(~8arcsec), and are confused at D>40 Mpc.

The above fluctuations reveal the significance of the source confusion effect with
respect to the diffuse emission clumps, and the source-crowded regions, whether
circum-nuclear or star-forming. However, the fluctuations observed at D< 30 Mpc
may not affect significantly the statistics of large-scale demographic surveys, since
they average out as observed in our sample. On the other hand, the increase in the
number of ULXs observed at larger distances, is systematically observed in all galaxies,
for D>60 Mpc.

Another complication that becomes apparent from Figure 4.3.1 is the decrease in
the number of ULXs for some galaxies and distances <20 Mpc. We attribute this to
the rejection of extended clumps of emission by the source detection algorithm. In
this case, ULXs associated or close to other sources or diffuse emission clumps may
form extended structures when slightly binned. At larger distances these clumps will

appear point-like again, and the sources will be recovered.

However, there are galaxies for which no ULX is observed at all probed distances
(NGC 55, and NGC 300). This is expected due to their low total X-ray output, as
suggested by the integrated luminosity of the sources at the original distance being
close to the ULX luminosity threshold (log ' Lx =39.2 and 38.8, respectively).

4.4.3 Confusion distance

The confusion distance, d¢, increases with luminosity in all the galaxies in our
sample. This is attributed to the power-law nature of the XRBs: sources of low

luminosities present high surface densities, hence they will show confusion even
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at small distances. The flattening observed at high-luminosity end of the plots in
Figure 4.3.2 is a manifestation of the lack of simulated distances above 100 Mpc and
the sparsity of the luminous sources.

We find that around the ULX limit, Lx=10%° erg s71, the confusion distance is
consistently above the fiducial limit of 40 Mpc adopted by us (see §3) and other surveys
of HMXBs (e.g., Mineo et al. 2012). The average dc is ~90+30 Mpc, regardless if we

consider nuclear regions.
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Appendix

Appendix 4.A Luminosity functions and slope plots

The LFs of all the X-ray sources in the D5 regions of the sample galaxies, and
for all the distances considered (original and simulated) are shown in Figure 4.A.1.
The corresponding LFs when excluding nuclear sources are shown in Figure 4.A.2.
Similarly, the power-law slopes calculated in §4.2.3.1, are shown in Figure 4.A.3 (for

all sources), and Figure 4.A.2 (for all off-nuclear sources).
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Figure 4.A.1: X-ray luminosity functions of all sources in the sample galaxies (plot titles).
Colours denote different distances (original and simulated; see legend).
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Figure 4.A.2: X-ray luminosity functions of off-nuclear sources in the sample galaxies
(plot titles). Colours denote different distances (original and simulated; see legend).
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Figure 4.A.3: Slopes of the luminosity functions of all sources for each galaxy (plot titles),
at the original and the simulated distances (x-axis). Missing points indicate distances at
which we either do not have data, or the number of sources was less than five.
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Figure 4.A.4: Slopes of the luminosity functions of off-nuclear sources for each galaxy
(plot titles), at the original and the simulated distances (x-axis). Missing points indicate

distances at which we either do not have data, or the number of sources was less than five.
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Conclusions and future perspectives

In this thesis we presented: (i) a new value-added galaxy catalogue, the HECATE,
(ii) a census of the ULXs in the local Universe based on the HECATE and CSC 2.0, and
(iii) a study of the source confusion in the ULX regime. In the following sections we

present a summary of the these results, as well as future perspectives.

5.1 The Heraklion Extragalactic Catalogue

We compile an all-sky galaxy catalogue providing the necessary information for a

detailed study of ULX populations in the local Universe. For this reason, we:

1. Selected all known galaxies up to a distance of 200 Mpc from the HyperLEDA
database, and obtained their positions and sizes.

2. Estimated redshift-independent distances using published measurements, and -
in a consistent way — redshift-dependent distances for galaxies without mea-

surement.
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3. Associated the sample with different multi-wavelength surveys, ensuring that
the photometry of nearby and extended galaxies accounts for their integrated

flux.

4. We calculated SFRs, stellar masses, and metallicities using the multi-wavelength
data.

5. Obtained morphological classifications from HyperLEDA.
6. Classified galaxies on the basis of their nuclear activity.

The careful treatment for nearby and extended galaxies (e.g., z-independent dis-
tances, extended photometry), the large distance limit (200 Mpc), the all-sky coverage,
and its completeness in terms of the provided data, make the HECATE an ideal sam-
ple for a wide range of applications in Astrophysics. For this reason, the catalogue
has been used for a study of the properties of the galaxies that will be detected by
the eROSITA all-sky survey in the X-rays (Basu-Zych et al. 2020), censuses of ULX
populations with Chandra (Kovlakas et al. 2020) and XMM-Newton data (Bernadich et
al., in preparation), and X-ray scaling relations of galaxies (Anastasopoulou et al., in
preparation). The HECATE can also be used in future studies for the prioritisation of
galaxies for follow-up surveys of electromagnetic counterparts of gravitation-wave
sources, and studies of the origin of cosmic-ray and gamma-ray sources. In addition,
the HECATE can be used for the the initial characterisation of sources in current
and upcoming all-sky and serendipitous surveys (e.g., eROSITA), as well as transient

sources such as supernovee and tidal disruption events (e.g., with LSST).

5.2 Ultraluminous X-ray source populations

The wealth of the information provided in the HECATE was crucial for addressing
the main challenges in ULX demographic studies. The range and coverage of the
HECATE in terms of the provided data, in combination with the CSC 2.0, allowed us to
perform the most comprehensive study of ULX populations. In this way, we were able
to compare our results with previous works, test the observed trends of ULX popula-
tions, and constrain the parameters of the scaling relations with an unprecedented

accuracy. Specifically:

1. We find that the average scaling of the ULXs with SFR in late-type galaxies is
0.51+0.06 ULXs per M yr~!, which is consistent with the the HMXB luminosity
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function of Mineo et al. (2012), confirming the expectation that ULXs in spiral
galaxies are predominantly HMXBs.

