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INTRODUCTION

Since humanity has become able to directly detect Gravitational Waves,
it has unlocked the possibility of understanding the Cosmos in a different,
more complete way. Some of the events that generate these propagating per-
turbations of the structure of the Universe itself are in general not expected
to directly emit any light, and are therefore invisible to every telescope
or radio-interferometer. One example of this are stellar-mass Black Hole
Binary mergers. Almost ninety confident direct detections of these events
have been made in the last ten years. However, their physical origin remains
elusive. Multiple scenarios have been proposed for the formation of these
binary systems, but which one of those is the dominant one, if a dominant
one exists at all, is still debated. In this chapter I review the main astro-
physical aspects of Black Hole Binaries, highlighting the potential that the
direct detection of their mergers has to push forward our understanding re-
garding the evolutionary stages of stars, the central regions of galaxies, and
the expansion of the Universe. I discuss the open questions regarding these
binary systems, the challenges in their detection, and the possible ways we
have to understand their origin.

1.1 Black Holes: from mathematical concepts
to astrophysical objects

There are not many objects in the Universe that are able to inspire the
curiosity of astronomers and the general public like Black Holes (BHs).
From the mathematical point of view, these compact objects are solutions
of Einstein’s field equations of General Relativity (Einstein 1915). These
equations link the distribution of mass and energy of an object to the shape
of the spacetime curvature it generates, hence to the nature of the gravita-
tional interaction between such an object and the rest of the Universe. In
particular, a BH is defined as a region of spacetime causally separated from
the rest of the Universe. Physical objects can enter this region, but is then
impossible for them to influence anything that is outside of it. The surface
that delimits the boundary of a BH is called Event Horizon.

The fact that BHs represent exact solutions of Einstein’s field equations
was first demonstrated in the case of a spherically symmetric static source
(Schwarzschild 1916), then in the case of a rotating axially symmetric one,
either electrically uncharged (Kerr 1963), or charged (Newman et al. 1965).
However, it is only since the second half of the 1960s that BHs have been
considered as astrophysical objects, and not just as mathematical concepts.
The real existence of these extremely compact objects was suggested by the
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first observations of Quasistellar radio sources (Quasars), which emitted
an amount of energy thought to be explainable only by the collapse of an
object with a mass of the order of millions of Solar Masses (Mg) (Robinson
et al. 1965). The theoretical confirmation of the fact that BHs could be
astrophysical objects actually existing in the Universe came from results
such as the one presented in Penrose (1965), where it was demonstrated
that the gravitational collapse of a massive astrophysical object can indeed
lead to the formation of an Event Horizon.

The first astrophysical object ever to be widely accepted to be a BH has
been the galactic X-ray source Cygnus X-1, first observed in 1965 (Bowyer
et al. 1965), and later confirmed to be a BH accreting mass from a blue
supergiant star (Shipman 1975). The accretion process involves the con-
version of the gravitational potential energy of material infalling onto a BH
into thermal energy and luminosity, energy emitted in the form of Elec-
troMagnetic (EM) waves. In the last 50 years, millions of accreting BHs
have been detected. These objects can be divided into two main cate-
gories: stellar-mass BHs, and Super-Massive BHs (SMBHs). Stellar-mass
BHs detectedthrough EM waves have masses between approximately 3Mg
and 20Mg, and are the remnants of SuperNovae (SNe) events that marked
the end of the core-burning phase of massive stars. The other category of
detected BHs is characterised by masses between 105M, and 10°Mg. These
SMBHs can be found at the centre of galaxies and are the ones that power
Active Galactic Nuclei (AGN). An AGN is a system formed by a central
SMBH located at the centre of a gaseous disc, the material of which falls
onto the compact object, causing the emission of a large amount of energy
spread over a wide portion of the EM spectrum, from radio waves to gamma
rays. The luminosity of an AGN usually out-shines the starlight emitted by
the entirety of its host galaxy.

Measuring light coming from accretion is not the only way to use EM
radiation to detect a BH. The position and the mass of compact objects can
be calculated via the observations of microlensing events, when the path of
the light coming from an object is perturbed by the passing of a BH between
such object and the observer (Paczynski 1986, 1996). Moreover, measuring
the timescale of the light-curve variability of astrophysical objects like AGN
can prove the existence of a SMBH at their centre. This is because such
variations in luminosity cannot happen on timescales that are shorter than
the light crossing time of the source (Terrell 1967). A measurement of such
timescales can therefore be used to calculate an upper limit on the physical
size of the central object of an AGN. Such size has been demonstrated to
be not greater than the Event Horizon, especially through observations in
the X-ray band, which is the one that shows the shortest timescales in AGN
variability (Grandi et al. 1992). Another indirect way to infer the properties
of a BH is by resolving the orbits of objects such as stars that are bound to
it. This method has been used in the past to estimate the position and the
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mass of the SMBH that resides at the centre of the Milky Way (Schodel et al.
2002; Ghez et al. 2008) and of three stellar-mass BHs in its halo (El-Badry
et al. 2023a,b; Gaia Collaboration et al. 2024).

1.2 Not only light: Binary Black Holes and
Gravitational Waves

One of the biggest conceptual differences between Einstein’s General Rel-
ativity and Isaac Newton’s theory of gravitation (Newton 1687) is that,
according to the former, the gravitational interaction between two objects
travels at the same finite speed at which EM radiation travels in vacuum. In
particular, when the mass distribution acting as source of spacetime curva-
ture has a time-varying quadrupolar moment, it emits Gravitational Waves
(GWs), which move from their source at the speed of light. A common
way of conceptually and mathematically visualizing GWs is as travelling
ripples, perturbations in the curvature of spacetime, the amplitude and the
frequency of which depend on the characteristics of their originator.

Among the events that can emit detectable GWs there are the inspirals
and mergers of binaries of compact objects. These waves can be detected
by measuring the periodic variation of the proper distance between objects
their passage cause. The relative amplitude of such variations is typically
of the order of less than 1072°, and it decreases linearly as a function of the
distance from the source. However, the direct measurement of GWs coming
from the merging binaries formed by stellar-mass BHs and /or Neutron Stars
(NSs) has become a reality thanks to the laser interferometers of the LIGO-
Virgo-KAGRA (LVK) collaboration (Acernese et al. 2015; LIGO Scientific
Collaboration et al. 2015; Kagra Collaboration et al. 2019).

Almost ten years have passed since the first direct detection of GWs
(Abbott et al. 2016), and since then three observing runs have been com-
pleted, while the fourth one is expected to last until June 9th, 2025. During
the first three observing runs (O1, 02, and O3) a total of 90 mergers have
been detected, most of them being of Binary Black Holes (BBHs) (Abbott
et al. 2023a, 2024). Figure 1.1 gives a visual representation of all these
detected mergers in chronological order from left to right. On the vertical
axis is the mass of the merging objects and of the remnant. Light blue dots
represent BHs, orange ones represent NSs, and objects of which the nature
is uncertain are represented by half blue-half orange dots.

Merging BBHs are in general not expected to produce any EM radia-
tion. Detecting the GWs they emit is therefore the only way to learn about
them. The intrinsic properties of each binary that are possible to constrain
with GW detections include the masses of the two components, and both
the amplitude and the direction of their spins. By combining the informa-
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Figure 1.1: Visual representation of the 90 binary mergers detected by the interferometers of the LVK collaboration during their
first three observing runs. The vertical axis indicates the rest-frame masses. In each group of three dots connected by an arrow,
the bottom two represent the merging objects, while the top one represents the remnant. The mergers are chronologically ordered,
from left to right. Light blue (orange) dots represent BHs (NSs). Objects the nature of which is uncertain are represented by
symbols of both colors.
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tion coming from all the single detections it is possible to draw conclusion
regarding the underlying astrophysical population of compact objects.

Figure 1.2, taken from The LIGO Scientific Collaboration et al. (2021),
shows the astrophysical mass spectrum for stellar-mass BHs inferred from
the detections of the LVK collaboration. The differential merger rate is
plotted as a function of the mass of the heavier component of the merging
binaries my. While the black solid and dashed lines show the results ob-
tained from all the events up to the first half of O3, the blue solid line and
the light blue shaded region show the median and the 90 per cent credible
interval of the posterior distribution inferred from all the events detected
during the first three observing runs. The analytical model used for the
fit consists of a truncated power-law, with a tapering at low masses and
a Gaussian component. The vertical gray band in Figure 1.2 shows the
90 per cent credible interval on the position of the mean of such Gaussian
component.

One conclusion of population analyses on BBHs that remains robust with
respect to the analytical model that is assumed during the fit, is the fact
that the mass spectrum of stellar-mass BHs extends to masses above 50M¢
(The LIGO Scientific Collaboration et al. 2021). Objects with such masses
were not present in the population inferred from observations of X-ray bi-
naries, and their existence is not predicted by most of the models of stellar
evolution (Heger & Woosley 2002; Belczynski et al. 2016). The presence of
a gap between 50Mg and 120Mg in the mass distribution of the remnant
of SuperNovae (SNe) events is expected because of the phenomenon of Pair
Instability SuperNovae (PISNe) (Woosley 2019). These events represent the
end of the life cycle of stars with an initial mass greater than approximately
150Mg, and consist of SNe where electron-positron pairs are created dur-
ing the collapse of the stellar structure (Heger et al. 2003). The resulting
runaway thermonuclear explosion is expected to leave no remnant (Fraley
1967).

Observational evidence obtained thanks to the direct detection of GWs,
such as the lack of a gap in the BH mass spectrum between 50Mg and
120M g, suggests the existence of BBH formation paths beyond the standard
scenario of the evolution of an isolated binary stellar system. This remains
valid even when taking into account that the position of the lower boundary
of the so-called Pair Instability mass gap depends on the stellar model that
is assumed, and on stellar properties such as the metallicity (Farag et al.
2022).
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Figure 1.2: Differential merger rate as a function of the mass of the heavier
component of BBHs. This astrophysical distribution of stellar-mass BH masses is
the result of population analyses based on the GW detections performed by the
LVK interferometers up to the first half of their third observing run (black solid
and dashed lines), and including also the ones of the second half (blue line and
shaded region). Solid lines indicate the median posterior distribution, and the
shaded region and the dashed black lines indicate its 90 per cent credible interval.
The models used for the fit is based on a truncated power law, with a tapering
function at low masses, and a Gaussian component. The 90 per cent credible
interval on the position of the mean of this Gaussian component is denoted by
the vertical gray shaded region. The plot is taken from The LIGO Scientific
Collaboration et al. (2021)
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1.3 Formation of Binary Black Holes: isolated
binaries and dynamically active environments

The physical origin of the binaries of which the mergers have been de-
tected through GWs by the LVK collaboration remains elusive. In order
for a binary of stellar-mass compact objects to emit energy in the form of
GW radiation efficiently enough to be driven to merger within a Hubble
time, its semi-major axis has to be of the order of 10~ Astronomical Units
(Mapelli 2021). Different formation paths for BBH that tight have been pro-
posed, and they can be divided into two main categories: formation through
the evolution of an isolated binary system of massive stars, and formation
in dynamically dense environments, where encounters between stellar-mass
objects are frequent (see Mapelli 2021, for a review of the possible binary
formation paths).

In the case of a massive isolated stellar binary system a tight binary of
compact objects can form after a Common Envelope (CE) phase (Ivanova
et al. 2020). This occurs when one of the two stars incorporates the remnant
of the other one within its own envelope, when entering the giant phase. If
the CE is efficiently expelled because of the friction caused by the orbital
motion of the two cores, the remaining binary can be tight enough to merge
within a Hubble time and to be detected by the interferometers of the LVK
collaboration. A schematic representation of the formation of a merging
BBH through the CE channel is shown in Figure 1.3.

Another way for an isolated stellar binary system to create a BBH ca-
pable of merging within a Hubble time is through chemically homogeneous
evolution (de Mink & Mandel 2016; Mandel & de Mink 2016). If a massive
star is rotating fast and has a low metallicity, it might not develop a gradi-
ent of chemical composition in its interior. These chemically homogeneous
stars have smaller radii compared to the slow rotating ones with the same
mass, and can therefore form very tight binaries of compact objects without
ever entering the CE phase (Marchant et al. 2016).

Alongside the evolution of isolated massive stellar binary systems, BBHs
tight enough to be able to merge within a Hubble time can also form in dy-
namically active environments. A host environment is here referred to as
"dynamically active" or "dynamically dense" if it has a density of approx-
imately a thousand or more stellar-mass objects per cubic parsec. In such
conditions, single objects or binary systems are expected to have strong
gravitational interactions, that can lead to the formation of hard binaries.
A binary is referred to as "hard" if its binding energy is larger than the
average kinetic energy of the objects that are in its surroundings (Heggie
1973). Examples of dynamically dense environments are Globular Clusters
(Gratton et al. 2019), Young Star Clusters (Lada & Lada 2003; Portegies
Zwart et al. 2010), Nuclear Star Clusters (Ferrarese et al. 2006; Neumayer
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Figure 1.3: Representation of the formation of a merging BBH through the CE
channel (taken form Mapelli (2021)). On the left it is shown a system formed
by a star in the main sequence (light blue circle) and a BH, remnant of a SN
event. When the star exits the main sequence and starts burning Helium in its
core (blue circle), entering the giant phase, its envelope incorporates the BH. The
binary system formed by the Helium-burning core and the BH gets tighter because
of the drag exerted by the gas the envelope consists of. Part of the loss of orbital
energy is turn into heat, which might cause the ejection of the envelope. If this
happens, what is left is a tight binary formed by a BH and a naked stellar core, a
Wolf-Rayet (WR) star. If the WR turns into a BH without disrupting the binary,
the BBH that forms can be tight enough to emit detectable GWs efficiently and
merge within a Hubble time. If the CE is not ejected, the Helium burning core
and the BH merge inside of it, and no detectable GW is emitted.
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et al. 2020), and AGN accretion discs (McKernan et al. 2011; Stone et al.
2017).

In dense environments dynamical friction slows down objects on timescales
inversely proportional to their mass (Chandrasekhar 1943). The more ef-
ficiently a massive object is slowed down the interaction with lighter ones
surrounding it, the more quickly it sinks towards the gravitational centre
of the host environment. This process leads to mass segregation, building
up a population of heavy stellar-mass BHs and BBHs clustered in the inner
regions of dense star clusters.

Beside dynamical friction, another class of gravitational interaction that
is important to mention when talking about the formation of merging BBHs
in dense environments is single-binary encounters. These processes involve
a binary system of stellar-mass objects, and a single third object that can
also be either a star or a compact object like a BH or a Neutron Star (NS).
The encounter happens if the single object approaches the binary, reaching
a distance from it comparable with its semi-major axis. The final product
of this interaction is a binary which is in general harder than the original
one, and that is formed by the two most massive objects that took part in
the interaction. This is because if the intruder has a mass higher than at
least one component of the original binary, than it has a probability close
to one to take its place as part of the bound system, while the least massive
object is ejected (Hills & Fullerton 1980). Hardening of binaries in these
types of interactions takes place when part of the binary binding energy is
transformed into kinetic energy of the ejected object.

Both dynamical friction and single-binary encounters happening in dy-
namically active environments are processes that can efficiently create bi-
nary systems composed by the heaviest objects that populate such environ-
ments (Ziosi et al. 2014). However, these processes cannot create binaries
with BHs more massive than the ones that are already present in the initial
population. They are therefore not sufficient to explain the observed evi-
dences of merging BBHs with components that populate the Pair Instability
gap in the stellar-mass BH spectrum.

One way of creating BHs with masses in the Pair Instability mass gap is
through subsequent mergers, where at least one component of the merging
binary is the remnant of a previous GW event. This hierarchical merger
scenario is theoretically capable of creating objects with masses up to the
Intermediate Mass BH (IMBH) regime (between 10>Mg, and 10°M) (An-
tonini et al. 2019; Mahapatra et al. 2024). However, in order for a remnant
to have a non negligible chance to take part to a higher-generation event,
it must be retained in the same environment that hosted the first merger,
which is a reservoir of compact objects that can potentially act as compo-
nents for the second one. When two compact objects merge the remnant
undergoes the action of a recoil kick to guarantee the conservation of the
total linear momentum of the binary system (Bonnor & Rotenberg 1961;
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Figure 1.4: Schematic representation of the main processes that can take place in
dynamically dense environments, concerning BBHs that merge emitting detectable
GWs (taken from Mapelli (2021)). (1) A single stellar-mass object (red star)
encounters a BBH both the components of which are more massive than the
stellar-mass object itself. (2) The single-binary encounter hardens the bound
system, reducing the size of its semi-major axis. (3) If the binary is tight enough,
it starts to emit GWs efficiently. Such emission continues until the binary merges.
This merger can be detected by the LVK interferometers. (4) The massive BH
which is the remnant of the GW event gets retained in the host environment and
encounters a binary system. The least massive of the three objects (red star) gets
ejected and an exchange episode happens, in which the massive remnant takes its
place in the binary system. (5) A new binary is formed, which can be hardened
by a new single-binary encounter, and potentially merge in a higher-generation
GW event.

Bekenstein 1973). Typical recoil kick velocities for the remnants of BBH
mergers are of the order of 102km s~ ', but can reach reach values of thou-
sands of kilometers per second for specific combinations of masses and spins
of the binary components (Campanelli et al. 2007; Gerosa & Berti 2019).
The hierarchical merger scenario, therefore, can only be efficient in very
dense environments, whose escape velocity is large enough for most of the
merger remnants to be retained. This is, for example, the case for Nuclear
Star Clusters (Antonini & Rasio 2016; Mapelli et al. 2021).

Figure 1.4 shows a schematic representation of the interactions that are
expected to take place in dynamically dense environments, resulting in the
emission of detectable GWs.

Being the places in which processes like dynamical friction, single-binary
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encounters, and hierarchical mergers happen, dynamically dense environ-
ments have the potential of being the hosts of a significant fraction of the
GW events detected so far by the LVK collaboration. More specifically this
so-called "dynamical formation path" for merging BBHs is expected to be
the channel that the most massive merging binaries more likely have fol-
lowed, especially the ones with at least one component that has a mass in
the Pair Instability gap predicted by stellar evolution models.

1.4 AGN discs as promising potential hosts of
stellar-mass Binary Black Hole mergers

The two main characteristics that make AGN accretion discs different with
respect to the other dynamically dense environments like Globular Clus-
ters, Young Star Clusters, and Nuclear Star Clusters are their non-spherical
shape, and that they are made of gas which interacts with the compact ob-
jects contained in the disc itself, modifying their orbits in a non-negligible
way.

1.4.1 Disc captures

The moment in which a gaseous accretion disc forms around the SMBH
which is at the centre of a galaxy marks the beginning of the AGN phase of
such Nuclear Star Cluster. Stars and stellar-mass compact objects whose
orbit around the central SMBH lies on the same plane of the newly-formed
disc will start to interact dynamically with it. However, AGN accretion discs
with a density larger than 107'%g cm™2, can capture objects that have a
moderate (< 15°) initial orbital inclination with respect to the disc. These
captures happen on timescales of the order of 108yr (Bartos 2016a; Tagawa
et al. 2020; Fabj et al. 2020) and are possible because of the exchange of
energy and angular momentum between the disc and the orbiter, which
takes place every time the latter passes through the former (Ostriker 1983;
Syer et al. 1991).

Disc captures have been found to be more efficient in the case of retro-
grade orbiters (i.e. stellar-mass objects with orbits the angular momentum
of which has an inclination with respect to the one of the disc larger than
90°) (Nasim et al. 2023). In the cases in which the disc capture mechanism
turns out to be efficient, its final outcome is a increase in the density of
stars and stellar-mass compact object in the accretion disc. In particular,
this density is larger than the three-dimensional density the same objects
would have in a spherical Nuclear Star Cluster without an AGN.
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1.4.2 Migration

A compact object embedded in a gaseous disc interacts with it, suffering a
net torque and exchanging energy and angular momentum (Armitage 2010;
Paardekooper et al. 2010). This phenomenon takes place in systems of dif-
ferent scales, from protoplanetary discs to AGN accretion ones, and modifies
the semi-major axis of the orbit of the interacting satellite around the cen-
tral object, which consists of a protostar in the protoplanetary scenario or of
a SMBH in the AGN one. This variation of semi-major axis is called Type I
migration when the mass ratio between the satellite object and the central
one is of the order of 10~° or smaller. This is the case of systems composed
of a stellar-mass BH (10° - 102Mg,) orbiting around a SMBH (10° - 10°M,)
located at the centre of an AGN. In regime with a low turbulence level,
Type I migration happens on a time-scale which is inversely proportional to
the mass of the satellite objects, meaning that the heaviest stellar-mass BHs
embedded in an AGN disc are the ones whose orbits change more rapidly
due to the interaction with the gas (McKernan et al. 2011).

While in general the migration of a stellar-mass compact object is ex-
pected to proceed inwards (Goldreich & Tremaine 1979), under the as-
sumption of an adiabatic midplane of the disc, it can proceed outwards for
specific ranges of radial distance between the orbiter and the central ob-
ject (Paardekooper & Mellema 2006). On the border between a region in
which migration is expected to proceed inwards, and a region in which it
is expected to proceed outwards, there can be distances from the central
object in which the net torque exerted by the gas of the disc on the satellite
object is null. These peculiar radial positions are called migration traps.
The presence of these traps in which orbiting objects are expected to halt
their migration was proposed for the protoplanetary disc scenario by Lyra
et al. (2010), and in Bellovary et al. (2016) it was found that they can exist
also in AGN discs. They estimated that more than one migration trap can
form in an accretion disc, and that their distance from the SMBH is of the
order of 20 to 300 R, where Ry = 2GM/ ¢ is the gravitational radius of the
central object, defined as a function of its mass (M), the gravitational con-
stant (G), and the speed of light in the vacuum (c). Moreover, they found
the position of the migration traps to be independent from the mass of the
orbiter. This means that a high number of stellar-mass objects will pile-up
around a very specific radial distance from the central SMBH, facilitating
the formation of binary systems.

The presence of migration traps in the framework of Type I migration
is nonetheless not guaranteed in every AGN. In particular, in Grishin et al.
(2024) it is argued that using prescriptions calibrated from 3D simulations
(Jiménez & Masset 2017), Type I torque is always negative-definite in the
AGN discs they modelled. However, they find that migration traps can

form due to thermal torques in AGN less luminous than 10%4°~%5erg s=1.
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These torques are caused by the thermal response of the gaseous disc to the
accretion of the embedded stellar-mass BHs through their mini-discs.

Whether or not migration traps are developed in an AGN, inward ra-
dial motion of stellar-mass objects due to their interaction with the gaseous
disc they are embedded in is expected to be able to cluster them in a small
region. In Tagawa et al. (2020) it has been found that the radial inward
velocity of migrating objects decreases towards smaller distances from the
central SMBH. This happens because in the innermost region of the ac-
cretion disc, its surface density is reduced by the torques exerted by the
stellar-mass compact objects due to its low scale height. This decrease in
the velocity of migration can lead to the formation of ring-like regions within
the accretion disc with a high density of compact objects, even without the
presence of a migration trap. This can facilitate the gas-assisted binary gen-
esis (DeLaurentiis et al. 2023b; Rowan et al. 2023) as well as the one from
three-body encounters (Aarseth & Heggie 1976; Binney & Tremaine 2008)
that are expected to take place inside AGN discs, therefore increasing the
efficiency of the so-called "AGN channel" for the formation and evolution
of the binaries whose mergers have been detected by the LVK collabora-
tion. The main mechanisms discussed so far that act on the population of
compact objects inside an AGN disc are visually summarised in Figure 1.5.

Dynamical binary
formation

.\ Gas-capture
d/. binary formation

Migration .

Binary-single
interaction

AGN disk
Disk capture

Figure 1.5: Visual representation of the main mechanisms that influence the
population of compact objects inside and AGN disc, facilitating binary formation.
Each of these processes has been presented in Section 1.4.1 or in Section 1.4.2.
This Figure is adapted from Figure 3 of Tagawa et al. (2020).
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1.4.3 Characteristic observable signatures of BBHs merg-
ing in AGN discs

Binary systems formed and driven to merger inside an environment such
as an AGN are expected to exhibit peculiar detectable features in the GW
signal they emit. These features are caused by the interaction between the
compact objects and the gas the accretion disc consists of. Their identifica-
tion and the characterisation of their physical cause is a very important tool
for the estimation of the fractional contribution of AGN binary formation
channel to the total BBH merger rate.

1.4.3.1 Non-null eccentricity in the LVK band

When a binary is tight enough for the GW emission to be the dominant
cause of the decrease in orbital energy, such emission is very efficient in driv-
ing the system towards a null value of eccentricity, circularising it (Peters
1964). For this reason, BBHs formed through the evolution of an isolated
binary system are not expected to show any sign of eccentricity in their GW
signal when entering the LVK band, which extends approximately from 10!
Hz to 10* Hz. However, hard binaries formed through repeated interactions
like single-binary encounters, which are expected to happen in dynamically
dense environments, can retain their eccentricity long enough to be detected
(Samsing 2018; Calcino et al. 2023).

The fraction of BBHs capable of exhibiting a measurable eccentricity in
the LVK band increases with respect to the general case of a dynamically
dense scenario when an AGN disc-like host environment is considered. This
is because in a pseudo-2D system it is likely that a single-binary encounter
happens in the same plane of the of the orbit of the binary system, or on a
plane with small inclination with respect to it (Tagawa et al. 2021b; Samsing
et al. 2022; Trani et al. 2024). In such a configuration, the probability
of the merger happening during a single-binary encounter, and not after
it, is higher with respect to the probability of the same thing happening
in a spherically symmetric environment. Binaries that merge during the
encounter enter the LVK band while still retaining at least part of the
eccentricity they originally had, in the case of BBHs dynamically assembled
via co-planar interactions is distributed as P(e) ~ e/v1 —e? (Monaghan
1976; Stone & Leigh 2019).

The direct detection of a non-null eccentricity in a BBH merger is there-
fore to be considered as a smoking-gun signature of the dynamical origin of
such a binary, with a non-negligible chance for the host environment to be
an AGN disc. Signs of eccentricity have been spotted for specific detected
events (Romero-Shaw et al. 2021), but the search of eccentric mergers is
complicated by waveform systematics and by the fact that residual eccen-
tricity contained in the GW signal can act like a systematic uncertainty,
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generating biases in other intrinsic binary parameters, like the spin direc-
tions of the two components (Fumagalli et al. 2024).

1.4.3.2 Anti-correlation between mass ratio and effective spin
parameter

The mass-weighted projection of the spins of the components of a BBH
onto the orbital angular momentum is referred to as "effective inspiral spin
parameter", yoi. In the scenario in which a BBH is formed via repeated
interactions in a generic dynamically dense environment, it is reasonable to
assume that the directions of the spins of its components in the last phase
of the inspiral and during the merger are randomly orientated with respect
to each other. This is expected to be reflected in the y.g distribution of the
population of merging binaries coming from a dynamical formation scenario.

In Callister et al. (2021) it has been shown that at 98.7 per cent credibil-
ity it exists a relation between the value of g for the detected binary merg-
ers, and their value of the mass ratio ¢ = ms/m;, where ms and m; are the
mass of the lighter and of the heavier component, respectively. In particular,
through a hierarchical Bayesian analysis on the 44 BBH merger detections
listed in the second Gravitational Wave Transient Catalogue (GWTC-2),
which contains the GW detections up until the first half of O3, they found
that more unequal-mass binaries (low ¢) are more likely to have a larger
Xeff -

This anti-correlation, identified as a potential hint of binary formation in
a disc-like structure, has been observed even in the third Gravitational Wave
Transient Catalogue (GWTC-3), which contains also the events detected in
the second half of O3 (see Figure 21 of The LIGO Scientific Collaboration
et al. 2021). In particular, assuming that the heaviest stellar-mass BHs
whose orbit in a Nuclear Star Cluster have a small inclination with respect
to the accretion disc of the AGN present in it are more quickly captured
by it with respect to the lightest ones (Fabj et al. 2020), they will spend
enough time in such gaseous environment to spin-up into alignment with
respect to the angular momentum of disc. These heavier spin-aligned BHs
might eventually merge with lighter ones that are captured by the gaseous
disc at later times. This phenomenological model, in a scenario in which
a dense disc and turbulent migration are involved, is expected to produce
mergers that exhibit the detected y.f - ¢ anti-correlation (McKernan et al.
2022a).

The same relation between effective inspiral spin parameter and mass
ratio is to be expected if these systems are formed and evolve in an axisym-
metric disk-like environment that allows for hierarchical mergers to happen,
without the need of any assumption regarding different disc capture time-
scales for compact objects of different masses (Santini et al. 2023).
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1.5 The potential and the challenges of detect-
ing EM counterparts of GW events

As mentioned at the beginning of Section 1.3, even after the direct detection
through GWs of nearly 100 confirmed coalescence of binaries of compact
objects, the fractional contribution to the total merger rate of the various
binary formation paths is still unknown.

