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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 Mpy — o, 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.



TRACING THE FORMATION AND MERGER-DRIVEN GROWTH
OF MASSIVE BLACK HOLES WITH THE ZWICKY TRANSIENT
FACILITY.

by

Charlotte Alison Ward

Dissertation submitted to the Faculty of the Graduate School of the
University of Maryland, College Park in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
2022

Advisory Committee:
Dr. Suvi Gezari, Chair/Advisor
Dr. Peter Nugent, Co-Advisor
Professor M. Coleman Miller
Professor Richard Mushotzky
Professor Peter Shawhan



© Copyright by
Charlotte Ward
2022



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 I provide an introduction to the physics of massive black hole (MBH)
formation and growth. I summarize the various possible origins for the first massive black
hole seeds, and how these origins could result in observable differences in the MBH-host
galaxy relationships we see today. I describe the multi-wavelength emission produced
by MBHs as they accrete gas, and relate this to the physical structure of MBHs and
their environment. I discuss how MBH binaries form when galaxies merge, and how
gravitational wave recoil may occur as a consequence of MBH binary mergers. I introduce
the open questions we currently have about MBH formation and growth to motivate the
research presented in the following chapters. Finally, I 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 mass 103 < Mgy < 10'°M,
in their nucleus (Magorrian et al., 1998). When MBHs 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

(SMBHs), which we define as having mass Mgy > 10°M, but some AGN arise from



intermediate mass black holes (IMBHs) of mass 10° < Mgy < 10°M,. AGN can
be identified 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 first 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 as ~ 10M; BHs from
core-collapse supernovae at redshifts z < 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 efficiencies than are typically assumed (L < 0.1M¢?)
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 stars at 2 >
10 (Pop III stars) collapsed into more massive black hole seeds of Mgy ~ 100M, (Fryer
& Kalogera, 2001), producing approximately one MBH per high—density peak (Madau
et al., 2014; Madau & Rees, 2001). If this channel produced the first 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
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Figure 1.1: Schematic of three proposed seeding channels for the first massive black holes
and the effects of each channel on BH—galaxy scaling relations, from Greene
et al. (2020). Initial seeds are shown as filled circles in the left gray column,
where the radius indicates the relative mass of the initial seeds. Merger events
are indicated by unfilled black ovals while accretion events are shown by filled
ovals containing an accretion disk image. The final 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 occurred at z >
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

SMBHs grow as their host galaxies merge with other galaxies over time, producing
a correlation between SMBH mass and host galaxy stellar bulge mass M- (Kormendy &
Ho, 2013). The relationship between Mgy and M+ extending down to dwarf galaxies of

stellar mass M, ~ 107 M is:

log (Mpn/M®) = a + log (Mpyges /10" M) (1.1)

with o = 8.80 £ 0.085 and § = 1.24 4+ 0.081 (Figure 1.2; Schutte et al., 2019). Galaxy
mass can be approximated by the velocity dispersion of its stars o, producing the Mgy —

o, relation:

log (Mpu/M®) = a + Slog (0./200km s ™) (1.2)



with o = 8.37 4 0.05 and 5 = 5.31 + 0.33 (Woo et al., 2013). Dwarf galaxies of stellar
mass M, < 3 x 10° M, are therefore the best places to find low—mass black holes.

The low—mass end of the galaxy occupation fraction, and the slope and scatter
of the Mgy — o, relation at low galaxy masses, will vary depending on the formation
mechanism of early black hole seeds. For example, Pop III stars will produce a population
of undermassive BHs in low redshift galaxies with stellar dispersion o, < 100 km/s while
direct collapse mechanisms will produce heavier black holes, resulting in a flattening of
the Mgy — o, relation around masses of 105M, (Volonteri & Natarajan, 2009). The
fraction of IMBHs 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 observed Mpy — o, relation has only 15 black holes in galaxies of M, <
3 x 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 benefit from having
more BHs at M, < 3 x 108. 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).
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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 density p(r) and emits
radiation which is also spherically symmetric, we can find 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):

4rGe
K

Mgy ~ 1.28 x 10" Mgerg s (1.3)

Lgaa =

where Mj is the BH mass in units of 103M, and  is the opacity. Assuming fully ionized

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

. I -
Mg = =29 ~ 2.2y (E—> My yr. (1.4)
€,-C 0.1

where €, is the conversion efficiency of accreted mass to radiation defined by €, =

L

T7-- Super-Eddington accretion is, however, possible if mass accretion occurs in
BH

a disk while radiation escapes from the polar zones (Abramowicz et al., 1988). A
number of high redshift (z > 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 (e.g. Bafiados 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

Y 1/4 N
T(R) ~63x10° | =22 Mg '/t (-) K (1.5)
MEqq rs

assuming that e = 0.1, where rg = 2G£‘2/[BH 1s 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 7' < 1000K. 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 frequency v given by
S, o« v~ where a ~ 0.7, a soft excess and a high energy hump. These features arise

from Comptonization and reflection 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 z ~ 10 BH seeds finds that there are two
distinct accretion modes onto MBHs: an efficient ‘feeding—dominated’ regime, and an
inefficient ‘feedback—limited’ regime with intermittent duty cycles and regular outflow
episodes (Pacucci et al., 2015). Three conditions are required for the efficient 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 density np at the Bondi radius
Rp = 2GMpgy/ cz where ¢, is the sound speed, and the angular momentum content of the
gas at Rp: A\ = lp/(GMpuRp)'/?, where [ is the angular momentum content per unit

mass of gas. For efficient accretion on small scales (r < Rpg), we require

np

Mgy > 1071 ( )2 M, (1.6)

lem—3

caused by the size of the ‘transition radius’ which determines where radiation pressure

dominates the accretion flow. For efficient accretion on large scales (r 2 Rp) we require

np

_> - M, (1.7)

My > 107 (
BH A~ lem—3

which reflects the size of the of the ionized region around the BH compared to Rp.
The final condition is determined by the need for infalling gas to have sufficient angular
momentum to be accreted, given by:

A 24/13
Mgy > 2.2 x 10" (WZ) 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 efficient mode (Pacucci et al., 2018). From the point
of view of BH seed growth, this means that seeds of mass 103>~*M, primarily evolve in
the ‘feedback-limited’ regime and grow slowly, while massive seeds > 10590, 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



fraction of galaxies containing AGN with accretion duty cycles close to ~ 1 and with
Eddington ratios frgqq = 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 mass 107 M,

compared to 20% of galaxies of stellar mass 101°M .

1.2.3  Narrow emission line diagnostics

Many AGN exhibit strong narrow lines of width ~ 100 — 400 km s~! over the
UV to near-IR wavelength range due to ‘forbidden’ transitions which can only arise in
low density gas, typically n, ~ 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
fluxes of forbidden emission lines are tracers of the ionizing radiation spectrum and the
density and temperature of the gas. In particular, the [O III]A5007/Hf ratio gives an
indication of average ionization and temperature in the gas, while the [O 1]A6300/Hc,
the [S1I]AN6717,6713/Ha and the [N 1]\6583/Ha 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 fields from combined stellar continua and AGN emitting

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

10



condition:

log(O[111]/HB) < 0.61/log(N [11]/Har) — 0.05) + 1.3 (1.9)

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

log(O[111]/HB) < 0.61/log(N [11]/Ha — 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 classifications do not hold at masses Mgy < 107 M,
Cann et al. (Figure 3.5; 2019). This arises due to the harder SED of low—mass AGN
accretion disks. When BHs have masses < 107M@, the dominant ionization states of
oxygen change from O" and O?" to higher ionization states, up to O®* for a 102M,
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
HT is produced but O*" is not. The effect of these combined factors is that O [111]/Hf3
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 classified by their spectra into Type I Seyferts, which have broad Balmer emission

11
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Figure 1.3: Left: Fraction of X-ray photon flux of energy > 20 Ryd (equivalent to 272.1
eV) over total photon flux 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
constant logU = —2, ny = 300cm~2 and m /gy = 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 — 1000 km s~! in addition to narrow emission lines, and Type II
Seyferts, which have only narrow emission lines.

AGN are surrounded by a continuous distribution of clouds whose composition
changes at the dust sublimation radius Ry ~ 0.4Lig2pc, where Lys = Lo /10%erg s71 A
‘dusty torus’ forms beyond the dust sublimation radius which reprocesses the ultraviolet
and optical continuum emission to the infrared (Barvainis, 1992; Honig & 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 unification’ scheme (Antonucci, 1993).

There also exists a class of ‘true Type II' Seyfert galaxies, which intrinsically

12



lack broad emission lines, and a class of intermediate types which have some broad
line emission, but at lower broad-to-narrow flux ratios than observed for the majority
of Type I Seyfert galaxies. Findings that most Type I AGN appear as intermediate type at
low luminosity (Stern & Laor, 2012) and findings 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 classification evolves from Type I to Type II
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 efficiency €, and luminosity L,5; according to:

1 I 3/4

45 -

Neit(Rg) ~ 4.3 x 10221006 <M2/3) cm ™’ (1.11)
" 7

(Elitzur & Ho, 2009). In this scenario, outflows 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 I and true Type II (Figure 1.4;

Bon et al., 2009; Elitzur et al., 2014; La Mura et al., 2009; Popovi¢ et al., 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~! 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 density Np . < N follow the streamlines
generated by wind ram pressure, while clouds with column density Ny . >
Ngi¢ 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< 10°K atmosphere of the thin disk which is photoionized.

This model depends on the dimensionless gravitational radius & = r/M for black
hole mass M and distance from the black hole r. We also define X = v /vy — 1, where v

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

€ {1

[(faye) = E—QWO—Q(VE*VO)Q/QUQ (1.12)
—9 1+ X — D)%
_ % & -4 iy (1.13)
47 /20 202 D32
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where the exponential term arises from local turbulent broadening o, v, is the emitted

frequency and 1 is the rest frequency. The Doppler factor is given by:

D = +/1—3/&(1+ & sin i sin ¢) (1.14)

for the weak field approximation, where ¢ is the azimuthal angle on the disk and ¢ is the
inclination angle where 0 degrees is face on and 90 degrees is edge on.

The observed line profile is given by:

F, = E1(¢,ve)D’g(D)dodé (1.15)

nM32vycosi [ [™?
d? ¢

1 —7/2

where
2D?

o -1
9(b) =1+¢ [D2cosi2—|—£(D— 1—3/6)?

—1] (1.16)

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

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

&l +e)
§@) = 1 —ecos(¢ — ¢p)

(1.17)

for the elliptical case, where & is the mean radius. ¢(D) from the circular model is

replaced with:

B _11 —sinicos¢
W(E0) =1+¢ 1 + sini cos¢ (1.18)
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The Lorentz factor is:

| Eingd — 0) + (1= 2/€)(1 ~ coos(6— du))*; -1

(1 —2/8)%(1 — ecos(¢ — o)) (1.19)

”)/:

and the impact parameter b relating the apparent position of a photon in the observer’s

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

b Y 11— sinicosg
r \/1 sin“s cos?[1 + 5(1 + sini coS¢ﬂ (120
such that the Doppler factor is given by:
1 [(1 2 esind— o) VT- (/P28
D § VL = 2/6)%[1 — ecos(d — ¢o)] (1.21)

N sini sing(b/r)+/1 — e cos(d — ¢y)
VE( —2/€)(1 — sin%i cos2¢)

D and g(D) in equation 1.15 can then be replaced to obtain the flux profile as a function
of v for the elliptical model.

Examples of the double—peaked Ha spectra 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 profile 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; Jovanovi¢ et al., 2010; Lewis et al., 2010;

Popovic, 2011; Sergeev et al., 2002; Shapovalova et al., 2013; Storchi-Bergmann et al.,
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Figure 1.5: Mean and RMS broad Ho emission line profiles 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 profile. Reproduced by permission of the authors and
AAS.
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Figure 1.6: Illustration of the effects of disk parameters on the shape of the double—
peaked profile, from Strateva et al. (2003). Reproduced by permission of
the authors and AAS.
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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 profiles 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 profiles are ubiquitous in broad line AGN, but are only
observed when the inclination angle is > 20° 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 fills the dip between the peaks.

In the two—component disk—wind model, it is outflows 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 profiles are supported by reverberation mapping of
Seyfert 1 nuclei, which shows that even when the Hf profiles 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 fluxes of AGN vary stochastically such that light curves of
flux vs time can be used to identify and characterize AGN. The power spectral density
of optical variability generally follows an f~2 power law with a low frequency turnover
to white noise at the ‘characteristic timescale’ or ‘damping timescale’ denoted 7 (Kelly
et al., 2009; Koztowski 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
a = —3.3 (Mushotzky et al., 2011).

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

to:

+0.05
MBH 0.38"4 04
7 = 107" 11days (108M®> (1.22)

for BHs in the mass range of 10* < Mgy < 10'° and this relation has been found to extend
down to the optical variability timescales of accreting ~ 1M/ 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:

M R\
Loy = 100 d 1.23
b (108M®) (10035) s (1.23)
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« -1 MBH R 3/2
te = 1680 ( ) d 1.24
th 0.01 (108M@> (10035) s (1.24)

where Rs = 2GMpy/ c? and « is the viscosity parameter (Burke et al., 2021). For a
constant accretion rate and radiative efficiency, we would expect the effective emitting
radius for a given wavelength to scale with mass according to R Mé{f’ and therefore
the two timescales to scale with mass as tomn X Mé{f. 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 (Gonzdlez-Martin & Vaughan, 2012; Kording 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 the 7x_.,, 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 efficient 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 confirmed 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 deg2 binaries at z < 1, corresponding to a
fraction of < 0.1% of quasars. Sub—pc SMBH binaries are also difficult 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
OJ 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 confirmed binaries at separations
of < 1072 pc, the regime where gravitational wave (GW) emission drives sufficient

angular momentum loss to lead to SMBH coalescence (Kelley et al., 2017; Merritt &
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Milosavljevi¢, 2005; Milosavljevi¢ & Merritt, 2003; Rajagopal & Romani, 1995).
SMBH binaries with total masses 10°~107 M, emit GWs within the ~10~%~1 Hz
range where they will be detectable by the Laser Interferometer Space Antenna (LISA).
Holley-Bockelmann et al. (2010) predict that mergers between intermediate—mass BHs
and SMBHs at z < 2 will be the most common source of SMBH merger signatures in
LISA, although mergers between two ~ 105 IMBHs will also be detectable. Predicted
detection rates vary from 0.1 to 175 observed events per year, with more recent studies

preferring rates < 1 yr—!

, and depend heavily on BH seeding mechanisms, accretion
prescriptions, and dynamical binary formation efficiency (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 identifiable if broad Ho and HS emission
produced by the accretion disks around the individual SMBHs appears at orbital velocities
of hundreds to thousands of km s~' relative 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 (Bogdanovi¢ et al., 2008; Nguyen
& Bogdanovié, 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, fitting 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 Illustris binaries of mass between 10° and
10*°My, at z < 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 of 1072 — 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 sufficiently 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

M; fEdd)Oﬁg (1.25)

Rprg ~ 0.16pc { —ori JE4
BLR pe <108M@ 0.1
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The effective Hill radius of each individual BH, which defines where the gravitational
influence of the individual BH dominates over the effect of the companion, is

approximated by:

Ry _
r;u,z _3 2/3’%1/3 (1.26)

where p1; = 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):

min2 = 3% Rprrofly e (1.27)

_ 2\ 938 [ frad 088
~1.9x 107! (—) JEdd 1.2
9107 pe {7y (0.1 (1.28)

and a corresponding minimum orbital period (Kelley, 2020):

M 1o 0.38 fEdd 0.88
min ~ T70yr ([ — L2 Jedd 1.29
b o (108M@ 0.1) 0.1 (1.29)

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 find SMBH binaries based on flux 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 & Milosavljevic,
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 of ~ 2a 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: When Rgig < Ruyn < a, the
BLRs move with the AGN while the dusty tori near the hill radii are partially
disrupted. This is the only configuration where velocity—offset BLRs can
be detected. Center: Rppy < Fpir &~ a: one or both BLRs can be
disrupted by the companion SMBH, and the dusty torus forms part of the
circumbinary disk. Below: Rgir > Rpj 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 & Milosavljevié, 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; Honig & 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 (Bogdanovi€ et 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 fit 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 radius ~ 2a
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 accretion disk. Right :
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 fitted 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 confirm 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
etal., 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:

—

Viecoil (@, @) = vm€1 + vy (cos(€)ér + sin(€)éa) + v) € (1.30)

2 1 _
vy = ATLZD (1+B d 2) (1.31)

(1+q) (1+4q)
2
_ q Il
v, = H(1 T (@2 qa1> (1.32)
2

v = K cos (2 — Q) ———=|a, — ga 1.33
I ( 0)(1+q)5| 2 —qo; (1.33)

where a; = S’Z /m2, §Z and m; are the spin and mass of BH ¢, q is the mass ratio of

the smaller to larger BH, the indices || and L describe the components of the orbital
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angular momentum at merger, ¢; and é; are the orthogonal unit vectors in the orbital
plane, and the constants are A = 1.2 x 10* km/s, B = —0.93, and H = (7.3 +0.3) x 10?
km s~! (Campanelli et al., 2007b). € is the angle between the in—plane component of
A = m(S,/my — S1/m1) and the infall direction at merger, and € is the angle between
the ‘unequal mass’ and ‘unequal spin’ contributions to the recoil velocity in the orbital
plane. € depends strongly on the configuration but is 90° 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’ configurations with BH
spins partially aligned to the orbital angular momentum can produce even larger recoil
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 for 10¢ — 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:

V2

recoil

2
— v as
~ 1pcMgoqym (VLI) (1.34)

where Mj is the BH mass in units of 108M, and o4 is the nuclear velocity dispersion
in units of 200 km s~! (Campanelli et al., 2007a). When the recoil velocity to escape
velocity ratio is Urecoil /Vese < 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 > 1000km/s and offsets > 1 kpc are preferred
when SMBH spins are randomly aligned, but are not observed when spins are
always efficiently 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 > 800 km s~ are expected to be active for a period of ~ 10° 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~!, the observed velocities and spatial offsets of a population of recoiling AGN
could be used to constrain spin alignment efficiency 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 (Bogdanovi¢ et al., 2007; Lodato & Facchini, 2013) and stellar interactions during

inspiral (Berczik et al., 2006). As SMBHs which have undergone recoil kicks of > 0.5v
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accrete substantially less mass than SMBHs which remain in their galaxy nuclei, the
observed black hole occupation fraction and Mpy — o, 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 field summarized thus far has introduced a number of open
questions 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 III star, direct collapse,

or gravitational runaway channels?

* How efficiently 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 efficiently do SMBH spins align and how often do high velocity gravitational

wave recoil events result from mergers?
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e 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 confirmed 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. Identification 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, I 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 filtering, 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—field time—domain surveys such as
the Catalina Real-Time Survey (CRTS; Drake et al., 2009), Palomar Transient Factory
(PTF/APTF; 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 observatory (Ivezic et al.,
2019).

ZTF contains two telescope systems: a wide—field imager on the Palomar 48—inch
Oschin (Schmidt) telescope and an integral field unit spectrograph (IFUS) on the Palomar
60—inch telescope (Graham et al., 2019). The new 576 megapixel camera deployed for
the ZTF wide—field imager provided a 47 deg? field of view, allowing ZTF to observe
3760 deg? per hour. It has a 5o 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
classification 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 identification and follow—up of the transient sky in preparation for the next
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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 of 15 — 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 filter—dependent criteria. While the
acceptable FWHM range was set to 2.”70 < FWHM < 3.”5 to ensure most inputs are
better than Nyquist-sampled, lower FWHM images are prioritized so that most input
images range from 2.”70 < FWHM < 2.74.

