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Supermassive black hole binaries (SMBHBs) at the centers of galaxies emit contin-

uous gravitational waves (GWs) at nanohertz frequencies, and ongoing pulsar tim-

ing array (PTA) experiments aim to detect the first individual system. Identifying

the exact host galaxy of a SMBHB detected in GWs is paramount for a variety of

multi-messenger science cases, but it will be challenging due to the large number of

candidate galaxies in the sky localization region. The present thesis reflects the work

of Horlaville et al. (2025), in which recent insights on the distinct characteristics of

SMBHB host galaxies are applied to archival galaxy datasets to predict which nearby

massive galaxies are most likely to host SMBHBs detectable by PTAs. Specifically,

we use archival galaxy integral field unit (IFU) surveys to search for nearby galax-

ies with distinct stellar kinematic signatures of SMBHB host galaxies, as informed

by cosmological simulations. These distinct stellar kinematic signatures, including

slow rotation and strong kinematic/photometric misalignments, are a hallmark of

recent major galaxy mergers that led to the formation of SMBHBs in these galax-

ies. This work resulted in a list of nearby massive galaxies that may currently host

SMBHBs, ranked by a combination of their host galaxy stellar kinematic properties

and their hypothetical GW strain. After an introduction of the relevant history and

overarching scientific themes in Chapter 1, this thesis delves into the methods and

results of the search for SMBHB host galaxies in Chapters 2 and 3, presents the prac-

tical uses and caveats of the results of this search in Chapter 4, and concludes in

Chapter 5.
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Chapter 1

History & Modern Paradigm of

Supermassive Black Hole Binaries

1.1 A Brief History of Black Holes

Even before the advent of the theory of general relativity by Albert Einstein in the

beginning of the twentieth century, the existence of black holes was first conceptu-

alized in the late 18th century from the precepts of Newtonian gravity. The idea of

a black hole is rather simple: if an object is massive enough, its gravitational pull

will be strong enough such that the velocity required for any object to escape its

surface will be greater than the speed of light. As a result, the object would not be

directly visible, since light leaving its surface would inevitably come back to it. John

Michell, an English astronomer and geologist, first came up with that idea (Michell,

1784), going as far as predicting that while such objects (then called ’dark stars’)

could not be seen, the motion of luminous objects in their surroundings could reveal

their presence. Shortly after Michell, French mathematician Pierre-Simon Laplace

published essentially the same idea (Laplace, 1796), albeit these objects remained for

many years merely a mathematical curiosity.

At the beginning of the twentieth century, novel theoretical insights in funda-

mental physics brought further mathematical significance to black holes and shed

light on their possible formation pathways. With the emergence of general relativity

by Einstein (1915) as the new theory of gravitation, Schwarzschild (1916) was the

first one to solve its field equations, with his solution describing the gravitational

field in the vicinity of a spherically symmetric and non-rotating mass. In particular,
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the gravitational field of a black hole of mass M as described by Schwarzschild’s so-

lution diverges at a non-zero distance away from the mass known as the Schwarzschild

radius and equal to Rs ⌘ 2GM
c2 , where G is the universal gravitational constant dating

back from Newtonian mechanics, and c is the speed of light. This limit corresponds,

in fact, to the radius derived by Laplace which describes the surface at which the

escape velocity from an enclosed body of mass M is the speed of light. While the

unknown origin and nature of such dense (and, perhaps most importantly, hypo-

thetical) objects persisted for many years, the work of Chandrasekhar (1931) and

Oppenheimer and Volkoff (1939) later showed that the life cycle of massive enough

stars would inexorably result in the formation of a space-time singularity. Such pe-

culiar objects would come from the unstoppable infall of matter originating from the

stellar remnant, whose gravity, opposed by no counteracting force, condenses the re-

mains of the star into a single point of infinite density. These resulting singularities

satisfy the conditions of a ’dark star’ imagined by Michell and Laplace, such that no

object can escape their gravitational pull within their Schwarzschild radius, and in

the late 1960s, John Archibald Wheeler popularized the term ’black hole’ for their

denomination.

In the 1970s, observations of the Cygnus X-1 source was the first observational

and indirect evidence for the existence of black holes, which bolstered black hole

astrophysics into an observational science. In 1970, NASA space satellite Uhuru re-

vealed second-scale X-ray fluctuations originating from Cygnus X-1, which pointed

towards X-ray generation from a compact region (where the light emitted from an

object of size L will typically exhibit fluctuations on the order of a timescale t with

L ⇠ ct; Oda et al., 1971). Soon after, radial velocity measurements of HDE 226868,

the companion star to Cygnus X-1, by Webster and Murdin (1972) at the Royal

Greenwich Observatory and by Bolton (1972) at the David Dunlap Observatory at

the University of Toronto, constrained the mass of Cygnus X-1 to be larger than the

maximum theoretical mass for a neutron star 1, strongly hinting that Cygnus X-1 is

a black hole. Today, it is believed that Cygnus X-1 is a 21 M� black hole born from

the collapse of a ⇠40 M� star (Miller-Jones et al., 2021), making it a part of a class

of black holes known as stellar-mass black holes, which are thought to be the end

1about 3 M�; where 1 M� is one solar mass, or about 1.989 ⇥1030 g
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product of stars with a mass &20 M� (see, e.g., Casares, 2007).

In the second half of the twentieth century, the observation of distant, luminous

and small objects later known as quasars were the first evidence for a new class of

black holes called supermassive black holes (SMBHs). Throughout the 1950s and

1960s, the discovery of numerous radio sources with no optical counterpart was

a challenge for astronomers to interpret (see, e.g., Matthews and Sandage, 1963).

These "quasi-stellar" radio sources (also called quasi-stellar objects (QSOs), later

shortened as quasars) displayed strongly redshifted emission lines (which could ei-

ther come from their physical motion, or their large distance due to the expansion of

the Universe) and significant radio and X-ray variability (on the timescale of years),

which pointed to very compact origins. By the 1970s, multiple lines of evidence sug-

gested that their redshift were of cosmological origin, meaning that quasars are ex-

traordinarily luminous objects located in the center of galaxies that emit light in mul-

tiple parts of the electromagnetic spectrum (a class of objects known as active galac-

tic nuclei, or AGNs) very far away from our Galaxy. The extreme luminosity and

small sizes of quasars was first explained to originate from material accreting onto a

very massive black hole (known as supermassive black hole, or SMBH, with masses

in the range of 106 � 1010M�) by Zel’dovich (1964), Salpeter (1964) and Lynden-Bell

(1978). Nowadays, quasars have been detected at many different epochs of the Uni-

verse, up to redshift z ⇠ 6 (within the first billion years of the Universe; see, e.g.

Barth et al., 2003; Willott et al., 2005), although quasar activity is a phase of galaxy

evolution peaking near redshift z ⇠ 2.5 (when the Universe was less than 20% of its

current age; Richards et al., 2006), such that galaxies nowadays should host dormant,

inactive SMBHs (Haehnelt and Rees, 1993; Soltan, 1982).

Beginning in the 1990s, the study of gaseous and stellar kinematics in the sur-

roundings of extragalactic nuclei unveiled the presence of SMBHs in the centers of

many massive local galaxies. In 1994, the Faint Object Spectrograph (FOS) aboard

the Hubble Space Telescope (HST) studied the motion of gas in the nuclear region of

the center of the galaxy M87. The high velocity of the gas, about 500 km/s, revealed

a high concentration of mass (⇠ 2 ⇥ 109M�) contained in a small region in the cen-

ter of the galaxy, which was a strong evidence for the presence of a SMBH (Harms

et al., 1994). In 1995, the Very Long Baseline Array (VLBA; which uses very long
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baseline interferometry (VLBI) by observing the same target with many different

radio telescopes at large separations to enhance the resolution of its observations)

was able to study the rotating gas in the center of the galaxy M106, and deduced

a high concentration of mass (⇠ 4 ⇥ 107M�) in its nucleus, which suggested that

it harbored a SMBH (Miyoshi et al., 1995). Since then, such techniques have been

extensively employed to uncover many more SMBHs lurking in the center of local

massive galaxies. As another example, the mass of Sagittarius A*, the SMBH in the

center of our Galaxy, was calculated by tracking the motion of stars in eccentric or-

bits around it (and estimated to be of a ⇠a few million solar masses; see, e.g., Ghez

et al., 1998; Ghez et al., 2000).

We now know that SMBHs are omnipresent in the center of massive galaxies,

with which they co-evolve through cosmic time. Since the 1990s, many more SMBHs

have been evidenced in most local massive galaxies, which enabled the study of their

relationship with their host galaxy (see, e.g., Richstone et al., 1998; Silk and Rees,

1998; Ferrarese and Ford, 2005; Di Matteo, Springel, and Hernquist, 2005). In partic-

ular, numerous scaling relations have been found between the properties of the host

galaxy and their central black hole. For example, the mass of SMBHs MBH has been

shown to correlate with the stellar mass of the host galaxy M⇤ (the total mass of its

stars), the bulge mass Mbulge (the mass in the central region of the galaxy) and the

stellar velocity dispersion s (the spread in the distribution of the velocity of the stars;

see e.g., Kormendy and Richstone, 1995; Ferrarese and Merritt, 2000; Gebhardt et al.,

2000; Kormendy and Ho, 2013). The origins of these scaling relations is intimately

tied to the growth of SMBHs and the impact they have on their host galaxies. When

SMBHs accrete gas, they radiate light across the electromagnetic spectrum (at which

point they become an ’active galactic nucleus’, or AGN; cf. Section 1.2.2), which

injects energy and momentum into the surrounding gas. In particular, the MBH � s

relation is thought to arise from AGN feedback mechanisms: as a SMBH grows, it re-

leases radiation and winds that couple to the surrounding interstellar medium, and

when the feedback becomes strong enough to overcome the gravitational binding

of the galaxy bulge, it halts further accretion and central star formation, leaving the

hole with a critical mass set by the depth of the potential well, which is traced by s.

Such feedback from the AGN can be driven by momentum (provided by radiation
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pressure on dusty gas or a rapidly cooling shocked wind; see, e.g., King, 2003), or en-

ergy (provided by a hot shocked wind whose thermal energy is retained and drives

a blast wave; see, e.g., Silk and Rees, 1998). In comparison, the MBH � M⇤ relation

is largely a statistical outcome of joint black-hole and galaxy assembly, where merg-

ers and the additive growth of stars and black holes tend to drive galaxies toward

a mean mass-ratio between SMBH mass and stellar mass. However, AGN feedback

can play a role by quenching star formation and preventing further accretion, which

sets the normalization of the MBH � M⇤ relation (see, e.g., Jahnke and Macciò, 2011).

In 2015, the first detection of gravitational waves originating from the merger

of two stellar mass black holes was the first direct observation of black holes. If

two stellar mass black holes are brought to merge with each other, then the event

stretches the fabric of space-time to the point where it generates a ripple known as

a gravitational wave (GW) which propagates through the cosmos. In September of

2015, the Laser Interferometer Gravitational-Wave Observatory (LIGO) and Virgo

collaborations, respectively located in the USA and in Italy, detected one such event

named GW150914 (Abbott et al., 2016). The analysis of the GW signal of GW150914

revealed that it came from the merger of two black holes of masses ⇠ 36M� and

⇠ 29M�, which formed a single black hole of mass ⇠ 62M�, at a distance of about

1.3 billion light-years (where 1 light-year is approximately equal to 9.461 ⇥ 1015 m),

such that the equivalent of three solar masses was converted to gravitational wave

energy during the merger event, whose final phase lasted a fraction of a second.

This discovery was the first direct observation of black holes, which confirmed their

existence and nature. Since then, LIGO, Virgo and other gravitational wave observa-

tories such as KAGRA, in Japan, have detected many more such GW events, further

substantiating the presence of black holes in our Universe (LIGO, 2025).

In 2019, the Event Horizon Telescope (EHT) collaboration released images of the

shadow of a SMBH for the first time, which became one of the most compelling

proofs of their existence and nature, and cemented them as an integral and funda-

mental part of modern astronomy. By using a network of radio antennas spread

throughout the globe, the EHT collaboration observed the very center of the galaxy

M87 in April 2017. With the high angular resolution provided by the long baseline

between its different telescopes, the EHT was able to resolve the visible outline of
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the SMBH in the nucleus of M87 (which has the same size in the sky as that of a

tennis ball as distant as the Moon), thus revealing its shadow caused by the extreme

gravitational pull of light in its vicinity (Event Horizon Telescope Collaboration et

al., 2019). Since then, the EHT has also captured the shadow of Sagittarius A*, the

SMBH in the center of our Galaxy, the Milky Way (Event Horizon Telescope Col-

laboration et al., 2022). Their observations further confirm the existence of SMBHs

within the centers of massive galaxies, whose images exactly match expected results

from general relativity.

In 2023, numerous collaborations across the globe reported a tentative detection

of a stochastic gravitational wave background in the nHz frequency band, which is

suspected to be produced by SMBH binaries (SMBHBs) in the local Universe. SMB-

HBs are gravitationally bound SMBHs that are expected from galaxy and SMBH

evolution (cf. Section 1.2.2), with typical separations ranging from 10�4 � 100 par-

sec (where 1 parsec is equal to approximately 3.086 ⇥ 1016 m). At such separations,

the two SMBHs exert a strong enough strain on the fabric of space-time to gener-

ate GWs at nanohertz (nHz) frequencies. Such GWs have a small amplitude that is

significantly challenging to detect, but numerous experiments such as pulsar timing

arrays (PTAs) are dedicated to their search (cf. Section 1.3.2 for more details). In

2023, multiple PTA collaborations reported the detection of the overall GW signal

in the nHz frequency band (also known as the stochastic gravitational wave back-

ground, or SGWB; see, e.g., EPTA Collaboration et al., 2023; Agazie et al., 2023a; Xu

et al., 2023; Reardon et al., 2023). The SGWB is hypothesized to originate from the

superposition of the ensemble of individual GWs produced by many SMBHBs in the

local Universe, but no single system has been identified yet. In order to understand

how to identify a single SMBHB in GWs, we need to understand what we know of

their origins, evolution and observational signatures.

1.2 The Cosmic Origin and Evolution of SMBHs

1.2.1 Origins and Seeds

A prevalent theory to explain the origins of SMBHs is that they arise from the col-

lapse of the first generation of stars, which were massive and formed out of gas
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that was depleted of metals. The discovery of quasars with masses of ⇠ 109M� at

redshift z ⇠ 6 (in the first billion years of the Universe; see, e.g., Barth et al., 2003;

Willott et al., 2005) left astronomers wondering how were SMBHs born and how did

they grow to be so massive so early in the Universe. One way through which they

could form is from the collapse of the first generation of stars (also known as Pop-

ulation III, or Pop III stars). While the initial mass function (IMF) of Pop III stars

is not well constrained, it is likely that they were much heavier than modern day

stars (with masses tens to hundreds times that of our Sun) and lived for a much

shorter time (on the order of millions of years, compared to billions of years for

stars like our Sun). This is expected since the metal-free environment in which they

formed limited the cooling mechanisms (such as metal-line cooling) through which

gas fragments into smaller stars, yielding massive stars which burned through their

hydrogen much more quickly than modern and less massive stars (see, e.g, Klessen

and Glover, 2023). As such, early very massive stars (VMSs, with masses > 100M�),

which are predicted to arise from the collapse of primordial molecular clouds, con-

stitute natural seeds to modern day SMBHs as they would collapse to form black

holes in the early days of our Universe (see, e.g., Carr, Bond, and Arnett, 1984).

