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The dawning of low—frequency gravitational wave (GW) astronomy via pulsar
timing arrays and space-based GW interferometry will provide new opportunities for
the study of the supermassive black hole (SMBH) binaries which form as galaxies
merge through cosmic time. The onset of observational GW studies has coincided with
the expansion of wide—field optical time—domain surveys such as the Zwicky Transient
Facility (ZTF), which provide a complementary way to detect and analyze SMBHs when
they accrete gas and emit at optical wavelengths. In this thesis I describe how high
cadence surveys like ZTF can be used to discover rare populations of massive black holes
which inform our understanding of early massive black hole seeding channels and their
subsequent growth through mergers to produce the SMBH populations we see today.

In the first part of this thesis I present a search for variable active galactic nuclei

(AGN) which are spatially offset from their host galaxies using time-resolved imaging



data from ZTF and deeper, higher resolution imaging data from the Legacy Surveys. I
present a population of 52 variable AGN in merging galaxies in addition to 9 candidates
for gravitational wave recoil of remnant SMBHs which may be used to constrain SMBH
binary merger rates and spin alignment efficiencies. I also examine the dramatic
rebrightening of a previous recoiling SMBH candidate SDSS1133, and conclude from
spectroscopic follow—up that it is more likely an outbursting luminous blue variable star.

In the second part of the thesis, I present a population of 190 low—mass AGN
in dwarf galaxies discovered by their optical or mid—-infrared variability in deep ZTF
difference imaging and forward—modeled photometry of WISE image stacks. These
intermediate mass black hole (IMBH) candidates can be used to constrain the low—mass
end of the Mgy relation and dwarf galaxy occupation fractions in order to better
understand the origins of the first massive black holes. Only 9 candidates from my search
had been detected previously in radio, X-ray, and variability searches for dwarf galaxy
AGN. I find that spectroscopic approaches to AGN identification would have missed
81% of my ZTF IMBH candidates and 69% of my WISE IMBH candidates, showing
the promise of variability searches for discovery of otherwise hidden low—mass AGN.

In the third part of this work, I present 299 variable AGN in ZTF which have
double—peaked Balmer broad lines from the motion of gas in their accretion disk,
increasing the number of known double—peaked emitters (DPEs) by a factor of 2. DPEs
can arise as false positive candidates in both spectroscopic and variability—based searches
for SMBH binaries, so it is important to characterize the properties of their spectra and
light curves. I find that 16% of variable broad line AGN in ZTF are DPEs and that 50%

of the DPEs display dramatic changes in the relative fluxes of their red and blue peaks



over long 10 20 year timescales. I show that a number of DPEs exhibit apparently
periodic and chirping signals in the optical and mid—infrared and discuss how this arises
naturally from their power spectra. I show that DPE light curves have slightly steeper
power spectra than their standard broad line counterparts and are 1.5 times more likely
to have a low frequency turnover. I compare the variability and spectroscopic properties of
the ZTF DPE population with the recently discovered inspiraling SMBH binary candidate
SDSSJ1430+2303 (ZTF18aarippg) and conclude that the variable velocity—offset broad
lines and periodic behavior of ZTF18aarippg are not unusual compared to other DPEs,
and it is therefore more likely to be a single AGN rather than an SMBH binary.

I conclude this thesis by outlining how the transient detection and image forward—
modeling techniques presented in this thesis can be used to find populations of low
accretion rate, off-nuclear AGN with the upcoming Legacy Survey of Space and Time
at the Vera Rubin observatory in order to produce much better constraints on massive
black hole seeding channels and GW recoil rates. I also discuss how these techniques can
be applied to new science cases, such as the analysis of strongly gravitationally lensed

supernovae and quasars, for cosmological studies with LSST.
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Preface

A version of Chapter 2 was published in The Astrophysical Journal as “AGNs on
the Move: A Search for Off-nuclear AGNs from Recoiling Supermassive Black Holes
and Ongoing Galaxy Mergers with the Zwicky Transient Facility” (Ward et al., 2021a). A
version of Chapter 3 was submitted to The Astrophysical Journal as “Variability-selected
intermediate mass black hole candidates in dwarf galaxies from ZTF and WISE” (Ward
et al., 2021b). The referee suggested minor revisions which have been implemented in
Chapter 3. A version of Chapter 4 is currently under review by the Zwicky Transient
Facility black holes working group and will be submitted to The Astrophysical Journal as
“Optically variable double-peaked emitters in ZTF: Understanding the AGN populations
which mimic SMBH binary behavior” (Ward et al., in prep) after implementation of
any revisions suggested by the publication board. Each chapter is presented with minor

modifications from the article version to ensure continuity throughout the thesis.
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Chapter 1: Introduction

In this chapter | provide an introduction to the physics of massive black hole (MBH)
formation and growth. | summarize the various possible origins for the rst massive black
hole seeds, and how these origins could result in observable differences in the MBH-host
galaxy relationships we see today. | describe the multi-wavelength emission produced
by MBHSs as they accrete gas, and relate this to the physical structure of MBHs and
their environment. | discuss how MBH binaries form when galaxies merge, and how
gravitational wave recoil may occur as a consequence of MBH binary mergers. | introduce
the open questions we currently have about MBH formation and growth to motivate the
research presented in the following chapters. Finally, | describe how time—domain survey

data enables the study of MBHs via their variable optical and infrared emission.

1.1 Massive black holes and their host galaxies

The vast majority of massive galaxies host an MBH of nfds< M gy < 10'°M
in their nucleus (Magorrian et al., 1998). When MBHSs interact with their surrounding
environment by accreting gas and emitting radiation, they can be observed as active
galactic nuclei (AGN). Most observed AGN are accreting supermassive black holes

(SMBHSs), which we de ne as having maségy > 10°M , but some AGN arise from



intermediate mass black holes (IMBHs) of md€8 < Mgy < 10°M . AGN can

be identi ed via their multi-wavelength emission and spectroscopic signatures. Their
optical, infrared and X-ray brightness often changes over time, allowing them to be
detected via their variability in time—domain surveys (Geha et al., 2003; MacLeod et al.,

2011; Schmidt et al., 2010; Smith et al., 2018; Ulrich et al., 1997).

1.1.1 Massive black hole seeding channels

There are multiple proposed channels for the formation of the rst massive black
hole seeds which grew into the SMBHs we see today (Figure 1.1; see Greene et al., 2020,
for a review). It is likely that most massive black holes originated &&0M BHs from
core-collapse supernovae at redsh#tss 10 which grew over time via gas accretion
to become supermassive. However, for some high—mass and high—redshift SMBHS, this
is only viable for lower radiative ef ciencies than are typically assumeck ( 0:1Mc?)
or if periods of super-Eddington accretion (see Section 1.2.1) are allowed. Other MBH
formation channels have therefore been proposed in order to explain the range of observed
SMBH masses and redshifts. In one channel, the massive and low metallicity tars at
10 (Pop Il stars) collapsed into more massive black hole seetiszpf 100M  (Fryer
& Kalogera, 2001), producing approximately one MBH per high—density peak (Madau
et al., 2014; Madau & Rees, 2001). If this channel produced the rst MBHs, we would
therefore expect the fraction of galaxies hosting an MBH (the galaxy occupation fraction)
to be close to 1. In the second proposed channel, gas clouds collapsed directly to MBHs

of Mgy 10 10°M while avoiding the typical phases of stellar evolution, producing



Figure 1.1: Schematic of three proposed seeding channels for the rst massive black holes
and the effects of each channel on BH—galaxy scaling relations, from Greene
et al. (2020). Initial seeds are shown as lled circles in the left gray column,
where the radius indicates the relative mass of the initial seeds. Merger events
are indicated by un lled black ovals while accretion events are shown by lled
ovals containing an accretion disk image. The nal occupation fractions in
low redshift galaxies and relative masses are indicated on the right side of the
schematic. The observable effects of each seeding channel on present-day
scaling relations (the BH mass distribution, the BH occupation fraction as a
function of galaxy mass, and the BH mass—galaxy bulge mass relation) are
shown on the right. Reproduced by permission of the authors and Annual
Reviews.



occupation fractions of 0.2—1.0 depending on galaxy mass (e.g. Begelman et al., 1980;
Lodato & Natarajan, 2006; Loeb & Rasio, 1994). This could only have occurredat

15 when the gas was pristine enough to avoid cooling and fragmentation into smaller
units (Habouzit et al., 2016). In the third channel, collisional runaway of stellar—-mass
BHs and neutron stars as dynamical friction pulled them into high density galaxy nuclei
produced seed MBHs of 10 10°M (Boco et al., 2020; Miller & Hamilton, 2002;
Portegies Zwart & McMillan, 2002; Sicilia et al., 2022). This thesis aims, in part, to
discover populations of MBHs whose properties may help us distinguish between these

alternative seeding channels.

1.1.2 Observational constraints on seeding channels

SMBHSs grow as their host galaxies merge with other galaxies over time, producing
a correlation between SMBH mass and host galaxy stellar bulge Mhagsormendy &
Ho, 2013). The relationship betwedfg, andM- extending down to dwarf galaxies of

stellar mas 10M is:

log(Mgu=M )=+ l0g Mpyge=10"M (1.1)

with =8:80 0:085and =1:24 0:081(Figure 1.2; Schutte et al., 2019). Galaxy
mass can be approximated by the velocity dispersion of its stapoducing theéM g4
relation:

logMgy=M )= + log =20Ckms? (1.2)



with =8:37 0:.05and =5:31 0:33(Woo et al., 2013). Dwarf galaxies of stellar
massM < 3 10°M are therefore the best places to nd low—mass black holes.

The low—mass end of the galaxy occupation fraction, and the slope and scatter
of the Mgy relation at low galaxy masses, will vary depending on the formation
mechanism of early black hole seeds. For example, Pop Il stars will produce a population
of undermassive BHs in low redshift galaxies with stellar dispersion 100km/s while
direct collapse mechanisms will produce heavier black holes, resulting in a attening of
the Mgy relation around masses @fPM  (Volonteri & Natarajan, 2009). The
fraction of IMBHSs in dwarf galaxies which are wandering in their galaxy haloes, rather
than occupying the nucleus, may also constrain BH seed formation mechanisms. The
wandering fraction will be substantially higher if massive black holes were produced
by gravitational runaway due to the high frequency of IMBH ejection during these
interactions (Holley-Bockelmann et al., 2008; Volonteri & Perna, 2005).

The observedV gy relation has only 15 black holes in galaxiesMf <
3 10°M with well-measured BH and galaxy masses (Figure 1.2; Baldassare et al.,
2020a), so to see if this relation holds at lower masses we would bene t from having
more BHs aM < 3 1C%. This motivates the development of strategies to detect low—
mass AGN in dwarf galaxies, which tend to have low accretion luminosities (Bellovary
et al., 2018) and are frequently missed by traditional AGN search criteria using infrared
color cuts (Latimer et al., 2021), X-ray luminosities (Mezcua et al., 2018), or the optical
emission line ratios (e.g. Reines et al., 2013) due to the harder spectral energy distributions

(SEDs) and lower accretion rates of low—mass AGN (Sections 1.2.2 and 1.2.3).



Figure 1.2:Left: BH mass vs stellar bulge mass, including some dwarf galaxies, from
Schutte et al. (2019). Bulge masses were derived from color—-dependent mass-
to-light ratios, while BH masses were derived from a mixture of dynamical
and virial broad line measurements. Reproduced by permission of the authors
and AAS.Right: Black hole mass versus stellar velocity dispersion, from
Baldassare et al. (2020a). Dark gray squares show galaxies with classical
bulges and light gray squares show galaxies with pseudo-bulges. Dwarf
galaxies with dynamical BH mass estimates are shown as dark blue squares
while the red, yellow and light blue circles indicate AGN in dwarf galaxies
with virial BH mass measurements. Reproduced by permission of the authors
and AAS.



1.2 Active galactic nuclei

1.2.1 Black hole accretion

AGN are produced by gas accretion onto an SMBH in a galaxy nucleus, which
converts energy from the gravitational potential to light. In a simple model where
an SMBH undergoes spherically symmetric accretion of gas of den@ijyand emits
radiation which is also spherically symmetric, we can nd the maximum luminosity for a
black hole where the radiation force is smaller than the gravitational force on the gas so
that the gas is not dispersed quickly (the Eddington luminosity):

4G
“ Mgy 128 10%Mgergs® (1.3)

L Edd

whereMg is the BH mass in units df0®M and is the opacity. Assuming fully ionized

hydrogen and Thomson scattering this corresponds to a maximum accretion rate given by

_ Leaa . r 1.
MEdd_ rC2 22M8 01 M yr -~ (14)

where | is the conversion ef ciency of accreted mass to radiation de ned by

L
M_BHC2 ’

Super—Eddington accretion is, however, possible if mass accretion occurs in
a disk while radiation escapes from the polar zones (Abramowicz et al., 1988). A
number of high redshifta > 6) quasars with bolometric luminosities greater than their
estimated Eddington luminosities have been observed, providing some evidence that

super-Eddington accretion may have occurred at early times (efigdBa et al., 2021).