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 using SWarp (Bertin et al., 2002).
The science images are gain—matched by rescaling the photometric zero—points of each
image to a fixed target zero—point for each filter. 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 using DAOPhot (Stetson, 1987), which is then applied to detect sources and
produce photometry via PSF fitting. SExtractor (Bertin & Arnouts, 1996) is then
used to generate aperture and isophotal photometry, and a catalog of aperture to PSF—
fit 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 first requires matching of sources from the PSF—fit photometry
catalogs of the reference and science images so that the reference image can be resampled
and interpolated onto the science image using SWarp. Bad pixels are masked and a
smoothly varying differential background image is computed and subtracted from the
science image. The ZOGY algorithm (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—filtered S/N image which can be used for point—
source detection. Detection can be applied to both positive (science — reference) 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 the ZOGY 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 specific
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 three 63 x 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 fluxes. The 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 characterization. The 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 fluxes). 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 by The 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—IR WISE 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 flux of sources with W1

magnitudes 17 < W1 < 25, where the efficiency 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 by The Tractor using an initial source catalog derived from
the SDSS model (middle), and the corresponding WISE image (right),
demonstrating how The Tractor can use forward modeling to fit the
fluxes of blended sources, from Lang et al. (2014). Red circles show the
positions of sources identified 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 fields (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,
I present a systematic search for off-nuclear AGN in ZTF in order to find active AGN

in galaxy mergers and candidates for gravitational wave recoil from SMBH binaries. In

39



Chapter 3, I 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, I 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, I 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, I 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, I describe a novel methodology using
forward modeling with The Tractor to search for such offset AGN in a sample of
5493 optically variable AGN detected with the Zwicky Transient Facility (ZTF). I present
the discovery of 9 AGN which may be spatially offset from their host galaxies and are
candidates for recoiling SMBHs. 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 significantly larger than the 16% double—peaked
emitter fraction observed for ZTF AGN overall. In our sample of variable AGN we also

identified 52 merging galaxies, including a new spectroscopically confirmed 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 flare 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 I 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. Milosavljevi¢ &
Merritt, 2001), SMBH binaries in gas-rich environments may merge on timescales of
105 — 107 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 for 10° 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

42



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 for a 10° 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 enhanced Ha emission 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 km s~!. A binary with
misaligned spins can produce kicks up to 5000 km s~!. 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; Bogdanovic et al., 2007; Lodato & Facchini, 2013).

A confirmed sample of recoiling SMBHs could be used to test the predictions of
numerical relativity simulations on the fraction of massive black holes ejected via recoil
from their host galaxies at different redshifts and the effects of this on observed black
hole occupation fractions and the Mgy — o, relation (Blecha et al., 2011; Volonteri, 2007;
Volonteri 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 SMBHs, only a few good
candidates have been found to date. One such object is the radio—loud QSO 3C 186 which

has an 11kpc spatial offset from its host galaxy and a —2140 4 390 km 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 field spectroscopy
was performed to study the complex kinematics and determine if the velocity offset could
result from a peculiar outflow (Chiaberge et al., 2018). The results were consistent with
the recoiling SMBH scenario but final confirmation will require both James Webb Space
Telescope IFU spectroscopy to map the HJ region 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 II]
A7155 and [Call] A\ 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 9% 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 flux variability,
allowing them to rule out the existence of a substantial offset AGN population on 10 pc
to 1 kpc scales at redshifts 0.3 < z < 0.8.

From this study, it appears that unobscured, accreting, recoiling SMBHs with >
10 pc separations must be very rare at low redshifts, if they exist. This may be because
SMBH spin alignment is always very efficient, 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 inflow
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 SMBHs 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 small ~ 1 — 10 pc displacements
between the AGN and host galaxy center, 6 of which were considered confident detections
because the galaxy profiles 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 find 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, finding 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 the Chandra Source Catalogs — Sloan Digital Sky Survey
Cross—match Catalog (Evans et al., 2010; Rots & Budavari, 2011).

Even though these search strategies have yielded some recoiling SMBH candidates,
there are many challenges to confirming the nature of these objects. Candidates with

1 velocities relative to narrow emission lines but no

broad line gas at > 1000km s~
observable AGN-host spatial offset can often be explained by outflowing 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 confirming 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 SMBHs through
analysis of their velocity dispersion and mass profiles (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 SMBHs.

AGN 1in merging galaxies also have typical relative velocities of 10 — 400 km
s~! (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

47



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 difficult to distinguish from recoiling SMBHs (Civano et al., 2010; Kalfountzou et al.,
2017).

Offset AGN in merging galaxies are nonetheless important to find because they
provide a way to study AGN fueling by galaxy merger triggered gas inflows (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 of 43 < log(Ly)[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 < 10 kpc 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 Ly, > 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 on < 10kpc scales have looked for double
peaked narrow [O 111] A5007 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—peaked [O 111] A5007
AGNSs and one of these was confirmed as akpc scale binary AGN with high resolution
radio images (Fu et al., 2011Db).

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 H [ lines, were significantly 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 confirmed
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recoiling SMBHs motivates the development of new search strategies to find AGN offset
from their host galaxies and from companion galaxies. A large transient survey which
identifies 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 filtering ZTF transients to make a sample of 5493 optically
variable AGN. We present a new version of The Tractor forward modeling software
for confirmation 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—field 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 find 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 1.497), it
can be difficult to confirm 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 confirm 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 of > 10 pc 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 filter with the alert broker and analysis framework AMPEL (Alert
Management, Photometry and Evaluation of Lightcurves; Nordin et al., 2019a) to detect
variable AGN amongst other transient phenomena.

Our method to filter out poor subtractions, moving sources and variable stars and
find only extragalactic transients is similar to the approach used in the Tidal Disruption
Event (TDE) filter of van Velzen et al. (2021). We apply a liberal cut of < 0.8 on the
star—galaxy score (Tachibana & Miller, 2018) to find transients associated with galaxies,

and a cut of < 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 fields by crossmatching to
the Gaia and PanSTARRS catalogs with cat sHTM (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 significant detections > 0.01 days apart and a minimum
flux increase of 2.5 magnitudes.

This filtering strategy primarily finds two kinds of common extragalactic transient:
supernovae and variable AGN. To select AGN and remove supernovae within the AMPEL
filter, 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
use catsHTM 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 classified 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 the AMPEL filter. We use the SNCOSMO supernova modeling
tool (Barbary et al., 2016) to fit the ‘salt2’ SN Ia model to the g and r band light curves
and extract the reduced 2y goodness of fit for the best fit SN Ta model.

For comparison to the SN Ia goodness of fit, 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

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

The Butler & Bloom (2011) routine also calculates the reduced x? for the null
hypothesis that the source shows non—AGN like variability (such as from a variable star).
We denote this as Xéo- For the purposes of separating AGN from supernovae, we found
that AGN generally have much lower ngo values than 2y, so this variability statistic was
also effective at separating SN from AGN.

Our filter accepted any source where either the g- or r-band light curve had a ng
or ngo value less than the SN Ia goodness of fit yZy. Based on tests with a sample of
111 spectroscopically classified supernovae with > 20 ZTF epochs, we determined that
this method removes approximately 95% of SN Ia and 60% of Type II supernovae. With
a sample of 166 spectroscopically confirmed AGN with 20 — 100 ZTF epochs, we were
able to classify 80% correctly.

Objects which pass either the AGN crossmatch criteria or light curve fitting criteria
pass the AMPEL filter and are pushed to the GROWTH Marshal science portal for
arrangement of spectroscopic followup (Kasliwal et al., 2019). The AGN candidates
are then confirmed 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>0.662exp {0.232(W2 — 13.97)*} .1)

53



from Assef et al. (2013), and to classify AGN based on significant variability in their

WISE light curve we require the x? relative to a flat light curve to satisfy y?/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 final sample of

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

2.3.3 Selection of AGN spatially offset from their host galaxy

2.3.3.1 Image modeling with The 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 profile and
transient point source emission across ZTF images. The 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, flux and position of each
source across images in multiple bands and surveys.

We developed a version of The Tractor to fit a host galaxy profile and an
overlapping point source with a position in or around the host. The point source
position and the host galaxy shape, flux and position are assumed constant over all
epochs, while the point source flux may vary across single epochs. The version of The
Tractor that we apply determines the best fitting one of two galaxy profile models:
a pure de Vaucouleurs profile described by I(r) = I exp(—7.67[(r/r.)'/4]) and a pure
exponential profile described by I(r) = Iy exp(—1.68r/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 with The Tractor. Due to
limitations with archival storage of ZTF images on our filesystem 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 with The 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 our AMPEL AGN filter, we find 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 with The 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 sufficient S/N in the 30 ZTF images to model
a host galaxy and point source with The Tractor above the limiting magnitude. This

leaves 3110 objects with measured AGN-host offsets.

2.3.3.2 Determination of statistically significant spatial offsets

Since the ZTF camera has 17 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 significant,
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 with The Tractor (see Section 2.3.1). If the uncertainties in observed RA
and Dec of the host galaxies are normally distributed with standard deviation o, and
the uncertainties in observed RA and Dec of the variable point sources are normally

distributed with standard deviation o, the radial distribution of spatial offsets between

2

sci®

them will follow a Rayleigh distribution with 03 = 02; + o

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 find that the shape of our offset distribution
from Tractor modeling of the ZTF AGN sample is described by the expected Rayleigh
distribution at offsets 5 17 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) c) and e). We fit a mixture distribution consisting

of a Rayleigh component «(x) and an exponential component €(x):

P, =Ca(z)+ (1 — C)e(x) (2.2)
X z? —Tx
= Ca—gexp( — R) +(1-C)re (2.3)

for offsets x, mixture coefficient C', Rayleigh width o and exponential decay parameter
7. We do this by directly minimizing the log likelihood between the model distribution
and the data.

We first model the exponential decay parameter 7 to fit only offsets x > 1.0 so
that the fit is not heavily biased by low—offset sources which dominate the distribution.
We then fix the value of 7 and fit the mixture distribution to the whole sample to

find o and C. The fits 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
offset x, we can calculate the probability that an offset > z is drawn from the Rayleigh
component as:

Puz > R) CJp @) 2.4)

O fgal@)+(1-0) [ e)

This is shown as a function of offset x 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% 1s 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 determine 3o offset cutoffs shown in the first 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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Figure 2.1: Left: Normalized histogram with logarithmic bins for AGN-host offsets
obtained from Tractor modeling. The best—fit model of a mixture
distribution with Rayleigh and exponential components are shown. Right:
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 classification of off-nuclear AGN
based on their peak magnitude. The first column shows the peak magnitude
bin. The second column shows the > 3o cutoff for a significant AGN-host
offset derived by The 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 fifth column shows the
number of AGN which have > 30 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 from The Tractor and ZTF
difference images.

In order to confirm that the best—fit point source position from The 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

2

image detection. The weights 1/07..,

for the magnitude—weighted transient position are

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

Ooftset = 0.24 + 0.04<mdiff — 20) (25)

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

60



58°21'27.00”

24.00" o

Dec (ICRS)

1 (1{7(‘(
12135™58.00° 57.50° 57.00%

RA (ICRS) RA (J2000)

12035M58.00° 57.50°

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 best fit Tractor galaxy profile
(black) and point source model (red) for a theoretical seeing of 17 derived
from ZTF image modeling.

as we do for the Tract or 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 find cutoffs for the two bands separately. Using the probability
functions to determine an offset cutoff for the 3 sub—samples, we determine 3o offset
cutoffs shown in Table 2.1. When checking that the Tractor 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, the Tractor 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 find that 251 AGN have > 30 AGN-host offsets found by Tractor 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 classification of AGN hosts

In order to confirm the host—AGN offset found in ZTF images and classify the 251
offset AGN based on their morphology we undertook Tractor 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 from —18 < § < 484, 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 profile and an offset point source. We then visually
examined the images, Tractor 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 classifications. The first 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 profile 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 fifth row
shows the number of AGN where the ZTF position could not be confirmed in
archival Legacy Survey images.

Classification 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 confirmation 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 profile 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 of 10 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 profile 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 used for Tractor modeling. For these objects,
confirmation 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 classified as broad line AGN by the SDSS DR14 pipeline with Penalized Pixel
Fitting (pPXF) (Cappellari, 2017; Cappellari & Emsellem, 2004). This method finds
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 the Tract or 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 offsets > 10 kpc can
be seen in the blue histogram due to the presence of background galaxies.

input spectrum. We simultaneously fit the narrow Ho, HB, Hy, Ho, [S11] A6717, 6731,
[N11] A6550, 6575, [O1] A6302, 6366 and [O111] A5007, 4959 emission lines during
template fitting. The emission line fluxes are each fit as free parameters but the line
widths of the Balmer series are tied, as are the line widths of the forbidden lines.

In these fits the velocity of whichever broad Ha, H3, Hv, Hé lines were available
within the SDSS spectroscopic wavelength range were allowed to vary up to 3000km
s~! from the narrow lines. The velocity of each Balmer broad line was tied to the other
Balmer broad lines.

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

similar to the distribution of H/3 broad line velocities found by Bonning et al. (2007) with
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Figure 2.4: Distribution of Balmer broad line velocities relative to [S11] \6717, 6731,
[N 11] A6550, 6575, [O1] A6302, 6366 and [O 111] A5007, 4959 emission line
velocities found by fitting of archival SDSS spectra with pPXF. 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 100km s~! and
a standard deviation of 212 km s~

Our velocity distribution shows a substantial tail population with velocities up to
+2500 km s~!. The fraction of AGN f, with velocity magnitudes greater than 1000,
1500 and 2000 km s~! are figoo = 0.025, fisoo = 0.009 and fo000 = 0.003. These
values are comparable to those found in the Bonning et al. (2007) sample, where they
find fractions of f19g90 = 0.0035, fi500 = 0.0012 and f5000 = 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 from Tractor modeling of Legacy
Survey images ranged from 0.4 — 97, 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 fiber
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 classified 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 confirm 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 ZTF18aagqjcxl 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 first 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 fiber 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
5700 A, a spectroscopic coverage of 3600-8000 A and a total exposure time of 3200s.

The spectrum of the AGN and the companion galaxy is shown in figure 2.5.
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Using the best—fit line fluxes from pPXF modeling of the spectrum, we determine
the AGN and host galaxy types using the [O111] A5007, HB, [N1I] A6573 and Ha
line amplitudes. The emission line ratios of the AGN and companion galaxy and their
classifications on the BPT diagram are shown in Figure 2.6. We find 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 classifies LINERs with a narrow Ha
equivalent width > 3 A and a logio(IN 1] A6573/ Har) flux ratio > —0.4 as AGN
(Cid Fernandes et al., 2011; Mezcua & Dominguez Sénchez, 2020). With pPXF we
measure the equivalent width of narrow Ha to be 3.54 4+ 0.11 A and the logyo([N 11]
A6573/ Ha) flux ratio to be —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 classifications 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 fluxes 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 find 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: [O111] A\5007, HS, [N11] A6573 and Ha narrow emission line ratios from
pPXF fitting of DeVeny spectra taken of the variable AGN ZTF18aaxvmpg
and its companion galaxy overlaid on the AGN classification regions. The
ZTF AGN is classified as a Seyfert while the offset galaxy has a combination
of star forming and LINER emission.

90 kpc, they also did not find a strong correlation at < 20 kpc.

In order to compare the variability of the AGN in mergers with the complete AGN
sample, we determined the maximum flux 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 confirms 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 find 29 AGN which are offset from an undisturbed

galaxy with a symmetrically shaped profile. 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.
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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.

75



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 modeled by The Tractor.

To determine the density of background galaxies, we use Cas jobs to query the
SDSS DR16 catalog to find 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 used for Tract or modeling for the
AGN sample. We note that the choice of the median limiting magnitude is a significant
approximation because there is a wide distribution in effective depths for the Tractor
models of the AGN. Future work should take a more systematic approach to reach a
consistent limiting magnitude for all objects.

We find that there are 119,364,394 galaxies in the SDSS survey area of 14,555 deg?
within this magnitude range, corresponding to a density of 6.328 x 10~ per arcsec?. This
means that we expect 1.789 x 1072 background galaxies in a 3” radius circle around a
given AGN. For our sample of 3110 AGN with Tractor 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 confirm 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 classification scheme finds 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—fit 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 flux 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 flux R
(mJy/beam)

ZTF19aautrth v < 0.98 < 1.56
ZTF19aadgijf v < 1.24 < 2.05
ZTF18aaxmrom v 444 .48 1760
ZTF19aayrjsx v — —
ZTF18aalsidi v < 0.88 < 10.32
ZTF18accptjn X 1.12 0.87
ZTF18absvcae X 4.97 51.6
ZTF18aaoeobb v < 0.93 < 0.95
ZTF19aadggaf v 3.80 2.89

2.4.3.1 Broad line region properties

The details of the Ha and HS broad line regions of the spatially offset AGN are
shown in Figure 2.12. We do not have Ha and H/3 spectra for ZTF18absvcae due to its
higher redshift. 3 of the 8 AGN for which we do have spectra of the Ho or Hf lines
(ZTF19aadgijf, ZTF18accptjn and ZTF19aadggaf) have Gaussian broad lines. The broad
line velocity offsets determined from pPXF fitting 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 extreme > 1500km 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 > 30 detections.
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(d) ZTF19aayrjsx

(g) ZTF18absvcae (h) ZTF18aaoeobb

(i) ZTF19aadggaf

Figure 2.10: For each offset AGN: Left: Coadded g, r and z band Legacy Survey
Images. Middle: Corresponding coadded Tractor model. Right: Image—
model residuals showing galaxy tidal structures. For the 4 AGN with
20cm detections in FIRST (ZTF18aaxmrom, ZTF18accptjn, ZTF18absvcae,
ZTF19aadggaf) we overlay contours of the FIRST image.
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Figure 2.11: Spectra of the off-nuclear AGN, all from the SDSS archive except for
ZTF18absvcae, ZTF18accptjn and ZTF18aalsidi which were observed with
the DeVeny spectrograph on LDT on 2020-09-13, 2020-09-15 and 2020-10-
11 respectively. In all SDSS spectra, the fiber was centered on the AGN
rather than the photometric center of the offset host galaxy. The Balmer
series is shown with dotted lines.
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ZTF19aayrjsx and ZTF18aaoeobb) for which we have spectra of the Ha or Hf lines have
asymmetric Balmer broad line regions which are poorly fit by a Gaussian. Adopting
the classification scheme of Strateva et al. (2003) we note that ZTF18aalsidi and
ZTF18aaxmrom have prominent red shoulders, ZTF18aautrth has a prominent blue
shoulder, ZTF19aayrjsx has two prominent peaks which are red and blue-shifted,
and ZTF18aaoeobb has two blended peaks which are red and blue—shifted. These
classifications are displayed in Table 2.4. Such asymmetric structures can arise due to
double—peaked emission from an unobscured, relativistic Keplerian accretion disk (Chen
& Halpern, 1989; Eracleous & Halpern, 1994).