One possible way to answer this open question is to search in the GW
signal of each individual event or in the properties of their overall population
for specific signatures that can be explained preferentially by one specific
formation channel. Examples of such smoking-gun signatures for the AGN
channel are the ones described in Section 1.4.3. Another viable approach
is to directly identify in which galaxies or in which type of galaxies the
merger events happened. If, for example, it is found that the fraction of
BBH mergers that took place in a galaxy that hosts an AGN is significantly
higher than the estimated ratio between the number of such hosts with
respect to the total number of galaxies in the Universe, this would suggest
that the existence of a dense gaseous accretion disc might indeed facilitate
the formation of binaries of compact objects that merge in the LVK band.

Being able to directly link GW events to the hosts in which they take
place is not only important to answer astrophysical questions regarding the
dynamics of BBHs, the evolution of binaries of massive stars, and the char-
acteristics of dense star clusters and of AGN discs, but it has the potential
of being relevant also from the cosmological point of view. When the in-
terferometers of the LVK collaboration detect a GW signal, they directly
measure the luminosity distance between the source and the Earth. If a one-
to-one association is possible between a detected BBH event and its host
galaxy, it is then possible to constrain the relation between the luminosity
distance measured from the GW signal and redshift directly measured from
the EM radiation. Constraining such relation means constraining cosmo-
logical parameters such has the Hubble constant. This method of putting
constraints on the parameters that govern the Universe on cosmological
scale is referred to as "standard sirens method" (Schutz 1986) and it has
already been applied in the case of the first detected merger of a Binary
Neutron Star system, GW170817 (Abbott et al. 2017).

If a direct one-to-one association between the GW signal and EM one is
not available, it is still possible to measure cosmological parameters using
the redshift estimates of all the galaxies that are within the localisation un-
certainty of the detected merger. This is the so-called "dark sirens method"
(Gair et al. 2023), and it has already been applied to the data collected
during the first three observing runs of the LVK collaboration (Alfradique
et al. 2024).

The main limiting factor that hampers analyses involving the connection
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between GW events and their EM counterparts is the large uncertainty
that is typically associated by GW detectors to the position of a merger
of binaries of compact objects, in particular to the one of a BBH merger.
Figure 1.6 shows the Cumulative Distribution Function (CDF) of the sizes
of the 90 per cent Credibility Level localisation volumes (V90) of the GW
events detected during the first three observing runs. The median value
of such distribution is of the order of 108 cubic Megaparsecs. According
to the redshift-dependent AGN luminosity function presented in Kulkarni
et al. (2019) this median localisation volume might contain hundreds to
thousands of AGN with a bolometric luminosity greater than 10*°erg s—1,
and even more regular galaxies that do not host an active nucleus. For this
reason, consistently being able to confidently associate every GW event to
its host environment is currently impossible.
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Figure 1.6: Cumulative Distribution Function of the sizes of the 90 per cent
Credibility Level localisation volumes (V90) of the GW events detected by the
LVK collaboration during the first three observing runs. From the shown dis-
tribution are excluded the localisation volumes of GW200308 173609 and of
GW200322_ 091133, since these events are poorly-localised, and the available pos-
terior samples do not allow for an estimation of their value of V90.

1.5.1 Spatial correlation analyses with all-sky AGN cat-
alogues

One way of estimating what fraction of the detected GW events took place
in specific types of environments is through the analysis of the spatial corre-
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lation between the positions of such potential hosts and the GW sky maps of
the measured mergers. The statistical constraining power of this approach
depends on the number density of the potential hosts that are considered
and on the completeness of the catalogues that are used. For this reason
very luminous AGN represent an ideal class of objects of this type of studies,
since all-sky catalogues with high levels of completeness are available. Two
examples of such catalogues are the Million Quasars (Milliquas) catalogue
(Flesch 2023) and Quaia (Storey-Fisher et al. 2024).

1.5.1.1 Milliquas

Milliquas is an AGN catalogue containing 1,021,800 objects in its latest
version (Flesch 2023). It is presented as a collection of all the Quasars
published up to June 30th, 2023. Figure 1.7 shows the mollweide projection
of the sky distribution of such objects.

It is evident that, since Milliquas is an ensemble of several catalogues,
its content is not uniformly distributed over the sky. In the northern sky in
particular is noticeable that the region with the highest number of objects
per square degree is the footprint of the Sloan Digital Sky Survey (SDSS)
(Kollmeier et al. 2019), while the most crowded region in the southern sky
is the footprint of the Two-degree-Field Galaxy Redshift Survey (Colless
et al. 2001), which is visible in the figure as a stripe-shaped over-density of
objects around an equatorial declination of —30°.
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Figure 1.7: Mollweide projection of the latest version of the Milliquas catalogue
(v8). The distribution of objects is displayed in a Healpix map with NSIDE=64.
The colour of each pixel indicates the logarithm of the number of objects present
in the catalogue in that sky position.
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While the completeness of Milliquas in the most crowded regions can
be close to unity, this is not in general the case for the other parts in the
sky. Nonetheless, Milliquas consists of a valid tool to establish whether
there is or not a spatial correlation between detected GW events and very
luminous AGN in the Local Universe. In fact, while the all-sky average
number density of spectroscopically identified AGN below z = 0.3 with a
bolometric luminosity greater than 10*°erg s~ is approximately the 48 per
cent of the number density of the same objects in the SDSS footprint, this
fraction reaches approximately the 87 per cent when AGN brighter than
10%6erg s~! are considered.

1.5.1.2 Quaia

Quaia (Storey-Fisher et al. 2024) is an all-sky AGN catalogue containing
objects identified ad extra-galactic by the Gaia mission (Gaia Collaboration
et al. 2016) in its third data release (Gaia Collaboration et al. 2023) that
have a counterpart observed by the Wide-field Infrared Survey Explorer
(WISE) (Wright et al. 2010) and contained in the unWISE catalogue (Lang
2014; Meisner et al. 2019).

All the objects in Quaia have passed a series of selections based on
the proper motions and the colours of the objects, aimed to increase the
purity of the sample. The final result is an all-sky catalogue which contains
1,295,502 quasars with a magnitude in the Gaia G band lower than 20.5.
Their sky distribution is shown in Figure 1.8.

The redshift estimate for each object in Quaia is evaluated by training a
k-Nearest Neighbor model using as training set the AGN in Quaia that have
an available spectroscopic redshift estimate in SDSS. What makes Quaia an
ideal instrument for spatial correlation analyses is its remarkably uniform
distribution of objects over the whole sky, once the region containing the
galactic plane is excluded, together with its high level of completeness.

1.5.2 Spatial correlation analyses with unusual AGN
flaring activities

Binary mergers happening in an AGN disc are expected to produce an EM
counterpart, even if not always detectable, due to the interaction between
the gas and the components of the binary or the remnant of the GW event
(Bartos 2016a; McKernan et al. 2019). In particular, it has been proposed
that a flare coming from an AGN can be produced when the gas that inter-
acts with the recoiled merger remnant which is traveling through the disc
produces a shocked Bondi tail (Ostriker 1999; Antoni et al. 2019). Such
flare is modeled to be manifest when the kicked BH reaches the surface of
the disc with an optical depth of 7 = 1.
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Figure 1.8: Mollweide projection of the all sky AGN catalogue Quaia. The
distribution of objects is displayed in a Healpix map with NSIDE=64. The colour
of each pixel indicates the logarithm of the number of objects present in the
catalogue in that sky position. This Figure is also present in the work described
in Chapter 4 of this thesis.

In order to be observable an AGN flare produced by the merger of two
stellar-mass BHs must outshine the emission coming from the accretion
onto the central SMBH. In Tagawa et al. (2024) is shown that this is not
impossible in a scenario in which a Blandford-Znajek jet is launched from
the remnant of the merger that is accreting gas in the AGN disc. In this
scenario the breakout emission of EM radiation that happens when the front
of the jet reaches the edge of the disc is followed by an emission that comes
from the cooling of the shocked gas. This model is able to predict flaring
activities from AGN that are able to outshine the host environment, after
a number of assumptions are made regarding the accretion rate onto the
recoiled remnant of the coalescence, the radial position of this event in the
AGN disc, and the fraction of jet power that can be turned into radiation.

Recently, 20 AGN flares have been labeled by Graham et al. (2023)
as potential EM counterparts to the GW events detected during the third
observing run of the LVK collaboration. These EM transients were found
not compatible with being coming from SNe, Tidal Disruption Events, mi-
crolensing events, or regular AGN variability. They were found by analysing
AGN light curves observed by the Zwicky Transient Facility (ZTF) (Bellm
et al. 2019; Graham et al. 2019), a time-domain survey that since March
2018 covers the Northern sky every 2-3 nights, observing in the g and in the
r band.
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The sky distribution of the 20 selected flares is shown by the pink round
markers in Figure 1.9.

Figure 1.9: Mollweide projection of the positions of the 20 AGN flares iden-
tified in Graham et al. (2023) as potential counterparts to BBH mergers (pick
round markers). The distribution of objects is displayed in a Healpix map with
NSIDE=32. The pixel corresponding to a galactic declination b between —10°
and 10° are in light-blue. This Figure is also present in the work described in
Chapter 5 of this thesis.

The low volume number density of these unusual AGN flares, together
with the fact that they are transient, not permanent EM signatures makes
them ideal tools for spatial and temporal correlation analyses aimed to
check whether it is plausible or not that a causal correlation exists with the
mergers detected by the LVK collaboration. This is because the probability
of having one of these flares matching by pure chance both spatially and in
time with a BBH merger, without any physical causality relation between
the two signals is typically low. For this reason, if such a causal connection
exists, it should be possible to assess it confidently.

1.6 In this thesis

This thesis contains four studies I have conducted together with my co-
authors. All of these works revolve around the investigation of the spatial
correlation between AGN and GW events detected by the LVK collabora-
tion. This analyses have required the creation and the characterisation of
suitable all-sky AGN catalogues and the development of a statistical frame-
work with a Likelihood function able to take into account the properties of
such catalogues and of the sky maps of the detected mergers. The results
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this method consist of observational constraints on the efficiency of the AGN
channel, which can be used as a proxy for constraining the properties of the
accretion discs themselves.

In Chapter 2 I present the results of a Likelihood ratio method which
applies the statistical framework presented in Bartos et al. (2017a) to O3-
like sky GW detection I have simulated. This method is used to calculate
the number of detections needed in order to be able to reject the hypothesis
according to which there is no correlation between AGN and BBH mergers.
We estimate to what fraction of the total merger rate the AGN binary
formation channel has to contribute to have the possibility of rejecting the
no-connection hypothesis with the number of detections obtained during
03. This is repeated varying the number density of the AGN that are
considered as potential hosts. For example, we estimate that the number
of detections performed in O3 potentially allows such a rejection with a
30 confidence if rare (i.e. with number densities lower than 10~7*Mpc™?)
AGN are considered, and if the the accretion disc-assisted binary formation
channel contributes to a significant fraction (30 per cent or more) of the
total merger rate.

In Chapter 3 I first describe an updated version of the statistical method
presented in Chapter 2. This consists of a new Likelihood function, the
maximisation of which can put observational constraints on what fraction
of the detected BBH mergers has originated in an AGN. In particular, this
new statistical framework we developed is able to take into account the
incompleteness of the AGN catalogue that uses, and the exact position of
each potential host within the 90 per cent Credibility Level localisation
volume of the GW detections. After testing its validity on mock data, we
apply this method to the 30 BBH mergers detected during the first three
observing runs of the LVK collaboration with a 90 per cent Credibility
Interval on the luminosity distance entirely contained within z = 0.3. In
particular we cross-match these events with three different catalogues of
AGN in the same redshift range. These catalogues are created selecting
objects from Milliquas that are also present in unWISE and that have a
spectroscopic estimate of their redshift. What characterise each of these
catalogues are the different thresholds on bolometric luminosity that have
been used to create them. We find that the fraction of the detected BBH
mergers that has originated in an AGN more luminous than 10*>-erg s—!
(10%6 ergs—1) is not greater than 49 (17) per cent at a 95 per cent Credibility
Level. To our knowledge, these are the first observational constraints on
the efficiency of the AGN channel for the formation of binaries systems that
merge in the LVK waveband.

In Chapter 4 I present a spatial and temporal correlation analysis aimed
to investigate whether there is or not a causal connection between the GW
events detected during O3 and the 20 unusual AGN flares proposed in Gra-
ham et al. (2023) as potential EM counterparts to binary mergers. We
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find that current data favour the hypothesis according to which there is no
causal connection between such transients and the LVK detections. Per-
forming Monte Carlo realisations of realistic catalogues of flares, we find
that the number of spatial and temporal matches between the detected
GW events and the observed EM transients is to be expected in the case
of random-chance association, without any physical relation between the
two types of signal. The BBH mergers the sky maps of which have a match
with one of the 20 flares presented in Graham et al. (2023) are characterised
by components that occupy the high-mass end of the stellar-mass BH mass
spectrum inferred by (The LIGO Scientific Collaboration et al. 2021). We
find that this can be explained by the fact that these events are in gen-
eral associated to large uncertainty on their position, therefore they have
a high chance of having an AGN within their 90 per cent Credibility Level
localisation volume just because of random association.

Finally, in Chapter 5 is presented a generalisation of the results described
in Chapter 3. In particular we apply the same spatial correlation-based sta-
tistical approach to infer the fractional contribution of the AGN formation
channel to the total merger rate, using as input data the Quaia all-sky AGN
catalogue and the sky maps of all the GW events detected until the first
half of the fourth observing run of the LVK collaboration (O4a). To do
this we first estimate the bolometric luminosity of each object contained
in Quaia up to z = 1.5. In the same range, we estimate for the first time
the completeness of this catalogue as a function of redshift and luminosity.
With respect to the work presented in Chapter 3 we therefore expand our
dataset. We number of sky maps used go from 30 to 159 on the entire red-
shift range covered by the LVK interferometers. Moreover, the high level of
completeness of Quaia allows us to put constraints on the relation between
GW events and AGN over a wider range of bolometric luminosity. In partic-
ular we find that no more than the 21 (11) per cent of the detected mergers
have happened in an AGN brighter than 10%*-erg s=1 (10% ergs™!) at a 95
per cent Credibility Level.

1.7 Future outlook

All the work presented in this thesis shows that the efficiency of the various
formation paths proposed for merging stellar-mass BBHs can already be
constrained with the data that has been so far collected. However, all the
results of the spatial correlation analyses here described are purposely ag-
nostic from the point of view of the underlying physical model. This means
that in the statistical framework no prior knowledge is assumed regarding
the distribution of the intrinsic binary parameters one should expect to
measure in events coming from a specific formation channel, such as the

AGN one.
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Introducing physically-informed priors on parameters such as the ec-
centricity of the binaries, the masses of their components, and their spins
will enable the possibility of performing a new type of spatial correlation-
based investigation, which might lead to different constraints with respect
to the ones described in the following chapters of this thesis. Moreover,
physically-informed spatial correlation-based methods will also help to rank
the different intrinsic properties of the merging binaries as a function of the
amount of information that the assumption of a non-uniform prior on them
is able to add to the analysis. This will consist of an indication regarding
which are the binary parameters that are more tightly related to the host
environment where the system has formed and evolved.

Another future development of spatial correlation analyses aimed to in-
vestigate the connection between BBH mergers and potential rare host en-
vironments is related to making forecasts on the constraining power of GW
detectors that will start to operate in the next decade, like third-generation
ground-based ones such as Einstein Telescope (ET) (Maggiore et al. 2020)
and Cosmic Explorer (CE) (Reitze et al. 2019) and space-borne ones like
the Laser Interferometer Space Antenna (LISA) (Amaro-Seoane et al. 2017).
The sensitivity of ET and CE will be two orders of magnitude better with
respect to the one of Advanced LIGO (Vitale & Evans 2017). However, the
expected uncertainties on the sky positions and luminosity distances of the
detected events are too large to allow a consistent one-to-one association be-
tween BBH mergers and their host galaxy (Pieroni et al. 2022). Nonetheless,
analyses like the ones presented in this thesis will have their constraining
power greatly enhanced by the fact that thousands of events every year are
currently expected to be detected with an uncertainty on their position in
the sky of 1 to few square degrees. Since these third-generation detectors
are expected to identify BBH mergers up to z = 30 (Hall & Evans 2019), it
will be possible to incorporate a redshift-dependence in the Likelihood func-
tion and then estimate the fractional contribution to the total BBH merger
rate of the different proposed formation paths as a function of cosmic time.

Similar forecasts can be already made also concerning the mergers of
binaries of Massive Black Holes with masses between 10°Mg, and 10"Mg,
that will be observed by LISA. These mergers are expected to take place
after the merger of two galaxies, if the two central BHs form a binary tight
enough to efficiently lose orbital energy via GW emission, until they merge.
The uncertainty on the sky position coming from LISA’s detections is esti-
mated to be of the order of one to 10 square degrees for mergers happening
at z = 1 (Mangiagli et al. 2020). One strength of the statistical method pre-
sented in this thesis is that it can be applied to any kind of sky map and to
any catalogue of potential hosts. Therefore no major adjustments to it are
needed in order to make it applicable to LISA data. Cross-matching the sky
maps of the detected Massive Black Hole binary mergers with catalogues of
galaxies that are either currently observed as undergoing a merger event,
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or that are thought to have just experienced one, like starburst galaxies or
E+A galaxies (Bekki et al. 2005), will help in putting constraints on the
delay between the moment in which two galaxies start to merge and the mo-
ment in which their central Massive Black Holes coalesce. This constraint
will be important to better understand the interactions between these mas-
sive objects and the stellar and gaseous content of galaxies, as well as the
mechanisms that can bring binaries of SMBHs to be tight enough to make
GW emission efficient.

Both in the case of ground based and of space-borne GW detectors,
an important step of spatial correlation based methods to characterise the
formation paths of GW events is to create the best possible catalogues of
potential hosts and to characterise them. These catalogues should ideally be
all-sky and complete. Future developments of this branch of GW astronomy
therefore include the creation of these catalogues, and the mapping of their
number density and completeness as a function of parameters like redshift,
sky position, intrinsic luminosity, and accretion rate. This task is crucial
for being able to put trustworthy constraints, but is not trivial, given the
different properties and limitations of different surveys and the assumptions
that have to be made when estimating the intrinsic properties of potential
hosts, starting from observable. An example of this is that in order to
calculate the bolometric luminosity of an AGN one has to assume the shape
of its Spectral Energy Distribution (SED) and the bolometric correction
needed to convert the luminosity emitted in a band of the EM spectrum
into the bolometric one.

A correct characterisation of the catalogue of potential hosts used in
spatial correlation analyses aimed to constrain the efficiency of the AGN
channel is also important in investigations that look for transient EM coun-
terparts of the GW signal. These searches, already feasible with ZTF, will
gain a large amount of available data, and therefore of constraining power,
from future time-domain surveys, like the Legacy Survey of Space and Time
(LSST) of the Vera C. Rubin Observatory (Ivezi¢ et al. 2019; Bianco et al.
2022), and the ones of the Nancy Grace Roman Space Telescope (Akeson
et al. 2019).






DETECTABILITY OF A
SPATIAL CORRELATION
BETWEEN STELLAR-MASS
BLACK HOLE MERGERS AND
ACTIVE GALACTIC NUCLEI IN
THE LOCAL UNIVERSE

Work published in N. Veronesi, E. M. Rossi, S. van Velzen, R. Buscic-
chio, 2022, Monthly Notices of the Royal Astronomical Society, 514, 2092.
Reprinted here in its entirety.

Abstract

The origin of the Binary Black Hole (BBH) mergers detected through Grav-
itational Waves (GWs) by the LIGO-Virgo-KAGRA (LVK) collaboration
remains debated. One fundamental reason is our ignorance of their host
environment, as the typical size of an event’s localization volume can easily
contain thousands of galaxies. A strategy around this is to exploit statisti-
cal approaches to assess the spatial correlation between these mergers and
astrophysically motivated host galaxy types, such as Active Galactic Nuclei
(AGN). We use a Likelihood ratio method to infer the degree of GW-AGN
connection out to z = 0.2. We simulate BBH mergers whose components’
masses are sampled from a realistic distribution of the underlying population
of Black Holes (BHs). Localization volumes for these events are calculated
assuming two different interferometric network configurations. These cor-
respond to the configuration of the third (O3) and of the upcoming fourth
(0O4) LVK observing runs. We conclude that the 13 BBH mergers detected
during the third observing run at z < 0.2 are not enough to reject with
a 3o significance the hypothesis according to which there is no connection
between GW and AGN more luminous than ~ 10*-3erg s, that have num-
ber density higher than 10~47Mpc . However, 13 detections are enough
to reject this no-connection hypothesis when rarer categories of AGN are
considered, with bolometric luminosities greater than ~ 10*>-%erg s~1. We
estimate that O4 results will potentially allow us to test fractional contri-
butions to the total BBH merger population from AGN of any luminosity
higher than 80 per cent.

27



28 2.1. INTRODUCTION

2.1 Introduction

Since the first direct GW detection has been announced (Abbott et al. 2016),
the two interferometers of Advanced LIGO (LIGO Scientific Collaboration
et al. 2015) and the one of Advanced Virgo (Acernese et al. 2015) have
measured the signal coming from tens of compact objects mergers in three
observing runs (Abbott et al. 2019, 2021a, 2024, 2023a). Thanks to im-
proved sensitivities and the addition of a fourth detector, KAGRA (Somiya
2012; Aso et al. 2013), this number will grow in the upcoming years (Abbott
et al. 2018).

Different formation pathways for these merging BBHs have been pro-
posed (Mapelli 2021). They might arise from the evolution of isolated
stellar binary systems (Dominik et al. 2012; Belczynski et al. 2016; Spera
et al. 2019), or form in dense environments, in which dynamical interactions
can efficiently drive binaries of compact objects towards the merger (Stone
2017; Rodriguez & Loeb 2018; Antonini et al. 2019; Gerosa & Berti 2019;
Rodriguez et al. 2021; Rizzuto et al. 2021). One particular example of such
environments can be the accretion disk around Super Massive Black Holes
(SMBHs) in Active Galactic Nuclei (Bartos et al. 2017b; Stone et al. 2017;
McKernan et al. 2018; Ford et al. 2019; Samsing et al. 2020; Gayathri et al.
2021). Tt has been shown that in such an environment, compact objects can
migrate towards a radius close to the one of the innermost stable circular
orbit, and there be trapped for the remaining AGN lifetime (Peng & Chen
2021). The large number density of compact objects and the high escape
velocity in that region can facilitate the occurrence of hierarchical mergers
(i.e. mergers in which at least one of the two components is the remnant
of a previous merger) (Yang et al. 2019; Gerosa & Fishbach 2021; Wang
et al. 2021b). The mass of the remnants of hierarchical mergers can be
higher than the lower bound of the Pair Instability mass gap predicted by
stellar formation models (Farmer et al. 2019; Woosley & Heger 2021). This
formation pathway has therefore the theoretical advantage of being able to
explain the non-vanishing merger rate inferred for binaries with components
heavier than 50Mg (The LIGO Scientific Collaboration et al. 2021).

There are potentially several ways to address the formation pathways’
open question and in particular to assess a plausible connection between
GW events (BBH mergers in particular) and AGN. The most straightfor-
ward would be to directly detect an ElectroMagnetic (EM) counterpart in
coincidence with the GW event. This might be possible in dense environ-
ments like the accretions disks of AGN (McKernan et al. 2019; Wang et al.
2021a), and such a counterpart might have already been observed (Graham
et al. 2020) (However, see also Ashton et al. 2021). The typical localiza-
tion volumes of GW events make their association with an EM counterpart
challenging. The interferometers currently operating are in fact only able to
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associate to GW detections comoving volumes that can easily contain thou-
sands of different galaxies. Similarly to what happens in the case of the
emission of an EM counterpart, a companion GW signal can be originated
from the same source of a detected event in the case of mergers happening
near a SMBH. These events could therefore be identified by the indepen-
dent detection of an associated gravitational echo (Kocsis 2013; Gondéan &
Kocsis 2021).

Another way to infer the origin of the detected events is by statistically
comparing the measured source population properties, such as mass and spin
distributions, with model expectations. This kind of analysis has been done
for several potential host environments, including AGN (McKernan et al.
2020; Gayathri et al. 2021; Tagawa et al. 2021a; Wang et al. 2021c; Li 2022).
While the expected distribution of spin parameters is still debated, all these
analyses conclude that heavy (> 50M) stellar-mass BHs are expected to
be generated through the AGN formation channel.

Finally, the increasing number of detections allows us to exploit statis-
tical approaches to explore the spatial correlation between GW events and
specific types of host environments. These approaches can overcome the
big challenge of large localization volumes. Bartos et al. (2017a) proposed a
statistical likelihood-ratio-based method to find out how many GW detec-
tions would be needed to establish which fraction of BBH mergers detected
through GWs happened in an AGN. This earlier work was based on the
GW localization volume distribution expected for detections performed by
the LIGO-Virgo network at design sensitivity and assuming only mergers
of pairs of 10M BHs.

In this work, we present an analysis based on the same method, although
we use simulated GW detections constructed from the latest results on the
inference of the underlying BBH component masses’ distribution. To sim-
ulate these detections we employ detectors’ sensitivities representative of
the third observing run of the LIGO and Virgo interferometers, as well as
those expected to characterize the fourth one, when KAGRA will join the
network.

This paper is organized as follows: In Section 2.2 we provide an overview
of all the steps of the analysis, with details in the following subsections.
How we simulated the GW detections the localization volumes of which are
needed in the statistical analysis is described in subsection 2.2.1, while in
subsection 2.2.2 we present how this statistical investigation works. The
results of our works are presented in Section 2.3. Finally, in Section 2.4 we
draw conclusions and discuss the next steps to improve our it to observed
data.
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2.2 Method

To investigate the spatial correlation between Gravitational Waves 90 per
cent Credibility Level localization volumes (thereafter "V90") and the posi-
tions of AGN in the local Universe, we first build two catalogues of simulated
GW detections anchored in current observations. For the first, we simulate
the response of the detector network active during O3. For the second
catalogue, we use the same synthetic population of BBHs, and we simu-
late their detection by the interferometric network configuration expected
for O4, which includes also KAGRA. To create the simulated detections
we first sample the joint probability distribution of the binary mass ratio
¢ = ma/my and primary component’s mass mq; which is, by definition,
greater than the mass of the secondary one, ms. We then sample the spin
distribution for each binary component, the distribution for the inclination
of the orbital plane with respect to the line of sight, and for the lumi-
nosity distance between the position of the event and the detectors. The
assumed distributions, as well as the configurations and the detector sensi-
tivity curves used in our simulations, are described in section 2.2.1.

Once the mock observations have been simulated, we evaluate V90 for all
the detections using BAYESTAR (Singer & Price 2016), a sky localization
algorithm able to perform in a few seconds a Bayesian, non-Markov Chain
Monte Carlo analysis.

We then use the newly created distribution for V90 to sample a set of
comoving volumes that are then exploited in an algorithm based on the
likelihood-ratio method described in Bartos et al. (2017a). This algorithm
crossmatches the positions of the GW localization volumes with the posi-
tions of AGN in the Local Universe, which are assumed to be isotropically
distributed in comoving volume. The final output of this algorithm (de-
scribed in detail in 2.2.2) is the number of GW detections needed to test
the hypothesis according to which a certain fraction (fagn) of the detected
BBH mergers happened in an AGN; having the chance of rejecting the no-
correlation hypothesis (none of the detected BBH mergers happened in an
AGN) with a given confidence.

2.2.1 Simulation of GW detections

A distribution of V90 is required by our statistical method. We obtain
such distribution by simulating several realistic GW detections for both O3
and O4 configurations. We describe the details of these simulations in the
following sections.
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2.2.1.1 Source population

Our simulated GW events are derived from the population analysis based
on the latest results of the LVK Collaboration. We assume for m; the
PowER Law + PEAK analytical model presented in Abbott et al. (2021c¢)
and we simultaneously sample values of my and ¢ from their joint posterior
probability distribution. This distribution has been obtained through the
standard hierarchical bayesian analysis presented in The LIGO Scientific
Collaboration et al. (2021) and posterior samples are publicly available.
The secondary component’s mass is then calculated as ms = gmy. We use
the same mass distribution to simulate BBH mergers irrespective of them
happening in an AGN. This is done to maintain our estimate conservative
and model-independent. We, therefore, neglect the effects of the hypotheses
according to which GW events originated in dense environments are more
likely to involve higher-mass BHs with respect to the ones that originated
from an isolated binary system.

For simplicity, we assume for all the BHs the spin direction to be aligned
with respect to the binary orbital angular momentum, and a uniform spin
magnitude distribution between 0 and 1. The distribution of V90 is not
expected to be significantly affected by such an assumption.

The simulated binaries are uniformly distributed in comoving volume
and their inclinations ¢ are sampled according to a uniform distribution
over arccos(t). The cosmological parameters we assume during our anal-
ysis are the ones inferred from the Planck Cosmic Microwave Background
observations (Planck Collaboration et al. 2020).