Another possible formation channel for SMBHs is that they could come from the

direct collapse of dense gas regions in proto-galaxies. The inner regions of gaseous

proto-galaxies are ideal locations for the formation of SMBHs. Proto-galaxies were

largely metal-free, as metals were only synthesized by subsequent generations of

stars and dispersed through the interstellar medium over time. As a result, these

environments were not conducive for efficient gas cooling, fragmentation and star

formation, which left gas available for SMBH seed formation (see, e.g., Loeb and

Rasio, 1994; Koushiappas, Bullock, and Dekel, 2004; Begelman, Volonteri, and Rees,

2006). Numerical simulations have shown that the typical gas masses accumulated

in the centers of galaxies (within the central few parsecs) available for the formation

of massive objects are of order 104 � 106M� (Wise, Turk, and Abel, 2008; Regan and

Haehnelt, 2009). Such gas structures could directly form the seeds of SMBHs, or

collapse into supermassive stars (SMSs, with masses > 5 ⇥ 104M�) which would

later collapse into a SMBH. The masses of such SMBH seeds vary, with a range of

104 � 105M� (Volonteri, Lodato, and Natarajan, 2008).
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It is also thought that SMBHs could have been formed by the collapse of later

generations of stars, which, while individually less massive, could have formed

more massive seeds by colliding with each other prior to collapsing into a SMBH. If

large reservoirs of gas in proto-galaxies lead to star formation rather than the forma-

tion of SMBHs, subsequent star formation will be polluted by metals and thus yield

lower mass stars (Omukai, Schneider, and Haiman, 2008). Such later generations of

stars could yield compact nuclear star clusters in the galaxy center (Schneider et al.,

2006; Clark, Glover, and Klessen, 2008), which would be conducive to stellar colli-

sions and the formation of VMSs, and later collapse into SMBHs with a masses in

the range of 102 � 104M� (Devecchi and Volonteri, 2009).

Alternatively, SMBHs could have been formed in the early Universe as primor-

dial black holes. Density fluctuations whose gravitational force is large enough to

overcome environmental pressure can directly collapse into primordial black holes

(Carr, 2003). Their predicted masses widely vary depending on the specific time at

which they are formed, from a Planck mass (2.176 ⇥10�5 g) up to 105M� (Khlopov,

Rubin, and Sakharov, 2005), although lower mass primordial SMBHs are limited be-

cause they would have evaporated due to Hawking radiation and higher mass ones

can be constrained from microlensing techniques (Page and Hawking, 1976; Alcock

et al., 2000; Tisserand et al., 2007).

1.2.2 Growth Mechanisms

Gas Accretion

If gas is present in the vicinity of a SMBH, its infall towards the SMBH will increase

its mass at a rate that depends on internal and external processes, which can notably

help to constrain the mass of SMBH seeds. The specific rate at which a SMBH will

accrete gas depends on both external and internal effects. Cosmological hydrody-

namical simulations, which simulate the birth and growth of structures in the Uni-

verse over cosmic time for a wide range of spatial scales, have shown that the centers

of proto-galaxies are gas rich environments, such that external conditions are favor-

able to SMBH growth through accretion of nearby gas (Pelupessy, Di Matteo, and

Ciardi, 2007; Wise, Turk, and Abel, 2008). However, rapid accretion is expected to be
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followed by internal feedback, through which the heat of the resulting accretion disk

creates a pressure that prevents further gas from falling towards the SMBH (Johnson

and Bromm, 2007). In some scenarios, numerical simulations found that the growth

of a SMBH can alternate between gas infall from gravity and expulsion from radia-

tive pressure (Milosavljević, Couch, and Bromm, 2009). In particular, the Eddington

limit of a SMBH is the maximum rate at which it can accrete matter while still allow-

ing the radiation pressure to balance the inward gravitational force, which gives an

idea of the maximum growth that a SMBH can undergo through accretion alone. For

example, with a SMBH accreting at the Eddington rate, its mass can be approximated

to double every 100 million years (Mandel, n.d.) if we assume spherically symmetric

accretion of material composed of ionized hydrogen at the innermost stable circu-

lar orbit (ISCO) of the SMBH (although an accretion rate above the Eddington rate,

super-Eddington accretion, is possible under different assumptions, e.g., if accretion

is not spherically symmetric; see, e.g, Massonneau et al., 2023). This is notably use-

ful in constraining possible SMBH seed models, as SMBH ’light’ seeds (with masses

.tens of solar masses) cannot evolve through accretion-only growth fast enough to

reproduce the masses of observed quasars (near ⇠ 109M�) early enough in the Uni-

verse (near redshift z ⇠ 6, within the first billion years of the Universe), suggesting

quasars either came from more massive seeds or grew through other mechanisms

(e.g., Volonteri, 2010).

Accretion of gas onto the SMBH as well as other processes in its vicinity turn

the SMBH into an active galactic nucleus (AGN) and radiate light across the elec-

tromagnetic spectrum. The presence of different AGN structures depends on the

SMBH formation and environment, and their associated observational features help

to classify AGNs into different categories. Some of the main structures that power

AGN luminosity are listed below (see, e.g., Alexander and Hickox, 2012; Netzer,

2015; Padovani et al., 2017):

• Viscous dissipation in the accretion disk will convert gravitational potential

energy into thermal energy radiated as a multi-temperature blackbody: in-

ner and hotter regions of the disk will emit ultraviolet (UV) radiation whereas

outer and cooler regions of the disk will emit light in the optical part of the
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spectrum.

• Outward from the accretion disk, the broad-line region (BLR) is made of dense

clouds orbiting the SMBH at velocities of ⇠1000s of km/s, within ⇠ 0.01 � 1

parsec of the SMBH. Radiation coming from the SMBH will excite electrons in

the clouds of the BLR which, upon returning to their energy level, will emit

specific emission lines in the optical spectrum. It is called a ’broad-line region’

because the high velocity of the clouds broaden the width of the observed lines.

Clouds farther out from the SMBH (at a distance of ⇠ 100 � 1000 parsecs) can

undergo similar photoionization, but their lower velocity (of order ⇠hundreds

of km/s) makes their observed emission lines much more narrow, and hence

constitute the narrow line region (NLR).

• The dust torus, which surrounds the accretion disk and the BLR, is made of

dust grains which absorb UV and optical photons and re-radiates in the in-

frared.

• Above the accretion disk is the corona, where energetic electrons upscatter UV

and optical photons from the disk (through inverse Compton scattering) to

X-ray photons. Relativistic electrons in the corona, while spiraling in the mag-

netic field of the SMBH, will also emit synchrotron radiation (from radio to

optical bands) and form a relativistic jet.

Merging with Other SMBHs

The merging of two galaxies each hosting a SMBH can be conducive to the merging

of their respective SMBHs in the center of the newly formed galaxy, which is a crucial

component of SMBH mass growth. As the two supermassive black holes (SMBHs)

move through the merged galaxy, they experience dynamical friction, slowing them

down through transfer of angular momentum and energy to surrounding stars and

dark matter (Chandrasekhar, 1943). This enables them to sink towards the bottom of

the gravitational potential well of the merged galaxy (Antonini and Merritt, 2012),

where the two SMBHs will then form a bound binary at ⇠parsec separation, which

hardens through further angular momentum loss from scattering of nearby stars
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and torques from the surrounding gas (Valtaoja, Valtonen, and Byrd, 1989; Quin-

lan, 1996; Armitage and Natarajan, 2002; Sesana, Haardt, and Madau, 2008; Kelley,

Blecha, and Hernquist, 2017; De Rosa et al., 2019). At ⇠ 10�3 parsec separations,

the binary system emits continuous GWs at nHz frequencies detectable by pulsar

timing array (PTA) experiments (cf. Section 1.3.2), before the binary inspirals and

coalesces into a single SMBH with a recoil kick (Volonteri, Haardt, and Madau, 2003;

Burke-Spolaor et al., 2019). Since galaxy mergers are an important component of

galaxy mass assembly whose rate peaks near redshift z ⇠ 1 � 3 (when the Universe

was between two and six billion years old; see, e.g., Hopkins et al., 2010; Romano

et al., 2021), SMBH mergers are estimated to have contributed significantly to SMBH

mass growth through cosmic time.

1.3 Observational Signatures of SMBH pairs and SMBHBs

The search for dual AGNs with separations . 103 parsecs and SMBHBs is difficult

and their discovery is serendipitous. Dual AGNs are gravitationally unbound pairs

of SMBHs (with typical separations of ⇠ 100 � 105 parsecs) that are both accreting

and hence active. They arise as a stage of SMBH merger evolution (as described in

the previous paragraph) upon the merging of two galaxies each hosting a SMBH

and are the precursors to gravitationally bound SMBHBs. They are relatively rare

(present in ⇠a few percent of galaxies at most; Yu et al., 2011; Rosas-Guevara et

al., 2019) and potential candidates can be identified in wide field surveys if their

separation is larger than the spatial resolution in imaging data (which corresponds to

⇠ 104 � 103 parsec scale separation (depending on the specific redshift of the galaxy)

for typical optical surveys such as the Sloan Digital Sky Survey (SDSS), which have

an angular resolution of ⇠a few arcseconds; York et al., 2000). Hence, discovering

dual AGNs with . 103 parsec (sub-kiloparsec) separations and SMBHBs (which

have sub-parsec separations) requires different strategies, although most of them

cannot be applied systematically (see, e.g., De Rosa et al., 2019).

1.3.1 Searching for Dual AGNs

In the optical band, dual AGN candidates at sub-kiloparsec separation scale can be
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selected through the identification of double-peaked emission lines. As explained in

Section 1.2.2, some AGNs possess a narrow-line region (NLR) corresponding to nar-

row emission lines in the optical spectrum originating from clouds at a distance of

⇠ 1 kiloparsec from the SMBH. If the system is a dual AGN possessing two distinct

NLRs, then the two NLRs would display emission lines at offset wavelengths due to

their relative motion with each other, which would be observable as a double-peaked

narrow emission line. This technique has uncovered many dual AGN systems (see,

e.g., Gerke et al., 2007; Xu and Komossa, 2009; Benítez et al., 2013), although double-

peaked narrow lines can also be caused by, for example, compact rotating gas disks

(e.g., Villforth and Hamann, 2015) or illumination of interacting companion galax-

ies (e.g., Sun et al., 2016). Therefore, double-peaked narrow lines typically require

further investigation to confirm the presence of a dual AGN.

Integral field unit (IFU) observations can be used to confirm the presence of dual

AGNs among selected candidates. IFU data provides both imaging and spatially

resolved spectroscopy from the optical to near-infrared wavelengths, which helps

to probe gaseous and stellar kinematics across different locations within the galaxy

(see, e.g., Baldwin, Phillips, and Terlevich, 1981; Bundy et al., 2014). This can notably

be helpful to distinguish single AGNs from dual AGNs that display double-peaked

narrow lines. For example, Fu et al. (2012) performed IFU follow-up observations to

dual AGN candidates previously identified with double-peaked narrow lines. They

found that the double-peaked emission lines for most of their candidates (98%) can

be explained with gas kinematics from a single AGN, while 2% display the radial

velocities of merging systems, which supports the presence of dual AGNs. However,

the wealth of information that IFU provides comes at a cost of a long exposure time

(proportional to the IFU spatial and spectral resolution), which limits a wide use and

application. Also, IFU observations are subject to dust obscuration (as with optical

observations), which motivates using complementing techniques in other parts of

the electromagnetic spectrum.

X-ray observations provide another avenue towards identifying dual AGNs, where

the presence of two X-ray sources in imaging and/or specific spectral features can

hint towards the presence of a dual AGN. X-ray light is relevant for dual AGN

searches because it pierces through dusty environments, which are prominent around
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FIGURE 1.1: Chandra X-ray image of galaxy NGC 6240, with a zoom-
in on its center, which hosts a dual AGN. The red color represents
’soft’ (less energetic) X-rays while the blue color represents ’hard’
(more energetic) X-rays. Both nuclei are at a separation of ⇠ 1 kilo-

parsec from each other (Komossa et al., 2003).

rapidly accreting SMBHs at redshift z . 1 (Mateos et al., 2017). If both AGNs are

X-ray emitters at a separation of . 1 kiloparsec, then X-ray imaging (e.g., with the

Chandra space observatory) can resolve their separation. Komossa et al. (2003) used

this technique to uncover the first spatially resolved dual AGN, which was found in

the galaxy NGC 6240 (see Figure 1.1). One caveat to X-ray imaging for dual AGN

identification is that a single AGN with dual jets can be mistaken as two individual

sources. For NGC 6240, both sources have a similar X-ray spectrum and display a

strong neutral iron line, which is hypothesized to arise from the reprocessing of X-

ray radiation by material accreting onto the SMBH (Komossa et al., 2003; Ricci et al.,

2014), which confirms that both sources are individual AGNs.

Specific features in spectroscopic and imaging infrared data can help to iden-

tify dual AGNs enshrouded in dust. The presence of double-peaked infrared lines

(equivalent to optical methods), two continuum components in infrared spectra or

two spatially resolved nuclei in infrared imaging can reveal the presence of two
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AGNs (e.g., Pfeifle et al., 2019).

In the radio band, the small angular resolution provided by imaging through

very long baseline interferometry (VLBI) can also confirm the presence of a dual

AGN. Extragalactic radio emission typically originates either from AGNs or star

formation activity, but high-resolution radio observations can entangle the compact

AGN radio emission from the more diffuse star-formation activity radio light (see,

e.g., Condon, 1992). Such resolutions are attained by radio telescopes using very

long baseline interferometry (VLBI). At cm wavelength, VLBI can spatially resolve

the separation between two SMBHs as close as ⇠one parsec in the local Universe,

and ⇠10 parsecs at any redshift, which makes it an ideal technique to search for sub-

kiloparsec dual AGNs (An, Mohan, and Frey, 2018; De Rosa et al., 2019). However,

only a handful (.10%) of AGNs are strong radio emitters (’radio-loud’), limiting

the applicability of VLBI to search for dual AGNs (Ivezić et al., 2002), although some

’radio-quiet’ AGNs can have compact radio emission observable with VLBI (Herrera

Ruiz et al., 2016).

1.3.2 Searching for SMBHBs

Electromagnetic Signatures

Since SMBHBs have an even smaller separation than dual AGNs, VLBI alone can

resolve their separation in imaging, and can only do so for the most widely separated

and nearby systems. For example, Rodriguez et al. (2006) used VLBI to uncover

a SMBHB with a projected separation of 7.3 parsec in the radio galaxy 0402+379,

which is one of the SMBHB candidates with the smallest orbital separation found to

date. However, with a physical resolution power between ⇠ 1 � 10 parsecs, VLBI

cannot detect SMBHBs with much closer separations (which go down to ⇠ 10�4

parsec, at which point the binary is predicted to emit GWs detectable by PTAs).

Radio observations can also be used to find rotationally symmetric helical S-shaped

radio structures, which could be the result of periodic perturbations in the structure

of the relativistic jet of one of the SMBHs in a binary system, although such features

could also be attributed to a tilted accretion disk in a single AGN (see, e.g., Begelman,

Blandford, and Rees, 1980; Lobanov and Roland, 2005; Deane et al., 2014).
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At sub-parsec separation scale, SMBHB candidates can be identified through off-

sets and velocity shifts in their broad emission lines. As explained in Section 1.2.2,

the BLR of a SMBH is a region made of dense clouds orbiting the SMBH at a dis-

tance of ⇠ 0.01 � 1 parsec. Just like double-peaked narrow emission lines originat-

ing from two NLRs can help to identify dual AGNs, if a SMBHB (whose two black

holes are active) has two distinct BLRs, the binary system can be detectable with

double-peaked broad emission lines, or with a velocity shift of the broad emission

line (see, e.g., Eracleous and Halpern, 1994; Popović, 2012). For this signature to

be observable, the binary separation must not be too small (in which case the BLRs

become truncated and eventually merge; see, e.g., Roedig, Krolik, and Miller, 2014;

Krolik et al., 2019) or too far (in which case the velocity difference between the two

BLRs becomes imperceptible; see, e.g., Shen and Loeb, 2010; Eracleous et al., 2012).

