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Abstract

In this thesis, we study the population of discrete X-ray sources in nearby galaxies and
in particular, close binary systems emitting in X-rays (X-ray Binaries - XRBs).

It consists of two parts, the first of which studies the distribution of XRBs with a
massive stellar companion (HMXBs) in the closest to the Milky Way edge-on galaxy
NGC 55, in correlation with the regions of star formation within the galaxy. The result is
the estimation of the center of mass transverse velocity of HMXBs as they are displaced
from their birth place. Such estimation is the first for a galaxy located outside the Local
Group.

The second part studies the population of XRBs in a large sample of nearby galaxies,
included in the catalogue of observations from the Chandra space observatory. The
sample is comprised of 10.099 X-ray sources in 319 nearby galaxies of all morphological
types and intrinsic properties such as metallicity, star formation rate and stellar mass.
We construct the X-ray Luminosity function (XLF) of XRBs, and using power-law
models we estimate the emerging scaling relations with the intrinsic properties of the
host galaxies.

This is the most complete study of populations of XRBs in the literature, containing
the largest sample of X-ray sources and galaxies. The results presented in the thesis,
also affect the binary population synthesis models in constraining the parameter space
of the physical processes involved in the evolution of XRBs.
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Περίληψη

Στη διατριβή αυτή μελετώνται οι πηγές εκπομπής ακτίνων-Χ σε κοντινούς γαλαξίες και

ειδικότερα σε κοντινά διπλά συστήματα εκπομπής ακτίνων-Χ (X-ray binaries - XRBs).

Αποτελείται από δυο μέρη, το πρώτο από τα οποία αναφέρεται στη μελέτη της κατανομής

των XRBs με συνοδό μεγάλης μάζας (HMXBs) στο γαλαξία NGC 55 σε σχέση με τη κα-
τανομή των περιοχών αστρογέννεσης του γαλαξία. Η μελέτη αυτή οδήγησε στην εκτίμηση

της μέσης ταχύτητας απομάκρυνσης των συστημάτων αυτών από τις περιοχές δημιουργίας

τους. Αυτή είναι η πρώτη τέτοια εκτίμηση σε γαλαξία εκτός της τοπικής ομάδας γαλαξιών.

Το δεύτερο μέρος της διατριβής αφορά τη συστηματική μελέτη των πληθυσμών διπλών

συστημάτων εκπομπής ακτίνων-Χ σε ένα μεγάλο δείγμα κοντινών γαλαξιών με βάση τον

κατάλογο πηγών ακτίνων-Χ από το διαστημικό παρατηρητήριο Chandra. Το συνολικό
δείγμα αποτελείται από περισσότερες από 10.099 πηγές σε 319 γαλαξίες που καλύπτουν

όλο το εύρος μορφολογικών τύπων, μεταλλικότητας, ρυθμού αστρογέννεσης και αστρικών

μαζών που απαντώνται στο κοντινό μας Σύμπαν.

Με βάση αυτά τα δεδομένα, κατασκευάζεται η κατανομή λαμπρότητας των διπλών συ-

στημάτων εκπομπής ακτίνων-Χ σε γαλαξίες διαφορετικών μορφολογικών τύπων και μοντε-

λοποιείται με νόμους δύναμης, από όπου προκύπτουν οι σχέσεις του αριθμού των διπλών

συστημάτων εκπομπής ακτίνων-Χ με τον ρυθμού αστρογέννεσης, της αστρικής μάζας και

της μεταλλικότητας των γαλαξιών.

Αυτή είναι η πιο ολοκληρωμένη μελέτη του είδους της χρησιμοποιώντας το μεγαλύτερο

δυνατό δείγμα γαλαξιών και πηγών ακτινών-Χ και αποτελεί σημείο αναφοράς για μελέτες

των πληθυσμών διπλών συστημάτων εκπομπής ακτίνων-Χ. Αποτελεί επίσης σημείο ανα-

φοράς και στην αξιολόγηση των θεωρητικών μοντέλων σχηματισμού και εξέλιξης διπλών

συστημάτων εκπομπής ακτίνων-Χ δίνοντας σημαντικές πληροφορίες στο κατά πόσο τέτοιου

είδους μετρικές μπορούν να χρησιμοποιηθούν για να καταννοήσουμε τους μηχανισμούς ε-

ξέλιξης πληθυσμών διπλών συστημάτων εκπομπής ακτίνων-Χ.
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1
Introduction

1.1 Importance of XRBs

X-ray binaries (XRBs) are close binary systems (close enough that their gravitational

attraction causes them to orbit each other around a common center of mass and under

specific circumstances exchange mass) identified by their emission in the X-ray region

of the spectrum. The one member (primary) of the X-ray binary is a compact object

(white dwarf, neutron star, black hole) accreting material from its companion member

(secondary), a non-degenerate star.

An XRB is therefore the evolutionary outcome of two interacting stars engaged in a

series of astrophysical phenomena that lead to the emission of X-rays. The observation

of XRBs and the subsequent estimation of their orbital and physical characteristics

(e.g. orbital period, eccentricity, inclination, masses of stars, distance from star-forming

regions, space velocity) provides a unique laboratory for understanding the nature of

astrophysical objects and extreme physical processes such as: The evolution of binary
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systems (since the majority of stars are members of such systems), the fundamental

physics that governs compact objects, accretion and emission of high-energy radiation,

compact object mergers that lead to the emission of Gamma Ray Bursts (GRB) and

Gravitational Waves (GW), heating of the intergalactic medium (IGM) and formation

of galaxies.

The statistical analysis of XRB populations in nearby galaxies in correlation with the

properties of the stellar populations of their host galaxy, is useful in binary population

synthesis models. These models follow the evolution of a very large population of

individual binary systems and examine the parameter space of all the physical processes

involved. The outcome is the production of various metrics such as: the X-ray Luminosity

Function (XLF) of the population of XRBs (normalised to the star formation rate or the

stellar mass of the host galaxy) as a function of X-ray luminosity, the compact object

mass distribution, the distribution of the orbital period and the eccentricity, the number

of XRBs.

2



1.2. CATEGORIES AND CHARACTERISTICS OF XRBS

1.2 Categories and characteristics of XRBs

XRBs are "typically" classified according to the mass of the secondary (companion) star.

XRBs with a companion mass above ∼ 8 M⊙ are classified as High Mass X-ray Binaries

(HMXBs), while those with a companion mass less than ∼ 1 M⊙ are classified as Low

Mass X-ray Binaries (LMXBs). XRBs with a companion mass greater than ∼1 M⊙

and less than ∼ 8 M⊙ are classified as Intermediate Mass X-ray Binaries (IMXBs) the

population of which, is theoretically expected and observationally confirmed to be much

scarcer.

XRBs are detected from the X-ray emission of the material that is lost from the

secondary and accreted from the primary (compact object) according to two mechanisms,

Roche-lobe overflow (RLOF) and wind-driven accretion.

The orbital characteristics of close binary systems are determined by the masses

of the stars and by the forces due to the mutual gravitational interaction and orbital

motion. The two aforementioned forces are described by the Roche model which defines

equipotential surfaces (lobes) around the stars and Lagrangian points where forces

cancel out. If material from one star fills its Roche lobe, mass can flow through the 1st

Lagrangian point L1 located at the intersection of the lobes of the two stars, from one

star to the other in a process named Roche-lobe overflow (RLOF). This is the driving

mechanism for all LMXBs and for few HMXBs with very short orbital periods.The

radius RL of the Roche lobe as a function of the mass ratio q and the separation α

between the two stars is given by (Eggleton 1983):

RL

α
=

0.49q2/3

0.6q2/3 + ln(1 + q1/3)
(1.1)

The ratio q of the initial masses of a binary is defined as q = M2/M1 where M1 (>M2) is
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(by definition) the mass with the greater value, of the star that evolves first and becomes

the primary.

Even if the stars are not close enough for RLO to occur, material is lost from the

secondary through stellar wind and captured by the primary in a process named wind-

driven accretion (Bondi & Hoyle 1944). This mechanism is relevant for most HMXBs

but not for LMXBs, because such winds are driven by radiation pressure on absorption

lines and are strong enough for massive O and B type stars. The wind of material leaving

uniformly in all directions from the secondary’s surface will accrete onto the primary

only if it is within a critical distance racc of the compact object, thereby forming an

accretion cylinder. The accretion radius racc is calculated by noting that material will

only be accreted if it has a kinetic energy less than the potential energy in the vicinity

of the compact object Mc (Frank et al. 2002):

racc =
2GMc

v2rel
(1.2)

where v2rel = v2orb + v2w is the relative velocity of the accreted material with respect to

the compact object, vorb is the orbital velocity of the compact object, and vw is the

wind velocity.

The compact object primary in XRBs is either a neutron star or a black hole.

Observations and theoretical calculations of dense matter indicate that neutron stars

cannot be more massive than ∼ 2.5 M⊙ (Lattimer 2012), therefore compact objects

with masses larger than 2.5 M⊙ are considered as black holes. Neutron stars in XRBs

have magnetic fields among the highest found in the Universe, high enough to influence

the accretion process. For HMXBs, observations estimate magnetic fields B ∼ 1011 to

1012 G, and for LMXBs magnetic fields B ∼ 108 to 1010 G, significantly smaller than

those found in HMXBs (Revnivtsev & Mereghetti 2015).
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Figure 1.1: Distribution of LMXBs (open circles) and HMXBs (filled circles) in the Galaxy.
HMXBs are concentrated towards the Galactic Plane and LMXBs are clustering in the
Galactic bulge (Grimm et al. 2002)

.

HMXBs are typically located in star-forming regions (Grimm et al. 2003, Fabbiano

2006, Persic & Rephaeli 2007), such as galaxy spiral arms, galaxy disks and massive,

young stellar clusters and are associated with the young stellar population of the galaxy.

LMXBs are located in greater galactic latitudes, in the bulge and in globular clusters, an

indication that they are associated with the older stellar population of the galaxy. Figure

1.1 shows the distribution of Galactic HMXBs and LMXBs. HMXBs are concentrated

towards the Galactic plane where there is increased star formation activity, and LMXBs

are clustering in the Galactic bulge (Grimm et al. 2002).

1.2.1 HMXBs

There are two main types of HMXBs, the first type, discovered by Schreier et al. (1972)

and Webster & Murdin (1972), is that of the supergiant HMXBs (SGXRBs). In

SGXRBs the companions are massive stars that have evolved from the main sequence.

They have mass-loss rates between 10−6 and 10−8 M⊙ yr−1, while the compact object

is either a neutron star or a black hole. From the catalogue of Liu et al. (2006) for the
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XRBs in the Milky Way, the average mass of the companion stars in SGXRBs is ∼ 20

M⊙, while the average orbital period of SGXRBs is 8.5 days.

They are persistent X-ray sources, powered by the capture of matter from the strong

stellar wind of the supergiant companion (wind-driven accretion). There are also a few

systems undergoing stable RLOF with higher mass transfer rates than their wind-fed

analogs, resulting in generally higher X-ray luminosities compared to wind-fed systems.

Table 1.1 presents the observed orbital characteristics of 10 SGXRBs. The first three

(LMC X-4, Cen X-3, and SMC X-1) due to their relatively high X-ray luminosity and

small Porb are considered prime candidates for being RLOF systems.

The second type, is that of the B-emission X-ray Binaries (BeXRBs), discovered

in 1975 with the Ariel V satellite, and first recognized and explained as a separate class

by Maraschi et al. (1976). In BeXRBs, the companions are non-supergiant, fast-rotating

main sequence O/B-type stars that do not fill their Roche lobes and show emission-line

spectrum (Reig 2011). The origin of the optical emission lines is attributed to an

equatorial decretion disk, fed from material expelled from the rapidly rotating Be-star

(Porter & Rivinius 2003). X-ray outbursts are observed when the compact object passes

through the Be-star disk, accreting from the low-velocity and high-density wind (Okazaki

et al. 2013). The primary is typically a neutron star (the only verified black hole BeXRB

is MWC 656, e.g. Casares et al. 2014) that receives a substantial kick at birth (see

Section 1.3.4), as indicated by the large eccentricities of BeXRBs (Table 1.1). From the

catalogue of Liu et al. (2006) for the XRBs in the Milky Way, the average mass of the

companion stars in BeXRBs is ∼ 14 M⊙, while the average orbital period of BeXRBs is

89 days.

BeXRBs in comparison with SGXRBs (Table 1.1), have larger orbital periods and ec-

centricities while their X-ray luminosity is transient (modulated either by the periastron

passage or the tidal disruption of the Be-star disk). Two types of X-ray outbursts are

identified in BeXRBs (Figure 1.2):
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Figure 1.2: Types of X-ray outbursts from the light curves of two BeXRBs, EXO 2030+375
and 4U 0115+63 (Reig 2011)

• Type I, that are regular, (quasi-)periodic, and short-lived (covering a relatively small

fraction of the orbital period, 0.2 – 0.3 Porb). The X-ray flux increases by at least two

orders of magnitude with respect to the non outburst state (Reig 2011).

• Type II, that are non-regular and long-lived, lasting for a large fraction of an orbital

period or even for several orbital periods. The X-ray flux increases significantly with

respect to the non outburst state (Reig 2011) and can be close or above the Eddington

luminosity (see Section 1.3.6).
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Table 1.1: Orbital parameters and characteristics of HMXBs

System Spectral Porb α RL/α i e Mc Ms Rs

Type (days) (R⊙) (deg) (M⊙) (M⊙) (R⊙)
SGXRBs (1) (2) (3) (4) (5) (6) (7) (8) (9)
LMC X-4 (RLO) O8III 1.4083 14.2 0.59 59.3 0.006 1.57 18 7.4
Cen X-3 (RLO) O(6-7)II-III 2.0871 14.2 0.63 65.0 <0.0016 1.57 24 11.4
SMC X-1 (RLO) B0sg 3.8922 27.9 0.61 62.0 0.0009 1.21 18 15
4U 1700-377 (Wind) O6.5Iaf 3.4115 35.0 0.69 62.0 1.96 46 22
4U 1538-522 (Wind) B0.2Ia 3.7283 22.0 0.53 67.0 0.18 1.02 16 13
SAX J1802.7-2017 (Wind) B1Ib 4.5696 33.0 0.61 72.0 1.57 22 18
XTE J18f55-026 B0Iaep (Wind) 6.0724 40.0 0.63 71.0 0.04 1.41 21 22
Vela X-1 (Wind) B0.5Ia 8.9643 59.6 0.59 72.8 0.0898 2.12 26 29
EXO 1722-363 (Wind) B0-B1Ia 9.7403 52.0 0.58 68.0 <0.19 1.91 18 26
OAO 1657-415 (Wind) B0-6sg 10.4474 53.1 0.52 67.9 0.1033 1.74 17.5 25
BeXRBs
4U 0352+309 (X Per) O9.5IIIe-B0Ve 250 0.11 14.6
GRO J1008-57 O9e-B1e 247.5 0.66 14.6
4U 0115+634 B0.2 Ve 24.33 0.34 14
XTE J1946+274 B0-1 IV-Ve 169.2 0.33 13
EXO 2030+375 B0e 46.03 0.41 14.5
Column description: (1) Spectral type of the companion, (2) Orbital period in days, (3) Separation of the two stars, (4)
Ratio between the Roche-lobe radius and the separation of the two stars, (5) Inclination angle of the system, (6) Eccentricity,
(7) Mass of compact object (primary), (8) Mass of the secondary (companion), (9) Radius of the secondary.
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1.2.2 LMXBs

In LMXBs, the secondaries are faint low-mass evolved stars of spectral type G, K, or M

that are less massive than the primary compact object. LMXBs have shorter orbital

periods than HMXBs. For the XRBs in the Milky Way, the average orbital period of

LMXBs is ∼ 2 days (Liu et al. 2006) and in contrast with HMXBs where the compact

object in the majority of the systems is a neutron star, there are many LMXBs harboring

a black hole. The companion star has evolved to fill its Roche lobe and material is

transferred through the inner Lagrangian point, L1, onto the compact object (RLOF).

Table 1.2 presents the observed orbital characteristics for some of the LMXBs in the

Ritter Low-Mass X-Ray Binaries Catalog (Ritter & Kolb 2003).

1.2.3 IMXBs

IMXBs are rare astrophysical objects, very few of which are discovered (and confirmed).

The duration of the X-ray emission phase in IMXBs is believed to be very short compared

to HMXBs and LMXBs. This is because material is transferred via RLO (as in LMXBs)

and due to the large mass of the secondary is thought to be unstable and therefore very

rapid and possibly leads to a common envelope phase (see Section 1.3.3. Investigations

into the IMXB evolutionary path, suggest that many of the current LMXBs descended

from IMXBs (Podsiadlowski & Rappaport 2000) and also the observed population of

binary millisecond pulsars with heavy CO or ONeMg white dwarf companions may

have descended from the evolutionary channel of IMXBs (Tauris et al. 2000). Table 1.3

presents three candidate IMXBs, including Her X-1 which is considered the prototype

for IMXBs. The orbital periods are short (comparable to LMXBs) and the compact

object in the case of 3XMMJ004301.4+413017 and Her X-1 is a neutron star which is

less massive than the companion star. XTE J1819.3-2525 is a black hole IMXB with a

relatively massive companion.
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Table 1.2: Orbital parameters and characteristics of LMXBs

System Spectral Porb i Mc Ms

Type (days) (deg) (M⊙) (M⊙)

(1) (2) (3) (4) (5)
V822 Cen K5-M1/5 0.6291 39 1.14 0.230
LZ Aqr K7-8/5 0.2482 72.5 1.30 0.600
AC 211 0.7130 90 1.40 0.150
V395 Car K0/3 9.0026 82.2 1.44 0.350
V1341 Cyg A8-F0/3 9.8445 62.5 1.71 0.580
GR Mus 0.1639 69 1.92 0.650
V691 CrA 0.2321 82.5 1.97 0.500
V518 Per M0-2/5 0.2122 45 3.97 0.460
MM Vel K7-M0/5 0.2852 78 4.40 0.600
V616 Mon K5/5 0.3230 51 6.64 0.400
V2107 Oph K5/5 0.5210 70 6.65 0.450
GU Mus K3-4/5 0.4326 54 6.95 0.850
KV UMa K5/5 0.1699 73.5 7.29 0.180
QZ Vul K3-6/5 0.3441 64 7.50 0.330
BW Cir G0-5/3 2.5445 79 7.60 0.900
V381 Nor K3/3 1.5420 74.7 9.10 0.300
V404 Cyg K3/3 6.4714 56 10 0.650
V1487 Aql K/3 33.9000 66 10.1 0.470
Column description: (1) Spectral type of the companion, (2)
Orbital period in days, (3) Inclination angle of the system, (4)
Mass of compact object, (5) Mass of the secondary. All values
derived from the Ritter Low-Mass X-Ray Binaries Catalog (Ritter
& Kolb 2003).

Table 1.3: Orbital parameters and characteristics of IMXBs

System Spectral Porb i Mc Ms Refs.
Type (days) (deg) (M⊙) (M⊙)

(1) (2) (3) (4) (5)
XTE J1819.3-2525 B9 III 2.81730 60−71 8.7−11.7 5.49−8.14 [1]
3XMMJ004301.4+413017 1.27 1.40 1.5 [2]
Her X-1 A9-B 1.7 1.40 ∼ 2 [3]

Column description: (1) Secondary spectral type, (2) Orbital period in days, (3) Inclina-
tion angle, (4) Compact object mass, (5) Secondary mass.
References: [1] Orosz et al. (2001) [2] Karino (2016) [3] Bildsten et al. (1997)
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1.3 Observations of the evolutionary stages of XRBs

The X-ray emission phase of a close binary system is the outcome of several evolutionary

stages. Collecting observational data for X-ray binaries in different stages, provides the

necessary insight for understanding the physical processes involved in each stage and

create the model that optimally describes the evolution of XRBs. In this section we

focus on the observational data of the corresponding evolutionary stages of XRBs, as

well as aspects of the fundamental theoretical background.

1.3.1 Evolution of LMXBs and HMXBs

Figure 1.3 and Figure 1.4 show the evolutionary stages of HMXBs and LMXBs respec-

tively, from the initial binaries at ZAMS (Zero Age Main Sequence), to the X-ray emission

stage, and further on until both stars have evolved and the binaries are comprised of

two compact objects (adopted from Tauris & van den Heuvel 2006).

For the HMXB evolution in Fig. 1.3, the starting point is a binary system with

main-sequence massive stars having an initial orbital period of 100 days. The more

massive star (primary) evolves more rapidly and after core H-burning expands to become

a supergiant, filling its Roche lobe and initiating RLOF conservative mass transfer to the

secondary. The outcome of the first stage of mass transfer is a binary in which the almost

naked helium core of the primary is in a wide orbit (the orbital period has increased)

around a secondary that has gained appreciably in mass and angular momentum. The

core of the primary continues its evolution, and after a short time explodes as a supernova,

leaving a neutron star of 1.4 M⊙. The sudden mass loss increases the orbital period and

eccentricity of the binary. The massive secondary evolves, finishes core H-burning, and

expands to become an O/B supergiant driving a strong stellar wind that is accreted

from the neutron star (wind-fed accretion) and the binary appears as an HMXB. Mass

transfer proceeds at such a huge rate that the neutron star is totally engulfed by the
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expanding envelope of the secondary, wherein the neutron star and the He-core of the

secondary spiral in towards each other inside a common envelope (see Section 1.3.3).

Friction transfers angular momentum and energy from the orbital motion to the common

envelope which is sufficient to expel the envelope. After the common envelope phase

the binary consists of the primary neutron star in a very close orbit (at ∼ 10−1 days,

dramatically reduced from ∼ 103 days before the common envelope stage) around the

He-core of the secondary. Continued evolution of the He core of the secondary will fill

its Roche lobe and leads to a second supernova explosion, which in turn leads to the

formation of a radio pulsar binary like PSR1913 + 16, consisting of two neutron stars in

an eccentric orbit.

For the LMXB evolution in Fig. 1.4, the starting point is a binary system with

main-sequence stars with a very small mass ratio q = M2/M1 = 1.6/15.0 ∼ 0.1 having

an initial large orbital period of 1,500 days. The massive star (primary) evolves rapidly

and after core H-burning expands to become a supergiant, filling its Roche lobe and

initiating RLO conservative mass transfer to the secondary. The primary keeps on

overflowing its own Roche lobe with its envelope continuing to expand engulfing the

secondary, thus forming a common envelope. After the common envelope is expelled,

the binary consists of the He-core of the primary in a very close orbit (at 0.75 days,

dramatically reduced from the 1930 days before the common envelope stage) around

the secondary 1.6 M⊙ main-sequence star which is hardly affected by the spiral-in

process, and emerges pretty much as it entered. The He-core of the primary continues

its evolution, and after a short time explodes as a supernova, leaving a neutron star of

1.3 M⊙. The sudden mass loss increases the orbital period and eccentricity of the binary.

The secondary evolves away from the main sequence, expands into a (sub)giant in a time

scale > 2 Gyr, filling its Roche lobe and initiating mass transfer, where the material is

accreted from the primary neutron star (RLOF accretion) and the binary appears as an

LMXB. The end of the LMXB mass transfer stage which lasts ∼ 4× 108 yr, leads to
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Figure 1.3: Evolutionary stages of a HMXB (Tauris & van den Heuvel 2006)
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Figure 1.4: Evolutionary stages of a LMXB (Tauris & van den Heuvel 2006)

the formation of a binary binary like PSR 1855+09 comprised of a millisecond pulsar

(which is the primary neutron star that has gained mass and angular momentum) and

a low-mass white dwarf companion (the remnant of the secondary) in a wide, circular

orbit.
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1.3. OBSERVATIONS OF THE EVOLUTIONARY STAGES OF XRBS

Figure 1.5: Cumulative distribution of orbital periods (left panel) and of mass ratios (right
panel). The horizontal solid lines and the associated dark green areas indicate the most
probable intrinsic number of binaries (49 in total) and the 1σ uncertainty. The horizontal
dashed lines and the associated dark green areas indicate the most probable simulated
number of detected binaries which agrees with the observed number of binaries (40 in total).
Crosses show the observed systems with known periods (34 in total) and mass-ratios (31 in
total) (Sana et al. 2012)

.

1.3.2 Initial binaries

The initial mass of the primary (from which the compact object is formed) in XRBs,

is that of a massive O or B type star. The initial mass of the secondary can be of any

value, from ∼1 M⊙ up to the mass of the primary. In order to quantify the fraction of

massive stars involved in a binary interaction and identify the mass ratios and orbital

periods of the binaries, Sana et al. (2012) observed massive Galactic O type stars, with

the results (Figure 1.5) indicating that:

• 71% of all stars born as O-type interact with a companion.

• There is a strong preference for close pairs.

• There is a preference for a uniform distribution of the mass ratio for binaries with

orbital periods up to about nine years.
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1.3.3 Expansion of the primary

Depending on the size of their stellar radii compared with the size of their Roche lobes,

the binary systems can be characterized as:

• Detached: both stars are within their Roche lobes.

• Semi-detached: one star has expanded to fill its Roche lobe.

• Contact: both stars expand and fill their Roche lobes, touching at the L1 point. A

common envelope is created that extends up to L2.

When the radius of the more massive star (that evolves first since it has the shortest

nuclear timescale) reaches the value of RL (see Eq. 1.1) then the star fills its Roche lobe

(and the system becomes a semi-detached binary), hydrostatic equilibrium is no longer

possible in the vicinity of the inner Lagrangian point L1 and material is transferred into

the Roche lobe of the secondary.

Depending on the evolutionary stage of the primary when it fills its Roche lobe, three

cases of mass transfer can be distinguished for the expanding star: it expands while on

the main sequence (Case A), it expands after hydrogen exhaustion (Case B), it expands

after helium exhaustion (Case C). The respective changes in the radius of the expanding

star are shown in Figure 1.6 for a 5M⊙ star.

In a Case A scenario, for the primary star to fill its Roche-lobe while on the main

sequence, the separation α with the secondary must be small (and consequently the

orbital period of the system must be very short) since the increase of the radius at the

latter stages of core hydrogen burning is small compared with cases B and C (Figure

1.6). Assuming conservative mass transfer (i.e. that no mass or angular momentum is

removed from the system), it is possible to determine the mass transfer rate (or the

mass loss of the primary) Ṁ1, if the mass and the period derivative Ṗ can be measured.
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Figure 1.6: Evolutionary change of the radius of a 5M⊙ star according to cases A, B and
C Adopted from Tauris & van den Heuvel (2006)

Using Kepler’s law:

Ṗ

P
= 3

(
M1

M2
− 1

)
Ṁ1

M1
(1.3)

The aforementioned scenario is observed in Algol-variable binaries some of which are

presented in Table 1.4. In almost all systems the less massive primary has the largest

radius. For S Equ where observations for the period derivative Ṗ are available, the

derived mass transfer rate Ṁ1 is 3.97× 10−8 M⊙ yr−1 (Soydugan et al. 2007).