The gas accreted onto an SMBH has angular momentum and therefore has a
structure close to a Keplerian disk. This disk has temperature structure approximated
by

|

Men Mg = — K (1.5)
dd I's

1=4

T(R) 63 10

assuming that = 0:1, whererg = % is the Schwarzchild radius of the BH. Thermal
emission from accretion disks with this temperature structure is responsible for the "blue
bump'at 10" 10 Hz in UV/visible spectra of quasars. Additional features include

a mid—IR bump due to thermal emission from warm dust at 100K. Dust echoes

in the mid—IR can provide information on the geometry and environment of AGN. The
X-ray spectra of AGN can be decomposed into a power law over frequegoyen by

S/ where 0:7, a soft excess and a high energy hump. These features arise
from Comptonization and re ection of photons within a high temperature corona above

the optically thick part of the accretion disk.

1.2.2 Accretion onto IMBHs and consequences for dwarf galaxy active
fractions

Numerical modeling of accretion onto 10 BH seeds nds that there are two
distinct accretion modes onto MBHSs: an ef cient “feeding—dominated' regime, and an
inef cient “feedback-limited' regime with intermittent duty cycles and regular out ow
episodes (Pacucci et al., 2015). Three conditions are required for the ef cient mode to

occur (Begelman & Volonteri, 2017; Inayoshi et al., 2016; Pacucci et al., 2018, 2015).



The conditions depend on the BH mass, the gas number densiéy the Bondi radius

Rg = 2GMgy=C wherec is the sound speed, and the angular momentum content of the
gas alRg: g = lzg=(GMpgyRg)*?, wherelg is the angular momentum content per unit
mass of gas. For ef cient accretion on small scales (Rg), we require

Ng 2
icm 3

Mgy & 10 (1.6)

caused by the size of the “transition radius' which determines where radiation pressure

dominates the accretion ow. For ef cient accretion on large scale® Rg) we require

Np 1
lcm 3

Mgy & 10° (1.7)

which re ects the size of the of the ionized region around the BH compard®gto
The nal condition is determined by the need for infalling gas to have suf cient angular

momentum to be accreted, given by:

24=13

Mgy & 2.2 107 FBl M (1.8)

The result of these conditions is that higher mass BHs have larger ranges of gas density
which meet the requirements for the ef cient mode (Pacucci et al., 2018). From the point
of view of BH seed growth, this means that seeds of mM#8s*M primarily evolve in

the “feedback-limited' regime and grow slowly, while massive s&d<P ®M grow

in the “feeding—dominated' regime and accrete mass more quickly (Pacucci et al., 2015).

An important effect of these accretion conditions is that the active fraction (the
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fraction of galaxies containing AGN with accretion duty cycles close td and with
Eddington ratiod gg¢ & 0:1) is predicted to be lower for lower mass galaxies: Pacucci
et al. (2021) predict an active fraction of 5% for dwarf galaxies of stellar hadd |,

compared to 20% of galaxies of stellar mags’Mm

1.2.3 Narrow emission line diagnostics

Many AGN exhibit strong narrow lines of width 100 400km s ! over the
UV to near—IR wavelength range due to forbidden' transitions which can only arise in
low density gas, typicallyn. 10 cm 3. The narrow line region has a characteristic
temperature of 15,000 K and extends up to 100 pc from the SMBH. The relative
uxes of forbidden emission lines are tracers of the ionizing radiation spectrum and the
density and temperature of the gas. In particular, th@[JO5007/H ratio gives an
indication of average ionization and temperature in the gas, while thg §300/H ,
the [SII] 6717,6713/H and the [N] 6583/H ratios are indicators of contributions
from a large partially ionized zone arising from high—energy photoionization (Osterbrock,
1989).

Active galaxies and star forming galaxies can be distinguished via their emission
line ratios using the Baldwin, Phillips and Terlevich diagram (BPT; Baldwin et al., 1981,
Veilleux & Osterbrock, 1987). This diagram was developed by modeling emission lines
excited by ionizing radiation elds from combined stellar continua and AGN emitting

a power law spectrum. It was found that pure star formation can be identi ed by the

10



condition:

log(O[im]=H ) < 0:61dog(N[n]=H ) 0:05)+1:3 (1.9)

(Kauffmann et al., 2003), while the extreme starburst demarcation condition is given by

log(O[in]=H ) < 0:61-og(N [1]=H 0:47) +1:19 (1.10)

(Kewley et al., 2001).

Recent studies have considered the impact of black hole mass on AGN emission line
ratios and have found that the BPT classi cations do not hold at madggs. 10'M
Cann et al. (Figure 3.5; 2019). This arises due to the harder SED of low—mass AGN
accretion disks. When BHs have massesd0’M , the dominant ionization states of
oxygen change from Oand G* to higher ionization states, up to®Ofor a 1°M
BH. In low—mass AGN, the greater fraction of X-ray photons at high energies which
penetrate the cloud more effectively produces an extended partially ionized zone where
H* is produced but & is not. The effect of these combined factors is thatiQ4H
is reduced for low—mass AGN and their line ratios fall in the starforming region of the
BPT diagram described by equation 1.9. Classical spectroscopic diagnostics are therefore

biased against low—mass AGN.

1.2.4 Disk—wind structure of AGN

Seyfert galaxies, which are active galaxies with quasar-like cores, have historically

been classi ed by their spectra into Type | Seyferts, which have broad Balmer emission
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Figure 1.3:Left: Fraction of X-ray photon ux of energy 20Ryd (equivalent t®721
eV) over total photon ux vs BH mass for 4 different Eddington ratios, from
(Cann et al., 2019). The fraction of high energy X-ray photons is larger
for lower BH masses.Right: BPT diagram showing AGN emission line
ratios for a range of BH masses, obtained from photoionization modeling at
constanfogU = 2, ny = 300cm 2 andm=mgqq = 0:1, from Cann et al.
(2019). The solid lines indicate the conditions from equations 1.9 and 1.10.
Reproduced by permission of the authors and AAS.

lines of width 100 1000km s ! in addition to narrow emission lines, and Type Il
Seyferts, which have only narrow emission lines.

AGN are surrounded by a continuous distribution of clouds whose composition
changes at the dust sublimation radRis' O:4Lj§2pc, wherel 45 = Lpo=10%ergs?t. A
“dusty torus' forms beyond the dust sublimation radius which reprocesses the ultraviolet
and optical continuum emission to the infrared (Barvainis, 1992i#l & Kishimoto,
2011, 2017; Koshida et al., 2014). Depending on the viewing angle and the opening
angle of the torus, optical broad line emission from high velocity gas close to the AGN
may be blocked by the dust, explaining the differences between Seyfert 1 and Seyfert 2
galaxies in the "AGN uni cation' scheme (Antonucci, 1993).

There also exists a class of “true Type II' Seyfert galaxies, which intrinsically
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lack broad emission lines, and a class of intermediate types which have some broad
line emission, but at lower broad-to-narrow ux ratios than observed for the majority
of Type | Seyfert galaxies. Findings that most Type | AGN appear as intermediate type at
low luminosity (Stern & Laor, 2012) and ndings that lower Eddington ratio AGN have
higher obscuration fractions in samples of X-ray selected AGN (Ricci et al., 2017) have
led to the realization that the intrinsic AGN classi cation evolves from Type | to Type Il

as accretion rate decreases.

The disk—wind model of AGN describes how there exists a two—component broad
line region separated according to the density of gas clumps relative to a critical density
dependent on radiative ef ciency and luminosityl 45 according to:

|

1 Las
. 2 45
Nei(Rg) 43 1C 00, =

3=4
cm 2 (1.11)

(Elitzur & Ho, 2009). In this scenario, out ows of subcritical density clouds tend to follow
streamlines outward (and produce Gaussian broad line emission) and supercritical clouds
remain close to the disk surface. The dependence of the critical density on luminosity
may therefore explain the smooth transition between Type | and true Type Il (Figure 1.4;

Bon et al., 2009; Elitzur et al., 2014; La Mura et al., 2009; Popetial., 2004).

1.2.5 Double—peaked broad emission from the accretion disk

Double—peaked broad emission lines are observed in a fraction of AGN in the
permitted H and He lines. The double peaked structures span velocities up to 10,000 km

s 1 and are understood to arise from the outer regions of the AGN accretion disk, which
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Figure 1.4: Schematic of cloud trajectories in an AGN accretion disk, from Elitzur et al.
(2014). Clouds with column densitfy.. < N follow the streamlines
generated by wind ram pressure, while clouds with column dehkity >
Ncit tend to move across the streamlines and stay near the disk surface.
Reproduced by permission of the authors.

stretches from a few gravitational radii to a few thousand. The shapes of these broad lines
are often well described by a model in which an inner thick, hot ion torus illuminates a
thin outer disk of ionized gas, which has a power law relation between emissivity and
radius (Chen & Halpern, 1989). Balmer lines are broadened by electron scattering in the
T< 1CPK atmosphere of the thin disk which is photoionized.

This model depends on the dimensionless gravitational radrig=M for black
hole mass M and distance from the black hole r. We also dXne = o, 1, where

is the observed frequency. The speci ¢ intensity is then given as a function of radius by:

q
1(; o= 4—°pzre(e 0?2 ? (1.12)
_ o, (1+X D)*§
= 4—pzrexp 5 D2 (1.13)
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where the exponential term arises from local turbulent broadenjng is the emitted

frequency andg is the rest frequency. The Doppler factor is given by:

p_— }
D= 1 3=(@+ Ysinisin )1? (1.14)

for the weak eld approximation, where is the azimuthal angle on the disk ant the

inclination angle where 0 degrees is face on and 90 degrees is edge on.

The observed line pro le is given by:

Z Z._
M 2 ,cod ~ 27 =2
Fy = d—2° | (; ¢)D3g(D)dd (1.15)
1 =2
where
2D?2
D)=1+ ‘! p— 1 1.16
9b) D2cog?2+ (D = 1 3= )2 (1.10)

An elliptical variation to the circular disk model was described by Strateva et al
(2003). This adds two parameters: ellipticeyand disk orientation . The distance

between disk particles and the black hole has an angular dependence given by:

_ o(l+ €
()= 1 ecoq 3 (1.17)

for the elliptical case, wherey is the mean radiusg(D) from the circular model is

replaced with:

1 sinicos
D )=1+ 1z = - 1.18
( ) 1+ sini cos ( )
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The Lorentz factor is:

&sin( o+ 2=)1 ecog 0))? 1=
(I 2=)*1 ecog 0))

-1 (1.19)

and the impact parametberrelating the apparent position of a photon in the observer's

frame to its initial trajectory in the disk is given by:

q 1(1 Sini cos

1 sirficog 1+ - (—— 1.20
simico 1+ sin cos) ( )

H|U

such that the Doppler factor is given by:

1

il esin( o)pl (b=n2(1 2=)
D

— (1 g) 1=2 B
1 2= )3[% ecoy 0)]
. Sini sin (b:r)Io 1 ecog 0)
" @ 2=)1 sirficog )

(1.21)

D and g(D) in equation 1.15 can then be replaced to obtain the ux pro le as a function
of for the elliptical model.

Examples of the double—peaked Kpectra of canonical DPEs Arp 102B and 3C
390.3, and the corresponding RMS spectra, are shown in Figure 1.5. The effects of
inclination, disk size and ellipticity on the observed pro le are illustrated in Figure 1.6.

Spectroscopic monitoring of DPEs over months to years has revealed that the
relative intensity and shape of the blue and red peaks can vary on the dynamical timescale
of the accretion disk (Gezari et al., 2007; Jovagost al., 2010; Lewis et al., 2010;

Popovic, 2011; Sergeev et al., 2002; Shapovalova et al., 2013; Storchi-Bergmann et al.,
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Arp 102B 3C390.3

Figure 1.5: Mean and RMS broad Hemission line pro les from canonical double—
peaked emitters Arp 102B (left) and 3C 390.3 (right), from Gezari et al.
(2007). The dashed lines show the central velocities of the red and blue peaks
derived from the mean pro le. Reproduced by permission of the authors and

AAS.
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Figure 1.6: lllustration of the effects of disk parameters on the shape of the double—
peaked pro le, from Strateva et al. (2003). Reproduced by permission of
the authors and AAS.

18



2003). Estimates of DPE fractions amongst the wider broad line AGN population range
from 3 30% (Eracleous & Halpern, 1994; Ho et al., 1997; Strateva et al., 2003).
Double—peaked pro les are most commonly visible in low luminosity, low—accretion rate
AGN (Eracleous & Halpern, 1994; Ho, 2008; Ho et al., 2000), where emission from a
central broad line region cannot mask the dip between the peaks. Storchi-Bergmann et al.
(2016) predict that double peaked pro les are ubiquitous in broad line AGN, but are only
observed when the inclination angle3s20° so that the separate peaks of the accretion
disk are observable, but 37° so that the accretion disk emission is not blocked by the
obscuring torus. As Gaussian broad lines will also only be observed at inclination angles

37°, we would therefore expect that 60% of broad line AGN would have visible disk
emission, but other factors may reduce this fraction. For example, if the double—peaked
component is too weak to be observed when contaminated by star formation emission
or the AGN is in a high accretion state so that the contribution from non—disk clouds
dominates the broad line emission and lIs the dip between the peaks.