However, double-peaked broad emission lines could also originate from complex

kinematics due to AGN inflows and outflows or star formation activity, and broad

emission line velocity shift could be mimicked by quasar variability (e.g., Eracleous

et al., 1997). Therefore, such signatures are not straightforwardly associated with the

presence of a SMBHB.

SMBHB candidates with sub-parsec separation scale can also be identified through

time-domain searches for periodic variability in AGN lightcurves. Numerical sim-

ulations have demonstrated that AGN photometric variability can be modulated by

the presence of a SMBHB (see, e.g., D’Orazio, Haiman, and MacFadyen, 2013; Ra-

gusa, Lodato, and Price, 2016). For example, the accretion of gas can periodically

produce a burst in brightness which can be enhanced by gravitational lensing (see,

e.g., Hu et al., 2020). It is also possible for the luminosity of SMBHBs to be Doppler

boosted, through which the most massive SMBH is observed to move towards and

away from the line of sight periodically due to being in a binary system (see, e.g.,

Graham et al., 2015). However, such signatures would only be observable if the

SMBHB is actively accreting and the nucleus is not dust-obscured, which may be

a minority of cases (Koss et al., 2018; Izquierdo-Villalba, Sesana, and Colpi, 2023;

Dong-Páez et al., 2023; Truant et al., 2025).
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Gravitational Wave Signatures

At the smallest binary separations (. 10�3 parsec scale), SMBHBs are expected to

produce GWs in the nHz band, whose signal differ largely from the GWs emitted

by stellar-mass black hole mergers. The detection of GWs constitute one of the most

compelling proofs for the observation of black holes (cf. the detection of the first

GWs from a stellar-mass black hole merger, Section 1.1). Notably, the GW signal

from SMBHBs is significantly different from that of stellar-mass black holes. While

stellar-mass black hole mergers emit a ’chirp’ of GWs that is observable by GW ob-

servatories on Earth for typically less than a second and which has a frequency rang-

ing from ⇠a few Hz to ⇠hundreds of Hz, SMBHBs emit continuous nHz GWs which

last for millions of years prior to their merger. This is because stellar-mass black

holes are much less massive and thus emit detectable GWs when they are much

closer to each other. As a result of their close separation, their orbital frequency is

also much higher, and so is their GW frequency (where the GW frequency is equal

to twice the orbital frequency for circular orbits). For example, the GW chirp of

GW150914 lasted ⇠0.2 s and emitted peak-amplitude GWs when its separation was

an estimated ⇠350 km (Abbott et al., 2017). On the other hand, SMBHBs emit GWs

detectable by PTAs when they close in at . 10�3 parsec, which corresponds to an

orbital period of ⇠tens of years for masses of ⇠ 109M�. However, SMBHBs can take

up to millions of years to merge after starting to emit detectable GWs, which makes

their GW signal a continuous ’siren’ (see, e.g. Burke-Spolaor et al., 2019). Therefore,

if the local Universe is populated with SMBHBs, they are continuously emitting nHz

GWs which are traveling through our Galaxy and will continue to do so virtually in-

definitely during our observing time scale, although no individual SMBHB has been

found in GWs as of yet.

Pulsar timing array (PTA) experiments are designed to measure the GWs emit-

ted by SMBHBs in the local Universe by timing the arrival of light from pulsars in

our Galaxy. Pulsars are highly magnetized neutron stars emitting strong electromag-

netic radiation out of their magnetic poles which is passing through Earth. Because

the arrival of their signal is periodic (and with a typical period of ⇠milliseconds)

and very regular, pulsars appear as ’cosmic lighthouses’, or reliable cosmic clocks.
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However, if GWs originating from outside our Galaxy come to disturb the travel of

pulsar light by distorting the space-time fabric between the pulsar and Earth, the

signal will be offset from its regular period. Pulsar timing arrays (PTAs) are radio

telescopes monitoring pulsar light arrival, and as such they are sensitive to the GW

signature from SMBHBs in the local Universe (see, e.g., Burke-Spolaor et al., 2019).

Such an effect is better identified when pulsars are timed on the timescale of the pe-

riod of the GW, which in the case of nHz GWs, is between ⇠a few years to ⇠tens

of years, depending on the specific GW frequency, which depends on the SMBH

separation.

Numerous PTA experiments have recently reported a tentative detection of the

stochastic gravitational wave background (SGWB), which is hypothesized to be pro-

duced by the ensemble of SMBHBs in the local Universe. Ongoing PTA experiments

(e.g., the Parkes PTA (PPTA; Hobbs, 2013), the European PTA (EPTA; Kramer and

Champion, 2013) and the North American Nanohertz Observatory for Gravitational

Waves (NANOGrav; Agazie et al., 2023b)), have been in operation and taking data

for a few years already (⇠20 years, 16 years and 20 years, respectively). In June 2023,

multiple PTA experiments reported a tentative detection of the stochastic GW back-

ground (SGWB; see, e.g., EPTA Collaboration et al., 2023; Agazie et al., 2023a; Xu

et al., 2023; Reardon et al., 2023). The SGWB is hypothesized to arise from the inter-

ference of all the individual nHz GWs emitted by all the SMBHBs in the local Uni-

verse, although there are alternative cosmological origins which could contribute to

it (such as inflation and cosmic strings; see, e.g., Vilenkin, 1985; Chiara Guzzetti et

al., 2016).

The next step for PTAs will be to identify the location in the sky of the source that

contributes the most to the SGWB, which will be paramount to addressing many

key science questions, in particular regarding the evolution of SMBHs with their

host galaxies. Since the preliminary detection of the SGWB, PTA experiments aim

to localize the strongest nHz GW source in the sky. When its host galaxy is found,

numerous follow-up electromagnetic observations will investigate the environment

of the SMBHB, which will be paramount to addressing many key science questions.

For example, combining GWs and the electromagnetic information originating from

the binary environment and its host galaxy will constrain binary orbit parameters,
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such as the total mass and separation of the binary system (Arzoumanian et al.,

2014; Shannon et al., 2015; Lentati et al., 2015; Liu and Vigeland, 2021). These multi-

messenger observations will also constrain the interactions that take place in the

galaxy nucleus, such as core scouring through three-body interactions with nearby

stars (cf. Section 1.2.2; Rajagopal and Romani, 1995; Jaffe and Backer, 2003; Wyithe

and Loeb, 2003; Enoki et al., 2004; Sesana et al., 2004). Furthermore, if the infor-

mation from the GW signal can constrain the distance to the source, follow-up elec-

tromagnetic observations can determine the redshift of the source to constrain the

Hubble constant, in which case SMBHBs act as standard sirens (Schutz, 1986; Holz

and Hughes, 2005). These science goals will only be realized if the exact host galaxy

of the SMBHB detected in GWs can be identified (Bogdanović, Miller, and Blecha,

2022).

At present, there are no reliable methods to identify the host galaxy of a GW

source detected with PTAs. The expected GW sky localization region of the indi-

vidual SMBHBs detected by PTAs is expected to be of order 102�103 deg2 (Sesana

and Vecchio, 2010; Goldstein et al., 2018; Truant et al., 2025). While the mass and

distance of SMBHBs detected in continuous GWs are degenerate, they can be deter-

mined individually if the gravitational radiation produces a frequency drift, which

occurs when the frequency of the GW changes over time (e.g., if the separation be-

tween the two SMBHs changes due to an eccentric orbit; Sesana and Vecchio, 2010).

These constraints can be used to make galaxy stellar mass and redshift cuts on the

galaxies in the PTA localization region based on empirical galaxy scaling relations.

However, the total number of candidate host galaxies even after these selection cuts

is still expected to be of order ⇠ 102 (Goldstein et al., 2019; Petrov et al., 2024; Tru-

ant et al., 2025). A complementary method would be to look for the modulation of

a SMBHB in AGN photometric variability (as explained earlier in ’Electromagnetic

Signatures of SMBHBs’), but only a handful of SMBHB systems are expected to ex-

hibit such features (and only a fraction of them would be detectable, e.g. if they are

not dust-obscured), which motivates the use of additional approaches.
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1.4 A Novel Approach Towards Identifying the Host Galax-

ies of SMBHBs

The development of cosmological simulations in the last few years have enabled in-

depth studies of the evolution of galaxies and SMBHs. Cosmological simulations

encode known physical interactions over an ensemble of particles (which can be

modeled as, e.g., gas, dark matter, stars, or SMBH seeds) which evolve through cos-

mic time. The resulting physical structures and their properties can be analyzed to

1) compare them to observations and 2) gain insight on physical phenomena and

dynamics that cannot be assessed observationally. Every cosmological simulation

studies different cosmological volumes at different resolutions with different en-

coded components and interactions, all depending on the specific astrophysical and

cosmological interests targeted (see, e.g., the Illustris or the Feedback In Realistic

Environments (FIRE) cosmological simulations; Vogelsberger et al., 2014; Hopkins

et al., 2014).

Specifically, the ROMULUS25 cosmological simulation has been used for the study

of SMBHs and their evolution with their host galaxies. ROMULUS25 is a 25 ⇥ 106

parsec per side volume simulation which includes gas, star, dark matter and SMBH

particles that evolve from initial conditions set in the early Universe until present

day (redshift z = 0; Tremmel et al., 2017). Notably, ROMULUS25 is a simulation large

enough to conduct a statistical study of the host galaxies of SMBHBs (i.e., which con-

tains enough galaxies), and its sub-grid model enables sophisticated SMBH evolu-

tion physics such as dynamical friction, which is an important mechanism that leads

to the formation of dual AGNs and SMBHBs (cf. Section 1.2.2). As such, cosmolog-

ical simulations like ROMULUS25 are well-suited for the study of the evolution of

SMBHs.

Some studies have notably characterized the population of PTA-detectable SMBHB

host galaxies in cosmological simulations, but these results are influenced by galaxy

scaling relations. By comparing the properties of the host galaxies of all SMBHBs

in the Illustris cosmological simulations to the host galaxies of PTA-detectable SMB-

HBs, Cella, Taylor, and Kelley (2024) found that PTAs are sensitive to SMBHBs in
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galaxies that are more massive, redder in color, more metal-rich and less star form-

ing. Saeedzadeh et al. (2024) used the ROMULUS25 cosmological simulations to com-

pare the properties of SMBHB hosts to the overall population of galaxies in the sim-

ulation, and found similar results. However, PTAs are only sensitive to the most

massive SMBHBs (MBH & 108M�; Sesana, Vecchio, and Volonteri, 2009; Ellis et al.,

2023). These naturally correspond to more massive, metal-rich, redder, and less star-

forming galaxies, due to empirical galaxy scaling relations such as the stellar mass-

black hole mass relation (M⇤ � MBH; Häring and Rix, 2004; Torbaniuk et al., 2024),

the stellar mass-metallicity relation (M⇤ � Z; Tremonti et al., 2004; Ma et al., 2016),

the stellar mass-color relationship (M⇤�color; Law-Smith and Eisenstein, 2017), and

the stellar mass-specific star formation rate relation (M⇤�sSFR; Brinchmann et al.,

2004; Bauer et al., 2013). Thus, these properties may not be distinct to SMBHB host

galaxies, but instead reflect the sensitivity of PTAs to nHz GWs, which arise from

massive SMBHBs in massive galaxies. As a result, characterizing the distinct prop-

erties of galaxies that host PTA-detectable SMBHBs beyond their difference in mass

relative to the broader galaxy population will require a comparison with a mass-

matched control galaxy sample.

Recently, Bardati et al. (2024a, hereafter B24A) and Bardati et al. (2024b, hereafter

B24B) used the ROMULUS25 cosmological simulations of galaxy formation to find

that galaxies hosting SMBH mergers and binaries have distinctive morphological

and stellar kinematic properties, in comparison to a mass- and redshift-matched con-

trol galaxy sample. Their results suggest that the host galaxies of closely separated

(.100 pc) SMBH pairs, bound SMBHBs, and recent SMBH mergers tend to have

bulge-dominated morphologies in imaging, and have slower rotation with stronger

kinematic/photometric misaligned stellar kinematics in integral field spectroscopy.

Critically, because their control sample is mass- and redshift-matched to their SMBH

merger and binary sample, these characteristics are distinct to SMBHB host galax-

ies, and do not simply arise from galaxy scaling relations. As such, these results

can be used to search for candidate galaxies hosting SMBHBs using archival galaxy

datasets, even before PTA detections, effectively making a prediction of which nearby

galaxies are likely to host future PTA sources of continuous GWs.
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Other investigations have aimed to predict the host galaxies of individual SMB-

HBs that will be detected by PTAs among local galaxies by computing the GW strain

of hypothetical SMBHBs. Simon et al. (2014) and Schutz and Ma (2016) computed

the GW strain h0 (which is a measure of the amplitude of a GW signal) of hypothet-

ical SMBHBs in local galaxies by using the distance and SMBH mass of each galaxy.

However, those studies do not incorporate any information on the potential presence

of a SMBHB in each galaxy, which is needed to make a more informed prediction.

The following chapters of this thesis cover the work conducted in Horlaville et al.

(2025), which led to predicting potential host galaxies of the first SMBHBs that will

be detected in GWs by PTAs, by searching archival galaxy datasets for the distinct

signatures of SMBH merger and binary host galaxies identified by B24A and B24B.

Since most local massive galaxies have already been observed by imaging and inte-

gral field spectroscopy surveys, their morphological and stellar kinematic parame-

ters are already available in the literature. We use this information to predict which

galaxies among them are the most likely to host SMBHB systems. We also calculate

the GW strain h0 of their hypothetical SMBHBs, to identify the potentially strongest

individual sources of GWs. Finally, we present a ranked list of galaxies within our

sample that both possess the signatures of SMBHB host galaxies and whose hypo-

thetical SMBHBs have the strongest GW strain. These top-ranking galaxies are thus

the most likely to be the host galaxy counterpart to individual sources of continuous

GWs that will be detected by PTAs in the near future.
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Chapter 2

Identifying SMBHB Host Galaxy

Signature and Relevant Datasets

2.1 Deriving the Kinematic LDA

To identify the distinct morphological and stellar kinematic properties of SMBHB

host galaxies in the ROMULUS25 cosmological simulations, B24A and B24B con-

structed a sample of SMBH merger and binary host galaxies, as well as a mass-

and redshift-matched control sample. In ROMULUS25, SMBHs numerically merge

in the simulation at a separation of ⇠700 pc. However, at this stage, the two SMBHs

have yet to form a bound binary system. Further loss of angular momentum that

hardens the binary separation down to ⇠ 10�3 parsec (milliparsec) scales, and the

eventual physical merger of the SMBHB, are below the resolution limit of the simula-

tion. The time delay between numerical and physical merger is poorly-constrained,

and estimates vary widely between 0.1 to 10 Gyr (e.g., Volonteri et al., 2020; Li et al.,

2022). B24A identified 201 SMBH numerical merger events within the simulation,

and tracked their host galaxies up to 1 Gyr after their numerical merger in order to

construct a galaxy sample representative of SMBH merger and binary host galaxies.

Due to their ignorance of the exact time of the physical SMBHB merger, this sample

includes galaxies hosting SMBHBs at separations from <700 pc to galaxies hosting

SMBHBs that have merged in the past <1 Gyr. They also built a control galaxy

sample, by selecting galaxies in ROMULUS25 whose mass and redshift distributions

matched those of the SMBH merger and binary host galaxy sample.