In a Case B scenario, the primary is more extended (than in Case A) since its radius

increases significantly (Figure 1.6). As a result, mass is transferred at a fairly high

rate until the ignition of helium, at which point it stops and the primary contracts and
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Table 1.4: Orbital parameters and characteristics of Algol variables

System Spectral Porb Ṗ M1 M2 R1 R2 α
Type (days) (s/yr) (M⊙) (M⊙) (R⊙) (R⊙) (R⊙)

(1) (2) (3) (4) (5) (6) (7) (8)
β Per B8V + K0IV 2.87 0.70 3.17 3.48 2.73 39.36
S Equ B8V + G8IV 3.43 0.102 0.45 3,24 3.24 2.74 14.8
TT Au B2V + B4 1.33 5.4 8.1 4.2 3.9 12.14
U CrB B6V + F8III 3.45 1.46 4.74 4.83 2.79 17.6
U Her B2.5V + B8IV 2.05 2.79 7.88 4.26 4.93 14.95
RW Tau B8Ve + K0IV 2.77 0.6 2.43 3.00 2.27 11.94
U Cep B8Ve + G8IV 2.49 2.5 4.04 4.68 2.57 14.46
AQ Cas B0.5II + B3II 11.72 12.56 17.63 23.55 13.48 67.59
RZ Sct B2II + A0II 15.190 1 2.49 15.8 15.9 15.8 62.43

Column description: (1) Spectral type of stars, (2) Orbital period in days, (3) Period
derivative (4) Mass of primary, (5) Mass of secondary, (6) Radius of primary (7) Radius
of secondary, (8) semi-major axis
References [row number]: [1] Baron et al. 2012, [2] Soydugan et al. 2007, [3] Surkova &
Svechnikov 2004, [4] Yerli et al. 2003, [5] Kolbas et al. 2015, [6] Malkov 2020, [7] Surkova
& Svechnikov 2004,[8] Sipahi et al. 2013, [9] Erdem & Öztürk 2014

Table 1.5: Orbital parameters and characteristics of β Lyr variables

System Spectral Porb M1 M2 R1 R2 α
Type (days) (M⊙) (M⊙) (R⊙) (R⊙) (R⊙)

(1) (2) (3) (4) (5) (6) (7)
β Lyr B6-8II + B 12.94 2.97 13.16 15.2 6
µ1Sco B0V + B2V 1.44 4.6 8.3 4.6 3.9 12.6
V716 Cen B5.5V + A2V 1.49 2.39 5.68 3.36 4.08 11.0
V Pup B1V + B3 1.45 6.11 12.45 4.59 5.78 14.31
TU Mus O7V + O8V 1.39 16.8 10.5 7.2 5.7 17.34

Column description: (1) Spectral type of stars, (2) Orbital period in days,
(3) Mass of primary, (4) Mass of secondary, (5) Radius of primary (6) Radius of
secondary, (7) semi-major axis
References [row number]: [1] Mennickent et al. 2006, [2] Budding et al. 2015, [3]
Bakis et al. 2010, [4] Erdem et al. 2021, [5] Penny et al. 2008

detaches from its Roche lobe. The primary has now become a helium star, almost entirely

deficient of hydrogen. The duration of case B mass-transfer is very short compared to

case A, therefore observed examples are rare. Candidate systems currently undergoing

case B mass transfer, are β Lyrae binaries. The two component stars are extended giants

or supergiants in a close orbit, with their shapes heavily distorted by mutual gravitation

forces and there are extensive mass flows from one component to the other (Table 1.5).
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In a Case C scenario a massive and initially very wide binary undergoes dynamically

unstable mass transfer. The increase of the radius of the primary is so large (Figure 1.6)

that the expanding envelope engulfs the secondary initiating a phase known as common-

envelope evolution (CEE). Friction transfers angular momentum and energy from the

orbital motion to the common envelope and as a result the orbit shrinks dramatically.

The process continues until either enough energy is added to the envelope to expel it, or

the orbit shrinks so much that the two stars merge. CEE is expected to be accompanied

by a rise in luminosity and could be detected as a transient event, as in the case of the

stellar merger V1309 Sco (Nakano et al. 2008). Furthermore, the short-lived phase of

CEE is proposed as an evolutionary channel for very short-period LMXBs the formation

of which requires a substantial loss of orbital energy and angular momentum.
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1.3.4 Collapse of the primary

The He-core of the primary continues its evolution, and after a short time explodes as a

Core Collapse supernova (CCSN). The envelope mass of the exploding star is expelled

and a neutron star or black hole is formed. The binary receives a center of mass kick

from mass loss (recoil velocity) that is sometimes referred to as the Blaauw kick (Blaauw

1961) and is given by:

vB =
∆M1

M ′
M2

M
×
(
GM

α

)1/2

(1.4)

where ∆M1 = M
′
1 - M1 is the difference in mass of the primary M1, M

′ = M
′
1 - M ′

2 is

the post-supernova total mass of the binary and M = M1 - M2 is the pre-supernova total

mass of the binary with separation α. The symmetric mass loss ∆M = M
′ - M in a

Blaauw kick will increase the eccentricity e and the separation αf of the post-supernova

orbit:

e =
∆M

M1 +M2 −∆M
, αf =

1

1− e
αi (1.5)

For an asymmetric collapse of the core, due to asymmetric mass ejection and/or asym-

metric neutrino emission, the newly formed neutron star also receives a (natal) kick that

displaces the binary (Kalogera 1996; Brandt & Podsiadlowski 1995). The direction of

the kicks is assumed to be isotropic and the kick magnitude is represented from the

three Maxwellian distributions presented in Figure 1.7 (Voss & Tauris 2003).

Neutron stars formed in massive binaries are much easier to retain, since the kick

momentum given to the neutron star is shared with a massive companion, leading to a

much lower systemic velocity for the post-supernova binary. Small natal kicks are also

expected when: i) the newly formed compact object is a black hole and ii) instead of
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1.3. OBSERVATIONS OF THE EVOLUTIONARY STAGES OF XRBS

Figure 1.7: A momentum kick is assumed to be imparted to all new-born neutron stars.
The kick magnitude is represented from the three Maxwellian distributions shown above
(Voss & Tauris 2003)

core collapse, the supernova is caused by electron capture (Linden et al. 2009).

1.3.5 X-ray luminosity through accretion

The X-ray luminosity from XRBs completely dominates the X-ray output of galaxies

over other discrete sources of X-ray emission within galaxies, such as supernova remnants

(SNR), isolated pulsars, and coronally active stars.

If all the kinetic energy of matter that is infalling with mass rate Ṁ towards a neutron

star of mass M and radius R∗ is emitted as radiation at the stellar surface, then the

accretion luminosity is:

Lacc =
GMṀ

R∗
(1.6)
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In the case of RLO accretion, the matter being accreted possesses enough angular

momentum that it cannot fall toward the accretor along a straight line and instead forms

an accretion disk. For an optically thick disk, the luminosity is (Frank et al. 2002):

Ldisk =
1

2

GMṀ

R∗
=

1

2
Lacc (1.7)

At each radial distance R, an optically thick disk emits blackbody radiation with a

continuous spectrum corresponding to the temperature T (R) at that distance (Frank

et al. 2002):

T (R) =

{
3GMṀ

8πσR3
[1−

(
R∗
R

)1/2

]

}1/4

= 6.3×105

(
Ṁ

ṀEdd

)1/4

M
−1/4
8

(
R

R∗

)−3/4

(1.8)

where ṀEdd is the mass rate for luminosity equal to Eddington luminosity (see Section

1.3.6).

In the case of wind-driven accretion, the amount of material accreted by the compact

object is given by the amount inside the accretion cylinder that is formed (see Section

1.2) which, for wind material of density ρ and velocity vw uniformly expelled (with a

mass-loss rate Ṁw) from a secondary of mass M in a binary with orbital radius α is

given by (Frank et al. 2002):

Ṁ = πr2accvrelρ =

(
Mc

M

)2 (v/vw)
4

[1 + (v/vw)2]3/2
Ṁw M⊙yr

−1 (1.9)

1.3.6 Ultraluminous X-ray sources

A measure that provides the maximum emitted luminosity by an object and still remain

in hydrostatic equilibrium is the Eddington luminosity LEdd, also referred to as the
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Eddington limit. If the luminosity exceeds the Eddington limit, then the radiation

pressure drives an outflow that can reduce or cut off the accretion flow. For compact

objects of mass Mc the Eddington luminosity is given by:

LEdd = 1.3× 1038
Mc

M⊙
ergs−1 (1.10)

The mass transfer rate ṀEdd to reach LEdd for a radiative efficiency of the accretion

flow η = 0.1 can be given as:

ṀEdd =
LEdd

ηc2
= 2.3× 10−8Mc M⊙yr

−1 (1.11)

For a neutron star with Mc = 1.4 M⊙, Eq. 1.10 and Eq. 1.11 give LEdd ∼ 2 × 1038

erg s−1 and ṀEdd ∼ 3.2 × 10−8 M⊙ yr−1. For a stellar black hole of 10M⊙, Eq. 1.10

and Eq. 1.11 give LEdd ∼ 1039 erg s−1 and ṀEdd ∼ 2 × 10−7 M⊙ yr−1.

Objects that under the assumption of isotropic emission, exceed the Eddington

luminosity for a neutron star or a 10M⊙ stellar black hole (super-Eddington accretion),

are named Ultraluminous X-ray sources (ULXs). A question arises as to what are

the physical processes for achieving such high values of L and Ṁ ?

Super-Eddington luminosities can be achieved in XRBs with black holes greater than

10M⊙ as Eq. 1.10 suggests. They are also possible as the result of geometrical beaming

of the emitted radiation (therefore the assumption of isotropic emission does not hold)

due to the formation of a funnel in the central part of the accretion thick disk (e.g.

Kaaret et al. 2017).

In another scenario, the super-Eddington ULX luminosities are the result of geomet-

rical beaming of the emitted radiation (therefore the assumption of isotropic emission

does not hold) due to the formation of a funnel in the central part of the accretion thick

disk (e.g. Kaaret et al. 2017).
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Super-Eddington rates are possible in two scenarios. The first includes thermal

timescale mass transfer in HMXBs (King et al. 2001), and the second long lasting

transient outbursts in wide orbital separation LMXBs (such as GRS 1915+105, King

2002).
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1.4. X-RAY LUMINOSITY FUNCTIONS

1.4 X-ray Luminosity Functions

As mentioned in Section 1.2, the timescales of evolution between HMXBs and LMXBs

are very different. The very short timescale of HMXBs (∼ 107 yr) makes them a good

tracer of recent star formation activity in a galaxy. On the other hand, due to their long

timescale (∼ 1010 yr), LMXBs display no direct association with to the star forming

activity, but are rather associated with the total stellar content of a galaxy.

The first studies of the integrated galactic X-ray emission with the Einstein Observa-

tory showed strong correlations between their X-ray luminosity and B-band or K-band

luminosity tracing young and old stellar populations respectively (Fabbiano 1989). Sub-

sequent studies with ROSAT showed strong correlation of the diffuse, thermal, X-ray

luminosity of star-forming galaxies with their B-band luminosity (Stevens & Strickland

1998), also indicating a direct link with young stellar populations.

With the advent of Chandra, it became possible to study in detail the connection

between the X-ray emission of galaxies and their stellar content. The Chandra data

reported a linear correlation between the integrated X-ray luminosity from HMXBs and

SFR, first in a sample of star-forming galaxies (Grimm et al. 2003) and subsequently in

an expanded star-forming galaxies sample (e.g. Figure 1.8; Mineo et al. 2012a,b, 2014;

Lehmer et al. 2010). A similar correlation between the integrated X-ray luminosity of

LMXBs and stellar mass M⋆ in early-type galaxies was also reported (Gilfanov et al.

2004; Boroson et al. 2011; Zhang et al. 2012). Furthermore, joint relations between X-ray

luminosity, SFR, and M⋆ were introduced, that account for both the HMXB and the

LMXB population (Fragos et al. 2013b; Lehmer et al. 2016).

The spatial resolution of Chandra (0.5′′), enabled the detection of discrete X-ray

sources in the local universe and allowed the construction of X-ray Luminosity

Functions (XLFs) that present the luminosity distribution of XRBs, and study their

dependence on the intrinsic properties (star formation rate, stellar mass, metallicity) of

the host galaxies. The XLF of HMXBs in star-forming galaxies when normalised by the
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Figure 1.8: X-ray luminosity (0.5–8 keV) as a function of SFR. The solid line represents
the scaling relation. Adopted from Mineo et al. (2014)

SFR of the host galaxies is described by a single power law model with an index in the

range between 1.5 and 1.8 (e.g. Grimm et al. 2003; Zezas et al. 2007; Mineo et al. 2012a;

Wang et al. 2018; Lehmer et al. 2019) and a normalisation constant giving the number

of HMXBs per SFR.

The XLF of LMXBs in early-type galaxies when normalised by the M⋆ is described

by a broken power-law with typical indices between 1.5 and 2.5 above a luminosity

break-point Lb at ∼ 3.0 × 1038 erg s−1, between 2.0 and 3.0 at lower luminosities and a

normalisation constant giving the number of LMXBs per M⋆. (e.g. Gilfanov et al. 2004;

Kim & Fabbiano 2010; Zhang et al. 2012; Peacock & Zepf 2016; Lehmer et al. 2019).

At the same time, binary population synthesis models which are a key tool for

studying the formation and evolution of individual and populations of XRBs, provide
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Figure 1.9: Left panel: The blue dashed line presents the completeness-corrected and CXB
subtracted HMXB XLF from Lehmer et al. (2019). The grey dotted line is the corresponding
HMXB XLF from Mineo et al. (2012a). Right panel: The red dashed line presents the
LMXB XLF from Lehmer et al. (2019). The grey dotted line is the corresponding LMXB
XLF from Zhang et al. (2012). The figure is adopted from Lehmer et al. (2019)

theoretical insights based on the observational data. The approach followed in most X-ray

binary population synthesis codes (e.g. Belczynski et al. 2008) is to follow the evolution

of a very large population of individual binary systems with initial parameters (e.g. mass

ratio, orbital separation, rotation) sampled from appropriate distributions. In order

to predict the X-ray binary populations of a galaxy these models are then convolved

with its star-formation history (e.g. Belczynski et al. 2004; Belczynski et al. 2008;

Tzanavaris et al. 2013; Olejak et al. 2020). Studies began comparing predictions from

X-ray binary population synthesis models for different assumptions of initial parameters

(e.g. initial mass ratio distribution) or binary evolution parameters (supernova kick

velocity distribution, common envelope ejection efficiency, etc.) with the XLFs of X-ray

binaries in nearby galaxies. Belczynski et al. (2004) constructed the first synthetic

XLF of X-ray binary populations for direct comparison with the XLF of NGC 1569,

while Fragos et al. (2009) constructed the synthetic XLF of LMXBs to compare with

observations from the elliptical galaxies NGC 3379 and NGC 4278, using the population

synthesis code StarTrack (Belczynski et al. 2008). Tzanavaris et al. (2013) compared

synthetic with observed XLFs from a sample of 12 nearby, late-type galaxies, while Zuo
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et al. (2013) produced synthetic XLFs of HMXBs in star-forming galaxies. Recently

developed models, provide more efficient study of individual systems using state-of-the-

art statistical methods and spatially resolved star-formation histories (e.g. Dart Board

Andrews et al. 2018). The aforementioned studies showed that it is possible to constrain

X-ray binary evolution parameters, and that generally models for similar parameter

values are consistent with the observed XLFs even for different galaxies. In addition,

while the population synthesis models depend on several parameters, the comparison

with the observed XLFs can constrain only a few of them (most notably the common

envelope ejection efficiency and the distribution of binary initial separation).

The XLF constructed from observational data presents the X-ray luminosity emitted

from XRBs correlated with stellar populations of varying ages (HMXBs correlated with

young and LMXBs with old stellar populations). A question arises as to how the XLF

evolves with age. Binary population synthesis models predict that X-ray emission in

stellar populations up to ∼ 100Myr originates in HMXBs, while older stellar populations

are dominated by a declining population of LMXBs (e.g. Figure 1.10, Fragos et al.

2013a).

Spatially resolved studies of individual spiral galaxies showed that the XLF of XRBs

in different regions of the galaxy become steeper with increasing distance from the center

(e.g. Soria & Wu 2003 for the inner and outer disk regions of NGC 5236), which is

interpreted as a signature of the ‘aging’ of the X-ray binary populations. When Lehmer

et al. (2017) investigated NGC 5194 by dividing the galaxy into regions based on the

local mean stellar age, indicated that the normalization of the XLF declines with age,

while the overall XLF slope steepens. Furthermore, Zhang et al. (2012) investigated

the dependence of the LMXB population in early-type galaxies and showed that older

galaxies tend to possess about 50% more LMXBs (per unit stellar mass) than the younger

ones and that the overall shape of the XLF for young galaxies is flatter than that of the

old ones.
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Figure 1.10: Top panel: Evolution of an XRB population formed in a single star-burst.
The solid black line represents the total X-ray emission as a function of time. The dashed
red, and blue dotted line represent the separate contribution of HMXBs, and LMXBs.
Bottom panel: XRB evolution in respect with metallicity. Adopted from Fragos et al.
(2013a)

Apart from the SFR, M⋆ and age, another factor that affects the populations of

XRBs and their X-ray emission is stellar metallicity (Z). Binary population synthesis

models suggest that galaxies of low (subsolar) metallicity should host more massive

and more luminous compact objects, resulting in increased production of HMXBs with

higher luminosities. In general agreement with these predictions, it has been observed

that low-metallicity galaxies do host a larger number of luminous HMXBs at fixed SFR

compared to high-metallicity galaxies (Brorby et al. 2014; Douna et al. 2015; Lehmer

et al. 2019; Ponnada et al. 2019) and that ULXs are more common in low-metallicity

galaxies (Kaaret et al. 2017).
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1.5 Scope of thesis

In this thesis, we study the population of XRBs in nearby galaxies. It consists of two

parts, in the first (Chapter 2) we study the vertical distribution of HMXBs in the closest

to the Milky Way edge-on galaxy NGC 55, in correlation with the distribution of star

formation within the galaxy. The goal is the estimation of the center of mass transverse

velocity of HMXBs as they are displaced from their birth place, providing constrains

on the kick velocities of the compact objects. Such estimation is the first for a galaxy

located outside the Local Group.

In the second part (Chapter 3), we study the population of XRBs in all nearby

galaxies. We use specific catalogues such as the HECATE (Kovlakas et al. 2021), and

the Chandra Source Catalogue 2.0 (CSC 2.0) (Evans et al. 2020) that contain science

ready data products estimated with homogeneous procedures. The X-ray source and

galaxy samples are comprised of 10.099 X-ray sources in 319 nearby galaxies of all

morphological types, covering a wide range of values in their intrinsic properties (SFR,

stellar mass, metallicity) and therefore representing all galactic environments. The goal

is to construct the differential X-ray Luminosity function (XLF) of the different types of

XRBs (LMXBs and HMXBs), and using power-law models to estimate the emerging

scaling relations with the intrinsic properties of the host galaxies. This is the most

complete study of populations of XRBs in the literature, containing the largest sample

of X-ray sources and galaxies.
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2
Vertical distribution of HMXBs in NGC 55

Although HMXBs are typically associated with star-forming regions (Grimm et al. 2003,

Fabbiano 2006, Persic & Rephaeli 2007), such as galaxy spiral arms and massive, young

stellar clusters, there is observational evidence for a population of HMXBs that are

somewhat offset from star-forming regions (van Rensbergen et al. 1996, Zezas et al.

2002, Kaaret et al. 2004). The observed displacement may be due to kicks after an

asymmetric supernova explosion during the formation of the compact object (e.g. Fryer

& Kalogera 1997). These kicks have fundamental implications for the population of

X-ray binaries since they determine the survival and the post-SN orbital parameters of

the system (Pfahl et al. 2002, Podsiadlowski et al. 2004). If they are large enough, kicks

will extend the vertical distribution of HMXBs, which can potentially be measured in

nearby edge-on galaxies with high angular resolution X-ray telescopes. The extended

vertical distribution of HMXBs can be used to estimate the transverse velocity of the

binary systems. NGC 55, the edge-on galaxy nearest the Milky Way at a distance of 1.94

Mpc (Gieren et al. 2008) provides an excellent environment for studying the association
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between HMXBs and star-forming regions.

2.1 The HMXB population in NGC55

NGC 55 with a total mass of 2 × 1010M⊙ (Westmeier et al. 2013), is classified as an

SB(s)m galaxy viewed at an inclination of 80◦ with an optical extent of 18.2 × 3.2 kpc

(de Vaucouleurs et al. 1991). The optical morphology of NGC 55 is asymmetric, with

the brightest region of the galactic disk located at 1.7 kpc west from the geometrical

centre of the galaxy and along the galactic plane (de Vaucouleurs et al. 1991). The main

properties of NGC 55 are presented in Table 2.1.

The population of X-ray sources in NGC 55 has been analysed as part of the Chandra

Local Volume Survey (Binder et al. 2015) using archival ACIS data from the Chandra

X-ray Observatory (ObsIDs 2255 and 4744). The source list consists of 154 X-ray sources

down to a flux of 7 × 10−16 erg s−1 cm−2 (Lx = 0.3 × 1036 erg s−1 at a distance of 1.94

Mpc). Binder et al. (2015) classified the X-ray sources on the basis of either their optical

associations with stars using Hubble Space Telescope (HST) fields selected from the

ACS Nearby Galaxy Survey Treasury (Dalcanton et al. 2009), or their X-ray properties

(hardness ratios): 65 as Active Galactic Nuclei (AGN), 10 as foreground stars, 11 as

Supernova Remnants (SNRs) and 67 as XRBs, among which 24 as LMXBs and 43 as

HMXBs.

Figure 2.1 shows the location of XRBs and AGN superimposed on a GALEX NUV

(2267 Å) image (Gil de Paz et al. 2007). The sources are colour-coded according to

their classification by Binder et al. (2015): XRBs in yellow and cyan (for candidate

and verified HMXBs respectively - see Table 2.3), while background AGN in red. The

footprints of the HST fields are shown with the orange boxes. Only 16 of the 43 X-ray

sources classified as HMXBs have optical counterparts identified using HST data. The

other 27 HMXB candidates extend beyond the HST fields and were classified based on

X-ray hardness ratios alone, making them much less certain.
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Table 2.1: NGC 55 properties

Parameter Value
Morphological Type SB(s)m: edge-on (1)

RA (hh:mm:ss) 00:14:53.60 (2)

Dec (± dd:mm:ss) −39:11:47.9 (2)

Distance (Mpc) 1.94 ± 0.03 (3)

Major axis (2a arcsec; kpc) 1942; 18.2 (1)

Minor axis (2b arcsec; kpc) 338; 3.2 (1)

Position angle (degrees) 108 (1)

Inclination (degrees) 80 (1)

E(B-V) (mag) 0.01 (4)

Radial velocity (km s−1) 131 ± 2 (5)

Rotational velocity (km s−1) 90.6 ± 2.5 (5)

Stellar mass (M⊙) 1.9 × 109 (11)

HI mass (M⊙) (1.7 ± 0.1) × 109 (5)

Total mass (M⊙) (2.0 ± 0.4) × 1010 (5)

LTIR (L⊙) (3-1100 µm) 1.6 × 109 (4)

SFR (M⊙ yr−1) 0.137+0.023
−0.021

(6)

Metallicity [Fe/H] -0.3 (7)

Scale heightFar IR (kpc) 0.32 - 0.49 (8)

Scale height opticalF818W (kpc) 0.24 (9)

Scale heightHα (kpc) 0.37 - 0.45 (10)

Notes: (1)de Vaucouleurs et al. (1991), (2)Jarrett (2000),
(3)Gieren et al. (2008), (4)Dale et al. (2009), (5)Westmeier et al.
(2013), (6)Weisz et al. (2011), (7)Davidge (2005), (8)Engelbracht
et al. (2004),(9)Seth et al. (2005), (10)Miller & Veilleux (2003),
(11)Kudritzki et al. (2016)

2.1.1 Contamination with background AGN

We first examine if the population of XRBs as classified by Binder et al. (2015) is

contaminated with background AGN. We use the cumulative number counts of X-ray

point sources published in the Chandra Multi-wavelength Project (ChaMP ; Kim et al.

2007) down to the limiting flux of the Chandra observations for NGC 55. Figure 2.2

shows the Chandra field of view (FOV) for ObsID 2255 (red) and ObsID 4744 (blue).

The FOV covers an area of 0.078 degrees2, therefore the expected number of AGN based

on ChaMP is approximately 78.

Alternatively, the AGN density can be determined empirically from the number
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Chapter 2. Vertical distribution of HMXBs in NGC 55

Figure 2.1: Population of X-ray sources in NGC 55 superimposed on a GALEX NUV
(2267 Å) image (Gil de Paz et al. 2007). The X-ray soungcrces are colour-coded as follows:
Candidate and verified HMXBs in yellow and cyan respectively, AGN in red (Binder et al.
2015). The footprints of the HST fields are shown as orange boxes.The five AGN encircled
in red were initially classified as HMXBs (Binder et al. 2015) but based on our analysis in
Section 2.1.1, we reclassify these as background AGN.

counts of background AGN in regions far off the plane of NGC 55, since most of the

X-ray sources close to the plane and within the D25 (green ellipse in Figure 2.2) are

categorised as candidate XRBs. The result for the AGN density is approximately 80

X-ray sources within the Chandra FOV, in close agreement with the estimation using

the expected AGN number density from ChaMP.

Since there are 59 X-ray sources classified as AGN by Binder et al. (2015) within

the Chandra FOV for observation 2255, we estimate that there may be ∼20 background
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2.1. THE HMXB POPULATION IN NGC55

AGN among the 67 sources classified as XRBs.