In the two—component disk—wind model, it is out ows of subcritical density
clouds which produce Gaussian broad line emission while supercritical clouds close to
the disk surface produce double—peaked emission. Disk—wind models which explain
the observability of double—peaked pro les are supported by reverberation mapping of
Seyfert 1 nuclei, which shows that even when thepto les are not double—peaked, the
rms spectra are, implying that the most variable, innermost broad line gas is always in a
disk even if we cannot see it in the optical spectra (Denney et al., 2010; Schimoia et al.,
2017; Storchi-Bergmann et al., 2016). The disk—wind model may also explain the higher
relative luminosity of double—peaked structures to broad line gas in low—luminosity AGN
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compared to standard Seyfert 1 nuclei (Elitzur et al., 2014; Storchi-Bergmann et al.,

2016).

1.2.6 Optical and X-ray variability

The optical and X-ray uxes of AGN vary stochastically such that light curves of
ux vs time can be used to identify and characterize AGN. The power spectral density
of optical variability generally follows ah 2 power law with a low frequency turnover
to white noise at the "characteristic timescale' or "damping timescale' dend€elly
et al., 2009; Koz owski et al., 2010; MacLeod et al., 2010; Simm et al., 2016; Suberlak
et al., 2021), although some AGN optical PSDs exhibit larger power law indices down to

= 3:3(Mushotzky et al., 2011).

The characteristic timescale has been shown to correlate with BH mass according

to:

.qg*0 :05
0:3875:04

. M
= 107" days 108:; (1.22)

for BHs in the mass range @f* < M gy < 10'° and this relation has been found to extend
down to the optical variability timescales of accretindlM  white dwarfs (Burke et al.,
2021).

This relationship between mass and characteristic variability timescale can be
understood in terms of the orbital time and the time it takes to restore thermal equilibrium
in the accretion disk. These are both dependent on the radius from the BH, and its mass,

according to:

Man R 3=2

t., = 100
orb 10BM 10Rs

days (1.23)
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M R 2
0:01 1M 10Rs

ty, = 1680 days (1.24)

whereRs = 2GMgy=¢ and is the viscosity parameter (Burke et al., 2021). For a
constant accretion rate and radiative ef ciency, we would expect the effective emitting
radius for a given wavelength to scale with mass accordirfg fo Mé;3 and therefore

the two timescales to scale with masstgsy, / M éf.z. The location of the disk which
drives optical variability is likely at the radius were the UV emission originates (Burke
et al., 2021).

In comparison to the optical, AGN X-ray variability is much faster and scales with
mass with a slope of 1 (Gonzlez-Martn & Vaughan, 2012; Krding et al., 2007;
McHardy et al., 2006). This likely arises because the X-ray emitting corona is much
closer to the SMBH than the UV—emitting accretion disk segment. If the X-ray emission
is determined by the orbital and thermal timescales at the innermost stable orbit of the
BH, which scales linearly with mass, this would explain thg., vs Mgy slope. The
relationships between variability timescale and BH mass may provide a way to estimate
BH mass via well-sampled optical and X-ray light curves when other methods are not

viable.
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1.3 Supermassive black hole binaries

1.3.1 Formation of gravitationally bound systems

The ef cient formation of a gravitationally bound SMBH binary following the
merger of the host galaxies is a key step in understanding BH—galaxy co—evolution. There
are a few con rmed active galactic nuclei (AGN) pairs at separations of tens of parsecs
to kiloparsecs (dual AGN; see De Rosa et al., 2019, for a summary). It takes a long
time for dissipative interactions (such as circumbinary disk torques, stellar slingshots, and
dynamical friction) to reduce the SMBH separation from kpc to sub—pc scales (Begelman
et al., 1980). Once SMBH binaries reach sub—pc separations, they can coalesce after a
short time and are therefore expected to be intrinsically rare. Simulations by Volonteri
et al. (2009) predict a density of 0:01 deg ? binaries atz < 1, corresponding to a
fraction of< 0:1% of quasars. Sub—pc SMBH binaries are also dif cult to detect: a binary
of 0.01 pc separation at 100 Mpc would require 0.1 mas angular resolution to resolve.
There are only two promising candidate binaries at pc to sub—pc separations where the
SMBHs are likely gravitationally bound to one another: radio galaxy 0402+379 with an
SMBH separation of 7.3 pc (Bansal et al., 2017; Rodriguez et al., 2006), and the blazar
0J 287 which may be explained by an eccentric SMBH binary with a 0.05 pc semi—major
axis (Dey et al., 2019b; Sillanpaa et al., 1988; Stockton & Farnham, 1991; Valtonen,
2007; Valtonen et al., 2008). There are, however, no con rmed binaries at separations
of < 10 2 pc, the regime where gravitational wave (GW) emission drives suf cient

angular momentum loss to lead to SMBH coalescence (Kelley et al., 2017; Merritt &
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Milosavljevic, 2005; Milosavljevt & Merritt, 2003; Rajagopal & Romani, 1995).

SMBH binaries with total masse’{10’'M emit GWSs within the 10 4-1Hz
range where they will be detectable by thaser Interferometer Space AntenfldSA).
Holley-Bockelmann et al. (2010) predict that mergers between intermediate—mass BHs
and SMBHs atz < 2 will be the most common source of SMBH merger signatures in
LISA, although mergers between two 1° IMBHs will also be detectable. Predicted
detection rates vary from 0.1 to 175 observed events per year, with more recent studies
preferring ratesc 1 yr !, and depend heavily on BH seeding mechanisms, accretion
prescriptions, and dynamical binary formation ef ciency (Banks et al., 2022; Holley-
Bockelmann et al., 2010; Klein et al., 2015; Salcido et al., 2016). Other observational
constraints on these factors will assist in making informed predictions for LISA merger
rates. Populations of SMBH mergers will also be detectable over the next few years by
pulsar timing arrays (Burke-Spolaor et al., 2019; Kelley et al., 2018; Rosado et al., 2015;
Taylor et al., 2016). Comparisons of gravitational wave background rates derived from
PTAs and GW background rates implied by optically—selected SMBH binary populations

can assist in characterizing false positive rates for optical candidates (Sesana et al., 2018).

1.3.2 Observable signatures of accreting SMBH binaries

SMBH binaries may be spectroscopically identi able if broad &hd H emission
produced by the accretion disks around the individual SMBHs appears at orbital velocities
of hundreds to thousands of km !srelative to the narrow emission line velocity,

indicating the presence of orbiting SMBHs. Whether there are one or two velocity—
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offset peaks depends on whether one or both SMBHs have detectable broad line gas
emission. The velocities and magnitudes of the broad peaks depend on the semimajor
axis, mass ratio, eccentricity and phase of the binary (Bogdarem\al., 2008; Nguyen
& Bogdanovt, 2016; Nguyen et al., 2018). Searches for SMBH binaries with velocity—
shifted broad lines in spectroscopic surveys have yielded almost 100 candidates (Boroson
& Lauer, 2009; Ju et al., 2013; Shen et al., 2013; Tsai et al., 2013; Wang et al., 2017).
However, tting of orbital models to long term broad line velocity changes has ruled out
the binary hypothesis for a substantial fraction of candidates (Doan et al., 2020; Eracleous
et al., 1997a; Guo et al., 2019; Liu et al., 2016b, 2014; Runnoe et al., 2015; Wang et al.,
2017).

Recent analysis of the population of lllustris binaries of mass betvi€erand
10°M atz < 2 suggests that only 0.5% of binaries will have detectable velocity—offset
broad lines, assuming sensitivity to 10° km s ! offsets (Kelley, 2020). Given the
estimated AGN fraction in binaries @D 2 10 3 (Volonteri et al., 2009), Kelley (2020)
estimated that 1 in 10* AGN will have have kinematic binary signatures. Low kinematic
detectability fractions arise from the trade—off between having suf ciently large orbital
velocities for spectroscopic detection and large enough SMBH separations for the broad
line gas to remain associated with each individual SMBH (Figure 1.7; Kelley, 2020). This
trade—off can be understood as follows. The radius of the individual BH broad—line region
is related to its mass and accretion rate by

1M 01

Reir  0:16pc (1.25)
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The effective Hill radius of each individual BH, which de nes where the gravitational
inuence of the individual BH dominates over the effect of the companion, is

approximated by:

R 2 _g3 23 13

a : (1.26)
where ;|  M;=(M;+ M,). Thus we can estimate the minimum binary semi—major axis
for the preservation of the smaller black hole's broad line region (BLR):

amn2 3 Rer2 2 o (1.27)
038 f 0:88
1.9 10 pc -2 —Edd 1.2
9 0 “pe 0:1 0:1 (1.28)
and a corresponding minimum orbital period (Kelley, 2020):
M ) 0:38 fEdd 0:88

While spectroscopic searches have looked for velocity—offset and time—varying
broad lines as kinematic signatures of a binary, searches for optical periodicity have aimed
to nd SMBH binaries based on ux modulation alone. Hydrodynamical simulations have
shown that torques exerted on the circumbinary gas disk by binary motion modulate the
accretion rate, producing observable changes in luminosity depending on the mass ratio
of the SMBHs (D'Orazio et al., 2013; Farris et al., 2014; MacFadyen & Milosajevi
2008; Ragusa et al., 2016; Roedig et al., 2012; Shi & Krolik, 2015). For approximately
equal mass ratio binaries, an inner cavity forms at a radius 2d and an overdensity of

material develops at the outer edge of the cavity (D'Orazio et al., 2013; Farris et al., 2014,
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Figure 1.7: Diagram of binary AGN broad line regions and dusty tori in 3 different
regimes, from Kelley et al. (2019). Above: Wh&g.r < Ry < a, the
BLRs move with the AGN while the dusty tori near the hill radii are partially
disrupted. This is the only con guration where velocity—offset BLRs can
be detected.Center: Rpn < Rpgr a: one or both BLRs can be
disrupted by the companion SMBH, and the dusty torus forms part of the
circumbinary disk.Below: Rpgr > R i where the BLRs and torus make
up the circumbinary disk and are not carried with the orbital motion of the
individual SMBHs. Reproduced by permission of the authors.
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MacFadyen & Milosavlje\g, 2008; Noble et al., 2012; Shi et al., 2012). The modulation
period is set by the Keplerian orbital period at the radius of this overdensity, so is predicted
to be 3-8 times the orbital period of the binary (D'Orazio et al., 2013; Kelley et al., 2019).
Hydrodynamic variability is expected to produce a sawtooth—shaped light curve (Duffell
et al., 2020; Farris et al., 2014; Kelley et al., 2019). Doppler boosting due to large orbital
velocities along the line of sight may also produce sinusoidal modulation on the same
timescale as the binary orbital period (Charisi et al., 2018; D'Orazio et al., 2015; Kelley
et al., 2019). These processes are illustrated in Figure 1.8.

Variability from SMBH binaries may also be observable at infrared wavelengths.
Delayed infrared reverberation is observed from normal optically variable AGN when
dust in the torus and polar regions reprocesses the ultraviolet and optical continuum
emission (Barvainis, 1992; #thig & Kishimoto, 2011, 2017; Koshida et al., 2014).
Similar IR echoes may be observed in the case of SMBH binaries, with the phase and
amplitude of IR emission depending on the ratio of dust light crossing time to the optical
variability period, the torus inclination, and the opening angle (D'Orazio & Haiman,
2017; Jun et al., 2015). X-ray outbursts are also predicted to occur during pericentric
passages (Bogdanawet al., 2008).

The expected optical variability of SMBH binaries on timescales comparable to the
orbital timescale has motivated a number of searches for periodic AGN in time domain
surveys such as the PanSTARRS Medium Deep Survey, the Catalina Sky Survey and the
Palomar Transient Factory. These searches have each yielded tens of candidates with light
curves which are better t by a sinusoidal model than a damped random walk (DRW)
model describing typical quasar stochastic variability (Charisi et al., 2016; Graham
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Figure 1.8:Left:  Diagram of an SMBH binary with single disks around individual
SMBHs and a shared circumbinary accretion disk. A gap of radiuga
is formed between the binary and the circumbinary disk. The secondary
SMBH receives a larger share of the accretion rate as it is further from the
center of mass and passes closer to the circumbinary accretiorRagi:
Diagrams of the two possible mechanisms for variability observed over a
single orbit. Hydrodynamic variability may arise as relative accretion rates
onto the primary and secondary change over orbital phase. Doppler boosting
of the faster moving secondary may also produce variability for observers near
the orbital plane. Figure from Kelley et al. (2019). Reproduced by permission
of the authors.
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et al., 2015a,b; Liu et al., 2015, 2016b). Unfortunately, continued monitoring of these
candidates tends to provide evidence against the periodic models tted from the initial
few cycles (e.g. Liu et al., 2018a). A number of studies have shown from simulated red
noise light curves that 3—4 “false' cycles can frequently arise, and that careful calculation
of false positive rates is required to con rm variability—selected binary candidates (Barth
& Stern, 2018; Goyal et al., 2018; Liu et al., 2018a; Vaughan et al., 2016). PTA limits
suggest that a large fraction of variability survey candidates are false positives (Sesana
et al., 2018), as do population estimates based on analysis of the detectable SMBH binary

parameter space (Kelley et al., 2019; Krolik et al., 2019).