After measuring the morphological and stellar kinematic parameters of both
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their SMBH merger and binary sample as well as their control sample galaxies,

B24A and B24B trained a linear discriminant analysis (LDA) predictor to identify

the distinct signatures of SMBH merger and binary host galaxies. They first per-

formed stellar population synthesis and radiative transfer simulations to produce

synthetic images and stellar kinematic maps of their simulated galaxies, from which

they extracted morphological and stellar kinematic parameters. They then trained

an LDA predictor, which identifies the linear combination of parameters that op-

timally distinguishes the SMBH merger and binary host galaxy sample from the

control sample. The resultant LDA predictor assigns a score to each galaxy based

on their morphological or stellar kinematic parameters, where high (positive) LDA

scoring galaxies are predicted to be more likely to host a SMBH merger or binary.

The findings of B24A and B24B suggest that SMBH merger and binary host

galaxies have distinct morphological and stellar kinematic properties in compari-

son to a mass- and redshift-matched control sample. Specifically, B24A found that

SMBH merger and binary host galaxies are characterized by a more prominent clas-

sical bulge in their morphology as probed by imaging, while B24B found that they

are characterized by slower rotation and stronger kinematic/photometric misalign-

ments through their stellar kinematics as probed by integral field unit (IFU) spec-

troscopy. These distinctions are strongest for SMBH merger and binary host galaxies

with high chirp mass (Mchirp > 108.2M�) and high mass ratio (q ⌘ M2/M1 > 0.5,

with M1 > M2), where the chirp mass of a SMBHB system composed of M1 and M2

is defined as Mchirp ⌘ (M1 M2)3/5

(M1+M2)1/5 , or, equivalently, Mchirp = [ q
(1+q)2 ]3/5(M1 + M2).

Those results are consistent with the standard picture of hierarchical galaxy forma-

tion, in which major mergers of massive galaxies produce SMBHBs, which result in

galaxies with more bulge-dominant morphologies, slower rotation, and more com-

plex stellar kinematics (e.g., Bois et al., 2011; Naab et al., 2014). B24A used morpho-

logical parameters to derive the LDA predictor:

LDA = 1.23Gini + 0.51M20 + 0.52C � 1.04S � 0.01, (2.1)
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where the Gini coefficient is a measure of how evenly the galaxy flux is dis-

tributed, the M20 parameter describes the concentration of light in a galaxy, C (con-

centration) measures the concentration of light in a galaxy relative to its center, and

S (smoothness) is a measure of the fraction of light found in clumpy distributions

(Lotz, Primack, and Madau, 2004; Pawlik et al., 2016). The LDA predictor from Equa-

tion 2.1 distinguishes the SMBH merger and binary host galaxies from the mass- and

redshift-matched control group with a mean accuracy of 82.6± 3.3%. B24B then used

stellar kinematic parameters to derive the LDA predictor:

LDA = 0.51 log DPA � 2.81lRe + 0.04, (2.2)

where DPA is the difference between the photometric position angle as measured

in the galaxy image and the kinematic position angle as measured in the galaxy stel-

lar kinematic map, and lRe is the spin angular momentum of the galaxy measured

at one effective radius Re, where the effective radius of a galaxy is the radius of

a galaxy which encloses half of its total emitted light (Emsellem et al., 2007). The

LDA predictor from Equation 2.2 distinguishes the SMBH merger and binary host

galaxies from the mass- and redshift-matched control group with a mean accuracy

of 85.7 ± 4.5%. Because the LDA equation was constructed by first normalizing the

parameters, the absolute value of the coefficients are indicative of each parameter’s

importance towards the LDA classification. For example, the most important pa-

rameter in Equation 2.2 is the lRe parameter. Note that this result is coherent with

galaxy evolution paradigms through which galaxy mergers, which are conducive

to the formation of SMBHBs, also lower the spin angular momentum of the newly

formed galaxy.

2.2 Comparing Stellar Kinematic Signatures to Morphologi-

cal Signatures

We identify the optimal combination of parameters to search for PTA-detectable

SMBHB host galaxies, which will determine which archival datasets we need for
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FIGURE 2.1: Accuracy of the LDA predictor when trained with in-
dividual parameters. The stellar kinematic parameters are indicated
with the yellow vertical bars, while the morphological parameters are
indicated with the green vertical bars. The dotted green and dashed
yellow horizontal lines indicate the accuracies of the full LDA predic-
tors corresponding to Equations 2.1 and 2.2, respectively. Additional
parameters not listed in Section 2.1 are the ellipticity #, the Sérsic in-
dex n, and the shape asymmetry AS (Pawlik et al., 2016). We also
show the LDA classification accuracy using the stellar mass M⇤, the
stellar metallicity Z, and the specific star formation rate sSFR with the

gray vertical bars, which are between ⇠65% and ⇠50%.
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our search. In Figure 2.1, we show the accuracy of the LDA predictor, which we

train using one parameter at a time while ignoring the others. For the stellar kine-

matic parameters (yellow bars), the spin angular momentum (lRe ) and the stellar

velocity dispersion (se) measured at the effective radius (Re) are the two parameters

whose LDA equations are the most accurate at discriminating the SMBH merger

and binary host galaxies from the control group. However, when training the LDA

using both parameters, the accuracy remains the same as using lRe alone, because

the discriminatory information contained in se is degenerate with that from lRe . In

contrast, even though log DPA individually has an accuracy of only &60%, it con-

tains discriminatory information that is not degenerate with lRe , which causes the

accuracy of the LDA trained over both lRe and log DPA to be higher than lRe alone.

This is why the optimal stellar kinematic equation of the LDA as derived by B24B

(Equation 2.2) contains lRe and log DPA, but not se.

Among all morphological (green bars) and stellar kinematic (yellow bars) pa-

rameters shown in Figure 2.1 and present in Equations 2.1 and 2.2, we find that the

set of stellar kinematic parameters is the optimal discriminant, motivating the use of

archival galaxy IFU surveys. While B24A and B24B separately identified each set of

parameters that best classified SMBH merger and binary host galaxies, it is possible

that combining both sets of parameters increases the accuracy of the LDA equation.

To test this, we train the LDA over the ensemble of both the morphological and

stellar kinematic parameters. We use the same approach as B24A and B24B by per-

forming forward stepwise selection to optimally reduce the number of parameters

in the LDA equation, through which parameters are added one by one to the LDA.

At each step, the corresponding LDA equation is computed to determine whether

adding the parameter increases the LDA accuracy or not. This process is repeated

until the LDA accuracy decreases. We find that all the morphological parameters as

analyzed by B24A are degenerate with either lRe or log DPA, such that the optimal

LDA equation that maximizes the classification accuracy and minimizes the number

of parameters is the set of stellar kinematic parameters as derived by B24B, and de-

scribed in Equation 2.2. As such, we will mine through archival galaxy IFU surveys

to conduct our search of PTA-detectable SMBHB host galaxies.
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2.3 Archival Galaxy IFU Datasets

2.3.1 Sample Selection

We conduct our search for SMBHB host galaxies using archival IFU data from the

MASSIVE (Ma et al., 2014), ATLAS3D (Cappellari et al., 2011), and CALIFA (Sánchez

et al., 2012) galaxy surveys. Since PTAs are sensitive to GWs originating from nearly

the full sky, we specifically choose these three IFU surveys because they cover a wide

sky footprint. Furthermore, these three surveys are also approximately volume-

limited, which mitigates the Malmquist bias that would preferentially select increas-

ingly massive galaxies with increasing distance (Malmquist, 1922; Sandage, 2000).

By doing so, we explore all the galaxies in the northern sky within a distance D <

108 Mpc and with a stellar mass M⇤ & 3 ⇥ 1011M� for MASSIVE (Ma et al., 2014),

and D < 42 Mpc, M⇤ & 6 ⇥ 109M� for ATLAS3D (Cappellari et al., 2011). Although

the CALIFA survey is not strictly volume-limited, it has been shown to be > 95%

complete for galaxies with stellar mass 5 ⇥ 109M� . M⇤ . 2.5 ⇥ 1011M� and dis-

tance 22 Mpc < D < 128 Mpc (Sánchez et al., 2012; Walcher et al., 2014), so we limit

our study to this range. In total, the main MASSIVE, CALIFA, and ATLAS3D sur-

veys contain 116, 667, and 260 galaxies, respectively. A few galaxies overlap between

multiple surveys, and we address how we take this into account in our analysis in

Section 4.5. We also note that the redshift ranges of these IFU surveys are different

than the redshift range of simulated galaxies used to derive the stellar kinematic sig-

natures of SMBH merger and binary host galaxies, and we discuss why this does not

impact our results in Section 4.6. With this selection of galaxies, we cover most of

the local massive galaxies in the northern sky that are not in the Galactic plane (see

Figure 2.2).

2.3.2 Stellar Mass, Metallicity, and Star-Formation Rate as SMBHB Host

Galaxy Discriminants

We first demonstrate that the most massive galaxies within our sample naturally

correspond to the most metal-rich and least star-forming, as expected from galaxy

scaling relations. As such, identifying the distinct signatures of the host galaxies of
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FIGURE 2.2: Sky map of the location of the galaxies we use for our
search of the potential host galaxies of SMBHBs. The archival galaxy
datasets we use (MASSIVE, ATLAS3D and CALIFA) cover most of
the local massive galaxies in the northern sky. The gray line traces the

Galactic plane.

SMBHBs detectable by PTAs requires a comparison to a mass-matched control sam-

ple of galaxies. Previous studies have asserted from cosmological simulations that

PTA-detectable SMBHBs live in galaxies that are more massive, redder in color, more

metal rich and less star-forming than the overall population of galaxies or the overall

population of SMBHB host galaxies (Cella, Taylor, and Kelley, 2024; Saeedzadeh et

al., 2024). However, because PTAs are more sensitive to the most massive SMBHBs,

we expect their host galaxies to be more massive, which should naturally correlate

with higher metallicity and lower star formation rate through galaxy scaling rela-

tions. In Figure 2.3, we show the M⇤ � Z and M⇤�sSFR relations for MASSIVE

(Davis et al., 2016; Greene et al., 2019), ATLAS3D (Davis et al., 2014; McDermid et al.,

2015), and CALIFA galaxies (Sánchez et al., 2017; Catalán-Torrecilla et al., 2015) for

which metallicity and star formation rates have been derived (for a total of 14, 88 and

291 galaxies from MASSIVE, ATLAS3D and CALIFA, respectively). We note that the

wide range of star formation among the CALIFA galaxies is due to the CALIFA sur-

vey probing a different volume in mass and distance than MASSIVE and ATLAS3D,

thus resulting in galaxies of different morphologies, while ATLAS3D and MASSIVE

mostly contain E and S0 galaxies, which are usually less star-forming (González Del-

gado et al., 2015). As expected from global mass-scaling relations (M⇤ � Z; Tremonti
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et al. 2004; Ma et al. 2016, and M⇤�sSFR; Brinchmann et al. 2004; Bauer et al. 2013),

Figure 2.3 reveals a correlation between galaxy stellar mass and metallicity, and an

anti-correlation between galaxy stellar mass and specific star formation rate. These

correlations are consistent with the paradigm that more massive galaxies tend to

have older stellar populations, which through time have enriched the interstellar

medium with metals, resulting in higher stellar metallicity, and have exhausted the

available gas required to form stars, resulting in lower specific star formation rate

(e.g., Kennicutt, 1998; Madau and Dickinson, 2014). Since PTA-detectable SMBHBs

are the most massive SMBHBs (with MBH & 108M�; Sesana, Vecchio, and Volonteri,

2009; Ellis et al., 2023), they reside in galaxies with high stellar mass. These galax-

ies are thus naturally more metal-rich and less star-forming compared to the overall

population of SMBHB host galaxies or to the overall population of galaxies. These

correlations reflect galaxy scaling relations, rather than truly distinctive properties

of SMBHB host galaxies.

Using the ROMULUS25 simulations, we find that the stellar metallicity and sSFR

are not reliable discriminants to identify SMBH merger and binary host galaxies

from a mass- and redshift-matched control sample. To assess if Z and sSFR can be

used as discriminants of SMBHB host galaxies, we train the LDA equation using Z

and sSFR to distinguish the SMBH merger and binary host galaxy sample from the

mass- and redshift-matched control galaxy sample in ROMULUS25. First, we extract

the stellar metallicity and star-formation rate values for each galaxy in our samples

from the ROMULUS25 simulation stellar particle data. We then train the LDA using

the metallicity and sSFR parameters individually. We find that the resulting accuracy

of the LDA classification is low (. 65%), as shown in Figure 2.1. We also find that

combining both Z and sSFR into the LDA equation does not increase its accuracy.

This confirms that PTA-detectable SMBHB host galaxies do not have distinctively-

high metallicities and low star formation rates. Rather, they are simply more massive

than the overall population of galaxies and SMBHB host galaxies. In contrast, our

stellar kinematic LDA predictor in Equation 2.2 is not affected by galaxy scaling

relations, and reflects truly distinctive properties of SMBHB host galaxies. Hence, we

compute the LDA score using Equation 2.2 for galaxies in our archival IFU surveys

to identify galaxies most likely to host a SMBHB.
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FIGURE 2.3: Galaxies within our sample obey well-known global
scaling relations. Top panel: stellar mass-metallicity relation (M⇤ �Z)
for the MASSIVE, ATLAS3D, and CALIFA galaxies for which lRe
and DPA are available. The solid black line represents the empirical
M⇤ � Z relation from SDSS galaxies from Gallazzi et al. (2005), with
the dashed lines representing the ±1s interval. Bottom panel: stel-
lar mass-sSFR relation (M⇤�sSFR) for all ATLAS3D, MASSIVE and
CALIFA galaxies in the top panel for which SFR has also been de-
rived. The contour lines enclose 68%, 95%, 99% of galaxies from the

JHU-MPA SDSS galaxy catalog (Brinchmann et al., 2004).
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Characterizing SMBHB Host

Galaxy Candidates with Stellar

Kinematics and GWs

3.1 Identifying SMBHB Host Galaxy Candidates in Archival

IFU Surveys

3.1.1 Retrieval of Stellar Kinematic Parameters

To identify SMBHB host galaxy candidates from their distinct stellar kinematic prop-

erties using Equation 2.2, we first retrieve the stellar kinematic parameters of galax-

ies from archival datasets. Specifically, we retrieve the lRe and DPA parameters from

ATLAS3D (Emsellem et al., 2011; Krajnović et al., 2011) and MASSIVE (Veale et al.,

2017; Ene et al., 2018), and lRe from CALIFA (Falcón-Barroso et al., 2019). A few

MASSIVE galaxies have no reported value for DPA due to not having identifiable

kinematic axes (Ene et al., 2018). Furthermore, only a subset of the full CALIFA

sample (galaxies with good quality data and non-disturbed morphologies) have re-

ported values for lRe (Falcón-Barroso et al., 2017). With these cuts, the stellar kine-

matic parameters are available for 71, 260 and 291 galaxies from MASSIVE, CALIFA

and ATLAS3D, respectively.

Although the CALIFA survey does not provide the DPA parameter for its galax-

ies, we measure DPA by computing the morphological position angle PAmorph and
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the kinematic position angle PAkin from the flux and line-of-sight velocity disper-

sion (LOSVD) maps, respectively, as produced by the CALIFA collaboration (Falcón-

Barroso et al., 2017). We retrieve the V1200 (medium resolution) stellar kinematic

maps1, and run (Rodriguez-Gomez et al., 2019) over the flux and noise

maps to compute the morphological position angle PAmorph. We also compute the

kinematic position angle PAkin by following the technique by Nevin et al. (2019), and

use the bounded Absolute Radon Transform by Stark et al. (2018) on the line-of-sight

velocity dispersion (LOSVD) maps. This enables us to compute the DPA parameter

for all 291 CALIFA galaxies in our sample.