We also quantify the percentage of contamination by looking at the distribution of all

X-ray sources classified as AGN. A Kolmogorov-Smirnov (K-S) test across vertical bins

of 0.1 kpc from the plane, derives that at a confidence level of 95%, their distribution

does not follow a uniform one. On the other hand, if we exclude the bins corresponding

to the D25 of the galaxy where most of the X-ray sources are categorised as candidate

XRBs and perform a KS test across the rest of the bins, at a confidence level of 95%,

the distribution of AGN derives from a uniform one. In order to estimate the number of

background AGN among candidate XRBs in the D25 region, we modify the distribution

of all X-ray sources classified as AGN by adding sources at random locations within

the D25. Each time a new source is added, a K-S test across all bins determines if the

distribution derives from a uniform one. The number of sources within the D25 required

for the distribution of AGN to derive to high confidence from a uniform one, is between

14 and 23, in agreement with the previous estimation for ∼20 background AGN.

We next investigate the characterisation of the X-ray sources as HMXBs, by sup-

plementing their classification with mid-IR photometry of NGC 55 from Spitzer IRAC

(Williams & Bonanos 2016). We crossmatch the list of X-ray sources in Binder et al.

(2015) with the list of mid-IR sources in Williams & Bonanos (2016) using only those

mid-IR sources that have been detected in all four Spitzer IRAC channels. This results

in 21 matches presented in Table 2.2, from which 9 are classified as HMXBs and 12 as

AGN in Binder et al. (2015).
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Chapter 2. Vertical distribution of HMXBs in NGC 55

Figure 2.2: Location of AGN (red circles) in the Chandra FOV for ObsID 2255 (red) and
ObsID 4744 (blue). The D25 of NGC 55 is shown as a green ellipse. The number counts of
background AGN far off the plane of NGC 55 is used for empirically determining the AGN
density within the Chandra FOV.
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Table 2.2: Mid-IR properties of X-ray sources

X-ray source RA Dec Classification Separation [3.6] [4.5] [5.8] [8.0]
number

(1) (2) (3) (4) (5) (6) (7) (8) (9)
2 00:15:02.1 −39:16:46.2 AGN 0.23 16.27 17.20 16.14 14.85
11 00:14:56.1 −39:16:18.6 AGN 0.26 17.00 16.58 15.60 14.89
60 00:14:29.2 −39:07:52.5 AGN 0.69 17.27 16.31 15.52 14.29
67 00:14:50.6 −39:09:01.1 AGN 0.07 16.51 15.80 15.32 14.31
68 00:14:42.9 −39:06:30.6 AGN 0.54 16.57 16.09 15.20 14.09
90 00:15:19.4 −39:09:18.3 AGN 0.64 18.06 17.48 15.97 15.26
95 00:15:23.8 −39:09:46.8 AGN 0.35 16.37 15.69 14.93 14.14
104 00:15:45.9 −39:10:22.8 AGN 0.43 16.68 16.08 15.74 15.24
108 00:15:39.4 −39:11:47.4 AGN 0.75 18.07 17.18 15.56 14.60
113 00:15:52.1 −39:12:30.6 AGN 0.24 16.08 15.62 15.29 14.54
152 00:15:08.9 −39:16:48.7 AGN 0.10 17.21 16.41 15.58 14.45
34 00:14:16.0 −39:13:47.8 AGN 0.98 17.24 16.66 16.03 14.47
75 00:15:02.7 −39:10:28.8 HMXB 0.64 16.92 16.29 15.76 14.90
79 00:15:04.0 −39:11:53.8 HMXB 0.20 17.12 16.57 15.66 14.29
80 00:15:04.6 −39:10:43.9 HMXB 0.20 16.98 15.84 14.80 13.25
92 00:15:11.9 −39:11:10.8 HMXB 0.54 16.94 16.87 16.03 15.57
101 00:15:20.0 −39:11:37.1 HMXB 0.34 17.82 16.71 14.92 13.91
103 00:15:22.3 −39:11:36.4 HMXB 0.22 17.49 16.76 15.65 15.34
110 00:15:44.3 −39:12:08.9 HMXB 0.11 15.36 14.82 14.34 13.32
130 00:15:33.9 −39:15:11.8 HMXB 0.99 16.90 16.51 13.85 11.45
140 00:15:15.9 −39:15:08.8 HMXB 0.26 17.89 17.37 16.57 16.25

Column description: (1) X-ray source number assigned by Binder et al. (2015) list, (2) RA (hh mm ss.ss)
J2000, (3) Dec (−dd mm ss.ss) J2000, (4) X-ray classification according to Binder et al. (2015), (5) Separation
between X-ray and mid-IR sources in arcsec, (6) 3.6 µm mag, (7) 4.5 µm mag, (8) 5.4 µm mag, (9) 8.0 µm mag
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Chapter 2. Vertical distribution of HMXBs in NGC 55

In order to identify the contaminating AGN among the matched HMXB sources, we

apply a mid-IR diagnostic that enables the distinction between AGN and massive stars.

The diagnostic we use is the [3.6]-[4.5] vs. [5.8]-[8.0] µm colour-colour diagram in which

Stern et al. (2005) empirically defined the locus of AGN (the so-called “Stern wedge"),

delineated by the dashed line in Figure 2.3. To check the credibility of the “Stern wedge"

diagnostic we populate the [3.6]-[4.5] vs. [5.8]-[8.0] µm diagram with spectroscopically

classified massive stars (bottom panel) from nearby galaxies, derived from the catalogues

of Williams et al. (2015), Khan et al. (2015) and Castro et al. (2008). We see that the

overlap of stars with the AGN locus is very small.

Figure 2.3 (top panel) shows the HMXBs (red stars) and AGN (blue filled circles)

with mid-IR counterparts placed on a mid-IR [3.6]-[4.5] vs. [5.8]-[8.0] diagram. From the

nine sources classified as an HMXB by Binder et al. (2015), five fall within the “Stern

wedge". Four of these five sources are found at large distances from the plane of NGC

55 (encircled in red in Figure 2.1), which decreases the chance that these sources are

associated with NGC 55. The four of the nine sources sources that do not fall within

the “Stern wedge" and the diagnostic suggests are HMXBs, are placed on a mid-IR

colour-magnitude diagram (Figure 2.4). The similarity of these optical associations

with other spectroscopically classified massive O-type, B-type, A-type, and LBV stars

in NGC 55 (Castro et al. 2008) further supports the nature of these X-ray sources as

HMXBs. From the 12 sources classified as an AGN by Binder et al. (2015), all but one

fall within the Stern wedge.

2.1.2 Counterparts of HMXBs

We also investigate the classification by Binder et al. (2015) as HMXBs for those sources

with HST counterparts. We place them on an HST colour-magnitude diagram (Figure

2.5) with the absolute magnitude computed using the distance in Table 2.1 (distance

modulus of 26.43 mag). We have also over-plotted the 100 Myr and 20 Myr isochrones
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2.1. THE HMXB POPULATION IN NGC55

Figure 2.3: Colour-colour diagram for the identification of AGN based on mid-IR colours.
The dashed line in both panels delineates the AGN locus (“Stern wedge", Stern et al. 2005).
Top panel: X-ray sources in NGC55 with mid-IR counterparts. Sources classified as HMXBs
(red stars) and AGN (blue filled circles) according to Binder et al. (2015). Five HMXBs are
located within the AGN locus. Bottom panel: To check the credibility of the “Stern wedge"
diagnostic, we populate the [3.6]-[4.5] vs. [5.8]-[8.0] µm diagram with spectroscopically
resolved massive stars in NGC 55 and other nearby galaxies (Williams et al. 2015, Khan
et al. 2015 and Castro et al. 2008). Very few massive stars have mid-IR colours consistent
with the Stern wedge.
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Chapter 2. Vertical distribution of HMXBs in NGC 55

from the Geneva stellar models (Ekström et al. 2012). After applying a reddening

correction of E(B-V)=0.01 (Table 2.1), all but two HMXBs, are bounded by the 100 Myr

isochrone. We therefore conclude that the HST colour-magnitude diagram is consistent

with the classification of the X-ray sources with HST counterparts as HMXBs by Binder

et al. (2015). We note that due to the low X-ray luminosity (<1037 erg s−1) of the

aforementioned sources, illumination of the companion star from the accretion disk

around the compact object which may affect their location on the colour-magnitude

diagram does not pose a problem.

To summarise, of the 67 XRBs identified by Binder et al. (2015), HST and Spitzer

imaging confirms an early-type star as the counterpart to 19 sources, which form our

sample of “verified HMXBs". For six of the remaining 48 XRBs, HST imaging suggest

that they are LMXBs and are therefore not included in our analysis. That leaves 42

XRBs, for which statistics suggest that as many as 20 may be AGN. Using IR imaging,

we identify five of the 42 XRBs as being AGN contaminants. The remaining 37 XRBs,

from which as many as 15 (40%) may be AGN, form our sample of “candidate HMXBs".

Furthermore, if we consider the Grimm et al. (2003) relation for the number of

expected HMXBs for the NGC 55 SFR (Table 2.1), we have ∼15 HMXBs with Lx

brighter than 1036 erg s−1. According to Table 2.3, the number of HMXBs with Lx

> 1036 erg s−1 is 26, seven in the “verified HMXBs" sample and 19 in the “candidate

HMXBs" sample. Applying the estimated percentage (40%) for AGN contamination in

the “candidate HMXBs" sample, we determine that the expected number of HMXBs

with Lx > 1036 erg s−1 is ∼18.

For the remainder of this work, we consider as HMXBs all 19 “verified HMXBs" as

well as randomly selected combinations of 22 out of 37 “candidate HMXBs", thereby

incorporating our estimated AGN contamination.

We note that none of these HMXBs are spectroscopically confirmed, and therefore

are all only candidates (even the “verified" ones). Defining their nature requires further
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2.1. THE HMXB POPULATION IN NGC55

Figure 2.4: Mid-IR colour-magnitude diagram for spectroscopically classified massive stars
in NGC 55 (Castro et al. 2008). The similarity of the IR colours between the four X-ray
sources (magenta stars) falling outside the Stern wedge in the top panel of Figure 2.3 and
the reference stars further supports their classification as HMXBs by Binder et al. (2015).

information (X-ray spectra, HST imaging, time variability) that is not yet available.

The list of HMXBs is presented in Table 2.3. Columns “RA" and “Dec" indicate the

location of XRBs as provided by Binder et al. (2015). Column “z" presents the inclination

corrected vertical distance of each XRB from the mid-plane of the galaxy in kpc. Column

“Flux" provides the unabsorbed 0.35 - 8 keV flux (Binder et al. 2015). Column “Lx”

presents the X-ray luminosity of each XRB in units of 1036 erg s−1 estimated from the

relevant flux and the distance of NGC 55 in Table 2.1.
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Table 2.3: HMXBs catalog

Verified HMXBs candidate HMXBs

RA Dec z Flux Lx,36 RA Dec z Flux Lx,36

(1) (2) (3) (4) (5) (1) (2) (3) (4) (5)
00:14:19 −39:10:14 0.27 11.0 4.95 00 14 12 −39:10:17 0.43 9.0 4.05
00:14:45 −39:10:53 0.29 1.8 0.81 00 14 19 −39:11:13 0.78 255.0 114.77
00:14:47 −39:13:02 0.76 0.9 0.41 00 14 30 −39:12:57 1.24 18.7 8.42
00:14:48 −39:12:15 0.31 1.2 0.54 00 14 38 −39:12:42 0.84 7.1 3.20
00:14:50 −39:11:54 0.04 1.2 0.54 00 14 40 −39:09:37 0.87 10.7 4.82
00:14:52 −39:12:06 0.09 2.9 1.31 00 14 43 −39:12:40 0.69 5.6 2.52
00:14:52 −39:12:24 0.24 5.1 2.30 00 14 43 −39:11:27 0.00 3.3 1.49
00:14:54 −39:12:44 0.36 1.0 0.45 00 14 46 −39:13:58 1.26 5.0 2.25
00:14:56 −39:13:17 0.56 5.1 2.30 00 14 47 −39:09:44 0.99 2.0 0.90
00:14:59 −39:12:49 0.20 2.0 0.90 00 14 49 −39:13:52 1.11 1.3 0.59
00:15:00 −39:12:18 0.10 6.4 2.88 00 14 52 −39:13:34 0.84 1.9 0.86
00:15:02 −39:11:45 0.43 1.2 0.54 00 14 52 −39:13:34 0.83 1.6 0.72
00:15:11 −39:11:10 1.07 0.8 0.36 00 14 54 −39:13:32 0.75 0.9 0.41
00:15:15 −39:15:08 0.88 1.9 0.86 00 14 54 −39:13:37 0.81 1.2 0.54
00:15:22 −39:11:36 1.20 7.6 3.42 00 14 55 −39:09:46 1.25 1.4 0.63
00:15:22 −39:14:52 0.50 0.8 0.36 00 14 57 −39:12:27 0.07 1.3 0.59
00:15:23 −39:13:37 0.17 1.3 0.59 00 15 00 −39:14:14 0.92 1.1 0.50
00:15:26 −39:12:56 0.63 1.1 0.50 00 15 01 −39:12:43 0.06 1.0 0.45
00:15:33 −39:15:11 0.28 17.0 7.79 00 15 02 −39:14:25 0.97 2.9 1.31

00 15 03 −39:12:39 0.00 4.8 2.16
00 15 03 −39:12:41 0.00 0.8 0.36
00 15 04 −39:12:39 0.42 1.5 0.68
00 15 04 −39:10:50 1.00 4.1 1.85
00 15 05 −39:13:13 0.24 4.7 2.12
00 15 06 −39:12:46 0.07 0.8 0.36
00 15 07 −39:13:23 0.22 2.0 0.9
00 15 08 −39:11:18 0.94 1.1 0.5
00 15 13 −39:11 41 0.85 5.7 2.57
00 15 14 −39:13:20 0.04 3.0 1.35
00 15 14 −39:11:51 0.81 0.7 0.32
00 15 20 −39:12:19 0.79 1.2 0.54
00 15 28 −39:11:51 1.29 2.0 0.9
00 15 38 −39:12:32 1.25 17.5 7.88
00 15 42 −39:14:31 0.35 2.8 1.26
00 15 48 −39:16:13 0.34 7.1 3.2
00 15 48 −39:18:39 1.68 47.0 21.15
00 15 56 −39:13:39 1.30 11.6 5.22

Column description: (1) X-ray source number assigned by Binder et al. (2015) list, (2)
RA (hh mm ss.ss) J2000, (3) Dec (−dd mm ss.ss) J2000, (4) X-ray classification according to
Binder et al. (2015), (5) Separation between X-ray and mid-IR sources in arcsec, (6) 3.6 µm
mag, (7) 4.5 µm mag, (8) 5.4 µm mag, (9) 8.0 µm mag
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2.1. THE HMXB POPULATION IN NGC55

Figure 2.5: Reddening corrected HST colour-magnitude diagram of the optical coun-
terparts of the X-ray sources (black dots) classified as HMXBs by Binder et al. (2015).
20 Myr and 100 Myr isochrones from the Geneva stellar models (Ekström et al. 2012)
are over-plotted for reference. All but three stars are bounded by the 100 Myr isochrone,
confirming their young age and the classification of the X-ray sources by Binder et al. (2015)
as HMXBs.
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2.2 Vertical distribution of HMXBs in NGC 55

In this section we measure the vertical distances of HMXBs from the mid-plane of NGC

55, compare their vertical distribution with the distribution of star-forming activity

and estimate the centre-of-mass transverse velocity of the X-ray binary systems. We

choose to measure the distance of HMXBs from the mid-plane, since due to the distance

of NGC 55, the projected density of star-forming regions is too large to allow us to

identify the possible birthplace of each individual HMXB among young star clusters or

OB associations, as has been done in the SMC (Coe 2005), LMC (Antoniou & Zezas

2016) and the MW (Bodaghee et al. 2012). This is evident in Figure 2.6, which shows

separate, representative HMXBs (indicated with an X) located at large distances from

the mid-plane, superimposed on a starlight continuum subtracted Hα image of NGC 55

(Kopscacheili et al., in prep.) which traces star-forming regions. Around each HMXB

we draw a 1 kpc radius circle (which, assuming a centre of mass velocity of 40 km

s−1 corresponds to a travel time of 25 Myrs) with the radial vector pointing towards

the mid-plane of the galaxy. We cannot correlate individual HMXBs with specific

star-forming regions either because there are multiple possible regions or because there

is no star-forming region nearby.

2.2.1 Vertical distance of HMXBs and SFR

We define as the mid-plane of NGC 55, the plane where star-formation rate (SFR)

peaks. For this reason we use the highest resolution and least absorption-dependent

SFR indicator we have available. This is the 8.0 µm IRAC image that traces polycyclic

aromatic hydrocarbon (PAH) emission from the star forming regions and correlates

almost linearly with the SFR if the small contribution from older stellar populations

that also emit in the IR is removed (Calzetti 2008).

We use the publicly available SINGS IRAC images of NGC 55 (Dale et al. 2009)
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Figure 2.6: HMXBs located at large distances from the mid-plane superimposed on a
starlight-subtracted Hα image that traces star-forming regions. Each HMXB is indicated
with an X and is encircled by a 1 kpc radius circle with the radial vector pointing towards
the mid-plane of the galaxy. Individual HMXBs may be associated with any one of several
star-forming regions.
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Figure 2.7: Vertical distribution of HMXB density in bins of 0.1 × 18 kpc (0.18′× 32′) from
the mid-plane of NGC 55 (candidate and verified HMXBs in grey and yellow respectively).
The red line indicates the vertical distribution of the 8.0µm-based SFR density with the
black line showing its best-fit exponential profile. HMXBs extend beyond the star-forming
region. North towards the positive values of z.

and we subtract the 3.6 µm image from the 8.0 µm image using a scaling factor of 0.26

(Wu et al. 2005) in order to remove the contribution from the non star-forming, stellar

populations and create a “star-formation" 8.0 µm image.

We then take slices with length equal to the major axis of NGC 55, at an angle equal

to the position angle of NGC 55 at 108◦ (de Vaucouleurs et al. 1991, Table 2.1). The

thickness of each slice is 1.98′′, equal to the FWHM of Spitzer’s IRAC band 4 PSF∗. We

take as many slices as required to fully cover the extent of NGC 55 as defined by the

D25 (Figure 2.2) and measure the surface brightness in each slice. The slice with the

highest surface brightness is selected as the mid-plane of NGC 55 and is shown as the

red line in all panels in Figure 2.8.

We measure the vertical distribution of the SFR density from the star-forming 8.0

µm image calculated in bins of the same size as in the case of HMXBs (yellow histogram
∗ (http://irsa.ipac.caltech.edu/data/SPITZER/docs/irac/ iracinstrumenthandbook/)
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in Figure 2.7). We model the SFR density with an exponential profile:

S(z) = S0e
−z/zsfr (2.1)

where S(z) is the surface brightness along the z axis, S0 is the surface brightness at the

mid-plane of the galaxy and zsfr is the vertical scale height. Fitting our data using a

least-squares fit, we derive a star-formation scale height of zsfr=330±90 pc (red line in

Figure 2.7).

2.2.2 Displacement of HMXBs from star-forming regions

We observe in Figure 2.7 that the star-forming activity is confined to the disk of NGC

55 with a scale height of 330±90 pc, whereas the HMXBs are substantially extended

beyond the SFR density. This suggests a “puffed-up" population of HMXBs with respect

to their birthplaces. The existence of a broadening in the spatial distribution of HMXBs

is further shown in Figure 2.8, where we over-plot the location of HMXBs on images

of NGC 55 that present different star-formation tracers. In the top panel we show the

8.0 µm image (Dale et al. 2009) with the contribution from non-star-forming, stellar

populations subtracted, as discussed in the previous section. In the middle panel, we

show a GALEX NUV (2267 Å) image (Gil de Paz et al. 2007) that traces light from

young stars. On the bottom panel is a starlight continuum subtracted Hα image obtained

with the 4-m Blanco telescope at CTIO (Kopsacheili et al., in prep.) tracing recent star

formation. The positions of HMXBs are shown as green, white and blue circles in the

top, middle and bottom panels, respectively. In all three images, a significant fraction

of XRBs are located beyond the extent of star-formation activity and at large vertical

offsets from the mid-plane.

We qualitatively examine this broadening in the spatial distribution of HMXBs

by reconstructing the distribution of vertical offsets of HMXBs with respect to their
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Figure 2.8: Locations of HMXBs and distribution of star-formation in NGC 55 based on
different star-formation tracers. Top: 8.0µm image (Dale et al. 2009) with the contribution
from non-star-forming, stellar populations subtracted. Middle: GALEX NUV (2267 Å)
image (Gil de Paz et al. 2007) that traces light from young stars. Bottom: Starlight
continuum subtracted Hα image (Kopsacheili et al., in prep.) tracing recent star formation.
The red line depicts the mid-plane of NGC 55 as determined in Section 2.2.1. Candidate
HMXBs are presented as white (top, middle panel) and blue (bottom panel) while verified
HMXBs are presented as green in all panels. The HMXB population extends at large
vertical offsets and at regions with relatively low star-forming activity.
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birthplace by means of a Monte Carlo simulation. We sample randomly selected HMXB

birth and current locations all drawn from the exponential distribution in equation 2.1,

thereby creating virtual birthplaces and virtual locations of HMXBs. We measure the

vertical offsets between virtual birthplaces and their nearest virtual HMXB location and

produce a distribution that represents the null hypothesis, that HMXBs are co-located

with their parent star-forming region. We also measure the vertical offsets between

virtual birthplaces and the nearest HMXB location from our HMXB sample and produce

a distribution that represents the hypothesis that HMXBs are displaced from their parent

star-forming region. We perform 10,000 iterations and calculate the distributions in 0.1

kpc bins. In order to account for the AGN contamination of 15 out of the 37 “candidate

HMXBs" (Table 2.3), in each iteration our HMXB sample consists of randomly selected

combinations of 22 out of 37 “candidate HMXBs", in addition to the 19 “verified HMXBs"

(Table 2.3) for which no AGN contamination is considered. The results are presented in

Figure 2.9. The distribution under the hypothesis that HMXBs are displaced from their

parent star-forming region (grey histogram) is extended compared with the distribution

under the null hypothesis (yellow histogram). Furthermore, a K-S test indicates the two

populations are different at the 99.8% confidence level. We next quantify the observed

displacement of HMXBs, which is attributed to kicks after an asymmetric supernova

explosion during the formation of the compact object (Fryer & Kalogera 1997). The

contribution of natal kicks is treated as a Gaussian smearing function of standard

deviation σ, that broadens the spatial distribution of HMXBs compared with their birth

distribution. We simulate the vertical distribution of HMXBs from the mid-plane as the

convolution P (z|σ,zsfr) between this Gaussian and the exponential distribution of SFR
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Figure 2.9: Distribution of HMXB vertical offsets calculated from Monte Carlo realisations
of randomly selected birthplaces within the star-forming region. The distribution under
the hypothesis that HMXBs are displaced from their parent star-forming region (grey
histogram) is extended compared with the distribution under the null hypothesis (yellow
histogram)

(equation 2.2) with a scale height of zsfr=330 pc (Figure 2.11):
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√
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)
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z
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1
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)]
− 2

] (2.2)

We apply the maximum likelihood method for finding the best estimate of the Gaussian

smearing parameter σ. The likelihood function L(z|σ,zsfr) derived from the convolution

P is:

L(z|σ, zsfr) =
N∏
i=1

P (zi|σ, zsfr) (2.3)
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Figure 2.10: The likelihood of the dispersion of the Gaussian smearing function (normalised
to the maximum likelihood σ), described in Section 2.2.2. The maximum at σ = 0.57 kpc
is the scale height corresponding to the displacement between HMXBs and star-forming
regions.

where N=41 is the number of HMXBs and zi the vertical distance of the ith HMXB

from the mid-plane of NGC 55. We perform 100,000 iterations and in order to account

for the estimated AGN contamination, in each iteration our HMXB sample consists of

all “verified HMXBs" (Table 2.3) as well as randomly selected combinations of 22 out of

37 “candidate HMXBs" (Table 2.3).

In Figure 2.10 we show the likelihood of the dispersion of the Gaussian smearing

function (normalised to the maximum likelihood). The maximum at σ = 0.57 ± 0.07

kpc is the difference between the scale height of the vertical distribution of HMXBs and

the vertical distribution of star-forming activity.

2.2.3 Constraining the displacement of HMXBs

The result of the previous section provides an upper limit on the scale height of HMXBs.

There are other factors such as contamination, incompleteness and in-situ formation of
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Figure 2.11: Simulated vertical distribution of HMXBs (black dashed) as the convolution
between a Gaussian smearing function of standard deviation σ = 0.57 kpc (green) that
represents the contribution of kicks, on top of the their birth distribution of 0.33 kpc (red).
The grey and yellow histograms show the observed vertical distribution of candidate and
verified HMXBs respectively.

HMXBs that bias the result of our analysis toward larger scale heights. We investigate

these factors in an effort to constrain the lower limit on the scale height of HMXBs.

Although contamination from approximately 15 AGN interlopers from the “candidate

HMXBs" sample has been incorporated in the estimation of the scale height of HMXBs,

we can make additional assumptions that constrain its effect towards lower scale heights.

We first consider as interlopers the 15 “candidate HMXBs" with the largest distances

from the mid-plane. Repeating the analysis of Section 2.2.2 and excluding the “candidate

HMXBs" with the largest distances from the mid-plane, the resulting scale height of the

vertical distribution of HMXBs is no less than 0.33 kpc.

We then make the hypothesis that all “candidate HMXBs" are either AGN interlopers

or misclassified LMXBs. By repeating the analysis of Section 2.2.2 including only the

“verified HMXBs", we find that the scale height of the vertical distribution of HMXBs is
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0.39 kpc.

The other factor that would bias the results toward larger scale heights, is incomplete-

ness at the low luminosities. There are three major effects leading to incompleteness.

The first derives from the dependence of the point response function on the off-axis

angle. We expect this effect to be important at angular distances larger than 8′ from the

aim-point (Wong et al. 2015). Since only four HMXBs from the sample of “candidate"

and “verified" are located at distances larger than 8′ from the aim-point, incompleteness

due to off-axis angle will only have a minor effect on our results.

The second effect has to do with the presence of diffuse emission (emission from hot

inter-stellar medium or from unresolved faint sources). Stobbart et al. (2006) investigated

the diffuse emission of NGC 55 by extracting spectra representative of the residual disk

emission and estimated the observed flux of the diffuse X-ray emission is at ∼3% of that

of the resolved sources.