To determine if the velocity—offset peaks observed in the broad Balmer lines of
ZTF19aautrth, ZTF18aaxmrom, ZTF19aayrjsx, ZTF18aaoeobb and ZTF18aalsidi can be
accounted for by accretion disk emission, we model the broad lines with an elliptical
accretion disk model where an inner thick, hot ion torus illuminates a thin outer disk of
ionized gas, which has a power law relation between emissivity and radius given by slope
¢ (Chen & Halpern, 1989; Strateva et al., 2003). The model depends on the inner and
outer dimensionless gravitational radii of the disk €; and €5, local turbulent broadening
parameter o, azimuthal angle ¢, inclination angle : where O degrees is face—on and 90
degrees is edge—on, ellipticity e and disk orientation ¢,. We bound the inner radius to
0 < € < 1000, the outer radius to 0 < e < 8000, the emissivity slope to 0 < ¢ < 5
and the local broadening to 0 < o < 0.01, to ensure that we could find good fits to
the data with disk shape parameters consistent with the known double—peaked emitter
population from Strateva et al. (2003). All four objects required a central Gaussian broad

line in addition to the accretion disk model to produce a good fit to the data, which is not
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uncommon for double—peaked emitters (Strateva et al., 2003).

The best fit disk parameters from the Ha and Hf fits of the 5 sources are shown in
Table 2.6 and the models are shown in Figure 2.13. We note that our simple log likelihood
minimization procedure for disk model fitting may not explore the whole parameter space
and find the most optimal disk parameters. However, it serves to illustrate that accretion
disk emission models can account for the extra flux which is not well described by a
Gaussian model. More rigorous fitting with MCMC could be used to better determine

disk shape parameters and their uncertainties in the future.
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Figure 2.12: Left: Ha broad line regions and Right: Hp broad line regions for the off—
nuclear AGN candidates. 5 of the 8 off-nuclear AGN for which we have
spectra of either the Ha or HS lines show asymmetric or double—peaked
broad Balmer structures (ZTF18aaoeobb, ZTF19aayjrsx, ZTF18aaxmrom,
ZTF19aautrth, ZTF18aalsidi). The other three show standard Balmer broad
lines (ZTF18accptjn, ZTF19aadggaf, ZTF19aadgijf).
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Figure 2.13: Best fit models of double—peaked Ha accretion disk emission in off—
nuclear AGN candidates ZTF19aautrth, ZTF18aaxmrom, ZTF19aayrjsx and
ZTF18aaoeobb and Hf disk emission in ZTF18aalsidi after subtracting
a stellar continuum model derived from pPXF. On the left we show the
continuum subtracted data in black and the best fit narrow emission line and
accretion disk model in red. The middle plots show the separate narrow line
(green), accretion disk (orange) and central broad line (purple) components
of the fit. The rightmost plots show the error weighted flux residuals after
subtracting the best fit model.
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In order to determine if the double—peaked emitter fraction of 63% amongst
spatially offset AGN is substantially different from the entire variable ZTF AGN sample,
we applied a multi-Gaussian fitting procedure to the 1923 variable AGN with archival
SDSS spectra of the Ha region which had broad Balmer lines to search for double—
peaked emitters. We used the pPXF fitting procedure described in Section 2.3.5 to fit
two different models. In the first model the spectrum was fit with a single broad Balmer
line free to have a velocity offset to the narrow Balmer lines. This was fit at the same time
as the narrow emission lines and stellar continuum. In the second model the spectrum
was fit with 3 broad lines: one with central velocity tied to the narrow Balmer lines, one
with a velocity up to 6000 km s~! relative to the narrow lines, and one with a velocity
down to —6000 km s~!. The widths of the 3 broad lines were not tied to each other.

To find double—peaked emitters from the fits of these two models, we required the
x? improvement from the multiple broad line model compared to the single broad line
model to be > 250. Then to be considered a double—peaked emitter candidate the 2
velocity offset Ha broad lines were each required to have peak flux densities of > 33% of
the narrow Ho line and to have a velocity > 500 km s~! from the narrow line velocity. As
the effectiveness of this criteria depended on the relative brightness of narrow and broad
lines, and the width of the broad line region, we visually inspected the 275 candidates
found via this criteria and rejected 82, leaving 193 double—peaked emitters. We then
visually inspected the remaining 1648 spectra to find any objects which may have missed
by the criteria. We found 106 double—peaked spectra which were missed by the automatic
classification scheme.

We therefore estimated that 299 of 1923, or 16%, of the variable AGN sample are
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double peaked emitters. This is much larger than the 3.6% fraction found for SDSS AGN
by Strateva et al. (2003) with spectroscopic principal component analysis, suggesting
that either variable AGN are more likely to be double—peaked emitters, or that our
classification scheme is more likely to classify asymmetric broad line regions as double—
peaked emitters than classification schemes used in previous studies. The 16% fraction of
variable ZTF AGN with double—peaked broad Balmer lines is substantially smaller than

63% fraction seen in the spatially offset AGN sample.

2.4.3.2 Multi-wavelength properties

7 of the 9 offset AGN were detected in the ROSAT All Sky Survey and 4 AGN
(ZTF18aaxmrom, ZTF18accptjn, ZTF18absvcae, ZTF19aadggaf) were detected at 20cm
wavelengths in the FIRST radio survey, which uses the VLA to image a footprint largely
coincident with SDSS to a detection sensitivity of 1 mJy (Helfand et al., 2015). The radio
fluxes for these 4 AGN, as well as upper limits for another 4 which were within FIRST
survey coverage but were not detected, are shown in Table 2.5. The contours of FIRST
radio imaging are overlaid in Figure 2.10. ZTF18aaxmrom shows two radio lobes on
either side of the galaxy which are likely the result of synchrotron emission from a jet.
The other 3 AGN show radio point sources which coincide with the position of the ZTF
AGN. The radio loudness? is also shown in Table 2.4. Two AGN with radio emission are
classified as radio—loud (R > 10, Kellermann et al. (1989)), 2 are radio—-moderate, and 4
others have upper limits indicating that they are not radio loud.

The recoiling SMBH candidates from Chiaberge et al. (2017) and Lena et al. (2014)

2R — L5GHz(v)
L4004 (V)

&9



also demonstrate radio emission. As noted by Chiaberge et al. (2017), radio emission
from a recoiling SMBH is not surprising given that the rapid spin needed to produce a
relativistic jet can be produced by a binary black hole merger (Hemberger et al., 2013;
Schnittman, 2013) and that there is a link between radio loud AGNs and major galaxy
mergers (Chiaberge et al., 2015; Ivison et al., 2012). Assuming that the radio jet axis
matches the spin axis of the recoiling SMBH, we would also expect recoil velocity to be

preferentially aligned with the radio jet (Lena et al., 2014).

2.4.3.3 Confirming the nature of the offset AGN

There are two main alternative explanations for the nature of these offset AGN.
Firstly, they may be chance coincidences with disturbed background galaxies. Secondly,
they may be AGN in mergers with compact or undermassive host galaxies such that
extended emission around the AGN is very faint. Given the predicted frequency of
SMBHs in tidally stripped nuclei which may appear as offset AGN (Voggel et al., 2019),
it would not be surprising if a large fraction of our objects are in fact AGN in compact
galaxies merging with a larger galaxy.

If the distribution of expected velocity and spatial offsets of the recoiling SMBH
population follows the simulated distribution of Blecha et al. (2016), we would expect the
velocity offsets of our sample to range from 300 to 3000 km s~ given their large spatial
offsets. Spectroscopic fitting (Section 2.4.3.1) shows that the 3 AGN with Gaussian broad
lines have velocity offsets ranging from 344—608 km/s (see Table 2.4) and the remainder

of the sample with double—peaked emission have spectra consistent with a broad line
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region and accretion disk close to rest velocity (Figure 2.13). It is possible for large
separation recoiling SMBHs to show small line of sight velocities, depending on their
orbital trajectory at the time. However, if our objects are indeed all recoiling SMBHps, it
1s surprising that a fraction of the 9 do not have larger > 600 km/s line of sight velocities.
The observed velocities therefore argue against the recoil hypothesis for these objects.

Much further work is therefore required to confirm the recoiling SMBH hypothesis
for any of these offset AGN. To rule out the main alternative scenario — that the off-
nuclear AGN are hosted by an undermassive host galaxy undergoing a merger with the
larger galaxy — Hubble Space Telescope (HST) IR imaging could be used to search for
a second extended region of old stellar emission around the offset AGN. HST imaging
would be well complemented by IFU observations to map the positions of the narrow line
emission relative to the AGN broad line emission (Chiaberge et al., 2018).

Chandra X-ray imaging to search for a second obscured AGN (e.g. Comerford et al.,
2017) would also be essential for these candidates. If we observe just one X-ray point
source, we can produce upper limits on the X-ray luminosity of a second AGN and show
that they rule out the presence of an obscured AGN using the [O 111] flux from the host
center. This would strongly favor the recoiling black hole hypothesis.

As spatial offsets greater than 1.5kpc are only possible in simulations where
misaligned SMBH binary spins can occur (Blecha et al., 2016), if even a subset of our
candidates could be confirmed as recoiling SMBHs, their extreme spatial offsets could

demonstrate the existence of SMBH binaries with misaligned spins.
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2.4.4 SDSS1133 (ZTF19aafmjfw)

SDSS1133, a variable object and recoiling SMBH candidate discovered by Koss
et al. (2014) was identified by our search pipeline during a dramatic flare in ZTF, labeled
ZTF19aafmjfw. This object has a long history of variability and the alternative scenarios
proposed for its origin include: an LBV which exploded as a type IIn supernova in 2001,
an LBV which continues to exhibit giant eruptions, or an offset AGN with flaring and
stochastic variability (Koss et al., 2014). It was first observed in 1950 with the 103a0
DSS plate at a magnitude of 18.6 and was again observed at comparable magnitudes in
1994 and 1999. It was then discovered to be flaring to g = 16.4 in SDSS on 2001-12-18
and 2002-04-01 but had faded to g = 18.7 by 2003-03-09. It was observed at a minimum
of ¢ = 20.18 with PS1 on 2012-02-22 after which it brightened to g = 19.3 on 2014-01-
20 (Koss et al., 2014).

We searched for this object in archival data from the Catalina Real-time Transient
Survey (Drake et al., 2009) and found that this object demonstrated another small scale
flaring event in 2014. After showing no detectable V-band activity between 2006-02-03
and 2014-05-12, it brightened by V=0.22 between 2014-04-28 and 2014-06-05. After a
gap in observations it had faded again by 2014-12-27.

This object showed no evidence of variability in ZTF prior to 2019-04-07, when it
became detectable at m, = 20.21 on 2019-04-07, flared to m, = 17.00 on 2019-06-05,
and faded again by 2019-12-16. The ZTF flare ZTF19aafmjfw is shown in Figure 2.9.
The 3 magnitude change in brightness seen in ZTF was of comparable scale to the SDSS

flare in 2001. The ZTF rebrightening of this object suggests that the transient emission
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from 2001 to 2013 was not from a Type IIn supernova with a variable star progenitor.

We obtained a spectrum of ZTF19aafmjfw with the DeVeny spectrograph on LDT
on 2019-05-29 when the object was bright. The spectrum showed the return of broad Ho
and Hp3 absorption lines blue—shifted over a 2000 to 8000 km s~ range (Figure 2.14),
as had been observed in December 2013 and January 2014 (Koss et al., 2014). It also
showed the return of [Fe II] A7155 and [CaIl] A\ 7291, 7324 lines — features which have
been seen only occasionally in AGN (e.g. Phillips (1976)) spectra, late—time supernovae
spectra (e.g. Filippenko, 1997; Pastorello et al., 2019) and outbursting LBVs (Solovyeva
et al., 2019).

The 100 day timescale, 3—4 magnitude flux change and high velocity absorption
lines make this outburst comparable to the transient SN2009ip, a supersonic stellar
explosion from a > 60Mg, star (Foley et al., 2011; Smith et al., 2010). The presence of
broad Balmer, He I and Na D lines and a very blue continuum also links ZTF19aafmjfw to
SN2009ip. However, SN2009ip did not show the forest of Fe group lines and [CaII] A\
7291, 7324 emission lines which we observe in ZTF19aafmjfw. Such Fe and Ca features
were observed in the stellar outburst UGC 2773 OT2009-1, which is likely to be either a
giant LBV eruption or extreme S Dor variability with circumstellar dust eruption (Foley
etal.,2011; Smith et al., 2010). However, UGC 2773 OT2009-1 had a cooler temperature
and weaker Balmer emission than SN2009ip, suggesting that it was a subsonic outburst
rather than an explosion.

As ZTF19aafmjfw has spectroscopic features in common with SN2009ip which
could indicate a high velocity explosion (blueshifted Balmer absorption lines, bright
and broad Balmer emission and a blue continuum) and other spectroscopic features in
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Figure 2.14: Spectrum of the flare ZTF19aafmjfw from SDSS1133 taken on 2019-05-29
with the DeVeny spectrograph on the Lowell Discovery Telescope. Subplot
(a) shows the complete spectrum, while (b) and (c) show close—ups of Ha
and H/ in log scale to emphasize the P—cygni profile structure.
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common with UGC 2773 OT2009-1 which could indicate a stellar outburst within a
circumstellar dust envelope (Fell and Call emission lines), the observed spectroscopic
features may be due to a non—terminal, supersonic LBV outburst in a dusty circumstellar
environment.

We note, however, that the presence of such a rare and massive star in a dwarf galaxy
which does not show recent star formation in Keck adaptive optics and HST imaging is
very unlikely (Koss et al., 2014), and while the observed combination of spectroscopic
features would be unusual for a standard AGN, they may be induced by a recoil event.
We therefore cannot yet completely rule out the recoil hypothesis in favor of an LBV or

supernova imposter explanation.

2.5 Conclusions

We have described a novel search strategy for the discovery of spatially offset AGN
from recoiling SMBHs and ongoing galaxy mergers. This strategy uses ZTF difference
imaging to find variable AGN and Tractor forward modeling to determine the AGN
position across multiple ZTF epochs and in deep, high resolution Legacy Survey images.

We have found a sample of 52 AGN in galaxy mergers and a sample of 9 AGN
which may be spatially offset from their host galaxies. 5 of the 8 offset AGN for which
we have spectra of the Ha or H/3 broad line regions show irregularly shaped broad Balmer
lines with velocity offset broad peaks. These structures may arise due to emission from
an unobscured, relativistic Keplerian accretion disk around the AGN. The 63% fraction of

double—peaked emitters in the offset AGN sample is much larger than the 16% observed
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for the whole ZTF AGN sample. The remaining 3 offset AGN with spectra have Gaussian
broad lines with velocities ranging in magnitude from 200 to 600 km/s relative to the
narrow emission lines.

Our search strategy detected the variable object and recoiling SMBH candidate
SDSS1133 (Koss et al., 2014) when it re-brightened by 3 magnitudes in ZTF. Follow—up
spectra showed the return of a blue continuum, blue—shifted absorption lines and [Fe II]
A7155 and [Call] A\ 7291, 7324 forbidden lines, suggesting that the source may be
either a luminous blue variable star which continues to show non—terminal outbursts or a
recoiling AGN which continues to show variability.

Further multi—-wavelength follow—up is required to confirm that our recoiling
SMBH candidates are not AGN with undermassive hosts in mergers or chance
coincidences with disturbed background galaxies. If even a subset of our offset AGN
candidates are confirmed to be recoiling black holes, their large spatial offsets could
show that SMBH binaries with misaligned spins are able to form. Such binaries may be
detectable at a later stage of evolution by the Laser Interferometer Space Antenna (LISA)
and would provide strong constraints on models of SMBH binary formation. The success
of our variability—based search strategy with ZTF suggests that future searches for offset
AGN with the Vera Rubin Observatory (Ivezi€ et al., 2019) may yield large populations

of recoiling SMBH candidates and AGN in mergers.

2.6 Supplementary Material
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Figure 2.15: Left: Normalized histogram with logarithmic bins for magnitude weighted
AGN-host offsets obtained from r-band ZTF difference images. The best—fit
model of a mixture distribution with Rayleigh and exponential components
are shown. Right: 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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Figure 2.16: Left: Normalized histogram with logarithmic bins for magnitude weighted
AGN-host offsets obtained from g-band ZTF difference images. The best—fit
model of a mixture distribution with Rayleigh and exponential components
are shown. Right: 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 2.7: X-ray and radio properties of the 52 ZTF AGN in galaxy mergers. We show the
2-10keV flux in cts/s for the AGN with detections in the second ROSAT All-
Sky Survey and conversions to luminosity for those with a spectroscopically
confirmed redshift. We also indicate the 20cm flux from the FIRST survey,
including upper limits where available, and the corresponding luminosities.

ZTF name ROSAT flux Lo 1okev FIRST flux Lsch,

(cts/s) (x10* ergs/s) (x10% ergs/cm?/s) (x10% ergs/s)
ZTF18aaxvmpg 0.196 £0.022 1.126 £0.129 < 1.39 < 18.552
ZTF18abamzru < 0.05 — < 1.33 —
ZTF18aasxvyo 1.728+0.06 — 24.3 £1.36 —
ZTF18aaieguy < 0.05 — < 1.54 < 20.944
ZTF19aakjemw 0.031 £0.011 0.149£0.054 < 1.46 < 8.666
ZTF18aaifbku  0.302£0.025 0.245+0.02 185.3+£1.5 208.297 + 1.686
ZTF18aampabj < 0.05 — 24.1+1.34 335.637 + 18.662
ZTF19aaagygp 0.04 £0.012 — — —
ZTF18abujubn < 0.05 — — —
ZTF18acegbsb  0.034 +0.014 0.009 £0.004 12.8 £0.97 4.206 £+ 0.319
ZTF19aaozpdm < 0.05 — < 1.39 —
ZTF18aacjltc 0.051 £0.015 0.529+0.159 < 1.76 < 18.156
ZTF18abtpite 0.024 £0.01 — — —
ZTF18abvwrxu 0.163+0.03 — < 1.42 —
ZTF19abaktpb < 0.05 — — —
ZTF18aaqjcxl < 0.05 — < 1.47 < 3.706
ZTF18abyoivl < 0.05 — <11 —
ZTF18aabdiug < 0.05 — 37.4+1.43 35.732 £+ 1.366
ZTF19aaviuyv ~ 0.051 £0.01 — — —
ZTF18aabxczq < 0.05 — < 145 <143
ZTF18acvwlrf < 0.05 — 11.6 £ 1.51 192.822 £ 25.1
ZTF19aasejqv~ 0.086 £0.016 0.721 £0.135 < 1.34 < 22.161
ZTF18aazogyo < 0.05 — <144 <241
ZTF18aceypvy 0.047 +£0.012 0.215+0.055 < 1.39 < 10.349
ZTF18acbweyd < 0.05 — < 1.36 < 14.168
ZTFl18acablce  0.022 +0.005 — — —
ZTF18abhpvvr  0.072+0.014 — — —
ZTF19abfqmjg < 0.05 — — —
ZTF18abmgwgr 0.077 £0.015 — — —
ZTF19aadgbih  0.092 +0.016 0.603 £0.102 24.9+1.5 279.113 + 16.814
ZTF19aalpfan < 0.05 — < 1.48 < 2.056
ZTF18aawwfep < 0.05 — < 1.39 < 15.897
ZTF19aavxims  0.041 £ 0.015 — < 1.52 —
ZTF19aaaplct 0.165 £ 0.025 — < 148 —
ZTF18aajnqqv  0.02£0.009  0.026 £0.012 36.5 £ 1.47 59.825 £ 2.409
ZTF18abszfur < 0.05 — <1.5 < 41.386
ZTF19abucbkt < 0.05 — — —
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ZTF18adbhlyb
ZTF18acxhoij
ZTF18acajwep
ZTF19abipoqj
ZTF19abpkoou
ZTF18abztovy
ZTF18acsllgd
ZTF19aanxrki
ZTF18aamfuhc
ZTF18aadwvyr
ZTF19abauzsd
ZTF18abufbsq
ZTF18abzuzrg
ZTF18abtmcdb
ZTF18aauhnby

0.036 = 0.013
0.086 £ 0.016
< 0.05

< 0.05

0.043 +=0.016
< 0.05

0.031 £ 0.012
0.068 £ 0.014
0.341 £ 0.033
0.06 £0.014
0.027 = 0.009
0.048 £ 0.013
0.028 = 0.009
0.032 £0.01
0.1+0.018

0.253 £ 0.09

0.237 £ 0.049
0.417 +£0.04

0.252 +0.059
0.643 £ 0.206

0.169 = 0.053

0.113 £0.021

< 1.34

< 1.05
< 1.08
< 1.54
< 1.44
< 1.42
< 1.02
<15
21.5+1.39
< 1.45
<1.11
< 1.53

< 17.931

< 4.96
< 2.693
< 4.353
< 39.366

< 13.173

< 3.168
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Chapter 3: Variability—selected intermediate mass black hole candidates

in dwarf galaxies from ZTF and WISE

3.1 Overview

While it is difficult to observe the first black hole seeds in the early Universe, we
can study intermediate mass black holes (IMBHs) in local dwarf galaxies for clues about
their origins. In this chapter I present a sample of variability—selected AGN in dwarf
galaxies using optical photometry from the Zwicky Transient Facility (ZTF) and forward—
modeled mid-IR photometry of time-resolved Wide—field Infrared Survey Explorer
(WISE) coadded images. We found that 44 out of 25,714 dwarf galaxies had optically
variable AGN candidates, and 148 out of 79,879 dwarf galaxies had mid-IR variable
AGN candidates, corresponding to active fractions of 0.17 &£ 0.03% and 0.19 £ 0.02%
respectively. We found that spectroscopic approaches to AGN identification would have
missed 81% of our ZTF IMBH candidates and 69% of our WISE IMBH candidates. Only
9 candidates have been detected previously in radio, X-ray, and variability searches for
dwarf galaxy AGN. The ZTF and WISE dwarf galaxy AGN with broad Balmer lines have
virial masses down to 10°° M, and for the rest of the sample, BH masses predicted from

host galaxy mass range between 10°2M, < Mgy < 1073M,. We found that only 5 of
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152 previously reported variability—selected AGN candidates from the Palomar Transient
Factory in common with our parent sample were variable in ZTF. We also determined a
nuclear supernova fraction of 0.05 & 0.01% year~! for dwarf galaxies in ZTF. Our ZTF
and WISE IMBH candidates show the promise of variability searches for the discovery of

otherwise hidden low—mass AGN.