3.1.2 Selection of Massive Galaxies

To identify the galaxies in our archival galaxy datasets that are the most likely to host

a SMBHB detectable by PTAs, we first select the galaxies whose SMBH mass MBH

are the highest. PTA experiments are only sensitive to the most massive SMBHB

systems, so we select galaxies harboring the most massive SMBHs in the MASSIVE,

ATLAS3D and CALIFA IFU surveys. We estimate the MBH of each galaxy using the

empirical M⇤ � MBH relation for early-type galaxies from Sahu, Graham, and Davis

(2019), and we justify this choice in Section 4.3.1. The resulting SMBH mass MBH

distribution of our sample of galaxies is shown in Figure 3.1.

We use a fiducial minimum MBH = 108.4M� as the threshold to select the most

massive galaxies in our sample. This threshold matches the sensitivity from PTA

experiments, and corresponds to a chirp mass Mchirp ⇠ 108M� for a binary with

a mass ratio q = 1 (i.e., an equal-mass binary). Previously, B24B showed that the

LDA predictor from Equation 2.2 has an accuracy of &85% in discriminating sim-

ulated SMBH merger and binary host galaxies from a mass- and redshift-matched

control galaxy sample for SMBHs with a chirp mass Mchirp > 108.2M�. Notably,

they found that this accuracy does not decrease significantly when the minimum

chirp mass threshold is lowered from 108.2M� to 108M�. Thus, we still expect the

LDA predictor to reach ⇠85% accuracy with our adopted minimum SMBH mass

1

https://califa.caha.es/FTP-PUB/dataproducts/Stellar_Kinematics_V1200/
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FIGURE 3.1: Distribution of the SMBH mass MBH of the galaxies
in the archival IFU surveys. We search for PTA-detectable SMBHB
host galaxies only among galaxies that host the most massive SMBHs
(MBH & 108.4M�, corresponding to Mchirp & 108M�). This minimum
SMBH mass threshold is indicated by a black dashed line. The bins

with darker lines correspond to galaxies above this threshold.
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threshold of MBH = 108.4M�, which corresponds to a minimum chirp mass thresh-

old of Mchirp ⇠ 108M�. Our selection of the most massive galaxies yields 71, 69 and

106 galaxies in MASSIVE, ATLAS3D and CALIFA, respectively.

3.1.3 LDA Score and Correlations

with lRe , DPA, M⇤, Z, and sSFR

After retrieving the lRe and DPA parameters and selecting the most massive galax-

ies, we compute the LDA score for each galaxy. We normalize each parameter by

subtracting the mean and dividing by the standard deviation of each parameter’s

distribution, following the method of B24A and B24B, to prevent any one particu-

lar parameter from dominating the LDA equation. We then input the normalized

parameters in Equation 2.2 to determine the LDA score of each galaxy.

As expected, we find that the LDA score is strongly correlated with lRe , and has

a weaker correlation with log DPA. In the first and second panels from the top of

Figure 3.2, we show the correlation between the LDA score and the lRe and DPA

parameters for our sample of massive (MBH & 108.4M�) galaxies. From the LDA

predictor (Equation 2.2), the absolute values of the coefficients of each parameter are

indicative of their relative importance. Thus, it makes sense that the strongest corre-

lation occurs with the lRe parameter in Figure 3.2, as its coefficient has an absolute

value of 2.81, compared to 0.51 for log DPA. The sign of the coefficients indicates ei-

ther an anti-correlation (coefficient < 0) or positive correlation (coefficient > 0). This

is why lRe (with a coefficient of �2.81) has a strong anti-correlation with the LDA

score, while log DPA (with a coefficient of +0.51) has a weaker positive correlation

with the LDA score. To verify this, we compute Pearson’s r (see, e.g., Bravais, 1844;

Stigler, 1989) for the LDA�lRe and LDA� log DPA distributions, and find values of

⇠ �1 and ⇠0.6, respectively, which is consistent with our expectations.

We also find that the LDA predictor does not simply select the most massive

galaxies, further confirming that the LDA predictor is identifying the true distinc-

tive stellar kinematic signatures of SMBH merger and binary host galaxies. In the

third, fourth, and fifth panels from the top of Figure 3.2, we show the correlations

between the LDA score from Equation 2.2 and galaxy stellar mass, metallicity, and

sSFR, respectively. In contrast to lRe and log DPA, these parameters have little to no



3.1. Identifying SMBHB Host Galaxy Candidates in Archival IFU Surveys 37

FIGURE 3.2: Correlations between various galaxy properties and the
LDA score (from top to bottom: lRe , log DPA, stellar mass M⇤, stellar
metallicity Z, and specific star formation rate sSFR). Overall, the LDA
score has a strong negative correlation with lRe , and a weaker posi-
tive correlation with log DPA, but little to no correlation with stellar

mass, Z, and sSFR.
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FIGURE 3.3: Distribution of LDA score and GW strain for our galax-
ies in our sample with an LDA score > 0. The color scale repre-
sents the total score of each galaxy (Equation 3.2). The gray dashed
line represents the approximate h0 sensitivity limit from the 15-year
NANOGrav dataset near f = 10 nHz (Agazie, Antoniadis, and Anu-
marlapudi, 2024). Since we calculated the GW strain of the hypothet-
ical SMBHBs within our galaxies using a black hole mass based on
their stellar mass, an assumed emitted GW frequency of 10 nHz, and
an assumed mass ratio of q = 1, the dashed line is not a strict but
rather an approximate limit, as represented by the gray shaded re-

gion around it.

correlation with the LDA score. We compute Pearson’s r for each of their correlation

with the LDA, and find values of ⇠0.5, ⇠0.3 and ⇠ �0.3 for log M?, log Z and log

sSFR, respectively. As such, our results show that the LDA predictor is not simply

selecting the most massive, metal-rich and least star-forming galaxies, and instead

is likely identifying the true distinctive signature of SMBH merger and binary host

galaxies.

3.2 Calculating the GW strain of Hypothetical SMBHBs

We calculate the GW strain of the hypothetical SMBHB systems in our galaxies. We

use the GW strain equation for an equal-mass binary from Schutz and Ma, 2016:

h0 = 6.9 ⇥ 10�15
⇣

MBH
109 M�

⌘5/3 ⇣ 10 Mpc
dL

⌘ ⇣
f

10�8Hz

⌘2/3
, (3.1)
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where h0 is the GW strain of the hypothetical SMBHB, MBH is the total mass

of the two black holes (M1 + M2), dL is the luminosity distance to the host galaxy,

and f is the frequency at which the GWs are assumed to be emitted. Since we have

no information about the mass ratio of the potential binary systems, we assume

equal-mass SMBHBs (i.e., fiducial mass ratio q = 1). Since we also do not know

the separation between the two black holes, we further assume that the GWs are

emitted at a frequency near the highest sensitivity of PTA experiments, around 10

nHz (Arzoumanian et al., 2020); this corresponds to a separation of ⇠5 milliparsecs

between two black holes of mass MBH = 1010M� (Schutz and Ma, 2016). We discuss

the caveats of this hypothetical h0 in Section 4.3.

We combine the GW strain and the LDA score into a total score for each galaxy,

based on (1) how likely the galaxy is to host a hypothetical SMBHB, and (2) the

amplitude of the GW strain h0 computed with Equation 3.1. We normalize both the

LDA score and the GW strain h0 between 0 and 1, and add them in quadrature to

compute a total score. We assign equal weights to each score to remain agnostic

about the relative importance between these two metrics towards the likelihood of a

PTA detection. We normalize the total score between 0 and 1, such that:

total score =
1p
2

q
[LDA

2
+\log h0

2
, (3.2)

where [LDA is the normalized LDA score and \log h0 is the normalized log GW

strain score. We compute this total score for each of the massive galaxies in our

sample with positive LDA scores. The resulting top ten ranked galaxies are listed in

Table 3.1, while all ranked galaxies are listed in Table A.1 in the Appendix. In Fig-

ure 3.3, we present our sample of galaxies with a positive LDA score in the LDA�h0

plane, where the color of each galaxy reflects its total score from Equation 3.2. Galax-

ies with a high LDA score are predicted to be more likely to host a SMBHB, and

galaxies whose SMBHBs have a high GW strain h0 are more likely to be detected by

PTAs. We discuss some caveats on the interpretation of Figure 3.3 in Section 4.3.
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TABLE 3.1: The top ten highest-ranking galaxies using the total score
from Equation 3.2. Columns include: galaxy name, total score rank,
luminosity distance D, IFU survey, log of the black hole mass MBH,
log of the hypothetical GW strain h0, LDA score (Equation 2.2), nor-
malized log hypothetical strain \log h0, normalized LDA score [LDA,
total score (Equation 3.2), and the inner light profile classification
from the literature, when available (where ‘C’=core, ‘P’=power-law,
and ‘I’=intermediate). The full list is provided in Table A.1 of the Ap-

pendix.

Name Total Score D Survey log MBH log h0 LDA \log h0 [LDA Total Light

Rank [Mpc] [M�] Score Score Score Profile

NGC4073 1 91.50 MASSIVE 10.25 -13.04 4.08 0.98 0.99 0.99 C

NGC1016 2 95.20 MASSIVE 10.25 -13.06 3.86 0.98 0.97 0.97 C

NGC2832 3 105.20MASSIVE 10.30 -13.02 3.62 0.99 0.94 0.97 C

NGC4486 4 17.20 ATLAS3D 9.72 -13.20 4.03 0.93 0.98 0.96 C

NGC1060 5 67.40 MASSIVE 10.00 -13.32 4.21 0.90 1.00 0.95 –

NGC0533 6 77.90 MASSIVE 10.03 -13.33 3.87 0.90 0.97 0.93 –

NGC4472 7 17.10 ATLAS3D 9.80 -13.07 3.02 0.97 0.89 0.93 C

NGC4874 8 102.00MASSIVE 10.13 -13.28 3.56 0.91 0.94 0.92 C

NGC0410 9 71.30 MASSIVE 9.94 -13.45 3.93 0.86 0.97 0.92 –

NGC7265 10 82.80 MASSIVE 9.95 -13.49 4.01 0.85 0.98 0.92 –
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Applications & Caveats of SMBHB

Host Galaxy Identification

4.1 Interpretations of the Ranked List of Galaxies

In our ranked list of galaxies, high-LDA scoring galaxies are the most likely to host

SMBHBs, although it is possible that the two SMBHs have either already merged or

have yet to form a gravitationally-bound system. As discussed in Chapter 2, galax-

ies with a high LDA score possess the stellar kinematic signatures of SMBH merger

and binary host galaxies, as informed from the ROMULUS25 cosmological simula-

tions. However, the stellar kinematic signatures identified in ROMULUS25 (slow

rotation and misaligned kinematic/photometric axes) are for SMBHB that have a

broad range of separations, from .700 pc (i.e., SMBH pairs) to 0 pc (i.e., recently

merged). For observed galaxies in the IFU surveys, the separation of their hypothet-

ical two SMBHs is unknown. Thus, we caution that it is likely that the high-LDA

scoring galaxies in our list are contaminated by galaxies harboring SMBHB that have

merged in the past Gyr, or have current separations of .100 pc and thus have not

yet hardened into a binary system. However, this issue of contamination should not

hamper the use of our ranked list of galaxies for targeted continuous GW sources for

PTA experiments. Furthermore, the presence of these contaminants in our ranked

list enables other science goals, such as searches for close dual AGNs and recoiling

AGNs. We discuss these different use cases for our ranked list in Section 4.2 below.

We suggest that the host galaxies of gravitationally-unbound SMBH pairs could
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be distinguished from nHz GW-emitting SMBHB host galaxies based on their in-

ner galaxy surface brightness profile. If the two SMBHs have hardened to a binary

system by scouring the galaxy nucleus through three-body interactions with nearby

stars, this would result in an observable surface brightness core in the inner light

profile of the galaxy (e.g., Begelman, Blandford, and Rees, 1980; Hills, 1983; Quinlan,

1996). However, other mechanisms such as gravitational wave-induced recoil and

tidal deposition have also been proposed to explain the origin of observed surface

brightness cores (Nasim et al., 2021; Khonji et al., 2024; Rawlings et al., 2025), and

so this interpretation warrants caution. Nevertheless, we provide the inner surface

brightness profile classification of the massive galaxies in our search as found in the

literature (Lauer et al., 1995; Faber et al., 1997; Ravindranath et al., 2001; Rest et al.,

2001; Laine et al., 2003; Lauer et al., 2005; Lauer et al., 2007a; Krajnović et al., 2013)

in Table 3.1 and Table A.1, if one desires to interpret it as a discriminant between

potential SMBH pair and SMBHB host galaxies.

4.2 Use Cases of the Ranked List of Galaxies

The most basic use of our ranked list of galaxies in Tables 3.1 and A.1 is to identify

the most likely host galaxy counterpart to an individual PTA source. Once PTA ex-

periments identify an individual source of continuous GWs, nearby massive galax-

ies in its sky localization region that are also highest-ranked in our list are the most

likely counterparts. However, even before such a PTA detection, our ranked list of

galaxies can be used for several science cases, as discussed below.

4.2.1 Targeted Searches for Individual Continuous GW Sources by PTAs

The highest-ranked galaxies in our ranked list can already be used in targeted searches

for individual continuous GW sources in PTA data. PTA searches for continuous

GWs from an individual SMBHB typically fit pulsar timing residual data to models

with many parameters, such as the sky position, the GW frequency f , the orbital

phase, the GW polarization angle, the orbital inclination, and others, depending on

the chosen model (e.g., Arzoumanian et al., 2020; Liu and Vigeland, 2021). These

searches are computationally expensive, but can be sped up by fixing one or more
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of these parameters. For example, targeted searches fix the location in the sky of the

GW source to observed galaxies, which improves the detection sensitivity (e.g., Liu

et al., 2023; Charisi et al., 2024). Our high-ranking galaxies are among the best PTA-

detectable SMBHB host galaxy candidates in the northern sky, and thus targeted

PTA searches can focus on them for faster and more sensitive searches.

4.2.2 Independent Corroboration of Candidate SMBHBs Discovered Through

Other Means

Our ranked list of galaxies can be used to independently corroborate candidate SMB-

HBs discovered through other means (e.g., light curve periodicities), based on the

host galaxy stellar kinematic properties. Our full galaxy list in Table A.1 provides

the stellar kinematic properties of the overall population of massive nearby galaxies,

spanning those likely to host SMBHBs (high LDA score) to those unlikely (low LDA

score). For a candidate SMBHB discovered through other means, a comparison of

its host galaxy stellar kinematics to our full galaxy list can provide independent evi-

dence to either reinforce or weaken the hypothesis that its central SMBH is indeed a

SMBHB. Specifically, the stellar kinematic parameters lRe and DPA of the candidate

SMBHB’s host galaxy can be measured from IFU spectroscopy, and used to compute

a LDA score using Equation 2.2. The resultant LDA score can then be compared to

our full galaxy list in Table A.1; if the SMBHB candidate has a high LDA score com-

pared to the galaxies in our full list, this corroborates the hypothesis that the galaxy

hosts a SMBHB, and conversely. We emphasize that since this comparison does not

involve the GW strain h0, it is the LDA score (Equation 2.2) in Table A.1 that should

be considered, rather than the total score (Equation 3.2). We also note that the LDA

score in Equation 2.2 requires normalized values of lRe and DPA for the candidate

SMBHB’s host galaxy. To perform this normalization, one should subtract the mean

value of the parameter from our distribution and divide by its standard deviation

(the mean and standard deviation of lRe and log DPA from our full list in Table A.1

are (µlRe
, slRe

) = (0.31, 0.24) and (µlog DPA, slog DPA) = (0.87, 0.73), respectively). The

resulting normalized values of lRe and DPA for the candidate SMBHB’s host galaxy

can then be directly inserted into Equation 2.2 to calculate its LDA score.
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4.2.3 Identifying Candidate Dual AGNs and Recoiling AGNs for Follow-

Up Observations

Our list of galaxies can also be used to select candidate closely separated (.100 pc)

dual AGN, which can be confirmed with follow-up observations. As discussed in

Section 4.1, some of our top-ranked galaxies may instead host close (.100 pc) SMBH

pairs, since their host galaxy stellar kinematics are similar to SMBHBs and thus con-

taminate our ranked list. If both SMBHs in the pair are accreting, then they could

be observable as a close dual AGN. Follow-up telescope imaging of these candidates

with high spatial resolution in the infrared, X-ray, or radio could spatially resolve the

two AGNs for confirmation. Furthermore, if the two SMBHs have not yet formed

a bound ⇠parsec-scale binary (and are thus potentially resolvable in follow-up ob-

servations), the inner surface brightness profiles of the host galaxy would not have

been modified by scouring yet. In this scenario, the host galaxies would thus dis-

play a power-law inner surface brightness profile (rather than a core), which can

be used as an additional selection cut to maximize the efficiency of target selection

for follow-up observations. Within our sample, six galaxies (NGC 6703, NGC 3414,

NGC 474, NGC 4494, NGC 3226 and NGC 4596) have a positive LDA score and a

power-law inner surface brightness profile.