2.2.1.2 The network of detectors

Next, we simulate the network of detectors. The whole analysis presented in
this work is done for two different settings: the first one aims at reproducing
the V90 distribution for O3, while the second one aims to forecast the
distribution of the detected volumes expected during O4. In both cases, we
assume a duty cycle of 78 per cent for all the different detectors individually,
and we keep a network Signal-to-Noise Ratio (SNR) threshold of 8, adding
a Gaussian measurement error to the SNR and requiring that at least two
detectors contribute to the network SNR with an individual SNR > 4. The
signals of the injected events are then compared with the detectors’ noise in
the 10 — 5000Hz frequency range. We use an IMRPhenomD waveform type
(Husa et al. 2016; Khan et al. 2016) to model the injections.

To reproduce the volume distribution of the events measured during
03, we model a network of three detectors: LIGO Hanford, LIGO Living-
stone, and Virgo, using the sensitivities characterized by the following IDs:
ALIGOMIDLOWSENSITIVITYP 1200087 for the two LIGO interferometers,
and ADVMIDLOWSENSITIVITYP1200087 for Virgo interferometer.
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For the O4 predictions, we add a fourth KAGRA-like interferometer,
and we change the sensitivity curves of each detector. Specifically, we use
ALIGOADVO4T1800545 for LIGO and Virgo detectors, and ALIGOKA-
GRA8SOMPCcT1800545 for KAGRA.

2.2.1.3 Evaluation of 90% CL localization volumes

For O3 (O4), out of the 200k (100k) injections, 663 (1737) have a SNR higher
than the threshold. Out of these simulated mergers whose signals exceed
the SNR threshold (hereafter referred to as detections), 274 for O3 and 317
for O4 have a measured value for the luminosity distance that corresponds
to z < 0.2. We evaluate the value of V90 for each of these low-redshift
events using the BAYESTAR algorithm (Singer & Price 2016). For these
close events, we show the cumulative distribution of V90 in Figure 2.1.
The blue and green histograms are detections simulated for O3 and O4,
respectively. The top axis shows the expectation value of the number of
AGN within the corresponding localization volume, assuming a uniform
number density of AGN equal to nagy = 10-47Mpc~3. The same value
for this parameter was used in Bartos et al. (2017a) and Corley et al. (2019).
This number density corresponds to AGN with a bolometric luminosity
higher than ~ 10**3erg s=! in the Local Universe. This value for the
minimum bolometric luminosity for AGN at a specific number density has
been obtained by integrating the double power law that represents the AGN
LuMINOSITY FUNCTION in (Hopkins et al. 2007), using the best fit values for
z = 0.1. This holds for all the values of bolometric luminosities mentioned
hereafter.

As a sanity check, we verify that our sample of V90 from O3 simulations
and the values of V90 for the 13 observations of O3 with redshift z < 0.2 are
compatible with a single common distribution. We do this with a 2 samples
Kolmogorov-Smirnov test. We find that the hypothesis according to which
the two samples come from the same distribution cannot be rejected (p-
value =~ 0.39).

2.2.2 Minimum number of GW detections to test the
AGN origin

We consider a Universe where a fraction of GW events fagn originate in
an AGN-type of galaxy. Our goal is to calculate how many GW detections
are needed to infer this AGN-BBH mergers connection; more precisely, the
minimum number Né%v of GW detections below z = 0.2 needed to reject
with a 30 significance the hypothesis of no-connection between detected
BBH mergers and AGN. We evaluate N, as a function of the fraction
facn of GW events originated from an AGN. We calculate such a number
by investigating the spatial correlation between AGN positions (assumed to
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Figure 2.1: Cumulative distributions of the 90% CL localization volumes of sim-
ulated GW events with SNR> 8 and z < 0.2. The blue and the green histograms
are for O3 and O4 runs, respectively. The top axis shows the expected number of
AGN within the corresponding localization volume, for a homogeneous distribu-
tion of AGN with a number density of nacn = 1074‘75Mp073.
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be uniformly distributed in comoving volume) and the localization volumes
of simulated GW detections, starting from the statistical approach presented
in Bartos et al. (2017a).

We assume that GW localization volumes are spherical, and calculate
the radius r22* of the biggest volume depicted in Figure 2.1. We then

populate with AGN a sphere of radius

r=dp(0.2) + 1y (2.1)
where dr,(0.2) is the luminosity distance corresponding to z = 0.2. The cen-
tre of this sphere corresponds to the position of the interferometric network
we simulate the detections of. All the AGN are treated as point sources
and their distribution is uniform in comoving volume. We then consider a
set of Ngw GW detections and draw for each of them a value of V90 from
the relevant distribution in Figure 2.1. We denote with V; the localization
volume associated to the i —th detection. We require that the centre of each
V; has a distance from the interferometric network smaller than d,(0.2). A
fraction f§ = 0.9fagn of the centres of the localization volumes are set
in order to correspond to the position of an AGN. We here use fX%N instead
of fagn to take into account the fact that we are here dealing with 90 per
cent CL localization volumes, and therefore we expect only the 90 per cent
of the origins of the simulated GWs to be actually located in such volumes.

We then count the number N; of AGN in each localization volume V;.
Equation 2.1 ensures that each GW localization volume is entirely contained
in our simulated Universe.

For every set of Ngw simulated GW detections, we then calculate

SR

700 (2.2)

Az?log[

where £(0) and L(fagn) are the likelihood functions of the no-connection
hypothesis and of the fagn-correlation hypothesis, respectively. These like-
lihood functions are constructed assuming a Poissonian distribution for IV;.
See Bartos et al. (2017a) for more details.

Every simulation is therefore associated to a value of A\ that depends on
nacnN, Now, fagn, the value of V90 of each simulated GW event, and the
number N; of AGN within such volume.

We expect A\ to be positive in simulations in which Ngw fjiféN localiza-
tion volumes’ centres correspond to an AGN. We refer to simulations that
satisfy this requirement as signal realizations, and to the value of A obtained
from each of them as Ag. Likewise, we call A\, every value of A\ that is ob-
tained from a background realization. These realizations are simulations
in which the centres of the localization volumes are randomly distributed,
uniformly in comoving volume. We, therefore, expect A, to be negative.
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We perform 3,000 signal realizations and the same amount of background
realizations, for each set of values of Ngw, nagn and fagn-

Once a value for fagn and for nagn has been set, an increase in Ngw
leads to a greater separation between the distribution of A; and the distri-
bution of Ay.

The target degree of significance in the rejection of the no-connection
hypothesis is reached when the median value of the distribution of Ag cor-
responds to a p-value lower than 0.00135 when compared to the Ay, distri-
bution.

To evaluate NZ5y for a specific value of fagn, we calculate 30 p-values,
keeping such parameter fixed together with Ngw. We repeat these calcu-
lations for multiple values of Ngw, and then fit the trend of the average
p-value for a given Ngw as a function of Ngw itself. Such trend is well
fitted by a decreasing exponential function for every value of fagn we in-
vestigated. Once the parameters of these fits are known, we invert the fit
function and calculate the number of detections corresponding to a p-value
of 0.00135. We repeat the same analysis for 6 different values of faan
between 0.5 and 1.

2.3 Results

2.3.1 Minimum number of GW detections with fixed
NAGN

In this section, we present the results obtained keeping the AGN number
density parameter fixed to nagn = 10_4'75Mpc73. The trend of Né‘{,v as
a function of f,en is shown in Figure 2.2. The error bars correspond to
the standard deviation of 1,000 values of N§$ calculated for each of the 6
values of faen we test. The results for O3 and O4 are represented by the
blue squares and the green dots, respectively.

The trend of Né‘{,v as a function of f,g, is fitted with the same functional
form used in Bartos et al. (2017a), which is the following:

N&y = afomn - (2.3)
The best fit values we obtain in the case of the O3 simulated events are
a=35.8+1.2 and b = 1.734+0.08, while for O4 simulated events we obtain
a=20.7+0.7and b=1.73+0.11.

We then perform the same analysis for O3 with a lower (20) significance

threshold for the rejection of the no-connection hypothesis. In this case, the
best-fit values for the fit are a = 17.7 £ 0.5 and b = 1.57 £ 0.12.
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Figure 2.2: Number of GW detections needed to reject with a 3o significance
the no GW-AGN connection hypothesis as a function of the fraction of GW orig-
inated from an AGN. The error bars represent the standard deviation over 1,000
realizations of N&Sy obtained for each tested value of fagn. The results for the
third and the fourth observing run of LVK Collaboration interferometers are rep-
resented by the blue squares and the green dots, respectively. The data points
have been fitted with the following function: n3% N = a fa_gﬁ’q The best-fit values
for the O3 scenario are a = 35.8 £ 1.2 and b = 1.73 £ 0.08, while for the O4
scenario they are a = 20.7 4+ 0.7 and b = 1.73 +0.11. The best-fit function for O3
(O4) is represented by the blue (green) dashed line.
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2.3.2 Significance of the no-connection hypothesis re-
jection as a function of nygn and fign

During the third observing run of the LVK Collaboration, 13 detected BBH
mergers have an expectation value of redshift lower than 0.2. As we can
infer from the results presented so far, with this low number of "closeby"
events it is not possible to reject with a 20 significance the no-connection
hypothesis for any value of f,gn, assuming nagx = 10~ Mpc 2.

Nonetheless, decreasing the value of nagn, every GW detection becomes
more significant, and a lower number of detection is needed to rule out the
no-connection hypothesis.

Hence, we perform the same analysis as above but keeping Ngw fixed
at the value of 13, and varying both f..n and nagn. For each point in this
2D parameter space, we determine the p-value associated to the median of
the distribution of Ay when compared to the distribution of ;.

The results of such analysis are shown in Figure 2.3. The white dashed
(solid) line divide the parameter space into two decision regions, correspond-
ing to parameter choices for faen and nagn Whose associated p-values are
lower or higher than 0.00135 (0.02275), i.e. a significance higher or lower
than 30 (20), respectively. The no-connection hypothesis can be rejected
accordingly in the respective regions.

For example, with 13 GW detections and assuming a number density of
AGN nagn = 1077°Mpc 3, we can, in principle, reject the no-connection
hypothesis with a 30 (20) significance if fagn > 0.40 (fagn > 0.25). Such
a low number density corresponds, in the local Universe, to AGN with a
bolometric luminosity =~ 10%5-2erg s~! or higher.

2.4  Discussion and conclusion

We perform a statistical investigation based on the method presented in
Bartos et al. (2017a) in order to assess, using only AGN positions and GW
localization volumes, how many GW detections are needed to reject the no
GW-AGN connection hypothesis. We find that the 13 O3 GW detections
with expected z < 0.2 are not enough to reject the no-connection hypothesis
with either 30 or 20 significance. This result is obtained considering AGN
with a number density nagy = 1047 Mpc ™2 Nonetheless, Figure 2.3 shows
that with the same number of detections, it is possible to reject the no-
connection hypothesis for specific values of the AGN number density and of
the fraction of GW events that originated inside an AGN. More precisely,
the lower the AGN number density (i.e. the higher the luminosity of the
considered AGN), the more likely it is to reject such a hypothesis with
a given significance threshold. As far as O4 is concerned, the green line
in Figure 2.2 shows that at least 21 detections associated with redshift
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Figure 2.3: Significance of the rejection of the no-connection hypothesis as a
function of the AGN number density (nacn) and the fraction of GW events orig-
inated in an AGN (fagn). The p-values (and hence the significance) here repre-
sented refer to the detections of 13 events associated with z < 0.2. On the right
of the dashed (solid) white line there is the region of the 2D parameter space in
which the no-connection hypothesis can be rejected with a 30 (20) significance.
The p-values here represented are obtained from the comparison of the median of
the As distribution with respect to the A\p distribution. Every value of As has been
calculated using Eq. (2.2) in a simulation in which a fraction faign of GWs come
from an AGN. On the other hand, every value of A, comes from a simulation in
which no GW event is originated in an AGN. On the right-hand axis, we report
the logarithm of the minimum bolometric luminosity Lmin[erg s™!] that has to
be considered in the integration of the AGN LumiNosiTY FuNcTION at z = 0.1
(Hopkins et al. 2007) to obtain the value of log(nagn[Mpc™?]) indicated on the
left-hand side of the grid.
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z < 0.2 will be needed to be able to reject the no-connection hypothesis
between BBH mergers and AGN with nagy > 107475 Mpc 2. The number
of expected detections of BBH mergers during O4 is 79fi?1 (Abbott et al.
2020). In our simulations of O4 detections, roughly 18.25% of the detected
events correspond to z < 0.2. Our estimate is therefore that during O4,
14:%7 BBH mergers will be associated with z < 0.2. As shown in Figure
2.2, 30 O4 closeby BBH detections would be enough to test values of f,on
higher than ~ 80%, using AGN of any luminosity. The same degree of GW-
AGN connection could be tested using a lower number of O4 detections in
combination with the 13 closeby O3 detections.

We restrict our analysis to GW events with an expectation value for
the redshift of z < 0.2 for two different reasons. First, far GW events are
typically associated with much larger localization volumes than the ones as-
sociated with closer events. The inclusion of large GW localization volumes
in our algorithm makes it too computationally demanding. The second
reason is that for very luminous AGN in the local Universe, we expect to
have high values of completeness in real AGN catalogues. These high values
are needed in order to produce reliable results when applying the method
described in this work to real, observed GW events and AGN. The incom-
pleteness in observed AGN catalogues can be nonetheless taken into account
with an appropriate rescaling of fagn (Bartos et al. 2017a).

The main assumptions we made in this work were: considering spher-
ical GW localization volumes, and neglecting redshift evolution for AGN
and GW events as well as AGN clustering. We expect these assumptions
not to remarkably impact on our final results. The BBH merger rate, the
AGN number density, and the expected AGN-assisted merger rate do not
significantly vary within the redshift range we consider (Hopkins et al. 2007;
Yang et al. 2020; The LIGO Scientific Collaboration et al. 2021). Taking
into consideration the real shape of GW events localization volumes and
the clustering of AGN in the local Universe is important when performing a
maximum likelihood estimation to find which value of fagn best represents
real observations. Such estimation is not the aim of this work but is cur-
rently being implemented in ongoing projects, in which the exploitation of
realistic AGN catalogues and GW sky maps is required.

Our findings motivate more in-depth statistical investigations regarding
the connection that may exist between GW events and luminous AGN in the
local Universe. Such investigations, together with detailed physical models
of mergers of compact objects in accretion disks of SMBHs might be able
to unveil part of the mystery concerning the origin of BBH mergers.
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Abstract

Despite the increasing number of Gravitational Wave (GW) detections, the
astrophysical origin of Binary Black Hole (BBH) mergers remains elusive.
A promising formation channel for BBHs is inside accretion discs around
supermassive black holes, that power Active Galactic Nuclei (AGN). In this
paper, we test for the first time the spatial correlation between observed
GW events and AGN. To this end, we assemble all sky catalogues with
1,412 (242) AGN with a bolometric luminosity greater than 10%5-%erg s—!
(10%6 erg s—1) with spectroscopic redshift of z < 0.3 from the Milliquas cata-
logue, version 7.7b. These AGN are cross-matched with localisation volumes
of BBH mergers observed in the same redshift range by the LIGO and Virgo
interferometers during their first three observing runs. We find that the frac-
tion of the detected mergers originated in AGN brighter than 10%°-% erg s—!
(10%6 erg s=1) cannot be higher than 0.49 (0.17) at a 95 per cent credibility
level. Our upper limits imply a limited BBH merger production efficiency
of the brightest AGN, while most or all GW events may still come from
lower luminosity ones. Alternatively, the AGN formation path for merging
stellar-mass BBHs may be actually overall subdominant in the local Uni-
verse. To our knowledge, ours are the first observational constraints on the
fractional contribution of the AGN channel to the observed BBH mergers.
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3.1 Introduction

The astrophysical mass spectrum of stellar-mass Black Holes (sMBHs) in-
ferred from the results of the first three observing runs of Advanced LIGO
(LIGO Scientific Collaboration et al. 2015) and Advanced Virgo (Acernese
et al. 2015) extends also to masses between 50 Mg and 120 Mg (The LIGO
Scientific Collaboration et al. 2021). This evidence challenges our current
understanding of stellar evolution, since no remnant with a mass in that
range is expected to be the final stage of the life of a single star (Heger &
Woosley 2002; Belczynski et al. 2016). Pair Instability Supernovae are ex-
pected to happen in that mass range, and are expected to leave no compact
remnant, thus opening a gap in the black hole mass spectrum (Woosley
2019; Mapelli 2021).

The detection of mergers of sSMBHs within this mass gap can be inter-
preted as an evidence of binary formation channels beyond the “isolated
stellar binary” channel (however, see also de Mink & Mandel 2016; Costa
et al. 2021; Tanikawa et al. 2021). Other channels for Black Hole Binary
(BBH) formation and merger involve dense dynamical environments, such
as Globular Clusters (Rodriguez et al. 2016; Rodriguez & Loeb 2018; Ro-
driguez et al. 2021), Nuclear Star Clusters (Antonini et al. 2019; Kritos et al.
2022), and accretion discs around Supermassive Black Holes (SMBHSs) in
Active Galactic Nuclei (AGN) (Stone et al. 2017; Fabj et al. 2020; Ford &
McKernan 2022; McKernan et al. 2022b; Li & Lai 2022, 2023a; Rowan et al.
2023). The formation of binaries with massive components in all these dense
environments is facilitated by dynamical interactions such as exchanges in
the case of three-body encounters. In the interaction between a binary sys-
tem and a third object, the least massive of the three objects is expected
to be scattered away from the binary system, that is tightened by this pro-
cess (Hills & Fullerton 1980; Ziosi et al. 2014). In case the gravitational
potential of the host environment is deep enough to retain the remnant of
a BBH merger despite the post-merger recoil kick, this can take part in
a subsequent merger (Gerosa & Berti 2019). Binaries that merge in this
so-called hierarchical scenario (Yang et al. 2019; Barrera & Bartos 2022)
are expected to show specific signatures in the mass and spin distributions
of their components. Examples of these features are a low mass ratio, and
isotropically oriented spins (Gerosa & Berti 2017; Gerosa & Fishbach 2021;
Tagawa et al. 2021a; Wang et al. 2021b; Fishbach et al. 2022; Li et al. 2022a;
Mahapatra et al. 2022).

What differentiates AGN from other dynamically dense potential hosts
of BBH mergers, is the presence of a gaseous disc. Accretion discs around
SMBHs are expected to contain compact objects (McKernan et al. 2012;
Tagawa et al. 2020). The dynamical evolution of these objects is heavily
influenced by the interaction with the gas of the disc. This interaction is
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expected to make the sMBHs migrate towards the innermost region of the
AGN disk on timescales inversely proportional to their mass (McKernan
et al. 2011; DeLaurentiis et al. 2023b). This migration should end when
the net torque exerted by the gas on the migrating compact object is null.
This is expected to happen at specific distances from the central SMBH,
the so-called “migration traps” (Bellovary et al. 2016; Peng & Chen 2021;
Grishin et al. 2024).

Due to the large localisation volumes associated to GW detections, the
fractional contribution to the total merger rate of each individual binary
formation channel is still unknown. The direct detection of an ElectroMag-
netic (EM) counterpart of a BBH merger would be optimal to identify its
host galaxy. The identification of candidate EM counterparts of mergers
from AGN discs have been claimed (Graham et al. 2020, 2023, however, see
also Ashton et al. 2021), and several works have investigated what should be
the features of such counterparts (Palenzuela et al. 2010; Loeb 2016; Bartos
2016a; McKernan et al. 2019; Petrov et al. 2022). However, the current
observational evidence based on EM counterparts is still not sufficient to
constrain what fraction of the detected BBH mergers come from a specific
channel.

Besides the search for EM counterparts, another method to investigate
the contribution of a formation channel to the total detected merger rate
is to infer how the distributions of the parameters of the merging binary
should be for that specific formation path, and then compare these predic-
tions to the data obtained by the LIGO and Virgo interferometers. This
approach has been utilised in several previous works focused on the eccen-
tricity of the binary (Romero-Shaw et al. 2021, 2022; Samsing et al. 2022),
the components’ spin orientation (Vajpeyi et al. 2022), the components’
mass distribution (Gayathri et al. 2021, 2023; Belczynski et al. 2022; Steven-
son & Clarke 2022), its redshift dependence (Karathanasis et al. 2022), and
its relation with the distribution of the magnitude and the orientation of
the spins (McKernan et al. 2020; Qin et al. 2022; Wang et al. 2022; Zevin
& Bavera 2022). These works agree in saying that BBHs that merge in
a dynamical environment tend to have higher masses involved, and more
isotropically orientated spins. However, there is still no general agreement
on the relative contributions to the total merger rate of all the possible
formation channels.

Finally, a promising possibility to directly infer the fraction of the ob-
served GW events that happened in a specific host environment is through
the investigation of the spatial correlation between GW sky maps and the
positions of such potential hosts. The statistical power of this approach
has been investigated using simulated data, finding that it is possible to
put constraints on the fraction of observed GW events that happened in an
AGN, (facn), especially when rare (i.e. very luminous) potential sources
are taken into account (Bartos et al. 2017a; Corley et al. 2019; Veronesi
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et al. 2022). These previous works used as main inputs the size of the 90
per cent Credibility Level localisation volume (further referred to as V90)
of each GW observation and the number of AGN within it.

In this work we put for the first time upper limits on fagn, based on the
observed GW-AGN spatial correlation in the case of high-luminosity AGN.
These upper limits are obtained through the application of a statistical
method that uses for the first time as input the exact position of every AGN.
The likelihood function £ (fagn) described in Section 3.3.1 takes also into
account the incompleteness that characterizes the catalogue of potential
hosts. We implement a likelihood maximization algorithm and check its
performance on 3D Gaussian probability distributions as emulators of GW
sky maps, and a mock catalogue of AGN. We then apply this method to
check the spatial correlation between the objects of three all-sky catalogues
of observed AGN and the 30 BBH mergers, with a 90% Credible Interval
(CI) on the redshift posterior distribution fully contained within z = 0.3.
Every AGN catalogue is characterized by a different lower cut in bolometric
luminosity.

This paper is organized as follows: in Section 3.2 we describe the proper-
ties of the observed all-sky AGN catalogues and of the detected GW events
our statistical method is applied on. In the same section, we report how
we generate the AGN mock catalogue and the Gaussian probability dis-
tributions necessary to test the likelihood performance. In Section 3.3 we
describe in detail the analytical form of the likelihood function, how we test
it on the mock AGN catalogue, and how we apply it to real data. In Section
3.4 we present the results of this application and the constraints on fagn
it produces. Finally, in Section 3.5 we draw conclusions from these results
and discuss how they can be improved and generalised in the near future.

We adopt the cosmological parameters of the Cosmic Microwave Back-
ground observations by Planck (Planck Collaboration et al. 2016): Hy =
(67.840.9) km s~ 'Mpc ™!, O, = 0.308 £ 0.012, ng = 0.968 + 0.006.

3.2 Datasets

In this section we first describe the selection criteria that we adopt to build
the three all-sky catalogues of observed AGN, and we present the 30 detected
GW events used when applying our statistical method to real data. We then
describe the creation of the AGN mock catalogue and of the 3D Gaussian
probability distributions used to validate our statistical method.

3.2.1 AGN catalogues

In order to construct our AGN catalogues, we start from the unWISE cat-
alogue (Schlafly et al. 2019), which is based on the images from the WISE
survey (Wright et al. 2010), and cross-match it with version 7.7b of the
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Milliquas catalogue (Flesch 2021). This Milliquas catalogue puts together
all quasars from publications until October 2022, and contains a total of
2,970,254 objects. The cross-match is performed to associate a spectro-
scopic redshift measurement to as many unWISE objects as possible. We
then select the objects with redshift estimates of z < 0.3. The reason in
favour of restricting our analysis to z < 0.3 is that the constraining power
of our approach scales linearly with the completeness of the AGN catalogue
that is used, and this redshift cut allows us to have an AGN completeness
= 0.5.

We then use the flux in the W1 band of the WISE survey to calcu-
late the bolometric luminosity of every object and select only the ones
brighter than the luminosity threshold that characterizes each of the three
catalogues we create. These thresholds are 10 ergs™!, 1055 ergs™!, and
10*6 ergs~!. Finally, we perform a color selection. We select objects with
mag(W1) — mag(W2) > 0.8, where mag(W1) is the magnitude in the W1
band and mag(W2) is the magnitude in the W2 band. This is done to
select objects based on their features related to thermal emission from hot
dust, filtering out any contribution from the host galaxy to the AGN lu-
minosity (Assef et al. 2013). Such a selection is has been proven to lead
to a catalogue characterized by a reliability not smaller than 95 per cent
(Stern et al. 2012). The resulting contamination fraction lower than 5 per
cent is not expected to bias our results in a significant way. In the lowest
luminosity threshold catalogue, this colour cut removes ~ 62 per cent of all
AGN, while this percentage drops to ~ 5 per cent and = 2 per cent for the
10%55 ergs™! and 1046 erg s—! threshold catalogues, respectively. We are left
with three catalogues containing 5,791, 1,412, and 242 AGN for the bolo-
metric luminosity thresholds of 10%° ergs™!, 10%°® ergs—!, and 1046 ergs—!,
respectively. These three catalogues will be further referred to as CAT450,
CAT455, and CAT460. The two catalogues characterized by the two highest
luminosity thresholds are both subsamples of CAT450. Even if the AGN
in the catalogues are not uniformly distributed in the sky (see Figure 3.1),
they show no significant redshift-dependent incompleteness. This can be
established by checking that the number of AGN (Nagn) in a specific bin
of comoving distance (Deom) is proportional to D2, up to the maximum
redshift of the catalogues: z = 0.3 (see Figure 3.2). A simple three-
regions partition of the catalogues is used to identify areas with similar 2D
sky-projected number density of AGN. For CAT455 we have that:

e 809 objects are within the footprint of the seventeenth data release
of the Sloan Digital Sky Survey (SDSS) (York et al. 2000; Blanton
et al. 2017; Abdurro’uf et al. 2022) (which corresponds approximately
to 35.28 per cent of the sky). This is the most crowded region of
the three, with a 2D number density of ~ 0.0556 objects per square
degree;
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Figure 3.1: Positions of the AGN in CAT450 (blue dots), CAT455 (red dots), and CAT460 (green dots) described in Section
3.2.1, and 90 per cent CL localisation surfaces of the 30 detected BBH mergers listed in 3.2. These have a 90 per cent CI of the
redshift posterior fully contained within z = 0.3 (coloured regions). Regions with different colours correspond to different events.
The sky map is visualized in equatorial coordinates.
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Figure 3.2: Number of AGN Nagn in the catalogues presented in Section 3.2.1
as a function of comoving distance Dcom. The black, blue, and red histograms
refer to CAT450, CAT455, and CAT460, respectively. The black solid line, the
blue dashed one, and the red dotted one show the best fit functions we obtain when
fitting the number of objects per bin using the following form: Nagn o D2 ...
These fits show no evidence of a significant redshift-dependent incompleteness of
the catalogues. The apparent dearth of objects with De¢om < 400 Mpc in CAT460
can be explained in terms of a random statistical fluctuation with respect to the
expectation value.
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e 41 objects are characterized by a galactic latitude b with an absolute
value smaller than 10° (approximately 17.36 per cent of the sky). In
this region the Galactic plane of the Milky Way prevents observations
from detecting most of the extra-galactic content, and is therefore
the least crowded region of our catalogue, with 2D number density of
~ 0.0057 objects per square degree;

e The remaining 562 objects populate the remaining 47.36 per cent of
the sky. The average 2D number density in this region is ~ 0.0288
objects per square degree.

Because the AGN we consider and their host galaxies are relatively bright,
many of them fall within the flux limit of the SDSS spectrocopic galaxy
sample (Strauss et al. 2002), which has a completeness close to 100 per
cent. In addition, the SDSS spectroscopic target selection (Richards et al.
2002) is tuned to target AGN or quasars below this flux limit. For this
reason, the completeness of our catalogues in the SDSS footprint can be
assumed to be close to 100 per cent. We calculate the incompleteness of
the other two regions from the ratio of the projected 2D densities. Small
deviations from unity for the completeness in the SDSS footprint are not
expected to significantly change our final results. The same partition of the
sky has been used to estimate the completeness of CAT450 and CAT460.
The estimated completenesses, weighted over the area occupied by each
region, are =~ 48 per cent, ~ 61 per cent, and = 87 per cent for CAT450,
CAT455, and CAT460, respectively.

We calculate the number densities of the AGN catalogues we create, cor-
recting for their completeness. We obtain a completeness-corrected number
density of 1.53 - 107 Mpc™3, 2.93 - 10~ "Mpc 2, and 3.54 - 10~ 8Mpc 2 for
CAT450, CAT455, and CAT460, respectively. To illustrate the content of
our catalogues, we show in Table 3.1 as an example the first ten entries of
CAT450.

3.2.2 Detected Gravitational Wave events

When applying our statistical method to real data, we exploit the locali-
sation volumes of 30 BBH mergers. These were detected during the first
three observing runs of the LIGO and Virgo intereferometers. We select
those with the 90 per cent CI of the redshift posterior distribution within
z = 0.3 and false alarm rate below 1 per year. Our selected events are
among the ones used in The LIGO Scientific Collaboration et al. (2021) to
infer the parameters of the sMBH astrophysical population. These sky maps
have been downloaded from the Gravitational Wave Open Science Center
(Abbott et al. 2021b).