. When accounting for sample differences, the average scaling of the ULXs with

SFR agrees with previous estimates (e.g. Swartz et al. 2011).

. The ULX-SFR scaling is a function of the morphological type of the host. We
find that the significant increase in galaxies of Sc type or later, coincides with
the lower metallicity in these galaxies, indicating the metallicity effect as the
driver of the trend with the morphological type. We find an excess of ULXs in

low-mass late-type galaxies, which we attributed to the metallicity effect.

. For the first time, we present a ULX scaling relation with both SFR and stellar
mass to account for the contribution of both LMXB and HMXB populations in
the ULX regime. While on average the M, dependence can be neglected, we find
that when focusing on early-type spirals (S0/a-Sbc), it becomes significant. This
scaling relation is consistent with recent XRB LFs accounting for both stellar

population parameters (Lehmer et al. 2019).

. The scaling of ULXs with stellar mass, i.e. the specific ULX frequency, in early-
type galaxies (6.3+1.0 ULXs per 10'2M) agrees with the LMXB LF (Zhang et al.
2012), and previous demographic studies. However, this agreement is achieved
only when comparing estimates based on galaxy samples of similar stellar
masses. For the first time, we find that the specific ULX frequency decreases

when stellar mass increases.

. The aforementioned evolution of specific ULX frequency with the stellar mass,
is attributed to the star-formation history differences of early-type galaxies of
different masses. We support this by showing the same trend in the convolution
of empirical SFHs of early-type galaxies (McDermid et al. 2015) with binary
population synthesis models (Wiktorowicz et al. 2017).

. We find evidence for a small but significant ULX population in early-type galaxies
at high galactocentric distances. This population may be due to ULXs residing

in globular clusters.
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5.3 Source confusion

Using X-ray images from the Chandra archive, for twelve nearby (D<10 Mpc)
galaxies, we simulated their observations at distances in the range 10-100 Mpc. This
way, we studied the effect of source confusion on the luminosity functions of the

0%° erg s™1. We found

detect sources, and the number of sources above the ULX limit, 1
the following:

1. The slope of the luminosity function decreases with distance in the majority of
the galaxies in our sample, especially when comparing simulations for distances
below and above the commonly-used limit of 40 Mpc for Chandra surveys.

2. The ULX-rich galaxies do not show any significant change in their LF slopes
with distance, which may be the result of: (a) different star-formation conditions
affecting the spatial scales at which source confusion is important, (b) differences
between the spatial distributions of ULXs and fainter sources, (c) blended sources
which may appear as extended, and therefore are excluded by the detection
process which focuses point-like sources.

3. Sources at the high surface density nuclei, and diffuse emission clumps, may
appear as ULXs even at small distances (~20 Mpc), and are blended into single
nuclear sources at large distances.

4. While the fluctuations in the observed number of ULXs in individual galaxies at
D<40 Mpc seem to average out in large samples, at larger distances we see a
systematic bias in the direction of more luminous sources.

5. A newly proposed metric, the confusion distance, taking into account the entire
luminosity distributions of the sources, indicates that the distance at which ULX
populations are significantly affected by source confusion, is 90+30 Mpc. This

limit is much lower for the more densely distributed lower-luminosity sources.

5.4 Future perspectives

The ULX population in a galaxy is the result of its initial binary parameters, and
the star-formation and metallicity history, the evolution pathways of ULXs, and the
physical processes responsible for their accretion and X-ray emission. Our published
census of ULXs (Kovlakas et al. 2020), thanks to its size and the diversity in the galactic

environments, provides a unique opportunity to compare observations with theoretical
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5.4. FUTURE PERSPECTIVES

models. By combining galaxies from cosmological simulations, and the forthcoming
state-of-the-art binary population synthesis code POSYDON (Fragos et al. 2021), we
will constrain the parameters of ULX formation and evolution models, such as the
supernova kick-velocity distribution, initial mass ratio, common envelope ejection
efficiency, mass-loss rate, etc.) These new constrains will also provide useful input for
the formation and evolution of massive binaries in general, including progenitors of
gravitational-wave sources and short gamma-ray bursts.

One major constraint of studies of the scaling relations and luminosity functions
of XRBs, is the imposition of a distance limit to avoid source confusion. This, unavoid-
ably reduces the accuracy of the results due to the smaller sample sizes, but most
importantly, it limits the diversity of the galaxies explored. Our exploration lays the
groundwork for a future detailed study of the source blending effect in the X-rays
sources at larger galaxy distances. Using observations and semi-analytical models, we
will provide the methodology for correcting the source confusion effect in scaling rela-
tions and LFs, extending their range in terms of the distance and the stellar population
parameter space, without the need for additional observational campaigns. This will
also be important for ULX studies at higher redshifts (such as those detected in deep
surveys), or with lower spatial resolution telescopes (e.g., XMM-Newton, eROSITA).

The HECATE is a continuing project: future development of the HECATE will
extend its volume beyond the current redshift limit of z=0.047 (corresponding to
~200 Mpc), and address its limitations in terms of the data coverage. By: (i) incor-
porating additional multi-wavelength data, (ii) using forced photometry techniques
for wavebands for which there is no available extended source photometry, and (iii)
applying SED analysis, we will obtain additional estimates of the stellar population pa-
rameters, for a larger fraction of the galaxies in the HECATE. These improvements will
widen the range of applications of the catalogue in X-ray astronomy, and extragalactic

astrophysics in general.
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