In addition to dual AGN, we suggest that our ranked list of galaxies can be used

to select candidate recoiling AGN that can be verified with follow-up observations.

As discussed in Section 4.1, our top-ranked galaxies are also likely to host SMB-

HBs that have merged in the past <Gyr. For a merging SMBHB, anisotropic emis-

sion of GWs produce a recoil kick on the merged SMBH (e.g., Campanelli et al.,

2007; Schnittman and Buonanno, 2007; Blecha et al., 2011), with velocities ranging

from .500 km/s to 4000 km/s depending on the binary parameters (Bogdanović,

Reynolds, and Miller, 2007; Campanelli et al., 2007). If the kicked SMBH is accret-

ing, it could be observed as an AGN with spatial or kinematic offsets from the host

galaxy. Such methods have already been employed towards detecting AGN recoil

candidates, for example using HST images (e.g., Lena et al., 2014). In contrast with

the dual AGN discussed above, the inner light profile of the host galaxy of a recently-

merged SMBHB would be scoured and display a core. Follow-up observations of
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our top-ranked galaxies, especially those with cores, could reveal these spatial or

kinematic offsets (Blecha et al., 2011; Kim et al., 2016).

4.3 Uncertainties in Calculating the GW Strain h0

4.3.1 Black Hole Mass

Our calculation of the SMBH mass MBH carries a statistical error stemming from our

use of an empirical scaling relation, which causes the GW strain h0 as shown in Fig-

ure 3.3 to be approximate. Specifically, the empirical M⇤ � MBH relation we use from

Sahu, Graham, and Davis, 2019 has a scatter of ⇠0.5 dex. Since h0 µ M5/3
chirp µ M5/3

BH ,

this would lead to a scatter of a factor of ⇠7 in h0, which corresponds to an un-

certainty of ⇠0.8 dex on the y-axis of Figure 3.3. Among our top ranking galaxies in

Table 3.1, two (NGC 4486 (M87) and NGC 4374 (M84)) have dynamically-or directly-

measured SMBH masses in the literature. The SMBH mass of M87 has been directly

measured from the black hole’s shadow by the Event Horizon Telescope Collabora-

tion et al. (2019) to be MBH ⇠ 6.5⇥ 109M�, within 1s of our value found with stellar

mass. The SMBH mass of M84 has been measured through gas kinematics by Bower

et al. (1998) to be MBH ⇠ 1.5 ⇥ 109M�, also within 1s of our stellar mass value.

SMBH masses of other galaxies such as NGC 2832 and NGC 4874 have also been

published, although they were found through the M⇤ � se empirical relation (Schutz

and Ma, 2016; Dullo, 2019). Their values are below our adopted estimates using a

M⇤ � MBH relation (a difference of up to 1.5 dex), which is consistent with recent

studies suggesting that the M⇤ � se relation systematically underestimates MBH for

the most massive galaxies, and is therefore a less robust method to determine MBH of

local massive galaxies (e.g., Lauer et al., 2007b; Dullo, Gil de Paz, and Knapen, 2021;

Liepold and Ma, 2024). This further justifies our choice of the M⇤ � MBH relation to

compute MBH.

4.3.2 Black Hole Mass Ratio

Our assumption of an equal mass ratio q = 1 in the calculation of the chirp mass

Mchirp also leads to a systematic error in the gravitational wave strain h0. Although

the mass ratio of hypothetical SMBHBs in our galaxies is unknown, our choice of
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q = 1 may be justified because accretion onto the binary would drive it towards

equal mass (Young and Clarke, 2015). However, hypothetical SMBHBs in our galaxy

dataset might have a mass ratio 0 < q  1. Since h0 µ M5/3
chirp µ q

(1+q)2 , if we assume

a SMBHB to have a mass ratio of q = 1 while its actual mass ratio is, e.g., q = 0.1,

we would overestimate its GW strain h0 by a factor of ⇠3, which corresponds to a

⇠0.5 dex difference on the y-axis of Figure 3.3 (but still smaller than the uncertainty

caused by the black hole mass). Therefore, the GW strain h0 of galaxies shown in

Figure 3.3 is an upper limit.

4.3.3 Binary Separation

Ultimately, our lack of constraints on the hypothetical SMBHB orbital separation is

our most significant obstacle towards identifying potential PTA-detectable SMBHB

candidate host galaxies. In Figure 3.3, we assume a GW emission frequency of 10

nHz to compute the GW strain h0, which corresponds to a binary separation of ⇠5

milliparsecs for a system of mass MBH ⇠ 1010M� (Schutz and Ma, 2016). As dis-

cussed in Section 4.1, the exact separations can be anywhere between ⇠100 pc to

0 pc (already merged). PTA-detectable SMBHBs need separations of ⇠milliparsec

to emit nHz GWs, which we cannot constrain (although they would rank highly in

our list if there are any in our archival galaxy datasets). Thus, the galaxies shown in

Figure 3.3 that are above the current NANOGrav h0 sensitivity limit are not neces-

sarily predicted to host SMBHBs currently detectable by PTAs, but may instead host

SMBHB systems that have either already merged in the past Gyr, or that are cur-

rently at larger separations and have not yet hardened into a bound nHz-emitting

SMBHB.

4.4 Cross-Referencing with Multi-AGN Catalogs

Through cross-referencing with multi-AGN catalogs, we find five candidate recoil-

ing AGN host galaxies in our galaxy dataset, all of which have a positive LDA score,

which is consistent with our interpretation. We use the Pfeifle et al. (2024) Big Multi-

AGN Catalog, which is a census of all known and candidate multiple-AGN systems
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in the literature, and identify the galaxies in our sample that are present in that cat-

alog. Notably, we find that five of our ATLAS3D galaxies host candidate recoiling

AGN (NGC 4486 (M87), NGC 4168, NGC 4278, NGC 4636 and NGC 5846, as identi-

fied by Lena et al., 2014). These five galaxies all have .10 pc spatial offsets between

the AGN and the galaxy center, which suggests recent (.0.1 Myr) SMBH mergers

assuming typical recoil velocities of ⇠100–1000 km s�1 (Campanelli et al., 2007). We

also find one galaxy (NGC 6338) from the CALIFA sample in the Pfeifle et al. (2024)

catalog as identified by Comerford and Greene (2014) that hosts a candidate dual

AGN, with a projected separation of 1.6 kiloparsec. All six of these galaxies have

positive LDA scores, which is consistent with our expectation that the LDA score

not only identifies SMBHB host galaxies, but also the host galaxies of SMBH pairs

and recent SMBHB mergers.

Other observational evidence also suggests that many of the highest-ranked galax-

ies in our sample either have undergone a recent galaxy merger, host a SMBHB, or

host a recent SMBH merger. In particular, our #1 scoring galaxy, NGC 4073, has been

observed by Lauer et al. (2005) to display a local minimum in its surface brightness

profile near its center. Surface brightness central minima have been hypothesized to

result from the hardening and recent merger of a SMBHB (Holley-Bockelmann and

Richstone, 2000; Lauer et al., 2002), which is consistent with expectations from our

LDA score. Our #6 scoring galaxy, NGC 533, lies in a galaxy group that is suspected

to have recently undergone a merger based on X-ray observations of its intragroup

medium gas (Finoguenov et al., 2007; Gu et al., 2012). We also note that the major-

ity (6/10) of our highest-ranked galaxies reside in either galaxy groups or low-mass

clusters rather than massive galaxy clusters, based on cross-referencing with galaxy

catalogs (Mahtessian, 1998). This is consistent with the scenario in which galaxy

groups are more conducive to major mergers of massive galaxies that lead to the

formation of SMBHBs, due to the lower velocity dispersions of galaxies in the group

(Binney and Tremaine, 2008).
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4.5 Discrepancies Among Overlapping Galaxies Between Dif-

ferent Surveys

Among the 71, 69, and 106 galaxies from the MASSIVE, ATLAS3D, and CALIFA sur-

veys that we use to search for PTA-detectable SMBHBs, there are 18 galaxies that

overlap between two different galaxy surveys, and none that are in all three. In

particular, NGC 5353, NGC 4472, NGC 5557, and NGC 5322 are present in both

MASSIVE and ATLAS3D, NGC 2592, NGC 5631, NGC 2880, NGC 5485, and NGC

6278 are present in both ATLAS3D and CALIFA, while NGC 7619, NGC 4816, NGC

1167, NGC 3615, NGC 3158, NGC 2513, NGC 0499, NGC 1060, and NGC 4874 are

present in both MASSIVE and CALIFA. As such, many of these galaxies have differ-

ent reported distances and stellar kinematic parameters, depending on the survey.

For overlapping galaxies, we find that the stellar kinematic parameters are simi-

lar between the different surveys within the uncertainties, whereas some galaxy dis-

tances have been measured differently and disagree. For the galaxy distances, we

use those that have been corrected with the surface brightness fluctuation method

or corrected for local peculiar velocity, whenever available. For example, NGC 1060

as observed by MASSIVE is ranked #5 in our list, but #11 as observed by CALIFA.

Upon closer inspection, this difference arises not from a different LDA score (both

are similar), but rather from a difference in GW strain h0 due to MASSIVE report-

ing a distance of 67.4 ⇥ 106 parsec (67.4 Mpc) and CALIFA reporting a distance of

73.9 Mpc. Since the MASSIVE galaxy distance is smaller, its h0 is higher and its rank

is higher. In this case, the distance of NGC 1060 from MASSIVE has been corrected

for its local peculiar velocity, and thus we rely on the distance reported in MASSIVE.

4.6 Redshift Difference Between

the Simulated and Observational Galaxy Datasets

Although the redshift range of the IFU surveys we use is lower than the redshift

range of the ROMULUS25 simulated galaxies, this does not significantly affect our

results, because the distinct stellar kinematic signatures of simulated SMBH merger

and binary host galaxies do not display redshift evolution. The simulated galaxies in



4.6. Redshift Difference Between

the Simulated and Observational Galaxy Datasets
49

ROMULUS25 used by B24B to derive the LDA predictor have redshifts of 0.5 . z . 2

(mean of z ⇠ 1.5). As such, it is possible that the stellar kinematic signatures of

SMBH merger and binary host galaxies identified by B24B are different for lower

redshift galaxies, such as those at z . 0.03 in the IFU surveys we use. Although

the ROMULUS25 simulation does not contain enough SMBH merger and binary host

galaxies to directly assess if the LDA predictor in Equation 2.2 applies at z ⇠ 0, we

test whether this LDA predictor evolves over redshift. Specifically, we retrain the

LDA predictor only for a subset of simulated galaxies around redshift z ⇠ 0.5, and

find that the resulting LDA equation is similar to Equation 2.2 in terms of parame-

ters and parameter coefficients. This explicitly demonstrates that the distinct stellar

kinematic properties of simulated SMBH merger and binary host galaxies do not

evolve with redshift, and should apply even to galaxies at lower redshifts.

Despite the different redshift ranges of the simulated and observed galaxies, the

synthetic IFU data used by B24B to compute the LDA predictor probe similar physi-

cal scales in the galaxies compared to the observational IFU datasets, which enables

us to directly use the LDA predictor on our archival galaxy datasets. As a con-

sequence of the difference in redshift range between the simulated and observed

galaxies, if the physical scale probed by the synthetic IFU data for the simulated

galaxies used to compute the LDA predictor is much smaller than the physical scale

probed by the observational dataset, the LDA predictor may not be directly appli-

cable to the observational IFU dataset. In particular, the pixel spatial resolution of

the synthetic stellar kinematic maps produced by B24B probes physical scales of 400

to 900 pc in each galaxy, depending on the redshift of the simulated galaxy. On the

other hand, the physical scales probed by the stellar kinematic maps from CALIFA,

ATLAS3D, and MASSIVE range from ⇠300–1200 parsec, depending on redshift and

instrument resolution. Thus, despite the difference in redshift ranges, the physical

scales probed are similar, enabling us to directly apply the LDA predictor in Equa-

tion 2.2 to the MASSIVE, ATLAS3D and CALIFA galaxy IFU datasets.
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Conclusions

5.1 Science Summary

We mined archival galaxy IFU surveys to search for potential candidate host galaxies

of individual SMBHBs that could be detected in GWs by PTAs. To do this, we used

results from the ROMULUS25 cosmological simulations to identify the optimal set of

parameters that discriminate simulated SMBH merger and binary host galaxies from

a mass- and redshift-matched control sample. This selection is embedded in a LDA

predictor. We then compute the LDA score for galaxies from archival IFU surveys

to identify nearby galaxies that display the distinct signatures of SMBH binary and

merger host galaxies. Assuming that their hypothetical two SMBHs are equal mass

and are at ⇠milliparsec separations, we calculate their expected gravitational wave

strain h0. We combine the LDA score with h0 to calculate a total score for each galaxy

that reflects both (1) how likely they are to host a SMBHB, and (2) the strength of their

hypothetical gravitational wave strain. Our main findings are as follows:

1. Using the ROMULUS25 cosmological simulations, we determine that among

the full set of morphological and stellar kinematic parameters, it is the set of

stellar kinematic parameters that optimally discriminates SMBH merger and

binary host galaxies from a mass- and redshift-matched control sample. By

selecting simulated galaxies with chirp mass Mchirp > 108M� and mass ratio

q > 0.5, the accuracy of this classification reaches &85%.

2. We derive the stellar kinematic signatures of simulated SMBH merger and bi-

nary host galaxies using a mass- and redshift-matched control sample, such
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that our results are not affected by galaxy scaling relations. We apply these dis-

tinctive stellar kinematic signatures (slower rotation and stronger kinematic/photometric

misalignments) to archival IFU observations of massive nearby galaxies, to

predict which ones are the most likely to host a SMBH merger or binary.

3. We produce a ranked list of galaxies that correspond to the best candidates for

the host galaxies of individual SMBHBs in the northern sky that will be de-

tected in GWs by PTAs. Even before a PTA detection, this list can be used to

(1) perform targeted searches for individual sources of continuous GW in PTA

data, (2) to corroborate candidate SMBHBs discovered through other means,

and (3) to select candidate closely-separated (.100 pc) dual AGNs and recoil-

ing AGN for follow-up observations.

The quest to detect continuous nHz GWs from an individual SMBHB is ongoing

through multiple PTA experiments. While we focus here on identifying potential

PTA GW sources among massive nearby galaxies using archival IFU surveys in the

northern sky, ongoing galaxy IFU surveys in the south such as the Hector Galaxy

Survey1 can extend these efforts for full sky coverage of individual PTA sources.