Table 3.2 lists these events. Among the parameters we report for each
event, three are intrinsic properties of the binary. These are the masses of
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Table 3.2: List of the 30 BBH mergers detected during the first three observing runs of the LIGO and Virgo intereferometers
with a CI of the redshift posterior contained within z = 0.3 and a false alarm rate below 1 per year. For every event, we report
its ID, the mass of both the primary (m1) and the secondary (m2) component, the effective inspiral spin parameter xeg (Ajith
et al. 2011), the redshift, the SNR, and the value of V90. The last three columns correspond to the number of AGN inside V90,
belonging to our three catalogues. We report the median and the 90 per cent credible intervals for the masses, the effective spin
parameter, the redshift, and the SNR.

Event ID my Xeff z SNR \EY Nvgo,cataso | Nvoo,caTass | Nveo,cAT460
Mg [Mpc?]
GW150914_095045 | 34.6757 —0.047975 [ 0.1070-05 | 26.0755 | 3.39 - 10° 3 0 0
GW151226_033853 | 14. www 0.207023 | 0.100:07 | 127703 | 1.32- 107 10 1 0
GW170104_101158 | 287755 —0.047015 | 0.227007 | 13.870:% | 1.42-10% 196 30 6
GW170608_020116 | 10.6719 0.057003 | 0.0715:05 | 15.3702 | 2.98 - 10° 3 0 0
GW170809_082821 | 34.1159 0.077947 | 0.21499% | 12.8702 | 4.21-107 35 6 1
CW170814_103043 | 30.9%343 0.08+513 1 0131083 | 177452 | 2.96 - 109 2 0 0
CW170818_022509 | 34.8%45 —0.0675:29 | 0.217597 | 12.0193 | 6.04 - 10° 3 1 0
GW190412_053044 | 27.7+89 0.2170:13 | 0.15%001 | 19.8%9% | 9.16 - 10° 20 3 0
GW190425_081805 | 2.1%52 0.07+5:07 1 0.037552 | 12.4%84 | 7.78 - 109 9 1 0
GW190630_185205 | 35.1752 0.107015 | 0.18%007 | 16.4705 | 1.23- 108 148 33 4
GW190707_093326 | 12.1120 —0.0475:09 | 0.177095 | 13.119-3 | 9.20- 107 17 3 1
CW190708_ 232457 | 19.8%%3 0.057510 1 019735 | 13.4782 | 1.02-10° 1560 305 43
GW190720_000836 | 14.2+35 0.197017 | 0.1610: 0% | 10.970% | 4.24 - 107 20 7 1
GW190725_174728 | 11.871%" —0.0475:3¢ | 0.207003 | 9.1%9% | 3.81-108 106 44 11
GW190728_064510 | 12.515 0.1370:07 | 0.18%00> | 13.170% | 3.88- 107 17 4 0
GW190814_211039 | 23.3717 0.007007 | 0.0515:01 | 25.3703 | 3.55- 10 0 0 0
GW190917 033853 | 9.7+5¢ —0.08704% | 0.15T0:00 | 8. wwwm 1.05-108 60 22 3
GW190924_021846 | 8.8%13 0.0370:50 | 0.11%003 | 12,0503 | 1.27- 107 13 1 0
GW190925 232845 | 20.8%55 0.097018 | 0197508 | 9.715% | 2.86-10° 401 94 12
GW190930_133541 | 14.2150 0.1970:3% | 0.16190¢ @.1% 1.32-10° 63 13 2
GW191103_022549 | 11.8%52 0217050 | 0.20%5:05 | 8.952 | 3.16- 108 255 62 8
CW191105_143512 | 10.7+3¢ —0.0275:53 | 0.237507 | 9. i 1.53 - 108 164 36 3
GW191129_134029 | 10.7751 0.0670:05 | 0.16%005 | 13. ﬁww 5.92 107 101 20 2
GW191204_171526 | 119133 0.16700 | 0.13T0:08 | 17.570% | 1.24- 107 12 1 0
GW191216_213338 | 12.1%3§ 0.117508 | 0.071003 | 18.6703 | 3.66 - 10° 2 2 0
GW200115_042309 | 59120 —0.157323 | 0.0615:05 | 11.3752 | 3.79 - 10° 3 2 0
CW200129_ 065458 | 34.5755 0.11%51% | 0.1873% | 26.8%82 | 7.06 - 10° 7 0 0
GW200202_153413 | 10.1775 0.04%g66 | 0.09T003 | 108707 | 2.32-10° 2 0 0
CW200311_115853 | 34.2+54 —0.0279-38 | 0.23%5:05 | 17.8702 | 5.94 - 10° 7 2 0
GW200316_215756 | 13.155%2 0.1370:70 | 0.22498 | 103507 | 9.22- 107 12 5 0
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the two components of the binary, and the effective inspiral spin parameter.
The latter is a weighted average of the projections of the two components’
spins on the direction of the angular momentum of the binary (for a more
detailed description of this parameter, see Ajith et al. 2011; Abbott et al.
2023a; The LIGO Scientific Collaboration et al. 2021). The other parame-
ters reported for each detected GW event in Table 3.2 are the redshift, the
SNR, V90, and the number of AGN from our all-sky observed catalogues
that are inside V90. The 90 per cent CL sky regions of the same BBH
mergers that are listed in Table 3.2 are displayed in Figure 3.1.

3.2.3 AGN mock catalogue

We test our statistical method explained below on an AGN mock catalogue
characterized by a non-uniform incompleteness. In order to create it, we first
have to construct a complete parent mock catalogue, where we assume that
all AGN are accounted for. These are uniformly distributed in comoving
volume between z = 0.0 and z = 0.4 with a number density of naan =
10~"Mpc~3. The non-uniform incomplete catalogue is a sub-sample of this
complete one. Non-uniform incompleteness is a feature present also in the
observed AGN catalogues exploited in this paper (see section 3.2.1). The
incomplete mock catalogue is created by dividing the complete one in three
different regions, and sub-sampling each of them in a different way as follows:

e The first region has galactic coordinate b bigger than 30°. This corre-
sponds to 25 per cent of the sky. In this first region no sub-sampling
has been performed, hence its completeness is 100 per cent;

e The second region has b between —30° and 30°. This corresponds
to 50 per cent of the sky. In this second region, we remove 30 per
cent of the objects from the parent complete catalogue, hence the
completeness in this region is 70 per cent.

e The third region has Galactic coordinate b smaller than —30°. This
corresponds to the remaining 25 per cent of the sky. Here we removed
the 70 per cent of the objects from the complete catalogue, so the
completeness of this region is 30 per cent.

The incomplete mock catalogue has a total of 1,160 objects, and a weighted
average completeness of 67.5 per cent.

3.2.4 Simulated Gravitational Wave sky maps

The sky maps of our simulated GW events are described for simplicity as
3D Gaussian probability distributions. These distributions are created such
that the size of their 90 per cent Credibility Level volume is the same as the
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size of an actual V90 simulated with the same source parameters, assuming
the O3 configuration of the LIGO and Virgo detectors. For these simulated
events we assume a Black Hole mass distribution that follows the POWER
Law 4 PEAK model described in The LIGO Scientific Collaboration et al.
(2021). For simplicity the spins of the components of the binaries are as-
sumed to be aligned with the binary angular momentum, with a magnitude
uniformly distributed between 0 and 1. This choice does not bias our anal-
ysis. This is because assuming aligned spins leads to distributions of V90
consistent with the observed one (Veronesi et al. 2022). The size of V90 is
the only parameter of the simulated BBH merger detections that enters the
analysis presented in this paper, together with the spatial position. The in-
clination ¢ of the binaries is sampled from a uniform distribution in arccos ¢.
Once we have sampled the distributions of all the parameters of the merg-
ing BBH (masses and spins of the components, position of the merger and
inclination of the binary), we model its GW signal with an IMRPhenomD
waveform type (Husa et al. 2016; Khan et al. 2016). We then simulate the
detection of this signal with a network composed of three interferometers:
LIGO Hanford, LIGO Livingston, and Virgo. The sensitivity curves we use
for these three detectors are the ones correspondent to the following IDs:
ALIGOMIDLOWSENSITIVITYP 1200087 for the LIGO interferometers, and
ADVMIDLOWSENSITIVITYP 1200087 for Virgo. The duty cycle indicates
for what fraction of the total observing time each of the detectors is online.
To all detectors, we assign the average value of the duty cycles that char-
acterized the third observing run of LIGO and Virgo: 0.78 (Abbott et al.
2021a, 2023a). We keep a Signal to Noise Ratio (SNR) detection thresh-
old of 8 for the network, and require SNR> 4 for at least two of the three
detectors. This cut leads to a realistic distribution of V90 (Veronesi et al.
2022), allowing us to circumvent the need to calculate the detection confi-
dence level, according to the LIGO-Virgo-KAGRA collaboration criteria. !
We finally measure V90 for every simulated detection using the BAYESTAR
algorithm (Singer & Price 2016). The sensitivity curves used to create these
simulated detections and the value chosen for the duty cycles aim to repro-
duce the network that performed real detections during the third observing
run of the LIGO and Virgo interferometers (0O3). However, we apply the
method these simulations are used to test also to GW events detected before
03. This does not introduce any bias in the testing strategy described in
Section 3.3.2, because there is no V90 from the first and second observing
runs which is smaller (bigger) than the smallest (biggest) one from O3 (see
Table 3.2).

To each simulated detection we therefore associate a value of V90. We
call R90 the radius of a sphere of volume V90. The 3D spherically symmet-

IThese are based on the False Alarm Rate or the probability of being of astronomical
origin, pastro (Abbott et al. 2021a, 2023a).
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ric Gaussian distributions we use as mock GW sky maps are combinations
of three 1D Gaussian distributions with equal standard deviation. For every
value of R90, we calculate the standard deviation each of the 1D distribu-
tions must have in order for the 90 per cent credibility contour of the 3D
Gaussian distribution to be a spherical surface of radius R90.

Knowing the exact position of each GW event we simulate, we can then
sample the coordinates of the centre of the correspondent mock sky map
from a Gaussian distribution centered on it. The standard deviation of such
Gaussian is calculated from the value of R90 associated to the simulated
BBH merger.

The sample of mock sky maps for the testing of our statistical method
is therefore represented by 3D Gaussian distributions characterized by the
positions of their centres and the radii of their 90 per cent credibility level
regions (R90). The test strategy described in detail later in Section 3.3.2 is
independent on the shape of the sky maps used during the cross match with
mock AGN catalogues. For this reason, the choice of using a 3D Gaussian
distribution does not lead to any bias in the obtained results concerning the
test of the validity of the statistical method.

3.3 Method

3.3.1 Likelihood function

Our statistical framework compares two scenarios. In the first scenario AGN
are physically associated to BBH mergers, while in the second one, AGN are
background sources, i.e, their presence inside the the localisation volume of
a GW event is coincidental.

The general analytical form of the likelihood function used in this work
is based on the one described in Braun et al. (2008) and first used to draw
conclusions on the detectability of a GW-AGN connection by Bartos et al.
(2017a). This can be written as follows:

New

IT £i (facx)

i=1

L (facn)

New
= J[ le- 09 faen S+ (1-c-0.90 facx)Bi] . (3.1)

i=1
where L; is the single-event likelihood associated to the i-th GW event,
fagn is the fraction of GW events that originate from an AGN, Ngw is
the total number of GW events, ¢ is the average 2> completeness of the

2 As we mention later on, we tested that working with an average incompleteness over
the whole catalogue gives indistinguishable (correct) results with respect to accounting
for a position-dependent incompleteness.



o4 3.3. METHOD

AGN catalogue, and S; (B;) is the signal (background) probability density
function. If the value of S; is bigger than the value of B;, £; (fagn) will peak
at the maximum allowed value of its parameter: fagn = 1, meaning that
the i-th GW event is likely physically associated to one of the AGN that
are inside its localisation volume. The opposite is true if if the value of B; is
bigger than the value of S;. The product of all the single-event likelihoods
is then what determines the degree of GW-AGN association through the
value of fagn corresponding to its maximum. The 0.9 pre-factor in front
of fagn is used to take into account that the localisation volumes we use
are associated to a confidence level of 90 per cent. The introduction of the
¢ factor is a novelty with respect to previous similar works that used only
complete mock AGN catalogues (Bartos et al. 2017a; Corley et al. 2019;
Veronesi et al. 2022). If such a term was not present when using incomplete
catalogues, the likelihood function would on average peak at a lower value
of fagn with respect to the true one. This would happen because, even
if a physical association exists, it might not be detected if the AGN host
of a GW event is not present in the catalogue. The ¢ factor in Equation
3.1 corrects for this potential bias. Previous studies used as main input the
size of each GW event’s V90 and the number of AGN within it (Nvygp). In
this work, we additionally exploit the information embedded in the exact
position of every AGN within the localisation volume: i.e., the value of the
3D GW localisation probability density function at the AGN position. We
therefore write the signal probability density function for the i-th GW as:

N )
_ 2y

=== - 2
nAGNV9Oi ’ (3 )

where nagn is the average number density of AGN in the catalogue, and p;
is the probability density associated to the position of the j-th AGN. The
denominator in Equation 3.2 represents the expected number of AGN from
a catalogue of number density nagn that are contained in a region of size
V90;. Therefore, the signal probability density function represents the total
probability density associated to the positions of all the AGN within V90;,
normalized by their expected number. The more objects there are within
V90; and/or the more clustered they are towards the peak of the probability
density distribution, the higher the value of S; is. This is in accord with
the fact that S; in Equation 3.2 describes how likely the scenario in which
AGN are physically associated to BBH mergers is. On the other hand,
the probability density function associated to the scenario where AGN are
background sources, accidentally present in GW localisation volumes, can
be expressed with a flat probability for an AGN to be found anywhere in
Va0:
09
LV

(3.3)
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where the 0.9 term at the numerator guarantees that S; and B; are nor-
malized to the same value. From Equations 3.2 and 3.3 it follows that
the likelihood function in Equation 3.1 is dimensionful with units of one
over volume. This means that for it to be turned into a probability den-
sity function, it should be normalized dividing it by its integral over the
whole [0,1] range of fagn. During the testing of the statistical method on
mock data and its application to real GW detections and AGN catalogues
the non-normalized version of the likelihood function is usually computed,
unless specified otherwise. In particular we normalize this function when
extracting the posterior distribution on fagn.

In our statistical analysis the prior on fagn is assumed to be uniform
between 0 and 1.

3.3.2 Test on mock data

To test the performance of the likelihood we use data coming from the cross-
match between the incomplete AGN mock catalogue described in Section
3.2.3 and the mock GW detections described in Section 3.2.4.

This test consists of a Monte Carlo simulation of 1,000 realizations. Ev-
ery realization is characterized by the same total number of simulated de-
tected BBH mergers. This number of detections is the same one used during
the application to real data: Ngw = 30. At the start of each realization,
we draw a value from the prior distribution of fagn. This represents the
true value of this parameter for the specific realization, and will be further
referred to as fagN true- We then sample a binomial distribution character-
ized by the parameters n = Ngw and p = fagN,true to obtain the number
of simulated detected GWs that come from an AGN of the complete mock
catalogue presented in Section 3.2.3 within z = 0.2. The remaining events
of the Ngw simulated detections are the ones coming from a position ran-
domly sampled from a uniform distribution in the same redshift range. The
redshift cut on the potential sources of both the signal and the background
events is performed to be sure that the entirety of V90 is within the volume
of the mock AGN catalogue. This is necessary to avoid any boundary-
related underestimation of S; during the cross-match of these localisation
volumes with the incomplete AGN mock catalogue.

We cross-match the 3D Gaussian distributions representing the sky maps
of the 30 GW events with the incomplete AGN mock catalogue and calculate
the value of the likelihood as a function of fagn using Equations 3.1, 3.2,
and 3.3. We then compute the normalized posterior distribution on fagn:
P (facn)- Finally, we calculate the Credibility Level (CL) of fagN, true and
the corresponding Credibility Interval (CI). The CI is defined as the range
of fagn that is associated to values of the posterior equal or greater than
P (facN,true). We say for example that fagn true has a CL of 90 per cent if
the integral of P (fagn) evaluated over the corresponding CI is 0.9.
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The blue line in the Probabilty-Probability plot presented in Figure 3.3
shows the cumulative distribution of the 1,000 values of CLs associated to
facN true from all the realizations. The grey lines show the cumulative dis-
tribution of 100 uniform samples between 0 and 1. Since the distribution
of the CLs associated to fagn, true iS statistically indistinguishable from a
uniform one, we can conclude that our statistical method is able to pro-
duce trustworthy results when tested on mock data. Therefore, maximizing
the likelihood described in Equations 3.1, 3.2 and 3.3 leads to an accurate
estimate of fagn.

1.0
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0.5

0.4r
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0.1

Fraction of times fagn, true is in Credible Interval

080 01 02 03 04 05 06 07 08 09 10
Credible interval

Figure 3.3: Fraction of times facn true lies within a certain Credible Interval
as a function of the credibility level of such an interval. The blue line shows the
result obtained by testing the likelihood function described in Section 3.3.1 on
mock data. The gray lines show the cumulative distributions of 100 samples of a
uniform distribution in the [0,1] range.

Finally, we test that our results do not change if we use in Equation
3.1 the actual value of the catalogue completeness (c¢) in each localisation
volume. More specifically, this individual completeness is calculated as a
weighted average of the completeness of the AGN catalogue in the 3D re-
gion occupied by each V90. Our test yields indistinguishable results, there-
fore, for simplicity, we only present the ones computed using the average
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catalogue completeness.

3.3.3 Application to real data

Once we have tested the accuracy of the statistical method, we apply it to
real data. We cross-match the skymaps of the 30 detected BBH mergers
presented in 3.2.2, and listed in Table 3.2 with the all-sky AGN catalogues
described in Section 3.2.1. We then calculate £ (fagn) using Equations 3.1,
3.2, and 3.3.

In the case of CAT455 and CAT460 the combination of the data com-
ing from the cross-match with the 30 GW events leads to a monotonically
decreasing likelihood, as a function of fagn. We therefore decide to eval-
uate upper limits on this parameter integrating the normalized likelihood
between fagn = 0 and fagn = 1. Since the prior is assumed to be uniform,
through this integration we obtain the cumulative posterior distribution on
JINONE

The same process has been followed also for CAT450, even if in this
case the likelihood turns out to be rather insensitive to fagn. Specifically,
in this last case, the posterior is prior-dominated: data do not allow us to
put much tighter constraints on fagn than the ones imposed by the flat
prior only. This is caused by the high number of objects contained in the
AGN catalogue (Veronesi et al. 2022), combined with the non-negligible
level of incompleteness that characterizes the same catalogue. We therefore
decide not to repeat the analysis with an AGN catalogue characterized
by a lower luminosity threshold. Such a catalogue would likely also show
redshift-dependent completeness, which will have to be taken into account in
future works aimed to explore the relation between BBH mergers and lower-
luminosities AGN. A meaningful exploitation of AGN catalogues denser
than the ones used in this work will be possible only when we will have data
from more and/or better localized BBH mergers.

3.4 Results

The cumulative posterior distributions over fagn we obtain through the
application of our statistical method to observed data are shown in Figure
3.4. The black solid line shows the posterior distribution in the case of
the cross-math of the observed GW events with CAT460, while the dashed
(dotted) line shows it in the case of a CAT455 (CAT450). On the vertical
axis there is the probability for the true value of fagn being smaller than
the correspondent value on the horizontal axis. As an example, the solid
blue line shows that the upper limit of the 95 per cent credibility interval is
faen = 0.17 in the case of the cross-match with CAT460. Figure 3.5 shows
a region of the two-dimensional parameter space that has been investigated
in this work. On the vertical axis one can read the thresholds in bolometric
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Figure 3.4: Black solid line: Cumulative posterior distribution for the fraction of
detected GWs originated in an AGN (fagn) with a bolometric luminosity higher
than 100 ergs™*. Every value on the vertical axis corresponds to the probability
associated to the true value of fagn being smaller than the correspondent value
on the horizontal axis. The dashed (dotted) line shows the posterior distribution
obtained using a luminosity threshold of 10455 ergs™! (1045 erg sfl). The maroon
lines indicate that the upper limit of the 90 per cent credibility interval corre-
sponds to fagn = 0.13 for the 1046 erg 7! luminosity cut, to facn = 0.40 for the
10%55 ergs™! luminosity cut, and to fagn = 0.87 for the 10%*° ergs™! luminosity
cut. The blue lines indicate that the upper limit of the 95 per cent credibil-
ity interval corresponds to fagn = 0.17 for the 10%® ergs™" luminosity cut, to
faen = 0.49 for the 10453 erg s~ ! luminosity cut, and to fagn = 0.94 for the
10*% ergs™! luminosity cut.
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luminosities of AGN on the left-hand side, and the correspondent values
of number densities on the right-hand side. The three number densities
correspondent to the three luminosity thresholds we use to create CAT450,
CAT455, and CAT460 have been calculated taking into account their esti-
mated completeness. For each of these completeness-corrected number den-
sities we calculate their ratio with respect to the number density obtained
integrating in the same luminosity range the best-fit AGN luminosity func-
tion at z = 0.1 presented in Hopkins et al. (2007). The mean of this ratios,
together with the number density estimated from Hopkins et al. (2007) for a
bolometric luminosity threshold of 1045 ergs~!, has been used to calculate
the completeness-corrected number density for such a luminosity cut. All
the possible values of fagn are on the horizontal axis. The maroon (blue)
region is the part of the parameter space that we reject with a 90 (95) per
cent credibility level.

In The LIGO Scientific Collaboration et al. (2021) the total BBH merger
rate per comoving volume has been parametrized as a power law as a func-
tion of redshift: R(z) o (1 + 2z)”. The value of the spectral index has been
estimated to be & = 2.7713 and the best measurement of the merger rate
R occurs at z ~ 0.2: R(z = 0.2) < 41 Gpe ?yr~! at 90 per cent credibility.
Combining this result with the upper limit of fagn < 0.49 (facn < 0.17)
obtained in this work, we find that the 95 per cent credibility upper limit on
the rate of BBHs merging in AGN brighter than 104°° ergs™! (10% ergs—!)
is Raan(z = 0.2) ~ 20 Gpc?yr~! (Ragn(z = 0.2) ~ 7 Gpc ®yr~!) at
z ~ 0.2. It is important to remember that these results have been obtained
assuming 100 per cent completeness in the SDSS footprint in our catalogues
of luminous, redshift selected AGN. However, small variations over this as-
sumption are not expected to produce qualitatively different results with
respect to the ones presented in this section, since they scale linearly with
the AGN catalogue completeness (see Equation 3.1).

3.5 Discussion and conclusion

We present a likelihood-based method to constrain the fractional contribu-
tion of the AGN channel to the observed merger rate of BBHs. In particular
we compare the scenario in which AGN are physically associated to BBH
mergers to the one in which the presence of AGN in localisation volumes
of GW events is only due by chance. We use as input data the size of each
GW localisation volume and the exact position of all the AGN that are in
it. We calculate the posterior distribution of the fraction of the detected
GW events that come from an AGN, fagn. We then put observational
constraints on this parameter by determining the upper limits associated to
the 90 and 95 per cent CIs of the posterior distribution.

We first validate this method on a mock AGN catalogue characterized
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by a non-uniform completeness (see Figure 3.3).

We then apply the same statistical analysis to observed data. We use
the sky maps of the 30 BBH mergers detected by the LIGO and Virgo
interferometers characterized by a 90 per cent C.I. of the redshift distri-
bution entirely contained within z = 0.3. We cross-match these sky maps
with three all-sky catalogues of AGN we create starting from cross-matching
the unWISE catalogue (Schlafly et al. 2019) with the Milliquas one (Flesch
2021). We select only the objects with a spectroscopic measurement of
redshift correspondent to z < 0.3 and with a bolometric luminosity higher
than 10*° ergs™!, 10%° ergs™!, and 10*6 ergs™!. We calculate the poste-
rior cumulative distribution on fagn and conclude that in the case of the
two highest luminosity thresholds we can put upper limits on this param-
eter that are tighter with respect to the ones one can obtain from the sole
assumption of a uniform prior between 0 and 1. In the case of the cross-
match with the AGN catalogue characterized by the highest (intermediate)
luminosity threshold we find that fagn = 0.17 (fagn = 0.49) is the upper
limit of the 95 per cent credibility interval. Figure 3.4 shows the entire
cumulative posterior distributions, while Figure 3.5 shows more explicitly
which parts of the two-dimensional AGN luminosity- fagn parameter space
are rejected with a 90 and a 95 per cent credibility. Previous works used
only simulated GW data and mock AGN catalogues to draw conclusions
about the possibility of exploring the spatial correlation between the two.
Instead, we present the first constraints on fagn based on observational
data only. Moreover, in the previous analyses the number of potential hosts
within the V90 of every GW event was used as the main source of infor-
mation, together with the size of V90. As mentioned above, the likelihood
function we present in this work also takes into account for the first time
the exact position of every AGN within V90 and the overall completeness
of the AGN catalogue. The results obtained in this work are observational
upper limits on the correlation between the detected BBH mergers and the
high luminosity, and spectroscopically selected AGN that are in the cata-
logues described in Section 3.2.1. They can be used in the future to inform
theoretical models of compact binary objects in AGN discs. Such results
hint towards the conclusion that physical conditions of the gas and the stars
in the discs of high-luminosity AGN are not sufficiently able to drive the
formation and the merger of binaries of sMBHs in order to be major con-
tributors to the total merger rate. This conclusion would be in agreement
with the recent theoretical result obtained by Grishin et al. (2024), where it
is stated that migration traps in AGN discs are not expected to be present
in the case of a bolometric luminosity higher than 104> erg s~1 for an AGN
alpha viscosity parameter of & = 0.01. Their inability to create migration
traps would explain why AGN characterized by a luminosity higher than
such a threshold are not to be considered potential preferred hosts of BBH
mergers.
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One way for generalizing the results presented in this paper is the cre-
ation of a more complete all-sky AGN catalogue. The introduction of objects
with only a photometric measurement of the redshift is a possible method
of doing that. This would increase the number density of the catalogue,
but will also increase the probability of considering objects that have been
erraneously identified as AGN. This confidence on the classification of each
object will have to be taken into account in the expression of the likelihood
function.

The results concerning the posterior distributions shown in Figure 3.4
are relative to the fraction of BBH mergers that have happened in an AGN
with a bolometric luminosity higher than the three thresholds we have con-
sidered. We perform this luminosity cuts in order to be sure to have a good
level of completeness in our observed AGN catalogues. In order to draw
general conclusion on the AGN formation channel for BBHs, future works
will investigate the correlation between GW events and AGN in a broader
range of luminosities. Such an investigation will have to take into considera-
tion the fact that low values of complenetess and its dependence on redshift
lower the statistical power of the method, increasing the uncertainty on the
predictions.

The analysis described in this paper is restricted to BBH mergers whose
host environment is expected to be at z < 0.3 with 90 per cent credibility.
This selection has been done because a higher level of completeness for
catalogues of observed AGN can be reached if we restrict our analysis to
the local Universe. Future works might explore the GW-AGN correlation on
a wider redshift range. The effectiveness of their results will be increased
because of the possible exploitation of more detected BBH mergers, but
might also be dampened by low levels of completeness of the considered
AGN catalogues.

Dedicated tests performed by varying the different parameters in the
Monte Carlo analysis described in Section 3.3.2 have proven that the pre-
diction power of the method presented in this work depends mainly on three
elements: the completeness of the AGN catalogue, the number of GW detec-
tions, and the size of their localisation volumes. Observational limitations
(e.g. the presence of the Milky Way plane that does not allow the detection
of light coming from objects behind it) prevent us from having an AGN cat-
alogue with a completeness level close to unity. On the other hand, 7975}
BBH mergers are expected to be observed via GWs during the fourth ob-
serving run (O4) of the LIGO-Virgo-KAGRA collaboration (Abbott et al.
2020), and at least the same amount of detections can be predicted for the
fifth observing run (O5). This would at least triple the amount of detected
events available for statistical analyses on the BBH population. This in-
crease of the number of detections, together with the improvement on the
localisation power expected for O4 and O5 with respect to previous observ-
ing runs, will noticeably increase the prediction power of likelihood-based
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methods like the one presented in this paper, that will be able to put more
stringent constraints on the fractional contribution of high-luminosity AGN
to the total BBH merger rate, and to make use of also denser catalogues of
potential hosts, such as the ones containing AGN with luminosities lower
than the ones considered in this work.
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Abstract

The primary formation channel for the stellar-mass Binary Black Holes
which have been detected merging by the LIGO-Virgo-KAGRA (LVK) col-
laboration is yet to be discerned. One of the main reason is that the detec-
tion of an Electromagnetic counterpart to such Gravitational Wave (GW)
events, which could signpost their formation site, has so far been elusive.
Recently, 20 Active Galactic Nuclei flaring activities detected by the Zwicky
Transient Facility have been investigated as potential counterparts of GW
events by Graham et al. (2023). We present the results of a spatial corre-
lation analysis that involves such events and uses the up-to-date posterior
samples of 78 mergers, detected during the third observing run of the LVK
collaboration. We apply a likelihood method which takes into account the
exact position of the flares within the 3D sky map of the GW events. We
place an upper limit of 0.155 at a 90 per cent credibility level on the frac-
tion of the detected coalescences that are physically related to an observed
flare, whose posterior probability distribution peaks at a null value. Finally,
we show that the typically larger values of the masses of the GW-events,
which host at least one flare in their localisation volume, are also consistent
with the no-connection hypothesis. This is because of a positive correlation
between binary masses and the size of the localisation uncertainties.
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4.1 Introduction

During the third observing run (O3) of the LIGO-Virgo-KAGRA (LVK)
collaboration, Gravitational Waves (GWs) coming from 80 confirmed merg-
ers of binaries of compact objects were detected (Abbott et al. 2023a, 2024).
Several channels for the formation of the merging systems have been pro-
posed (see Mapelli 2021, for a recent review). These pathways can be
divided into two main categories: the evolution of isolated stellar binary
systems, and the formation inside dense environments, such as Nuclear Star
Clusters or accretion discs of Active Galactic Nuclei (AGN). The forma-
tion of merging Binary Black Holes (BBHs) in AGN discs is expected to
be facilitated not only by the high density of compact objects, but also by
their dynamical interaction with the gas (Stone et al. 2017; Li & Lai 2022,
2023a,b; Qian et al. 2024; Rowan et al. 2023, 2024; Rodriguez-Ramirez et al.
2024). For this reason, the so-called “AGN-channel” for the formation of
merging binaries has been recently studied and modelled extensively.