3.2 Introduction

It is challenging to determine how the very first massive black holes formed because
they have grown over time as galaxies merge and their black holes accrete (Volonteri &
Begelman, 2010). High redshift black hole (BH) seeds are very difficult to detect due to
their low luminosities (Volonteri & Reines, 2016) so we can instead constrain models of
BH seed formation by studying the least massive black holes in local galaxies (Reines
& Comastri, 2016). These low—mass analogs to black hole seeds are called intermediate
mass black holes (IMBHs) and have masses in the range 100 < Mpy < 106M,. Dwarf
galaxies of stellar mass M, < 10%7 M, are the best place to find low—mass black holes
because galaxy mass and black hole mass are correlated (e.g. Kormendy & Ho, 2013;
Woo et al., 2013). Supernova—driven stunting of black hole growth in dwarf galaxies
also makes these black holes comparable to early BH seeds (Anglés-Alcazar et al., 2017;
Habouzit et al., 2017).

The low—mass end of galaxy population relations such as the black hole occupation
fraction and the slope and scatter of the relationship between black hole mass and the

stellar velocity dispersion of the host bulge (Mg — 0, Ferrarese & Merritt (2000)) will

102



vary depending on the formation mechanism of early black hole seeds (see Greene et al.,
2020, for a review). For example, Pop III stars will produce a population of undermassive
BHs in low redshift galaxies with stellar dispersion o, < 100 km/s while direct collapse
mechanisms will produce heavier black holes, resulting in a flattening of the Mgy — o
relation around masses of 10°M,, (Volonteri & Natarajan, 2009). Although the potential
for low—mass black hole populations to constrain BH seed formation histories may
be limited by uncertainties in accretion prescriptions (Ricarte & Natarajan, 2018) it
nonetheless motivates the discovery of a large population of black holes in low—mass
galaxies. A recent effort by Baldassare et al. (2020a) to fill in the low—mass end of the
Mg — o, relation doubled the number of black holes with measured virial masses and
stellar velocity dispersions in dwarf galaxies of M, < 3 x 10°M,, to 15 and the results
were in agreement with an extrapolation of the linear relationship observed for high—-mass
galaxies. However, larger numbers of low—mass AGN, particularly in galaxies of mass
M, < 3 x 108, are needed to more fully constrain seed models.

The fraction of IMBHs 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 is dependent on galaxy merger history but will
be substantially higher if massive black holes were produced by gravitational runaway of
massive star remnants (Miller & Hamilton, 2002; Portegies Zwart & McMillan, 2002) due
to the high frequency of IMBH ejection during these interactions (Holley-Bockelmann
et al., 2008; Volonteri & Perna, 2005). Ricarte et al. (2021b) found that a substantial
population of wandering black holes exist in the ROMULUS cosmological simulations

and make up 10% of black hole mass in the local universe. Studies of IMBHs of mass
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3.8 < log Mgy (M ) < 7.0 in cosmological zoom—in simulations suggest that 50% of
IMBHs in dwarf galaxies are wandering within 7 kpc of the galaxy center due to historical
galaxy mergers (Bellovary et al., 2018, 2021). This is supported by radio observations
of dwarf galaxy AGN (Reines et al., 2020). Observational constraints on the wandering
fraction of IMBHs in dwarf galaxies will help to test the accuracy of cosmological merger
simulations, the effects of gravitational wave recoil on black holes in low—mass galaxies
and the feasibility of the gravitational runaway black hole seed formation mechanism.

A major challenge for both the search for IMBHs and for estimating the occupation
and wandering fractions is that the predicted accretion rates are very low, particularly for
non—nuclear AGN. Black hole accretion may be bimodal in its efficiency, causing low—
mass black holes < 10°M, to grow more slowly (Pacucci et al., 2018). Bellovary et al.
(2018) found that most simulated IMBHs reach a maximum bolometric luminosity of
log Lyo(erg/s) < 41 and are therefore very difficult to detect. Pacucci et al. (2021) used a
theoretical model based on galaxy mass and the angular momentum available in nuclear
regions to estimate an active fraction of 5-22% of AGN in dwarf galaxies which increases
with host mass. The level of activity likely depends on the merger history of the dwarf
galaxy. Kristensen et al. (2021) find that inactive dwarf galaxies in the T1lustris
simulations tend to have been residing in dense environments for long times, while active
galaxies had commonly been in a recent (< 4 Gyr) minor merger.

Discovery of AGN activity in dwarf galaxies will also help us to test predictions on
the importance of AGN feedback in the low—mass regime. While Geha et al. (2012) found
that dwarf galaxies in SDSS with no active star formation are extremely rare and that more

massive neighboring galaxies were the cause of star formation quenching, Penny et al.

104



(2018) and Dickey et al. (2019) have found evidence for internal AGN—driven quenching
in a small number of dwarf galaxies. Simulations suggest that dwarf galaxies hosting
overmassive black holes have lower central stellar mass density, lower H I gas content and
lower star formation rates than dwarf galaxies with undermassive counterparts, suggesting
that internal feedback in dwarf galaxies can quench star formation only for higher mass
black holes (Sharma et al., 2019). Simulations by Koudmani et al. (2019) found that AGN
outflows in dwarf galaxies only have a small effect on regulating global star formation
rates compared to supernovae and sustained high—luminosity AGN with isotropic winds.

Detailed observational studies of small dwarf galaxy samples have painted a
different picture. GMOS IFU observations of 8 dwarf galaxies by Liu et al. (2020)
discovered the presence of high velocity outflows in 7 out of 8, with some outflows
capable of expelling a portion of outflowing material from the galaxy and enriching the
surrounding circumgalactic medium. Coronal line emission inconsistent with shocks was
also detected from 5 of these objects Bohn et al. (2021). Larger samples of AGN in
dwarf galaxies will allow for further searches for signatures of AGN feedback such as
high velocity and large scale outflows.

A range of approaches have been used to obtain samples of AGN candidates in
dwarf galaxies. Some studies have taken a spectroscopic approach by looking for the
emission line signatures of AGN in low—mass galaxies. Reines et al. (2013) found that
151 dwarf galaxies with masses 1035M, < M, < 10%® M, amongst a sample of 25,000
had [O 111] A5007/Hf and [N 11] A\6550/Hc narrow emission line ratios indicative of AGN
activity. Mezcua & Dominguez Sanchez (2020) found a sample of 37 dwarf galaxies
with ‘hidden” AGN ionization lines by spatially resolving emission from star forming
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regions and nuclear AGN within each dwarf galaxy using MaNGA integral field unit
spectroscopy. Molina et al. (2021) used [Fe X] A6374 coronal line emission as a signature
of AGN accretion to find 81 dwarf galaxies with possible IMBHs.

Multi—-wavelength approaches have also been successful in the identification of
AGN in dwarf galaxies. Mezcua et al. (2018) identified 40 AGN in dwarf galaxies with
stellar masses 107M, < M, < 3 x 10°M,, via their X-ray emission in the Chandra
COSMOS-Legacy Survey, finding an AGN fraction of ~0.4% for redshifts less than 0.3.
Reines et al. (2020) found that 39 of 111 dwarf galaxies had compact radio sources at
8—12 GHz with the Karl G. Jansky Very Large Array (VLA) and determined that 13 of
these could confidently be classified as AGN. They also found that 10 of the 13 radio
AGN detected were spatially offset from their optical galaxy nuclei.

A new approach to the detection of IMBH candidates has been to search for AGN—
like stochastic variability from low—mass galaxies as a signature of the presence of a
central BH. Baldassare et al. (2018) found 135 galaxies with AGN-like variability on
yearly timescales when constructing light curves of ~ 28000 galaxies with SDSS spectra,
including 12 from dwarf galaxies with stellar masses M, < 3 x 10°M,, . They therefore
estimated a variability fraction of 0.1% for AGN in dwarf galaxies. A similar study in
2020 used light curves from the Palomar Transient Factory (Law et al., 2009) to search for
variable AGN in 35,000 galaxies with stellar mass M, < 1090/, , identifying variability
in 102 galaxies with masses M, < 3 X 109M@ (Baldassare et al., 2020b).

As some low—mass AGN vary on hourly timescales, very high cadence surveys have
proved effective for the discovery of variability from dwarf galaxy AGN. For example,
Burke et al. (2020a) produced a 30 minute cadence, one month long light curve of the
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AGN in the archetypal dwarf galaxy NGC 4395 using data from the Transiting Exoplanet
Survey Satellite (TESS). The ~ 10°M, black hole was variable with a characteristic
timescale of 1.47}2 days. Martinez-Palomera et al. (2020) used data from the HiTS
imaging survey, which undertook one week of high cadence (4 times per night) and high
coverage (120-150 deg?) observations with the Dark Energy Camera each year for three
years, to search for short timescale IMBH variability. They identified 500 galaxies with
hourly, small amplitude variation in their week—long light curves. They estimated that
4% of dwarf galaxies contained an IMBH based on their results. Shaya et al. (2015)
monitored ~500 galaxies with the Kepler telescope (Borucki et al., 2010) and found that
while 4% showed bright AGN activity, many other galaxies exhibited faint (down to 0.001
magnitude) variability which may also have been due to the presence of a low—mass AGN.

Recently, Secrest & Satyapal (2020) undertook a search for variable AGN in the
mid-IR. This was motivated by the sensitivity of mid-IR studies to low luminosity AGN
which are frequently optically obscured and Compton—thick (Annuar et al., 2017; Ricci
et al., 2016) and frequently unobservable in the soft X-rays (Polimera et al., 2018),
along with the low contamination rates of supernovae due to weak mid—IR emission
(Smitka, 2016). To produce mid—IR light curves, Secrest & Satyapal (2020) used multi—
epoch photometry from the Wide—field Infrared Survey Explorer (Wright et al., 2010,
WISE). WISE mapped the sky in the W1 (3.4um) and W2 (4.6pm) bands with 6 month
cadence over an 8 year baseline between the initial observations in 2010, the Near—
Earth Object Wide—field Infrared Survey Explorer mission from 2010-2011 (NEOWISE;
Mainzer et al., 2011a) and the reactivation mission beginning in 2013 (NEOWISE-R;
Mainzer et al., 2014). Secrest & Satyapal (2020) found a sample of 2,199 dwarf galaxies

107



of stellar mass M, < 2 x 10°M,, and redshift 0.02 < z < 0.03 from the NASA—Sloan
Atlas which had corresponding sources in the AIIWISE catalog. Amongst this sample,
only 2 (0.09%) showed significant variability in light curves produced by the AIWISE
Multiepoch Photometry Table and the NEOWISE-R Single Exposure Source Table.

Variability—based search strategies have been particularly good at finding AGN
candidates in dwarf galaxies which are optically obscured or unidentifiable by their
spectroscopic signatures. For example, only 25% of the optically variable AGN
candidates in galaxies of mass M, < 10'%M found in PTF were classified as AGN
or Composite galaxies based on their narrow emission lines (Baldassare et al., 2020b).
This is likely due to a combination of star formation dilution of AGN emission lines
and the hardening of the accretion disk SED around lower mass BHs which extends
the partially ionized zone and reduces the emission line ratios normally used for AGN
classification (Cann et al., 2019). Variability—based strategies therefore have an important
place for finding AGN which would otherwise be missed due to biases in other selection
techniques.

Previous searches for active IMBH candidates in dwarf galaxies with spectroscopic,
radio, X-ray and mid-IR observations have not provided a complete, unbiased census
of the IMBH occupation fraction because different strategies are hindered by high star
formation rates, obscuration and low accretion luminosities. Therefore, despite the
discoveries of these large samples of dwarf AGN candidates, there are very few confirmed
IMBHs with well-sampled SEDs and measured virial black hole masses which we can use
to occupy the sparsely populated low—mass ends of a number of black hole—galaxy scaling

relations. This motivates the development of effective search strategies for identifying
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substantially larger samples of IMBH candidates. This will provide more opportunities
for careful confirmation and multi—-wavelength characterization of the best candidates,
especially those with broad Balmer lines.

In this chapter we present a comprehensive search for AGN-like variability from
a large sample of dwarf galaxies in the optical and mid—IR in order to build upon the
previous successes of Baldassare et al. (2018, 2020b) and Secrest & Satyapal (2020) with
SDSS, PTF and WISE. For our optical search we have used observations from the Zwicky
Transient Facility (ZTF; Bellm et al., 2019a; Dekany et al., 2020; Graham et al., 2019),
a new and ongoing optical survey which began in March 2018 and achieves single epoch
limiting magnitudes of ~ 20.5 in g-, r- and i-band over a survey footprint of 23,675 deg?.
The Northern Sky Survey of ZTF Phase I (Mar 2018 — Sep 2020) had an average cadence
of 3 days and this was supplemented by higher cadence sub—surveys with hourly to 1 day
cadences (Bellm et al., 2019b). The ongoing ZTF Phase II (Oct 2020 — present) Northern
Sky Survey has a 2 day cadence. By comparison, PTF had a footprint of ~ 8000 deg? and
a ~ 9 day cadence. To expand upon the mid-IR variability search of Secrest & Satyapal
(2020), we have made use of new forward modeled photometry catalogs of time—resolved
WISE coadds to produce more sensitive photometry of a larger dwarf galaxy sample. We
do this work in preparation for the upcoming Legacy Survey of Space and Time (LSST)
at Vera C. Rubin Observatory (Ivezi¢ et al., 2019) which will provide a more complete
census of variable IMBHs over the next decade due to its expected single visit limiting
magnitude of g ~25 at a 3 day cadence spanning ~10 years.

In Section 3.3 we describe our dwarf galaxy sample selection process. In Section

3.4 we describe our procedure for ZTF forced photometry of the dwarf galaxy sample.
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In Section 3.5 we describe our selection strategy for finding the optically variable AGN.
In Section 3.6 we present our sample of IMBH candidates and supernovae from ZTF and
describe their multiwavelength and spectroscopic properties. In Section 3.7 we describe
our selection of variable AGN in WISE based on forward modeled photometry of time
resolved coadds and in Section 3.8 we discuss the multi-wavelength and spectroscopic
properties of the WISE—selected IMBH candidates. In Section 3.9 we discuss the merits

of the two selection strategies and the properties of the IMBH candidates in further depth.

3.3 Dwarf galaxy sample selection

We selected a sample of dwarf galaxies using the NASA—Sloan Atlas (NSA) version
v1o0.1 . The NSA produced stellar mass estimates for galaxies by fitting 5 templates
derived from stellar population synthesis models (Blanton & Roweis, 2007; Bruzual &
Charlot, 2003) to SDSS images of galaxies after subtracting the sky background (Blanton
et al., 2011). We used this catalog of stellar masses to allow for more direct comparison
to other AGN variability searches which classify dwarf galaxies using stellar masses from
this catalog (e.g. Baldassare et al., 2018, 2020b; Reines et al., 2013; Secrest & Satyapal,
2020).

When compiling our list of dwarf galaxies from the NSA we required redshifts of
0.02 < z < 0.35 and elliptical Petrosian masses of M, < 3 x h=210° M. We selected an
h value of 0.73 for consistency with Reines et al. (2013) and Secrest & Satyapal (2020)
such that our mass cutoff corresponds to M, < 107 M. After finding some high

redshift quasars listed in the catalog with erroneous redshifts and underestimated stellar

Thttps://www.sdss.org/dr16/manga/manga-target-selection/nsa
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masses, we required the NSA redshift to be derived from an SDSS spectrum (described
by the ZSRC column in the NSA table). This resulted in a final sample of 81,462 dwarf
galaxies.

For the ZTF photometry, we also required that the objects overlap with > 100
high quality g and r band ZTF images over a > 1 year baseline. Due to computational
limitations, we selected a random subset of the parent light curve sample consisting of
25,714 dwarf galaxies for our ZTF variability search. For our WISE variability search
we required there to be > 5 epochs over a > 3 year baseline and this resulted in a final
sample of 79,879 objects for the mid-IR search.

We produced a control sample of optically variable AGN with host galaxies of
mass M, > 10%™ M, from a parent sample of 5,493 variable ZTF AGN found by Ward
et al. (2021a). This AGN sample was obtained from the ZTF alert stream (Patterson
et al., 2019) using the AMPEL alert broker AMPEL (Alert Management, Photometry and
Evaluation of Lightcurves; Nordin et al., 2019a) to crossmatch ZTF transients to AGN
catalogs using cat sHTM (Soumagnac & Ofek, 2018) and check for AGN-like variability
with the Butler & Bloom (2011) quasar modeling routine. We matched the AGN from this
sample to the NASA-Sloan Atlas with a 5” radius and found 1,053 objects with measured
galaxy masses. Both the control sample and the dwarf galaxy sample were processed by

the following photometry pipeline.
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3.4 ZTF photometry of dwarf galaxies

Difference imaging to detect variability requires the production of reference images,
which are co—added stacks of exposure images to support image differencing downstream.
To produce new ZTF forced photometry with custom, deeper references than the main
ZTF alert pipeline we implemented the ZUDS photometry pipeline? on our dwarf galaxy
and AGN control samples. We generated reference images for each field, CCD, quadrant
and filter from ZTF single epoch science images by selecting up to 60 images as close as
possible in time which met the following criteria established by Masci et al. (2019) for

the main ZTF alert pipeline:

1. Seeing within the range 2.”0 < FWHM < 5.”70, with priority given to images with

lower seeing values.
2. Quality status = 1

3. Magnitude zeropoints given by 25.3 < MAGZP(g) < 26.5 or 25.3 < MAGZP(r) <

26.5 for filters g and r respectively.