1.3.3 Gravitational wave recoil as a tracer of SMBH binary spin
alignment

Gravitational radiation emitted by merging black hole binaries can induce a recoil

velocity on the merged remnant which is given by:

Vrecoi(d; ~) = Vm€ + Vo (COS()&; +sin( )&;) + Vi (1.30)
Vin = Aq(zl(i q)? 8.5 +qq)2 (1.31)
Vo = Hﬁ Kog (1.32)
w=Keos( o) ¢ it Al (1.33)

where, = éi:miz, Si andm; are the spin and mass of BH g is the mass ratio of

the smaller to larger BH, the indicdsand ? describe the components of the orbital
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angular momentum at merge¥, and &, are the orthogonal unit vectors in the orbital
plane, and the constants ae= 1:2 10*km/s,B = 0:93 andH =(7:3 0:3) 10
km s 1 (Campanelli et al., 2007b). is the angle between the in—plane component of
~  m(S;=m, S;=ml) and the infall direction at merger, ands the angle between
the "unequal mass' and "unequal spin' contributions to the recoil velocity in the orbital
plane. depends strongly on the con guration but9§° for head—on collisions. As
such, large recoils can occur for mass ratios close to 1 with maximally spinning BHs
with spins counteraligned and in the orbital plane. "Superkick' con gurations with BH
spins partially aligned to the orbital angular momentum can produce even larger recoll
velocities up to 5000 km/s (Lousto & Zlochower, 2011). Simulations of remnant orbits
after recoil for a range of velocities indicate that the remnants may orbit outside the
potential well forl® 10° years before falling to the center, and may occasionally be
ejected from the host galaxy entirely (Blecha & Loeb, 2008).

The broad line gas around the SMBH with a higher orbital velocity than the

recoil velocity is expected to be carried away with the SMBH. The radius of the region

containing this gas is given by:

(1.34)

whereMg is the BH mass in units cf(®M and ,q is the nuclear velocity dispersion
in units of 200 km s! (Campanelli et al., 2007a). When the recoil velocity to escape
velocity ratio iSViecoi=Vesc < 0:6{0:8, Bondi—Hoyle accretion dominates, but for larger

recoil kicks, the gas disk ejected with the SMBH is the main source of gas which will
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Figure 1.9: The distribution of projected spatial offset vs line of sight velocity for off—
nuclear and active recoiling AGN from a population of simulated mergers,
from Blecha et al. (2016). The color scale indicates the time the population
spends at each spatial offset and velocity. Results are shown for three
different spin alignment scenarios: randomly distributed spin alignment (left),
a realistic mixture of aligned and misaligned spins (middle) and perfectly
aligned spins (right). Velocities 100km/s and offsets 1 kpc are preferred
when SMBH spins are randomly aligned, but are not observed when spins are
always ef ciently aligned. Reproduced by permission of the authors.

be accreted (Blecha et al., 2011). The AGN will be most luminous immediately after a
high—velocity recoil or during pericentric passages through a gas—rich remnant, and AGN
with kicks> 800km s ! are expected to be active for a period ofL(® years after recoil
(Blecha et al., 2011; Blecha & Loeb, 2008).

As binaries with perfectly aligned spins can produce maximum recoil velocities of
only 200 km s, while binaries with misaligned spins can produce kicks up to 5000
km s 1, the observed velocities and spatial offsets of a population of recoiling AGN
could be used to constrain spin alignment ef ciency in populations of SMBH binaries
(Figure 1.9; Blecha et al., 2016). A population of recoiling black holes would therefore
inform simulations of SMBH spin alignment based on torques in the circumbinary gas
disk (Bogdanowg et al., 2007; Lodato & Facchini, 2013) and stellar interactions during

inspiral (Berczik et al., 2006). As SMBHSs which have undergone recoil kicks @bVes.
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accrete substantially less mass than SMBHs which remain in their galaxy nuclei, the
observed black hole occupation fraction avidy relations will be affected by GW
recoil if it occurs regularly (Blecha et al., 2011; Volonteri, 2007; Volonteri et al., 2010). It

is therefore important to understand how often recoil events occur and what spatial offsets

they can produce between ejected SMBHs and their host nuclei.

1.4 Searching for rare AGN populations with time—domain data

The state of the eld summarized thus far has introduced a number of open
guestions about the formation and growth of massive black holes leading to the

populations we see today:

» Were the original massive black hole seeds produced by Pop lll star, direct collapse,

or gravitational runaway channels?

* How efciently did the initial MBH seeds grow via mergers and accretion to

produce the BHs we see today?

» How are disk—emitting AGN different from other broad line AGN, and can they be

explained by two—component disk—wind AGN models?

* What fraction of SMBH binaries reach sub—pc separations where GW radiation

emission leads to SMBH coalescence?

» How ef ciently do SMBH spins align and how often do high velocity gravitational

wave recoil events result from mergers?
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» Can SMBH binaries be detected via kinematic signatures from broad line gas
and optical periodicity, and how often do single disk—emitting AGN arise as false

positives in SMBH binary searches?

Answers to these questions are limited by the very small sizes of con rmed populations
of low—mass BHs in dwarf galaxies and SMBHs which are cases of GW recoil. They
are also limited by biases in the spectroscopic selection of low—mass, off-nuclear and
disk—emitting AGN. Time domain data available from ZTF imaging provides a way to
address these limitations. Identi cation of AGN via their variability avoids many biases
against low—mass and off-nuclear AGN which are inevitable in spectroscopic surveys,
and provides a way to study the accretion states of low—mass AGN, DPEs, and off-nuclear
AGN compared to their more typical AGN counterparts.

In this section, | describe how time—domain surveys such as the Zwicky Transient
Facility (ZTF) can identify variable objects such as AGN via difference imaging and
forward modeling of multi—-epoch datasets. By using alert Itering, difference image
photometry and forward modeling to make the most of ZTF and other complementary
imaging data, this thesis aims to develop strategies for the systematic discovery of
populations of rare AGN relevant to the aforementioned questions via their variability. It
also aims to study the spectroscopic, multi-wavelength, and optical variability properties

of these important AGN populations.
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1.4.1 Introduction to image differencing and alert streams with the
Zwicky Transient Facility

In the last two decades a number of wide— eld time—domain surveys such as
the Catalina Real-Time Survey (CRTS; Drake et al., 2009), Palomar Transient Factory
(PTF/IPTF; Law et al., 2009), Panoramic Survey Telescope and Rapid Response System
(Pan-STARRS; Kaiser, 2004), All Sky Automated Survey for SuperNovae (ASAS-SN;
Shappee et al., 2014), and Asteroid Terrestrial-impact Last Alert System (ATLAS; Tonry
et al., 2018) have discovered a range of new transient astronomical phenomena within
and beyond our galaxy. ZTF is the latest in this series and is an important precursor to
the Legacy Survey of Space and Time (LSST) at Vera C. Rubin observatoryt(btegi,

2019).

ZTF contains two telescope systems: a wide— eld imager on the Palomar 48—inch
Oschin (Schmidt) telescope and an integral eld unit spectrograph (IFUS) on the Palomar
60—inch telescope (Graham et al., 2019). The new 576 megapixel camera deployed for
the ZTF wide— eld imager provided a 47 degeld of view, allowing ZTF to observe
3760 deg per hour. It has & detection limit of 20.5 mag in r- and g-band and 20.0
mag in i-band during single 30 s exposures. The IFUS allows for prompt follow—up and
classi cation of bright transients of magnitude< 19. ZTF averages 300 annual visits
per source and a nightly transient detection rate of 1 million alerts, corresponding to a
nightly data rate of 1.4TB (Masci et al., 2019; Patterson et al., 2019). The data scale of
ZTF is approximately 10% of the upcoming LSST, making it an ideal testing ground for

large scale identi cation and follow—up of the transient sky in preparation for the next

34



decade.

ZTF detects time—varying astronomical phenomena by comparing nightly
observations with a static ‘reference' image of the sky. A reference image consists of
a coadd, or stack—average, of single exposures. In the main ZTF pipeline, reference
images are made up d5 40 CCD-quadrant images selected to have high quality
photometric and astrometric calibrations, good point—-source FWHM, and well-estimated
pixel noise and background levels which satisfy Iter—dependent criteria. While the
acceptable FWHM range was set2d0 < FWHM < 3:"5 to ensure most inputs are
better than Nyquist—-sampled, lower FWHM images are prioritized so that most input
images range frod."0 < FWHM < 2:"4.

ZTF reference images are produced as follows. Global median background levels
are subtracted from single epoch images. The images are mapped and resampled onto
a footprint with optimal geometry and orientation usi8yvarp (Bertin et al., 2002).

The science images are gain—matched by rescaling the photometric zero—points of each
image to a xed target zero—point for each lter. Bad pixels caused by temporary detector
artifacts and cosmic rays are removed using outlier—trimmed averaging on each individual
pixel stack. A position—dependent point spread function (PSF) is determined for the
coadd usingDAOPhot (Stetson, 1987), which is then applied to detect sources and
produce photometry via PSF ttingSExtractor  (Bertin & Arnouts, 1996) is then

used to generate aperture and isophotal photometry, and a catalog of aperture to PSF-
t photometry corrections is stored. A more detailed description of reference image
generation for ZTF can be found in Masci et al. (2019).

Once a reference image is available for a particular CCD—quadrant, image
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differencing can be applied to single epoch (science) images to search for transient
events. Image differencing rst requires matching of sources from the PSF- t photometry
catalogs of the reference and science images so that the reference image can be resampled
and interpolated onto the science image ussWarp. Bad pixels are masked and a
smoothly varying differential background image is computed and subtracted from the
science image. ThOGYalgorithm (Zackay et al., 2016) is then performed for PSF-
matching and subtraction of the reference image from the science image. This produces
a difference image as well as a match— Itered S/N image which can be used for point—
source detection. Detection can be applied to both positive (scienegerence) and
negative (reference science) difference images. Examples of two reference, science
and difference image trios are shown in Figure 1.10.

When sources are detected from tE©OGY data products, an “alert packet'
containing information about the detection is produced for the ZTF Alert Distribution
System (Patterson et al., 2019). Each “packet’ contains an alert name, metrics speci ¢
to the detected sources, image metadata (including quality metrics), the closest known
solar—system object, details about the 3 closest PanSTARRS1 sources and the closest
Gaia DR1 catalog source, information about previous events detected within the last 30
days within 1.5” of the alert position, and thr68 63 pixel cutouts from the reference,
science and difference image. These alert packets are sent to a series of alert "brokers'
which can select alert packets based on criteria about the information they contain (e.g.
Nordin et al., 2019a). Selected sources may then become the subject of spectroscopic and

multi-wavelength follow—up.
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Figure 1.10: Zwicky Transient Facility 63 x 63 pixel cutouts showing the reference
image, the single epoch science image, and the subtraction of the two, for
a supernova (above) and a variable star (below), from Duev et al. (2019).
Reproduced by permission of the authors.
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1.4.2 Introduction to forward modeling techniques for joint survey
analysis

Forward modeling is an alternative approach to image differencing for the detection
of sources and determination of their uxe3he Tractor (Lang et al., 2016) is a
piece of software which implements this approach by producing models of pixel-level
data for optimized source extraction and characterizatiime Tractor produces a
full generative model that includes image calibration parameters such as the PSF shape
and the sky background along with the parameters of the sources in the images (their
positions, shapes, and uxes). If the model is correct, the resulting pixel-space prediction
of the images should differ from the images only by noise. Assuming independent noise
between pixels, the log-likelihood of the observed data given the model is the negative
chi—squared difference: (image — model) / noise. By minimizing this log-likelihood, the
software can generate models of images and infer properties of the sources they contain.