The third effect is caused by the high column density contours of 5 × 1021 cm−2 near

the mid-plane (Stobbart et al. 2006) , which makes absorption a potentially significant

problem for the detection of HMXB candidates. To determine the impact of such

absorption, we investigate the distribution of all X-ray sources (AGN and XRBs) within

the FOV in bins of 0.1 kpc from the mid-plane and perform a K-S test on the null

hypothesis that their distribution is being drawn from a uniform one. At a confidence

level of 95% the estimated p-value of 0.8% indicates that the distribution of all observed

X-ray sources is not consistent with being flat, suggesting that the observed sources are

not filling in for background ones that are not detected due to absorption, arguing for

low incompleteness.

To quantitatively assess the effect of absorption through the edge-on star-forming gas

disk of NGC 55, we assume that near the mid-plane at a distance of ±1.2 kpc, which

according to Davidge (2005), comprises the thin disk of NGC 55, most of the detected

sources are those on the near side. To account for the sources on the far side that are
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Figure 2.12: To account for the sources on the far side that are possibly undetected due
to absorption, we add sources at the same distances from the mid-plane as the observed
ones and calculate the variation in the determination of the scale height. The maximum
deviation from the observed scale height is approximately 20% after the addition of 10 to
15 sources.

possibly undetected due to absorption, we add sources at the same distances from the

mid-plane as the observed ones and calculate the variation in the determination of the

scale height. The results are presented in Figure 2.12, where the maximum deviation

from the observed scale height is approximately 20% after the addition of 10 to 15

sources.

We also assume that for the observed X-ray sources located within the thin disk and

detected in both the soft (0.3 → 1 KeV) and hard (2 → 7 keV) X-ray bands, emission

from hard X-rays is less affected by absorption. In Figure 2.13 we plot their luminosities

in each band and in bins of 0.5 kpc vertical to the mid-plane. For the soft X-rays

(orange line), there is a significant decrease towards the northern part (0.5 kpc) of

the galaxy. Emission from hard X-rays (yellow line) is less affected and shows little

variation as it passes through the thin disk. Assuming that the observed decrease in

soft X-ray luminosity is caused by absorption, we quantify this at ∼ 3 × 1037 erg s−1.

Since the average X-ray luminosity per source in the soft band is ∼ 2.5 × 1036 erg s−1,
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Figure 2.13: X-ray luminosities for sources detected in both the soft (0.3 → 1 KeV) and
hard (2 → 7 keV) bands in bins of 0.5 kpc vertical to the mid-plane. For the soft X-rays
(orange line), there is a significant decrease towards the northern part (0.5 kpc) of the
galaxy which is estimated at ∼ 3 × 1037 erg s−1. Emission from hard X-rays (yellow line)
is less affected and shows little variation as it passes through the thin disk.

the estimated absorption affects the emission from approximately 12 undetected X-ray

sources, in agreement with our previous assumption.

Regarding the in situ formation of HMXBs in extra-planar regions, we concentrate

on the population of early type stars in NGC 55, where most OB stars are found close

to the mid-plane (Kudritzki et al. 2016) with very little star-forming activity outside

the main body of the disk (Davidge 2005). We estimate the ratio of the relative Hα flux

in extra-planar to planar regions as a measure of the fraction of early type stars in each

region (assuming the same SFR history). Defining the regions as in (Davidge 2005), with

the planar at a height of 2.2′ on either side of the mid-plane and the extra-planar falling

between 2.2′ and 4.4′ off the mid-plane and using the starlight continuum subtracted

Hα image of Section 2.2.2, the resulting ratio of only 6%, suggests it is unlikely that

more than one or two HMXBs may have been formed in situ at large latitudes.

From the analysis of the issues that would bias the scale height of the vertical

displacement of HMXBs, it occurs that the lower limit on the scale height is estimated

at 0.33 kpc, as a result of the exclusion of the 15 “candidate HMXBs" with the largest
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distances from the mid-plane as AGN interlopers. Furthermore, incompleteness can

affect the upper and lower limits towards lower values by as much as 20%.

2.2.4 Center-of-mass transverse velocity of HMXBs

The companion stars of HMXBs are among the youngest stellar population in galaxies.

Therefore the travel time and distance of HMXBs depend on the recent star formation

history of the galaxy. Since there are no published star formation histories for NGC 55,

we adopt HMXB travel times predicted by binary population synthesis codes for two

different star formation history (SFH) models (shown in the top panel of Figure 2.14):

1. A flat model where stars are formed at a constant rate.

2. An exponentially declining model with a burst 100 Myr ago.

The star formation histories are displayed in the top panel of Figure 2.14 and are

generated using a modified form of BSE, a binary population synthesis code described

in Hurley et al. (2002) with updates found in Andrews et al. (2018) and its references.

Default parameterisations and prescriptions are used. We use the statistical wrapper

described in Andrews et al. (2018), to sample X-ray binaries with X-ray luminosities

above 1036 erg s−1. The synthetic populations are generated assuming different star

formation histories, which we interpret as priors on our model distributions.

The vertical distance of HMXBs from the mid-plane is derived from the vertical

distribution of stars corresponding to the star-formation activity off the galaxy’s plane

(star-forming distance), added to the convolution between the travel time and the

centre-of-mass transverse velocity:

Vertical distance = star-forming distance + [Travel time × centre-of-mass transverse

velocity × sin(θ)cos(ϕ)]

We assume the kick distribution to be isotropic, therefore the term sin(θ)cos(ϕ)

accounts for the random direction the kick will move the system, where θ is a polar
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Figure 2.14: Top panel: Star formation history (SFH) models across the recent past
of NGC 55. A flat model (blue dashed) where stars are formed at a constant rate and
an exponentially declining model (red dashed) with a burst 100 Myr ago. Botton panel:
Cumulative distribution of HMXB travel times adopted from binary population synthesis
codes for the flat (blue) and exponential (red) SFH models. Depending on the star formation
history, the travel time and therefore the travel distance of HMXBs can substantially change.
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angle that defines the angle between the kick velocity and the direction of orbital motion

and is randomly drawn from -1 < cos(θ) < 1, while ϕ is an azimuthal angle randomly

varying between 0 and 2π.

To determine the center-of-mass transverse velocity distribution, we reverse the

previous equation: we combine the observed sample’s vertical distribution with randomly

drawn vertical distances off the plane of NGC 55 (according to the exponentially

declining distribution of star formation), travel time distributions (from binary population

synthesis) and random polar and azimuthal angles to solve for the velocity distribution.

We determine the center-of-mass transverse velocity for three HMXB samples as in

Section 2.2.3. In the first, the HMXB sample consists of all “verified HMXBs" as well as

randomly selected combinations of 22 out of 37 “candidate HMXBs". In the second, the

HMXB sample consists of “verified HMXBs" only. In the third, we have the “minimum

" scale height sample, that consists of all “verified HMXBs" and “candidate HMXBs"

excluding the 15 “candidate HMXBs" with the largest distances from the mid-plane. The

results for the center-of-mass transverse velocity of HMXBs are presented in Table 2.4.

Figure 2.15 shows the center-of-mass transverse velocity distribution (normalised to

the maximum value) for the first sample and for two different star-formation histories.

The centre-of-mass transverse velocity for the exponential SFH model (red line) is 22

± 6 km s−1 and for the flat SFH model (blue line) is 48 ± 9 km s−1. For the second

(the “verified HMXBs only") sample the centre-of-mass transverse velocity is 22 ± 6 km

s−1 for the exponential and 41 ± 8 km s−1 for the flat SFH model. For the third (the

“minimum scale height") sample, the centre-of-mass transverse velocity is 20 ± 5 km s−1

for the exponential and 34±7 km s−1 for the flat SFH model.

58



2.2. VERTICAL DISTRIBUTION OF HMXBS IN NGC 55

Table 2.4: HMXB center-of-mass transverse velocity

velocity (km s−1) displacement
HMXB sample flat SFH exp. SFH (kpc)

verified, candidate(1) 48 ± 9 22 ± 6 0.57 ± 0.07
verified 41 ± 8 21 ± 6 0.39

verified, candidate(2) 34 ± 7 20 ± 5 0.33
(1) excluding 15 sources randomly selected
(2) excluding 15 sources with largest distances

Figure 2.15: Normalised (to the maximum value) distribution of the centre-of-mass
transverse velocity for the HMXB sample that consists of all “verified HMXBs" as well
as randomly selected combinations of 22 out of 37 “candidate HMXBs", for two different
star-formation histories. For the exponential SFH model (red line) the centre-of-mass
transverse velocity is 22±6 km s−1 and for the flat SFH model (blue line) is 48±9 km s−1.
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2.3 Vertical distribution of MW HMXBs

The HMXB population in our Galaxy provides an excellent benchmark for: a) evaluating

our statistical approach and b) comparing the vertical distribution of HMXBs between

the two galaxies. Parallaxes from the second data release of Gaia (Gaia Collaboration

2018) allow us to measure their positions in the MW with unprecedented accuracy. We

cross-correlate the HMXB catalog of Liu et al. (2006) with the Gaia DR2 catalog and we

find matches for 36 out of the 114 known Galactic HMXBs. One of these matches (1H

1936+541) is excluded because most likely it is associated with the bright galaxy cluster

G086.45+15.29 at a redshift of 0.260 (Andrade-Santos et al. 2017). Sources without

Gaia DR2 counterparts either lack a previously associated optical counterpart or are

too extincted to be observed by Gaia. For the 35 HMXBs, we measure their vertical

distances from the mid-plane of the Galaxy by adopting a distance of the Sun from the

Galactic plane at h = 17 ± 5 pc (Karim & Mamajek 2017).

We repeat the same statistical analysis as in Section 2.2.2 where we treat the

contribution of kicks as a Gaussian smearing function of standard deviation σ that

spreads the vertical distribution of HMXBs around the Galaxy plane when applied on

top of the star-formation activity distribution, which we consider is well represented by

the vertical distribution of OB-stars in the Galaxy. We model the OB-stars distribution

as an exponential function with a scale height of 103 ± 3 pc Kong & Zhu (2008) and

derive that the difference between the scale heights of the vertical distribution of HMXBs

and the vertical distribution of star-forming activity is 36±3 pc (Figure 2.16).

To check the consistency of this result, we fit the distribution of vertical distances

of HMXBs with an exponential function and find that the scale height of the vertical

distribution of HMXBs in the Galaxy is 145 ± 23 pc (black dotted line in Figure 2.14)

in general agreement with previous estimates at: 150 pc (Grimm et al. 2002), 240+90
−40 pc

(Dean et al. 2005), 134+39
−25 pc (Bodaghee et al. 2007), 85+23

−15 pc (Lutovinov et al. 2013).

When compared with the scale height of the distribution of OB-stars as in the previous
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paragraph, the difference is at 42 ± 23 pc, consistent with the result from our statistical

approach.

We note that from the distribution of HMXBs on the Galactic plane, Bodaghee

et al. (2012) found much larger offsets between HMXBs and OB associations at 400±200

pc, with nine HMXBs located more than 1 kpc from their nearest OB association.

The difference between the vertical and horizontal offsets of the HMXBs distribution

is consistent with the kinematics of stellar systems due to Galaxy rotation and the

kinematics of X-ray binary systems: Prior to the SN explosion, the orbit of binary

systems in disk galaxies lay on the plane of the disk. The SN explosion induces a kick in

addition to the initial motion of the progenitor on the Galactic plane.

On the other hand, the vertical displacement of HMXBs in NGC 55 is greater than

in the Milky Way by an order of magnitude, despite the similar kick velocities the

HMXBs receive in both galaxies. We attribute this difference to the greater gravitational

potential of the MW that confines HMXBs more closely to the Galactic plane. More

specifically, the stellar mass of NGC 55 is at 1.94 × 109M⊙ (Kudritzki et al. 2016) while

for the Galaxy is 25 times greater, at 5.76 × 1010M⊙ (Licquia & Newman 2014). The

local Galactic escape speed is estimated at 533 km s−1 (Piffl et al. 2014), while the

escape velocity for NGC 55, using similar gravitational potential profiles as for the MW,

is estimated at ∼100 km s−1, which is consistent with the distribution of transverse

velocities of HMXBs in NGC 55 (Figure 2.15). The typical kick velocities are well below

the escape velocity of NGC 55, suggesting that most systems ought to remain bound to

their host potential.
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Figure 2.16: Vertical distribution of HMXBs in the MW (grey histogram) along with the
best fit exponential function (black, dotted line) with a scale height of 145 ± 23 pc. The
red, dotted line presents the vertical distribution of OB-stars in the MW with a scale height
of 103 ± 3 pc (Kong & Zhu 2008). Applying our statistical approach, we find that the
difference between the scale heights of the two distributions is 36 ± 3 pc. The white and
yellow histograms show the observed vertical distribution of candidate and verified HMXBs
in NGC 55. Despite the similar kick velocities the HMXBs receive in both galaxies, the
distribution of vertical displacements in NGC 55 is much wider. We attribute the difference
to the greater gravitational potential and therefore greater escape velocity of the Galactic
disk that confines HMXBs more closely to the Galactic plane.
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2.4 HMXB formation efficiency and metallicity

The formation rate of HMXBs follows closely the local SFR and metallicity (Fragos et al.

2013a, Antoniou et al. 2019). Since there is no local SFR data for NGC 55, we compare

the HMXB formation efficiency in NGC 55 with the relevant efficiency in the SMC,

LMC and the Milky Way, based on the average SFR of each galaxy (Table 2.5). We find

that down to a luminosity of Lx=0.3 × 1036 erg s−1 the HMXBs/SFR in NGC 55 is

299+50
−46 (sources/M⊙ yr−1) assuming 41 HMXBs, which we consider as the most probable

number of HMXBs in NGC 55 and SFR measurements from Weisz et al. 2011. In the

case of LMC and SMC, down to a luminosity of Lx=3 × 1033 erg s−1 (Antoniou & Zezas

2016) we have 160+96
−64 (sources/M⊙ yr−1) and 480+400

−240 (sources/M⊙ yr−1) respectively

(Antoniou & Zezas 2016, Harris & Zaritsky 2009). For the Milky Way we have 69 ±

17(sources/M⊙ yr−1) (Bodaghee et al. 2012, Licquia & Newman 2014). The errors are

based on error propagation from the number of X-ray sources and the uncertainty on

the SFR. The formation rate for the LMC and SMC is consistent with those calculated

by Antoniou & Zezas (2016) given the local SFR of the episodes responsible for the

formation of HMXBs. Taking into consideration the metallicity of each galaxy (Table

2.5), we see that the number of HMXBs per SFR is higher in galaxies with sub-solar

metallicity. This is consistent with binary population synthesis models predicting more

efficient HMXB production in metal poor environments. (Fragos et al. 2013a, Linden

et al. 2010, Renzo et al. 2019).
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2.5 Comparison with other galaxies

Measurements in the MW and the Magellanic Clouds show that the centre-of-mass

transverse velocity of HMXBs is 12.4 ± 7.0 km s−1 for the LMC (Antoniou & Zezas 2016)

and 16 km s−1 for the SMC (Coe 2005). The corresponding space velocities are 17.5 ±

9.8 km s−1 for the LMC (Antoniou & Zezas 2016) and 30 km s−1 for the SMC (Coe

2005). For the Milky Way, where van den Heuvel et al. (2000) derived proper motions

from Hipparcos measurements, the transverse velocity of four SG-XRBs is 42±14 km

s−1 and of 13 Be-XRBs is 15 ± 6 km s−1. On the other hand, Bodaghee et al. (2012)

used a sample of 79 Galactic HMXBs and estimated an average space velocity of 100 ±

50 km s−1.

In this study, using travel time distributions derived from binary population synthesis

codes based on two different SFH models we find that for a flat SFH model, which

is typical of spiral galaxies like NGC 55, HMXBs are moving with typical transverse

velocities between 34 and 48 km s−1, consistent with space velocities of Milky Way

HMXBs. For an exponential SFH model, with a starburst 100 Myr ago, HMXBs in NGC

55 have somewhat lower transverse velocities of approximately 21 km s−1, consistent

with the corresponding transverse velocity of HMXBs in the SMC and LMC.

Assuming that NGC 55 is reasonably accurately modelled with a flat star formation

history, our results show that despite the similar kicks the HMXBs receive, the induced

center-of-mass velocities are higher in NGC 55 than in the MCs. The differences can

be attributed to pre and post SN orbital characteristics from which we can enrich our

insight into the evolutionary process of XRB systems and revise the parameter space of

theoretical models to reproduce the higher velocities by considering:

• Higher pre-supernova orbital velocities (Brandt & Podsiadlowski 1995).

• Larger masses of the secondary star (Brandt & Podsiadlowski 1995).
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• Larger amounts of mass ejected during the SN explosion (Brandt & Podsiadlowski

1995).

• Increased natal kick velocities, that also affect the fraction of systems that remain

bound (Kalogera 1996).

The comparatively high spatial velocities of HMXBs in NGC 55 suggest a larger

fraction of SG-XRBs in NGC 55 than in the Milky Way and also hint for a small fraction

of electron-capture SNe that impart very small kicks (Linden et al. 2009). The estimated

centre-of-mass transverse velocities for each galaxy (LMC, SMC, MW, NGC 55) as well

as the rest of the results of our analysis, are presented in Table 2.5.
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Table 2.5: Comparison of HMXB displacement in different galaxies

LMC SMC MW NGC 55

Average displacement (kpc) 0.09 ± 0.05 (1) 0.07 (2) 0.40 ± 0.20 (3) 0.33 - 0.57 (4)

Transverse velocity (km s−1) SG-XRBs 12.4±7.0 (1) 16 (2) SG-XRBs 42±14 (12) 21 (13)

Be-XRBs 10.8±7.3 (1) 13.1(1) Be-XRBs 15±6 (12) 34 - 48 (14)

Metallicity (Z⊙) 0.4 (1) 0.2 (1) 1 0.4 (5)

SFR (M⊙ yr−1) 0.25+0.15
−0.10

(6) 0.30+0.55
−0.15

(6) 1.66±0.20 (8) 0.137+0.023
−0.021

(11)

Stellar mass (M⊙ × 109) 2.70 (7) 0.31 (7) 57.6 (8) 1.94 (9)

HMXBs 40 (1) 144 (1) 114 (3) 41 (10)

HMXBs/SFR (sources/M⊙ yr−1) 160+96
−64 480+400

−240 69±17 299+50
−46

Notes: (1)Antoniou & Zezas (2016), (2)Coe (2005), (3)Bodaghee et al. (2012),(4)This study, (5)Kudritzki et al. (2016),
(6)Harris & Zaritsky (2009),(7)van der Marel et al. (2009), (8)Licquia & Newman (2014), (9)Kudritzki et al. (2016),(10)this
study based on Binder et al. (2015), (11)Weisz et al. (2011), (12)van den Heuvel et al. (2000),(13)This study, for an
exponential SFH, (14)This study, for a flat SFH
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3
XLF of nearby galaxies

The detection of discrete X-ray sources such as XRBs in our local universe enabled the

statistical analysis of their populations in connection to the intrinsic properties (star

formation rate, stellar mass, metallicity) of their host galaxies. The basic tool for the

statistical analysis of XRB populations is the X-ray Luminosity Function (XLFs) that

presents the number of XRBs as a function of their X-ray luminosity. The XLF of

HMXBs in star-forming galaxies when normalised by the SFR of the host galaxies is

described by a single power-law model with an index in the range between -1.5 and -1.8

(e.g. Grimm et al. 2003; Zezas et al. 2007; Mineo et al. 2012a; Wang et al. 2018; Lehmer

et al. 2019) and a normalisation constant giving the number of HMXBs per SFR at a

reference luminosity. The XLF of LMXBs in early-type galaxies when normalised by

the M⋆ is described by a broken power-law with typical indices between -1.5 and -2.5

above a luminosity break-point Lb at ∼ 3.0 × 1038 erg s−1 and between -2.0 and -3.0 at

lower luminosities (e.g. Gilfanov et al. 2004; Kim & Fabbiano 2010; Zhang et al. 2012;

Peacock & Zepf 2016; Lehmer et al. 2019).
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In this chapter we study the demographics of a large population of XRBs in nearby

galaxies. The sample is comprised of 10,099 X-ray sources in 319 nearby galaxies of all

morphological types, covering a wide range of values in their intrinsic properties (SFR,

M⋆, metallicity) and therefore representing all galactic environments. This is the most

complete study of populations of XRBs in the literature, containing the largest sample of

X-ray sources and galaxies and thus providing the best estimates for the aforementioned

scaling relations of HMXBs and LMXBs.

3.1 Galaxy sample

Observations of nearby galaxies that contain X-ray point sources are retrieved from

the Chandra Source Catalogue 2.0 (CSC 2.0) (Evans et al. 2020). Version 2.0 is the

second major release of the catalog; the current minor release is version 2.0.1, updated

on 2020 November 24. CSC 2.0 includes measured properties for 317,167 unique compact

and extended X-ray sources in the sky, identified with the Advanced CCD Imaging

Spectrometer (ACIS) in five energy bands: broad band (b)from 0.5 to 7.0 keV, ultrasoft

(u)from 0.2 to 0.5 keV, soft (s)from 0.5 to 1.2 keV, medium (m) from 1.2 to 2.0 keV,

hard (h) from 2.0 to 7.0 keV. In this study we use the ACIS detections in the broad

band (b) from 0.5 to 7.0 keV. For further details on the structure of CSC 2.0 see Section

3.1.4 and on the photometric properties of CSC 2.0 see Section 3.2.1.

The following criteria are applied in order to create the galaxy sample:

1. Distance

2. Galactic footprint

3. Intrinsic properties

4. Availability of flux measurements

68



3.1. GALAXY SAMPLE

3.1.1 Distance

The goal of the analysis is to create the largest possible sample of discrete X-ray sources

in nearby galaxies. At distances > 40 Mpc, source confusion severely limits our ability

to resolve discrete sources in a galactic environment. Furthermore, for distances > 20

Mpc the minimum luminosity of the observed X-ray sources surpasses the value of 1 ×

1038 erg s−1. As a result, X-ray sources from galaxies at distances > 20 Mpc contribute

only to the high luminosity end of the XLF, posing a significant bias in the creation

of the XLF. We therefore include galaxies with distances up to 20 Mpc resulting in a

sample of 386 nearby galaxies.

3.1.2 Galactic footprint

We use the D25 isophotal ellipse as the galactic footprint within which discrete X-ray

sources are considered to be associated with the galaxy. The D25 is defined as the isophote

ellipse with its centre at the centre of the galaxy and properties (coordinates, position

angle, length of axes) according to the entries in the HECATE. Most of the observations

included in CSC 2.0 target individual galaxies with the aimpoint usually positioned

at the centre of the galaxy and the galaxy’s D25 fully covered by the field-of-view of

Chandra. However, there are observations with the aimpoint at specific (off-centre)

regions as well as observations which partly cover the galaxy (particularly for the largest

ones). The coverage of each galaxy is represented by the quantity f25 (available in the

HECATE ), defined as the fraction of the D25 included in the field-of-view of Chandra.

The values of f25 are available in the HECATE and we consider as sufficiently covered,

galaxies with f25 > 0.7 (Kovlakas et al. 2021), resulting in the exclusion of 19 galaxies.

3.1.3 Intrinsic properties

Three intrinsic properties of the host galaxies are considered in the analysis: SFR,

M⋆, and metallicity (Z). These are retrieved from the HECATE in order to achieve

69



Chapter 3. XLF of nearby galaxies

homogeneity (see Section 3.3.3 for the estimation of intrinsic properties). For 28 galaxies

there is no available data in the HECATE and they are excluded.

3.1.4 Availability of flux measurements

For each galaxy of the sample, the flux of the population of X-ray sources must be

available in CSC 2.0. Data that is available in CSC 2.0 is split into three main tables:

the Master Sources Table, the Stacked Observation Detections Table, and the Per-

Observation Detections Table. In the Master Sources Table, each row describes a source,

whereas in the latter two tables, each row describes a detection. Detections are the

photon counts that appear on the detector image, whereas sources are the detections

interpreted as distinct X-ray sources (Evans et al. 2020). Therefore a X-ray source

is represented by a single “Master source” entry, one or more “Per-Stack detection”

entries (one for each stack in which the source has been detected) and by one or more

“Per-Observation detection” entries, one for each observation in which the source has

been detected. When a source is detected in several observations, its flux may vary from

observation to observation. At the Master Sources level, CSC 2.0 constructs Bayesian

blocks that group together those observations and within which the source may be

considered to have a constant photon flux. The flux that is entered in the Master Sources

Table is the one from the longest flux-ordered Bayesian block. We retrieve flux data

from the Master Sources Table (see also Section 3.2.1) and we exclude 13 galaxies for

which there is no available data in the Master Sources Table (there is available data

only in the Per-Observation Detections Table). We also exclude seven more galaxies

that contain only one X-ray source, and that source is associated with an AGN. The

final galaxy sample consists of 319 galaxies. A subset of the galaxy sample with their

corresponding intrinsic properties is presented in Table 3.1. The entire galaxy sample of

the analysis is presented in the Appendix (Table 5.1).
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Table 3.1: Galaxy sample and properties

Galaxy Distance Hubble Type Morph. D25 logSFR log M⋆ Z log L20 Nscr Nc Nf/b

(Mpc) (T ) Type (arcmin2) (M⊙ yr−1) (M⊙) (erg sec−1)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

NGC6822 0.43 9.80 Irregular 180 -2.37 7.82 8.23 35.50 43 42.71 27.06
IC0010 0.75 9.90 Irregular 31 -1.38 8.57 8.04 35.87 40 37.46 5.57

NGC0598 0.85 5.90 spiral 1790 -0.64 9.45 8.42 36.05 714 410.38 189.22
NGC0205 0.87 -4.80 elliptical 122 -3.12 8.87 8.60 36.58 15 13.09 3.57

PGC029653 1.40 9.90 Irregular 18 -3.49 6.44 8.07 36.55 11 11.20 2.88
NGC0300 1.94 6.90 spiral 199 -1.32 9.26 8.55 36.67 83 80.84 36.74
NGC0055 2.00 8.80 spiral 143 -0.73 9.36 8.04 36.74 73 81.60 23.10
NGC4214 2.97 9.80 Irregular 28 -1.10 9.01 8.18 37.21 38 24.66 4.37

Column description: (1) Common galaxy name as in NED ; (2) Distance in Mpc; (3) Classification according to HyperLEDA T ; (4)
Morphological type; (5) Area of D25 isophote in arcmin2; (6) Star Formation Rate in M⊙ yr−1; (7) Stellar mass in M⊙; (8) Metallicity
in [12+log(O/H)]; (9) Sensitivity threshold, corresponding to the luminosity with 20% detection probability, estimated from average
values; (10) Number of observed X-ray sources within the D25; (11) Number of X-ray sources corrected for incompleteness; (12) Number
of foreground/background X-ray sources (Kim et al. 2007)
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3.2 X-ray source sample

3.2.1 Photometric properties of X-ray sources

Aperture photometry quantities in CSC 2.0 are derived from counts in source regions with

elliptical apertures, with background estimated from counts in surrounding background

regions. In the case of energy fluxes, the conversion from photons s−1 cm−2 to ergs s−1

cm−2 is performed by summing the photon energies for each incident source photon and

scaling by the local value of the Auxiliary Response Function (ARF) at the location of the

incident photon (Evans et al. 2020). The photometric properties of each distinct X-ray

source are represented by one or more "per observation" entries in the Per-Observation

Detections Table, and a single entry in the Master Sources Table. We extract the

following properties for the ACIS broad (0.5-7.0 keV) band:

• flux aper: Net energy flux inferred from the source region aperture, derived from

the longest block of a flux-ordered Bayesian Block analysis;

• area aper: area of the elliptical source region aperture in arcsec2;

• area aperbkg: area of the annular background region aperture in arcsec2;

• cnts aper: total counts measured in the source region;

• cnts aperbkg: total counts measured in the background region;

• theta: aperture off-axis angle in arcmin;

• obsid: observation identifier;

• livetime: effective observation exposure time.