4. Color coefficients given by —0.20 < CLRCOEFF(g) < 0.15 or —0.05 <

CLRCOEFFE(r) < 0.22 for filters g and r respectively.

5. Limiting magnitudes given by MAGLIM(g) > 19.0 or MAGLIM(r) > 19.0 for

filters g and r respectively.

6. Global pixel median < 1900 DN or < 1600 for filters g and r respectively.

Zhttps://github.com/zuds-survey/zuds-pipeline
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7. Global robust pixel RMS < 100 DN.

8. Acquired after camera reinstallation on February 5, 2018 UT.

When there were multiple field, CCD and quadrants containing the source for a
particular filter, we selected the reference image containing the largest number of high
quality ZTF science images in the coadd to be the reference image. We produced
1000”x1000” cutouts of each single epoch science image and reference image, produced
subtractions, then undertook aperture photometry with a 3.0 radius. We then applied
the aperture to PSF correction factors produced by the main ZTF image pipeline to
produce PSF photometry light curves. We measured the baseline flux of each object
in the reference image and added this to the fluxes measured from the image subtractions.

In order to improve our sensitivity to low S/N variability from faintly varying AGN
and prepare the data for calculation of the Pearson correlation coefficient between g-
and r-band photometry, we binned the data in temporal bins. We first applied zeropoint
corrections, then undertook error—weighted binning in flux space using bins of 5, 10 and
20 day increments. Therefore, each galaxy had 3 light curves with different bin sizes
for the calculation of variability statistics. This binning procedure may have reduced our
sensitivity to objects with optical variability only on timescales <20 days and therefore
may have introduced biases against particularly low—mass AGN. However, we determined
that binning was necessary to both allow for the calculation of the Pearson r correlation
coefficient whilst confidently identifying light curves with correlated variability over a
range of timescales, as expected from AGN power spectra (Burke et al., 2021; Kelly

et al., 2009; MacLeod et al., 2011) With this procedure we generated light curves of
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25,714 dwarf galaxies and the 1,053 AGN from the high-mass galaxy control sample.

3.5 Selection of variable IMBH candidates

In order to detect real variability amongst the sample of dwarf galaxy light curves

we trialed a number of variability statistics including the Pearson correlation coefficient

(as used by Secrest & Satyapal (2020)), the goodness of fit of the light curves to the quasar

structure function (using gsofit (Butler & Bloom, 2011), as used in Baldassare et al.

(2018, 2020b); Ward et al. (2021a)), the excess variance (Martinez-Palomera et al., 2020;

Séanchez et al., 2017) and the 2 /N in g and r bands. We found that a combination of

the Pearson correlation coefficient and y? produced the best separation between the AGN

control sample and the majority of the non—variable dwarf galaxy population.

The Pearson correlation coefficient  between the binned g and r band fluxes was

calculated as:

r = Cfg»fr

Ofa0fr

where (Y, ;, is the covariance between g and r bands given by

1 N

Cfg,fr = N_1 Z(fg,i - <fg>) X (fri —(fr)

]

and oy, and oy, are the g and r band variability amplitudes given by:

and the expectation value (f) was given by the median flux.
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We also calculated the x?/N of the light curves in g and r bands:

1o (fi = ()
xQ/Nzﬁz% (3.4)

The distribution of the Pearson correlation coefficient r and the x?/N values for g and r
bands for the dwarf galaxy and control AGN light curves with 5, 10 and 20 day bin sizes
is shown in Figure 3.1. We applied cutoffs of » > 0.2, » > 0.3, and » > 0.4 for 5, 10 and
20 day bin sizes respectively, and x?/N > 3 in both filters for all bin sizes, to classify
dwarf galaxies as variable. Each dwarf galaxy was required to meet this cutoff in all 3
binning timescales to ensure that correlations and variance was not produced as artifacts
of bin phase and size.

We then manually inspected the light curves and subtractions to remove light curves
with high variance due to poor quality photometry and to determine which light curves
contained single flares with reddening consistent with supernovae. 36 supernovae-like
flares were found, corresponding to a nuclear SN rate of 0.14 + 0.02% (0.05 £ 0.01%
year 1) for dwarf galaxies in ZTF Phase I.

This process produced a final sample of 44 dwarf galaxies (0.17 4 0.03%) with
variability consistent with AGN activity. These constitute our set of optically variable
IMBH candidates. The properties of this sample are summarized in Table 3.1. Examples
of ZTF light curves of 3 dwarf galaxies with AGN-like variability are shown in Figure

3.2 and examples of 3 supernova light curves are shown in Figure 3.3.
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Figure 3.1: Pearson r correlation coefficient and x?/N in g- and r-band calculated from

ZTF light curves for 3 different binning timescales. We show the entire dwarf
galaxy population with ZTF photometry in blue and the AGN control sample

(from host galaxies of stellar mass M, > 3 x 10%7 M) in green. The cutoffs

used for AGN candidate selection are shown in black dotted lines for each
statistic. We required the 3 statistics to satisfy the cutoffs for all 3 binning

timescales in order for a candidate to be selected.
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Figure 3.2: Three examples of ZTF light curves which passed the variability criteria and
were classified as variable AGN candidates.

117



Figure 3.3:

} rband data ..
1651 } gbanddata

Mag

o] ,4.'| I;" enetu, oPA*Li,

_. .r» e |H+
185 I}w +| |}t+}|

|

00 300 400 ?‘On:le ” 660 760 4,82625336
NSA164967
:. 4 rband data
17.04 , + gband data
17.51 '
v
Fz; 18.0 } }l '
X ' -
+"“"’#H +}+r++ }lh + b *'|h““ "} }
18.5 .
H } s
ey ]

Time (jd) +2.458e6

NSA136891

t rband data
16.51 } gband data

17.0 . “

o 17.5 0
£ + . |' b 4 |
18.0 ” |'+I' et Lihp ' }']) ¢ [
bt

LR

600 700 800

Time (jd) +2.458e6
NSA33420

Three examples of ZTF light curves which passed the variability criteria and
were classified as supernova candidates.

118



- X AS 169 GT'6  T6S0°0 6TCTSS0TL- 8S6'61:91:TT SPPLIT
- X AS 69 V6 LL0T°0 TLY'SSIST00 LSV LSHSTO €SSSIT
- X AS ee'g T8  6CI0°0 THS9I:SH:0S $L9°0v:SO:9T 9ITL6
- X AS €89 176  TIS00 vLV'ST:8Y:9S LTS 0SETST  LLES6
- X dS 8¢9 C0'6  FCE00 99F'8I:IEE0 SIT'SH61:01 LEIES
- X dS ixa) 7.6 6920°0 SHOOI:TH0OS €81°01:50:60 OIE8L
- X dS ) L96  TTL0°0 TS6'TT6S'SS THI'80:91:60 LETTS
€9¢'9 N dS 669 ¥G'6  TEP0'0  1¥°CS0:90:0S LLITI6T:80 SOV6H
- X dS 669 7G'6  F920°0 96T°SS9ELE YOT'90:LY:LO 6TT9Y
- X dS 889 CF'6  ¥920°0 €6£60:9T:%1 SITSST1:T0 PE6HY
- X dS 669 FG6  €680°0 ¥SOLISSHT  LbS6T:90:10 T0IEY
- X dS ixa) 7.6 99.L0°0 881°6T:8CHT  TOL'SEEH00 LTOTY
- X AS co'L 656  9TL00 TO6V'SIILSI00 P6LTEHYT0 LOILE
19S°L » ACIVEIN 61°L L6  S8T0°0 €01'T10°97:00 +IC6S01:10 LPLSE
840°L N AEINEIN Ve L 7.6 SETT'0 TYI'TE6I:00 80V9T:60:00 £S9TE
- X asodwo) V1L 996 TPE0'0 SHS'LY0T:00 €9¥'8T:81:€T  0680€
- X dS €0 L6 FCE00 686°€STTOTO 809 TH:1T:9T  8ISET
- X AS 109 GL'S 120000 €8STOITI- T99TETHTI  SHT0T
- X AS €z’ '8 8000 9LI'SI:I0E- €TL'EV9E:TI  +9861
- X AS ¢6'9 16 ¥1200 LyyLy:LT:00 SIVLOTETI  6LFS
“n) “n) ©“n) (swp) (sury)

UMHEp 01301 sour| peorg  ssep 1dd HENO'Sol 0180 z 29 Vi dl VSN

11Z Ul punoj AJI[IqeLIeA pueq I pue § paJe[a1I0d pue JUBdYIUSIS YIIM SIBPIPURD NOV 4 o3 Jo sentadoid :1°¢ 9[qeL,

‘sauI| peoiq OH
JY) JO IPIM Y} UO Paseq (ST(7) WY 2 OH AqQ NDV QUI[ peoiq JOJ pPje[no[ed 1M SISSBW [BLIIA "UWN[OD
A19 Yl Ul pAjedIpul ST SAUI| peolq Jowey JO 20udsaid Ay, "Xop {9°() JO Jeds e sey yoym (6107) ‘e 12
annyoS woay Hapyr — *747 oY) uo paseq Ssew [0 JOr[q PAILWNSI AY) MOYS dm uwn[od HEAOIF0o] 381y oy up
"T707TA "OoISIoA 30[BIBDd YSN U) WOIJ 9SOY) oIk SISSBW Je[[als AXe[e3 1soy pue syiyspal ‘suonrsod ‘ST oy,

119



XX X X X X X XN XN XX X X XXX XXX XN X

A4S

HAS

HAS

119JA9S

A4S
asodwo)

HAS

AS

HS

A4S
asodwo)

S

AS

119JA9S

HS

AS

A4S

AS
ausodwo)

HS

AS

AS

A4S

HAS

9
V'L
€99
¢'L
969
889
G0°L
9¢9
60°L
VL9
689
80°L
699
1T°L
789
G'L
129
8.9
G6'9
GL9
1074
49
€0’
LL9

G8'8
99°6
Gc'6
1.6
¢9'6
¥'6
656
61°6
¢9'6
7€'6
976
19°6
€6
796
V6
1,76
16°8
LE6
16°6
Ggeo6
946
I8
L9°6
9¢'6

492¢0°0
8¢€0°0
g9¢0°0
78¢0°0
¢vs0°0
1¢€0°0
€00
87070
892¢0°0
¢L00
¢1€0°0
6¢¢0°0
9970°0
¢6¢0°0
6970°0
EVIT0
16T0°0
€870°0
¢v4a0°0
91€0°0
G6.0°0
TLT10°0
8¢80°0
€090°0

6L6°CT-01-81
Y08°9¢-£¢:9¢C
991°10-:L0-9¥
CLELE-0S-LY
LS8 LY ¥T-9¢
YO 1€0-61-v¥
979'80-80:S¢
109°61-8¢-00
€9L°0G-Cr-£S
666'9S-01-¥S
€0°010-T0-00
Y Sh-1E-1¢
6C9°EC-Ly-6V
1'€€00-LS-8S
YOL'0C-10-¢-
c0E’LI-8I 6V
Y16 vC-8¢-CS
TLTET-81-CS
9eLvS-01-SY
IO LY-LI-LY
8IS 61-0C-LS
121°60-:02-09
¥86°6C-£5:09
C81°90-6%-S1

8Y6CO-Le-Cl
610°SO-vI-vI
Yoe Sr-SC-Cl
9cI'IS-61-CI
C89Ce-CS¥I
[81°CS-8¢C-11
PS6°€0-81:91
L99S0-vC-1¢
61C00:C¢ 11
[LEVT-LS-01
CL6'V0-S0-1C
IvIpe-SI-L1
910"81:60-11
[81°CT-90-€1
Pe010-Sy-€1
¢6C'10-8¢-60
96CCS- 111
Yey' LT0E- 11
€96'85-0C-91
CCEIP-LSCI
861 SY-SSvl
YLEYY-00-T1
910°¢S-6¥-60
SLEBT-LT-00

088SYS
69vISY
89810¢
Y61786¢
8SELLT
69¢CLT
eerele
8¥LC0C
160861
€sSL61
8SL681
8881
I78¢81
009181
ev6891
788191
€006S1
6868C1
[LSTYI
6CCerl
8YLBET
12337
evLeel
SLLLTI

120



The distributions of the redshifts and host galaxy stellar masses of the optically
variable dwarf galaxies are shown in Figure 3.4. All but 6 of the IMBH candidates were
in galaxies of mass M, > 10°M,. By comparison, a larger fraction of supernovae were
observed in low—mass galaxies and most were found in a narrow redshift range of 0.02 <
z < 0.055.

We checked both the supernova and AGN candidate samples for spectroscopic
classification on the Transient Name Server’. 25 of the 36 supernova candidates had
published spectroscopic classifications. One of these was classified as a supernova but
was not typed. 17 out of the remaining 24 (71%) were classified as SNIa, SNIc or SNIc—
BL. 7 out of 24 (29%) were classified as SNII or SNIIn. These classifications are shown
in Table 3.2. We note that the remaining 11 SN without spectroscopic classifications can
only be classified as SN candidates, as they may be AGN outbursts (Drake et al., 2019).

None of the AGN candidates had spectroscopic classifications published on TNS.

Shttps://www.wis-tns.org/
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In order to estimate the black hole masses of our IMBH candidates based on their
host galaxy stellar mass we used the updated relationship between black hole mass and
bulge mass derived by Schutte et al. (2019). This study found a linear relationship based
on a sample of galaxies with carefully measured black hole and bulge masses including 8

dwarf galaxies with stellar masses log(M,) < 8.5M:

log(Mgn/Mg) = o + Blog(M. /10" M) (3.5)

a = 8.80+0.085; 8 = 1.24 £ 0.081

The relation has a scatter of 0.68 dex. The black hole mass estimates for the IMBH

candidates are shown in Table 3.1.

3.6 Spectroscopic and multi-wavelength properties of the ZTF-selected

IMBH candidates

In order to determine the spectroscopic class of the IMBH candidates on the
Baldwin, Phillips and Terlevich diagram (Baldwin et al., 1981; Veilleux & Osterbrock,
1987) we fit the narrow emission line ratios with Penalized Pixel Fitting (pPXF)
(Cappellari, 2017; Cappellari & Emsellem, 2004). This method finds the best fit stellar
continuum and absorption model using a large sample of high resolution templates of
single stellar populations adjusted to match the spectral resolution of the input spectrum.
We simultaneously fit the narrow Ho, HB, Hy, Ho, [S11] A6717, 6731, [N1I] A6550,

6575, [0 1] A6302, 6366 and [O 111] A5007, 4959 narrow emission lines as well as the best
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Figure 3.4: Normalized galaxy mass and redshift distributions of variable IMBH
candidates (top) and supernova candidates (bottom) shown in green and
the parent dwarf galaxy sample shown in blue. The subset of the parent
dwarf galaxy for which ZTF photometry was produced for the optical IMBH
search is shown in the hatched histogram. Redshifts and host galaxy mass
measurements were derived from the NSA.
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fit stellar continuum spectrum during template fitting.

The classification of the IMBH candidates on the [O 111] A5007/HS — [N 11] A6583
/Ha BPT diagram is shown in Figure 3.5. 35 objects (81%) are classified as star forming
while 4 objects (9%) are in the composite region and 4 (9%) are classified as Seyferts. For
comparison, we also show the density of the original 81,462 dwarf galaxy parent sample
on the BPT diagram using emission line ratios quoted in the NSA catalog. From the grey
contours it can be seen that the majority of the dwarf galaxy population is star forming
but a small population extends out to AGN and LINER regions of the BPT classification
scheme. Our typical star forming IMBH candidates lie at higher emission line ratios than
this population, in part because our pPXF modeling considers stellar absorption of those
lines.

The classification of the supernova host galaxies on the [O 111] AS007/Hf — [N 11]
A6583 /Ha BPT diagram is also shown in Figure 3.5. 34 host galaxies (94%) are classified
as star forming while 1 object (3%) was in the composite region and 1 (3%) in the Seyfert
region.

We crossmatched our ZTF—selected IMBH candidates to the active dwarf galaxies
from the Secrest & Satyapal (2020) mid—IR variability search, the Baldassare et al. (2018,
2020b) optical variability searches, the Molina et al. (2021) [Fe X] A6374 coronal line
emission search, the Mezcua & Dominguez Sanchez (2020) IFU spectroscopy search,
the Mezcua et al. (2018) Chandra X-ray search, the Latimer et al. (2021) mid-IR color
selection box search and the Reines et al. (2013) optical emission line search. We
found that only 7 objects had been detected in previous optical variability searches

(Baldassare et al., 2018, 2020b), where they have different IDs due to the use of NSA
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Figure 3.5: BPT diagram showing narrow line ratios derived from pPXF fitting of archival
SDSS spectra of the ZTF-selected IMBH candidates (left) and supernova
candidates (right). Orange points show line ratios for IMBH candidates
with broad Balmer lines in archival spectra and blue points show those with
narrow emission lines only. Grey contours show the population density with
log scaling of the entire parent dwarf galaxy sample for line ratios derived
from the NASA-Sloan Atlas. Classification regions are labeled in black text.
We note that because pPXF determines narrow emission line strength after
accounting for stellar absorption of those same lines, fluxes may appear to be
slightly larger in the BPT diagram compared to the NSA—derived emission
lines fluxes of the dwarf galaxy population.
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version vq_;_o: NSA32653 (SDSS), NSA49405 (PTF), NSA115553 (SDSS), NSA181600
(PTF), NSA202748 (PTF), NSA451469 (PTF) and NSA545880 (PTF). No other multi—
wavelength detections of our candidates from previous IMBH searches were found.
NSA32653, NSA35747, NSA49405, NSA164884, NSA464884, NSA181600 and
NSA451469 were the only objects in our IMBH sample to exhibit broad Balmer lines
in archival SDSS spectra. These objects previously had their virial black hole masses
estimated using the width of the Ha broad lines by Ho & Kim (2015) and Liu et al.
(2019). These virial masses ranged between 10%3M and 107%M, and are shown in

Table 3.1.

3.7 ZTF variability of previously reported PTF-selected IMBH

candidates

After discovering that 5 objects from the variability selected AGN sample from PTF
(Baldassare et al., 2020b) were also variable in ZTF according to our selection thresholds,
we decided to determine if the remaining AGN candidates in dwarf galaxies from PTF
had ZTF variability which was missed by our selection criteria.

We first found that our parent dwarf galaxy sample had 152 objects which
overlapped with the variable PTF sample. We then visually inspected the
zuds-pipeline light curves we made of the 152 common dwarf galaxies and
confirmed that no other dwarf galaxy had apparent variability. We then used the ZTF
forced photometry service (Masci et al., 2019) to obtain alternative photometry of the

sources with the original ZTF reference images. After removing poor quality images by
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requiring the procstatus flag be = 0, we measured the baseline flux from the reference
images, applied zeropoints and combined the baseline and single epoch fluxes to produce
the light curves of the 152 objects. We then visually inspected the candidates to look for
any signs of variability. The alternative pipeline confirmed that only 5 candidates from

our overlapping samples showed statistically significant variability in ZTF.