The forward modeling approach offered byhe Tractor allows for the
generation of source models from images of differing PSFs and pixel sizes. It was
used to produce models from combined BASS, MzLS, DECaLS and WISE data making
up the Legacy Surveys, allowing for rigorous treatment of the differing imaging data
(Dey et al., 2019a). It was also used for photometry of 400 million objects in low
resolution mid—IRWISE imaging using high resolution source catalogs derived from
optical SDSS data (Figure 1.11; Lang et al., 2014). In the combined WISE-SDSS
analysis,The Tractor was able to measure the mid—-IR ux of sources with W1

magnitudesl7 < W 1 < 25 where the efciency of the ALLWISE catalog drops
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Figure 1.11: Example of an SDSS image (left), the smoothed model for the WISE image
produced byThe Tractor using an initial source catalog derived from
the SDSS model (middle), and the corresponding WISE image (right),
demonstrating howrhe Tractor can use forward modeling to t the
uxes of blended sources, from Lang et al. (2014). Red circles show the
positions of sources identi ed in the original SDSS image. Reproduced by
permission of the authors and AAS.

sharply. Generative forward modeling of images from multiple surveys is a powerful
tool for deblending in crowded elds (Melchior et al., 2021, 2018). Advanced deblending
techniques for photometry will become particularly important as surveys become more
sensitive: the depth of LSST is such that 63% of galaxies will have overlapping objects
affecting their photometry (Melchior et al., 2021). This thesis therefore aims, in part, to
demonstrate the utility of forward modeling techniques adapted for time—domain survey

data.

1.5 Scope of the dissertation

This thesis sets out to search for rare and important AGN which can inform our
understanding of MBH seeding and merger—driven growth amongst the larger AGN
population using time—domain data from the Zwicky Transient Facility. In Chapter 2,
| present a systematic search for off-nuclear AGN in ZTF in order to nd active AGN

in galaxy mergers and candidates for gravitational wave recoil from SMBH binaries. In
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Chapter 3, | present a search via optical and mid—IR variability for low—mass AGN in

dwarf galaxies which can distinguish between alternative MBH seeding channels, and
compare the effectiveness of variability selection to other spectroscopic approaches. In
Chapter 4, | present a population of variable double—peaked disk—emitting AGN from

ZTF and analyze their kinematic signatures and time—domain power spectra within the
context of SMBH binary search strategies and a previously discovered DPE which was
considered to be an imminent SMBH merger. In Chapter 5, | discuss how the analysis
applied to ZTF data in this thesis lays the groundwork for vastly more sensitive searches
for off-nuclear and low—mass AGN with the Legacy Survey of Space and Time over

the next decade. In Chapter 6, | summarize the observational and computing facilities
which enabled this thesis work, and describe software developed and implemented for

this research.
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Chapter 2: A search for off-nuclear AGN from recoiling SMBHs and

ongoing galaxy mergers with the Zwicky Transient Facility

2.1 Overview

A supermassive black hole (SMBH) ejected from the potential well of its host
galaxy via gravitational wave recoil carries important information about the mass ratio
and spin alignment of the pre—merger SMBH binary. Such a recoiling SMBH may be
detectable as an active galactic nucleus (AGN) broad line region offset by up to 10 kpc
from a disturbed host galaxy. In this chapter, | describe a novel methodology using
forward modeling withThe Tractor to search for such offset AGN in a sample of
5493 optically variable AGN detected with the Zwicky Transient Facility (ZTF). | present
the discovery of 9 AGN which may be spatially offset from their host galaxies and are
candidates for recoiling SMBHSs. Five of these offset AGN exhibit double—peaked broad
Balmer lines which may arise from unobscured accretion disk emission and four show
radio emission indicative of a relativistic jet. The fraction of double—peaked emitters
in our spatially offset AGN sample is signi cantly larger than the 16% double—peaked
emitter fraction observed for ZTF AGN overall. In our sample of variable AGN we also

identi ed 52 merging galaxies, including a new spectroscopically con rmed dual AGN.
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Finally, we detected the dramatic rebrightening of SDSS1133, a previously discovered
variable object and recoiling SMBH candidate, in ZTF. The are was accompanied by
the re—emergence of strong P—Cygni line features indicating that it may be an outbursting

luminous blue variable star.

2.2 Introduction

Supermassive black holes (SMBHS) reside in the center of most galaxies (Ferrarese
& Ford, 2005; Kormendy & Richstone, 1995). As | described in Chapter 1, galaxy growth
via hierarchical mergers therefore results in the formation of SMBH binaries. The time
taken for these SMBH binaries to merge depends on the nature of their host galaxies.
While binaries in gas—poor galaxies may stall at 1 pc separations (e.g. Milosa\jevi
Merritt, 2001), SMBH binaries in gas—rich environments may merge on timescales of
10 10’ years (Escala et al., 2005).

A consequence of SMBH mergers in gas—rich environments may be the
gravitational wave recoil of coalesced SMBHs after merger (Section 1.3.3). In this
process, the asymmetric emission of gravitational waves during SMBH coalescence
imparts momentum to the coalesced black hole, ejecting it from the central potential well
to wander about the galaxy halo fb@ to 10° years (Blecha & Loeb, 2008; Campanelli
et al., 2007b; Loeb, 2007; Volonteri & Madau, 2008; Volonteri & Perna, 2005). The
‘recoiling black hole' is expected to carry broad line gas with it and continue to undergo
regulated accretion, allowing it to be observable as an active galactic nucleus (AGN)

spatially offset from the center of its host galaxy (Blecha & Loeb, 2008). Simulations by
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Volonteri & Madau (2008), for example, show that an AGN with a 500 km/s kick velocity
could still be accreting and observable as an off—center quasar at 30 kpc from its host
center.

Other observable signatures of a recoil event include evidence of recent galaxy
merging activity. Since the recoiling AGN may continue to accrete fdr0fa year
timescale after recoil (Blecha & Loeb, 2008), tidal structures may still be visible while
the recoiling SMBH is active and detectable. The ejected AGN could also leave behind
a trail of feedback evidence in the form of enhancedeinission leading to the galaxy
centre (Loeb, 2007).

Simulations show that the recoil velocity and maximum host—AGN spatial offset of
the recoiling SMBH depends on the mass ratio and spin alignment of the black hole binary
prior to merger (Blecha et al., 2016; Campanelli et al., 2007b). Binaries with perfectly
aligned spins can produce a maximum recoil velocity of only 200 kin A binary with
misaligned spins can produce kicks up to 5000 krh A population of recoiling black
holes would therefore provide strong constraints on the distribution of masses and spins
in SMBH binaries. This would, in turn, inform simulations of SMBH spin alignment
(Berczik et al., 2006; Bogdanavet al., 2007; Lodato & Facchini, 2013).

A con rmed sample of recoiling SMBHSs could be used to test the predictions of
numerical relativity simulations on the fraction of massive black holes ejected via recoill
from their host galaxies at different redshifts and the effects of this on observed black
hole occupation fractions and thMesy relation (Blecha et al., 2011; Volonteri, 2007,
\olonteri et al., 2010). Such a sample would also allow us to study the effect of displaced

AGN feedback on the evolution of merger remnants, such as the expected increase in star
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formation rates and lengthening of the starburst phase (Blecha et al., 2011).

Despite the many motivations to search for recoiling SMBHSs, only a few good
candidates have been found to date. One such object is the radio—loud QSO 3C 186 which
has an 11 kpc spatial offset from its host galaxy and2440 390km s ! velocity
offset between the broad and narrow emission lines (Chiaberge et al., 2017). The tidal
features of the host galaxy indicate recent merger activity. Integral eld spectroscopy
was performed to study the complex kinematics and determine if the velocity offset could
result from a peculiar out ow (Chiaberge et al., 2018). The results were consistent with
the recoiling SMBH scenario but nal con rmation will require both James Webb Space
Telescope IFU spectroscopy to map the t¢gion with 0.1” resolution and deep imaging
from HST to rule out the presence of a second low—mass galaxy (Chiaberge et al., 2018).

SMBH recoil may also be the origin of the variable object SDSS
J113323.97+550415.8 (SDSS1133) (Koss et al.,, 2014). This object is 800 pc from
the center of a low redshift dwarf galaxy and has displayed AGN-like stochastic
variability over> 63 years. However, AGN-like variability can be mimicked by long—
lived stellar transients (Burke et al., 2020b) and giant stellar outbursts or supernovae
such as SN2009ip (Maza et al., 2009) and UGC 2773 OT2009-1 (Boles, 2009). Spectra
of SDSS1133 show the presence of blue—shifted Balmer absorption lines and [Fe ll]

7155 and [Call] 7291, 7324 forbidden emission lines which are highly unusual for
an AGN. It is therefore possible that SDSS1133 is a luminous blue variable (LBV) star
continuing to demonstrate non—terminal outbursts (Koss et al., 2014).

The lack of many recoiling SMBH candidates has motivated a number of systematic

searches for offset AGN using different techniques. A Gaia analysis of a sample of low
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redshift, unobscured broad line AGN from SDSS showed that at least 99% were within
1 kpc of the host, 90% within 500pc and 40% within 100 pc (Shen et al., 2019). This study
used a technique called varstrometry (Hwang et al., 2020) to measure AGN-host spatial
offsets via the astrometric jitter of the photocenter induced by the AGN ux variability,
allowing them to rule out the existence of a substantial offset AGN population on 10 pc
to 1 kpc scales at redshifis3 < z < 0:8.

From this study, it appears that unobscured, accreting, recoiling SMBHs>with
10pc separations must be very rare at low redshifts, if they exist. This may be because
SMBH spin alignment is always very ef cient, inducing only small velocity recoils with
small maximum separations. Recoiling black holes may also be more common in the
early universe due to higher merger rates and lower galaxy masses. Cold gas in ow
during merger may increase the required escape velocity for many galaxies and gas drag
could play a role in keeping recoiling black holes close to the galaxy center (Blecha et al.,
2016). The level of accretion may be too small for recoiling SMBHSs to be detectable and
offset AGN may be frequently obscured by the gas environment induced by the merger
(Shen et al., 2019).

While these results appear discouraging, another systematic search by Lena et al.
(2014) undertook careful isophotal modeling of archival HST images of 14 nearby core
elliptical galaxies and found that 10 of the 14 had smalll 10 pc displacements
between the AGN and host galaxy center, 6 of which were considered con dent detections
because the galaxy pro les were not asymmetric. 4 of the 6 galaxies showed alignment
between the AGN—photocenter displacements and the radio jet axis. This correlation is

predicted for gravitational recoil of SMBHs but may instead indicate that the spatial offset
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was induced by radio jet acceleration of the SMBH. This radio axis correlation would not
be produced by interactions with massive perturbers or orbital motion prior to SMBH
binary coalescence (Lena et al., 2014).

Other searches have used a multi-wavelength approach to successfully nd offset
AGN candidates. Skipper & Browne (2018) searched for radio—optical spatial offsets
in a sample of 345 SDSS galaxies with nearby compact radio sources detected in the
Cosmic—Lens All Sky Survey (CLASS) catalogue, nding 3 sources with offsets greater
than 0.6 arcseconds. Condon et al. (2017) found one offset AGN candidate amongst 492
radio point sources from the NRAO VLA Sky Survey (VLASS; Condon et al., 1998)
when crossmatched to extended sources in the Two Micron All-Sky Survey (2MASS)
Extended Source Catalog (Jarrett et al., 2000).

A recent study by Reines et al. (2020) found that the majority of a sample of 13
radio AGN in dwarf galaxies were off-nuclear, likely because the lower escape velocities
in dwarf galaxies make it easier for black holes to wander from the central potential.
Kim et al. (2017) found a recoiling SMBH candidate in a systematic search for spatially
offset X-ray AGN in a sample of 2542 sources with optical/near—infrared counterparts
in archival HST images from th€handraSource Catalogs — Sloan Digital Sky Survey
Cross—match Catalog (Evans et al., 2010; Rots & Bada2011).

Even though these search strategies have yielded some recoiling SMBH candidates,
there are many challenges to con rming the nature of these objects. Candidates with
broad line gas at 1000km s ! velocities relative to narrow emission lines but no
observable AGN-host spatial offset can often be explained by out owing winds (Allen

et al., 2015; Robinson et al., 2010), scattered broad line emission from an SMBH binary
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(Robinson et al., 2010), asymmetric double—peaked emission from an elliptical accretion
disk (Steinhardt et al., 2012), or two superposed AGN (Shields et al., 2009a,b).

When con rming that AGN which are spatially offset from their host galaxy nuclei
have undergone GW recoil, it must be ruled out that they are not in fact AGN with a
barely visible, undermassive host which is undergoing a merger with the larger galaxy
(Chiaberge et al., 2017). In this case, the true host galaxy may be on the lower end of the
luminosity — SMBH mass scaling relation (McLure & Dunlop, 2002) and very compact
such that the extended galaxy emission around the QSO is not detectable, resulting in a
false association with the brighter, offset companion galaxy in a merging system. This can
occur when the AGN's host galaxy was tidally stripped as it merged with the larger galaxy
(Bellovary et al., 2010) and has been proposed as the nature of the Jonker et al. (2010)
recoiling SMBH candidate and the origin of a number of off-nuclear ultraluminous X-ray
sources such as HLX-1 (Farrell et al., 2009). Compact dwarf galaxies hosting SMBHs
may be very common at low redshifts. Four ultra—compact dwarf galaxies with masses
M > 10’M in the Virgo and Fornax clusters have been shown to host SMBHSs through
analysis of their velocity dispersion and mass pro les (Afanasiev et al., 2018; Ahn et al.,
2017, 2018; Seth et al., 2014). These systems were likely produced through tidal stripping
of a larger galaxy hosting an SMBH. Voggel et al. (2019) estimate that such stripped
nuclei may host 8% to 32% of local SMBHSs.