The component masses of binaries coalescing in accretion discs around
Massive Black Holes are expected to populate the high end of the astro-
physical stellar-mass Black Hole mass spectrum presented in The LIGO
Scientific Collaboration et al. (2021). This is mainly because Type I mi-
gration caused by the interaction between a gaseous disk and the compact
objects within it makes mass segregation very efficient, since the migration
time-scale is inversely proportional to the mass of the compact object (Ar-
mitage 2007; McKernan et al. 2011; Secunda et al. 2019). Migration can
therefore increase the density of compact objects in the inner region of the
AGN disc, where binary formation and hardening can be efficiently assisted
by the the interaction with the gaseous environment (Tagawa et al. 2020; Li
et al. 2021, 2022b; DeLaurentiis et al. 2023a), unless it presents an elevated
level of turbulence (Wu et al. 2024).

The vicinity to the central Massive Black Hole implies that mergers of
compact objects inside an AGN accretion disc happen in the presence of
a deep gravitational potential. For this reason, the speed at which the
remnant objects get kicked from the location of the merger, typically of
the order of hundreds of kilometres per second, is likely lower than the
escape speed of the environment. Therefore there is the possibility for it to
be retained and to take part to another BBH merger. In this scenario of
hierarchical mergers, the components of the binaries are expected to have
high masses and dimensionless spins close to & 0.7, which is the value that
the remnant of a previous merger is expected to have, due to total angular
momentum conservation (Gerosa & Berti 2017; Gerosa & Fishbach 2021). In
addition, binaries of compact objects merging inside an AGN disc have been
modelled as able to develop and maintain a measurable level of eccentricity
also in the LVK frequency range (Samsing et al. 2022; Calcino et al. 2023;
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Fabj & Samsing 2024). The detection of non-zero eccentricity in one or more
GW signals would therefore represent a strong hint regarding the efficiency
of disc-assisted BBH formation. Finally, the symmetry of an astrophysical
environment such as a rotating disc has been claimed to be sufficient to
explain the anti-correlation between the binary effective spin parameter xeg
and the mass ratio ¢ that has been observed in the population of mergers
detected by the LVK collaboration (McKernan et al. 2022a; Santini et al.
2023). The comparison of the binary parameters’ distributions predicted for
the AGN channel with the ones of detected GW events is a viable approach
for estimating the fractional contribution of this formation path to the total
BBH merger rate. For example, with this method Gayathri et al. (2023)
estimated this fractional contribution to be approximately 20 per cent.

Alternatively, it is possible to put constraints on the this channel’s ef-
ficiency by analysing the spatial correlation between the sky maps of the
events detected by the LVK interferometers and the positions of observed
AGN (Bartos et al. 2017a; Veronesi et al. 2022, 2023). In particular, in
Veronesi et al. (2023) was found that the fraction of detected BBH merg-
ers that took place in an AGN brighter than 10%*%-%erg s~ (10%*6erg s=1) is
lower than 0.49 (0.17) at 95 per cent credibility level. This result tends
to agree with the conclusions of the theoretical work presented in Grishin
et al. (2024), where it is suggested that a reduced efficiency in creating
over-densities of compact objects inside discs of luminous AGN is to be ex-
pected when taking into account prescriptions for Type I migration that are
calibrated from 3D simulations (Jiménez & Masset 2017).

A third way to identify the host environment of the merging binaries is
the direct detection of a transient Electromagnetic (EM) counterpart. The
vast majority of the detected GW events are coalescences of BBHs, which
are not generally expected to produce a detectable associated EM signal.
However, such counterparts are expected to be produced, even if not nec-
essarily detectable, whenever mergers take place in gaseous environments,
like AGN accretion discs (Bartos 2016b; McKernan et al. 2019). A possible
origin of these counterparts is Bondi accretion on the merging objects at a
hyper-Eddington rate, that triggers a Bondi explosion (Wang et al. 2021d).
Another potential source of a detectable EM transient is a jet coming from
the accretion of magnetized medium onto the remnant object that traverses
the gaseous disc after receiving a recoil kick from the merger event (Chen &
Dai 2024). Recently, Graham et al. (2023, G23, hereafter) have identified
20 unusual AGN flaring activities observed by the Zwicky Transient Facility
(ZTF; Bellm et al. 2019; Graham et al. 2019) as potential EM counterparts
of the GW events detected during O3. These transients have been labelled
as not caused by Supernovae (SNe), Tidal Disruption Events (TDEs), or
regular AGN variability. A possible physical cause of such flares is Bondi
drag accretion and shock of the gas that interacts gravitationally with the
kicked remnant of a merger event that happened inside the disc. The flare is
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expected to be manifest when such remnant reaches the 7 = 1 optical depth
surface of the disc. In Tagawa et al. (2024) is presented an emission model
based on the presence of a Blandford-Znajek jet produced from BHs in AGN
discs (Tagawa et al. 2022, 2023), and it is applied to the flares reported in
G23, finding that such model can be consistent with the observed events
after a number of assumptions were made, mainly regarding the accretion
rate onto the stellar-mass BH, and the fraction of jet power that ends up in
radiation.

In this work we present the results of a spatial and temporal correlation
study for the identification of the host environment of the mergers detected
by the LVK collaboration. In particular, this analysis focuses on the con-
nection between the mergers detected during O3 and the 20 EM transients
presented and examined in G23.

We calculate the posterior probability distribution of fgae, the fraction
of the LVK events detected during O3 that are causally connected to an
AGN flare. We do this by using an adapted version of the statistical ap-
proach presented in Veronesi et al. (2023). This is a model-independent
approach, we only take into account spatial and temporal correlation, but
otherwise remain agnostic about which AGN and GW events are favorable
counterparts.

In the past, Bayesian analyses have already been performed to investi-
gate the spatial correlation between GW events and AGN flaring activities.
In particular, the relation between the BBH merger GW190521 and a flare
of the AGN J124942.3+344929, that had been proposed as a candidate EM
counterpart by Graham et al. (2020), has been investigated by Palmese et al.
(2021). Their spatial correlation analysis concluded that the match between
the GW event and the EM transient has a probability of approximately 70
per cent of being caused by chance coincidence. The lack of a confident
physical association between the same two events is also found by Ashton
et al. (2021).

In Section 3.2 we present the properties of the data that have been
used in the analysis, which include the GW detections and the AGN flares
considered as potential EM counterparts. The description of the statistical
method used to check the significance of the GW-AGN flares connection is
in Section 2.2, while the results of its application to the observed data are
presented in Section 2.3. Finally, in Section 2.4 we draw final conclusions
from our results and discuss what are their implications concerning the
physical relation between BBH mergers and AGN flares.

We adopt the cosmological parameters of the Cosmic Microwave Back-
ground observations by Planck (Planck Collaboration et al. 2016): Hy =
(67.840.9) km s~'Mpc ™!, Q,, = 0.308 & 0.012, and ng = 0.968 + 0.006.
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4.2 Datasets

In this section we first present the main properties of the AGN flares selected
in G23 as potential EM counterparts to O3 detections. We then describe
and list the GW events we use in our analysis. Finally we show all the
spatial and temporal associations that exist between the two catalogues,
both in the case of a 3D cross-match, and in the case of a 2D sky-projected
one.

4.2.1 AGN flares

All the AGN flares we use in our analysis have been observed by ZTF.
This facility uses a 47deg? field-of-view camera to cover the majority of the
sky above a declination of —30° every two or three nights in the g-band
and in the r-band. To select potential EM counterparts for the GW events
detected during O3, in G23 the data from the fifth release (DR5) ! were
used, and the search has been limited to AGN at a redshift z < 1.2, given
the sensitivity the interferometers of LIGO and Virgo had during O3. The
light curves of the observed AGN flares have been fitted with a Gaussian
rise - exponential decay form (see Equation 13 in G23). From the original
full sample were then removed all the flares that have been considered as
originated from SNe, TDEs, or regular AGN variability. This selection has
been done based on the timescales of the transients, their g-r colour, their
rate of colour evolution, and their total observed energy. The resulting
selected sample consists of 20 AGN flares that are considered as potential
EM counterparts for the GW events detected during O3. All these flares
have peaked during the time window that can allow a causal connection with
at least one merger. This temporal match is considered possible if the AGN
has not flared before the first GW detection or more than 200 days after
the last one. Any merger happening after that time is not considered as a
potential counterpart, since the estimated time required for the remnant of
the merger to reach the edge of the accretion disc is of the order of tens of
days.

In Table 4.1 we list the main properties of the 20 potential counterparts.
In particular we report the name of the AGN, the Right Ascension (RA)
and Declination (Dec), the redshift, the Modified Julian Day (MJD) of the
peak, and the Gaussian rise time of the light curve, t;,. The sky distribution
of these transients is shown in Figure 4.1.

Lhttps://www.ztf.caltech.edu/page/dr5
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Table 4.1: List of the 20 AGN flares that were selected in G23 as potential
EM counterparts of GW events detected during O3. We report the name of
the flaring object, its Right Ascension and Declination, its redshift, the MJD
of the peak, and the Gaussian rise timescale. For J053408.41+085450.6 we use
the same photometric estimate of the redshift that has been used in G23. For
the AGN located at J150748.68+723506.1 and at J234420.76+471828.9 there is
no available redshift estimate in the literature. These two sources are therefore
excluded from the three-dimensional spatial correlation analysis presented in the
following sections.

AGN name RA Dec Redshift | MJDpeak ts
[deg] | [deg] [days]

J053408.42+-085450.7 | 83.535 | 8.914 0.5* 58890 17
J120437.984-500024.0 | 181.158 | 50.007 0.389 58894 17
J124942.30+344928.9 | 192.426 | 34.825 0.438 58671 16
J140941.88+-552928.1 | 212.425 | 55.491 0.074 58616 11
J143157.51+451544.0 | 217.990 | 45.262 0.693 58859 12
J143536.15+173755.4 | 218.901 | 17.362 0.095 58673 9
J145500.22+321637.1 | 223.751 | 32.277 0.177 58590 14
J150748.68+723506.1 | 226.953 | 72.585 — 58971 20
J152433.35+274311.6 | 231.139 | 27.720 0.069 58611 8

J154342.46+461233.4 | 235.927 | 46.209 0.599 58975 21
J154806.314-291216.3 | 237.026 | 29.205 1.090 58997 95
J160822.16-+401217.8 | 242.092 | 40.205 0.627 58921 27
J161833.77+263226.0 | 244.641 | 26.541 0.126 58600 11
J163641.61+092459.2 | 249.173 | 9.416 1.155 58694 9
J181719.95+541910.0 | 274.333 | 54.319 0.234 58784 17
J183412.42+365655.2 | 278.552 | 36.949 0.419 58689 13
J224333.95-+760619.2 | 340.891 | 76.105 0.353 o8772 11
J233252.05+034559.7 | 353.217 | 3.767 1.119 58855 40
J233746.08-013116.3 | 354.442 | -1.521 0.115 58703 8
J234420.76+471828.9 | 356.087 | 47.308 — 58669 11
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Flaring AGN

=30

Figure 4.1: Mollweide projection of the sky position of the 20 AGN flare iden-
tified as potential EM counterparts of GW events in G23. The resolution cor-
responds to the one of an HealPix map with NSIDE=32. The pink markers
correspond to the position of the flares, while the light blue region correspond to
pixels that have a galactic latitude between —10° and 10°. They correspond to
the region that includes the galactic plane.

4.2.2 GW events

We make use of 78 GW events detected during O3, which are contained
in the Gravitational Wave Transient Catalog (GWTC) 2.1 (Abbott et al.
2024) and in GWTC 3 (Abbott et al. 2023a). The former includes all the
events detected up to the first half of O3, O3a, started on April 1st, 2019
and ended on October 1st of the same year, while the latter includes all
the events detected during the second half of O3, O3b, that started on
November 1st, 2019, and ended on March 27th, 2020. We only had to
exclude GW200308 173609 and GW200322 091133 because for these two
poorly-localized events the available data do not allow the evaluation of the
size of the 90 per cent Credibility Level localisation volume (V90).

We work with the GW sky maps obtained from the latest (at the time
in which this paper is written) versions of the posterior samples published
by the Gravitational Wave Open Science Center (GWOSC) (Abbott et al.
2023b). Such samples were published on May 13th, 2022 for GWTC-2.1,
and on June 23rd, 2023 for GWTC-3. Since G23 has been published in
January 2023, we make use of a different, updated version of the poste-
rior distributions for the events of GWTC-3, with respect to such work.
The same is true for all the GW events for which in G23 GWTC-2.0
has been used. For such mergers, we use the posterior distributions of
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GWTC-2.1. The posterior samples coming from the IMRPHENOMXPHM
(Pratten et al. 2021) waveform model have been used for every GW event
a part from GW190425 081805, GW191219 163120, GW200105 162426,
and GW200115_ 042309, for which the MIXED posterior samples were used.

To reproduce the analysis of GW23, we have to estimate the fraction
of the 90 per cent credibility level localisation area (A90) that is outside
the galactic plane and has been observed by ZTF at least 20 times in both
the g-band and r-band in the 200 days following the LVK detection. This
threshold number of observations is used to be consistent with G23. We
call this parameter fcover- To calculate it we use the ZTF forced photom-
etry service (Masci et al. 2023) to obtain the number and the MJD of the
observations at each sky location. The values of f.over for all the sky maps
we use in this work are listed in Table 4.4, together with the ID of the
corresponding GW event, the catalogue it is contained in, the sizes of A90
and V90, and the MJD of the detection. The sizes of V90 we report refer to
comoving localisation volumes, and not to Euclidean volumes in luminosity
distance. This choice implies a cosmological model to be assumed during
the cross-matching process, but leads to no difference in its results.

4.2.3 Matching events

The positions of the 20 flares listed in Table 4.1 are cross-matched with the
sky maps of the GW events listed in Table 4.4. This is done using the
postprocess.crossmatch function of the 1igo.skymap package, searching
space by descending probability density per unit comoving volume. The
cross-matching is performed both in the 3D comoving space, and in the
2D sky-projected space. For the 3D case, the two AGN flares without any
redshift information are excluded. This is consistent with the approach used
in G23, since these two potential counterparts are also not contained in their
sample of 7 matching events.

To be considered as matching with a merger event, an AGN flare has
to be found within the 90 per cent Credibility Level localisation volume (or
area) of the sky map. Following GW23, we also require that the difference
between the flare’s peak time and the GW detection time is smaller than
200 days and larger than the flare’s Gaussian rise time.

The 3D (2D) spatial and temporal cross-match of the 20 flares with the
sky maps of the mergers detected during O3 finds that 11 (19) GW events
and 8 (17) AGN flares match to yield a total of 12 (32) one-to-one matches.
In other words, we find that for 12 (32) times one of the 8 (17) flares has
peaked in one of the 11 (19) GW localisation volumes during the temporal
window allowed for the match.

The one-to-one matches are listed in Table 4.2 and Table 4.3. For each
of them we list the ID of the corresponding GW event, the name of the
flaring AGN, and the credibility level corresponding to its position within
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Table 4.2: List of the 3D matches between GW events detected during O3 and
AGN flares contained in ZTF DR5 and identified as potential EM counterparts.
We report the ID of the GW event, the name of the flaring AGN, and the credi-
bility level of its position within the localisation volume of the binary merger.

GW ID AGN name Credibility level
GW190514 065416 | J224333.95+760619.2 0.175
GW190521 030229 | J124942.30+344928.9 0.360
GW190620 030421 | J124942.30+344928.9 0.778
GW190706 222641 | J183412.42+365655.2 0.181
GW190708 232457 | J233746.08-013116.3 0.839
GW190719 215514 | J181719.95+541910.0 0.185
GW190731 140936 | J053408.424-085450.7 0.479
GW190803 022701 | J053408.42+085450.7 0.644
GW190803 022701 | J120437.98+-500024.0 0.543
GW200128 022011 | J120437.98+500024.0 0.879
GW200216 220804 | J154342.46+461233.4 0.727
GW200220 124850 | J154342.46+461233.4 0.137

the sky map of the merger.

4.3 Method

The goal of this work is to establish whether the matches between GW
events and AGN flares that are listed in Table 4.2 and Table 4.3 are due
to a causal connection or to random chance association. To do this, we
calculate the posterior probability distribution of the parameter fgae: i.e.
of the fraction of detected mergers that have a causal connection with a
flaring event. As examples of limiting outcomes, if our posterior would
narrowly peak at fha;e = 0 the chance association scenario would be highly
favoured over the physical association scenario, and viceversa if the narrow
peak would be at frare = 1.

We use an adapted version of the likelihood presented in Veronesi et al.
(2023). Such function is based on the one described in Braun et al. (2008),
which has been first re-adapted to investigate the spatial correlation between
GW events and AGN in Bartos et al. (2017a). The general form is the
following:

New

H £z (fﬂare)

i=1

L (fﬂare) =

New
= H [fcover,i -0.90 - fﬂare : 87, + (]- - fcover,i -0.90 - fﬁare) Bz] ) (41)
i=1
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Table 4.3: List of the 2D sky-projected matches between GW events detected
during O3 and AGN flares contained in ZTF DR5 and identified as potential EM
counterparts. We report the ID of the GW event, the position of the flaring AGN
name, and the credibility level of such position within the localisation area of the
binary merger.

GW ID AGN position Credibility level
GW190425 081805 | J124942.30+344928.9 0.750
GW190425 081805 | J140941.88+552928.1 0.555
GW190425 081805 | J152433.35+274311.6 0.281
GW190425 081805 | J163641.61+092459.2 0.120
GW190514 065416 | J224333.95+760619.2 0.479
GW190519 153144 | J234420.76+471828.9 0.206
GW190521 030229 | J124942.30+344928.9 0.640
GW190620 030421 | J124942.30+344928.9 0.747
GW190620 030421 | J143536.15+4173755.4 0.893
GW190620 030421 | J163641.61+092459.2 0.597
GW190706 222641 | J183412.42+-365655.2 0.685
GW190708 232457 | J233252.054-034559.7 0.713
GW190708 232457 | J233746.08-013116.3 0.626
GW190719 215514 | J181719.95+541910.0 0.727
GW190731 140936 | J053408.42+4-085450.7 0.379
GW190803 022701 | J053408.424-085450.7 0.777
GW190803 022701 | J120437.98+-500024.0 0.544
GW190403 051529 | J124942.30+344928.9 0.660
GW190403 051529 | J140941.88+552928.1 0.856
GW191126 115259 | J150748.68+723506.1 0.888
GW191129 134029 | J154342.46+461233.4 0.895
GW191219 163120 | J154342.46+461233.4 0.409
GW200105 162426 | J053408.424-085450.7 0.790
GW200105 162426 | J154342.46+461233.4 0.552
GW200105 162426 | J154806.31+291216.3 0.369
GW200105 162426 | J160822.16+401217.8 0.819
GW200112 155838 | J154342.46+461233.4 0.839
GW200112 155838 | J160822.16+401217.8 0.341
GW200210 092255 | J154342.46+461233.4 0.836
GW200216 220804 | J154342.46+461233.4 0.820
GW200216 220804 | J154806.31+291216.3 0.890
GW200220 124850 | J154342.46+461233.4 0.145
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where Ngw is the total number of GW detections. The value of feover,i is
used to weight the contribution of the i-th single-event likelihood function.
For example, a GW event which sky map is characterised by fecover = 0
cannot contain any information regarding the connection with AGN flares
observed by ZTF. Using fcover,; as weight in the likelihood calculation takes
this into account. Analyses that investigate the spatial correlation between
GW events and non-transient potential EM counterparts use as a weight
for the single-event likelihoods the completeness of the AGN catalogue in-
stead of feover,i (see, for example Veronesi et al. 2023). The role of these
parameters in these similar analyses is the same.

The signal probability density for the i-th GW event is calculated as

follows:
Nmatches;

s= 3 H ] (4.2)

)
=1 NAare,j Vgoz

where Npatches; 1S the number of spatial and temporal matches the i-th GW
event has with flares, p; is the probability density associated to the position
of the j-th matching EM transient, and ngaye,; is the effective spatial number
density correspondent to it. This number density is assumed to be uniform
within V90.

In the analysis that involves the 2D sky-projected cross-match, A90 is
used instead of V90, and both p; and ngare ; are in units of deg™?, and not
in units of Mpc™®. We calculate the effective number density as follows:

20 200 —t,;
VZTF,eff Atsearch

, (4.3)

NAare,j =

where 20 is the total number of AGN flares selected from ZTF DR5 as
potential counterparts of GW events, Vzrr g = 1.066 X 1011Mpc3 is the
total effective surveyed comoving volume, and Atgearcn = 562 days is the
total observing time of the search, between the start of O3 and 200 days
after its end. We calculate the total effective comoving volume in order for
it to be compatible with how f.over has been calculated for each GW event,
and to take into account the non uniformity of the source density in the
ZTF footprint. We first map the sky into a HealPix grid with a resolution
of NSIDE=32. To each pixel correspondent to a galactic latitude lower
than —10° or greater than 10° is then associated a number between 0 and
1. This value is the fraction of the total number of GW events for which
that specific pixel was observed at least 20 times in both the ZTF g-band
and r-band in the 200 days following the merger detection. These values
are then all summed together and the result is multiplied by the angular
size of each pixel. This sum corresponds to the total effective area observed
by the survey during Atgearch, AzTr eff, and is used in the calculation of
Nfare,j, iNstead of Vzrr e, in the case of the 2D sky-projected analysis.
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The value of Vzrr g is finally calculated multiplying the total comoving
volume enclosed within the redshift limit adopted in the search presented
in G23, z = 1.2, by the ratio between Azrr g and the total area of the
sky. Finally, the numerator of the second fraction in Equation 4.3 takes
into account the width of the time window within which a specific flare has
to peak in order to allow the match with a GW event. We calculate this
quantity by subtracting the Gaussian rise time of the flare from 200 days,
the maximum allowed delay time between the peak of such EM transient
and the GW detection.

The background probability density function B; is calculated in the same
way as in Veronesi et al. (2023):

0.9
. 4.4
5= Voo, (44

where the 0.9 factor is used so that S; and B; are normalised to the same
value. Just like the signal density function (Equation 4.2) A90 is used
instead of V90 for the 2D cross-matching analysis.

Every single-event likelihood £; (ffare) is & monotonic function of faare,
the only free parameter. For each merger, if S; > B;, then £; (faare = 1) >
Li (faiare = 0); this means that for that specific GW event our spatial corre-
lation analysis favours the hypothesis according to which there is a causal
connection with AGN flares. This can happen if there is an over-density of
temporally-matching flaring activities inside the localisation volume of the
merger, and/or if the potential counterparts are located in regions of the
sky map with a high value of the probability density p;. In general, the
greater the difference between L; (faare = 1) and L; (fiare = 0), the more
information the single-event likelihood brings to the total one.

The main distinction between the analysis presented in this work and
previous ones, that involve cross-matching GW sky maps with regular AGN,
is that flares are transient events. This is taken into account in different
parts of our statistical framework. First and foremost, a temporal match
is required between GW detections and observed AGN flaring activities in
order for them to be considered as potentially related by causality. More-
over, each value of ng... depends on the width of the temporal window
that allows for a match, and on Vzrr cg. The latter takes into account the
scanning pattern of ZTF and how much it covers the localisation areas of
the mergers in the days after the detection. Finally, each value of f.over
accounts for transient nature of the potential EM counterparts considered
in this work (see Section 4.2.2).

After normalising £ (faare) using a flat prior on faare in the [0, 1] interval,
we obtain the posterior distribution of this parameter.
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4.4 Results

In this Section we present the posterior distribution of the fraction of de-
tected GW events that have a connection with an AGN flare, fhare. Then
we show the results of two more tests to check if this posterior is indeed
compatible with the fg.re = 0 hypothesis. The first of the two tests focuses
the total number of matches between the catalogue of AGN flares and the
one of GW events, the second on the binary mass distribution one should
expect for the mergers characterised by at least one match.

4.4.1 Posterior distributions

The posterior probability distribution on fga.e is estimated using the data
presented in Section 3.2 and the method described in Section 2.2. The result
is shown in Figure 4.2. For both the 3D and the 2D cross-matching analyses,
the posterior distribution peaks at fﬂare = 0. In the case of the 3D analysis,
the upper limits of the 68, 90, and 95 per cent Credibility Intervals (ClIs)
correspond to fare = 0.085, faare = 0.155, and faare = 0.192, respectively.
The upper limits for the same Cls in the 2D sky-projected analysis are
fﬂare = 0.056, fﬂare =0.111, and fﬂare = 0.142.

4.4.2 Background Monte Carlo realisations

The posterior distributions presented in Section 4.4.1 peak at fﬁarc =0,
which corresponds to the hypothesis of no causal connection between merg-
ers detected by the LVK interferometers and the AGN flares selected as
potential EM counterparts for such events. In other words, the position-
ing of the flares within the GW sky maps, and the observed number of
matches between GW events and AGN flares appear consistent with chance
associations only, without any physical relation between the two events.
To further test this hypothesis, we perform 500 Monte Carlo (MC) reali-
sations of this background scenario. Each of them is constructed as follows:

e To generate a catalog of AGN flares that follows the ZTF real sampling
of the sky, which is not fully uniform within the footprint, we sample
20 sky-positions from the catalogue of extra-galactic transient events
presented in van Velzen et al. (2024);

e For each simulated flare, we select its peak time by drawing from the
times its sky position was observed by ZTF To match the peak time
distribution of the 20 flares from G23, we require this peak time to be
later than the start of O3 and earlier than the date that corresponds
to 200 days after the end of the same observing run;
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Figure 4.2: Posterior probability distribution on the fraction of GW events
that are expected to have caused a flare in an AGN, fgare. The solid blue line
corresponds to the result of the 3D cross-matching analysis, while the dashed pink
line to the one of the 2D sky-projected case. Both functions peak at fﬂare =0.
The vertical lines indicate the upper limits of the 90 per cent Credibility Intervals.
These correspond to fraare = 0.155 and faare = 0.111 for the 3D and 2D cross-
matching analysis, respectively.

To each of the 20 sampled positions we associate a value of redshift.
This is obtained by inverse-sampling a linear interpolation of the Cu-
mulative Distribution Function of the redshifts of the potential EM
counterparts to GW events listed in Table 4.1;

To each flare we associate a value for its rise time t,, drawn randomly
from the ones listed in Table 4.1;

Once the catalogue of simulated background ZTF flares is constructed,
it is cross-matched with the 3D sky maps of the GW events detected
during O3 and listed in Table 4.4. As for the cross-match performed
with observed data, in order for a match to be considered as valid,
the flare has to peak not more than 200 days after the GW detection,
and not before that a number of days equal to the corresponding ¢,
have passed.

The histogram in Figure 4.3 shows the distribution of the number of spatial
and temporal matches obtained in the 500 MC realisations of the back-
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ground scenario. The average value of the sample is Nyatches = 14.9 and its
standard deviation is o (Npatches) = 4.2. The number of matches obtained
from observed data (12) is less than one standard deviation away from the
mean of the distribution. It is reasonable then to assess that 12 matches
can be expected even only due to random chance association.

[ MC realisations
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Figure 4.3: Distribution of the number of spatial and temporal matches between
simulated ZTF AGN flares and GW 3D sky maps obtained from 500 MC realisa-
tions. Each of these realisations represents the scenario in which there is no causal
connection between the two different signals, and every match is due to random
chance association. The average of the distribution is Nmatches = 14.9, and its
standard deviation is o (Nmatches) = 4.2. The vertical dashed line indicates the
number of matches that have been found using real observed data (see Table 4.2).