3.8 WISE single epoch forced photometry

As we aimed to search for mid—IR variability from a large sample of dwarf galaxies
which may have been too faint to appear in the search of the original AIWISE catalog
by Secrest & Satyapal (2020), we made use of forward modelled photometry of time—
resolved WISE coadds (Meisner et al., 2018) made available through Data Release 9*
of the DESI imaging Legacy Survey (Dey et al., 2019a). This approach was previously
implemented by Lang et al. (2014) to produce forced photometry of 400 million SDSS
sources with the deep unWISE coadds (Lang, 2014; Meisner et al., 2017). Lang et al.
(2014) used The Tractor (Lang et al., 2016) to use deeper, higher resolution source
models from SDSS to produce photometry of blended and faint objects in the unWISE
coadds. They were able to report fluxes and uncertainties from 30 and 40 detections
which were not included in the original WISE catalog. More recently, they implemented
this technique to produce time-resolved WISE photometry (Meisner et al., 2018). As
WISE revisits each field at a ~6 month cadence, with an increased cadence towards the
poles, and takes ~ 10 exposures each visit, they coadded the exposures from each visit

to produce forced photometry on each coadd. This therefore provided light curves with

“https://www.legacysurvey.org/dr9/catalogs/
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approximately 15 fluxes measured over ~ 8 years.

We crossmatched the SDSS galaxy positions of our dwarf galaxy sample to the
unWISE source catalog and pulled the single epoch WISE photometry for the closest
unWISE source. Some light curves showed an oscillation behaviour when multiple
sources were contained within the large WISE PSF and the WISE flux was distributed
across the multiple sources differently in each epoch. To overcome this, we combined the
total flux of the sources within a radius of 3 WISE pixels (3x2.75”) to ensure that all dwarf
galaxy variability was captured within the combined fluxes. We removed light curves
where an erroneously high flux ( f — (f) > 50) in both W1 and W2 bands produced a r
and x? /N above the cutoffs. We also removed light curves where source confusion within
the WISE PSF size still resulted in an oscillating behaviour using the following criteria.
If the summed difference between every adjacent W1 flux measurement was greater than
twice the summed difference between every W1 flux offset by two epochs, the light curve
was flagged as bad quality. We produced WISE light curves of the AGN control sample
with the same procedure.

For each source we calculated the Pearson correlation coefficient r between the W 1
and W2 bands and the x?/N for each band. The distribution of these statistics for the
two samples is shown in Figure 3.6. We required that dwarf galaxies have » > (.75 and
x?/N > 1.0 in W1 and W2 to be considered a variable AGN candidate.

Of the 79,879 dwarf galaxies for which WISE single epoch forced photometry
was available, 124 were removed due to light curve quality flags. Of the remaining
79,755 light curves, we found that 165 had fluxes which met our variability criteria.

One dwarf galaxy, NSA253466, was detected by our variability criteria due to the
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well-studied Type IIn supernova SN 2010jl (Stoll et al., 2011) which has had detailed
follow—up in the near—IR, X-ray and radio (e.g. Chandra et al., 2015; Fransson et al.,
2014) showing interaction with the dense circumstellar medium. We removed this object
from our AGN candidate sample. We removed 3 other objects with supernovae visible
in both WISE and ZTF data: NSAS559938 (ZTF18aamftst: an SNIIn), NSA143427
(ZTF18acwyvet, an SNIIL), and NSA230430 (ZTF20aaupkac: an SNIa). We removed
14 other galaxies with light curves showing single flares, often with color changes
characteristic of SNe: NSA20892, NSA32356, NSA143207, NSA236644, NSA250558,
NSA253466, NSA274965, NSA340533, NSA355173, NSA379733, NSA475418,
NSAS502699, NSA528212, NSA548379. The properties of these supernova host galaxies
are summarized in Table 3.3.

The properties of the remaining final sample of 148 AGN candidates (corresponding
t0 0.19 +0.02% of the dwarf galaxy sample) are summarized in Table 3.4 and 6 examples

of variable WISE light curves are shown in Figure 3.7.

3.9 Properties of the WISE—selected variable IMBH candidates

The distributions of the redshifts and host stellar masses of the mid-IR variable
dwarf galaxies are shown in Figure 3.8. We exclude NSA64525 from the histogram
because the estimated mass provided by the NASA-Sloan Atlas (1053°M,) is
inconsistent with the stellar dispersion velocity of 193 £ 8 km/s measured by the SDSS
spectroscopic pipeline. This dispersion velocity indicates that the BH itself likely has a

mass of ~ 107 M, according to the M — o, relation (Kormendy & Ho, 2013) and the host
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Figure 3.6: Pearson r correlation coefficient and x?/N in W1 and W2 band calculated
from WISE forward modeling light curves. We show the entire dwarf galaxy
population with WISE photometry in blue and the AGN control sample (from
host galaxies of stellar mass M, > 3 x 10%7 M) in green. The cutoffs used
for AGN candidate selection are shown in black dotted lines for each statistic.
We required the 3 statistics to satisfy the cutoffs in order for a candidate to be
selected.

galaxy therefore has mass comparable to ~ 10°°M, based on the Mgy — M, relation
(Schutte et al., 2019). The mid-IR variability selection finds a higher fraction of variable
AGN at low redshifts compared to the overall dwarf galaxy sample and shows a slight
preference for higher mass galaxies.

The classification of the mid—IR IMBH candidates on the [O 111] A5007/H — [N 11]
A6583 /Ha BPT diagram is shown in Figure 3.9. 100 objects (69%) are classified as star
forming while 32 objects (22%) are in the composite region, 3 (2.1%) were classified as
LINERs and 10 (6.9%) as Seyferts. 12 of the IMBH candidates (8.1%) have broad Balmer
lines. These objects also had their virial black hole masses estimated using the width of
the Ha broad lines by Ho & Kim (2015) and Liu et al. (2019). These virial masses range
between 105-° M, and 1082 M, respectively and are shown in Table 3.4.

In order to determine how many WISE—selected IMBH candidates were also
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Figure 3.7: Six examples of WISE forward modeling light curves which passed the
variability criteria and were classified as IMBH candidates.

optically variable, we produced ZTF photometry of the remainder of the 148 dwarf host
galaxies which were not included in the original ZTF search. We found that 15 out of
148 (10%) met the optical variability criteria for ZTF outlined in Section 3.5. 7 of the
15 AGN which were variable at both wavelengths had visible broad lines in their spectra,
and amongst these broad line AGN, the virial masses ranged between Mgy = 1093 M,
and Mgy = 10%2M,. Only two of these sources (NSA164884 and NSA451469) were
found in the original ZTF sample, due to the smaller sample of dwarf galaxies for which
we produced optical photometry. The AGN with both mid-IR and optical variability are
indicated in the last column of Table 3.4.

We

NSA451469 had also been found in PTF by Baldassare et al. (2020b).

crossmatched our mid-IR selected IMBH candidates to the active dwarf galaxies from the
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Secrest & Satyapal (2020) mid-IR variability search, the Baldassare et al. (2018, 2020b)
optical variability searches, the Molina et al. (2021) [Fe X] A6374 coronal line emission
search, the Mezcua & Dominguez Sénchez (2020) IFU spectroscopy search, the Mezcua
et al. (2018) Chandra X-ray search, the Latimer et al. (2021) mid-IR color selection box
search and the Reines et al. (2013) optical emission line search. Only 2 objects had been
found in previous AGN searches.

One object, NSA638093, had previously been found in the WISE variability search
by Secrest & Satyapal (2020) and in the mid—IR color selection box by Latimer et al.
(2021) (object number 11, listed with NSAID 151888 from version v;_; 5 of the NSA),
where they used Chandra to find X-ray emission which may have been consistent with
X-ray binaries instead of AGN activity. NSA386591 appears in the Reines et al. (2013)
spectroscopic search for BPT AGN and Composites and the Latimer et al. (2021) mid-IR
color selection search (ID number 6) where it was found to have an X-ray luminosity
consistent with AGN activity and too large to be produced by X-ray binaries.

We undertook a search for radio emission from the IMBH candidates in the Karl
G. Jansky Very Large Array Sky Survey (VLASS; Lacy et al., 2020). This survey covers
a total of 33,885 deg? in the 2-4 GHz range with an angular resolution of ~ 2”.5 and
will obtain a coadd 1o sensitivity of 1 pJy/beam by survey end in 2024. We searched for
crossmatches within 10” in Table 2 of the VLASS Epoch 1 Quick Look Catalogue which
contains ~ 700,000 compact radio sources with > 1 mJy/beam detections associated
with mid-IR hosts from the unWISE catalog (Gordon et al., 2020). We found that one
IMBH candidate, NSA87109, had a corresponding radio point source at a separation of

0.0038” from the optical NASA—Sloan Atlas galaxy position with a flux of 17.55 4+ 0.27
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Figure 3.8: Normalized galaxy mass and redshift distributions of WISE IMBH candidates
shown in orange and the parent dwarf galaxy sample shown in blue. Redshifts
and host galaxy mass measurements are derived from the NSA.

Jy. This object is a known BL Lac which has also been detected in 0.1-2.4 keV X-rays
(Massaro et al., 2009).

We show cutouts from the DESI Legacy Imaging Surveys (Dey et al., 2019a) of 3
WISE candidates and 2 ZTF candidates with host masses M, < 10%2M, and the object
with a VLASS radio detection (NSA87109, with stellar mass log,, M. = 9.66) in Figure
3.10. The radio source and one other low—mass IMBH candidate are in compact, blue
galaxies while the other 4 low—mass IMBH candidates reside in galaxies with complex

morphologies and multiple stellar overdensities.

3.10 Discussion

The number of dwarf galaxies which were variable in WISE corresponded to a

0.19 4 0.02% variability fraction, while the optical variability fraction that we find
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Figure 3.9: BPT diagram showing narrow line ratios derived from pP XF fitting of archival
SDSS spectra of the WISE—selected IMBH candidates. Orange points show
line ratios for IMBH candidates with broad Balmer lines in archival spectra
and blue points show those with narrow emission lines only. Grey contours
show the population density with log scaling of the entire parent dwarf galaxy
sample for line ratios derived from the NASA-Sloan Atlas. Classification
regions are labeled in black text.

from the ZTF AGN candidates is 0.17 & 0.03%. Our results therefore suggest that the
two methods are similarly effective for identifying IMBH candidates with the current
sensitivities and baselines available for mid—IR and optical photometry of dwarf galaxies.
This, however, will change with the improved optical sensitivities and baselines offered
by the LSST survey over the next decade.

Our mid-IR active fraction was larger but within the uncertainty range of the active
fraction found by Secrest & Satyapal (2020) (0.09792°%) in a much smaller sample of
2197 dwarf galaxies with the main WISE photometry catalog. The optical variability
fraction that we find is also consistent with the active fraction of 0.15 £ 0.07% found for
dwarf galaxies of the same mass in PTF (Baldassare et al., 2020b).

The 90% fraction of WISE-selected AGN candidates which are variable in the mid-
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Figure 3.10: Legacy survey cutouts of 3 WISE IMBH candidates (a—c) and 2 ZTF IMBH
candidates (d—e) with host masses M, < 10%2M, and the candidate with
a FIRST radio detection (f, radio position overlaid in green circle). Blue
circles show the central position for WISE or ZTF forced photometry.
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IR but not the optical likely arises from a combination of line-of-sight obscuration of
nuclear optical emission due to the dusty torus and global obscuration from the host
galaxy. Obscuration of nuclear optical emission from AGN with detectable mid—IR
signatures has been observed for many Seyfert 2 galaxies (e.g. Annuar et al., 2015, 2017;
Goulding et al., 2011; Ricci et al., 2016). It is possible that the majority of our mid-IR
variable AGN in dwarf galaxies are Seyfert 2s with obscured optical variability which
are also not picked up by the BPT diagram due to the effects of their lower masses on
the optical emission line ratios. Line-of-sight obscuration of optical emission of WISE
candidates is supported by the fact that 7 of the 12 WISE—selected IMBH candidates with
bright BLRs were variable in both the mid-IR and the optical.

We note that only 5 of the 152 dwarf galaxies in common with the Baldassare et al.
(2020b) AGN candidate sample from PTF were variable in ZTF. This may be because
of the use of differing statistical criteria for variability classification. It may also be
the case that the longer 7 year baseline of the combined PTF and iPTF light curves
in Baldassare et al. (2020b) improved their sensitivity to AGN which vary on longer
timescales compared to shorter timescales. They indeed find that longer baseline data
has a much higher detectable variability fraction, increasing by a factor of 4 from 0.25%
for light curves with < 2 year baselines to 1% for light curves with > 2 year baselines.
By comparison, our procedure of using deep references and stacking to detect fainter
variability in more evenly—sampled, ~ 3 year baseline light curves may make us more
sensitive to variability on month to year long timescales, but may miss AGN with flux
changes over longer 2—7 year timescales. An alternative explanation may be that a large

fraction of low—mass AGN are state—changing AGN (e.g. Frederick et al., 2019) which
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can switch their optical variability on and off over the decade—long timescale of the PTF
and ZTF surveys. Indeed, Martinez-Palomera et al. (2020) found that the majority of
IMBH candidates with optical variability on hourly to daily timescales from the SIBLING
survey were not variable when observed again the following year.

81% of the ZTF-selected IMBH candidates were star—forming on the BPT diagram
and only 7 have been identified as AGN via their Balmer broad lines. Only 7 had been
identified in previous dwarf galaxy AGN searches and these were all via their optical
variability in SDSS or PTF. The non—AGN spectroscopic classifications of the majority
of the sources indicates that optical variability selection can find AGN in dwarf galaxies
which would be missed by other selection strategies.

Similarly, 100 (69%) of WISE—selected IMBH candidates were star—forming on the
BPT diagram and therefore would have been missed by classic spectroscopic selection
methods. 12 (8.1%) can be identified as AGN due to the presence of broad lines, 1
(0.63%) could have been found via radio emission alone, another 2 (1.27%) via the mid—
IR selection box and 1 (0.63%) via X-ray emission. We therefore see that ~ 70% of
candidates from mid—IR variability selection could likely not have been found through
other selection techniques. A higher fraction of the WISE—selected candidates are
BPT-AGN compared to optically—selected candidates, perhaps indicating that the AGN
emission lines of galaxies with mid—IR variability are less likely to be diluted by star
formation.

Both the ZTF—selected and WISE—selected AGN candidate host galaxies tend to
have higher masses and lower redshifts compared to the overall distributions of the host

galaxy sample, likely due to the higher luminosities of these AGN. However, our selection
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method is still capable of detecting AGN variability from dwarf galaxies with redshifts up
to z ~ 0.15 and stellar masses down to M, = 107'52M@. The virial masses for the AGN
candidates with broad lines go down to Mgy = 10>4%° M, and in most cases are lower
than the BH masses estimated from the Mgy — M, relation, indicating that our search
may have found MBHs which are undermassive for their hosts. We therefore conclude
that our variability—selection approach is useful for selecting AGN which can populate
the poorly sampled lower end of the Mgy — o, relation. Future work should take high
resolution spectra of our IMBH candidates for fitting of the velocity dispersion from the
stellar absorption lines to provide another independent estimate of the BH mass.

The discovery of 36 nuclear supernova candidates shows the usefulness of applying
simple statistics to ZTF forced photometry of large galaxy samples to find supernovae
candidates in dwarf galaxies. There are many motivations to study rates of supernovae
in dwarfs such as explaining the increase in the rate ratio of superluminous supernovae
to core collapse supernovae in low—mass galaxies and whether the increased metallicity
or specific star formation rates in dwarfs are the driving factor for this trend (Taggart &
Perley, 2021). It has also been found that the emerging class of fast blue optical transients
like AT2018cow are preferentially hosted by dwarf galaxies (Perley et al., 2021). Our
finding that 0.14% of dwarf galaxies contained nuclear supernovae during ZTF Phase-I
(corresponding to 0.05% per year) and that most SN were within redshifts of 0.02 < z <

0.055 may provide insights into these questions.
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3.11 Conclusions

In this paper we have presented a search for IMBH candidates by looking for
variable AGN in dwarf galaxies of stellar mass M, < 10%7 M in the optical and mid-IR.
We applied a new ZTF forced photometry pipeline to produce deep, high quality reference
images for image subtraction and made g- and r- band light curves of 25,714 dwarf
galaxies. These light curves were stacked in a range of time bins to improve sensitivity to
faint variability. We applied statistical cutoffs to find significant and correlated variability
between the two bands and found 36 supernova candidates and 44 AGN candidates. The
supernova fraction was 0.05 4= 0.01% year ! and the optically variable AGN fraction was
0.17 £ 0.03%.

To search for mid—IR variability we used Tractor forward modelled photometry
of time-resolved WISE coadds. We found 148 dwarf galaxies with significant and
correlated variability in the W1 and W2 bands after removing 14 supernovae. The mid—IR
variable AGN fraction was 0.19 + 0.02%.

We found that 81% of our ZTF AGN candidates would have been missed with
classical spectroscopic classification on the BPT diagram. Of our WISE candidates, 69%
would have been missed with spectroscopic classification and only 4 would have been
detected via radio or X-ray detection or the mid—IR color selection box. While our
candidates were slightly biased to low redshifts and high galaxy masses compared to the
parent dwarf galaxy sample, they were effective in identifying AGN with virial masses
as low as Mgy = 105 M, and in dwarf galaxies with stellar masses 1075 < M, <

108 M. We therefore conclude, in accordance with previous variability searches, that
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optical and mid—IR variability selection is effective for finding low—mass AGN in dwarf
galaxies which would be missed by other spectroscopic selection techniques.

After checking the ZTF photometry of the 152 dwarf galaxies in common between
our parent sample and the variability—selected AGN candidates from PTF (Baldassare
et al., 2020b) we found that only 5 continue to show variability in ZTF. The lack of
variability in our ZTF light curves may be due to the different baselines and sensitivities
of the two search strategies and the differing methods for finding AGN-like variability.

With more detailed imaging and spectroscopic analysis, our variability—selected
AGN candidates could help to populate the sparsely sampled end of the M, — o relation
and provide insights into black hole seed formation mechanisms, dwarf galaxy—black hole
co—evolution and the accretion states of low—mass AGN. Future work on these candidates
will include forward modeling of ZTF and DECam images to determine their positions
relative to their host galaxy nuclei and determine the off-nuclear fraction. The potential
for forward modeling of ZTF images to determine the position of a variable point source
relative to its host galaxy was demonstrated in Ward et al. (2021a) for recoiling SMBH
candidates and will provide a way to confirm the positions of IMBH candidates without
X-ray or radio detections.