Such a search may become especially pressing given the recent tentative detection

of a GW hotspot by the MeerKAT PTA collaboration at southern declinations not

covered here (Grunthal et al., 2024). When the host galaxy of an individual SMBHB

detected through GWs by PTAs is identified, telescope follow-up across the elec-

tromagnetic spectrum will provide insights on the formation and environments of

SMBHBs that remain mysterious.

1https://hector.survey.org.au/
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5.2 General Perspectives

The work presented in this thesis represents a step towards the discovery of the first

SMBHB in GWs by PTA experiments in the future. In Chapter 1, we notably covered

how current PTA data analysis predicts that the localization region of a nHz GW

source cannot be constrained to a single host galaxy, and that there will be many

candidates. In the pursuit of singling out the unique GW source host galaxy, search-

ing for the host galaxy stellar kinematic signature is promising because it can be

universally characterized and does not depend on, e.g., dust obscuration or pro-

jection alignment. The results shown here are additionally interesting because our

analysis has enabled the exploration of complementary science goals, such as the

search for closely separated dual AGNs and recoiling SMBHs, whose identification

is traditionally challenging. As such, we hope that the results presented in this thesis

will be conducive, in the future, to a better understanding of the evolution of SMBHs

and their merging processes, from being gravitationally unbound to emitting GWs,

and wandering galaxy nuclei upon merging.
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Appendix A

Ranked List of Galaxies

TABLE A.1: Extended Table 3.1 for all the massive galaxies in our
sample (with a SMBH mass MBH > 108.4M�, or equivalently with
a chirp mass Mchirp > 108M�). Columns include: galaxy name, to-
tal score rank, luminosity distance D, IFU survey, log of the black
hole mass MBH, log of the hypothetical strain h0, LDA score (Equa-
tion 2.2), normalized log hypothetical GW strain \log h0, normalized
LDA score [LDA, total score (Equation 3.2), and the inner light pro-
file classification from the literature, when available (where ‘C’=core,

‘P’=power-law, and ‘I’=intermediate).

Name Total Score D Survey log MBH log h0 LDA \log h0 [LDA Total Light

Rank [Mpc] [M�] Score Score Score Profile

NGC4073 1 91.50 MASSIVE 10.25 -13.04 4.08 0.98 0.99 0.99 C

NGC1016 2 95.20 MASSIVE 10.25 -13.06 3.86 0.98 0.97 0.97 C

NGC2832 3 105.20 MASSIVE 10.30 -13.02 3.62 0.99 0.94 0.97 C

NGC4486 4 17.20 ATLAS3D 9.72 -13.20 4.03 0.93 0.98 0.96 C

NGC1060 5 67.40 MASSIVE 10.00 -13.32 4.21 0.90 1.00 0.95 –

NGC0533 6 77.90 MASSIVE 10.03 -13.33 3.87 0.90 0.97 0.93 –

NGC4472 7 17.10 ATLAS3D 9.80 -13.07 3.02 0.97 0.89 0.93 C

NGC4874 8 102.00 MASSIVE 10.13 -13.28 3.56 0.91 0.94 0.92 C

NGC0410 9 71.30 MASSIVE 9.94 -13.45 3.93 0.86 0.97 0.92 –

NGC7265 10 82.80 MASSIVE 9.95 -13.49 4.01 0.85 0.98 0.92 –

NGC1060 11 73.90 CALIFA 9.91 -13.51 3.92 0.84 0.97 0.91 –

NGC0777 12 72.20 MASSIVE 9.95 -13.43 3.69 0.86 0.95 0.91 –

NGC0315 13 70.30 MASSIVE 10.22 -12.98 2.11 1.00 0.80 0.91 –

NGC1129 14 73.90 MASSIVE 10.10 -13.20 2.87 0.94 0.87 0.90 –

Continued on next page
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Name Rank D Survey log MBH log h0 LDA \log h0 [LDA Total Light

[Mpc] [M�] Score Profile

NGC4406 15 16.80 ATLAS3D 9.51 -13.54 3.84 0.83 0.97 0.90 C

NGC0507 16 69.80 MASSIVE 9.95 -13.42 3.42 0.87 0.93 0.90 C

NGC4374 17 18.50 ATLAS3D 9.48 -13.63 3.97 0.81 0.98 0.90 C

NGC4261 18 30.80 ATLAS3D 9.71 -13.47 3.42 0.85 0.93 0.89 C

NGC2258 19 59.00 MASSIVE 9.75 -13.68 3.96 0.79 0.98 0.89 –

NGC0708 20 69.00 MASSIVE 9.75 -13.74 4.03 0.77 0.98 0.88 –

NGC5846 21 24.20 ATLAS3D 9.46 -13.77 4.07 0.76 0.99 0.88 C

NGC4472 22 16.70 MASSIVE 9.80 -13.04 1.59 0.98 0.75 0.87 C

NGC7436 23 106.60 MASSIVE 10.12 -13.33 2.56 0.90 0.84 0.87 –

NGC2783 24 101.40 MASSIVE 9.80 -13.83 3.93 0.74 0.97 0.87 –

NGC5557 25 51.00 MASSIVE 9.61 -13.86 4.00 0.73 0.98 0.87 C

NGC7626 26 54.00 MASSIVE 9.75 -13.64 3.35 0.80 0.92 0.86 I

NGC3842 27 99.40 MASSIVE 9.94 -13.60 3.04 0.81 0.89 0.85 C

NGC4914 28 74.50 MASSIVE 9.80 -13.69 3.30 0.78 0.91 0.85 –

NGC2274 29 73.80 MASSIVE 9.77 -13.74 3.43 0.77 0.93 0.85 –

NGC0080 30 81.90 MASSIVE 9.75 -13.82 3.55 0.75 0.94 0.85 –

NGC1573 31 65.00 MASSIVE 9.67 -13.85 3.63 0.74 0.95 0.85 –

NGC5322 32 34.20 MASSIVE 9.64 -13.63 2.94 0.80 0.88 0.84 C

NGC3209 33 94.60 MASSIVE 9.67 -14.02 3.90 0.69 0.97 0.84 –

NGC4636 34 14.30 ATLAS3D 9.17 -14.03 3.92 0.68 0.97 0.84 C

NGC7436B 35 107.80 CALIFA 10.02 -13.49 2.41 0.85 0.83 0.84 –

NGC1132 36 97.60 MASSIVE 9.79 -13.84 3.30 0.74 0.91 0.83 –

NGC3562 37 101.00 MASSIVE 9.75 -13.91 3.47 0.72 0.93 0.83 –

NGC2672 38 61.50 MASSIVE 9.70 -13.78 3.13 0.76 0.90 0.83 –

NGC4365 39 23.30 ATLAS3D 9.38 -13.89 3.39 0.72 0.92 0.83 C

NGC4874 40 114.00 CALIFA 9.66 -14.11 3.85 0.66 0.97 0.83 C

NGC5813 41 31.30 ATLAS3D 9.49 -13.83 3.18 0.74 0.90 0.83 C

NGC4649 42 17.30 ATLAS3D 9.70 -13.23 1.13 0.93 0.71 0.82 C

Continued on next page
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Name Rank D Survey log MBH log h0 LDA \log h0 [LDA Total Light

[Mpc] [M�] Score Profile

NGC0890 43 55.60 MASSIVE 9.64 -13.84 3.08 0.74 0.89 0.82 –

NGC0499 44 69.80 MASSIVE 9.64 -13.94 3.31 0.71 0.92 0.82 –

NGC3462 45 99.20 MASSIVE 9.72 -13.96 3.32 0.71 0.92 0.82 –

UGC02783 46 85.80 MASSIVE 9.59 -14.11 3.62 0.66 0.94 0.81 –

NGC7386 47 99.10 MASSIVE 9.70 -13.98 3.31 0.70 0.92 0.81 –

NGC0910 48 79.80 MASSIVE 9.52 -14.19 3.68 0.63 0.95 0.81 C

NGC6173 49 136.70 CALIFA 9.71 -14.11 3.46 0.66 0.93 0.81 –

NGC3158 50 103.40 MASSIVE 10.20 -13.18 0.39 0.94 0.64 0.80 –

NGC7274 51 82.80 MASSIVE 9.56 -14.15 3.41 0.65 0.92 0.80 –

NGC6338 52 126.40 CALIFA 9.66 -14.17 3.38 0.64 0.92 0.79 –

NGC4555 53 103.60 MASSIVE 9.94 -13.62 1.88 0.81 0.78 0.79 –

NGC3937 54 101.20 MASSIVE 9.72 -13.96 2.85 0.70 0.87 0.79 –

NGC7556 55 103.00 MASSIVE 9.89 -13.70 2.05 0.78 0.80 0.79 –

NGC1684 56 63.50 MASSIVE 9.52 -14.09 2.87 0.66 0.87 0.78 –

NGC7619 57 54.00 MASSIVE 9.75 -13.64 1.56 0.80 0.75 0.78 C

NGC4816 58 102.00 MASSIVE 9.52 -14.30 3.30 0.60 0.91 0.77 –

IC0310 59 77.50 MASSIVE 9.52 -14.18 3.03 0.64 0.89 0.77 –

UGC03683 60 85.10 MASSIVE 9.66 -14.00 2.51 0.69 0.84 0.77 –

NGC5557 61 38.80 ATLAS3D 9.07 -14.64 3.84 0.50 0.97 0.77 C

NGC7052 62 69.30 MASSIVE 9.75 -13.74 1.75 0.77 0.77 0.77 C

NGC2320 63 89.40 MASSIVE 9.95 -13.53 0.93 0.84 0.69 0.77 –

NGC5322 64 30.30 ATLAS3D 9.39 -13.99 2.31 0.70 0.82 0.76 C

NGC7550 65 73.80 CALIFA 9.23 -14.65 3.70 0.50 0.95 0.76 –

NGC6482 66 61.40 MASSIVE 9.70 -13.77 1.62 0.76 0.75 0.76 –

NGC2513 67 70.80 MASSIVE 9.66 -13.92 2.05 0.72 0.80 0.76 –

NGC0741 68 78.70 CALIFA 9.37 -14.44 3.25 0.56 0.91 0.75 –

NGC4841A 69 108.00 CALIFA 9.42 -14.50 3.22 0.54 0.91 0.75 –

NGC4168 70 30.90 ATLAS3D 9.01 -14.63 3.46 0.50 0.93 0.75 C

Continued on next page
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Name Rank D Survey log MBH log h0 LDA \log h0 [LDA Total Light

[Mpc] [M�] Score Profile

NGC4552 71 15.80 ATLAS3D 8.85 -14.61 3.31 0.51 0.91 0.74 C

NGC2513 72 71.10 CALIFA 9.41 -14.34 2.76 0.59 0.86 0.74 –

UGC03894 73 97.20 MASSIVE 9.70 -13.97 1.86 0.70 0.78 0.74 –

NGC1700 74 54.40 MASSIVE 9.70 -13.72 1.02 0.78 0.70 0.74 C

NGC3816 75 99.40 MASSIVE 9.57 -14.20 2.37 0.63 0.83 0.73 –

NGC4382 76 17.90 ATLAS3D 9.26 -13.99 1.79 0.70 0.77 0.73 C

UGC12127 77 121.70 CALIFA 9.13 -15.04 3.84 0.38 0.96 0.73 –

NGC4816 78 110.10 CALIFA 9.35 -14.62 3.13 0.51 0.90 0.73 –

NGC0383 79 71.30 MASSIVE 9.87 -13.56 0.03 0.82 0.60 0.72 –

NGC0810 80 109.40 CALIFA 9.43 -14.49 2.77 0.54 0.86 0.72 –

NGC5490 81 78.60 MASSIVE 9.69 -13.91 1.21 0.72 0.72 0.72 –

NGC5029 82 136.00 CALIFA 9.35 -14.72 3.03 0.47 0.89 0.71 –

NGC6703 83 25.90 ATLAS3D 8.48 -15.45 3.91 0.25 0.97 0.71 P

NGC0499 84 62.90 CALIFA 9.18 -14.66 2.85 0.49 0.87 0.71 –

NGC5198 85 39.60 ATLAS3D 8.82 -15.05 3.45 0.37 0.93 0.71 C

NGC1453 86 56.40 MASSIVE 9.75 -13.66 0.04 0.80 0.61 0.71 –

UGC10695 87 129.30 CALIFA 9.01 -15.25 3.64 0.31 0.95 0.70 –

NGC2693 88 74.40 MASSIVE 9.82 -13.67 -0.09 0.79 0.59 0.70 –

NGC3158 89 107.90 CALIFA 9.73 -13.97 0.93 0.70 0.69 0.70 –

NGC6575 90 106.00 MASSIVE 9.70 -14.01 0.96 0.69 0.69 0.69 –

IC1079 91 137.90 CALIFA 9.06 -15.21 3.33 0.33 0.92 0.69 –

NGC2418 92 74.10 MASSIVE 9.57 -14.08 1.06 0.67 0.70 0.69 –

NGC6125 93 77.00 CALIFA 9.15 -14.80 2.70 0.45 0.86 0.68 –

NGC0997 94 90.40 MASSIVE 9.57 -14.16 1.22 0.64 0.72 0.68 –

NGC2768 95 21.80 ATLAS3D 9.40 -13.84 0.09 0.74 0.61 0.68 I

UGC10693 96 129.80 CALIFA 9.35 -14.69 2.40 0.48 0.83 0.68 –

NGC6223 97 86.70 MASSIVE 9.70 -13.92 0.34 0.71 0.63 0.68 –

NGC6515 98 106.20 CALIFA 8.84 -15.46 3.37 0.25 0.92 0.67 –

Continued on next page
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Name Rank D Survey log MBH log h0 LDA \log h0 [LDA Total Light

[Mpc] [M�] Score Profile

NGC6375 99 95.80 MASSIVE 9.66 -14.05 0.61 0.68 0.66 0.67 –

NGC6411 100 61.30 CALIFA 8.65 -15.53 3.24 0.23 0.91 0.66 –

NGC7562 101 52.70 CALIFA 8.92 -15.01 2.65 0.39 0.85 0.66 –

NGC5129 102 107.50 MASSIVE 9.94 -13.63 -1.35 0.80 0.47 0.66 –

NGC6020 103 71.80 CALIFA 8.52 -15.82 3.36 0.14 0.92 0.66 –

NGC7618 104 76.30 MASSIVE 9.59 -14.06 0.41 0.67 0.64 0.66 –

NGC3608 105 22.30 ATLAS3D 8.44 -15.44 2.99 0.26 0.88 0.65 C

NGC5614 106 65.40 CALIFA 9.01 -14.96 2.31 0.40 0.82 0.65 –

NGC3414 107 24.50 ATLAS3D 8.69 -15.07 2.45 0.37 0.83 0.64 P

NGC3607 108 22.20 ATLAS3D 9.08 -14.37 1.01 0.58 0.70 0.64 C

NGC5485 109 25.20 ATLAS3D 8.61 -15.22 2.49 0.32 0.84 0.63 C

UGC00029 110 127.50 CALIFA 8.58 -15.97 3.05 0.09 0.89 0.63 –

NGC4278 111 15.60 ATLAS3D 8.64 -14.95 2.04 0.40 0.79 0.63 C

NGC6146 112 137.30 CALIFA 9.55 -14.37 0.80 0.58 0.68 0.63 –

NGC5631 113 36.30 CALIFA 8.40 -15.72 2.85 0.17 0.87 0.63 –

NGC0155 114 89.20 CALIFA 8.81 -15.43 2.56 0.26 0.84 0.62 –

NGC1167 115 70.20 MASSIVE 9.74 -13.78 -1.65 0.76 0.44 0.62 –

NGC0524 116 23.30 ATLAS3D 9.18 -14.23 -0.14 0.62 0.59 0.60 C

NGC3665 117 33.10 ATLAS3D 9.43 -13.96 -1.22 0.70 0.48 0.60 –

NGC5485 118 36.70 CALIFA 8.56 -15.46 2.28 0.25 0.82 0.60 C

NGC3615 119 101.20 MASSIVE 9.70 -13.99 -1.30 0.69 0.48 0.60 –

NGC3303 120 98.80 CALIFA 8.62 -15.79 2.33 0.15 0.82 0.59 –

NGC0665 121 74.60 MASSIVE 9.64 -13.97 -1.58 0.70 0.45 0.59 –

NGC1167 122 70.60 CALIFA 9.66 -13.91 -1.96 0.72 0.41 0.59 –

NGC7426 123 80.00 MASSIVE 9.82 -13.70 -3.55 0.78 0.26 0.58 –

NGC5353 124 41.10 MASSIVE 9.61 -13.77 -2.98 0.76 0.32 0.58 –

NGC3805 125 99.40 MASSIVE 9.77 -13.87 -2.41 0.73 0.37 0.58 –

NGC3379 126 10.30 ATLAS3D 8.38 -15.21 1.57 0.32 0.75 0.58 C

Continued on next page
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Name Rank D Survey log MBH log h0 LDA \log h0 [LDA Total Light