The flux of each source is represented by the flux aper property which is extracted from

the Master Sources Table. All other properties are extracted from the Per-Observation

Detections Table. In case of multiple observations for a source, we select the entries of

the observation (obsid) with the longest exposure time (livetime). The X-ray source

sample consists of 10,099 X-ray sources, and a subset is presented in Table 3.2.
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Table 3.2: List of X-ray sources and their photometric properties from CSC 2.0

Galaxy Source Flux area area cnts cnts theta obsid livetime Separation
Name Name aper aper aperbkg aper aperbkg

(ergs/s/cm2) (arcsec2) (arcsec2) (arcmin) (sec) (arcsec)
NGC6822 J194456.5-144827 3.88 6.4 152 25 140 0.2 2925 28114 36.7
NGC6822 J194454.5-144713 4.46 4.2 1189 12 38 1.2 2925 28114 44.6
NGC6822 J194451.8-144658 15.71 6.3 1778 27 39 1.7 2925 28114 81.8
NGC6822 J194449.5-144704 5.21 5.6 1597 10 37 2.0 2925 28114 107.9
NGC6822 J194451.8-144919 3.28 5.0 1420 15 27 1.4 2925 28111 108.0
NGC6822 J194501.6-144908 4.71 5.0 1409 11 39 1.6 2925 28108 110.4
NGC6822 J194446.5-144852 3.73 8.8 2506 5 58 2.3 2925 28114 153.0
NGC6822 J194504.2-144552 1.93 12.6 1583 6 33 3.2 2925 28114 166.3
NGC6822 J194444.6-144807 21.80 11.3 623 43 25 2.8 2925 28114 168.5
NGC6822 J194459.9-144508 30.22 17.4 2183 80 46 3.3 2925 28114 171.9
NGC6822 J194447.5-144547 17.05 14.5 346 22 17 3.3 2925 28114 176.6

Column description: See text for the description of the photometric properties.
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3.2.2 X-ray sources associated with Active Galactic Nuclei (AGN)

The presence of an active nucleus in the central region of galaxies can seriously contami-

nate the high luminosity end of the XLF, since AGN are detected as X-ray point sources

that may exhibit luminosities well above 1039 erg s−1 (Ho & Ulvestad 2001; Ghosh et al.

2008). Information for the galaxies that contain AGN is derived from the HECATE,

which in turn uses two sources:

(i) Stampoulis et al. (2019), who classified galaxies as AGN based on their location

in optical emission-line ratio diagnostic diagrams, using spectroscopic data from the

MPA-JHU catalogue.

(ii) She et al. (2017), who assembled a sample of 719 galaxies within 50 Mpc in The

Catalog of the Chandra Survey of Nearby Galaxies.

In NGC4486 and NGC1068, there are more than one source (three and four sources

respectively) at the central region (with distances from the aimpoint up to 2.57′′ and

3.25′′ respectively) with similar number of aperture and background counts. After visual

inspection and since their detection cells overlap, all sources are excluded. In total, we

exclude 130 X-ray sources, all of which are located within 3 ′′ from the centre of the

host galaxies.

3.2.3 Incompleteness and sources with low detection probability

Our sample of X-ray sources is incomplete due to the obvious fact that bright sources are

easier to detect. Faint sources close to the detection limit are missed and this introduces

a systematic bias, since the XLF becomes artificially flattened at the low luminosity

(faint) end due to the missing sources. In order to correct for this flattening, we need to

estimate the fraction of missing X-ray sources. We assume that the number of X-ray

sources corrected for incompleteness is inversely proportional to the detection probability

P for each X-ray source (Zezas et al. 2007). We use the parameterization of Wright et al.
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(2015) for P as a function of the key source properties that allow the detectability of

a source (source intensity, background surface brightness and off-axis angle) using the

equation (Wright et al. 2015):

P = 1− exp
(
−Cλ1

10λ2

)
(3.1)

where C is the source intensity (in counts), and λ1 and λ2 are parameters that depend

on the background surface brightness (in counts pixel−1) and the off-axis angle for each

source. The values of λ1 and λ2 for each source in Eq. 3.1 are based on the interpolation

of tha data from Table 1 in Wright et al. (2015).

If N is the number of detected X-ray sources per galaxy, then the number of X-ray

sources per galaxy corrected for incompleteness Nc is given by:

Nc =
N∑
i=1

1

Pi
(3.2)

In order to avoid in our analysis highly unreliable sources, such as sources with few

counts and high background surface density, we select a detection probability threshold

of P = 20% and we exclude from the final sample the X-ray sources with P < 20%. As

a result, we exclude 458 X-ray sources, with the final X-ray source sample consisting of

9641 sources.
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Table 3.3: Parameters for the estimation of N f/b

K Sref
∗ Sb

∗ γ1 γ2

1407+25
−48 1 19.2+1.3

−1.4 1.64+0.01
−0.01 2.48+0.05

−0.05

∗ Sref and Sb in units of 10−15 erg cm−2 sec−1

3.2.4 Contamination with foreground/background sources

In order to estimate the intrinsic population of XRBs per galaxy Ni, it is necessary to

account for foreground (e.g. stars) and background (e.g. AGN) X-ray sources that are

not associated with the galaxies but are projected onto the D25. Since it is not possible

to classify individual X-ray sources, we use deep field surveys to quantify the number

of contaminants. From the Chandra Multi-wavelength Project (Kim et al. 2007) the

following equation provides the number of X-ray sources N per deg2 associated with the

cosmic X-ray background (CXB) above a flux S20 which is the flux derived from the

detection sensitivity limit L20 (which is the luminosity at the 20% completeness limit as

defined in Section 3.3.2):

Nf/b(> S20) =


K
(

1
1−γ1

− 1
1−γ2

)(
Sb

Sref

)(1−γ1)
+

+K
(

1
γ1−1

)(
S20
Sref

)(1−γ1)
, S20 < Sb

K
(

1
γ2−1

)(
Sb

Sref

)(γ2−γ1) ( S20
Sref

)(1−γ2)
, S20 ≥ Sb

(3.3)

where K is a normalisation constant, Sref is a normalisation flux, Sb is the break flux

at which the slope changes, γ1 and γ2 are faint and bright power indices. The values

of the parameters for the broad energy band (0.5 - 8.0 keV) are presented in Table 3.3,

adopted from Table 3 in Kim et al. (2007).

The number of foreground or background X-ray sources Nf/b for each galaxy is

estimated from Eq. 3.3 considering the extent of each galaxy (defined by the area of its
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Table 3.4: Effect of contamination

Morphological Nf/b/Nc average D25 average L20

type (arcmin2) (1038 erg sec−1)

Spiral c,d,m 31.15 % 41.42 0.43
Irregular 23.60 % 19.96 0.27
Spiral a,b 16.93 % 21.91 0.44
Lenticular 14.62 % 12.88 0.49
Elliptical 6.79 % 13.61 0.65

All 19.44 %

D25) and its FOV coverage (defined by the the quantity f25, see Section 3.1.2):

Nf/b =
N(> S20)

3600
×D25 × f25 (3.4)

The value of Nf/b for each galaxy is presented in Table 3.1 and in Table 5.1. The

population of X-ray sources associated with each galaxy Ni is estimated after removing

the background or foreground X-ray sources Nf/b from the incompleteness corrected

X-ray sources Nc.

The effect of the contamination for each morphological type of galaxies is presented

in Table 3.4. The contamination is presented as the ratio Nf/b/Nc of the background or

foreground X-ray sources Nf/b to the incompleteness corrected X-ray sources Nc. We

also present the average values of D25 and L20 that according to Eq. 3.4 affect the

estimation of Nf/b. The overall contamination is 19.44 % and mostly affects the spiral

c,d,m (31.15%) and irregular (23.60%) galaxies. On the contrary, elliptical galaxies are

very little affected (6.79 %). The high contamination in spiral c,d,m galaxies is due to

their significantly larger extent, while for irregular galaxies is due to their low detection

sensitivity limit L20 (the corresponding S20 is also low and according to Eq. 3.3 results

in higher values of N > S20). The low contamination in elliptical galaxies is due to their

smaller extent and their higher detection sensitivity limit L20.
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Table 3.5: Morphological classification of galaxies

Category de Vaucouleurs type HyperLEDA type T

elliptical E, E-S0 -5 to -3
lenticular E-S0, S0, S0-a -2.9 to 0
spiral a,b Sa,Sb,Sab,SBa,SBb,SABa,SABb 0.1 to 4

spiral c,d,m Sbc, Sc, Scd,Sm,SABc,SBc, 4.1 to 9.5
SBcd,SBm,SABm

Irregular I, IB 9.6 to 10

3.3 Properties of galaxies

The galaxies of the sample are first categorised according to their morphology. We

then estimate the quantity L20, which is the luminosity at the 20% completeness limit

(see Section 3.3.2) that provides a measure of the detection sensitivity. Finally, we

retrieve the values of the intrinsic properties SFR, M∗ and metallicity from the HECATE

and also estimate the value of the specific SFR (the SFR normalised to the M∗). The

respective values are presented in Table 3.1.

3.3.1 Morphological classification of galaxies

The galaxies of the sample are categorised in five morphological categories according

to the morphological classification of de Vaucouleurs and HyperLEDA (Table 3.5).

Figure 3.1 shows the fraction of galaxies in our sample (number of galaxies in each

category to the total number of galaxies) compared to the relevant sample (galaxies at

distances < 20 Mpc) of the HECATE. The difference in the fraction of irregular galaxies

is due to the fact that the HECATE includes a large population of irregular galaxies

(mostly satellites of the Local Group galaxies), and only a small number of them has

been observed with Chandra.
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Figure 3.1: Fraction of galaxies in our sample (according to their morphological type)
of our sample compared to the parent sample (galaxies at distances < 20 Mpc) of the
HECATE. The difference in the fraction of irregular galaxies is due to the fact that the
HECATE includes a large population of irregular galaxies (mostly satellites of the Local
Group), and only a small number of them has been observed with Chandra.

3.3.2 Luminosity completeness limit

As a measure of the detection sensitivity for the available observations of each galaxy, we

use the quantity L20 which is defined as the luminosity at the 20% completeness limit.

This is based on the 20% flux limit S20 and the distance d of each galaxy (Table 3.1 ):

L20 = S20 ∗ 4πd2 (3.5)

We use CXC PIMMS v4.11a to estimate S20 for a given count-rate. Taking for each galaxy

the average (over all sources) values of λ1, λ2 and livetime (which is the observation

exposure time as presented in Table 3.2), then from Eq. 3.1 solving for C, dividing by

the average livetime and substituting P = 20% gives:

count− rate =
[−10λ2 ln(1− 0.2)−1]λ

−1
1

livetime
(3.6)
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Figure 3.2: The sensitivity of the observations for our sample of galaxies as represented by
the distribution of the 20% luminosity completeness limit L20 in luminosity bins of one dex.
The sensitivity for the majority of the galaxies is within the 1037 erg sec−1 luminosity bin.

The estimated count-rate is used as input in CXC PIMMS v4.11a, which calculates the

corresponding flux S20 by applying the following parameters:

• A Power Law model with a Photon Index of 1.7

• The Chandra Cycle (Mission) according to the Obsid of Table 3.2.

• The HI column density for the sky position corresponding to the coordinates of each

galaxy using NASA’s HEASARC NH Tool (heasarc.gsfc.nasa.gov).

Finally, substituting S20 in Eq. 3.5, L20 is estimated with the respective values shown

in Table 3.1, while Figure 3.2 shows the distribution of L20 in luminosity bins of one dex.

The sensitivity for the majority of galaxies falls within the 1037 erg sec−1 luminosity bin.
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3.3.3 Intrinsic properties of galaxies

We retrieve from the HECATE values for the following galactic properties:

• SFR, which is associated with young stellar populations such as HMXBs;

• M⋆ , which is associated with old stellar populations such as LMXBs;

• Metallicity which is significant for the formation efficiency of HMXBs.

The SFR estimates are based on photometric measurements from IRAS and WISE

computing four different SFR indicators:

• Total-infrared (TIR) from IRAS at 24 µm, 60 µm and 100 µm (Dale & Helou

2002; Kennicutt & Evans 2012).

• Far-infrared (FIR) from IRAS at 60 µm and 100 µm (Helou & Walker 1988;

Kennicutt 1998).

• 60 µm from IRAS (Rowan-Robinson 2001).

• 12 µm and 22 µm from WISE (Lang et al. 2016; Cluver et al. 2017).

The SFR value for each galaxy is obtained by homogenising the measurements based

on the individual SFR indicators, using the TIR-based one as reference (Kovlakas et al.

2021).

M⋆ measurements are provided from the 2MASS K-band and the SDSS g-r colour

photometries according to the mass-to-light ratio calibrations of Bell et al. (2003).

We additionally estimate M⋆ values using the 2MASS K-band and SDSS g-r colour

photometries according to the mass-to-light ratio calibrations of Zibetti et al. (2009), in

order to directly compare our results with those of Lehmer et al. (2019) that also use

the calibrations of Zibetti et al. (2009).

Metallicity values (defined using the oxygen abundance [12+log10(O/H)]) that include

gas-phase metallicities, are based on SDSS spectroscopic data from the MPA-JHU

catalogue (Kauffmann et al. 2003; Brinchmann et al. 2004; Tremonti et al. 2004), using

the OIII-NII calibration (Pettini & Pagel 2004).
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Based on the values of SFR and M⋆, we also estimate the sSFR (= SFR/M⋆) which is

considered as a good indicator for the dominant population of XRBs.

The distribution of the SFR, M⋆, sSFR, and Z are presented in Figure 3.3 (blue columns)

in comparison with the parent sample (galaxies at distances < 20 Mpc) of the HECATE

(red columns). It is evident that the intrinsic properties of our galaxy sample cover a

wide range of sSFR, SFR, M⋆ and Z values.

The differences between the range of values of our sample and the HECATE are

attributed to a large population of irregular dwarf galaxies (mostly satellites of Local

Group galaxies), that have not been observed with Chandra. These galaxies have small

values of SFR and M∗ and they are located (red columns) in the region with log SFR <

-3 M⊙ yr−1 (upper right panel of Figure 3.3) and log M∗ < 7 M⊙) (bottom left panel of

Figure 3.3).

Figure 3.4 shows the locus of the sample of galaxies in the SFR - M⋆ plane. The grey

dashed lines represent locations of constant log(sSFR) from -8 to -13 (yr−1). The locus

covers 5 dex in SFR and M⋆, significantly extended from the sample of previous studies

such as in Lehmer et al. (2019), which is shown in Figure 3.4 with the black x-symbol.

The red dashed line at log(sSFR) = -10.5 yr−1 represents the star formation main

sequence (SFMS) (Pozzetti et al. 2010). Galaxies above the red line (higher sSFR)

are considered as star-forming, while galaxies below (smaller sSFR) are considered as

early-type. Figure 3.5 shows the locus of the sample of galaxies in the SFR - Z (upper)

and SFR - sSFR (lower) planes.The red dashed line at log sSFR = -10.5 yr−1 in the

SFR - sSFR (lower) plane, represents the value of log sSFR marking the transition from

LMXB to HMXB dominated populations (Lehmer et al. 2019). The area with log(sSFR)

> -10.5 yr−1 is comprised of only spiral and irregular galaxies where HMXBs dominate

the XRB population.
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Figure 3.3: Distribution of the values of the intrinsic properties (sSFR, SFR, M⋆, metallic-
ity) for the galaxy sample (blue histograms) compared to the parent sample of the HECATE
for galaxies at distances < 20 Mpc, shown with red histograms.
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Figure 3.4: Distribution of the galaxy sample on the SFR-M∗ plane per galaxy type. The
grey dashed lines represent locations of constant log(sSFR) from -8 to -13 (yr−1). The red
dashed line at log sSFR = -10.5 yr−1 represents the star formation main sequence (SFMS)
(Pozzetti et al. 2010). Galaxies above the red line (higher values of sSFR) are considered as
star-forming, while galaxies below (smaller values of sSFR) are considered as early type.
The galaxies shown with the black x-symbol represent the galaxy sample of Lehmer et al.
(2019).
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Figure 3.5: Distribution of the galaxy sample on the SFR - Z (upper) and SFR - sSFR
(lower) panels. The red dashed line at log(sSFR) = -10.5 yr−1 in the SFR - sSFR (lower)
plane, represents the value of log sSFR marking the transition from LMXB to HMXB
dominated populations. The area with log(sSFR) > -10.5 yr−1 is comprised of spiral and
irregular galaxies where HMXBs dominate the XRB population.
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3.4 Cumulative Unbinned XLF

In order to present the distribution of the X-ray sources as a function of their luminosity

without bias from binning effects, we create the cumulative unbinned XLF (Figure 3.6) of

the X-ray point sources corrected for incompleteness Nc. We consider each morphological

type independently. The contribution of the CXB sources Nf/b which is included in Nc,

can be estimated separately using Eq. 3.3 in Section 3.2.4 and is shown with the dotted

lines in Figure 3.6.

Figure 3.6: Cumulative unbinned XLF of the X-ray sources for each galaxy type. The
XLFs are corrected for incompleteness. The contribution of CXB sources is shown with the
dotted lines.
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3.5 Differential XLFs

3.5.1 XLFs per morphological type

We construct the differential XLF of the X-ray sources associated with each galaxy by

creating luminosity bins dL of constant width logL = 0.05 dex from Lmin = 1 × 1035 erg

s−1 to Lmax =2 × 1040 erg s−1 where Lmin and Lmax are the minimum and maximum

luminosities in the sample of X-ray sources. The differential XLF constructed from all

the galaxies of our sample contains approximately 80 X-ray sources per bin.

For each luminosity bin and for each galaxy we estimate the incompleteness corrected

X-ray sources dNc (Section 3.2.3). For the same bin we estimate the X-ray sources

associated with the cosmic X-ray background dNf/b by differentiating Eq. 3.3 and

following the procedure in Section 3.2.4.

The differential XLF of the X-ray sources associated with each galaxy dNi per

luminosity bin dL, is constructed by removing from the incompleteness corrected X-

ray sources dNc the background or foreground X-ray sources dNf/b. In case the bin

contains zero X-ray sources (dNc = 0), then dNi = 0 and the background or foreground

X-ray sources dNf/b estimated for the bin are discarded. The differential XLF of

the total galaxy sample and of each morphological type, is constructed by summing

the corresponding dNi and dividing by the luminosity bin dL. Figure 3.7 shows the

differential XLF of each morphological type of galaxies (red dotted points) as well as of

the total sample of galaxies (blue dotted points).

In this and the following sections we only consider incompleteness and contamination

(from interlopers) corrected XLFs.
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Figure 3.7: Differential XLFs of the number of X-ray point sources dNi per luminosity
bin dL of constant logL = 0.05 dex for each morphological type of galaxies corrected for
incompleteness and from the contribution of foreground and background sources.
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3.5.2 XLFs normalised to the SFR

As mentioned in Section 1.4, scaling relations emerge when the XLF of HMXBs is

normalised to the SFR of the host galaxies. Since in star-forming galaxies the population

of XRBs is dominated by HMXBs, we create a subgroup from the sample of galaxies that

contains those with significant star-formation. As such, it can be determined based either

on the morphological type, considering only spiral c,d,m and irregular type galaxies, or

based on the sSFR considering only galaxies with log sSFR > -10.5 yr−1 (see Section

3.3.3).

We examine both cases, starting from the star-forming subgroup based on the

morphological type. Spiral a,b type galaxies are not included in the star-forming group

since their population of XRBs has a non-negligible contribution of LMXBs.

We construct the differential XLF of the X-ray sources dNi per luminosity bin dL

as in Section 3.5.1 and normalise it to the SFR of the host galaxies contributing to the

luminosity bin dL. We exclude the sources associated with the galaxies of the Local

Group (with distances < 1 Mpc), since the Chandra observations for the Local Group, in

contrast with the observations of more distant galaxies, reach low luminosities resulting

in high numbers of X-ray sources with luminosities < 1036 erg s−1, thus greatly affecting

the low luminosity end of the XLF.

The results are shown in Figure 3.9 (blue dotted points) with the luminosity on the

x-axis normalised to 1038 erg s−1 and designated as L38.

We fit the data in Figure 3.9 by applying a power-law model of the form:

dNi

dL38
= SFR ∗KHMXB × L−α

38 (3.7)

where:

• KHMXB is the power-law normalisation in sources(M⊙ yr−1)−1

• α is the power-law slope
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For fitting the data, we use of a Markov Chain Monte Carlo (MCMC) procedure

that implements the Metropolis–Hastings sampling algorithm (Hastings 1970). The

initial values of the input parameters KHMXB and α are estimated using a least squares

optimiser. The initial values are used as the starting position in the parameter space,

in which the sampler performs the following loop: The position is perturbed randomly

with a Gaussian distribution of mean 0 and standard deviation 1 to get a new trial

position. We calculate the ratio between the likelihood at the previous position and

the likelihood at this new trial position. We draw a random number between 0 and 1,

and compare if the likelihood ratio is greater than this number. If the comparison is

favorable, the sampler moves to the new position, and if not, it stays put and draws

another trial position. Every new trial position is stored in a chain of length 100,000

(i.e. we perform 100,000 iterations). The first 1,000 entries during the "burn-in" phase

are discarded, and we use the rest of the MCMC chain to compute the best-fit values

and standard deviations.

The best-fit values of the model parameters KHMXB and α (displayed with the green

line in Figure 3.9) as well as their corresponding standard errors at the 1σ confidence

level are:

• KHMXB (at 1038 erg s−1) = 2.82 ± 0.32 sources(M⊙ yr−1)−1

• α = 1.58 ± 0.26

The aforementioned values are estimated from the XLF that is constructed selecting

a luminosity bin of dL = 0.05 dex. We next investigate the sensitivity of the scaling

parameters KHMXB and α for varying luminosity bins dL from 0.01 to 0.1 dex. We plot

the results in Figure 3.8 where we show the variations of KHMXB , α and the background

or foreground X-ray sources Nf/b. We compare all three parameters with their values

at the luminosity bin dL = 0.05 dex which we use as reference. The normalization

KHMXB (blue columns) varies inversely proportional to the number of CXB sources
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Figure 3.8: Sensitivity of parameters for varying luminosity bins dL. The normalization
KHMXB (blue columns) varies inversely proportional to the number of CXB sources Nf/b

(red columns). The variation is minimum for bin-widths between 0.04 and 0.06 dex. The
slope α (red dotted line) does not vary. All variations are compared to the reference
luminosity bin of dL = 0.05 dex

Nf/b (red columns). For smaller (than the reference) luminosity bins, there are more

bins that contain zero X-ray sources and therefore more background or foreground X-ray

sources dNf/b are discarded (as described in Section 3.5.1). As a result, the remaining

(small) bins contain a larger number of sources dNi, thus increasing the normalization

KHMXB. On the other hand, for larger (than the reference) luminosity bins, there are

less bins that contain zero X-ray sources and therefore less background or foreground

X-ray sources dNf/b are discarded. As a result, the remaining (large) bins contain a

smaller number of sources dNi, thus decreasing the normalization KHMXB. The slope

α (red dotted line) does not vary.

For the star-forming subgroup of XRBs selected on the basis of log(sSFR) > -10.5

yr−1, following the same procedure for constructing the normalised to the SFR differential

XLF and for fitting the data with an MCMC, the best-fit model parameters KHMXB and

α (displayed with the green line in Figure 3.10) as well as their corresponding standard

errors at the 1σ confidence level are:

• KHMXB (at 1038 erg s−1) = 2.24 ± 0.27 sources(M⊙ yr−1)−1
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• α = 1.56 ± 0.17

Comparing the behaviour between the two subgroups, the estimated slopes α are

very similar, indicating a strong correlation between the X-ray luminosity of HMXBs

and the SFR of the hosting galaxies. On the contrary, the normalisation KHMXB of the

subgroup based on the sSFR is significantly lower. This is attributed to the lenticular,

elliptical but mainly to the spiral a,b galaxies included in the subgroup (see Figure 3.5),

that contain older stellar populations associated with LMXBs that scale with the M⋆

rather than the SFR of the host galaxy (for the contribution of LMXBs in spiral a,b

galaxies see Section 3.5.4).