These candidates are just the tip of the iceberg in the search for optically variable
AGN in dwarf galaxies, which will be greatly enhanced by the capabilities of the Legacy
Survey of Space and Time (LSST) at Vera C. Rubin Observatory (Ivezic et al., 2019)
over the next decade. The capacity of LSST to find fainter and more distant IMBHs in
dwarf galaxies via their variability will tighten the constraints we can place on black hole
seeding channels and the efficiency of massive BH growth.
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Chapter 4: Optically variable double-peaked emitters in ZTF:
Understanding the AGN populations which mimic SMBH

binary behavior

4.1 Overview

A fraction of active galactic nuclei (AGN) have double—peaked Balmer broad lines
in their optical spectra thought to originate from the motion of gas in their accretion disk.
It is important to characterize double—peaked emitters (DPEs) because they can mimic
the kinematic and variability signatures of supermassive black hole (SMBH) binaries. In
this chapter I present a sample of 299 optically variable DPEs which have light curves
from the Zwicky Transient Facility (ZTF) with >3 year baselines. Our sample increases
the number of known DPEs by a factor of ~2. We find that 16% of variable broad line
AGN in ZTF have double—peaked broad lines and that these are 1.6 times more likely to
have detectable radio signatures at 2—4 GHz. We show that a number of optical and mid—
IR DPE light curves exhibit apparently periodic behavior or chirping signals, where the
frequency of sinusoidal variability increases or decreases with time, and discuss how this
arises naturally from their power spectra. We show that DPE light curves have slightly

steeper power spectra than their standard broad line counterparts and are ~1.5 times
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more likely to have a low frequency turnover. We also model the ZTF time series with
damped random walk models to refute previous findings that DPEs have characteristic
timescales which are 2.7 times longer than standard broad line AGN. We discuss how
the minor variability differences between DPEs and other broad line AGN may simply
arise from the higher masses of the DPE population. Finally, we find that ~50% of the
DPEs display dramatic changes in the relative fluxes of their red and blue peaks over long
10 —20 year timescales. We also show that a larger fraction of DPEs have very steep, blue
spectroscopic continua than standard broad line AGN. Finally, we compare the variability
and spectroscopic properties of the ZTF DPE population with the recently discovered
inspiraling SMBH binary candidate SDSSJ1430+2303 (ZTF18aarippg) and find that it is

likely to be one of many single disk—emitting AGN in ZTF.

4.2 Introduction

The efficient 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 small number of active galactic nuclei (AGN) pairs at separations of tens of
parsecs to kiloparsecs (see Section 1.3.1, and De Rosa et al., 2019, for a summary),
providing evidence of AGN triggering by gas—rich galaxy mergers (e.g. Foreman et al.,
2009; Satyapal et al., 2014, 2017; Weston et al., 2017). There are, however, no
confirmed binaries at separations < 1072 pc, the regime where gravitational wave (GW)
emission drives sufficient angular momentum loss to lead to SMBH coalescence (Kelley

et al., 2017; Merritt & Milosavljevi¢, 2005; Milosavljevi¢ & Merritt, 2003; Rajagopal
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& Romani, 1995). As sub—pc SMBH separations cannot be resolved even by very
long baseline interferometry (VLBI), searches for SMBH binaries in the GW emitting
regime have centered on either variability at optical and X-ray wavelengths, or kinematic
signatures from spectroscopy of Balmer broad line emission (see Section 1.3.2, and
Bogdanovi¢, 2015; Komossa & Zensus, 2014, for a review). Spectroscopic SMBH binary
searches aim to find velocity—offset broad lines as kinematic signatures of orbiting AGN
BLRs in an SMBH binary.

The majority of AGN with double—peaked broad Ha and H3 profiles are not SMBH
binaries (see Doan et al., 2020, for a review). In summary, many candidates with double—
peaked Ha profiles have single—peaked Ly« lines, which would not be expected for two
separately emitting single disks (Eracleous et al., 2009; O’Brien et al., 1998; Storchi-
Bergmann et al., 2003); the orbital velocities are often smaller than the velocity of the
gas in the single disks, which is not possible in the SMBH binary picture (Nguyen et al.,
2018; Shen & Loeb, 2010); and reverberation studies find <3 day delays between blue
and red peaks instead of the expected month to year long timescales expected for a sub—
pc separation binary (Dietrich & Wagner, 1998; Shapovalova et al., 2013; Shen & Loeb,
2010). This is consistent with predictions of low rates of detectable kinematic SMBH
binary signatures (Ju et al., 2013; Kelley, 2020; Pflueger et al., 2018). Asymmetric or
velocity—shifted broad line profiles can also alternatively arise due to the presence of
outflows and in response to fluctuations in the continuum (Barth et al., 2015; Liu et al.,
2016a,c; Popovic, 2011).

DPEs are a common source of contamination in kinematic searches for SMBH

binaries due to their time-varying, velocity—offset broad Balmer peaks (see Section 1.2.5).
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Many DPEs show substantial changes in the relative flux of the blue and red peaks over
timescales of years to decades which is well modeled by the rotation of spiral arms or
hotspots in the disk (Gezari et al., 2007; Lewis et al., 2010; Schimoia et al., 2012, 2017,
Storchi-Bergmann et al., 2002). Other DPEs have had double—peaked profiles materialize
after being previously undetectable (Halpern & Eracleous, 1994; Storchi-Bergmann et al.,
2003), perhaps due to formation of a disk after tidal disruption of a star (Bogdanovi¢ et al.,
2004). Some DPEs also show transient spectroscopic phenomena such as the appearance
of sharp, small peaks near the shoulders of the broad Ha and H/3 profiles (e.g. Eracleous
et al., 1997a; Shapovalova et al., 2001) which may arise due to shocks or other local
motions in the disk or microlensing by host galaxy stars (Abajas et al., 2002; Popovié¢
et al., 2001).

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).
As discussed in Section 1.2.5, double—peaked profiles 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. They are also associated with large black hole mass, massive bulge, radio—
loud elliptical hosts (Eracleous & Halpern, 1994). For example, Eracleous & Halpern
(2003) found that 20% of 106 radio—loud AGN were DPEs, while Strateva et al. (2003)
determined that double—peaked emitters are 1.6 times more likely to be radio sources.
41% of the Strateva et al. (2003) AGN were detected in the soft X-rays in the ROSAT
All-Sky Survey, compared to 28% of the broad line AGN parent sample. Zhang &

Feng (2017) found that that the optical variability properties of DPEs differed from
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other broad line AGN, having DRW characteristic timescales 2.7x larger than a control
sample in CSS and SDSS light curves. Two component disk—wind AGN models may
explain the higher relative luminosity of double—peaked structures to broad line gas in
low—luminosity AGN compared to standard Seyfert 1 nuclei (Elitzur et al., 2014; Storchi-
Bergmann et al., 2016, see Sections 1.2.4 and 1.2.5).

There has been renewed interested in variability and kinematic selection of SMBH
binary candidates with the discovery of SDSSJ1430+2303 (ZTF18aarippg), an AGN
showing a decaying optical period over 4 cycles in a 3 year Zwicky Transient Facility
(ZTF) light curve, and double—peaked broad lines with a redshifted ~ 4600 km s~! and a
blueshifted ~ 4000 km s~! component (Jiang et al., 2022). This variable DPE has been
interpreted as an uneven mass-ratio, highly eccentric SMBH binary which will merge
within three years. In this chapter we present a larger sample of 299 optically variable
DPEs, spectroscopically selected from a larger sample of variable AGN observed over
> 3 years by ZTF. ZTF has presented us with a new opportunity to compare the variability
properties of a large sample of DPEs and standard broad line AGN with a consistent,
evenly sampled, long baseline data set, allowing us to better characterize the larger DPE
population. This will not only shed further light on the differences between DPEs and
other AGN, but help to inform best practices for false positive removal in SMBH binary
searches which may be contaminated by apparently periodic DPEs.

In Section 4.3.1 we describe the selection of optically variable broad line AGN in
ZTFE. In Section 4.3.2 we describe the spectroscopic criteria used to identify the sub—
sample of DPEs amongst the optically variable ZTF AGN. We also present three new

DPEs which do not have archival spectra in SDSS. In Section 4.3.3 we characterize
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the variability properties of the DPEs compared to the remaining broad line AGN,
showing that they have slightly steeper power spectra and longer characteristic timescales
compared to standard AGN. We also show the frequent presence of dust echoes with
a range of time delays, and the common occurrence of apparently periodic behavior or
chirping signals (where frequency increases or decreases over time) in sections of the
DPE light curves. In Section 4.3.4 we present spectroscopic monitoring of selected DPEs,
showing that 50% exhibit large changes in the relative flux of the red and blue peaks over
decade-long timescales. In Section 4.4, we discuss the differences between the DPE
and control AGN populations in light of the viewing angle and disk—wind explanations
for DPEs. We discuss the ways that DPE light curves and spectra mimic SMBH binary
candidates in light of imminent merger candidate SDSSJ1430+2303 and conclude that
SDSSJ1430+42303 is not likely to be special amongst the larger DPE population. We

summarize our conclusions in Section 4.5.

4.3 Methods and Results

4.3.1 Selection of variable AGN in ZTF with visible Balmer broad lines

Our selection strategy to find variable AGN in ZTF was described in detail in
Chapter 2 but will be summarized again here. We detected AGN variability amongst
other transient phenomena in the ZTF alert stream (Masci et al., 2019; Patterson et al.,
2019) by implementing a filter with the alert broker and analysis framework AMPEL
(Alert Management, Photometry and Evaluation of Lightcurves; Nordin et al., 2019a).

We applied a cut of < 0.8 on the star—galaxy score (Tachibana & Miller, 2018) to find
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variable objects associated with galaxies, and a cut of < 0.3 on the real-bogus score
(Duev et al., 2019; Mahabal et al., 2019) to remove erroneous detections arising from poor
quality images and subtractions. We removed objects in busy stellar fields by checking
there were no more than 30 Gaia objects and 100 PanSTARRS objects within a 15 radius
using crossmatching software cat sHTM (Soumagnac & Ofek, 2018). We also required
at least 3 significant detections > (.01 days apart.

To select AGN and remove supernovae within the AMPEL filter, we required that
our transients either match an object in a series of AGN catalogs or have variability
more characteristic of an AGN than a supernova. We used cat sHTM and Extcats!
to crossmatch with a 2” radius to 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 classified as a star (Miller et al., 2017) and had > 5 detections over > 24 hours. For
sources which did not have an AGN catalog crossmatch, we modeled their full ZTF light
curve history with the ‘salt2” SN Ia model (SNCOSMO; Barbary et al., 2016)) and a model
of the average SDSS quasar structure function (Butler & Bloom, 2011). We required
that the quasar model provide a better fit to the data than the SN model based on the >
statistic.

Objects which passed either the AGN catalog crossmatch criteria or the light
curve fitting criteria were pushed to the GROWTH Marshal science portal for

arrangement of spectroscopic followup (Kasliwal et al., 2019). The AGN candidates

Thttps://github.com/MatteoGiomi/extcats
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were then confirmed either with existing SDSS spectroscopic classifications, 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 used the criteria W1 — W2 > 0.662 exp {0.232(W2 — 13.97)?}
(Assef et al., 2013), and to classify AGN based on significant variability in their WISE
light curve we required the x? relative to a flat light curve to satisfy x?/dof > 10.

We applied this procedure to ZTF alerts from a 2.5 year period between 2018-
01-01 to 2020-07-06 and obtained a sample of 5493 strongly variable ZTF AGN with
spectroscopic or WISE color/variability confirmation. We then crossmatched to the
SDSS DRI16 spectroscopic catalog and selected all objects of the ‘GALAXY AGN
BROADLINE’ and ‘QSO BROADLINE’ class to obtain a sub—sample of 1923 optically

variable AGN in ZTF with Balmer broad lines.

4.3.2 Spectroscopic selection of DPE sub—sample

In order to find the AGN with double—peaked broad lines amongst the sample
of 1923 broadline AGN, we used Penalized Pixel Fitting (pPXF) (Cappellari, 2017;
Cappellari & Emsellem, 2004) to model the archival SDSS spectra of the AGN. This
method models the emission lines while simultaneously finding the best fit stellar
continuum and absorption model using a large sample of high resolution templates of
single stellar populations adjusted to match the spectral resolution of the input spectrum.

We used pPXF to fit two different models. In both cases we fit the narrow Ha,

Hp, Hy, Ho, [STI] A6717, 6731, [N 11] A6550, 6575, [O1] A6302, 6366 and [O 111] A5007,
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4959 narrow emission lines along with a stellar continuum. In the first model the spectrum
was fit with single broad Ha and H/3 lines with velocities tied to the corresponding narrow
lines. In the second model the spectrum was instead fit with 3 Balmer broad lines: one
with central velocity tied to the narrow Balmer lines, one with a velocity up to 6000 km
s~ ! relative to the narrow lines, and one with a velocity down to -6000 km s~!. The widths
of the 3 broad lines were not tied to each other.

To find double—peaked emitters from the fits of these two models, we required the
x? improvement from the multiple broad line model compared to the single broad line
model to be > 250. Then to be considered a confident double—peaked emitter candidate
the two velocity—offset Ha broad lines were each required to have peak flux densities of
> 33% of the narrow Ha line and to have a velocity > 500 km s~! from the narrow line
velocity. As the effectiveness of this criteria depended on the relative brightness of narrow
and broad lines, and the width of the broad line region, we visually inspected the 275
candidates found via this criteria and rejected 82, leaving 193 double—peaked emitters.
We then visually inspected the remaining 1648 spectra to find any objects which may
have missed by the criteria. We found 106 double—peaked spectra which were missed by
the automatic classification scheme.

We found that 299 of 1923, or ~ 16%, of the variable broad line AGN sample from
ZTF are DPEs based on their archival SDSS spectra. The DPEs found by our selection
criteria are shown in Table 4.1. Examples of multi—-Gaussian fits to the Ha spectra of
the 26 DPEs with the brightest double—peaked broad lines relative to the flux of the Ha
narrow line are shown in Section 4.6. The redshifts, maximum g—band magnitudes and

estimated virial black hole masses of the two samples are summarized in Figure 4.1.
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The samples are similarly distributed in redshift, but DPEs reach brighter magnitudes
on average than their standard broad line counterparts and have larger estimated virial

masses. We will revisit the differing mass distributions in Section 4.3.3.4.
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4.3.3 Variability properties of DPEs and other broad line AGN

4.3.3.1 Construction of optical and mid-IR light curves

In order to produce light curves of the DPEs and AGN control sample using both
positive and negative photometry from ZTF difference imaging, we used the ZTF forced
photometry service (Masci et al., 2019). After removing poor quality images by requiring
the procstatus flag be = 0, we measured the baseline flux from the reference images,
applied zeropoints, and combined the baseline and single epoch fluxes to produce g- and
r-band light curves of the two samples.

Notable optical light curves of selected DPEs are shown in Figure 4.2.
ZTF18aarippg, the previously reported candidate for an inspiraling SMBH binary (Jiang
et al., 2022) is not the only DPE light curve to display chirping signals in a section of the
optical light curve. ZTF18aaznjgn also displays a ringdown signal with decreasing period
and peak flux over 4 cycles during a 1300 day period. The first year of the ZTF18aaylbyr
light curve shows the opposite: 3 cycles of increasing period and flux, before reverting
to more complex variability. Many DPE light curves show quasi—periodic behaviour
with 3—4 cycles of an approximately 8 month to 1 year period (e.g. ZTF18aalslhk and
ZTF18aakehue).

The AGN and DPE samples also had mid—IR light curves available from the WISE
mission. WISE mapped the sky in the W1 (3.4um) and W2 (4.6pm) bands with 6 month
cadence over an 8 year baseline between the initial observations in 2010, the Near—

Earth Object Wide—field Infrared Survey Explorer mission from 2010-2011 (NEOWISE;

168



I Control sample 7]

{7 DPEs

B Control sample  #
0.6 22% DPEs

051
041
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Figure 4.1: Distribution of redshift, maximum g-band magnitude from the ZTF light
curve, and estimated virial mass from Ho (2008) for the DPE sample and
the broad line AGN control sample. We note that the virial masses of the
DPEs may be overestimated based on arguments made in Section 4.3.3.4.
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Mainzer et al., 2011b) and the reactivation mission beginning in 2013 (NEOWISE-R;
Mainzer et al., 2014). To obtain sensitive mid—IR light curves of the samples, we made
use of forward modelled photometry of time—resolved WISE coadds (Meisner et al., 2018)
made available through Data Release 9° of the DESI imaging Legacy Survey (Dey et al.,
2019a). This provided high quality light curves of approximately 15 flux measurements
in W1 and W2 measured over ~ 8 years.

The mid-IR light curves of selected DPEs are also shown in Figure 4.2. In a number
of cases, the WISE light curves show the presence of mid—IR dust echoes with delays of
~ 200 days relative to the optical (e.g. ZTF18aaznjgn, ZTF18acvcadu). In other cases the
delays appear to be very long, on timescales of > 1000 days (e.g. ZTF18abzweee). For a
large fraction of cases, the WISE light curve follows the long term variation of the optical
light curve, but does not echo shorter timescale (<1 year) variability (e.g. ZTF18aalslhk,

ZTF18aarippg, ZTF18abxxohm).

4.3.3.2 Power spectra analysis

To prepare the light curves for power spectra production we first removed low—
significance observations with uncertainties >10 times the median uncertainty. To reduce
outliers from observations with poor photometric calibration due to cloud coverage and
moon contamination, we normalized the fluxes by the best—fit linear trend and removed
data which deviated by more than 7 median absolute deviations.

We next binned the data to uniform time bins with full width 7.0 d. For each bin we

estimated the mean flux as the uncertainty—weighted sum of the individual fluxes. The

https://www.legacysurvey.org/dr9/catalogs/
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Figure 4.2: ZTF and WISE light curves of notable DPEs. The left y—axes display the ZTF
magnitudes while the right y—axes display the WISE magnitudes.
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binned measurements were more robust against single—observation outliers, so we further
filtered out flux points which differed from the resulting mean values by >5¢, where
o refers to the uncertainty on the average flux obtained by propagation of uncertainty.
We did this iteratively until no individual outliers remained. We next eliminated bins
with large flux uncertainties, > 10 times the median, typically those which contain
only a single low—significance observation. To identify outlying time bins, we computed
the difference in mean flux between each bin and its neighbors, computed the standard
deviation of this population of differences, and removed any time bins with a difference
greater than 5 standard deviations. The resulting gridded light curves generally retained
>90% of the original data, and the most obvious outliers are automatically removed.

We computed the power spectral density with a generalized least squares method
following the approach of Coles et al. (2011). Specifically, we adopted a model for the
data in the time domain, F'(t) = Fy + Fi(t — to) + Z,iv ko sin(2rk(t — to)/T) +
by cos(2mk(t — t0)/T'), with T the total data span. The model therefore comprises a
mean flux, a linear flux ramp, and a Fourier series with coefficents a; and b, describing
the variability. To constrain the many degrees of freedom, we assumed a model for the
power spectral density (PSD, P(f, \)) and that the Fourier coefficients were distributed
as a normal distribution with width \/(P) /2. Our models for P(f) included a power
law (PL), a power law with an additional white noise component (WN), a broken power
law + white noise (BPL), and a power law + white noise with an additional gaussian
component (Gauss). To determine the parameters of these models along with the time—
domain components Fj, F), and the Fourier coefficients, we used generalized least
squares optimization. We selected Vi, the number of Fourier components, as half of the
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number of data points, such that the highest frequency N, /T was the Nyquist frequency.
The resulting fit provided estimates of the PSD parameters, the PSD itself (via the Fourier
components), and the total log likelihood for the model. Examples of 4 DPE light curves
and their corresponding power spectra are shown in Figure 4.3. The plots show the fits of
the WN, BPL and Gauss models.

For comparison, we additionally estimated a model independent power spectral
density using Welch’s method, based on the weighted, overlapped sum of Hann-—
windowed Fourier transforms. Our choice of 128 data points per segment reduced
noise while retaining reasonable sensitivity to low—frequency power. The PSD estimate
obtained in this way is shown in orange solid lines in the power spectra plots of Figure
4.3.