[Mpc] [M�] Score Profile

NGC3193 127 33.10 ATLAS3D 8.77 -15.07 1.29 0.37 0.72 0.57 C

NGC7619 128 54.90 CALIFA 8.42 -15.86 1.94 0.13 0.78 0.56 C

NGC4494 129 16.60 ATLAS3D 8.51 -15.21 1.27 0.33 0.72 0.56 P

NGC7025 130 75.40 CALIFA 9.39 -14.39 -0.58 0.57 0.55 0.56 –

NGC3613 131 28.30 ATLAS3D 8.89 -14.79 0.49 0.45 0.65 0.56 C

NGC0661 132 30.60 ATLAS3D 8.40 -15.64 1.65 0.20 0.76 0.55 –

NGC0474 133 30.90 ATLAS3D 8.40 -15.64 1.64 0.19 0.76 0.55 P

NGC2918 134 105.10 CALIFA 9.25 -14.77 0.18 0.46 0.62 0.54 –

NGC3106 135 96.40 CALIFA 8.87 -15.37 1.10 0.28 0.71 0.54 –

NGC7623 136 54.50 CALIFA 8.49 -15.76 1.45 0.16 0.74 0.53 –

UGC10097 137 94.60 CALIFA 9.27 -14.68 -0.25 0.49 0.58 0.53 –

NGC4621 138 14.90 ATLAS3D 8.71 -14.81 -0.11 0.45 0.59 0.52 P

NGC1497 139 87.80 MASSIVE 9.51 -14.26 -1.98 0.61 0.41 0.52 –

NGC3226 140 22.90 ATLAS3D 8.51 -15.35 0.82 0.28 0.68 0.52 P

NGC4753 141 22.90 ATLAS3D 9.16 -14.26 -2.07 0.61 0.40 0.52 –

NGC4477 142 16.50 ATLAS3D 8.42 -15.34 0.67 0.29 0.66 0.51 I

NGC5208 143 105.00 MASSIVE 9.72 -13.98 -4.86 0.70 0.14 0.50 –

NGC5638 144 25.60 ATLAS3D 8.40 -15.58 0.76 0.22 0.67 0.50 –

NGC0447 145 80.10 CALIFA 8.73 -15.51 0.67 0.23 0.66 0.50 –

NGC0821 146 23.40 ATLAS3D 8.67 -15.07 -0.03 0.37 0.60 0.50 I

NGC5966 147 73.50 CALIFA 8.53 -15.81 0.89 0.14 0.69 0.50 –

NGC7194 148 118.90 CALIFA 9.25 -14.82 -0.71 0.44 0.53 0.49 –

NGC4429 149 16.50 ATLAS3D 8.79 -14.72 -0.99 0.47 0.51 0.49 P

NGC4526 150 16.40 ATLAS3D 8.92 -14.51 -1.74 0.54 0.44 0.49 –

NGC3615 151 105.40 CALIFA 9.15 -14.94 -0.47 0.41 0.56 0.49 –

NGC0169 152 66.20 CALIFA 9.51 -14.13 -3.95 0.65 0.23 0.49 –

NGC5353 153 35.20 ATLAS3D 9.35 -14.13 -4.06 0.65 0.22 0.49 –

NGC3640 154 26.30 ATLAS3D 8.88 -14.77 -1.01 0.46 0.51 0.48 C

Continued on next page
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Name Rank D Survey log MBH log h0 LDA \log h0 [LDA Total Light

[Mpc] [M�] Score Profile

NGC7563 155 60.80 CALIFA 8.46 -15.85 0.67 0.13 0.66 0.48 –

NGC4697 156 11.40 ATLAS3D 8.63 -14.84 -1.06 0.44 0.50 0.47 P

NGC4596 157 16.50 ATLAS3D 8.37 -15.42 0.10 0.26 0.61 0.47 P

NGC2554 158 64.00 CALIFA 8.87 -15.19 -0.31 0.33 0.57 0.47 –

NGC0932 159 57.50 CALIFA 8.46 -15.83 0.47 0.14 0.65 0.47 –

NGC4473 160 15.30 ATLAS3D 8.40 -15.35 -0.08 0.28 0.59 0.47 C

NGC5866 161 14.90 ATLAS3D 8.52 -15.14 -0.53 0.35 0.55 0.46 –

NGC5784 162 86.60 CALIFA 8.87 -15.31 -0.31 0.30 0.57 0.45 –

NGC6945 163 59.30 CALIFA 9.16 -14.67 -2.11 0.49 0.40 0.45 –

NGC0529 164 69.00 CALIFA 8.66 -15.56 -0.13 0.22 0.59 0.44 –

UGC10905 165 122.70 CALIFA 9.52 -14.39 -3.95 0.57 0.23 0.44 –

NGC6314 166 105.30 CALIFA 8.87 -15.41 -0.55 0.27 0.55 0.43 –

NGC7722 167 58.30 CALIFA 8.92 -15.06 -1.32 0.37 0.48 0.43 –

NGC6021 168 78.50 CALIFA 8.53 -15.84 -0.15 0.13 0.59 0.43 –

NGC0936 169 22.40 ATLAS3D 9.03 -14.46 -4.06 0.55 0.22 0.42 P

NGC0680 170 37.50 ATLAS3D 8.56 -15.47 -0.74 0.25 0.53 0.41 –

NGC2859 171 27.00 ATLAS3D 8.47 -15.48 -0.78 0.25 0.53 0.41 P

NGC7738 172 97.80 CALIFA 8.65 -15.74 -0.67 0.17 0.54 0.40 –

NGC1349 173 93.90 CALIFA 8.40 -16.14 -0.50 0.05 0.55 0.39 –

UGC11228 174 90.30 CALIFA 8.67 -15.67 -0.97 0.19 0.51 0.38 –

NGC4956 175 77.70 CALIFA 8.49 -15.90 -0.78 0.12 0.53 0.38 –

NGC2962 176 34.00 ATLAS3D 8.68 -15.23 -1.78 0.32 0.43 0.38 P

NGC5473 177 33.20 ATLAS3D 8.66 -15.25 -1.81 0.31 0.43 0.38 –

NGC6081 178 85.00 CALIFA 8.71 -15.57 -1.25 0.22 0.48 0.37 –

NGC7824 179 88.10 CALIFA 8.92 -15.24 -1.90 0.32 0.42 0.37 –

NGC4459 180 16.10 ATLAS3D 8.38 -15.40 -1.59 0.27 0.45 0.37 P

UGC05771 181 114.30 CALIFA 9.04 -15.15 -2.16 0.34 0.40 0.37 –

NGC5838 182 21.80 ATLAS3D 8.78 -14.87 -3.20 0.43 0.30 0.37 P

Continued on next page



62 Appendix A. Ranked List of Galaxies

Name Rank D Survey log MBH log h0 LDA \log h0 [LDA Total Light

[Mpc] [M�] Score Profile

NGC6150 183 135.80 CALIFA 9.22 -14.93 -3.10 0.41 0.31 0.36 –

NGC3998 184 13.70 ATLAS3D 8.41 -15.27 -2.08 0.31 0.40 0.36 I

UGC08107 185 128.60 CALIFA 8.63 -15.89 -1.18 0.12 0.49 0.36 –

NGC4281 186 24.40 ATLAS3D 8.88 -14.75 -4.30 0.46 0.19 0.36 P

NGC0023 187 65.70 CALIFA 8.58 -15.67 -1.41 0.19 0.47 0.36 –

NGC7711 188 58.80 CALIFA 8.60 -15.59 -1.65 0.21 0.44 0.35 –

NGC6278 189 48.60 CALIFA 8.38 -15.88 -1.43 0.12 0.46 0.34 P

UGC10205 190 104.60 CALIFA 8.51 -15.99 -1.66 0.09 0.44 0.32 –

NGC5687 191 27.20 ATLAS3D 8.47 -15.48 -2.34 0.24 0.38 0.32 –

NGC0160 192 75.20 CALIFA 8.57 -15.76 -1.93 0.16 0.42 0.32 –

NGC2974 193 20.90 ATLAS3D 8.74 -14.92 -4.68 0.41 0.16 0.31 P

NGC7671 194 60.00 CALIFA 8.44 -15.87 -1.93 0.13 0.42 0.31 –

NGC5987 195 50.80 CALIFA 8.86 -15.10 -3.85 0.36 0.24 0.30 –

NGC4036 196 24.60 ATLAS3D 8.78 -14.91 -5.48 0.42 0.08 0.30 –

NGC5308 197 31.50 ATLAS3D 8.78 -15.03 -4.38 0.38 0.19 0.30 P

NGC3945 198 23.20 ATLAS3D 8.55 -15.27 -3.36 0.31 0.28 0.29 P

UGC05113 199 103.60 CALIFA 8.68 -15.70 -2.46 0.18 0.37 0.29 –

UGC08234 200 124.80 CALIFA 8.74 -15.69 -2.51 0.18 0.36 0.29 –

NGC4233 201 33.90 ATLAS3D 8.64 -15.30 -3.48 0.30 0.27 0.29 –

NGC5406 202 84.40 CALIFA 8.97 -15.14 -4.18 0.35 0.20 0.28 –

NGC3230 203 40.80 ATLAS3D 8.70 -15.27 -3.73 0.31 0.25 0.28 –

NGC4762 204 22.60 ATLAS3D 8.69 -15.03 -5.73 0.38 0.06 0.27 P

NGC5908 205 55.40 CALIFA 8.88 -15.10 -5.18 0.36 0.11 0.27 –

NGC2639 206 52.70 CALIFA 8.79 -15.23 -4.43 0.32 0.18 0.26 –

UGC06036 207 101.60 CALIFA 8.80 -15.50 -3.41 0.24 0.28 0.26 –

NGC4521 208 39.70 ATLAS3D 8.71 -15.24 -4.65 0.32 0.16 0.25 –

NGC0217 209 56.70 CALIFA 8.68 -15.45 -3.71 0.25 0.25 0.25 –

UGC06312 210 100.70 CALIFA 8.57 -15.88 -2.87 0.12 0.33 0.25 –

Continued on next page
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Name Rank D Survey log MBH log h0 LDA \log h0 [LDA Total Light

[Mpc] [M�] Score Profile

NGC4003 211 103.60 CALIFA 8.64 -15.78 -3.02 0.15 0.31 0.25 –

NGC7683 212 54.20 CALIFA 8.55 -15.65 -3.32 0.19 0.29 0.24 –

IC0944 213 112.40 CALIFA 8.95 -15.30 -4.52 0.30 0.17 0.24 –

NGC0774 214 65.20 CALIFA 8.39 -15.99 -3.02 0.09 0.31 0.23 –

UGC00036 215 90.50 CALIFA 8.52 -15.92 -3.16 0.11 0.30 0.23 –

UGC10380 216 137.90 CALIFA 8.53 -16.08 -3.02 0.06 0.31 0.23 –

NGC2695 217 31.50 ATLAS3D 8.41 -15.64 -3.69 0.19 0.25 0.22 –

NGC5422 218 30.80 ATLAS3D 8.43 -15.60 -3.82 0.21 0.24 0.22 I

NGC6278 219 42.90 ATLAS3D 8.56 -15.53 -4.06 0.23 0.22 0.22 P

NGC6497 220 95.50 CALIFA 8.58 -15.84 -3.44 0.13 0.27 0.22 –

UGC08781 221 120.90 CALIFA 8.61 -15.89 -3.39 0.12 0.28 0.21 –

IC0674 222 116.70 CALIFA 8.36 -16.29 -3.26 0.00 0.29 0.21 –

UGC12274 223 112.10 CALIFA 8.77 -15.60 -4.20 0.21 0.20 0.21 –

NGC7311 224 66.90 CALIFA 8.63 -15.60 -4.24 0.21 0.20 0.20 –

NGC7684 225 74.30 CALIFA 8.49 -15.88 -3.69 0.12 0.25 0.20 –

NGC0364 226 72.80 CALIFA 8.45 -15.93 -3.66 0.11 0.25 0.19 –

UGC03995 227 71.80 CALIFA 8.39 -16.04 -3.58 0.08 0.26 0.19 –

IC4566 228 92.30 CALIFA 8.44 -16.06 -3.61 0.07 0.26 0.19 –

UGC09537 229 138.50 CALIFA 8.88 -15.50 -5.17 0.24 0.11 0.19 –

NGC5888 230 136.50 CALIFA 8.86 -15.54 -5.22 0.23 0.11 0.18 –

NGC3160 231 106.90 CALIFA 8.44 -16.12 -3.94 0.05 0.23 0.16 –

NGC2577 232 30.80 ATLAS3D 8.39 -15.67 -4.93 0.19 0.13 0.16 –

NGC5493 233 38.80 ATLAS3D 8.46 -15.65 -5.43 0.19 0.09 0.15 –

IC1755 234 113.50 CALIFA 8.39 -16.23 -4.23 0.02 0.20 0.14 –

NGC6547 235 40.80 ATLAS3D 8.38 -15.81 -5.06 0.14 0.12 0.13 –

NGC5934 236 91.30 CALIFA 8.42 -16.09 -4.71 0.06 0.15 0.12 –

NGC6060 237 73.70 CALIFA 8.41 -16.02 -4.83 0.08 0.14 0.12 –

NGC6941 238 94.80 CALIFA 8.42 -16.10 -4.79 0.06 0.15 0.11 –

Continued on next page
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Name Rank D Survey log MBH log h0 LDA \log h0 [LDA Total Light

[Mpc] [M�] Score Profile

NGC7321 239 104.90 CALIFA 8.40 -16.18 -4.94 0.03 0.13 0.10 –

NGC6978 240 91.60 CALIFA 8.57 -15.84 -6.33 0.14 0.00 0.10 –

NGC0180 241 75.30 CALIFA 8.39 -16.06 -5.37 0.07 0.09 0.08 –

NGC2347 242 67.10 CALIFA 8.42 -15.96 -5.86 0.10 0.05 0.08 –

NGC6478 243 105.10 CALIFA 8.54 -15.95 -6.18 0.10 0.01 0.07 –

UGC10337 244 138.60 CALIFA 8.57 -16.02 -5.75 0.08 0.06 0.07 –

NGC6301 245 129.50 CALIFA 8.55 -16.03 -6.26 0.08 0.01 0.06 –

UGC10710 246 130.10 CALIFA 8.49 -16.12 -5.76 0.05 0.05 0.05 –
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