The best-fit XLF parameters for both star-forming subgroups are presented in Table

3.6.
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Figure 3.9: Differential XLF of XRBs in the star-forming subgroup of galaxies (based on
the morphological type) normalised to the SFR of the hosting galaxies. The green line
shows the best-fit power-law based on an MCMC fit of the data. The lower panel shows
the variation of the model parameters as well as the best-fit values (green lines) and the
corresponding standard errors (red dashed lines) at the 1σ confidence level. The legend
shows the best-fit model parameters.
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Chapter 3. XLF of nearby galaxies

Figure 3.10: Differential XLF of XRBs in the star-forming subgroup of galaxies (based
on the sSFR) normalised to the SFR of the hosting galaxies. The green line shows the
best-fit power-law based on an MCMC fit of the data. The lower panel shows the variation
of the model parameters as well as the best-fit values (green lines) and the corresponding
standard errors (red dashed lines) at the 1σ confidence level. The legend shows the best-fit
model parameters.
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3.5.3 XLFs normalised to the stellar mass

Scaling relations can also be calculated for LMXBs. However, since LMXBs are associated

with older stellar populations, they scale with the M⋆ of the host galaxies. Since the

population of LMXBs is dominant in early-type galaxies and following the same approach

as in Section 3.5.2, we create a subgroup from the sample of galaxies that contains the

early-type ones. As such, it can be determined based either on the morphological type,

considering only elliptical and lenticular type galaxies, or based on the sSFR, considering

only galaxies with log(sSFR) < -10.5 yr−1.

Starting from the early-type subgroup based on the morphological type, we construct

the differential XLF of the X-ray sources dNi per luminosity bin dL as in Section 3.5.1

and normalise it to the M⋆ of the host galaxies contributing to the luminosity bin dL.

The results are shown in Figure 3.11 (blue dotted points) with the luminosity on the

x-axis normalised to 1038 erg s−1 and designated as L38. We fit the data with a broken

power-law model of the form:

dNi

dL38
= M⋆ ∗KLMXB ×


L−α1
38 , L38 < Lb

Lα2−α1
b L−α2

38 , L38 ≥ Lb

(3.8)

where:

• KLMXB is the broken power-law normalisation in sources(1011M⊙)−1 at 1038 erg

s−1;

• α1 is the broken power-law slope below the break luminosity Lb;

• α2 is the broken power-law slope above the break luminosity Lb;

• Lb is the broken power-law break luminosity in units 1038 erg s−1.

We fit the data using the same Markov Chain Monte Carlo (MCMC) procedure as in

Section 3.5.2. The best-fit values of the model parameters as well as their corresponding

standard errors at the 1σ confidence level are:
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Figure 3.11: Differential XLF of XRBs in early-type galaxies (based on the morpholog-
ical type) normalised to the M⋆ of the hosting galaxies. The green line shows the best-fit
broken power-law based on an MCMC fit of the data. The legend shows the best-fit model
parameters.

• KLMXB (at 1038 erg s−1) = 38.00 ± 0.67 sources(1011M⊙)−1;

• α1 = 1.253 ± 0.004;

• α2 = 2.08 ± 0.19;

• Lb = 1.33 ± 0.21 (1038 erg s−1).

The best-fit results are displayed with the green line in Figure 3.11, while Figure 3.12

shows the distribution and correlation of the broken power-law model parameters where

the blue lines indicate the best-fit values and the red dashed lines the standard errors at

the 1σ confidence level.

Following the same procedure for the early-type subgroup of XRBs in galaxies with

log(sSFR) < -10.5 yr−1, the MCMC best-fit values of the model parameters are:
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Figure 3.12: Corner plot of the broken power-law model parameters for XRBs in early-
type galaxies (based on the morphological type) normalised to the M⋆ of the hosting
galaxies. The blue lines indicate the best-fit values and the red dashed lines the standard
errors at the 1σ confidence level.
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• KLMXB (at 1038 erg s−1) = 26.92 ± 0.04 sources(1011M⊙)−1;

• α1 = 1.231 ± 0.003;

• α2 = 2.17 ± 0.01;

• Lb = 2.27 ± 0.01 (1038 erg s−1).

The best-fit results are displayed with the green line in Figure 3.13, while Figure 3.14

shows the distribution and correlation of the broken power-law model parameters, where

the blue lines indicate the best-fit values and the red dashed lines the standard errors at

the 1σ confidence level.

Comparing the behaviour between the two subgroups, the estimated low and high

luminosity slopes α1 and α2 have similar values, while the normalisation KLMXB of the

subgroup based on the sSFR is significantly lower. This is attributed to spiral galaxies

included in the subgroup (see Figure 3.5), that contain stellar populations associated

with HMXBs that scale with the SFR rather than the M⋆ of the host galaxy.

The best-fit XLF parameters for both early-type subgroups are presented in Table

3.6.
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Figure 3.13: Differential XLF of XRBs in early-type galaxies (based on the sSFR)
normalised to the M⋆ of the hosting galaxies. The green line shows the best-fit broken
power-law based on an MCMC fit of the data. The legend shows the best-fit model
parameters.
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Figure 3.14: Corner plot of the broken power-law model parameters for XRBs in early-type
galaxies (based on the sSFR) normalised to the M⋆ of the hosting galaxies. The blue
lines indicate the best-fit values and the red dashed lines the standard errors at the 1σ
confidence level.
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3.5.4 Scaling relations for spiral a,b type galaxies

We have so far estimated the XLF scaling relations for galaxy types with XRB populations

dominated by a specific type of XRBs. These scaling relations do not apply for galaxies

with significant contribution from both types of XRBs, such as spiral a,b type galaxies

in which apart from the population of HMXBs there is also a contribution from LMXBs.

Instead of fitting the XLF, we investigate the respective contribution of HMXBs and

LMXBs in spiral a,b galaxies by exploring the scaling relations of the number of XRBs

in our galaxy sample when applying the best-fit values of the power-law and broken

power-law slopes derived in Sections 3.5.2 and 3.5.3 respectively.

For a given luminosity bin dL, the number of XRBs dN is equal to the number of

HMXBs (dNHMXB) and LMXBs (dNLMXB):

dN

dL
=

dNHMXB

dL
+

dNLMXB

dL
(3.9)

Substituting in Eq. 3.9 the values of dNHMXB/dL and dNLMXB/dL from Eq. 3.7 and

Eq. 3.8 respectively:

dN

dL
= SFR ∗KH × L−α +M∗ ∗KL ×


L−α1 , L < Lb

Lα2−α1
b L−α2 , L ≥ Lb.

(3.10)

where α, α1 and α2 are the power-law and broken power-law slopes estimated in Sections

3.5.2 and 3.5.3, and KH and KL are the normalisations that determine the respective

contribution of HMXBs and LMXBs.

The number of XRBs brighter than a luminosity L35 = 1035 erg s−1 (which is the
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minimum sensitivity for our sample of galaxies as shown in Figure 3.2) is given by:

N(> L35) =

∫
dN

dL
dL

′
(3.11)

Substituting Eq.3.10 in Eq.3.11, solving the integral and dividing by the SFR gives:

N

SFR
= A(α) ∗KH +B(α1, α2, Lb) ∗KL ∗ sSFR−1 (3.12)

where

A(α) =
1

α− 1
∗ L1−α

35 ≡ A (3.13)

B(α1, α2, Lb) =

(
1

1− α1
− 1

1− α2

)
∗ L1−α1

b +
1

α1 − 1
∗ L1−α1

35 ≡ B (3.14)

where Lb is the breaking luminosity set at 1.5 × 1038 erg s−1.

Taking the logarithm of both sides in Eq.3.12 gives:

log

(
N

SFR

)
= log[(B ∗KL) ∗ 10−log(sSFR) + (A ∗KH)] (3.15)

Since we have already estimated the number of X-ray sources associated with each

galaxy Ni, then from 3.15 we can determine the normalizations KH and KL by fitting

the data of the galaxy sample in a log(Ni/SFR) vs log(sSFR) plot (and substituting

the power-law and broken power-law slopes α, α1 and α2, derived in Sections 3.5.2 and

3.5.3 respectively, to estimate A and B).
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3.5. DIFFERENTIAL XLFS

The MCMC best-fit to the data is shown with the red curve in Figure 3.15. Irregular

and spiral c,d,m galaxies (our star-forming subgroup of Section 3.5.2) are shown with

cyan crosses, while elliptical and lenticular galaxies (our early-type subgroup of Section

3.5.3) are shown with green crosses. Spiral a,b galaxies where the population of XRBs

consists of both HMXBs and LMXBs are shown with magenta dots. The blue error bars

represent median values of the distribution of galaxies included in bins of 0.25 log(sSFR).

The best-fit values of the normalisations KH and KL with the standard errors at the

1σ confidence level are:

• KH = 0.83 ± 0.35 sources(M⊙ yr−1)−1

• KL = 22.42 ± 3.51 sources(1011M⊙)−1

Comparing the normalisation KH with the normalisation KHMXB for the star-

forming galaxies (Section 3.5.2) the greater value of KHMXB indicates a more efficient

production of HMXBs in star-forming galaxies attributed to a population of XRBs with

high luminosities (ULXs) in galaxies with low metallicity (see Sections 3.5.5 and 3.8).

Comparing the normalisation KL with the normalisation KLMXB for the early type

galaxies (Section 3.5.3) the greater value of KLMXB indicates a more efficient production

of LMXBs in early type galaxies attributed to a population of XRBs associated with

globular clusters, the density of which is greater in elliptical galaxies.
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Figure 3.15: Estimation of the normalisations KH and KL that determine the number of
HMXBs per SFR and LMXBs per M∗ respectively, in galaxies with significant contribution
from both types of XRBs such as the spiral a,b galaxies, shown with magenta dots. The
red curve shows the MCMC best-fit to the data. Irregular and spiral c,d,m galaxies (our
star-forming subgroup of Section 3.5.2) are shown with cyan crosses, while elliptical and
lenticular galaxies (our early-type subgroup of Section 3.5.3) are shown with green crosses.
The blue error bars represent average values of the distribution of galaxies included in bins
of 0.25 log(sSFR). The legend shows the values of the best-fit model parameters with the
standard errors at the 1σ confidence level.
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3.5.5 Integrated X-ray luminosity scaling relation parameters

The integrated X-ray luminosity Lx of N number of X-ray binaries in a galaxy is given

by:

Lx =

∫ Lmax

Lmin

L
dN

dL
dL

′
(3.16)

where dN/dL the number of sources per luminosity bin as defined in Section 3.5.2 and

in Section 3.5.3.

Considering that Lx is the sum of the luminosities emitted from LMXBs and HMXBs,

which in turn are proportional to the respective M⋆ and SFR of the galaxy, then:

Lx = Lx(LMXB) + Lx(HMXB) = αLMXB ∗M⋆ + βHMXB ∗ SFR (3.17)

where αLMXB is the integrated LMXB X-ray luminosity per unit stellar mass and

βHMXB is the integrated HMXB X-ray luminosity per unit SFR (e.g. Lehmer et al.

(2019)) defined using Eq.3.16 and Eq.3.17 as:

αLMXB =
1

M⋆

∫ Lmax

Lmin

L
dNLMXB

dL
dL =

Lx(LMXB)

M⋆
(3.18)

and

βHMXB =
1

SFR

∫ Lmax

Lmin

L
dNHMXB

dL
dL =

Lx(HMXB)

SFR
(3.19)

Dividing 3.17 by SFR and taking the logarithm of both sides we have:

log
Lx

SFR
= log(αLMXB ∗ 10−logsSFR + βHMXB) (3.20)
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We can determine the parameters αLMXB and βHMXB by estimating the Lx for each

galaxy and fitting the data in a log(Lx/SFR) vs log(sSFR) plot.

For each galaxy, the integrated luminosity Lx (in units of 1038 erg s−1) of its X-ray

binaries is given by the integral of 3.16, where the number of sources per luminosity bin

dN/dL38 is described according to the morphological type of the galaxy by:

• A power-law with normalization Kp (that determines the number of sources at

L = L38) and slope α, for spiral and irregular galaxies (as in equation 3.7 but

without normalising to the SFR of the hosting galaxy). Substituting in Eq. 3.16:

Lx =

∫ Lmax

Lmin

L38(KpL
−α
38 )dL38 =

Kp

2− α
[L38]

Lmax
Lmin

(3.21)

Lx =

∫ Lb

Lmin

L38(KbpL
−α1
38 )dL38 +

∫ Lmax

Lb

L38(KbpL
(α2−α1)
b L−α2

38 )dL38

=
Kbp

2− α1
[L38]

Lb
Lmin

+
Kbp

2− α2
L
(α2−α1)
b [L38]

Lmax
Lb

(3.22)

• A broken power-law of low-luminosity slope α1 = 1.253, high-luminosity slope α2

= 2.08, break luminosity Lb = 1.33 × 1038 erg s−1 (as estimated in Section 3.5.3)

and normalization Kbp (that determines the number of sources at L = L38) for

elliptical and lenticular galaxies. Substituting in Eq. 3.16:

For solving Eq. 3.21 and Eq. 3.22, we select Lmin = 1035 erg s−1 (as in Section 3.5.4)

and Lmax = 2 × 1040 erg s−1 which is the maximum luminosity from the X-ray source

sample.

The normalizations Kp or Kbp are determined for each galaxy individually, by creating

the differential XLF for each galaxy and fitting the data with either a power-law (for
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spiral and irregular galaxies) or a broken power-law (for elliptical and lenticular galaxies).

The aforementioned procedure is applied for galaxies with more than six X-ray sources,

the minimum number of sources with which a reasonable fit can be achieved. For

more than half of the galaxies (55%) of the sample, the normalizations Kp and Kbp are

estimated and fortunately all types of galaxies are represented.

Substituting the values of Lx from Eq. 3.21 and Eq. 3.22 in Eq. 3.20 we are able to

construct the distribution of the integrated X-ray luminosity per unit SFR (log Lx/SFR)

vs. log(sSFR) for galaxies with more than six X-ray sources as shown with the blue

dotted points in Figure 3.16. The MCMC best-fit to the data is shown with the red line

and the best-fit values of αLMXB and βHMXB as well as their corresponding standard

errors at the 1σ confidence level are:

• log αLMXB = 29.85 ± 0.71 erg s−1 M⊙
−1

• log βHMXB = 39.37 ± 0.17 erg s−1 (M⊙ yr−1)−1

In Figure 3.16 we present with grey crosses the integrated luminosities of the galaxies

with less than six sources, which are estimated by summing the luminosities of their

X-ray sources. Since the galaxies with less than six sources show similar scatter to

the galaxies with more than six sources, the estimation of the parameters αLMXB and

βHMXB is not affected from the missing galaxies. The black triangles and the black

dashed line in Figure 3.16 present the galaxies and the corresponding fit to the data from

the sample of Lehmer et al. (2019). Comparing the two samples, it is evident that the

scatter of our sample is significantly larger than the scatter from the sample of Lehmer

et al. (2019), with our fit (red line) extending towards higher luminosities. We consider

our sample more indicative, as it is (approximately five times) larger and represents

all galactic environments. Galaxies containing X-ray binaries with super-Eddington

luminosities (ULXs) greater than 5 × 1039 erg s−1 (well above the 1039 erg s−1 limit

for super-Eddington luminosity) are highlighted with orange squares. These sources

contribute to the excessive integrated luminosity of our sample.
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Figure 3.16: Distribution of the integrated X-ray luminosity per unit SFR (Lx/SFR)
vs. sSFR for galaxies with more than six X-ray sources (blue dotted points) estimated
from the procedure described in Section 3.5.5. The red line shows the best-fit to the data.
Grey crosses show galaxies with less than six sources the integrated luminosity of which is
estimated by summing the luminosities of their X-ray sources. The black triangles and the
black dashed line present the galaxies and the corresponding fit to the data from the work
of Lehmer et al. (2019). Galaxies that contain X-ray binaries (ULXs) with super-Eddington
luminosities greater than 5 × 1039 erg s−1 are highlighted with orange squares.The legend
shows the best-fit values with the standard errors at the 1σ confidence level.
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3.6 Comparison with other studies

Table 3.6 summarises the values of the scaling parameters estimated in the previous

sections, along with the relevant values from similar studies of Mineo et al. 2012b (M12),

Zhang et al. 2012 (Z12) and Lehmer et al. 2019 (L19). The values in brackets present

the results for the subgroups based on the sSFR.

Each study uses a different strategy in analysing the data, and specifically there are

differences in the selection of:

• The galaxy sample

• The X-ray source sample

• The method used in the estimation of the intrinsic properties of galaxies

• The limiting detection sensitivity

• The area of the galaxy (galactic footprint) associated with the X-ray sources

In M12, they select star-forming galaxies with Hubble type T > 0, high sSFR ( > 1 ×

10−10 yr−1) and distances up to 27 Mpc. They use observations with exposure-time

(texp) > 15 ks. The SFR is estimated using a complex SFR proxy that takes into account

both the UV light escaping the galaxy and the IR emission of the dust heated by young

stars (Bell 2003). The galactic footprint is a re-scaled D25 ellipse, defined as the region

within which the contribution of CXB sources equals 30% of the total number of detected

sources. They adopt a limiting detection sensitivity (% completeness level) of 20%. The

galaxy sample includes 29 galaxies and the X-ray source sample includes 702 sources.

In L19, they select galaxies of all morphological types within a distance up to 30 Mpc,

with B-band absolute magnitudes MB < -19 mag and inclination < 70o. The SFR is

estimated using a combination of the GALEX FUV and Spitzer 24µm luminosities and

the relation in Hao et al. (2011). The M⋆ is estimated following the relations in Zibetti
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et al. (2009) based on optical and near IR imaging. The galactic footprint is the ellipse

that traces the KS ∼ 20 mag arcsec−2 galactic surface brightness, with some central

regions excised owing to the presence of AGNs or substantial source crowding. They

adopt a limiting detection sensitivity (% completeness level) of 50%. The galaxy sample

includes 38 galaxies and the X-ray source sample includes 2,478 sources.

In Z12, they select early-type elliptical and lenticular galaxies within a distance up to

25 Mpc, for which reliable age determination is available, with KS luminosity LK > 8

× 1010 LK,⊙ without ongoing or very recent star formation. The M⋆ is estimated from

NIR data, using the KS (2.16 µm) from 2MASS and then converted to stellar mass

following the relation in Bell & Kennicutt (2001). The galactic footprint is the D25

ellipse with the central 5′′ region excluded. They adopt a limiting detection sensitivity

(% completeness level) of 60%. The galaxy sample includes 20 galaxies and the X-ray

source sample includes 2,074 sources.

In our analysis, we select galaxies of all morphological types within a distance up

to 20 Mpc, with with no other constrains. Host galaxy properties are based on the

HECATE (see Section 3.3.3). The galactic footprint is the D25 ellipse and the detection

sensitivity (% completeness level) is set at 20%. The galaxy sample includes 319 galaxies

and the X-ray source sample includes 9,641 sources.

The galaxy and X-ray source sample selection criteria from all studies are summarised

in Table 3.7.
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Table 3.6: Best-fit scaling parameters

Parameter Thesis L19 M12 Z12

KHMXB sources(M⊙ yr−1)−1 2.82 ± 0.32 1.96 ± 0.14 2.68 ± 0.13
[2.24 ± 0.27]

α 1.58 ± 0.26 1.65 +0.03
−0.02 1.58 ± 0.02

[1.56 ± 0.17]

KLMXB sources(1011M⊙)−1 38.00 ± 0.67 33.8 +7.3
−3.6 41.5 ± 11.5

[26.92 ± 0.04]

α1 1.253 ± 0.004 1.28+0.06
−0.09 1.02 +0.07

−0.08

[1.231 ± 0.003]

α2 2.08 ± 0.19 2.33 +0.27
−0.21 2.06 +0.06

−0.05

[2.17 ± 0.01]

Lb (1038 erg s−1) 1.33 ± 0.21 1.48+0.70
−0.66 0.546+0.043

−0.037

log αLMXB erg s−1 M⊙
−1 29.85 ± 0.71 29.25 +0.07

−0.06 29.2 ± 0.1

log βHMXB erg s−1 (M⊙ yr−1)−1 39.37 ± 0.17 39.71 +0.14
−0.09 39.67 ± 0.06

KH sources(M⊙ yr−1)−1 0.83 ± 0.35

KL sources(1011M⊙)−1 22.42 ± 3.51
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Table 3.7: Galaxy and X-ray source samples of similar studies

Thesis L19 M12 Z12
Galaxy type All types All types Spiral c,d,m Elliptical

Irregular Lenticular
Selection criteria None MB < -19 mag sSFR > 1 × 10−10 yr−1 Small SFR

LK > 8 × 1010 LK,⊙
Distance (Mpc) 20 30 27 25
Number of galaxies 319 38 29 20
Number of X-ray sources 9,641 2,478 702 2,074
SFR estimation HECATE LFUV and L24µm. LNUV and LIR.
M∗ estimation HECATE LK and g-i color KS at 2.16 µm
Detection sensitivity Llim 20 50 20 60
(% completeness level)
Galactic footprints D25 KS ∼ 20 mag arcsec−2 re-scaled D25: D25

NCXB/Ntot = 30% excluding the central 5
′′
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Comparing the results from our analysis with those from the aforementioned studies

of M12, Z12 and L19 we find that:

• For the shape and scaling with the SFR of the differential XLF of XRBs in star-

forming galaxies, the power-law slope α is in very good agreement with the studies of

M12 and L19. The normalisation KHMXB is in good agreement with the study of

M12 but is higher than the corresponding value of L19. We attribute the difference to

our: i) galaxy and X-ray source samples that contain more low metallicity star-forming

galaxies with efficient HMXB production, ii) lower detection sensitivity limit Llim (20%

compared to 50% of L19) that results in more sources per bin and iii) lower luminosity

bin dL (0.05 dex compared to 0.057 dex of L19) that according to Figure 3.8 leads to a

higher KHMXB.

• The shape and scaling with the M⋆ of the differential XLF of XRBs in early-type

galaxies as described by the parameters KLMXB, α1, α2 and Lb, are in good agreement

with the studies of Z12 and L19.
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3.7 XLFs as a function of specific SFR

We construct XRB XLFs in bins of sSFR aiming to utilize the sSFR as an indicator for

the dominant population of XRBs. When analyzing XRB XLFs in bins of sSFR, we

should be able to see the transition in XLF shape and normalization from the almost

“pure” HMXB XLF from young stellar populations in star-forming galaxies with high

sSFR to the almost “pure” LMXB XLF from old stellar populations in early-type galaxies

with low sSFR.

Figure 3.17 shows the differential XLF normalised to the SFR (upper panel) for

galaxies with log(sSFR) > -10.5 yr−1 and to the M⋆ for galaxies with log(sSFR) < -10.5

yr−1 (lower panel) in three log(sSFR) bins. The colored lines show the power-law (upper

panel) and broken power-law (lower panel) fits for each bin.

In the XLF of star-forming galaxies (upper panel), the power-law slope α of the XLF

decreases (becomes flatter) for increasing sSFR (from blue to red), indicating an increased

production of luminous X-ray sources in galaxies with high sSFR. The power-law

normalization (per SFR) K also decreases with increasing sSFR, due to the decreasing

population of LMXBs and the dominance of HMXBs in galaxies with high sSFR.

In the XLF of early-type galaxies (lower panel), the high luminosity broken power-law

slope αh increases (becomes stepper) for decreasing sSFR (from blue to red), indicating

a decreasing population of luminous X-ray sources in galaxies with low sSFR. The

broken power-law normalization (per M⋆) K decreases with decreasing sSFR, indicating

a smaller population of XRBs due to the decreasing population of HMXBs and the

dominance of LMXBs in galaxies with low sSFR.
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Figure 3.17: Differential XLF in three log(sSFR) bins for star-forming (upper panel)
and early-type (lower panel) galaxies. The colored lines show the model fits for each
bin. In the upper panel, the power-law slope and normalization (per SFR) decrease with
increasing sSFR, due to the decreasing population of LMXBs and the dominance of HMXBs
in galaxies with high sSFR. In the lower panel, for decreasing sSFR the high luminosity
broken power-law slope αh increases (becomes stepper) and the normalization (per M∗)
decreases due to the decreasing population of HMXBs and the dominance of LMXBs in
galaxies with low sSFR.
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3.8 XLFs as a function of metallicity

Recent theoretical and observational studies of integrated scaling relations (e.g., Fragos

et al. (2013b); Linden et al. (2010); Politakis et al. (2020); Renzo et al. (2019); Fornasini

et al. (2020); Kouroumpatzakis et al. (2020), imply that apart from SFR and M∗, another

physical property that has an important impact on the scaling relations of star-forming

galaxies dominated by HMXBs is the metallicity (Z) of the stellar populations. The

metallicity dependence of HMXBs arises from the fact that higher-metallicity stars have

more powerful radiatively-driven winds. As a result, higher-metallicity stars in binaries

lose more mass and angular momentum prior to exploding as supernovae compared

to their lower-metallicity counterparts. Thus, the aforementioned studies predict that

lower-metallicity HMXB populations should host more massive compact objects in

tighter orbits resulting in more Roche-lobe overflow systems and subsequently in higher

accretion rates and higher X-ray luminosities on average.

Figure 3.18 shows the differential (SFR normalised) XLF of X-ray sources in star-

forming galaxies (of type spiral c,d,m and irregular) in three metallicity bins selected

according to the solar metallicity, measured in [12+log(O/H)]:

• Less than 8.4 (Low metallicity, shown with red dots)

• Between 8.4 and 8.65 (Sub-solar metallicity, shown with green dots)

• Greater than 8.65 (Solar metallicity, shown with blue dots).

The value of solar metallicity is Z⊙ = 0.0134, corresponding to [12+log(O/H)] =

8.69 ± 0.05 (Asplund et al. 2009).

The colored lines in Figure 3.18 show the single power-law fits for each metallicity

bin. Low-metallicity galaxies tend to have flatter XLFs (smaller power-law slopes) and

higher normalisations (per SFR), indications of increased formation rate of XRBs and
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Figure 3.18: Differential XLF of XRBs in three metallicity bins for star-forming galaxies
(of spiral c,d,m and irregular morphological types). Metallicity bins are selected according
to the solar metallicity (see text for details). The colored lines show the power-law fits
for each metallicity bin. The power-law slope α is lower for low metallicity galaxies, while
the power-law normalisation (per SFR) K increases with decreasing metallicity, indicating
more efficient HMXB production in metal poor environments.

increasing number of XRBs with high luminosities. The HMXB formation efficiency

(defined as the number of X-ray sources Ni/SFR) for each bin and for L > 1035 erg

s−1is:

• Low metallicity, ∼ 535 (sources/M⊙ yr−1)

• Sub-solar metallicity, ∼ 114 (sources/M⊙ yr−1)

• Solar metallicity, ∼ 63 (sources/M⊙ yr−1).