AGN in merging galaxies also have typical relative velocities16f 400km
s 1 (Comerford & Greene, 2014; Comerford et al., 2009; Liu et al., 2018b) and these
velocities are comparable to the predicted velocities of recoiling SMBHs from spin—
aligned binaries. Comerford & Greene (2014) estimate that 4% to 8% of Type 2 AGNs
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are in galaxy mergers, so these systems may be quite common. Triple SMBH systems, in
which a merger with a third galaxy occurs before the initial SMBH binary forms, can also
be dif cult to distinguish from recoiling SMBHSs (Civano et al., 2010; Kalfountzou et al.,
2017).

Offset AGN in merging galaxies are nonetheless important to nd because they
provide a way to study AGN fueling by galaxy merger triggered gas in ows (Canalizo
& Stockton, 2001; Surace et al., 1998; Treister et al., 2012). The increased incidence
of galaxy mergers amongst X-ray selected AGN and increasing X-ray luminosity with
decreasing AGN separation in dual AGN suggests that black hole accretion peaks during
the merging process (Koss et al., 2012). Comerford & Greene (2014) also found that
the fraction of AGN in galaxy mergers increases from 0.7% to 6% over the AGN
bolometric luminosity range 043 < log(Lyo)[erg/s] < 46 which suggests that galaxy
mergers trigger high luminosity AGNs. High—-resolution hydrodynamical simulations by
Van Wassenhove et al. (2012) predict that AGN triggering and the likelihood of dual AGN
activity is strongest at 10kpc separations and that most merger—triggered AGN activity
is non—simultaneous such that 90% of SMBHs in mergers appear as single or offset AGN
instead of dual AGN at ,, > 10" erg s! and separations 1 10 kpc. These
predictions are supported by observations of the relative occurrence of offset vs dual AGN
(e.g. Comerford et al., 2009). Discoveries of AGN in tidally stripped dwarf galaxies
in mergers may also yield IMBH candidates which can be used to constrain models of
BH seed formation in the early universe (e.g. Reines & Comastri, 2016; Volonteri &
Natarajan, 2009).

Discoveries of AGN in mergers have occurred both serendipitously and in targeted
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searches. Binary AGN were found in X-ray imaging spectroscopy of ultraluminous
infrared galaxy NGC 6240 (Komossa et al., 2003) and Mrk 739, a galaxy with two
optically distinguishable bulges (Koss et al., 2011). A search for AGN companions to a
sample of ultra—hard X—ray—selected AGNs from the all-sky Swift Burst Alert Telescope
(BAT) survey with Chandra, XRT and XMM imaging combined with emission line
diagnostics with SDSS and Gemini spectroscopy revealed 16 dual AGN (Koss et al.,
2012).

Many searches for AGN in mergers &nh 10kpc scales have looked for double
peaked narrow [@I] 5007 emission lines in large spectroscopic datasets such as SDSS
(e.g. Liu et al., 2010; Smith et al., 2010; Wang et al., 2009; Xu & Komossa, 2009).
Comerford & Greene (2014) found 351 offset AGN candidates amongst a sample of
18,314 Type 2 AGNs by measuring velocity offsets between the forbidden and Balmer
emission lines relative to the stellar absorption lines. Fu et al. (2011a) found 16 dual AGN
candidates with high—resolution near—infrared images of 50 double—peaket [6007
AGNSs and one of these was con rmed as akpc scale binary AGN with high resolution
radio images (Fu et al., 2011b).

Searches for dual AGN via X-ray, radio, and optical imaging suffer from different
selection effects, and there are ongoing efforts to understand the affects of AGN
obscuration by gas and dust during merger (Glikman et al., 2015; Kocevski et al., 2015;
Koss et al., 2011). Koss et al. (2018) found that obscured luminous black holes, with
X-ray emission but not visible broad lines, were signi cantly more likely be in a later
stage nuclear merger than a comparable sample of inactive galaxies.

The lack of a large sample of dual AGN and even a small sample of con rmed

49



recoiling SMBHs motivates the development of new search strategies to nd AGN offset
from their host galaxies and from companion galaxies. A large transient survey which
identi es offset AGN candidates via their variability provides one such approach.

In this chapter we present a new method for a systematic search for offset AGN —
both recoiling SMBHs and AGN in galaxy mergers — using the Zwicky Transient Facility
(ZTF; Bellm et al., 2019a; Dekany et al., 2020; Graham et al., 2019). In Section 2.3, we
present our techniques for ltering ZTF transients to make a sample of 5493 optically
variable AGN. We present a new versionTdfe Tractor forward modeling software
for con rmation of AGN-host spatial offsets and describe the candidate selection strategy
used to obtain 9 offset AGN candidates and 52 AGN in mergers. In Section 2.4,
we describe the multi-wavelength and spectroscopic properties of these new samples
and present the rebrightening of the previously discovered recoiling SMBH candidate

SDSS1133.

2.3 Sample selection

2.3.1 The Zwicky Transient Facility

The Zwicky Transient Facility (ZTF; Section 1.4.1) is a wide— eld optical transient
survey which provides three important advantages in a systematic search for off-nuclear
AGN via their variability. Firstly, ZTF enables us to discover new AGN by applying
light curve modeling techniques to new transients and identifying AGN-like stochastic
variability. Light curve modeling of variable sources to nd previously undiscovered

AGN has been demonstrated for SDSS Stripe 82 difference imaging and for transients in
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the Palomar Transient Factory (Baldassare et al., 2018, 2020b).

Secondly, image subtractions containing the AGN can be used to locate the position
of AGN-like variability relative to the host galaxy. Because spectroscopic surveys tend
to have large plate sizes (for example, the SDSS spectroscopic plate size is 1.49”), it
can be dif cult to con rm that the location of the AGN broad lines is associated with an
offset point source. By detecting AGN-like variability from an offset point source, we
can con rm the spatially offset nature of AGN candidates.

Finally, the sky coverage of ZTF allows us to search a very large area for offset
AGN, which is important given the apparent rarity ®f 10pc spatial offset recoiling

SMBHs at low redshifts.

2.3.2 Selection of variable AGN in ZTF

We obtain our sample of variable AGN using data from the ZTF alert stream
(Patterson et al., 2019). The ZTF pipeline produces approximately 100,000 alerts every
night, so we implement a lter with the alert broker and analysis framewdPEL(Alert
Management, Photometry and Evaluation of Lightcurves; Nordin et al., 2019a) to detect
variable AGN amongst other transient phenomena.

Our method to lIter out poor subtractions, moving sources and variable stars and
nd only extragalactic transients is similar to the approach used in the Tidal Disruption
Event (TDE) lter of van Velzen et al. (2021). We apply a liberal cut<0f0:8 on the
star—galaxy score (Tachibana & Miller, 2018) to nd transients associated with galaxies,

and a cut ok 0:3 on the real-bogus score (Duev et al., 2019; Mahabal et al., 2019) to
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remove bogus transients. We remove objects in busy stellar elds by crossmatching to
the Gaia and PanSTARRS catalogs wigtsHTM (Soumagnac & Ofek, 2018) to ensure
that there are no more than 30 Gaia objects and 100 PanSTARRS objects within a 15”
radius. We also require at least 3 signi cant detection@01 days apart and a minimum
ux increase of 2.5 magnitudes.

This Itering strategy primarily nds two kinds of common extragalactic transient:
supernovae and variable AGN. To select AGN and remove supernovae witiAViRE L
Iter, we require that our transients either match an object in a series of AGN catalogs
or have variability which is more characteristic of an AGN than a supernova. We
usecatsHTM and Extcats ! look for a 2” crossmatch with objects in The Million
Quasar Catalog (Flesch, 2015), a machine learning based catalog of photometric AGN
candidates (Brescia et al., 2015), and a catalog of 720,961 variable sources from the
Palomar Transient Factory (PTF) and intermediate Palomar Transient Factory (iPTF)
found between 2009 and 2016 which were not classi ed as a star (Miller et al., 2017)
and had> 5 detections over 24 hours.

For sources which do not have an AGN catalog crossmatch, we model their full ZTF
light curve history within theAMPEL Iter. We use theSNCOSM®upernova modeling
tool (Barbary et al., 2016) to t the “salt2' SN la model to the g and r band light curves
and extract the reduced,, goodness of t for the best t SN la model.

For comparison to the SN la goodness of t, we implement the Butler & Bloom
(2011) quasar modeling routine. This routine calculates the structure function for input

light curves and compares this to the ensemble quasar structure function for Sloan Stripe

https://github.com/MatteoGiomi/extcats
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82 g- and r-band AGN light curves. The goodness of t of the ensemble structure function
model é gives a measure of how likely the ZTF light curve shows AGN-like variability.

The Butler & Bloom (2011) routine also calculates the reducédor the null
hypothesis that the source shows non—AGN like variability (such as from a variable star).
We denote this aséo. For the purposes of separating AGN from supernovae, we found
that AGN generally have much loweg,, values than &, so this variability statistic was
also effective at separating SN from AGN.

Our lter accepted any source where either the g- or r-band light curve h@l a
or %, value less than the SN la goodness of 4. Based on tests with a sample of
111 spectroscopically classi ed supernovae witl20 ZTF epochs, we determined that
this method removes approximately 95% of SN la and 60% of Type Il supernovae. With
a sample of 166 spectroscopically con rmed AGN wigh 100ZTF epochs, we were
able to classify 80% correctly.

Objects which pass either the AGN crossmatch criteria or light curve tting criteria
pass theAMPEL lter and are pushed to the GROWTH Marshal science portal for
arrangement of spectroscopic followup (Kasliwal et al., 2019). The AGN candidates
are then con rmed either with existing SDSS spectroscopy, follow—up spectroscopic
observations with the DeVeny spectrograph on the Lowell Discovery Telescope, or by
their WISE color or variability history. To classify AGN based on their WISE W1-W2

color we use the criteria:

W1 W2> 0:662expf0:232(W2 1397)g (2.1)
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from Assef et al. (2013), and to classify AGN based on signi cant variability in their
WISE light curve we require the? relative to a at light curve to satisfy >=dof > 10,

We apply this procedure to ZTF alerts from a 2.5 year period between 2018-01-01
to 2020-07-06 and obtain a sample of 5493 AGN. This constitutes our nal sample of

strongly variable ZTF AGN with spectroscopic or WISE color/variability con rmation.

2.3.3 Selection of AGN spatially offset from their host galaxy

2.3.3.1 Image modeling witihe Tractor

In order to model the positions of the variable AGN relative to their host galaxy, we
apply The Tractor (Lang et al., 2016) to forward model the host galaxy pro le and
transient point source emission across ZTF imadése Tractor forward models in
pixel space by parametrizing the astrometry solution, sky noise and point spread function
of each image and modeling this simultaneously with the shape, ux and position of each
source across images in multiple bands and surveys.

We developed a version ofhe Tractor to t a host galaxy prole and an
overlapping point source with a position in or around the host. The point source
position and the host galaxy shape, ux and position are assumed constant over all
epochs, while the point source ux may vary across single epochs. The versidreof
Tractor that we apply determines the best tting one of two galaxy pro le models:

a pure de Vaucouleurs pro le described bfr) = 1oexp( 7:67[(r=r<)*™*]) and a pure
exponential pro le described bly(r) = Ioexp( 1:68=r¢). The Tractor is a highly

advantageous tool for this analysis because it allows for forward modeling across images
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of different bands and different instruments. ZTF images taken when the transient is
bright can be simultaneously modeled with higher resolution, deeper images from a
different telescope to improve modeling of the host galaxy. Subtraction of the model from

the coadded data can also help to reveal irregularities in galaxy structure in the residuals.

We model 3422 out of the sample of 5493 AGN withe Tractor . Due to
limitations with archival storage of ZTF images on our lesystem and the availability
of overlapping Legacy Survey (Dey et al., 2019a) and PanSTARRS (Chambers et al.,
2016) images for astrometric source matching, we do not model the remaining 2071. As
the AGN are isotropically distributed in the sky, choosing to model a subset of the full
sample withThe Tractor does notintroduce any biases with respect to the distribution
of host—AGN offsets.

We remove 126 of the 3422 AGN because they are duplicates of existing AGN in
the sample. The ZTF alerts for particular transients sometimes demonstrate such a large
scatter in position that they are considered to be 2 or 3 different transients with separate
ZTF names by the alert pipeline. As such, the alerts associated with a single transient
can be distributed across 2 or 3 different transient objects. By applying an 8” cone search
to all AGN which pass ouAMPELAGN lter, we nd transients which are associated
with one another and select the transient ID with the most alert packets containing real
detections.

We model the sample of 3296 unique AGN by selecting the 30 ZTF g- and r-band
images taken closest to peak magnitude. This allows us to reach a median depth in AB
magnitude of 22.4 in the r-band and 22.2 in the g band. We chose to model only 30

ZTF images due to computational and time constraints, but future work could model the
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whole sample witiThe Tractor to greater depths by modeling larger numbers of ZTF
images and including higher resolution, deeper DECam imaging.