For each MC realisation, the posterior distribution of fg... is also ob-
tained. In 150 realisations this function peaks at fﬂare = 0, and the dis-
tribution of the value of fﬂMe extends to fﬂdre ~ 0.26. This is similar to
the posterior of ft.; obtained from observed data, again confirming that the
outcome of our likelihood method (Eq.4.1) is consistent with the background
hypothesis.

4.4.3 Binary Mass distributions

Due primarily to mass segregation and the possibility of undergoing sub-
sequent hierarchical mergers, BBHs that coalesce inside dynamically dense
environments like the accretion discs of an AGN are expected to have on
average a higher mass with respect to the ones that formed through the
evolution of an isolated binary stellar system. In Figure 4.4 it is shown the
size of V90 for each GW event detected during O3, weighted by fcover, as
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a function of the source-frame total mass of the merging binary. The hor-
izontal and the vertical dashed lines indicate the median weighted size of
V90 and the median total mass, respectively. The pink non-round markers
indicate the 11 GW events that have at least one 3D match with a potential
EM counterpart. We indeed notice that most of matching GW events have

11

10 p OO

&

[¢)

°

&
o}
L 4

|

GW190514 065416
GW190521 030229 |
GW190620_030421
GW190706_222641 -
GW190708_232457
GW190719 215514
GW190731_ 140936 |
GW190803_022701
GW200128_ 022011 {-5
GW200216_220804
GW200220_124850

|
N

&
IOQ(Nmatches, exp)

109 (feoverVIO[Mpc~3])
R

on
[ @ * 4 ¢ @ V A D> 46 8

1-6
0 25 50 75 100 125 150 175 200 225
Miot[Mo]

Figure 4.4: Effective size of V90 of the GW events detected during O3 as a
function of the source-frame total mass of the binary. The 11 pink non-round
markers indicate the mergers that have a spatial and temporal match with at
least one of the AGN flares listed in Table 4.1. These matching sources appear
to have a large mass compared to the median of the entire population (indicated
with the dashed lines). However this can be explained by the correlation between
mass and volume, see also Figure 4.5. On the right-hand side y-axis is indicated
the expectation number of random matches evaluated assuming a uniform average
effective number density calculated from Equation 4.3, using the mean ¢ of the
AGN flares.

a total mass that is higher than the median. A KS test for the hypothesis
that the mass distributions of the matching and the non-matching merging
binaries are not related yields p = 0.018. However, this apparent difference
in mass might be because the matching events are also associated with lo-
calisation uncertainties larger than the median. To test this hypothesis we
follow the procedure presented hereunder:

e The average effective flare number density, (ngaye), is first calculated
from Equation 4.3, using the average rise time of the flares listed in
Table 4.1, (ty) = 17.35;

e For all the GW events we evaluate the expected number of matches
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due to chance association, Nmatches,exp, Mmultiplying the size of their
localisation volume by (nfare);

o We extract a number of matches for each GW event, drawing from a
Poisson distribution with Npatches,exp @5 expectation value;

e We finally perform a two-sample Kolmogorov-Smirnov test between
the distribution of the source-frame total mass of the GW events that
have at least one match in this random sample and the distribution
of the source-frame mass of the ones that don’t have any match. For
each repetition we therefore obtain a value of the KS statistic.

The whole process is repeated 10,000 times. The histogram in Figure 4.5
shows the distribution of the KS statistic for all the repetitions of the ran-
dom sampling. We see that the KS statistic of the observed 11 matching
GW events is consistent with the distribution obtained from the random
sampling process. This means that the fact that the observed matching
events correspond on average to higher binary masses with respect to the
non-matching ones can be explained assuming random chance associations
between GW sky maps and the AGN flares, if the positive correlation that
exists between source-frame binary total masses and the size of the recon-
struction volumes is taken into account.

4.5 Discussion and conclusion

We present a statistical investigation on the connection between the GW
events detected during O3 and the AGN flares selected in G23 as poten-
tial EM counterparts. We do this using the most updated version of the
posterior samples released by the LVK collaboration. We make use of the
statistical method presented in Veronesi et al. (2023) to estimate the pos-
terior distribution over the fraction of GW events that have an observed
AGN flare as an EM counterpart, faae. We repeat the same analysis both
performing a 3D cross-match between the GW sky maps and the positions
of the flares, and a 2D sky-projected one. In both cases the posterior dis-
tribution peaks at fﬁarc =0.

The upper limit of the 90 per cent CI is fgare = 0.155 in the case of the
3D cross-matching analysis and faare = 0.111 for the 2D sky-projected case.

Moreover, we perform 500 MC realisations of the background hypothesis,
according to which the matches between GW events and AGN flares are due
to random chance association. We find that the total number of matches
that exist in the case of the real observed data (12) is compatible with this
scenario.

Finally we find through a random sampling process, that the observed
distribution of source-frame binary masses of the mergers that have a spatial
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Figure 4.5: Distribution of the KS statistic obtained by comparing the source-
frame total binary masses of GW events that have a 3D spatial match with an
AGN flare with the ones of the other mergers detected during O3. The histogram
shows the distribution of such statistic obtained from 10,000 repetitions of random
sampling, where the number of matches of every GW event was drawn from a
Poisson distribution that depends on the corresponding size of V90. The vertical
dashed blue line indicates the value of the KS statistic calculated with the observed
data. After correcting for the correlation between mass and V90, we thus find no
evidence for a difference between the mass distribution of the GW sources that
match to AGN flares and the mass distributions of the ones that do not.

and temporal match with at least one AGN flare is compatible with the same
no-connection hypothesis.

We conclude that the hypothesis of no causal connection between the
detected GW events and the observed AGN flares cannot be rejected.

In G23 Poisson statistic is used to calculate the probability of obtaining a
number of matches equal or bigger than the observed one under the no causal
connection hypothesis. They estimate this probability to be p = 0.0019.
The estimate for the number of expected random matches used in G23
(2.83) is calculated assuming a spatial number density uniform in comoving
volume up to z = 1.2 and a temporal distribution of the flares over the
whole duration of the data collection of ZTF DR5. This estimate is not
compatible with the average number of matches we obtain in our Monte
Carlo realisations of the background hypothesis (14.9). A key difference
is that we take into account non-uniform distributions of the sky-position
(by sampling from ZTF sources to obtain a realistic sky distributions) and
redshift of the AGN flares (by sampling from the redshifts of the observed
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flares), and we allow these transient events to peak only in the time window
that includes all the 20 selected potential counterparts. Below we explain
this difference in more detail.

The main distinction between this work and G23 is that we measure a
higher effective AGN flare number density, which leads to a higher expected
number of matches under the background hypothesis. This difference is
mainly driven by two factors. First, in G23 the fraction of matching tem-
poral windows is calculated assuming a mean flare lifetime of 100 days and
dividing it by 1000 days, approximately the duration of the observations of
ZTF DRb5. However, all the 20 AGN flares considered in the analysis peaked
between the start of O3 and 200 days after its end, implying the effective
duration of the ZTF flare search is 562 days. As such, we calculate for each
flare the fraction of matching temporal windows by dividing the width of
this window (200 days—t,) by 562 days. This leads to a significant difference
with respect to the value assumed in G23, since the average value of the rise
times, t4, is about 17 days. The second factor is a different estimate of the
effective total comoving volume probed in the ZTF search. Our estimate
(Vzrr,er = 1.066 x 1011Mpc3) takes into account the non-uniformity of the
sky distribution of the ZTF extra-galactic sources and is approximately 1.5
times smaller compared to the ZTF volume used in G23. Taken together
these two effects yield an effective source density that is approximately 4.6
times larger than the one used in G23. We find a value of the total localisa-
tion volume weighted by feover Similar to the ones used in G23, even using
updated sky maps (1.457 - 10 Mpc?, that corresponds approximately to 68
per cent of the value used in G23).

It is evident that our analysis only constraints the fraction of GW events
in AGN that yield a detectable flare. Several factor can make this counter-
part challenging to detect.

In order to produce a potentially observable flare not later than 200
days after the GW event, the recoil velocity has to be greater than a value
that depends on the physical and geometrical characteristics of the AGN
disc (see Equation 5 of G23). At the same time, an increase in the recoil
velocity corresponds to a decrease in the Bondi-Hoyle-Lyttleton luminosity
(see Equations 3 and 6 of G23). Therefore if the merger remnant travels
too fast through the accretion disc, the hypothetical resulting flare will
not be detected as it will not significantly exceed the luminosity of the
host AGN. The recoil velocity of the merger remnant plays a role also in
the jetted model of a BBH-induced AGN flare described in Tagawa et al.
(2022) and in Tagawa et al. (2023). In particular, the rate at which the BH
captures the gas, and therefore the luminosity of the jet, are expected to
increase as a function of the velocity of such compact object with respect
to the local motion of the disc (see Equation 1 of Tagawa et al. 2022).
However, the accretion rate is expected to be reduced when the radius
at which there can be gas accretion onto the BH on the timescale of the
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breakout of the jet at the surface of the AGN disc is much bigger than
the radius at which the gaseous material remains bound to the compact
object after the recoil kick. This is due to the ejection of gas beyond the
bound region surrounding the merger remnant, and can happen if the recoil
velocity is high (> 2000 km s™! in the case of a BH with a mass of 150Mg)
(see Appendix B of Tagawa et al. 2023, for a detailed description of the
process).

On top of these physical factors regarding the observability of the flare
caused by a kicked remnant exiting the accretion disc, there is a geometrical
one. To be visible from instruments like ZTF, the flare has in fact to happen
on the side of the disc that faces Earth, and on average this is expected to
be true only in half of the cases.

Finally, in order to be confidently identified as a potential EM counter-
part to a GW signal, the flare has to happen in a position in the sky that
allows the light-curve to be scanned with several observations in different
bands over its lifetime.

Current and future time-domain surveys such as ZTF and the Vera C.
Rubin Observatory (Ivezi¢ et al. 2019) are promising tools for the identi-
fication of transient EM counterparts of GW events detected by the LVK
collaboration. The low number density of transient EM events not compat-
ible with regular AGN variability makes them ideal for spatial correlation
analyses like the one presented in this work and for live searches of coun-
terpart candidates of specific GW events, like the one presented in Cabrera
et al. (2024), which focuses on the BBH merger candidate S230992g detected
during the fourth observing run of the LVK collaboration.

Current data suggest that there is no correlation with events detected
by the LVK interferometers, but updating the posterior distribution of fgare
with more data, or data more sensitive to lower amplitude flares, could yield
better constraints on the relation between mergers of compact objects and
AGN flares.
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Appendix: List of GW events

In Table 4.4 we list the properties of the GW events detected during O3 we
used in the analysis presented in this work.

Table 4.4: List of GW events used in the analysis presented in this work. For
each of them we list the ID, the catalogue it is contained in, the size of its 90
per cent credibility localisation area and volume, the Modified Julian Day of the
detection, and the fraction of its 90 per cent credibility level localisation area that
has been observed by ZTF at least 20 times in both the g-band and r-band during
200 days following the GW detection, at a galactic latitude |b| > 10°.

GW ID Catalogue A90 V90 MID  feover
deg?]  [Mpe’]

GW190403 051519 GWTC-2.1 2731 3.872-10'%  58576.2 0.487
GW190408 181802 GWTC-2.1 271 8.922.107  58581.8 0.670
GW190412 053044 GWTC-2.1 25 1.112:10° 58585.2 0.875
GW190413 052954 GWTC-2.1 668 2.017-10° 58586.2 0.539
GW190413 134308 GWTC-2.1 562 2.100-10°  58586.6 0.161
GW190421 213856 GWTC-2.1 1237 1.729-10° 58594.9 0.013
GW190425 081805 GWTC-2.1 8728  7.772-105 58598.3 0.537
GW190426 190642 GWTC-2.1 4559  2.527-10'0  58599.8  0.638
GW190503 185404 GWTC-2.1 103 4.716-10"  58606.8  0.000
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GW ID catalogue A90 V90 MJD feover
[deg®]  [Mpc’]

GW190512 180714 GWTC-2.1 274 9.283-107 58615.8 0.250
GW190513 205428 GWTC-2.1 448 3.805-10%  58616.9 0.590
GW190514 065416 GWTC-2.1 3186 1.063-10'° 58617.3 0.515
GW190517 055101 GWTC-2.1 365  3.042-108  58620.2 0.222
GW190519 153544 GWTC-2.1 672 1.180-10° 58622.6 0.308
GW190521 030229 GWTC-2.1 1021 3.434-10° 58624.1 0.500
GW190521 074359 GWTC-2.1 469 5.611-107 58624.3  0.500
GW190527 092055 GWTC-2.1 3640 7.788-10° 58630.4 0.473
GW190602 175927 GWTC-2.1 739 1.412:10° 58636.7 0.317
GW190620 030421 GWTC-2.1 6443 1.219-10'° 58654.1 0.618
GW190630 185205 GWTC-2.1 960 1.104-108 58664.8 0.507
GW190701 203306 GWTC-2.1 43 3.494-10"  58665.9 1.000
GW190706 222641 GWTC-2.1 2596 7.799-10° 58670.9 0.590
GW190707_ 093326 GWTC-2.1 893  6.443-107 58671.4 0.098
GW190708 232457 GWTC-2.1 11032 9.846:10% 58673.0 0.533
GW190719 215514 GWTC-2.1 3564 1.317-10'° 58683.9 0.612
GW190720 000836 GWTC-2.1 35 2.303-10°  58684.0  0.000
GW190725 174728 GWTC-2.1 2142  3.780-10% 58689.7 0.386
GW190727 060333 GWTC-2.1 100 1.963-108  58691.3 0.235
GW190728 064510 GWTC-2.1 321 2.974-107  58692.3 0.602
GW190731 140936 GWTC-2.1 3532 8.919-10° 58695.6 0.357
GW190803 022701 GWTC-2.1 1012 2.227-10° 58698.1 0.684
GW190805 211137 GWTC-2.1 1538 1.342:10'% 58700.9 0.664
GW190814 211039 GWTC-2.1 22 3.590-10*  58709.9 0.667
GW190828 063405 GWTC-2.1 340  2.502:10%  58723.3 0.205
GW190828 065509 GWTC-2.1 593  2.700-10% 58723.3 0.234
GW190910 112807 GWTC-2.1 8305 5.158-10° 58736.5 0.394
GW190915 235702 GWTC-2.1 432 2417108  58742.0 0.889
GW190916 200658 GWTC-2.1 2368 1.537-10'° 58742.8 0.574
GW190917 114630 GWTC-2.1 1687  1.096:108 58743.5 0.317
GW190924 021846 GWTC-2.1 376 1.209-107  58750.1 0.939
GW190925 232845 GWTC-2.1 876  9.957-107  58752.0 0.232
GW190926 050336 GWTC-2.1 2015 7.945-10° 58752.2 0.355
GW190929 012149 GWTC-2.1 1651  4.851-10° 58755.1 0.468
GW190930 133541 GWTC-2.1 1493 1.223-10%  58756.6 0.223
GW191103 012549 GWTC-3 2171 2.663-108  58790.1 0.692
GW191105 143521 GWTC-3 641  1.250-108  58792.6 0.402
GW191109 010717 GWTC-3 1649  4.863-10%  58796.0 0.308
GW191113_071753 GWTC-3 2484  1.159-10°  58800.3 0.378
GW191126 115259 GWTC-3 1378 5.990-10% 58813.5 0.425
GW191127 050227 GWTC-3 983  3.588.10° 58814.2 0.418
GW191129 134029 GWTC-3 856  5.496:107 58816.6 0.436
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GW ID catalogue A90 V90 MJD feover
[deg®]  [Mpc’]

GW191204 110529 GWTC-3 3380 3.436-10° 58821.5 0.449
GW191204 171526 GWTC-3 256  7.520-106 58821.7 0.284
GW191215 223052 GWTC-3 586  4.535-10% 58832.9 0.299
GW191216 213338 GWTC-3 206 1.280-10° 58833.9 0.282
GW191219 163120 GWTC-3 2232  7.504-107 58836.7 0.465
GW191222 033537 GWTC-3 2168  3.687-10° 58839.1 0.417
GW191230 180458 GWTC-3 1086  4.376-10° 58847.8 0.247
GW200105 162426 GWTC-3 7882  3.345-107 58853.7 0.438
GW200112 155838 GWTC-3 3200 5.599-108 58860.7 0.352
GW200115_ 042309 GWTC-3 512 3.792-106 58863.2 0.329
GW200128 022011 GWTC-3 2415  5.729-10° 58876.1 0.357
GW200129 065458 GWTC-3 31 2.617-10° 58877.3 0.857
GW200202 154313 GWTC-3 150 2.155-10° 58881.7 0.872
GW200208 130117 GWTC-3 30 3.075-107 58887.5 0.000
GW200208 222617 GWTC-3 2040 1.214-10'°0 58887.9 0.397
GW200209 085452 GWTC-3 877 2.325-10° 58888.4 0.664
GW200210 092255 GWTC-3 1387 1.595-108 58889.4 0.555
GW200216 220804 GWTC-3 2924 1.113-10'° 58895.9 0.750
GW200219 094415 GWTC-3 781 1.902-10° 58898.4 0.435
GW200220 061928 GWTC-3 4477  4.333-10'9  58899.3 0.301
GW200220 124850 GWTC-3 3129 1.185-10'0 58899.5 0.475
GW200224 222234 GWTC-3 42 1.947-107 58903.9 0.143
GW200225 060421 GWTC-3 498  8.177-107 58904.3 0.533
GW200302 015811 GWTC-3 6016 2.778-10° 58910.1 0.230
GW200306_ 093714 GWTC-3 3907 4.302-10° 58914.4 0.459
GW200311 115853 GWTC-3 35  5.799-106  58919.5 1.000
GW200316 215756 GWTC-3 187  3.634-107 58924.9 0.217
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Abstract

Statistical analyses based on the spatial correlation between the sky maps
of Gravitational Wave (GW) events and the positions of potential host en-
vironments are a powerful tool to infer the origin of the black hole binary
mergers that have been detected by the LIGO, Virgo, and KAGRA instru-
ments. In this paper, we tighten our previous constraints on the fraction of
detected GW events that may have originated from Active Galactic Nuclei
(AGN). We consider 159 mergers detected not later than June 1st, 2024,
and the all-sky quasar catalogue Quaia. We increase by a factor of 5.3 and
114 the number of considered GW sources and AGN respectively, also ex-
tending our analysis from redshift 0.3 to 1.5. This is possible thanks to the
uniformity of the AGN catalogue and its high level of completeness, which
we estimate as a function of redshift and luminosity. We find at a 95 per
cent credibility level that un-obscured AGN with a bolometric luminosity
higher than 10**%erg s~1 (10*erg s~!) do not contribute to more than the
21 (11) per cent of the detected GW events.

5.1 Introduction

With the only exception of the Gravitational Wave (GW) event GW170817
(Abbott et al. 2017), a confident one-to-one association between the mergers
of compact objects detected by the LIGO-Virgo-KAGRA (LVK) collabora-
tion (Acernese et al. 2015; LIGO Scientific Collaboration et al. 2015; Akutsu
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et al. 2021) and their host galaxy is currently out of reach.

This is primarily caused by the typical size of the uncertainties that are
associated to the sky position and to the luminosity distance of each GW
event. The difficulty of associating each merger to its host environment
hampers our ability to pin down the physical origin of the binary systems
of which the coalescences have been directly measured. In one class of the
possible formation scenarios that have been proposed (see Mapelli 2021, for
a review) binaries of compact objects like binary black holes, binary neutron
stars, and neutron star-black hole binaries are efficiently assembled and
driven to merger in dense environments like globular clusters (Rodriguez
et al. 2016) or nuclear stellar clusters (Chattopadhyay et al. 2023). In
such hosts, binaries can have their semi-major axes shrunk by interactions
with single objects. This binary hardening from single-binary encounters
is important for the formation of systems that are able to merge within a
Hubble time due to loss of orbital energy, emitted in the form of GWs. The
least massive object of the three is expected to be ejected from the location
of the single-binary interaction (Hills & Fullerton 1980; Ziosi et al. 2014),
meaning that the hardened remnant binary will be composed by the two
heaviest elements that partake in the encounter.

Another reason why dynamically dense environments might be the hosts
of the most massive mergers detected by the LVK collaboration is the fact
that their escape velocities can be large enough to retain the recoil-kicked
remnant of a coalescence, turning it into a potential component of a subse-
quent GW event. This “hierarchical merger” scenario might be a physical
interpretation for the existence of stellar-mass Black Holes (sBHs) in the
pair-instability mass gap (Gerosa & Berti 2017, 2019; Yang et al. 2019;
Barrera & Bartos 2022). This discontinuity is predicted between ~ 50Mg,
and =~ 120M in the sBH mass spectrum as a consequence of the complete
disruption of the core during the supernova event at the end of the life
cycle of stars with very high masses, that are therefore expected to leave
no remnant (Heger & Woosley 2002; Belczynski et al. 2016). However, the
astrophysical mass distribution of sBHs predicted by the LVK collaboration
shows evidence for the presence of objects in the pair-instability mass gap
(Abbott et al. 2023a). This challenges the hypothesis that all the merging
systems detected by the LVK collaboration have originated from an isolated
stellar binary.

Accretion discs of AGN are a unique type of potential host environment
for the assembly and the merger of binaries of compact objects. The rea-
son is that in this so-called “AGN formation channel” the binaries and their
components are not expected to interact only with other stellar objects, but
also with the gas the accretion disc consists of. Thanks to this interaction,
the disc might for example capture compact objects that have orbits mod-
erately inclined with respect to its plane (Ostriker 1983; Fabj et al. 2020;
Nasim et al. 2023). These disc captures have the effect of increasing the
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number density of compact objects in the disc, where the binary formation
can be gas-assisted (Tagawa et al. 2020; DeLaurentiis et al. 2023b; Rowan
et al. 2023). Another process which, as far as the formation of merging
binaries of compact objects is concerned, is typical of the AGN scenario is
migration: the radial motion of compact objects orbiting around the central
supermassive black hole. Inward migration takes place in AGN discs where
the net torque exerted by the gas onto the orbiting compact object is nega-
tive (Paardekooper et al. 2010; Bellovary et al. 2016), and can increase the
number density of sSBHs and neutron stars in the inner part of the accretion
disc, facilitating the formation of binaries.

One possible way to put constraints on the fractional contribution of
the AGN channel to the total merger rate of compact object binaries is
through the investigation of the spatial correlation between the sky maps of
the events detected by the LVK collaboration and the positions of observed
AGN. This approach has been first suggested in Bartos et al. (2017a), where
it was estimated that 300 GW detections are needed to statistically prove,
with a significance of 30, the GW-AGN connection if half of the mergers
happened in an AGN. In Corley et al. (2019) it was later found that the
number of required detections decreases by a factor ~ 3 if it is assumed that
the inclination of the binary angular momentum with respect to the line of
sight is known with an uncertainty of 5°. In the simulated GW detections
used in Bartos et al. (2017a) and Corley et al. (2019) the interferometers
of LIGO and Virgo have been assumed to be working at design sensitivity.
This level of instrumental sensitivity is a factor = 2 better with respect to
the one reached by the interferometers during the first three observing runs
(Cahillane & Mansell 2022).

In Veronesi et al. (2022) the analysis presented in Bartos et al. (2017a)
was repeated assuming a realistic distribution of the sizes of the 90 per
cent Credibility Level (CL) localisation volumes (V90) of the mock GW
detections. This distribution has been created by using the sensitivity curves
that characterised the LIGO and Virgo interferometers during their third
observing run (O3). It was found that the amount of data collected during
03 would be enough to prove with a 3¢ significance that the AGN channel
contributes to half of the total merger rate only if the GW events originate
form a rare host population with a number density lower than 10~"Mpc™>.
Integrating the the AGN luminosity function of Hopkins et al. (2007), we
find that this density corresponds to objects in the local Universe with a
bolometric luminosity greater than approximately 10*6erg s=!.

By building on this previous works, the first observational constraint
on the efficiency of the AGN channel was put using the spatial-correlation
approach in Veronesi et al. (2023), where the completeness of the quasar
catalogues used during the cross-match with GW sky maps and the exact
position of the potential host environments have been taken into account for
the first time. By using catalogues of AGN with a spectroscopic estimate
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of redshift of z < 0.3 obtained from Milliquasv7.7b (Flesch 2021) and the
sky maps of the 30 GW events detected in the same redshift range during
the first three observing runs of the LVK collaboration, it was found that
the fraction of the detected mergers that have originated in an AGN more
luminous than 10%5-5erg s=1 (10%*%erg s=1) is not expected to be higher than
0.49 (0.17) at a CL of 95 per cent. A similar statistical investigation has been
conducted also in Veronesi et al. (2024). In this case the sky maps of the GW
events detected during O3 have been cross-matched spatially and temporally
with the 20 unusual AGN flaring activities detected by the Zwicky Transient
Facility (Bellm et al. 2019; Graham et al. 2019) that have been identified in
Graham et al. (2023) as potential transient electromagnetic counterparts.
We find no evidence for a correlation the GW events and the unusual flares.
A similar result has been found in Palmese et al. (2021) analysing the spatial
correlation between the event GW190521 and an unusual flaring activity of
the AGN J124942.3+344929.

In this work we present new observational constraints on the fractional
contribution of the AGN channel to the total merger rate, fagn. We use
a spatial-correlation-based method similar to the one presented in Veronesi
et al. (2023), and apply it to a larger dataset. In particular we use the
sky maps of the GW events detected by the interferometers of the LVK
collaboration up to June 1st, 2024, therefore including data coming from
the fourth observing run (O4). This brings the total number of used sky
maps to 159, which is more than five times the amount of GW events used
in Veronesi et al. (2023). These are cross-matched with the AGN of the
all-sky catalogue Quaia (Storey-Fisher et al. 2024), which is derived from
the catalogue of extra-galactic quasar candidates published by the Gaia
mission (Gaia Collaboration et al. 2023). The remarkable uniformity and
completeness up to z = 1.5 of Quaia make it a relevant tool for all-sky
spatial correlation analyses like the one presented in this work.

In Section 5.2 we present the main characteristics of our dataset, which
includes the different GW detections and the Quaia catalogue. In Section 5.3
we then describe the likelihood function that we maximise in order to obtain
our new constraints on fagn, which are presented in Section 5.4. Finally,
in Section 5.5, we draw the main conclusions regarding the AGN channel
that can be inferred from the results of our analysis, and discuss about
future developments of statistical spatial-correlation-based approaches. We
adopt the cosmological parameters of the Cosmic Microwave Background
observations by Planck (Planck Collaboration et al. 2016): Hy = (67.8 +
0.9) km s Mpc™!, Q= 0.308 + 0.012, and ng = 0.968 + 0.006.
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5.2 Datasets

In this section, we first present the main characteristics of the GW events
the sky maps of which are used in our analysis. We then describe the main
properties of the Quaia catalogue and how we estimate its completeness as a
function of redshift for different sub-samples of it, characterised by different
thresholds of bolometric luminosity, L.

5.2.1 GW events

In this work we use the 159 sky maps of mergers of compact object bina-
ries detected by the interferometers of the LVK collaboration up to June
1st, 2024. In particular, all the GW events from the first three observing
runs are included, with the only exclusion of GW200308 173609 and of
GW200322 091133. These two events are not taken into consideration be-
cause they are poorly localised, and the corresponding value of V90 cannot
be estimated from the currently available posterior samples. Moreover, we
use all the events from the first half of O4 (O4a) as well as all the events
from its second half (O4b) that have been detected not later than June 1st,
2024. For this currently ongoing observing run, we select the detections
that have a probability of being of terrestrial origin smaller than 1 per cent.

The sky maps of the events detected during the first three observing
runs are downloaded from the Gravitational Wave Open Science Center
(Abbott et al. 2023a). We use the posterior samples obtained using the
IMRPHENOMXPHM waveform model (Pratten et al. 2021) for all these
events but GW190425 081805, GW191219 163120, GW200105 162426,
and
GW200115 042309. For these four events we use the MIXED posterior
samples.

The sky maps of the 71 events of O4 are downloaded from the Gravitational-
Wave Candidate Event Database !, operated by the LIGO Scientific Col-
laboration. For each event, we use the most recent version of its sky map,
which is either obtained from the Bilby localisation algorithm (Ashton et al.
2019) or from the Bayestar one (Singer & Price 2016).

Figure 5.1 shows the luminosity distance of all the 159 GW events used
in this work as a function of V90. The median value of the luminosity dis-
tance (2012.3 Mpc) and of V90 (7.67-103Mpc?) are indicated by a horizontal
dashed line and by a vertical one, respectively.

Thttps://gracedb.ligo.org/
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Figure 5.1: Luminosity distance as a function of V90 for the 159 GW events
used in our analysis. The error bars represent an uncertainty of one standard
deviation around the mean of the estimated distance. While the black markers
indicate the mergers detected during the first three observing runs of the LVK
collaboration, the light blue ones represent the events detected in O4, up to June
1st, 2024. The horizontal and the vertical dashed lines mark the median value of
the luminosity distance estimates and of V90, respectively. In addition, we show
the estimated redshift on the right axis.
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5.2.2 Quaia AGN catalogue

In order to obtain tight constraints of fagn with methods based on spatial
correlation like the one used in this work, is important to use an AGN
catalogue that has the highest possible value of completeness. This property
of a catalogue is in general a function of the redshifts, the sky positions,
and the luminosities of the objects it contains.