This is consistent with the aforementioned studies and population synthesis models

predicting more efficient HMXB production in metal poor environments as well as the

formation efficiency of MW, LMC, SMS, NGC 55 presented in Table 2.5.
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4
Conclusions and future perspectives

4.1 Conclusions

In this thesis we first studied the vertical distribution of HMXBs in the closest to the

Milky Way edge-on galaxy NGC 55, in correlation with the distribution of star formation

within the galaxy and we presented that:

• The vertical distribution of HMXBs compared to the star-forming activity distribution

has a larger scale height. The maximum likelihood vertical scale height corresponding to

the difference between HMXBs and star-forming regions is between 0.33 and 0.57 kpc.

• We interpret the vertical offsets in the context of a momentum kick the HMXB

progenitor received, after the supernova explosion of the primary star.

• Using HMXB travel times from binary population synthesis models for different

star-formation history scenarios, we find that the centre-of-mass transverse velocity
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strongly depends on the recent star-formation history of NGC 55.

• For a flat SFH model, the centre-of-mass transverse velocity is between 34 and 48

km s−1 consistent with velocities of Milky Way HMXBs.

• For an exponential SFH model, the centre-of-mass transverse velocity is approximately

21 km s−1 consistent with the corresponding velocity of HMXBs in the SMC and LMC.

• The formation efficiency of XRBs in NGC 55 is consistent with the formation

efficiency of XRBs in SMC and LMC, but significantly larger than that of the Milky

Way, a difference that can be attributed to the sub-solar metallicity of both the MCs

and NGC 55.

We also studied the demographics of the largest so far population of XRBs in nearby

galaxies, comprised of 10,099 X-ray sources in 319 nearby galaxies, to revisit scaling

relations of the HMXB and LMXB X-ray Luminosity Functions with SFR and M⋆

respectively, and we presented that:

• The differential XLF of XRBs in star-forming galaxies (of spiral c,d,m and irregular

type) dominated by HMXBs, when normalised to the SFR of the hosting galaxies is

represented by a power-law model with parameters: Normalisation KHMXB = 2.82 ±

0.32 sources(M⊙ yr−1)−1 and slope α = -1.58 ± 0.26.

• The value of the power-law slope α is consistent with the values in similar studies of

Mineo et al. (2012a) and Lehmer et al. (2019).

• The value of the normalisation KHMXB is in good agreement with the study of

Mineo et al. (2012a) but is higher than the corresponding values of Lehmer et al. (2019).

We attributed the difference to our galaxy and X-ray source samples that contain more

low metallicity star-forming galaxies with efficient HMXB production.

• The differential XLF of XRBs in early-type galaxies (of elliptical and lenticular type),
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when normalised to the M⋆ of the hosting galaxies is represented by a broken power-law

model with parameters: Normalisation KLMXB = 38.00 ± 0.67 sources(1011M⊙)−1,

low-luminosity slope α1 = 1.253 ± 0.004, high-luminosity slope α2 = 2.08 ± 0.19 and

luminosity break Lb = 1.33 ± 0.21 (× 1038 erg s−1).

• The shape and scaling with the M⋆ of the differential XLF of XRBs in early-type

galaxies are in agreement with the studies of Zhang et al. 2012 and Lehmer et al. (2019).

• In spiral a,b galaxies where the population of XRBs consists of both HMXBs and

LMXBs the contribution from each type of XRBs is estimated from the corresponding

normalisations KH and KL with values: KH = 0.83 ± 0.35 sources(M⊙ yr−1)−1 and KL

= 22.42 ± 3.51 sources(1011M⊙)−1.

• The estimated values of the integrated LMXB X-ray luminosity per unit stellar

mass αLMXB and of the integrated HMXB X-ray luminosity per unit SFR βHMXB

are: log αLMXB = 29.85 ± 0.71 erg s−1 M⊙
−1 and log βHMXB = 39.37 ± 0.17 erg

s−1 (M⊙ yr−1)−1. The scatter of the distribution of the integrated X-ray luminosity

per unit SFR (Lx/SFR) vs. sSFR of our sample compared with the sample of Lehmer

et al. (2019) is significantly larger, extending towards higher luminosities. The excessive

integrated luminosity is attributed to metal poor galaxies containing X-ray binaries with

super-Eddington luminosities (ULXs) greater than 5 × 1039 erg s−1.

• In the XLF of star-forming galaxies, the power-law slope of the XLF decreases

(becomes flatter) for increasing sSFR , indicating an increased production of luminous

X-ray sources in galaxies with high sSFR. The power-law normalization (per SFR) also

decreases with increasing sSFR, due to the decreasing population of LMXBs and the

dominance of HMXBs in galaxies with high sSFR.

• In the XLF of early-type galaxies, the high-luminosity broken power-law slope

increases (becomes stepper) for decreasing sSFR, indicating a decreasing population of
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luminous X-ray sources in galaxies with low sSFR. The broken power-law normalization

(per M⋆) decreases with decreasing sSFR, indicating a smaller population of XRBs due

to the decreasing population of HMXBs and the dominance of LMXBs in galaxies with

low sSFR.

• Low-metallicity galaxies tend to have flatter XLFs (smaller power-law slopes) and

higher normalisations (per SFR), an indication of increased formation rate of XRBs

and increasing number of XRBs with high luminosities. This is consistent with the

aforementioned studies and population synthesis models predicting more efficient HMXB

production in metal poor environments..
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4.2 Future Plans

The methodology for the estimation of the center-of-mass transverse velocity can be

used for other nearby edge-on galaxies (e.g. NGC 253, NGC 4594, NGC 3115). It can

be complemented with information regarding the identification of optical counterparts

(companions) to X-ray sources, enabling the classification of XRBs (HMXBs or LMXBs).

The demographics of XRB populations and their scaling relations with the intrinsic

properties of their host galaxies, can be enriched with data from the forthcoming version

of CSC that contains X-ray observations of galaxies not included in the present sample,

as well as additional observations for the galaxies already included in the sample.

Both methodologies will be greatly affected by the advent of 30-m class ground based

optical/infrared telescopes as well as the next generation of X-ray space telescopes.Ground

based telescopes will provide more accurate measurements of the intrinsic properties

of galaxies, as well as spectroscopic measurements for the identification of optical

counterparts. The next generation of X-ray telescopes will detect the XRB populations

not only in numerous nearby galaxies, but also in galaxies with high z. The Athena

X-ray observatory will be capable of individually detecting XRB-dominated galaxies out

to z ∼ 1 (Nandra et al. 2013) and the Lynx X-ray Observatory would push this limit to

z ∼ 10 (Gaskin et al. 2019).
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5
Appendix

Table 5.1 presents the full sample of galaxies and their corresponding properties that
are used in the analysis.

Figure 5.1 shows the differential XLFs of star-forming (of type irregular and spiral
c,d,m) galaxies as well as the MCMC fitting results from a power-law model (red line).
The black dashed line shows the slope as estimated in Section 3.5.2.

Figure 5.2 shows the differential XLFs of spiral a,b galaxies, while Figure 5.3 shows the
differential XLFs of early-type galaxies (of type elliptical and irregular).
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Table 5.1: Sample of galaxies

Galaxy: Common galaxy name as in NED ;

Distance: Distance of the galaxy in Mpc;

T: Hubble Type classification according to HyperLEDA T ;

Morph. Type: Morphological type;

D25: area of the D25 isophote ellipse in arcmin2;

log SFR: Star Formation Rate in M⊙ yr−1;

logM⋆: Stellar mass in M⊙;

Z: Metallicity in [12+log(O/H)];

log sSFR: Specific SFR in yr−1;

L20: Sensitivity threshold, corresponding to the luminosity with 20% detection probability, estimated from average values;

Nsrc: Number of observed X-ray sources within the D25;

Nc: Number of X-ray sources corrected for incompleteness ;

Nf/b: Number of foreground/background X-ray sources
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Galaxy Distance T Morph. Type D25 log SFR log M⋆ Z log sSFR L20 Nsrc Nc Nf/b

ESO097-013 4.21 3.3 spiral a,b 29.37 0.59 10.17 8.72 -9.58 35.81 93 73.70 4.91

ESO138-010 15.74 7.9 spiral c,d,m 17.37 -0.62 9.94 8.67 -10.56 37.75 5 5.02 0.88

ESO420-009 17.50 5 spiral c,d,m 1.69 -1.78 8.88 8.36 -10.66 37.31 4 3.00 0.05

ESO495-021 8.24 -2.6 lenticular 2.19 -0.20 6.15 8.36 -6.35 38.00 3 3.00 0.04

ESO501-023 7.48 8 spiral c,d,m 5.41 -3.53 7.40 8.04 -10.94 37.19 4 4.00 0.15

ESO548-029 17.50 2.5 spiral a,b 0.83 -1.49 8.97 8.38 -10.46 38.22 1 1.00 0.01

IC0010 0.75 9.9 Irregular 30.96 -1.38 8.57 8.04 -9.95 34.75 39 32.71 6.94

IC0239 14.19 6 spiral c,d,m 13.36 -1.24 9.02 8.40 -10.27 37.92 3 3.00 0.26

IC0342 3.40 6 spiral c,d,m 291.66 0.62 10.15 8.72 -9.53 36.12 62 50.97 30.68

IC0800 14.94 5.3 spiral c,d,m 1.30 -0.89 9.03 8.81 -9.92 38.23 1 1.02 0.00

IC1473 12.42 -2 lenticular 1.15 -1.38 8.86 8.35 -10.24 37.88 1 1.00 0.01

IC1727 7.39 8.9 spiral c,d,m 12.50 -3.53 7.19 8.05 -10.72 37.68 1 1.00 0.02

IC1729 19.45 -3.8 elliptical 2.18 -1.27 9.50 8.55 -10.77 38.10 2 2.00 0.02

IC2574 3.83 8.9 spiral c,d,m 56.48 -4.00 6.73 8.12 -10.73 36.51 10 10.18 3.77

IC3065 16.39 -2.2 lenticular 0.86 -1.79 9.02 8.40 -10.81 37.95 1 1.00 0.01

IC3259 18.19 8 spiral c,d,m 1.07 -0.72 9.15 8.70 -9.87 37.47 1 1.00 0.02

IC3267 17.63 5.9 spiral c,d,m 1.11 -0.76 9.08 8.75 -9.84 38.03 1 1.00 0.00

IC3292 15.76 -2.7 lenticular 0.70 -2.02 8.74 8.32 -10.77 37.42 1 1.00 0.02

IC3381 16.83 -4.1 elliptical 0.82 0.01 9.24 8.47 -9.23 37.97 1 1.00 0.00

IC3443 18.78 -5 elliptical 0.22 8.74 8.31 37.98 1 1.00 0.00

IC3470 16.08 -4.8 elliptical 0.71 -1.86 9.04 8.41 -10.90 37.93 1 1.00 0.01

IC3492 15.85 -3.8 elliptical 0.31 -2.43 8.17 8.15 -10.60 37.92 1 1.00 0.00

IC3583 9.59 9.6 Irregular 0.43 -1.39 8.45 8.23 -9.84 38.11 1 1.00 0.00

IC3612 14.65 -1.7 lenticular 0.52 -2.16 8.40 8.21 -10.56 37.85 1 1.00 0.00

IC4710 7.38 8.9 spiral c,d,m 8.24 -2.08 7.16 8.05 -9.24 36.64 5 5.07 0.32
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Galaxy Distance T Morph. Type D25 log SFR log M⋆ Z log sSFR L20 Nsrc Nc Nf/b

IC5325 18.11 4.2 spiral c,d,m 5.94 -0.08 6.46 8.20 -6.54 38.11 2 2.00 0.14

IC5332 8.39 6.8 spiral c,d,m 27.41 -2.05 8.64 8.28 -10.69 36.48 27 26.00 3.98

NGC0024 7.62 5.1 spiral c,d,m 11.66 -2.33 8.14 8.15 -10.48 36.51 11 11.00 1.21

NGC0045 6.70 7.8 spiral c,d,m 21.08 -0.77 9.42 8.53 -10.19 36.76 11 8.06 1.33

NGC0055 2.06 8.8 spiral c,d,m 71.43 -3.05 7.18 8.05 -10.23 35.43 72 69.40 19.87

NGC0205 0.87 -4.8 elliptical 122.14 -2.36 8.26 8.18 -10.63 35.37 15 15.56 7.32

NGC0221 0.77 -4.8 elliptical 29.57 -2.00 8.63 8.28 -10.64 34.44 16 8.00 2.40

NGC0247 3.64 6.9 spiral c,d,m 85.68 -0.77 9.47 8.54 -10.24 36.94 14 14.55 3.81

NGC0253 3.53 5.1 spiral c,d,m 96.35 0.65 10.43 8.76 -9.78 35.80 182 169.16 33.32

NGC0278 11.86 3 spiral a,b 4.25 0.02 10.02 8.69 -10.00 37.02 10 8.10 0.38

NGC0300 1.94 6.9 spiral c,d,m 199.01 -2.31 8.70 8.30 -11.01 35.47 77 74.23 50.48

NGC0337 19.06 6.7 spiral c,d,m 4.32 -1.23 8.40 8.21 -9.63 37.97 12 12.10 0.33

NGC0404 3.09 -2.8 lenticular 8.99 -2.00 9.20 8.58 -11.19 35.51 8 8.15 0.38

NGC0598 0.85 5.9 spiral c,d,m 1790.07 -2.13 8.40 8.21 -10.53 34.88 690 550.22 375.28

NGC0625 4.02 9 spiral c,d,m 10.52 -1.20 8.58 8.26 -9.78 35.91 8 6.10 0.45

NGC0628 10.04 5.2 spiral c,d,m 72.42 -0.15 10.08 8.70 -10.23 36.87 107 92.71 17.84

NGC0660 13.78 1.2 spiral a,b 6.05 0.60 10.16 8.64 -9.56 37.29 12 10.07 0.59

NGC0672 7.42 6 spiral c,d,m 14.92 -1.41 8.92 8.37 -10.33 37.69 1 1.00 0.01

NGC0685 17.29 5.4 spiral c,d,m 5.44 -0.66 9.63 8.59 -10.28 38.08 1 1.00 0.05

NGC0855 9.03 -4.8 elliptical 2.49 -1.97 8.10 8.14 -10.07 36.63 4 4.00 0.13

NGC0891 9.11 3.1 spiral a,b 30.96 0.25 10.65 8.78 -10.40 36.52 65 63.22 8.71

NGC0925 10.35 7 spiral c,d,m 48.40 -1.80 8.32 8.19 -10.12 38.09 7 7.01 0.96

NGC0949 10.29 3.4 spiral a,b 3.29 -0.93 9.34 8.50 -10.27 37.87 1 1.00 0.03

NGC0959 10.98 7.9 spiral c,d,m 1.63 -1.55 8.95 8.38 -10.50 38.00 1 1.00 0.00

NGC0988 15.71 5.9 spiral c,d,m 5.81 0.50 10.34 8.47 -9.84 37.91 3 3.00 0.11
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Galaxy Distance T Morph. Type D25 log SFR log M⋆ Z log sSFR L20 Nsrc Nc Nf/b

NGC0991 18.79 5.2 spiral c,d,m 1.52 -1.30 9.49 8.75 -10.79 38.08 1 1.00 0.01

NGC1012 16.24 0.3 spiral a,b 1.74 -1.06 8.94 8.38 -10.00 38.12 4 4.00 0.02

NGC1023 10.49 -2.6 lenticular 17.78 -1.29 10.61 8.77 -11.90 36.82 55 50.70 4.36

NGC1042 9.26 6 spiral c,d,m 6.53 -2.20 8.21 8.65 -10.41 36.94 8 8.10 0.36

NGC1052 19.20 -4.7 elliptical 4.82 -0.49 9.86 8.65 -10.35 37.40 38 34.06 1.04

NGC1055 18.86 3.1 spiral a,b 19.18 0.44 10.81 8.78 -10.37 38.06 6 6.00 0.77

NGC1058 9.46 5.1 spiral c,d,m 2.62 -0.99 9.32 8.50 -10.30 37.00 3 3.00 0.05

NGC1068 10.41 3 spiral a,b 24.48 1.37 10.57 8.79 -9.20 36.80 47 46.04 6.51

NGC1073 15.21 5.3 spiral c,d,m 6.21 -1.73 7.72 8.07 -9.45 37.76 3 3.00 0.15

NGC1097 15.45 3.3 spiral a,b 53.56 0.58 10.75 8.78 -10.18 37.88 30 30.40 7.03

NGC1156 6.37 9.8 Irregular 5.46 -1.49 8.99 8.39 -10.48 37.67 3 2.00 0.04

NGC1232 15.34 5 spiral c,d,m 30.75 -0.18 10.20 8.72 -10.38 37.06 47 56.60 7.73

NGC1291 8.01 0.1 spiral a,b 87.27 -0.45 10.36 8.75 -10.80 36.75 110 104.56 24.22

NGC1300 16.18 4 spiral a,b 14.25 -0.26 9.72 8.62 -9.98 37.38 22 22.17 2.96

NGC1313 4.31 7 spiral c,d,m 79.41 -1.36 9.05 8.41 -10.41 36.39 32 29.16 12.02

NGC1325A 17.60 6.9 spiral c,d,m 2.65 -2.26 8.30 8.19 -10.56 38.03 1 1.00 0.03

NGC1340 19.84 -4 elliptical 12.59 -0.82 9.94 8.67 -10.76 38.38 3 3.00 0.20

NGC1365 18.15 3.2 spiral a,b 57.93 0.91 10.91 8.78 -9.99 37.78 58 52.07 15.27

NGC1370 19.05 -3.7 elliptical 1.00 -1.07 9.41 8.53 -10.48 38.38 1 1.00 0.01

NGC1380 18.71 -2.3 lenticular 7.98 -0.17 10.71 8.78 -10.88 37.37 42 39.18 1.73

NGC1386 15.91 -0.7 lenticular 3.50 -0.12 10.12 8.71 -10.25 37.36 13 11.10 0.24

NGC1387 19.07 -2.8 lenticular 7.06 -1.84 10.49 8.77 -12.33 37.25 14 14.03 0.98

NGC1389 19.34 -2.8 lenticular 2.90 -1.99 10.35 -12.34 37.28 7 7.01 0.11

NGC1427 19.35 -4 elliptical 9.68 -0.75 10.18 8.72 -10.93 37.34 50 48.01 2.07

NGC1427A 10.86 9.9 Irregular 2.52 -1.42 8.61 8.28 -10.03 36.65 5 5.00 0.06
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Galaxy Distance T Morph. Type D25 log SFR log M⋆ Z log sSFR L20 Nsrc Nc Nf/b

NGC1493 11.32 6 spiral c,d,m 8.65 -2.82 7.81 8.08 -10.64 37.39 5 5.00 0.45

NGC1511 15.28 2 spiral a,b 4.19 0.35 9.79 8.63 -9.44 37.33 10 10.00 0.34

NGC1536 15.54 4.6 spiral c,d,m 1.59 -1.23 9.22 8.47 -10.46 37.93 1 1.00 0.01

NGC1549 17.56 -4.3 elliptical 17.53 -0.29 10.66 8.78 -10.95 37.43 59 55.51 4.93

NGC1553 17.53 -2.3 lenticular 21.08 -0.02 10.91 8.78 -10.93 38.22 3 2.00 0.19

NGC1569 3.07 9.6 Irregular 6.62 -0.06 8.57 8.26 -8.63 35.65 12 11.01 0.42

NGC1637 12.37 5 spiral c,d,m 6.84 -0.37 9.88 8.66 -10.24 37.03 16 10.20 0.69

NGC1640 19.05 3 spiral a,b 5.52 -0.93 10.10 8.71 -11.04 38.10 2 2.00 0.09

NGC1672 16.44 3.3 spiral a,b 26.23 0.53 10.55 8.77 -10.01 37.37 31 30.02 5.90

NGC1703 18.62 3.2 spiral a,b 5.28 -0.22 9.90 8.66 -10.12 38.10 4 4.00 0.15

NGC1705 5.46 -2.7 lenticular 2.12 -2.76 8.13 8.15 -10.89 36.09 2 2.00 0.10

NGC1800 8.02 8 spiral c,d,m 1.41 -2.12 8.59 8.27 -10.72 36.50 1 1.00 0.00

NGC1808 9.47 1.2 spiral a,b 7.94 0.64 10.03 8.69 -9.39 36.71 24 24.01 1.48

NGC2082 14.35 3.1 spiral a,b 2.90 -0.68 9.50 8.55 -10.18 37.87 2 2.00 0.05

NGC2337 11.52 9.8 Irregular 2.76 -1.54 8.82 8.34 -10.35 38.12 1 1.00 0.00

NGC2403 3.17 6 spiral c,d,m 157.71 -0.36 9.56 8.57 -9.92 35.95 118 99.16 37.88

NGC2500 10.05 7 spiral c,d,m 4.53 -2.69 7.65 8.06 -10.34 37.87 5 5.00 0.11

NGC2541 11.92 6 spiral c,d,m 3.79 -1.69 9.00 8.40 -10.69 38.03 1 1.00 0.00

NGC2681 16.50 0.4 spiral a,b 12.38 -0.76 9.64 8.59 -10.41 36.90 23 21.07 1.60

NGC2683 9.04 3 spiral a,b 20.08 -0.48 10.47 8.76 -10.95 36.98 16 16.00 3.07

NGC2748 19.44 4 spiral a,b 2.27 0.01 10.01 8.69 -10.00 37.53 10 10.00 0.20

NGC2787 7.42 -1 lenticular 4.59 -1.05 9.78 8.63 -10.83 36.70 18 18.45 0.75

NGC2841 14.51 2.9 spiral a,b 17.94 -2.36 9.74 8.62 -12.10 37.39 45 36.15 4.41

NGC2903 9.43 4 spiral a,b 49.53 0.38 10.53 8.77 -10.15 36.60 79 72.01 14.08

NGC2915 4.03 1.6 spiral a,b 1.40 -3.11 8.15 8.15 -11.26 36.40 1 1.00 0.01
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Galaxy Distance T Morph. Type D25 log SFR log M⋆ Z log sSFR L20 Nsrc Nc Nf/b

NGC2976 3.56 5.2 spiral c,d,m 13.61 -1.19 9.07 8.42 -10.26 36.42 8 8.00 1.30

NGC2997 11.46 5.1 spiral c,d,m 50.68 0.38 10.52 8.77 -10.14 37.04 64 64.30 13.92

NGC3031 3.59 2.4 spiral a,b 190.93 -0.48 10.01 8.69 -10.48 35.98 186 164.54 57.12

NGC3034 3.49 7.2 spiral c,d,m 44.04 0.85 10.01 8.69 -9.16 35.76 125 115.30 14.21

NGC3077 3.80 6.1 spiral c,d,m 17.66 -2.20 7.13 8.05 -9.33 35.79 18 18.01 2.50

NGC3079 19.02 6.4 spiral c,d,m 8.30 0.61 10.63 8.78 -10.02 37.46 26 25.04 1.66

NGC3115 10.18 -2.9 lenticular 15.92 -0.85 10.76 8.78 -11.61 36.33 157 135.23 4.63

NGC3125 14.98 -5 elliptical 0.92 -0.76 8.84 8.34 -9.60 37.04 4 4.00 0.02

NGC3184 11.16 5.9 spiral c,d,m 41.67 -0.26 9.54 8.56 -9.80 37.08 43 36.21 11.01

NGC3198 14.39 5.2 spiral c,d,m 9.33 -0.18 10.08 8.70 -10.26 36.94 17 17.07 1.13

NGC3239 8.05 9.8 Irregular 7.69 -0.66 9.47 8.54 -10.13 37.17 5 5.00 0.11

NGC3274 13.37 6.7 spiral c,d,m 1.03 -1.69 8.91 8.37 -10.60 38.27 1 1.00 0.00

NGC3287 15.40 7.6 spiral c,d,m 1.19 -1.60 8.20 8.76 -9.80 37.57 5 5.00 0.06

NGC3299 5.40 8 spiral c,d,m 1.87 -2.60 8.45 8.23 -11.05 36.99 1 1.00 0.02

NGC3310 18.57 4 spiral a,b 2.45 -0.45 9.02 8.40 -9.47 37.38 18 17.00 0.14

NGC3344 9.77 4 spiral a,b 33.49 -0.50 5.90 8.53 -6.40 36.87 31 30.04 7.12

NGC3351 10.01 3.1 spiral a,b 25.23 -0.28 10.31 8.74 -10.60 36.95 41 37.68 3.88

NGC3353 18.11 4.1 spiral c,d,m 1.04 -0.14 9.09 8.31 -9.23 37.67 5 5.00 0.05

NGC3368 10.83 2.1 spiral a,b 35.72 -0.56 10.62 8.77 -11.17 37.94 7 7.01 1.21

NGC3377 10.91 -4.8 elliptical 5.69 -0.96 9.90 8.66 -10.86 36.76 24 22.01 0.91

NGC3379 10.44 -4.8 elliptical 16.44 -1.10 9.52 8.56 -10.62 36.67 95 78.47 4.20

NGC3384 10.67 -2.6 lenticular 9.75 -1.16 9.53 8.56 -10.69 36.63 34 33.92 1.46

NGC3395 19.64 5.8 spiral c,d,m 1.11 -1.52 8.62 8.28 -10.14 37.90 7 6.00 0.07

NGC3412 11.24 -2 lenticular 6.74 -1.38 9.38 8.52 -10.76 37.40 7 7.00 0.52

NGC3413 15.83 -1.1 lenticular 1.34 -0.98 9.08 8.32 -10.06 38.36 2 2.00 0.01
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NGC3432 12.75 8.9 spiral c,d,m 12.10 -1.69 8.11 8.39 -9.80 38.27 2 2.00 0.01