Of our 3296 AGN, 186 do not have suf cient S/N in the 30 ZTF images to model
a host galaxy and point source witlne Tractor above the limiting magnitude. This

leaves 3110 objects with measured AGN-host offsets.

2.3.3.2 Determination of statistically signi cant spatial offsets

Since the ZTF camera has 1” pixels but much of the simulated recoiling black hole
population is only observable at sub—arcsecond AGN-host spatial offsets, it is important
to understand the positional accuracy that can be obtained from ZTF image subtractions.

In order to determine which AGN-host spatial offsets are statistically signi cant,
we studied the distribution of offsets from the sample of 3110 objects with host galaxy
and point source positions determined by simultaneously modeling 30 g- and r-band ZTF
images withThe Tractor (see Section 2.3.1). If the uncertainties in observed RA
and Dec of the host galaxies are normally distributed with standard deviatiorand
the uncertainties in observed RA and Dec of the variable point sources are normally
distributed with standard deviation;, the radial distribution of spatial offsets between
them will follow a Rayleigh distribution with3 = 2.+ 2.

In a study of radio AGN from the Cosmic—Lens All Sky Survey (CLASS) catalogue,
Skipper & Browne (2018) found that the population of offsets between the radio AGN
and optical galaxies in SDSS followed a mixture distribution consisting of a Rayleigh

component and an exponential tail component, where the latter component may represent
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real AGN-host spatial offsets. Similarly, we nd that the shape of our offset distribution
from Tractor modeling of the ZTF AGN sample is described by the expected Rayleigh
distribution at offsetd 1" and at offsets 1" the distribution is better described by a
decaying exponential.

We therefore model our AGN-host spatial offset distributions by splitting the AGN
sample into 3 different sub—samples based on the peak difference magnitude of the AGN.
The ranges in peak—magnitude used to produce the sub—samples are 15-18, 18-19.5, and
19.5-23. These ranges were selected to ensure that each sample was large enough to
model the Rayleigh and exponential tail components. The offset distributions of these
sub—samples are shown in Figure 2.1 a) ¢) and e). We t a mixture distribution consisting

of a Rayleigh component(x) and an exponential componeik):

Pk=C (X)+(1 C) (x) (2.2)
= ¢ exp 2—22 +(1 C)e * (2.3)
R R

for offsetsx, mixture coef cientC, Rayleigh width g and exponential decay parameter
. We do this by directly minimizing the log likelihood between the model distribution
and the data.
We rst model the exponential decay parameteto t only offsets x > 1.0” so
that the tis not heavily biased by low—offset sources which dominate the distribution.
We then x the value of and t the mixture distribution to the whole sample to

nd r andC. The ts are shown in Figure 2.1 a), c) and e), where we can see
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the Rayleigh component explaining the portion of the distribution which arises from
positional uncertainty, and the exponential tail component showing the portion of the
distribution which may contain physically real AGN-host offsets. For a given AGN-host
offsetx, we can calculate the probability that an offsetx is drawn from the Rayleigh

component as:

Rl
_ Cr (¥
P(x>R)= CRRl (x)+?1 C)RRl =

(2.4)

This is shown as a function of offset in Figure 2.1 b), d) and f). The probability
function shows that as the offset increases, it is less likely to be explained by the
Rayleigh distribution arising from positional uncertainties and more likely to be part of
an exponential tail consisting of possibly real offsets. The spatial offset at which the
probability of being drawn from the exponential component of the mixture distribution is
0.3% is marked by the dashed line in Figure 2.1 b), d) and f).

Using the probability functions to determine an offset cutoff for the 3 sub—samples,
we determine8 offset cutoffs shown in the rst column of Table 2.1. We select a cutoff
of 0.511” for AGN with a peak magnitudes between 15 and 18, 0.773” for AGN with
peak magnitudes between 18-19.5, and 0.976” for AGN with peak magnitudes between

19 and 23.
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(a) AGN with a peak difference magnitude (b) 3 offset =0.574".
between 15 and 18.

(c) AGN with a peak difference magnitude (d) 3 offset = 0.605".
between 18 and 19.5.

(e) AGN with a peak difference magnitude (f) 3 offset=0.732".
between 19.5 and 23.

Figure 2.1:Left: Normalized histogram with logarithmic bins for AGN-host offsets
obtained fromTractor modeling. The best—t model of a mixture
distribution with Rayleigh and exponential components are shoRight:
Probability that an offset greater than R is drawn from the Rayleigh
component of the mixture distribution shown in (a) instead of the exponential
component. The offset where this probability is 0.3% is shown with a dashed
line.
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Table 2.1: Offset cutoffs (arcseconds) selected for classi cation of off-nuclear AGN
based on their peak magnitude. The rst column shows the peak magnitude
bin. The second column shows the3 cutoff for a signi cant AGN—host
offset derived byThe Tractor . The third and fourth columns show the
uncertainty on the magnitude—weighted transient position derived from ZTF
alert packets for r-band and g-band respectively. The fth column shows the
number of AGN which have 3 Tractor offsets and match the magnitude—
weighted transient position using these cutoffs.

Peak | Tractor g-band r-band| Number
magnitude| modeling subtraction of AGN
19.5-23 0.732 0.946 0.976 64
18-19.5 0.605 1.009 0.773| 164
15-18 0.574 0.959 0.551 23

2.3.3.3 Matching of transient positions frofilme Tractor and ZTF
difference images.

In order to con rm that the best—t point source position frohne Tractor
modeling is consistent with the position of the transient in the ZTF difference images,
we calculate the magnitude—weighted position of the transient from the ZTF alert packets
containing information about the position and magnitude of each single epoch difference
image detection. The weighls: 2., for the magnitude—weighted transient position are

calculated using equation 3 from van Velzen et al. (2019):

ofiset = 0:24 + 0:04(mdiff 20) (2-5)

In order to determine the uncertainty in the magnitude—weighted transient position

from the ZTF alert packets, we undertake the same offset distribution modeling procedure
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Figure 2.2:Left: Coadded g, r and z-band Legacy Survey images of ZTF18aaxvmpg.
Right: ZTF image subtraction of ZTF18aaxvmpg when the AGN was close to
peak magnitude. Overlaid contours show the be3ractor galaxy pro le
(black) and point source model (red) for a theoretical seeing of 1” derived
from ZTF image modeling.

as we do for thdractor AGN-host offsets. The modeling results for each magnitude
binned sub—sample are shown in Figures 2.15 and 2.16 in Section 2.6. As the distribution
of magnitude—weighted offsets is substantially different for g-band images and r-band
images, due to the differing contributions of the AGN towards the reference image in
different bands, we nd cutoffs for the two bands separately. Using the probability
functions to determine an offset cutoff for the 3 sub—samples, we dete@nindfset
cutoffs shown in Table 2.1. When checking that #@actor point source positions
are consistent with the magnitude—weighted transient position from the alert packets, we
require a match within these selected cutoffs.

Figure 2.2 shows an example ZTF image subtraction for ZTF18aaxvmpg with the
Tractor model overlaid. For this object, thigactor  point source position shown in
the red contours was consistent with the ZTF transient seen in the image subtraction. This
object was therefore considered to be an offset AGN candidate.

We nd that 251 AGN have> 3 AGN-host offsets found byractor modeling
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which are consistent with the magnitude—weighted transient position from the alert
packets. The breakdown of candidates from each peak magnitude bin is shown in the

last column of Table 2.1.

2.3.4 Morphological classi cation of AGN hosts

In order to con rm the host—AGN offset found in ZTF images and classify the 251
offset AGN based on their morphology we undertdotactor modeling with deeper,
higher resolution images. For this task, we used archival images from the DESI Legacy
Imaging Surveys (Dey et al., 2019a). The combined DECam Legacy Survey, Mayall z-
band Legacy Survey and Beijing—Arizona Sky Survey were taken between 2014 and 2019
and cover declinations from18< < +84, offering 0.262"/pix resolution and depths
of 24.7 , 23.9 and 23.0 for g, r and z bands respectively

We modeled the high resolution coadded g and r and z band Legacy Survey images
of each system with a single galaxy pro le and an offset point source. We then visually
examined the image3ractor models and residuals to determine if each offset AGN
was well modeled as a point source or if there was excess unmodeled emission indicating
the presence of a second host galaxy in the system which is centered on the AGN. We
separated the sample into 5 categories. The number of objects in each category is shown
in Table 2.2.

When the residuals of the galaxy and offset point source model showed a clear
stellar bulge surrounding the offset AGN, it was considered likely that there are two

galaxies in the system rather than one. If the residuals also showed morphological
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Table 2.2: Breakdown of the complete sample of 251 offset AGN into 5 galaxy
morphology—based classi cations. The rst row is the number of AGN which
have extended galaxy emission around them and appear to be interacting and
merging with a second galaxy. The second row shows the number of AGN
which are not surrounded by a stellar bulge and appear to be spatially offset
from the center of a galaxy with indications of recent merging activity. The
third row shows the number of AGN in disturbed, post—-merger systems where
the stellar bulge is offset from the center of the extended galaxy pro le and
aligned with the AGN. The fourth row shows the number of AGN which appear
to be point sources spatially offset from a undisturbed galaxy and are therefore
more likely to be chance coincidences with background galaxies. The fth row
shows the number of AGN where the ZTF position could not be con rmed in
archival Legacy Survey images.

Classi cation Number
AGN in galaxy mergers 52
AGN offset from the stellar bulge of disturbed galaxy 9
AGN aligned with the stellar bulge of disturbed galaxy 21
AGN offset from an undisturbed galaxy 29

AGN without position con rmation in Legacy Survey modeling 140

evidence of merging activity such as tidal structures, we considered the AGN to be part
of a galaxy merger. These objects will be discussed further in Section 2.4.1.

When the system was well modeled by a single galaxy pro le and offset point
source and there were no tidal structures indicating recent merging activity it was
considered likely to be chance coincidence of an AGN and an unrelated background
galaxy. These AGN are discussed in Section 2.4.2.

For AGN which were well modeled by an offset point source and showed
morphological evidence of recent merging activity in the host galaxy residuals, we
considered that the AGN may be a candidate for a recoiling SMBH. We consider these
objects as recoiling SMBH candidates because the recoiling AGN is expected to be visible

for a period of1®® years after recoil while the host galaxy will still show evidence of
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previous merging activity in its morphology (Blecha et al., 2016). These objects are
discussed in Section 2.4.3.

When the AGN was in a disturbed, irregularly—shaped host galaxy with a stellar
bulge which was offset from the photometric center of the extended galaxy pro le and
the AGN was aligned with this stellar emission, we did not consider the AGN to be a
recoiling SMBH candidate.

The remainder of the 251 objects did not have point source emission from an AGN
present in the Legacy Survey images usedT@ctor modeling. For these objects,
con rmation of the spatial offset discovered in ZTF images requires follow—up with
deeper, higher resolution imaging taken when the AGN emission is visible.

The distribution of physical offsets inkpc for the whole sample, the AGN in
mergers, and the off-nuclear AGN is shown in Figure 2.3. The complete AGN sample
shows a tail extending beyond 40kpc due to chance coincidences with background

galaxies.

2.3.5 Spectroscopic analysis of ZTF broad line AGN

In order to model the distribution of broad line velocity offsets in the ZTF AGN
sample as a whole, we modeled all 2422 ZTF AGN which had archival SDSS spectra
and were classi ed as broad line AGN by the SDSS DR14 pipeline with Penalized Pixel
Fitting (pPXF) (Cappellari, 2017; Cappellari & Emsellem, 2004). This method nds
the velocity dispersion of stellar absorption lines using a large sample of high resolution

templates of single stellar populations adjusted to match the spectral resolution of the
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Figure 2.3: Distribution of physical spatial offsets between AGN and their closest galaxy
for 3 samples: 898 AGN from th€ractor modeled sample with available
spectroscopic redshifts, 27 of the 52 AGN in mergers with spectroscopic
redshifts, and the 9 off-nuclear AGN. A tail of spatial offsetslO kpc can
be seen in the blue histogram due to the presence of background galaxies.

input spectrum. We simultaneously t the narrowHH ,H , H , [S1] 6717, 6731,
[N11] 6550, 6575, [Q] 6302, 6366 and [@I] 5007, 4959 emission lines during
template tting. The emission line uxes are each t as free parameters but the line
widths of the Balmer series are tied, as are the line widths of the forbidden lines.

In these ts the velocity of whichever broad HH , H , H lines were available
within the SDSS spectroscopic wavelength range were allowed to vary up to 3000km
s 1 from the narrow lines. The velocity of each Balmer broad line was tied to the other
Balmer broad lines.