In the analysis here presented, the Quaia AGN catalogue (Storey-Fisher
et al. 2024) ? is cross-matched with the sky maps of the GW events detailed
in Section 5.2.1. This is done once the completeness of such a catalogue has
been estimated. Quaia is an all-sky catalogue is based on sources identified
as quasar candidates in the third data release of the Gaia mission (Gaia
Collaboration et al. 2023). The final version of this catalogue is obtained
by selecting the objects that have an infrared counterpart in the unWISE
catalogue (Lang 2014; Meisner et al. 2019) and by performing cuts in colours
and proper motion in order to decrease the amount of contaminants (see
Section 3.1 of Storey-Fisher et al. 2024, for details). The result is a catalogue
containing 1,295,502 quasar candidates with a magnitude in the Gaia G-
band magg < 20.5. The redshifts of all these objects are estimated using a
k-Nearest Neighbors model trained on the AGN present in Quaia of which
the spectra are in the 16th Data Release (DR16Q) of the the Sloan Digital
Sky Survey (SDSS) (Lyke et al. 2020).

Figure 5.2 shows the mollweide projection of the sky distribution of the
AGN contained in the Quaia catalogue. The colour of each pixel depends
on the amount of objects in the correspondent position in the sky. The size
of each pixel is =~ 2.557 - 10~* steradians. Its remarkable uniformity outside
the region containing the Milky Way Galactic plane makes Quaia a useful
tool for spatial correlation analyses between AGN and GW events.

The AGN here used during the cross-match with the GW sky maps are
the 660,031 objects present in Quaia that have a redshift estimate not larger
than z = 1.5 and that are in the region of the sky where the galactic latitude
b is either higher than 10° or smaller than —10°. The redshift selection is
performed since all the GW events used in this work are expected to have
taken place in the 0 < z < 1.5 range (see Figure 5.1). We choose not to use
the objects with a small absolute value of galactic latitude for simplicity.
We consider the density of objects in the catalogue to be independent from
their Right Ascension or Declination, as long as they are outside of the
region of the Galactic plane.

The selection function marginalised over redshift that has been mod-
eled for Quaia highlights density variations in regions of the sky outside
the Galactic plane (See Storey-Fisher et al. 2024, Figure 13). In this work
thes selection effects are not taken into account, and we obtain estimates

2All the data concerning the Quaia catalogue, and its modeled selection function are
publicly available at https://zenodo.org/records/8060755.
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Figure 5.2: Mollweide projection of the sky positions in equatorial coordinates of
the 1,295,502 objects contained in the Quaia catalogue with a magnitude magg <
20.5. Different shades of green represent different sky-projected number densities.
The resolution is the one of an HealPix map with NSIDE=64.

of the completeness of Quaia using the sky-averaged number density of ob-
jects with the only exclusion of the Galactic plane (see Section 5.2.3). This
choice is not expected to have a significant effect on our final results, be-
cause during the likelihood-maximisation process we use the average value
of the catalogue’s completeness inside the 90 per cent CL localisation vol-
ume for each GW event, and the sky projection of such regions is usually
much greater than the typical angular size of the modeled number density
variations.

The exclusion of the Galactic plane from Quaia removes only ~ 1.6
per cent of all the objects within z = 1.5 and therefore is not expected to
decrease notably the constraining power of our analysis.

5.2.3 Completeness estimation

The likelihood maximisation method presented in this work requires an es-
timate of the completeness of the AGN catalogue that is used. We therefore
estimate this property of our Quaia AGN sample as a function of redshift
and luminosity. We do so in three steps:

e Estimation of the bolometric luminosity of each object in Quaia with
a redshift estimate not higher than z = 1.5. This sub-section of Quaia
is later referred to as Quaia,_; 5, and it differs from our sample used
during the cross-match with GW sky maps only because in the latter
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the objects in the Galactic plane region have been removed. In Section
5.2.3.1 we describe how these luminosities are evaluated starting from
the magnitudes in the Gaia Grp band (magq,, );

e Comparison of the bolometric luminosities obtained from the Gaia
measurements with the ones calculated from SDSS data and presented
in Wu & Shen (2022). We do this for all the objects that are both in
our sample of Quaia and in SDSS DR16Q, and then use the results of
this comparison to correct the luminosity of each object in our cata-
logue. This step is done in order to have estimates of the luminosities
that are compatible with the ones of SDSS, which is the survey used
during the fit of the luminosity function we compare the number of
objects in our catalogue with to calculate its completeness of our cat-
alogue. The comparison between the luminosity estimates obtained
from Gaia data and the ones from SDSS is detailed in Section 5.2.3.2.;

e Comparison between the number of objects present in our quasar sam-
ple in a specific redshift bin and the ones predicted by the AGN lumi-
nosity function presented in Kulkarni et al. (2019). This is done five
times, considering each time a different threshold in bolometric lumi-
nosity. The comparison with the quasar luminosity function and the
final calculation of the completeness of our catalogue are delineated
in Section 5.2.3.3.

5.2.3.1 Evaluation of bolometric luminosity from magg_ :

To obtain an estimate of the bolometric luminosity of all the objects con-
tained in Quaia, 5, we first calculate the flux density in photo-electrons
per second using the following standard relation:

e _ R s
fVGRP |:?:| =10 2.5 s (51)

where ZPrp vEg = 24.7479 is the photometric zero-point in the Vega system
for the Gaia Grp band. The flux density in Jansky is then calculated by
multiplying f, [%} by the conversion factor ¢, = 3.299 - 1073¢Jy - s/e™.
The values of ZPrp vic and of ¢, are taken from the online documentation
regarding the calibration of Gaia data .

The intrinsic luminosity of each AGN emitted at a rest-frame frequency
of Vg, = 10*-588Hz 4 is then calculated as follows:

—0.657
VGRPLVGRP = VGRPfVGRp (47Td12um) (1 + Z) ) (5'2)

Shttps://www.cosmos.esa.int/web/gaia-users/archive
4this value has been calculated assuming a fiducial wavelength for the Ggp band of

7750A.
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where d),p, is the luminosity distance correspondent to the redshift z of each
object. The last term of Equation 5.2 is used to take into account the shape
of the typical Spectral Energy Distribution (SED) of the objects in Quaia.
The value of the exponent is calculated from a linear fit of the mean SED
of all SDSS quasars presented in Richards et al. (2006). In particular, in
the range between va g, and (1 4 Zmax) Vage (Where, for Quaia, | 5, Zmax =
1.5), we find that:

log (vL,) x log (v) - 0.657 , (5.3)

and therefore

2)0.657

Vele/em - VGRPLVGRP (1 + y (54)

where Vem Ly, is the luminosity emitted in the rest-frame frequency that is
observed at vgp.-

The bolometric luminosity is then calculated by multiplying vgy, L,,GRP
by the value that the frequency-dependent bolometric correction presented
in Richards et al. (2006) has at the frequency vgg,. This value is 11.004.

5.2.3.2 Comparison with the bolometric luminosity estimates of
Wu & Shen (2022)

After computing the bolometric luminosities from the Gaia RP magnitudes
following the procedure described in Section 5.2.3.1, we can now compare
to the ones listed in the catalogue presented in Wu & Shen (2022). This
catalogue contains continuum and emission-line properties of the 750,414
broad-line Quasars of SDSS DR16Q. Among these properties there is the
bolometric luminosity of each AGN, estimated from the continuum lumi-
nosity at the rest-frame wavelengths of 5100, 3000, and 1350 A. We perform
a cross-match between this catalogue and Quaia,_, 5, adopting to arcsec as
matching radius. A total of 136,368 matches are found. For each of these
AGN it is possible to calculate the difference between the logarithm of the
bolometric luminosity estimated from magg, , and the logarithm of the
bolometric luminosity taken from the catalogue of Wu & Shen (2022). The
mean value of the distribution of this differences is 0.073, and its standard
deviation is 0.213. The bolometric luminosities obtained from magg_ , are
on average slightly over-estimated. We then proceed to correct this differ-
ence.

We divide the AGN that are both in Quaia, ;5 and in the catalogue
presented in Wu & Shen (2022) into five bolometric luminosity bins. This
partition is performed using the estimates calculated starting from magg,_ .
Each of these sub-samples is then divided in redshift bins, using the Quaia
estimates of redshift. For each sub-sample in luminosity we choose a dif-
ferent number of linear redshift bins and a different value of the maximum
redshift to consider, to ensure that in each of these bins there are at least
10 objects. In Table 5.1 we list the minimum and the maximum bolometric
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Table 5.1: Partition of the AGN contained both in Quaia,_, 5 and in the cata-
logue presented in Wu & Shen (2022). This partition has been used to compare
the estimates of bolometric luminosity. We list the minimum and the maximum
luminosity of each sub-sample. To perform this subdivision we use the bolometric
luminosity estimates that are obtained starting from magg, . In order to cor-
rect these estimates according to the values contained in the catalogue of Wu &
Shen (2022), we divide each sub-sample of Quaia,_; 5 in linear redshift bins. The
number of these bins for each sub-sample and the maximum value of the redshift
used in this division, which has been done using the Quaia redshift estimates, are
listed in the last two columns.

log (Lbol,min [erg Sil]) IOg (Lbol,max [erg Sil]) Nbins,z Zmax

46.5 - 4 1.5
46 46.5 ) 1.5
45.5 46 8 1.5
45 45.5 9 1.1

- 45 3 0.5

luminosity for each of the five sub-samples, the number of redshift bins in
which it is divided, and the maximum redshift considered in this division.
For each bin in luminosity and redshift, we perform a linear fit be-
tween the logarithm of the bolometric luminosities estimated starting from
magg,. ., and the one of the bolometric luminosities taken from the catalogue
of Wu & Shen (2022). We therefore obtain one set of best-fit parameters
for each bin in luminosity and redshift. We finally use these best-fit param-
eters to correct the bolometric luminosity estimated from magg,  of each
object contained in our quasar sample. These adjusted estimates are the
ones used in the rest of the analysis presented in this paper. The distri-
bution of the difference between the logarithm of the original bolometric
luminosities obtained from the Gaia magnitudes and the logarithm of their
corrected version has a mean of 0.073 and a standard deviation of 0.027.

5.2.3.3 Comparison with the AGN luminosity function of Kulka-
rni et al. (2019)

In order to have an estimate of the completeness of our Quaia sample as a
function of redshift we compare the number of objects it contains with the
expectation value calculated from the AGN luminosity function presented
in Kulkarni et al. (2019). In particular we use the best-fit double power law
function in which the parameters evolve as a function of redshift according
to Model 1 (for the analytical expression see Equations 7, 13, 16, 17, and 18
of Kulkarni et al. 2019, while the best-fit parameters are listed in the first
column of Table 3 of the same paper).

We compare the observed number of AGN with the predicted one for
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five different sub-samples of the catalogue. Each of these sub-samples is
characterised uniquely by a different threshold in bolometric luminosity.
We divide all the sub-samples into 8 linear redshift bins between z = 0
and z = 1.5. We calculate the expected number of objects in each bin by
integrating the luminosity function of Kulkarni et al. (2019). We do this for
each value of luminosity threshold. The luminosity function is expressed as
a function of the absolute monochromatic AB magnitude at a rest frame of
1450A. For this reason, in order to obtain the expected number of objects
as a function of redshift for a specific threshold of bolometric luminosity, we
first convert this luminosity in the UV rest frame magnitude. We do this
using the magnitude-dependent bolometric correction function presented in
Runnoe et al. (2012).

The dashed lines in Figure 5.3 show linear interpolations of the num-
ber of expected AGN in all the different redshift bins, obtained through
the integration of the luminosity function. Different colours correspond to
different bolometric luminosity thresholds. The round markers correspond
to the number of objects brighter than the same threshold luminosities
that are contained in our quasar sample in the different redshift bins, di-
vided by 1 — sin (10°) to take into account our cut in galactic latitude.
For comparison, the crosses show the number of objects in SDSS DR16Q
for each redshift bin and luminosity threshold, divided by Agpss/Asky,
where Agpss = 9,376 deg2 is the area of the footprint of SDSS, and
Agey = 41,253 deg? is the total area of the sky. We take the bolomet-
ric luminosities of the AGN in SDSS DR16Q from the catalogue presented
in Wu & Shen (2022).

We can now compute the completeness for each redshift bin and for
each different cut in bolometric luminosity dividing the sky-area-corrected
number of observed AGN by the expected one. Whenever the former is
greater than the latter, the completeness is set to one. Because of the
selection in galactic latitude we perform, the completeness in the region
where [b| < 10° is zero. The values of the estimated completeness for all the
different redshift bins and the different bolometric luminosity thresholds are
listed in Table 5.2.

5.3 Method

Once the bolometric luminosity has been calculated for each AGN of our
catalogue and the completeness of the latter has been estimated as a function
of redshift and luminosity, we calculate the posterior probability distribution
on fagn. To do so, we use a likelihood function similar to the ones used in
Veronesi et al. (2023) and in Veronesi et al. (2024). The general analytical



CHAPTER 5

101

106.
X 6 __—-e 7 L ¢
10% ¥ ¢ X PN *
3 el
104} - s aat ¥ -8
< g o //X o
4 -~ -
5y 10% —* X -
9 S8 T .-
< X,* )(// P -
=2 ) Z / -7 44.5 -1
10%¢ X 7 v Lpo = 10%*erg s
e ” g Lpo = 10%%erg st
L d
w7 s —== Lpo=10*%erg s~}
e
/,’ —== Lpo = 10%erg s71
7’ - 46.5 -1
1000 // me.zlo ergs
e e Quaia
X SDSS DR16
1071 '. i I
o 3.0}
Zé 2.5 :
S22y . ®
g L ®
8 L0fmmmmmmmm ool R & ----oo- e e S
= 0.5t g ® ®
oot & . , , ] i i L4 8 @
0.0 0.15 0.3 0.45 0.6 0.75 0.9 1.05 1.2 1.35 1.5
z

Figure 5.3: Top panel: Comparison between the expected number of AGN in
specific redshift bins as a function of different bolometric luminosity thresholds
(dashed lines) and the observed number of objects contained in our Quaia sample
(round markers) and in SDSS DR16 (cross markers). The expected numbers have
been calculated integrating the redshift-evolving luminosity function presented in
Kulkarni et al. (2019). Only the objects that have an absolute value of galactic
latitude greater than 10° are in our catalogue, and the area of the SDSS footprint
is & 22.7 per cent of the entire sky area. The numbers of observed AGN have been
renormalized according to this. Bottom panel: Ratio between the number of AGN
in Quaia (NQuaia) and the expected one (Nexp ), as a function of redshift. Different
colors represent the same different luminosity thresholds of the top panel. The
measured decrease of the completeness as a function of redshift above z ~ 0.3,
and the fact that this value goes significantly below unity for the sub-samples
with the three lowest luminosity thresholds, are due to the flux limit of Gaia. We
consider the completeness of our catalogue to be 100 per cent in each bin where
NQuaia 2 Nexp»

~
~
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Table 5.2: Estimated completeness of our Quaia sample in the region of the sky with a galactic latitude greater than 10° or
smaller than —10°. All the values are between 0 and 1, rounded up to the third decimal digit, and are listed for 8 linear redshift
bins as a function of 5 different bolometric luminosity thresholds.

log (Lvor [erg s™1]) >46.5 log (Lpol [erg s']) > 46.0  log (Lyoi [erg s~ ') > 455 log (Lol [erg s™1]) > 45 log (Lpol [erg s™1]) > 445

0.0000 < z < 0.1875 0 0 0.229 0.945 0.718
0.1875 < z < 0.3750 1 1 1 1 0.781
0.3750 < z < 0.5625 1 1 1 1 0.408
0.5625 < 2z < 0.7500 1 0.891 1 0.681 0.211
0.7500 < 2 < 0.9375 1 1 0.994 0.429 0.138
0.9375 < z < 1.1250 1 1 0.837 0.258 0.085
1.1250 < 2 < 1.3125 0.927 0.940 0.576 0.179 0.060
1.3125 < z < 1.5000 1 1 0.482 0.155 0.053
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expression of this function is the following:

Naw

L(facn) = [] £i(facn)

i=1
New
= J] lei-0.90- facn - Si+ (1= ci-0.90- facn) Bi] (5.5)
=1

where Ngw = 159 is the total number of mergers of binaries of compact
objects we consider in the analysis, and ¢; is the average completeness of the
catalogue in the region occupied by the 90 per cent CL localisation volume
of the i-th GW event. The 0.9 factor that multiplies fagn is used to take
into account that we use 90 per cent CL localisation volumes, therefore only
in the 90 per cent of the time the true sources are expected to be within
them.

For every GW event we calculate one value of ¢; for each different bolo-
metric luminosity threshold we use in our analysis. Figure 5.4 shows the
Cumulative Distribution Function (CDF) of ¢; for all these different sub-
samples. Different colours indicate different luminosity thresholds. The
sub-samples with a threshold luminosity of 10%6erg s~! and of 1046-%erg s71,
and that therefore contain only the most luminous and rare AGN, have a
null completeness at low redshift. For this reason ~ 10 per cent of the GW
events have ¢; = 0 when those two catalogues are considered.

In Equation 5.5, S; is the signal probability density and is calculated as

follows:
1 Nacn,voo;

o _ b
S; 790; ; : (5.6)

TAGN,;j

where Naan,voo, is the number of AGN located within the 90 per cent CL
localisation volume of the i-th GW event, which has a size of V90;, and p;,
measured in Mpc ™2, is the probability density representing how likely it is
that the i-th merger has happened in the exact position of the j-th AGN.
Finally, nagn,; is the number density of the AGN catalogue in the redshift
bin where the j-th AGN is. The value of this number density for each AGN
has been obtained by dividing the total number of objects in the redshift
bin in which it is located by the comoving volume enclosed in such a bin,
excluding the region in which |b] < 10°.
The background probability density is calculated as follows:

09
LTV90;

(5.7)

where, in analogy to what has been done in Veronesi et al. (2023) and in
Veronesi et al. (2024), the 0.9 factor ensures that B; and S; have the same
normalisation.
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Figure 5.4: CDF of the values of the average completeness of our AGN catalogue
in the region contained within the 90 per cent CL localisation volume of each of
the 159 GW events used in this work. Different colours correspond to different
sub-samples of the catalogue. Each of these sub-samples is uniquely characterised
by a different value of bolometric luminosity threshold.

We cross-match the sky maps of the 159 GW events with the 5 different
sub-samples of the AGN catalogue separately, using the postprocess.crossmatch
function of the package ligo.skymap. The results of these cross-matches
are used to evaluate £ (fagn) using Equation 5.5. We then calculate the
posterior probability distribution normalising the likelihood function and
assuming a uniform prior on fagn in the [0, 1] range.

5.4 Results

The posterior probability on fagn peaks at fagn = 0 independently on
which bolometric luminosity threshold we consider. In Figure 5.5 is shown
in blue the region of the investigated parameter space that our analysis
rejects with a credibility of 95 per cent.

We show the comparison with previous results, obtained in Veronesi
et al. (2023) using a more limited dataset. This consisted of three cat-
alogues, characterised by three different cuts in bolometric luminosity, of
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spectroscopically identified AGN with redshift z < 0.3, that have been cross-
matched with the 30 GW events detected in the same redshift range during
the first three observing runs of the LVK collaboration. These quasar cata-
logues are selected from the version 7.7b of the Milliquas catalogue (Flesch
2021).

The increase of a factor ~ 5 in the number of sky maps used in the
analysis here presented and the high level of completeness of our Quaia
sample in the redshift range we consider are the causes of the increase in
the constraining power with respect to our previous work.

In Table 5.3 we list how many objects are considered during the cross-
matches, what fraction of our catalogue they consist of, and the upper limits
we put on fagn at 68, 90, and 95 per cent credibility.

The 95 per cent CL upper limit on the fraction of the detected GW
events that originated in an un-obscured AGN brighter than 10**Serg s—!
is 21 per cent. Considering rarer, brighter quasars, the constraints become
tighter. In fact we find with the same level of credibility that no more than
11 per cent of the mergers come from an AGN brighter than 10*%erg s~ 1.
This increase of constraining power is primarily caused by the fact that
the AGN catalogue with the higher luminosity threshold has a higher level
of estimated completeness (See Figure 5.4). Further increasing the value
of the luminosity threshold does not lead to significantly more stringent
constraints.

Figure 5.6 shows the logarithm of the ratio between the single-event
likelihoods (£;) calculated at fagn = 1 and the ones calculated at fagn = 0,
as a function of V90,. Different panels correspond to different bolometric
luminosity thresholds. In each plot the markers are coloured according to
the average completeness inside the localisation volume of the corresponding
merger. The dashed horizontal lines indicate where the logarithm has a null
value, therefore where £; (fagn = 1) = £; (faecny = 0). The markers above
these lines correspond to GW events for which the hypothesis of random-
chance association between merger sky maps and AGN is disfavoured.

One candidate GW event in particular, S240511i, detected during the
second half of O4, corresponds to a value of £; (fagn = 1) /L; (fagn = 0)
which is greater than one, independently from the luminosity threshold.
The corresponding marker is particularly evident in top part of the first two
panels of Figure 5.6. In the case of the cross-match with the sub-sample of
our catalogue with AGN brighter than 10*5-erg s=! (10%%erg s=1), for this
GW event log (£; (facny = 1) /L; (fagny = 0)) =~ 1.32 (0.72). In particular,
two AGN brighter than 10*6-5erg s~! are found within the 90 per cent CL
localisation volume, which in the case of this GW event has a size of V90 ~
107%4Mpc®. Rounding to the second decimal digit, the right ascensions
of the two quasars are 167.22° and 175.58°, their declinations are —23.64°
and —13.35°, and their redshift estimates from Quaia are 0.37 and 0.40.
The values of the number density of the sub-sample of the AGN catalogue
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with Ly > 10%6%erg s~ in the two different redshift bins that contain the
two matching quasar candidates are ~ 10~8-86Mpc ™ and ~ 10815 Mpc 2.
The total probabilities within the 3D credible regions of the GW sky map
containing them are = 0.53 and ~ 0.77.

The value of the single-event likelihood evaluated at fagn = 1 is much
higher than the one evaluated at fagn = 0 because two AGN are found
within the 90 per cent CL localisation volume while due to random chance
0.06 (0.31) would be expected in the redshift bin with a number density of
nagn ~ 107886 Mpce =3 (nagn =~ 10_8'151\/Ipc_3)7 considering the V90 of the
GW detection.

While the single-event likelihood function for S240511i favours the hy-
pothesis of an AGN origin, the statistical framework used in this work is
focused on analysing the entire population of GW events. The results con-
cerning this specific event are to be considered as hints, not as statistically
significant conclusions. Follow-up analyses, conducted especially when the
full catalogue of mergers detected during O4 will we published, will be nec-
essary to confidently assess whether or not this merger has an AGN origin.

5.5 Discussion and conclusion

In this work we present new observational constraints on the fractional con-
tribution of the AGN channel to the total observed merger rate of binaries
of compact objects, fagn. These constraints are obtained using the same
spatial-correlation-based approach used in Veronesi et al. (2023). With re-
spect to our previous work, we make use of a new, larger dataset, which
consists of 159 GW events detected by the interferometers of the LVK col-
laboration not later than June 1st, 2024, and of the all-sky AGN catalogue
Quaia. In particular we use all the AGN contained in this catalogue that
have a redshift estimate z < 1.5 and an absolute value of the galactic lati-
tude |b] > 10°.

We estimate the bolometric luminosity of every AGN using the mag-
nitudes in the Gaia Ggrp band. We also estimate the completeness of our
catalogue as a function of redshift for different values of bolometric lumi-
nosity threshold. The average value of the completeness within the 90 per
cent CL localisation volume of each GW event is used during the likelihood
maximisation process.

We calculate the posterior probability function on fagn for different
thresholds on the bolometric luminosity. We find that this function always
peaks at fagn = 0. We calculate the upper limits of the 68, 90, and 95
per cent credibility intervals on fagn. The main results of this work are
summarised in Figure 5.5 and in Table 5.3. In particular we estimate that
no more than the 21 per cent of the detected GW events used in our analysis
originated from an un-obscured AGN with a bolometric luminosity higher
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than 10%**%erg s~! with 95 per cent credibility. Objects brighter than such
threshold consist of almost the entirety of our Quaia sample. Fainter objects
are not included due to the flux limitations of Gaia. Tighter constraints are
obtained when higher luminosity thresholds are considered. In particular
we find that fagn is not greater than 11 per cent at a CL of 95 per cent
when un-obscured quasars brighter than 10%°erg s~! are considered.

Thanks to the increase of a factor &~ 5 with respect to Veronesi et al.
(2023) in the number of used GW events, and to the high level of complete-
ness of the quasar catalogue, we are able to put much tighter constraints
on the efficiency of the AGN channel (see Figure 5.5 for a comparison with
our previous work).

Our results have been obtained under some assumptions, which are in-
evitable when inferring the properties of AGN in large catalogues. In order
to calculate the bolometric luminosities of the objects of Quaia we have
to assume a shape of the typical SED and a value for the bolometric cor-
rection. We take the values of these AGN properties from Richards et al.
(2006) in order to be consistent with the dataset presented in Wu & Shen
(2022), which we use to adjust the bolometric luminosities obtained from
Gaia magnitudes. Different assumptions on the SED and on the bolometric
correction might lead to different estimates of the bolometric luminosities.

To calculate the completeness of our catalogue, we compare the ob-
served number of AGN with the expected one, which is obtained from the
integration of a luminosity function. We choose to use the one presented
in Kulkarni et al. (2019) because our bolometric luminosities are calibrated
on their SDSS-based estimates from Wu & Shen (2022), and in the redshift
range we consider that luminosity function has been fitted on AGN from
SDSS, which is a survey that contains un-obscured AGN detectable in the
optical band, just like the ones contained in Quaia.

An accurate estimation of the uncertainty on the completeness of the
AGN catalogue for each redshift bin and luminosity threshold is non-trivial.
Factors that would have to be taken into account are the uncertainty on
the measurements of the magnitude in the Gaia Grp band, the potential
contamination of the catalogue with stars or galaxies, the uncertainties on
the redshift estimates, on the SED shape, and on the bolometric correction.
Moreover, the luminosity function we compare the observed number of AGN
with has an intrinsic scatter. With the only exclusion of the first redshift bin
of the two sub-samples characterised by the highest luminosity thresholds,
the numbers of observed objects used for the calculation of the completeness
(see Figure 5.3) are high enough for the systematics mentioned above to be
considered the dominant source of uncertainty, since we are in general not
limited by low number counts.

As far as our analysis is concerned, taking into consideration the uncer-
tainty on the completeness is not expected to change the results significantly.
This is because, as described in Section 5.3, we use the average value of the
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completeness within the localisation volumes of the GW events to weight the
contribution of each of them to the total likelihood; the constraining power
of our method scales linearly with the completeness of the AGN catalogue,
and changes in this parameter are not expected to lead to any significant
variation on the value of the best estimate for fagn. For this reason, we
choose to use the values of completeness listed in Table 5.2 throughout our
analysis.

Another important caveat to mention is that our analysis and the con-
straints we are able to put concern un-obscured AGN, which are visible
both in the optical and in the infrared band. In order to extend our conclu-
sions to the entire population of AGN, one should take into account what
fraction of them is not visible in the wavelengths observed by Gaia and by
WISE, which are the two surveys from which Quaia has been created from.
This obscuration fraction is in general expected to increase as a function
of redshift and to decrease as a function of luminosity (Merloni et al. 2014;
Ueda et al. 2014).

The observational constraints presented in this work consist of a gener-
alisation of the ones obtained in Veronesi et al. (2023). Here we investigate
a wider range of AGN luminosities and the entirety of the redshift range
reached by the interferometers of the LVK collaboration. For this reason,
in order to obtain in the future even more general results one will need an
all-sky AGN catalogue with a lower threshold in flux with respect to Quaia,
to be able to extend the analysis to the faint-end of the un-obscured AGN
population. We estimate that no more than one GW event out of five has
originated in an un-obscured AGN with a bolometric luminosity higher than
10*4erg s~1, but a larger fraction might still come from fainter objects, or
from obscured ones.

While the results of this work demonstrate that the efficiency of the
AGN channel can already be investigated with spatial-correlation analyses
using the currently available data, in the next years it will be possible to put
even tighter constraints using all the events that will be detected in the rest
of O4 as well as the ones that will be detected during the fifth observing
run of the LVK collaboration, O5. Using more data could either reduce
the upper limits on fagn, or it could cause a shifting of the value of such
parameter that maximised the posterior distribution, moving it away from
Zero.