NGC3445 17.22 8.8 spiral c,d,m 1.41 -1.00 9.01 8.40 -10.01 37.85 1 1.00 0.01

NGC3495 18.24 6.2 spiral c,d,m 3.67 -1.45 8.54 8.25 -9.98 38.17 1 1.00 0.01

NGC3507 14.74 3.1 spiral a,b 5.74 -0.42 10.15 8.72 -10.57 37.01 18 17.00 0.86

NGC3521 13.35 4 spiral a,b 29.17 0.57 10.98 8.77 -10.41 36.87 77 77.77 8.66

NGC3556 9.90 5.9 spiral c,d,m 5.19 0.12 9.97 8.68 -9.85 36.62 39 38.27 1.34

NGC3585 19.87 -4.8 elliptical 16.98 -0.17 10.74 8.78 -10.91 37.30 67 72.26 4.70

NGC3593 8.77 -0.4 lenticular 6.81 -0.95 9.14 8.44 -10.09 38.14 3 4.40 0.07

NGC3599 19.99 -2 lenticular 4.10 -1.51 9.09 8.43 -10.60 37.65 8 8.07 0.31

NGC3623 12.68 1 spiral a,b 11.80 -1.93 9.44 8.54 -11.38 38.10 4 4.00 0.25

NGC3627 10.41 3.1 spiral a,b 37.23 0.48 10.65 8.78 -10.17 36.83 77 71.08 11.32

NGC3628 10.48 3.1 spiral a,b 29.84 0.28 10.64 8.78 -10.36 36.65 42 41.00 7.73

NGC3631 18.32 5.1 spiral c,d,m 8.99 0.14 3.84 11.82 -3.70 37.14 36 32.00 1.81

NGC3877 15.53 5.1 spiral c,d,m 5.19 -0.05 10.29 8.90 -10.34 37.19 22 24.86 0.78

NGC3887 18.69 3.9 spiral a,b 10.11 -0.01 10.26 8.74 -10.27 38.14 4 4.00 0.22

NGC3922 16.98 -0.2 lenticular 0.97 -1.38 9.28 8.48 -10.65 37.71 1 1.00 0.01

NGC3928 15.66 -3.9 elliptical 1.36 -0.41 9.03 8.72 -9.44 38.12 1 1.00 0.01

NGC3938 16.98 5.1 spiral c,d,m 21.82 -2.62 7.46 8.05 -10.07 37.26 37 38.57 5.58

NGC4013 19.72 3.1 spiral a,b 4.67 -0.06 10.65 8.72 -10.71 37.31 21 21.07 0.69

NGC4026 14.71 -1.8 lenticular 3.67 -1.11 9.53 8.56 -10.64 37.61 4 4.00 0.12

NGC4037 17.22 3.3 spiral a,b 4.14 -1.71 8.64 8.37 -10.35 38.05 1 1.00 0.02

NGC4062 14.60 5.2 spiral c,d,m 5.22 -1.10 8.50 8.81 -9.60 38.19 1 1.00 0.02

NGC4088 14.96 4.7 spiral c,d,m 8.89 0.39 10.24 8.73 -9.85 37.46 24 22.00 1.77

NGC4096 12.18 5.3 spiral c,d,m 6.32 -1.24 8.60 8.85 -9.84 38.36 2 2.00 0.03

NGC4102 19.69 3 spiral a,b 3.92 -1.62 9.00 8.80 -10.62 38.17 2 2.00 0.05
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NGC4111 9.98 -1.3 lenticular 0.89 -2.30 9.36 8.51 -11.66 37.35 3 3.00 0.01

NGC4136 9.68 5.2 spiral c,d,m 4.01 -2.87 7.89 8.10 -10.76 36.91 11 9.38 0.28

NGC4150 13.62 -2.1 lenticular 2.07 -1.38 9.09 8.43 -10.48 38.15 4 4.00 0.03

NGC4151 7.79 1.9 spiral a,b 5.00 -0.22 9.78 8.47 -10.00 36.33 11 8.00 0.22

NGC4157 16.95 3.3 spiral a,b 6.09 0.25 10.50 8.77 -10.25 37.42 26 24.00 0.76

NGC4203 15.25 -2.7 lenticular 3.83 -1.60 9.69 8.61 -11.29 37.20 12 12.02 0.30

NGC4204 7.87 7.8 spiral c,d,m 12.91 -1.99 8.43 8.61 -10.42 37.72 2 2.02 0.05

NGC4207 16.12 7.7 spiral c,d,m 0.91 -1.02 8.90 8.74 -9.92 38.37 1 1.00 0.01

NGC4214 2.97 9.8 Irregular 28.18 -1.10 5.20 9.22 -6.31 36.06 27 22.54 5.80

NGC4217 19.06 3 spiral a,b 6.50 0.19 10.61 8.77 -10.42 37.30 24 22.06 1.20

NGC4236 4.40 8 spiral c,d,m 126.44 -3.02 8.02 8.12 -11.04 36.80 15 15.09 7.54

NGC4244 4.33 6 spiral c,d,m 92.23 -3.22 7.23 8.04 -10.45 36.03 12 9.28 5.23

NGC4251 19.17 -1.8 lenticular 2.26 -0.95 9.67 8.60 -10.62 37.96 7 7.03 0.22

NGC4254 14.06 5.2 spiral c,d,m 18.74 0.55 10.47 8.76 -9.92 37.90 12 12.39 1.35

NGC4258 7.31 4 spiral a,b 96.58 -1.23 9.08 8.42 -10.31 36.77 53 61.71 18.61

NGC4262 15.82 -2.6 lenticular 2.07 -1.19 9.71 8.61 -10.89 38.00 2 2.00 0.03

NGC4267 16.01 -2.7 lenticular 3.52 -2.09 8.80 8.33 -10.89 37.93 2 2.00 0.05

NGC4278 15.58 -4.8 elliptical 6.42 -2.58 9.81 8.64 -12.39 36.87 136 133.67 1.74

NGC4283 15.85 -4.8 elliptical 1.10 -1.43 9.34 8.50 -10.77 37.09 7 6.00 0.03

NGC4299 16.07 8.4 spiral c,d,m 1.61 -1.56 7.35 8.04 -8.91 37.95 1 1.00 0.02

NGC4303 12.78 4 spiral a,b 35.47 0.43 10.40 8.76 -9.97 37.13 46 41.13 8.34

NGC4309 17.56 -0.7 lenticular 1.39 -1.40 9.58 8.75 -10.98 38.02 1 1.39 0.03

NGC4310 17.30 -0.7 lenticular 1.16 -0.28 9.69 8.83 -9.98 38.29 1 1.00 0.00

NGC4314 18.10 1 spiral a,b 10.35 -1.43 8.84 8.35 -10.28 37.52 14 15.00 1.42

NGC4321 15.42 4 spiral a,b 26.78 0.54 10.83 8.78 -10.29 37.03 65 62.33 6.94
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NGC4328 16.67 -3.2 elliptical 1.54 -1.49 8.85 8.37 -10.34 37.93 1 1.00 0.04

NGC4340 18.37 -1.2 lenticular 3.96 -0.96 9.68 8.60 -10.63 38.05 1 1.00 0.04

NGC4342 17.31 -3.2 elliptical 0.63 -1.21 9.67 8.60 -10.88 37.28 7 7.00 0.03

NGC4371 16.96 -1.3 lenticular 5.52 -1.20 9.42 8.53 -10.63 38.02 7 7.02 0.42

NGC4374 17.72 -4.4 elliptical 37.49 -0.09 10.80 8.78 -10.89 37.48 101 88.95 10.29

NGC4377 17.76 -2.6 lenticular 1.55 -1.36 9.56 8.57 -10.91 37.82 3 3.00 0.07

NGC4379 15.59 -2.7 lenticular 2.23 -1.47 9.11 8.43 -10.58 37.90 1 1.00 0.00

NGC4382 17.42 -1.3 lenticular 29.17 -0.02 8.43 37.37 65 59.11 7.57

NGC4387 17.64 -4.8 elliptical 1.16 -1.51 9.27 8.48 -10.78 38.21 1 1.00 0.01

NGC4388 19.18 2.8 spiral a,b 5.44 -0.03 9.69 8.61 -9.72 37.62 10 10.46 0.68

NGC4393 11.31 6.7 spiral c,d,m 6.19 -1.80 9.23 8.47 -11.03 37.68 3 3.00 0.14

NGC4394 16.83 3 spiral a,b 9.16 -1.86 8.18 8.16 -10.04 38.01 5 5.00 0.47

NGC4395 4.82 8.8 spiral c,d,m 4.55 -2.12 8.37 8.20 -10.49 36.29 4 4.18 0.28

NGC4396 12.02 6.8 spiral c,d,m 2.44 -1.44 8.75 8.32 -10.19 38.45 1 1.00 0.00

NGC4402 15.07 3.2 spiral a,b 2.77 -1.80 8.22 8.75 -10.02 37.35 4 4.00 0.11

NGC4406 17.31 -4.8 elliptical 76.36 -0.10 10.99 8.77 -11.10 37.90 59 52.10 12.12

NGC4411B 17.66 6.2 spiral c,d,m 2.59 -1.33 8.92 8.37 -10.25 38.28 1 1.00 0.01

NGC4413 15.93 2.1 spiral a,b 2.39 -1.19 8.59 8.80 -9.79 38.27 1 1.00 0.01

NGC4414 17.62 5.2 spiral c,d,m 1.72 0.46 10.65 8.78 -10.19 37.91 16 16.13 0.16

NGC4417 15.71 -1.9 lenticular 2.65 -1.26 9.34 8.50 -10.61 37.41 8 8.00 0.23

NGC4419 13.55 1.2 spiral a,b 3.96 -0.55 9.53 8.56 -10.09 37.86 3 3.00 0.09

NGC4435 16.73 -2.1 lenticular 5.08 -1.13 9.62 8.59 -10.75 37.59 9 9.07 0.53

NGC4438 11.15 0.6 spiral a,b 28.90 -1.10 10.18 8.72 -11.28 37.03 29 28.01 5.94

NGC4442 15.32 -1.9 lenticular 5.47 -1.02 9.68 8.61 -10.70 37.91 7 7.39 0.37

NGC4449 4.18 9.8 Irregular 9.91 -0.97 9.25 8.48 -10.22 36.01 30 27.75 1.63
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NGC4457 17.38 0.3 spiral a,b 5.19 -1.08 9.23 8.47 -10.31 37.22 7 7.00 0.35

NGC4458 16.42 -4.9 elliptical 1.85 -1.65 8.75 8.32 -10.40 37.46 2 2.00 0.05

NGC4459 16.06 -1.6 lenticular 10.35 -0.72 10.64 8.78 -11.36 37.38 16 15.28 0.91

NGC4461 19.77 -0.7 lenticular 3.50 -2.47 8.41 8.22 -10.88 37.84 2 2.00 0.06

NGC4470 15.03 1.9 spiral a,b 0.87 -0.99 8.30 8.69 -9.30 37.74 2 2.00 0.02

NGC4472 15.91 -4.8 elliptical 67.12 -0.76 10.05 8.70 -10.81 37.00 386 357.63 20.69

NGC4473 15.47 -4.7 elliptical 8.41 -0.98 9.84 8.65 -10.82 37.37 31 27.11 1.83

NGC4478 16.83 -4.9 elliptical 1.96 -1.35 9.38 8.52 -10.73 37.79 3 3.00 0.07

NGC4483 16.73 -1.4 lenticular 1.10 -1.58 9.15 8.44 -10.73 37.96 1 1.00 0.02

NGC4485 8.91 9.7 Irregular 2.11 -3.76 7.95 8.11 -11.72 36.87 4 4.00 0.07

NGC4486 16.12 -4.3 elliptical 37.23 0.06 11.88 8.50 -11.83 37.19 231 208.00 12.01

NGC4486A 18.30 -5 elliptical 0.59 -1.23 9.52 8.56 -10.75 37.81 3 3.00 0.02

NGC4486B 16.30 -5 elliptical 0.11 -1.49 9.46 8.54 -10.94 37.76 1 1.00 0.00

NGC4490 9.56 7 spiral c,d,m 8.69 0.26 9.76 8.63 -9.50 37.05 27 26.03 1.35

NGC4494 16.71 -4.8 elliptical 14.09 -0.40 10.36 8.75 -10.76 37.43 30 29.22 2.85

NGC4498 14.68 6.4 spiral c,d,m 3.47 -0.83 7.59 8.06 -8.43 38.62 1 1.00 0.00

NGC4501 19.25 3.3 spiral a,b 29.71 0.55 11.12 8.75 -10.57 37.73 34 34.15 6.12

NGC4515 16.42 -3.2 elliptical 1.12 -1.69 9.02 8.40 -10.71 37.95 1 1.00 0.01

NGC4523 16.83 8.9 spiral c,d,m 1.12 -2.29 8.15 8.15 -10.44 37.80 2 2.00 0.02

NGC4526 15.33 -1.9 lenticular 13.49 -0.82 10.08 8.70 -10.90 37.16 30 30.15 2.29

NGC4527 13.82 4 spiral a,b 8.49 0.06 9.39 8.83 -9.33 37.83 7 7.04 0.45

NGC4528 15.69 -2 lenticular 1.07 -1.42 9.29 8.49 -10.71 37.96 2 2.00 0.03

NGC4550 14.87 -2 lenticular 1.75 -2.84 9.10 8.43 -11.94 37.52 8 8.38 0.19

NGC4551 15.92 -4.9 elliptical 1.69 -1.51 9.25 8.48 -10.76 37.66 2 3.85 0.06

NGC4552 15.51 -4.6 elliptical 51.04 -0.37 10.52 8.77 -10.89 37.04 165 165.90 16.01
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NGC4559 8.78 6 spiral c,d,m 39.98 -0.57 9.71 8.61 -10.28 37.26 10 8.00 0.70

NGC4561 17.80 7.2 spiral c,d,m 1.16 -0.55 9.18 8.35 -9.73 38.33 2 2.00 0.01

NGC4564 15.96 -4.6 elliptical 4.14 -1.18 9.64 8.59 -10.81 37.48 9 9.00 0.30

NGC4565 12.80 3.2 spiral a,b 38.01 -1.99 9.48 8.55 -11.48 36.89 61 57.37 8.23

NGC4569 9.86 2.4 spiral a,b 27.34 -0.28 10.36 8.75 -10.64 36.94 38 36.17 6.36

NGC4570 17.11 -1.9 lenticular 2.85 -1.01 9.81 8.64 -10.82 38.03 2 2.00 0.07

NGC4571 14.77 6.4 spiral c,d,m 9.27 -2.17 8.30 8.19 -10.47 37.93 2 2.00 0.22

NGC4578 16.79 -2.1 lenticular 3.43 -1.37 9.21 8.46 -10.59 37.96 2 2.00 0.07

NGC4579 17.07 2.8 spiral a,b 15.10 -0.85 9.86 8.65 -10.71 37.34 24 22.74 1.87

NGC4592 11.18 7.9 spiral c,d,m 3.90 -2.07 7.51 8.54 -9.58 38.01 1 1.00 0.01

NGC4594 9.63 1.1 spiral a,b 32.57 -0.49 11.09 8.76 -11.58 36.62 165 171.56 10.66

NGC4596 19.24 -0.8 lenticular 10.16 -1.50 9.55 8.57 -11.05 37.50 20 19.11 1.31

NGC4612 16.61 -2 lenticular 3.57 -1.36 9.35 8.51 -10.70 37.95 2 2.00 0.08

NGC4618 6.63 8.6 spiral c,d,m 6.40 -1.31 9.06 8.42 -10.37 36.96 7 7.02 0.42

NGC4621 15.31 -4.8 elliptical 11.45 -0.42 10.49 8.76 -10.91 37.26 44 44.93 2.82

NGC4624 15.53 -0.6 lenticular 16.03 -0.50 10.35 8.75 -10.85 37.97 6 6.00 0.53

NGC4625 11.72 8.7 spiral c,d,m 1.17 -1.97 7.95 8.79 -9.91 36.79 6 6.00 0.02

NGC4631 7.49 6.5 spiral c,d,m 24.94 0.32 10.07 8.70 -9.75 36.50 39 36.07 5.40

NGC4636 14.90 -4.8 elliptical 23.44 -0.33 11.14 8.75 -11.47 37.08 85 83.93 7.26

NGC4638 17.45 -2.6 lenticular 2.72 -2.80 7.98 8.26 -10.78 38.33 1 1.00 0.03

NGC4647 16.51 5.1 spiral c,d,m 5.09 -0.07 10.20 8.73 -10.27 37.18 53 40.38 1.11

NGC4649 16.55 -4.6 elliptical 28.96 0.25 11.06 8.76 -10.81 37.10 338 291.34 8.86

NGC4654 14.90 5.9 spiral c,d,m 9.22 -0.81 8.81 8.83 -9.62 38.28 8 7.00 0.15

NGC4660 15.32 -4.6 elliptical 2.59 -1.11 9.54 8.57 -10.65 37.90 6 6.00 0.10

NGC4666 16.18 5 spiral c,d,m 7.67 0.48 10.56 8.77 -10.08 37.99 10 10.00 0.39
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NGC4670 11.02 0.7 spiral a,b 0.63 -1.22 8.34 8.20 -9.56 37.30 3 3.00 0.02

NGC4688 17.06 6 spiral c,d,m 10.00 -0.51 9.52 8.56 -10.03 38.10 4 4.10 0.21

NGC4689 16.66 4.7 spiral c,d,m 8.59 -0.43 9.53 8.78 -9.96 38.01 3 3.02 0.32

NGC4691 18.21 0.3 spiral a,b 6.00 -1.07 8.86 8.68 -9.93 37.77 4 4.00 0.21

NGC4697 12.47 -4.5 elliptical 23.60 -0.42 10.53 8.77 -10.95 37.10 89 87.36 7.13

NGC4701 17.87 5.9 spiral c,d,m 1.75 -0.43 9.49 8.55 -9.92 37.91 1 1.00 0.02

NGC4710 17.60 -0.9 lenticular 3.89 -0.95 9.16 8.45 -10.12 37.41 9 8.01 0.37

NGC4713 15.12 6.8 spiral c,d,m 1.99 -1.72 8.01 8.68 -9.73 37.87 1 1.00 0.03

NGC4725 12.59 2.2 spiral a,b 54.06 -0.34 10.52 8.77 -10.85 37.14 54 52.43 13.94

NGC4736 4.64 2.3 spiral a,b 40.63 -0.28 10.38 8.75 -10.66 36.08 61 55.40 11.95

NGC4742 15.46 -4.6 elliptical 2.33 -0.93 9.80 8.64 -10.73 37.30 8 8.00 0.16

NGC4754 16.15 -2.4 lenticular 6.37 -1.06 9.61 8.58 -10.67 37.97 4 4.00 0.11

NGC4762 10.81 -1.8 lenticular 22.85 -1.45 9.11 8.43 -10.56 37.63 1 1.00 0.01

NGC4826 4.69 2.2 spiral a,b 44.04 -0.75 10.13 8.71 -10.88 36.38 39 36.02 9.27

NGC4900 17.30 5.1 spiral c,d,m 3.37 -1.90 8.58 8.27 -10.48 38.03 5 5.00 0.09

NGC4945 3.60 6.1 spiral c,d,m 73.77 0.21 10.19 8.72 -9.98 35.70 109 101.74 16.82

NGC5005 18.70 4 spiral a,b 5.77 -2.34 8.61 8.27 -10.95 38.05 1 1.00 0.07

NGC5054 17.98 4.2 spiral c,d,m 11.48 0.23 10.39 8.75 -10.15 37.80 11 11.30 1.35

NGC5055 8.92 4 spiral a,b 66.51 -1.14 9.30 8.49 -10.44 36.81 73 68.35 17.60

NGC5068 5.16 6 spiral c,d,m 39.25 -1.21 9.10 8.43 -10.30 36.34 23 22.32 6.61

NGC5102 3.61 -2.8 lenticular 28.05 -1.58 9.20 8.46 -10.78 35.93 9 9.00 2.78

NGC5128 3.52 -2.1 lenticular 401.67 0.02 10.90 8.78 -10.88 35.93 534 538.79 140.87

NGC5194 8.60 4 spiral a,b 125.57 0.65 10.73 8.78 -10.08 36.37 346 290.31 40.90

NGC5195 8.59 0.6 spiral a,b 18.79 -0.26 10.37 8.75 -10.63 36.43 27 22.64 2.46

NGC5204 4.79 8.9 spiral c,d,m 9.97 -3.20 7.40 8.04 -10.60 36.36 11 10.10 0.91
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NGC5236 4.78 5 spiral c,d,m 140.56 0.60 10.39 8.75 -9.79 35.98 277 258.63 43.60

NGC5248 13.38 4 spiral a,b 7.62 -1.22 9.03 8.41 -10.25 37.16 31 31.05 1.40

NGC5253 3.49 8.9 spiral c,d,m 8.35 -0.77 8.79 8.33 -9.56 35.78 16 15.07 1.43

NGC5273 16.22 -1.9 lenticular 2.76 -1.33 9.16 8.45 -10.49 38.32 1 1.00 0.02

NGC5408 5.11 9.9 Irregular 3.42 -0.83 8.09 8.50 -8.92 36.86 4 3.06 0.10

NGC5457 6.86 5.9 spiral c,d,m 434.38 -0.40 9.88 8.66 -10.28 36.51 442 384.36 141.62

NGC5474 6.91 6.1 spiral c,d,m 2.94 -2.48 36.57 10 10.00 0.37

NGC5585 8.10 6.9 spiral c,d,m 8.77 -2.97 7.34 8.04 -10.31 37.38 3 3.00 0.12

NGC5775 19.30 5.1 spiral c,d,m 2.45 0.44 10.45 8.76 -10.01 37.18 29 29.02 0.52

NGC5866 14.66 -1.3 lenticular 13.49 -2.32 9.35 8.51 -11.67 37.11 33 33.17 2.58

NGC5879 16.71 3.6 spiral a,b 4.24 -1.35 9.51 8.75 -10.86 36.94 9 9.00 0.32

NGC5949 12.47 4 spiral a,b 1.10 -2.06 8.04 8.13 -10.10 37.91 1 1.00 0.00

NGC6300 12.10 3.1 spiral a,b 14.25 0.13 10.39 8.75 -10.27 37.56 11 10.09 0.90

NGC6503 6.16 5.8 spiral c,d,m 9.24 -0.75 9.69 8.61 -10.44 36.79 11 10.42 0.47

NGC6689 13.39 6.4 spiral c,d,m 2.36 -1.59 9.03 8.41 -10.61 37.93 1 1.00 0.02

NGC6822 0.43 9.8 Irregular 179.83 -2.37 7.82 8.23 -10.19 34.33 43 31.11 19.95

NGC6946 5.52 5.9 spiral c,d,m 97.02 0.15 10.10 8.71 -9.95 36.34 134 116.41 29.47

NGC7013 15.91 0.5 spiral a,b 4.34 -0.67 10.46 8.76 -11.13 38.06 5 5.00 0.03

NGC7090 8.60 5 spiral c,d,m 10.23 -0.76 9.55 8.57 -10.31 36.88 12 14.01 0.84

NGC7314 17.38 4 spiral a,b 5.70 -0.04 10.19 8.72 -10.24 37.94 9 8.00 0.19

NGC7320 16.29 6.5 spiral c,d,m 2.81 -1.41 9.11 8.43 -10.52 37.14 4 4.00 0.20

NGC7331 14.40 3.9 spiral a,b 27.34 0.51 10.98 8.77 -10.47 37.22 51 52.46 4.96

NGC7424 11.48 6 spiral c,d,m 10.59 -0.98 6.76 8.11 -7.75 37.07 10 10.90 0.88

NGC7457 12.45 -2.7 lenticular 7.00 -1.07 9.72 8.61 -10.78 37.16 8 8.48 0.51

NGC7552 19.50 2.4 spiral a,b 10.71 0.80 10.56 8.77 -9.76 38.16 6 6.02 0.54
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Galaxy Distance T Morph. Type D25 log SFR log M⋆ Z log sSFR L20 Nsrc Nc Nf/b

NGC7741 13.93 5.9 spiral c,d,m 6.79 -2.11 8.06 8.13 -10.17 37.95 1 1.00 0.03

NGC7793 3.43 7.4 spiral c,d,m 48.96 -1.07 9.14 8.44 -10.21 35.88 46 41.57 11.22

NGC7814 14.39 2 spiral a,b 6.44 -1.76 9.41 8.53 -11.17 37.25 13 11.07 0.92

PGC003853 11.52 7 spiral c,d,m 10.42 -1.79 9.16 8.45 -10.95 37.41 3 3.00 0.34

PGC009892 3.42 -3 elliptical 0.31 -2.45 10.43 -12.88 36.04 18 18.00 0.05

PGC010217 3.48 4 spiral a,b 0.38 -0.16 9.94 8.67 -10.10 36.55 2 2.00 0.01

PGC013343 19.52 -2.8 lenticular 0.84 -1.98 8.82 8.34 -10.80 37.74 1 1.00 0.00

PGC029653 1.40 9.9 Irregular 18.40 -2.18 8.04 8.12 -10.22 35.30 11 11.08 2.37

PGC039904 16.98 6.5 spiral c,d,m 0.18 -2.42 7.95 8.11 -10.37 38.75 1 1.00 0.00

PGC042884 16.54 -4 elliptical 0.33 8.40 8.21 37.95 1 1.00 0.00

PGC044532 9.89 9 spiral c,d,m 4.33 -3.34 7.93 8.10 -11.27 37.24 6 6.00 0.31

PGC135072 19.73 -5 elliptical 0.37 -1.93 8.91 8.37 -10.84 37.45 1 1.00 0.01

PGC2793573 13.78 -5 elliptical 0.10 7.90 0.00 37.32 1 1.00 0.00

SDSSJ161534.10+192734.8 4.06 -5 elliptical 1.34 6.70 8.36 36.02 5 5.00 0.09

UGC05720 15.42 9.8 Irregular 0.77 -0.28 6.81 8.10 -7.09 37.52 3 3.00 0.02

UGC06988 15.70 9.6 Irregular 0.41 -1.59 8.14 8.59 -9.73 37.48 1 1.00 0.00

UGC08041 15.14 6.9 spiral c,d,m 4.78 -0.86 9.02 8.66 -9.88 37.96 1 1.00 0.01

UGC10310 15.85 9.2 spiral c,d,m 4.07 -2.05 7.49 8.05 -9.54 38.74 1 1.00 0.00

UGC11466 15.09 4 spiral a,b 1.04 -0.42 9.60 8.58 -10.02 38.22 1 1.03 0.01
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Chapter 5. Appendix

Figure 5.1: XLFs of star-forming galaxies
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Figure 5.1: XLFs of star-forming galaxies (continued)
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Chapter 5. Appendix

Figure 5.1: XLFs of star-forming galaxies (continued)
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Figure 5.1: XLFs of star-forming galaxies (continued)
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Chapter 5. Appendix

Figure 5.2: XLFs of spiral a,b galaxies
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Figure 5.2: XLFs of spiral a,b galaxies (continued)
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Chapter 5. Appendix

Figure 5.2: XLFs of spiral a,b galaxies (continued)
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Figure 5.3: XLFs of early type galaxies
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Chapter 5. Appendix

Figure 5.3: XLFs of early type galaxies (continued)

160



Figure 5.3: XLFs of early type galaxies (continued)
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