We nd that the ZTF AGN broad line velocities have a mean displacement of 143
km s ! with a standard deviation of 126 km*swhen the central component is t with a
Gaussian (Figure 4.12). Our distribution of broad line velocities for variable ZTF AGN is

similar to the distribution of H broad line velocities found by Bonning et al. (2007) with
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Figure 2.4: Distribution of Balmer broad line velocities relative tal|S 6717, 6731,
[N 1] 6550, 6575, [Q] 6302, 6366 and [@I] 5007, 4959 emission line
velocities found by tting of archival SDSS spectra wiplP XF. Velocities are
shown for the 2422 AGN with broad Balmer lines in archival SDSS spectra
out of the complete ZTF AGN sample of 5542 objects.

a sample of 2598 SDSS AGN where they found a mean displacement of 108kand
a standard deviation of 212 km’s

Our velocity distribution shows a substantial tail population with velocities up to

2500km s 1. The fraction of AGNf with velocity magnitudes greater than 1000,

1500 and 2000 km $ aref 9090 = 0:025 fi500 = 0:009 andf,p = 0:003 These
values are comparable to those found in the Bonning et al. (2007) sample, where they
nd fractions of f 1090 = 0:0035 f 1500 = 0:0012andf 5900 = 0:0008 It therefore appears
that a variability selected AGN sample shows a broad line velocity distribution which is

typical of a spectroscopically selected AGN sample.
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2.4 Results

2.4.1 AGN in galaxy mergers

52 of our spatially offset AGN were determined to be in a merger with a second
galaxy based on the presence of two galaxy nuclei and an interacting morphology visible
in Legacy Survey images. The galaxy separations flwactor modeling of Legacy
Survey images ranged fro@4 9", which for the 33 AGN with known redshifts,
corresponded to physical separations of 0.54 to 24.65 kpc.

For 14 of these AGN with available SDSS spectra of both galaxies, only
ZTF18aacjltc had narrow emission lines consistent with an AGN in both galaxies. The
remaining 12 were single AGN, where the companion galaxy did not show narrow AGN
emission line ratios. The observed fraction of dual vs offset AGN is consistent with the
predictions of Van Wassenhove et al. (2012).

18 galaxy mergers had only one archival SDSS spectrum available, with the ber
centered on the variable AGN. Follow—up spectra of the companion galaxies will be
required to determine if these mergers contain one or two AGN. 15 galaxy mergers have
no archival SDSS spectra available, as the variable object was classi ed as an AGN based
on optical ZTF and infrared WISE variability. Follow—up spectra of both the AGN and
companion galaxy will be required to spectroscopically con rm the presence of one or
two AGN.

Aside from appearing in a range of multi-wavelength AGN sample papers, a

fraction of our sample of AGN in merging galaxies have been studied in more detail in
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the literature. ZTF18aasxvyo is a well studied X-ray bright BL Lac object (Halpern et al.,
1986) and ZTF18aagjcxl is also a known BL Lac (Plotkin et al., 2008). ZTF18acegbsb
is a known double peaked emitter (Strateva et al., 2003) in a merger, which has been
studied in the context of AGN photoionization of companion galaxies (Keel et al., 2019).
ZTF18aamfuhc appeared in the same cross—ionization study. ZTF18abhpvvr is a known
dual AGN (Huang et al., 2014) and ZTF18aawwfep and ZTF18aajnqqv are also a known
AGN pairs from Liu et al. (2011).

ZTF18aaifbku, an AGN in the double—lobed galaxy Mark 783, was imaged with
the Karl G. Jansky Very Large Array (JVLA) at 5 GHz on September 6 2015 and showed
radio emission from a compact core component and an extended component which was
26 kpc long (Congiu et al., 2017). The lack of jet emission led the authors to conclude
that the radio emission was a relic of previous AGN activity before it entered a quiescent
state. This AGN was rst observed in ZTF on June 5 2018 and has shown continued
variability to r-band magnitudes of 17.07 since then, suggesting that the AGN activity has
turned on since on since the radio observations were made in 2015.

In order to determine if ZTF18aaxvmpg was a dual AGN, we undertook more
detailed spectroscopic follow—up. The SDSS spectrum of ZTF18aaxvmpg taken on 2006-
05-21 with the ber centered on the AGN shows the presence of broad Balmer lines but
the companion galaxy at 5.5 kpc from the AGN did not have an archival spectrum. We
took a new spectrum of both the host galaxy and the AGN on 2019-10-29 with the DeVeny
spectrograph on the Lowell Discovery Telescope using a 1.5” slit, central wavelength of
5700A, a spectroscopic coverage of 3600—-830@nd a total exposure time of 3200s.

The spectrum of the AGN and the companion galaxy is shown in gure 2.5.
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Using the best—t line uxes from pPXF modeling of the spectrum, we determine
the AGN and host galaxy types using theI[@ 5007, H, [N1] 6573 and H
line amplitudes. The emission line ratios of the AGN and companion galaxy and their
classi cations on the BPT diagram are shown in Figure 2.6. We nd that the variable
AGN has narrow line emission consistent with a Seyfert, while the host galaxy narrow
line emission falls into the Composite/LINER category. Since LINER emission can
be produced by either AGN or hot old stars on galactic scales we must distinguish
between the two using a WHAN diagram, which classi es LINERs with a narrow H
equivalent width> 3 A and a logo([N11] 6573/ H) ux ratio > 0:4 as AGN
(Cid Fernandes et al., 2011; Mezcua & Dowguez %nchez, 2020). WitlpPXF we
measure the equivalent width of narrow Ho be 3:54 0:11 A and the logo([N I11]

6573/ H ) uxratiotobe 0:165 0:097 This places the spectrum in the "weak AGN'
class of the WHAN diagram, suggesting that the system does indeed host a second AGN.
We therefore conclude that ZTF18aaxvmpg is part of a dual AGN.

6 of the 27 broad line AGN in mergers for which we have archival SDSS spectra
showed double—peaked broad Balmer emission from an unobscured accretion disk,
corresponding to 22% of the sample. The classi cations of broad line region shapes of
each AGN in a merger is shown in Table 2.3. It will be shown in Section 2.4.3.1 that 16%
of the broad line ZTF AGN are double—peaked emitters. It is therefore possible that AGN

in mergers are more likely to have double—peaked broad lines than normal ZTF AGN.
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Figure 2.5: Spectrum of ZTF18aaxvmpg and its offset companion galaxy taken on 2019-
10-29 with the DeVeny spectrograph on the Lowell Discovery Telescope.
Broad Balmer features can be seen in the AGN spectrum but only narrow
emission lines are visible from the companion galaxy.

In order to determine the X-ray luminosities of the sample, we crossmatched with
a 60" radius to the second ROSAT All Sky Survey catalog (Boller et al., 2016). 31 of the
52 AGN had X-ray detections. The X-ray uxes for the 31 AGN, along with luminosities
for those with a known redshift, are shown in Table 2.7. 9 of the AGN in mergers had
20cm radio detections in FIRST. 6 of the 10 AGN with detected radio emission were also
X-ray bright. The smaller fraction of radio AGN compared to X-ray AGN may be due to
delayed triggering of radio emission during the merger (Shabala et al., 2017; Skipper &
Browne, 2018).

The relationship between galaxy separation and X-ray luminosity is shown in
Figure 2.7. We do not nd a correlation between galaxy separation and X-ray luminosity
in the range of 1-19 kpc separations represented by our sample. While Koss et al. (2012)

found that the X-ray luminosity of AGN pairs decreased with increasing separation up to
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Figure 2.6: [Q11] 5007, H, [Nn] 6573 and H narrow emission line ratios from
pPXF tting of DeVeny spectra taken of the variable AGN ZTF18aaxvmpg
and its companion galaxy overlaid on the AGN classi cation regions. The
ZTF AGN is classi ed as a Seyfert while the offset galaxy has a combination
of star forming and LINER emission.

90 kpc, they also did not nd a strong correlationa0kpc.

In order to compare the variability of the AGN in mergers with the complete AGN
sample, we determined the maximum ux change between the ZTF reference image and
single epoch science images for the AGN with spectroscopic redshifts, and determined
the corresponding change in luminosity. The distribution of peak luminosity change is
shown in Figure 2.8 for the merger sample and for a larger sample of 689 ZTF AGN,
controlled for the quality cuts used to produce the merger sample. The two samples show
a similar distribution of peak luminosity. Implementing a K-S test to compare the two

samples con rms they are drawn from the same distribution with a p—value of 0.64.

2.4.2 Chance coincidences of AGN and background galaxies

In our sample of offset AGN we nd 29 AGN which are offset from an undisturbed

galaxy with a symmetrically shaped pro le. While many of these objects are likely to
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Figure 2.7: 2-10 keV luminosity for 27 AGN with known spectroscopic redshifts as
a function of physical galaxy separation. 16 were detected in the second
ROSAT All Sky Survey catalog and 11 have non—detections.

Figure 2.8: Peak luminosity change relative to the reference image amongst the 27 AGN
in mergers and a larger sample of 689 variable AGN which had spectroscopic
redshifts available. The larger sample was controlled to undergo the same
quality cuts as the merger sample.
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be quasars coinciding with background galaxies, it is possible that a fraction of them
are AGN with a real association to the spatially offset host. We therefore calculate the
approximate number of chance coincidences with background galaxies that we expect for
the sample of 3110 AGN which were modeledye Tractor

To determine the density of background galaxies, we@asgobs to query the
SDSS DR16 catalog to nd the number of galaxies with g-band model magnitudes
between 15 and 22.8. We choose a g-band limiting magnitude of 22.8 because it is the
median effective depth of each set of 30 ZTF images usedramtor modeling for the
AGN sample. We note that the choice of the median limiting magnitude is a signi cant
approximation because there is a wide distribution in effective depths farrtator
models of the AGN. Future work should take a more systematic approach to reach a
consistent limiting magnitude for all objects.

We nd that there are 119,364,394 galaxies in the SDSS survey area of 14,555 deg
within this magnitude range, corresponding to a densif.828 10 * per arcset This
means that we expedt789 10 2 background galaxies in a 3” radius circle around a
given AGN. For our sample of 3110 AGN wiffractor modeled offsets, we therefore
expect 56 AGN to have unassociated background galaxies within 3 arcseconds.

As we do not have an excess of AGN which are intrinsically offset from undisturbed
host galaxies beyond the estimated number of chance coincidences, we do not have
evidence that any of these objects could be recoiling SMBH candidates. The AGN
falling under this category require spectra to con rm the host galaxy redshift and provide

evidence that they are not chance coincidences.
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2.4.3 AGN spatially offset from the center of disturbed galaxies

Our morphological classi cation scheme nds 9 AGN which are variable point
sources spatially offset from a potential host galaxy and do not show evidence of a second
stellar bulge around the AGN. The properties of the 9 offset AGN are summarized in
Tables 2.4 and 2.5. Their ZTF light curves are shown in Figure 2.9. We show the coadded
g-, r- and z-band Legacy Survey images, the best—t Tractor model and the residuals for
each object in Figure 2.10. The residuals all show asymmetric, tidal structures indicative

of previous merging activity. Spectra of the offset AGN are shown in Figure 2.11.
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Table 2.5: X-ray and radio properties of the sample of AGN spatially offset from
disturbed host galaxies. The X-ray detection column shows which objects have
detections within 1.0' of the AGN position in the a ROSAT All Sky Survey
catalog, and the radio detection column shows the 20cm ux density or upper
limit if it was within the coverage of the FIRST radio survey (Helfand et al.,
2015). The radio loudness is indicated in the last column.

ZTF name X-ray Radio ux R
(mJy/beam)

ZTF19aautrth X < 0:98 < 1:56
ZTF19aadgijf X < 1:24 < 2:.05
ZTF18aaxmrom X 44448 1760
ZTF19aayrjsx X

ZTF18aalsidi X < 0:88 < 1032
ZTF18accptjn 1.12 0.87
ZTF18absvcae 4.97 51.6
ZTF18aaoeobb X < 0:.93 < 0:95
ZTF19aadggaf X 3.80 2.89

2.4.3.1 Broad line region properties

The details of the H and H broad line regions of the spatially offset AGN are
shown in Figure 2.12. We do not have Find H spectra for ZTF18absvcae due to its
higher redshift. 3 of the 8 AGN for which we do have spectra of thedd H lines
(ZTF19aadgijf, ZTF18accptjn and ZTF19aadggaf) have Gaussian broad lines. The broad
line velocity offsets determined fropPXF tting are shown in Table 2.4. Because of
the large distribution of velocity offsets in the overall ZTF AGN sample (Figure 4.12)
and the fact that the ZTF AGN which have extreméd50&km s ! velocities do not show
any evidence of a spatial offset, we do not make any conclusions from the velocities of
200-600 km ! magnitude observed for these 3 AGN.

The remaining 5 of the 8 AGN (ZTF18aalsidi, ZTF19aautrth, ZTF18aaxmrom,
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Figure 2.9: ZTF light curves in g, r and i-band for the sample of 9 offset AGN and the
known recoiling SMBH candidate in SDSS1133 which rebrightened in ZTF
(ZTF19aafmjfw). We show only the 3 detections.
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