Future developments of the statistical method used in this work involve
also the introduction of physically-motivate priors on the intrinsic binary
properties. Different binary formation channels are indeed expected to pro-
duce different features in the distributions of the masses and the spins of
the merging systems, as well as on their eccentricity. The analysis here
presented has been kept purposely agnostic as far as the physics of the for-
mation mechanism is concerned. Introducing physically-motivated changes
in the likelihood function might result in different constraints on fagn and
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will inform us on which are the intrinsic binary parameters that are able to
add more information to the analysis.
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ENGLISH SUMMARY

When two very compact astrophysical objects, such as black holes, orbit
around each other and then merge, they emit gravitational waves. This
type of signal consists of perturbations in the structure of spacetime that
propagate through the Universe, like the ripples that form on the surface of
a pond when a pebble is dropped into it, or the small deformations in the
air that travel from the mouth of the speaker to the ear of the listener.

Some events that emit gravitational waves, like the merger of a binary
system of black holes, are not expected to emit any light. For this reason
they cannot be detected by any type of telescope or radio-interferometer.
However, almost ten years have now passed since the first direct detection
of the spacetime ripples produced during the merger of a binary black hole.
Since then, ninety coalescences have been confidently observed by the inter-
ferometers of the LIGO-Virgo-KAGRA collaboration. These instruments
are in fact able to detect the variations in the distance between objects
caused by the passing of a gravitational wave generated from the mergers
of compact objects with a mass not bigger than approximately one-hundred
times that of the Sun.

Despite the increasing number of binary black hole mergers that have
been directly detected, the physical origin of these systems is still debated.
The various formation paths that have been proposed can be grouped into
two main categories: the isolated stellar binary scenario, and the dynam-
ical evolution scenario. According to the former, the mergers of compact
objects we detect are the result of the evolution of bound systems of two
massive stars. Conversely, in the dynamical evolution scenario binary for-
mation takes place in environments with a high density of stars and compact
objects like black holes and neutron stars, and is mainly driven by their re-
peated gravitational interactions with each other. To this second category
of possible formation paths belongs the so-called “Active Galactic Nuclei
(AGN) formation channel”. In this particular scenario binaries are created
and driven to merge inside discs of gas that orbit around black holes with a
mass greater than millions of times that of the Sun. This gaseous material
falls into the massive black hole, and its gravitational energy is converted
into light. This process is called accretion, and the astrophysical systems
just described which are fueled by it are called AGN.

The main limiting factor in determining the most efficient formation
channel for the detected merging systems is that only for the special case
of the binary neutron star merger GW170817 it is possible to pinpoint the
galaxy in which it took place. This is due to the typical uncertainty on
the localisation of a gravitational wave event being large enough to contain
thousands of galaxies. It is therefore currently impossible to consistently
match each detected coalescence with its host environment.

However, spatial correlation analyses can be used to put constraints
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on the fractional contribution to the total merger rate of specific binary
formation paths, like the AGN channel. These analyses consist of checking
whether there is or not a correlation between the positions of potential hosts
(e.g. AGN) and the distribution of the regions of the Universe that are the
localisation volumes of the various detected mergers.

In Chapter 2 of this thesis is presented a spatial correlation analysis
aimed to forecast how many direct detections of binary black hole merg-
ers are needed in order to confidently reject the hypothesis according to
which there is no connection between those events and AGN. This number
is calculated as a function of the fraction of gravitational wave events that
actually take place in one of such hosts. To get our results we use mock
data we created, and that have properties similar to the real detections of
the third observing run of the LIGO and Virgo interferometers, that lasted
from April, 2019 to March, 2020.

We find that the data collected during the observing run are enough
to reject the no-connection hypothesis, if rare AGN are considered. In
particular, we estimate that a 30 rejection is possible if one considers only
potential hosts with a number density not greater than 10~7-"Mpc ™2, and if
at least 30 per cent of the detected binary black hole mergers have happened
in one of these observed AGN.

Chapter 3 presents the first observational constraints on the fractional
contribution of the AGN channel to the total binary black hole merger
rate. To obtain these results we developed a new version of the spatial-
correlation-based method used in the analysis detailed in Chapter 2. This
updated approach takes into consideration the fraction of AGN that, while
existing, are not present in the catalogue, and the exact position of these
potential hosts within the localisation volumes of the gravitational wave
detections.

After testing the validity of the method on mock data, we apply it on real
ones. We find that the majority of the detected mergers has not happened
in a very luminous AGN. In particular we estimate that potential hosts
more luminous than 10%5-5erg s~ (10%erg s=1) do not contribute to more
than the 49 (17) per cent of the total merger rate in the local Universe, up
to redshift z = 0.3.

When a merger between two inspiraling black holes occurs, the remnant
is a third black hole, which gets imparted a recoil kick, and moves away from
the site of the coalescence. If this happens in a gaseous environment, like
the accretion disc of an AGN, the interaction between the remnant black
hole and the surrounding medium may result in the emission of energy in
the form of electro-magnetic radiation, light.

In Chapter 4 an analysis is detailed that aims to check whether there is
or not a spatial correlation between the localisation volumes of the mergers
detected during the third observing run of the LIGO-Virgo-KAGRA collab-
oration and the positions of 20 AGN that had flaring activities identified as



SUMMARY 125

potential electro-magnetic counterparts of the gravitational waves.

Our finding is that the hypothesis according to which there is no-connection
between the gravitational signals and the electro-magnetic ones cannot be
confidently rejected, and that the observed presence of a fraction of the flar-
ing AGN within the localisation volumes of gravitational wave events may
be due to random chance.

The last part of this thesis, Chapter 5, consists of the description of
a generalisation of the work that has been presented in Chapter 3. We use
the same spatial-correlation-based method to put tighter constraints on the
fraction of observed gravitational wave events that have taken place in an
AGN. We do this by using a larger dataset, composed of all the detections
of the LIGO-Virgo-KAGRA collaboration up to June 1st, 2024, and Quaia,
an all-sky AGN catalogue that has a very high level of completeness in the
whole region of the Universe probed by the gravitational waves interferom-
eters.

This new dataset allows us to put constraints also regarding the pop-
ulation of fainter and more numerous AGN with respect to the ones used
in our previous work. We find that no more than 21 (11) per cent of the
gravitational wave events are expected to have happened in AGN with a
luminosity higher than 10**%erg s=! (10*%erg s71).

This thesis demonstrates that spatial correlation analyses can be used to
put observational constraints on the origin of binaries of compact objects,
while remaining purposely agnostic regarding the imprint of each specific
formation channel on the intrinsic parameters of the merging systems. The
observational results of these methods are therefore to be considered com-
plementary to the ones of in-depth investigations on the physical processes
that create the observed gravitational wave events.






NEDERLANDSE
SAMENVATTING

Wanneer twee zeer compacte astrofysische objecten, zoals zwarte gaten, om
elkaar heen draaien en vervolgens samensmelten, zenden ze zwaartekrachts-
golven uit. Dit type signaal bestaat uit verstoringen in de structuur van de
ruimtetijd die zich door het heelal voortplanten, zoals de rimpelingen die
zich op het oppervlak van een vijver vormen wanneer er een kiezelsteen in
wordt gegooid, of de kleine vervormingen in de lucht die van de mond van
de spreker naar het oor van de luisteraar reizen.

Van sommige gebeurtenissen die zwaartekrachtsgolven uitzenden, zoals
de samensmelting van een binair systeem van zwarte gaten, wordt niet ver-
wacht dat ze licht uitzenden. Om deze reden kunnen ze niet worden gedetec-
teerd door een telescoop of radio-interferometer. Het is echter bijna tien jaar
geleden dat de eerste directe detectie plaatsvond van de ruimtetijdrimpelin-
gen die werden geproduceerd tijdens de samensmelting van twee zwarte ga-
ten. Sindsdien zijn negentig samensmeltingen met zekerheid waargenomen
door de interferometers van de LIGO-Virgo-KAGRA-samenwerking. Deze
instrumenten zijn in staat om de variaties in de afstand tussen objecten te
detecteren die worden veroorzaakt door het passeren van een zwaartekracht-
golf die wordt gegenereerd door de samensmelting van compacte objecten
waarvan de massa niet groter is dan ongeveer honderd keer die van de zon.

Ondanks het toenemende aantal samensmeltingen tussen zwarte gaten
die direct zijn gedetecteerd, wordt de fysieke oorsprong van deze systemen
nog steeds bediscussieerd. De verschillende oorsprongen, ook wel formatie-
kanalen, die zijn voorgesteld, kunnen worden gegroepeerd in twee hoofdcate-
gorieén: de geisoleerde dubbelster oorsprong en de dynamische evolutie oor-
sprong. Volgens het eerste scenario zijn de binaire systemen van compacte
objecten waarvan we de samensmeltingen detecteren het resultaat van de
evolutie van een gebonden systeem van twee massieve sterren. Omgekeerd
vindt in het dynamische evolutie scenario de vorming van binaire systemen
plaats in omgevingen met een hoge dichtheid aan sterren en compacte ob-
jecten zoals zwarte gaten en neutronensterren, en wordt voornamelijk aan-
gestuurd door hun herhaalde zwaartekrachtinteracties met elkaar. Tot deze
tweede categorie van mogelijke formatiekanelen behoort het zogenaamde
"AGN-fomatiekanaal". In dit specifieke scenario worden dubbelsterren ge-
creéerd en aangestuurd om samen te smelten in schijven van gas die rond
zwarte gaten draaien met een massa die miljoenen keren groter is dan die
van de zon. Dit gasvormige materiaal valt in het enorme zwarte gat en
de zwaartekrachtenergie wordt omgezet in licht. Dit proces wordt accretie
genoemd en de astrofysische systemen die net zijn beschreven en die erdoor
worden gevoed, worden actieve galactische kernen of AGN genoemd.

De belangrijkste beperkende factor in het onderzoek naar wat het meest
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efficiénte formatiekanaal is voor de gedetecteerde samensmeltende syste-
men, is dat alleen voor het speciale geval van de samensmelting van binaire
neutronensterren GW170817 het mogelijk is om het sterrenstelsel te loka-
liseren waarin het plaatsvond. Dit komt doordat de typische onzekerheid
over de lokalisatie van een zwaartekrachtgolf groot genoeg is om duizen-
den sterrenstelsels te bevatten. Het is daarom momenteel onmogelijk om
elke gedetecteerde samensmelting consistent toe te wijzen aan zijn gastheer
omgeving.

Ruimtelijke correlatieanalyses kunnen echter worden gebruikt om beper-
kingen op te leggen aan de fractionele bijdrage aan de totale samensmelting
snelheid van specifieke formatiekanalen, zoals het AGN-kanaal. Deze ana-
lyses bestaan uit het controleren of er al dan niet een correlatie is tussen
de posities van potentiéle gastheren (bijv. AGN) en de distributie van de
regio’s van het heelal die de lokalisatievolumes zijn van de verschillende
gedetecteerde samensmeltingen.

In Hoofdstuk 2 van dit proefschrift wordt een ruimtelijke correlatie ana-
lyse gepresenteerd die is bedoeld om te voorspellen hoeveel directe detecties
van binaire zwartegaten fusies nodig zijn om de hypothese volgens welke er
geen verband is tussen die gebeurtenissen en AGN, met zekerheid te verwer-
pen. Dit aantal wordt berekend als een functie van de fractie van zwaarte-
krachtsgolven die daadwerkelijk plaatsvinden in AGN. Om onze resultaten
te verkrijgen, gebruiken we gesimuleerde gegevens die we hebben gecreéerd
en die eigenschappen hebben die vergelijkbaar zijn met de echte detecties
van de derde observatieperiode van de LIGO- en Virgo-interferometers, die
duurde van april 2019 tot maart 2020.

We stellen vast dat de gegevens die tijdens de observatieperiode zijn
verzameld, voldoende zijn om de hypothese van geen verband te verwerpen,
als zeldzame AGN worden beschouwd. In het bijzonder schatten we dat
een 3o-afwijzing mogelijk is als men alleen potentiéle gastheren met een
aantaldichtheid van niet meer dan 10~7°Mpc ™ in overweging neemt, en
als ten minste 30 procent van de gedetecteerde binaire zwarte gatfusies in
een van deze waargenomen AGN heeft plaatsgevonden.

Hoofdstuk 3 presenteert de eerste observationele beperkingen op de frac-
tionele bijdrage van het AGN-kanaal aan de totale binaire zwarte gatfusie-
snelheid. Om deze resultaten te verkrijgen, hebben we een nieuwe versie
ontwikkeld van de op ruimtelijke correlatie gebaseerde methode die is ge-
bruikt in de analyse die in hoofdstuk 2 is beschreven. Deze bijgewerkte
aanpak houdt rekening met de fractie van AGN die, hoewel ze bestaan, niet
in de catalogus aanwezig zijn, en de exacte positie van deze potentiéle hosts
binnen de lokalisatievolumes van de zwaartekrachtgolf detecties.

Nadat we de geldigheid van de methode op gesimuleerde data hebben
getest, passen we deze toe op echte data. We ontdekken dat de meerderheid
van de gedetecteerde samensmeltingen niet hebben plaatsgevonden in zeer
lichtgevende AGN. In het bijzonder schatten we dat potentiéle gastheren die
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helderder zijn dan 10%%-%erg s=* (10%*%erg s~!) niet bijdragen aan meer dan
49 (17) procent van de totale samensmeltings snelheid in het lokale heelal,
tot een roodverschuiving z=0.3. Wanneer een fusie tussen twee samenko-
mende zwarte gaten plaatsvindt, is het overblijfsel een derde zwart gat, dat
een terugslag ondervindt en zich verwijdert van de plaats van de samensmel-
ting. Als dit gebeurt in een gasvormige omgeving, zoals de accretieschijf van
een AGN, kan de interactie tussen het resterende zwarte gat en het omrin-
gende medium de emissie van energie in de vorm van elektromagnetische
straling, licht, veroorzaken.

In Hoofdstuk 4 wordt een analyse beschreven die tot doel heeft te con-
troleren of er een ruimtelijke correlatie is tussen de lokalisatievolumes van
de samensmeltingen die zijn gedetecteerd tijdens de derde observatieperiode
van de LIGO-Virgo-KAGRA-samenwerking en de posities van 20 AGN met
opvlammende activiteiten die zijn geidentificeerd als potentiéle elektromag-
netische tegenhangers van de zwaartekrachtsgolven.

Onze bevinding is dat de hypothese volgens welke er geen verband is
tussen de zwaartekrachtsignalen en de elektromagnetische signalen niet met
zekerheid kan worden verworpen, en dat de waargenomen aanwezigheid van
een fractie van de opvlammende AGN binnen de lokalisatievolumes van
specifieke zwaartekrachtsgolven te wijten kan zijn aan toeval.

Het laatste deel van dit proefschrift, Hoofdstuk 5, bestaat uit de beschrij-
ving van een generalisatie van het werk dat is gepresenteerd in Hoofdstuk
3. We gebruiken dezelfde op ruimtelijke correlatie gebaseerde methode om
strengere beperkingen op te leggen aan de fractie van waargenomen zwaarte-
krachtsgolven die hebben plaatsgevonden in een AGN. We doen dit door een
grotere dataset te gebruiken, samengesteld uit alle detecties van de LIGO-
Virgo-KAGRA-samenwerking tot 1 juni 2024, en Quaia, een volledige-hemel
AGN-catalogus die een zeer hoog niveau van volledigheid heeft in de hele
regio van het heelal die wordt onderzocht door de gravitatiegolf detectors.

Deze nieuwe dataset stelt ons in staat om ook beperkingen op te leg-
gen met betrekking tot de populatie van zwakkere en talrijkere AGN met
betrekking tot die welke in ons vorige werk zijn gebruikt. We vinden dat
niet meer dan 21 (11) procent van de zwaartekrachtsgolven naar verwachting
hebben plaatsgevonden in AGN met een lichtsterkte hoger dan 10%*%erg s~!
(10%%erg s 1).

Dit proefschrift toont aan dat ruimtelijke correlatieanalyses gebruikt
kunnen worden om observationele beperkingen op te leggen aan de oor-
sprong van binaire systemen van compacte objecten, terwijl doelbewust
agnostisch wordt gebleven met betrekking tot de bijdrage van elk specifiek
formatiekanaal op de intrinsieke parameters van de samensmeltende sys-
temen. De observationele resultaten van deze methoden moeten daarom
worden beschouwd als complementair aan die van diepgaande onderzoeken
naar de fysieke processen die de waargenomen gravitatiegolven creéren.






RIASSUNTO IN ITALIANO

Quando due oggetti astrofisici molto compatti, come due buchi neri, orbi-
tano I'uno attorno all’altro per poi fondersi, emettono onde gravitazionali.
Questo tipo di segnale consiste in perturbazioni nella struttura dello spazio-
tempo che si propagano nell’Universo come le increspature che si formano
sulla superficie di uno stagno quando un sassolino vi viene gettato dentro, o
come le piccole deformazioni nell’aria che viaggiano dalla bocca di chi parla
all’orecchio di chi ascolta.

Alcuni eventi che emettono onde gravitazionali, come la fusione di un
sistema binario di buchi neri, non é previsto che emettano luce. Per questa
ragione non possono essere rilevati da nessun tipo di telescopio o di ra-
diointerferometro. Ad ogni modo, quasi dieci anni sono passati dalla prima
rilevazione diretta di increspature nello spaziotempo prodotte durante la
fusione di un sistema binario di buchi neri. Da allora, novanta coalescenze
sono state osservate con sicurezza dagli interferometri della collaborazione
LIGO-Virgo-KAGRA. Questi strumenti sono difatti in grado di rilevare le
variazioni nella distanza tra oggetti causate dal passaggio di un’onda gra-
vitazionale generata dalla fusione di oggetti compatti la cui massa non &
maggiore di circa un centinaio di volte quella del Sole.

Nonostante il numero di fusioni di sistemi binari di buchi neri che sono
stati direttamente rilevate sia in aumento, la loro origine fisica ¢ ancora og-
getto di discussione. I processi di formazione finora proposti possono essere
suddivisi in due categorie principali: lo scenario che coinvolge I’evoluzione di
un sistema binario isolato di stelle e quello di evoluzione dinamica. Secon-
do il primo dei due, i sistemi binari di oggetti compatti di cui rileviamo le
fusioni sono il risultato dell’evoluzione di un sistema legato formato da due
stelle massicce. Al contrario, nello scenario di evoluzione dinamica, la for-
mazione del sistema binario avviene in ambienti con un’alta densita di stelle
e oggetti compatti come buchi neri e stelle di neutroni, ed & principalmente
guidata dalle ripetute interazioni gravitazionali che avvengono tra di loro.
A questa seconda categoria di possibili processi di formazione appartiene
la cosiddetta “formazione in AGN”. In questo specifico scenario i sistemi
binari sono creati e guidati alla fusione dentro dischi di gas che orbitano
attorno a buchi neri dalla massa superiore a milioni di volte quella del Sole.
Tale materiale gassoso cade dentro il buco nero massiccio e la sua energia
gravitazionale viene convertita in luce. Questo processo prende il nome di
accrescimento, e i sistemi astrofisici appena descritti che sono alimentati da
esso sono chiamati nuclei galattici attivi (in inglese Active Galactic Nuclei,
AGN).

Il principale fattore limitante nell’indagine su quale sia il piu efficiente
processo di formazione per i sistemi la cui la coalescenza viene rilevata é
che solo per il caso speciale della fusione tra stelle di neutroni denominata
GW170817 ¢é possibile individuare con esattezza la galassia in cui essa é
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avvenuta. Questo perché il volume di Universo che rappresenta l'incertezza
tipica sulla localizzazione degli eventi che emettono onde gravitazionali &
abbastanza grande da contenere migliaia di galassie. Pertanto, é al momento
impossibile associare in maniera consistente ogni coalescenza rilevata al suo
luogo d’origine.

Ciononostante, si possono usare analisi di correlazione spaziale per porre
vineoli su quale sia il valore della frazione del tasso totale di fusioni alla qua-
le contribuisce ciascuno degli specifici processi di formazione, come quello
in AGN. Queste analisi consistono nel controllare se esiste o no una corre-
lazione tra le posizioni dei potenziali ambienti ospiti (come gli AGN) e la
distribuzione delle regioni dell’Universo che sono i volumi di localizzazione
delle varie fusioni rilevate.

Nel Capitolo 2 di questa tesi viene presentata un’analisi di correlazio-
ne spaziale mirata a predire quante rilevazioni dirette di fusioni di buchi
nere siano necessarie per rigettare con confidenza 'ipotesi secondo cui non
esiste alcuna connessione tra quegli eventi e gli AGN. Questo numero ¢ cal-
colato in funzione della frazione di eventi generatori di onde gravitazionali
che effettivamente avviene in uno di tali ambienti ospiti. Per ottenere i
nostri risultati, usiamo dati simulati da noi creati in modo tale da avere le
stesse proprieta delle vere rilevazioni della terza campagna osservativa degli
interferometri di LIGO e Virgo, durata da Aprile 2019 a Marzo 2020.

Troviamo che i dati raccolti durante la campagna osservativa sono suf-
ficienti a rigettare 'ipotesi secondo cui non vi é nessuna connessione se si
considerano AGN rari. In particolare stimiamo che un rigetto con una con-
fidenza pari a 30 é possibile solo se si considerano potenziali ambienti ospiti
che hanno una densita di numero pari a 10~7*Mpc ™ e se almeno il 30
percento delle fusioni di sistemi binari di buchi neri che vengono rilevate ¢
avvenuto in uno di questi AGN osservati.

Il Capitolo 3 presenta i primi vincoli osservativi sul valore della fra-
zione del tasso totale di fusioni di sistemi binari di buchi neri alla quale
contribuisce la formazione in AGN. Per ottenere questi risultati abbiamo
sviluppato una nuova versione del metodo basato sulla correlazione spaziale
usato nell’analisi descritta nel Capitolo 2. Questo nuovo approccio tiene in
considerazione la frazione di AGN esistenti ma non contenuti nel catalogo e
I’esatta posizione di questi potenziali ospiti dentro i volumi di localizzazione
delle rilevazioni di onde gravitazionali.

Una volta testata la validita del metodo su dati simulati, lo applichiamo
a dati reali. Troviamo che la maggior parte delle fusioni rilevate non é
avvenuta in un AGN molto luminoso. In particolare stimiamo che potenziali
ospiti pitt luminosi di 10%5-5erg s~ (10%%erg s=1) non contribuiscono a piu
del 49 (17) percento del tasso totale di fusioni nell’Universo locale, fino ad
un valore di spostamento verso il rosso di z = 0.3.

Quando avviene una fusione tra due buchi neri che precedentemente si
trovavano in un’orbita di avvicinamento di uno rispetto all’altro, cid che
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rimane ¢ un terzo buco nero a cui viene impartito un rinculo e che quindi
si allontana dal luogo della coalescenza. Se cid avviene in un ambiente
gassoso, come il disco di accrescimento di un AGN, l'interazione tra il buco
nero residuo ed il mezzo circostante pud causare I’emissione di energia sotto
forma di radiazione elettromagnetica, ovvero luce.

Nel Capitolo 4 viene descritta un’analisi mirata a controllare se vi & o
no una correlazione tra i volumi di localizzazione delle fusioni rilevate nella
terza campagna osservativa della collaborazione LIGO-Virgo-Kagra e le po-
sizioni di 20 AGN che hanno avuto improvvisi balzi in luminosita, identificati
come potenziali controparti elettromagnetiche delle onde gravitazionali.

Cio che troviamo ¢ che l'ipotesi secondo la quale non esiste alcuna con-
nessione tra i segnali gravitazionali e quelli elettromagnetici non puo essere
rigettata con confidenza e che il fatto che parte degli AGN con gli improv-
visi balzi in luminosita sia dentro i volumi di localizzazione degli eventi
generatori di onde gravitazionali puo essere dovuto al caso.

L’ultima sezione di questa tesi, il Capitolo 5, consiste nella descrizione
di una generalizzazione del lavoro presentato nel Capitolo 3. Usiamo lo stes-
so metodo basato sulla correlazione spaziale per porre vincoli piut stringenti
sul valore della frazione dei rilevati eventi generatori di onde gravitazionali
che ¢ avvenuta in un AGN. Cio viene fatto usando un insieme di dati pin
ampio, composto da tutte le rilevazioni fatte dalla collaborazione LIGO-
Virgo-KAGRA entro e non oltre il primo Giugno 2024 e Quaia, un catalogo
di AGN a tutto cielo che ha un elevato livello di completezza nell’intera
regione dell’Universo sondata dagli interferometri per onde gravitazionali.

Questo nuovo insieme di dati ci permette di porre vincoli anche conside-
rando una popolazione di AGN piu fiochi e numerosi rispetto a quelli utiliz-
zati nel nostro precedente lavoro. Troviamo che ci si aspetta che non piit del
21 (11) percento degli eventi generatori di onde gravitazionali sia accaduto
in AGN con una luminosita maggiore di 10%*-5erg s=! (10*%erg s71).

Questa tesi dimostra che analisi di correlazioni spaziali possono essere
usate per porre vincoli osservativi sull’origine dei sistemi binari di oggetti
compatti, pur rimanendo di proposito agnostici a riguardo delle tracce la-
sciate da ogni specifico processo di formazione sui parametri intrinseci dei
suddetti sistemi coalescenti. I risultati osservativi di questi metodi sono
quindi da considerare come complementari rispetto a quelli che provengono
da indagini approfondite sui processi fisici che generano gli eventi rilevati
tramite onde gravitazionali.
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I was born on October 2nd, 1995, in Bentivoglio, in the Bologna province,
somewhere between the centre and the north of Italy. After living the first
two years of my life in a small town called Longara, my parents and I moved
to another small town, called San Matteo della Decima. I attended the Suor
Teresa Veronesi primary school in Sant’Agata Bolognese, and the Francesco
Mezzacasa middle school in my hometown. While my grades were good, in
these years I never showed a particular long-lasting interest in any specific
topic or subject. This changed during the five years in which I attended the
scientific high school at the Istituto di Istruzione Superiore Archimede, in
San Giovanni in Persiceto. I loved learning about subjects such as maths,
physics, history, philosophy, English, Latin, and Italian literature, Dante
Alighieri in particular.

Thanks to the competence and passion of some of my professors, listening
to their lessons was rarely boring. This allowed me to stay focused enough
in class, which in turn made several-hours-long study sessions at home not
necessary most of the times. For this reason I was able to invest a lot of
time in my passions, such as basketball, video-gaming, and doing what boy-
scouts do, and in constructing friendships and relationships that are still
an important part of my life today. This lifestyle allowed me to avoid a
burnout that, knowing myself, I know would have happened if I had to to
spend my afternoons and my nights on books.

After getting my high-school degree with a final grade of 93/100 in the
summer of 2014, the moment of choosing my university path came. As it
is very rarely a bad thing to do, I decided to follow the suggestions of the
people that loved back then as they do now: my parents and the person
who is now my wife. I was in fact undecided between a philosophy degree
or a physics one. I ended up choosing the latter. As it was clear also to
the people that knew me the best, physics was in fact the only subject that
never failed to pique my curiosity enough to win against my never enfeebled
tendency of getting bored.

I got my bachelor degree in physics with a final grade of 110/110 cum
laude at the beginning of October, in 2017, from the University of Modena
and Reggio Emilia, with a thesis on electron microscopy. While none of the
courses I followed was focused on astrophysics or cosmology, those subjects
became the ones I was the most interested in applying the scientific skills
and pieces of knowledge I learnt on. Following the same deciding process
that lead me to study physics after fishing high school, T chose to start
a master in Astrophysics and Cosmology, at the Alma Mater Studiorum,
University of Bologna.

I started my master without knowing how many different types of galax-
ies exist, or what cosmological redshift is, it was a completely new field to
me, but it was also a field in which I loved to dive in. Having found a small
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group of fellow students with whom it was always a pleasure to mutually
share challenges, doubts, and successes, I truly enjoyed the two years that
lead me to my master degree, which I obtained in December 2019, with a
final grade of 110/110 cum laude. One thing was clear to me and the end
of that period: I wanted to keep on doing research in astronomy.

My master thesis was on a cosmological topic, more precisely on applying
machine learning techniques to clustering analyses. For this reason, during
my search for a PhD position, the focus of my applications was on projects
regarding the large-scale structure of the Universe. Apparently, however,
cosmological analysis was not supposed to be my future. I accepted a PhD
position at the Leiden Observatory, supervised by Elena Maria Rossi, on
spatial correlation analyses of gravitational waves. Thus, I moved from San
Matteo della Decima to the Netherlands at the end of August in 2020, after
the breakout of the COVID-19 pandemic forced me to forfeit the gap year
full of travels I had planned.

The four years that separate my moving to Leiden to the moment of
writing this thesis have been the most intense and exciting of my life so far.
The four projects I have lead on the connection between the detected gravi-
tational wave events and AGN, together with the conferences and workshops
I attended, made me feel always more inserted in the gravitational waves
community, and helped me find my place in it.

Upon receiving my doctorate, I will work as a postdoc researcher at
the Washington State University, hired by Dr. Maria Charisi. In these
years I will keep on working on spatial correlation analysis, but shifting
my attention from stellar-mass black hole binaries to supermassive ones,
making use of data coming from Pulsar Timing Arrays and large time-
domain surveys, such as LSST.
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