The spectra shown in Figure 4.3 demonstrate how a high frequency turnover is
required in a fraction of cases in order to model an intrinsic white noise component above
the noise level naturally arising from flux uncertainties in the light curve shown in gray.
ZTF18aacjtlo is an example of a DPE with a clear high frequency turnover. In other
cases, the power law reaches the noise level before the intrinsic AGN white noise induces
a high frequency turnover. The spectral indices of the PSDs have a large range from
~ 1to ~ 3, and whether a high frequency turnover is required depends somewhat on the
spectral index. Some objects, such as ZTF18aaklvii, have steep spectral indices > 2.5 and
reach the light curve’s noise level at frequencies of ~ 100 year~'. Others, such as quasi—
periodic ZTF18aaadgxi, have very shallow power spectra with spectral indices < 2.0 and
do not reach the noise level at high frequencies.

The distribution of the power law spectral indices vs the PSD amplitude at one
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year based on fits of the WN model to the r- and g-band power spectra of the two
different populations is shown in Figure 4.4. The scatter plot shows that spectral indices
tend to be steeper for objects with larger PSD amplitudes, and that the g-band power
spectra have larger PSD amplitudes than the r-band power spectra. The histograms of
both spectral index and PSD amplitude for the DPE population are shifted to slightly
larger values relative to the histograms derived from the control AGN population, with
median spectral indices vy, = 2.07 &= 0.35 (g-band) and ~, = 2.06 & 0.36 (r-band) and
median PSD amplitudes A, = —2.29 £ 0.44 (g-band) and A, = —2.77 £ 0.44, where
the uncertainties are the median absolute deviations describing the range of values over
the DPE population. By comparison the control AGN sample had median spectral indices
v = 1.96 = 0.36 (g-band) and -, = 1.94 4= 0.98 (r-band) and median PSD amplitudes
Ay = —2.48 4+ 0.49 (g-band) and A, = —2.91 + 0.71 (r-band). The histograms in Figure
4.4 illustrate the shift of ~ (0.1 between the spectral indices of the two samples.

A fraction of DPE and AGN power spectra exhibited low frequency turnovers,
which were sometimes associated with periodic or chirping behavior in the light curves.
Examples of 4 quasi—periodic DPEs and their power spectra are shown in Figure 4.5.
In most cases, the low frequency turnover was captured either by the broken power law
model, where the low frequency power law component had a substantially lower spectral
index than the high frequency power law component, or the Gaussian bump model, where
an additional bump at frequencies < 4 yr—! fitted the low frequency shelf of the power
spectrum.

In order to compare the fraction of DPEs and control AGN with high and low

frequency turnovers, we compared the best—fit log likelihoods of the 4 different models

174



to find cases where there was sufficient evidence that a white noise, broken power law, or
Gaussian component was required to improve the fit. The power law (PL) and PL+WN
models are nested and satisfy the criteria of Wilks’ Theorem such that 2A log £ ~ x?
in the null hypothesis, and thus we can reject the null hypothesis with 95% confidence
(20) when AL > 1.92. None of the remaining models satisfy Wilks’ Theorem when all
parameters are allowed to vary. Nonetheless, for the remaining models, we may assume
a x? distribution in Alog £ to obtain approximate thresholds for 2o evidence for the
extra model component when compared to WN: BPL with two additional parameters
is preferred when Alog £ > 3.0, and Gauss is preferred at Alog £ > 3.91 for three
additional degrees of freedom.

We use the above thresholds to determine the fraction of DPEs and AGN which
have significantly improved fits due to the extra model components. The cumulative
distribution functions of A log £ for 3 different model comparisons are shown in Figure
4.6. To determine the fraction of DPEs and AGN which have a significant high frequency
turnover we may reference Figure 4.6 a), while the fraction of DPEs and AGN needing
low frequency turnovers can be estimated from the BPL and Gauss models shown in
Figures 4.6 b) and c).

In Table 4.2 we list the fraction of AGN or DPE power spectra with > 20
evidence for the model’s extra component. We find that only a slightly higher fraction
of DPEs require a high frequency turnover compared to the AGN control sample, and
this difference is most prominent for the r-band light curves, where 8% of DPEs have
evidence of an additional intrinsic white noise component compared to 5% of AGN. A

slightly larger fraction of DPEs also show evidence of a low frequency turnover, with
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20% of DPEs requiring a broken power law (in comparison to 13% of AGN) and 16% of
DPE power spectra fits being improved by a Gaussian bump (in comparison to 11% of
AGN). Ultimately, the CDFs in Figure 4.6 show only small differences between the two
populations, indicating that DPEs are only slightly more likely to have high frequency or

low frequency turnovers.

Table 4.2: Fractions of DPE and AGN populations with > 20 evidence for the first model
over the second model listed in Column 1.

Model DPE-g DPE-r AGN-g AGN-r
WNvsPL 0.04 0.08 0.03 0.05
BPLvs WN  0.22 0.20 0.18 0.13
Gauss vs WN  0.15 0.16 0.14 0.11

4.3.3.3 Time series analysis

Our findings that DPEs have steeper power spectra and larger PSD amplitudes, and
are slightly more likely to have both high and low frequency turnovers, are not necessarily
consistent with the previous finding of Zhang & Feng (2017) that DPEs have characteristic
timescales ~ 2.7x longer than other AGN from direct fitting of damped random walk
models to light curves. In order to compare our results more directly with this study,
we repeated the analysis demonstrated by Zhang & Feng (2017) for our ZTF dataset by
fitting the g-band ZTF light curves with a damped random walk process to estimate the
relaxation or characteristic timescale 7 (the timescale at which the light curve becomes
uncorrelated) and o (the variance of the light curve at timescales shorter than 7) of the

light curves. We used the MCMC-based javelin software®, which has been used to

3https://github.com/legolason/javelin-1
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Figure 4.3: Four DPE power spectra examples selected to display the range of power law
spectral indices and high frequency turnovers observed in the sample. Left:
The g- and r-band relative flux vs time from ZTF; Center: The power
spectra of the g-band light curve (green), the Welch periodogram (orange),
the best fit power law + white noise model (blue dashed), the best fit power
law + Gaussian bump model (blue dot—dash), best fit broken power law model
(blue dotted and noise range estimate (gray shaded); Right : The same as
above but for the r-band light curve.
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Figure 4.4: Left : Distribution of power law index and power spectral density amplitude
at a 1 year period for the DPE and control AGN samples. DPEs are shown
with circles while AGN are shown with triangles. The g-band spectral indices
are shown on a different x—axis axis to the r-band spectral indices for clarity.
Right : Distribution of power law index from the best-fit power law + white
noise model for the DPE and AGN control samples based on separate analysis
of the two bands. DPEs tend to have power spectral indices approximately 0.1
larger than the AGN control sample.

measure variability timescales of AGN light curves from OGLE, SDSS and CSS (Zhang
& Feng, 2017; Zu et al., 2013). We implemented javelin continuum modelling with
200 walkers, 300 chains and 100 burn—in iterations for parameters in the range 0.01 <
T <2 x 10%days and 0 < 0 < 1 x 10® mag days"° on the g-band ZTF lightcurves of
the DPEs and the AGN control sample to find the posterior distributions for 7 and o.

The distributions of 7 and o for the two populations in ZTF based on the DRW
fits are shown in Figure 4.7. We find that the ZTF DPE light curves have characteristic
timescales slightly larger than the control sample on average, with median values of
log 7 = 5.2840.75 and log 7 = 5.06+0.77 respectively, where the uncertainties are given
by the median absolute deviation of the parameter over the whole sample. The DPEs also
have slightly larger variance at high frequencies of logo = —1.50 4 0.32 compared to

the control sample variance of logo = —1.71 4+ 0.36. We note that the uncertainties
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Figure 4.5: Four DPE examples selected to illustrate how low frequency turnovers arise
for periodic and chirping sources, and how the Gaussian bump and broken
power law models can pick up on these low frequency turnovers. Left: The
g- and r-band relative flux vs time; Center: The power spectra of the g-
band light curve (green), the Welch periodogram (orange), the best fit power
law + white noise model (blue dashed), the best fit power law + Gaussian
bump model (blue dot—dash), best fit broken power law model (blue dotted
and noise range estimate (gray shaded); Right : The same as above but for
the r-band light curve.
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are large here because the parameters have a large range of values over the populations,
and that the histograms show the nature of the differences between the distributions more
thoroughly. The differences in characteristic timescale that we observe between the two
populations are much more modest than those found by Zhang & Feng (2017), where
they measured typical DPE characteristic timescales of log 7 = 5.8 and standard broad
line AGN timescales of log 7 = 4.8. The 7 distributions of their DPE and AGN samples
were much less consistent with each other than ours are (see Figure 5 from Zhang & Feng,

2017).

4.3.3.4 TImpact of black hole mass on variability properties

There is well known positive correlation between AGN mass and characteristic
timescale (see Section 1.2.6 Burke et al., 2021; Kelly et al., 2009). It is therefore important
to determine if the longer characteristic timescales and steeper power spectra of the DPE
light curve sample arises simply because they have larger masses than the control AGN

sample. Virial mass measurements can be obtained from broad line AGN according to:

5 2
Mpn(RM) = f % (4.1)

where R is the broad line radius, 0V is the width of the broad line and f is a
coefficient which depends on the kinematics and inclination angle of the broad line
region. Unfortunately, it is challenging to measure V', and therefore the virial masses
of DPEs, as their broad lines are a mixture of a central wind component (from which

masses are usually measured) and a broader disk component. The virial masses for
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Figure 4.7: Distribution of damped random walk parameters 7 (characteristic timescale)
and o (high frequency noise amplitude) from MCMC modeling of g-band
ZTF light curves of the DPE and control AGN samples.
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the two samples calculated by Ho (2008) and plotted in Figure 4.1 were obtained from
broad line width measurements without consideration of the additional double—peaked
component. As DPE broad line structures have twice the FWHM of radio—loud broad
line AGN on average (Eracleous & Halpern, 1994; Eracleous et al., 1997b; Ho et al.,
2000) the viral masses may therefore be overestimating the DPE mass by a factor of ~ 4.
If this is the case for our ZTF DPEs, the mass distributions of the two samples would in
fact have approximately the same distribution, and our findings of different characteristic
timescales and power spectral indices between the two samples would not be attributable
to mass differences alone. However, if we take the (Ho, 2008) mass measurements as is
(without consideration of the broad double—peaked component’s additional contribution
to 0V') and compare the distributions of 7 and ~ for a mass—matched control sample,
the 7 and o differences between the two samples no longer hold (Figure 4.9). This
finding differs from Zhang & Feng (2017), where they found that the substantially
larger characteristic timescales of DPE light curves over control AGN light curves were
maintained even when a mass—matched AGN control sample based on Ho (2008) mass

estimates was used for comparison.

4.3.4 Spectroscopic monitoring of DPEs

We obtained follow—up spectra of 10 DPEs with the DeVeny spectrograph on
the Lowell Discovery Telescope using a 1.5” slit, central wavelength of 5700 A, a
spectroscopic coverage of 3600-8000 A and total exposure times ranging from 1000—

3000 s. Comparisons between recent LDT and archival SDSS spectra, with time intervals
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Figure 4.9: Distributions of virial black hole mass (left) and damped random walk
parameters o (high frequency noise amplitude, center) and 7 (characteristic
timescale, right) from MCMC modeling of DPE and a mass—matched control
AGN sub-sample.

ranging from 13-18 years, are shown in Figure 4.10.

5 of the 10 objects show substantial changes in the relative fluxes of the two
shoulders. ZTF19aarlffl, which had a bright blue shoulder in 2004, instead exhibited
a prominent red shoulder in 2021. ZTF18aalslhl, which had a brighter red than blue
shoulder in 2004, had a brighter blue shoulder in 2021. ZTF18aarywbt and ZTF18aalslhk,
which had bright blue and red shoulders in 2005 and 2004 respectively, recently exhibited
only blue shoulders with a smoother shape. ZTF18aarippg recently had prominent blue
and red shoulders and high velocity when it previously only had a fainter blue shoulder,
as noted by Jiang et al. (2022). Such substantial variations in relative flux of the blue and
red shoulders have been noted in many other DPEs such as NGC 1097, NGC 7213, 3C
59 and 1E 0450.3-1817 and have been modeled by precession of hotspots and spiral arms
(Gezari et al., 2007; Lewis et al., 2010; Schimoia et al., 2012, 2017; Storchi-Bergmann

et al., 2002).
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We took 4-6 LDT spectra each of ZTF18aaymybb, ZTFI18abxxohm and
ZTF19aagwzod during 2018 to 2021 to search for changes to the profiles on the timescales
of months to a year. These spectra are shown in Figure 4.11. ZTF18aaymybb and
ZTF19aagwzod do not show significant changes in the flux of the blue and red shoulders
relative to one another or the narrow Ha and Hf lines. In 2018 we observed small spiky
structures on the red shoulder of ZTF18aaymybb, which may arise due to shocks are
local disk motions (Gezari et al., 2007; Lewis et al., 2010). ZTF18abxxohm exhibited a
gradual decrease in the broad shoulder fluxes relative to the narrow emission lines over an
18 month period. The peak velocities of the broad shoulders only vary by a few hundred
km s~! over the course of the 18 months. Velocity variations of this scale are attributable
to radial velocity jitter arising from fluctuations in the continuum which illuminates the
broad line gas (Barth et al., 2015; Doan et al., 2020; Guo et al., 2019).

The distributions of blue and red shoulder peak velocities obtained from archival
SDSS spectra of the full DPE sample from ZTF are shown in Figure 4.12. Because we
have included the 106 DPEs identified by eye as having strong red or blue shoulders,
each distribution has values down to the narrow line rest velocity arising from candidates
with only one prominent shoulder. The blue shoulder velocity of the population peaks at
Ay ~ —1800 while the red shoulder velocity peaks at A\, ~ 1000. For comparison, we
plot in the background the shoulder velocity distributions from another spectroscopically
classified DPE sample (Strateva et al., 2003), which has a higher fraction of DPEs with
> 3000 kms~! shoulder velocities and a larger median red shoulder velocity. The smaller
shoulder velocities of the ZTF DPE sample arise from our selection strategy, which was

designed to find not only the classical LLAGN DPEs, but also the Seyfert 1 AGN with a

186



®
£ H ‘{ ) Mk 2005-05-04
E /
Ve T
/ wf e | ] i ing Wi
S SPU S i . MR WA s o *

~15000-10000-5000 0 5000 10000 15000
Velocity (km/s)

Ho: ZTF18aatxsvu

~15000-10000-5000 0 5000 10000 15000
Velocity (km/s)

Ha: ZTF18aaylbyr

~15000-10000-5000 0 5000 10000 15000
Velocity (km/s)

Ha: ZTF18aalslhk

~15006-10000-5000 0 5000 10600 15000
Velocity (km/s)

Ho:: ZTF18aarippg

glss— Elzs : | /JM
! ﬂ 2004-03-20 v 2 g jhl 2000110 /ﬂw N‘%}P 2005-04-14
e WWU%%' il il oS \w}m@w\ - MM ”“Ww

~15000-10000-5000 0 5000 10000 15000
Velocity (km/s)

Ho: ZTF19aarlffl

~15000-10000-5000 0 5000 10000 15000
Velocity (km/s)

Ha: ZTF19acbvtcx

MM

2022°03-09

20000 —10000

Velocity

0 10000 20000
(kmys)

HpB: ZTF18aaznjgn

~15000-10000-5000 0 5000 10000 15000
Velocity (km/s)

Ha: ZTF18aarywbt

~15000-10000-5000 0 5000 10000 15000
jelocity (km/s)

Ha: ZTF18acqtdnj

375 d
o] WA

~20000 10000

Vel

) 1

locity (km/s)

0000 20000

Hp: ZTF18aaklvii
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187



zd iz S N ERPFE]
140 z z
U 50 60
120 2020-12-06
50
40
100 20
B 210415
£ g B
£ 20T 2 240
PR 230 P
£ = H
30
60 M’V/J
2
20
10
810
W 10 10
20 2018-09-13 2019-10-25 2020-01-23
~T0000 5000 [ 5000 T0000 —10000 —7500 —5000 —2500 0 2500 5000 7500 —10000 —7500 —5000 —2500 0 200 5000 7500 10000
Velocity (km/s) Velocity (kin/s) Velocity (k/s)
70 2 = = = S 1S
" 50
60 2020-12-06
10
M W .
2020-10-11
50
5
WW w "
£ 0 aporoms g
; ; 20
5] 5]
-5
. MJ\WUMW}W !
=10
o W 1
0
2018-09-13 2020-01-23
0] WMWMW =150 9019-10-25 WM
—10
~10000 5000 5000 0000 TH00 2300 0 2500 5000 7500 10000 5000 —2500 0 2500 5000 7500 10000

Velocity (km/s)

ZTF18aaymybb

Velocity (km/s)

ZTF18abxxohm

Velocity (km/s)

ZTF19aagwzod
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broad Gaussian wind component in addition to the double—peaked disk component, and
with shoulders down to small disk inclination angles where the two peaks have smaller
separations. On Figure 4.12 we also overplot the velocities measured from recent follow—
up spectra of our three new DPEs and the inspiraling SMBH candidate ZTF19aarippg
with vertical lines. We note that the velocities of ZTF18aaymybb (\, ~ —4800 and
A ~ 7000) and ZTF18aarippg (A, ~ —4600 and A\, ~ 4000) are well in the tails of both
the ZTF and Strateva et al. (2003) populations, and are more comparable to canonical
LINER DPEs with a minimal central broad line component and large shoulder velocities.
We note that the red shoulder velocity of ZTF18aaymybb is slightly larger than the highest
shoulder velocity presented in the Strateva et al. (2003) sample.

After a number of follow—up spectra of flaring DPEs revealed that many had steep
and blue optical continua, we undertook a comparison of the archival SDSS spectra of the
DPE sample and the control AGN sample to see if there were any differences between the
optical continua of the two populations. We first subtracted the emission lines fit by pPXF
to obtain the continuum for each control AGN and DPE, and then fit the continuum with a
power law model F' = C'v® by directly minimizing the log likelihood between the model
distribution and the data with a least squares method to fit for constant C' and power law
index . The power law spectral index distributions obtained from the continuum fits of
the two populations are shown in Figure 4.13. The power law fits to the DPE continua
have a median spectral index value of & = —0.51 while the control AGN continua have
a median power law spectral index value of a = —0.32. A larger fraction of DPEs had
very large negative values, with 52% having o < —0.5 (compared to 40% of control

AGN) and 19% having o < —1.0 (compared to 14% of control AGN), indicating that a

189



C T T L-— T — T T T T T "]
5 i i : : -==- ZTF18aarippg 1
1 E
! | | — ZTF18aaymybb ]
301 : il | —— ZTF18abxxohm 7
i | —LI. I ------- ZTF19aagwzod
95 [ : 1 | EZ S03 red shoulder
3 . : E=3N S03 blue shoulder ]
o, i i B ZTF blue shoulder
E 20 : | =1 ZTF red shoulder ]
- l i ]
o 1 | ]
215} | ]
= | f ]
Z ! ]
10 i ]
| ]
1 i
1 i
5r | )
| ]
1
0 R ‘ : el
—6000 —4000 —2000 0 2000 4000 6000

Velocity km/s

Figure 4.12: Distribution of velocities of red shoulder (orange) and blue shoulder (blue)
from multi—Gaussian fitting of archival SDSS spectra of DPEs from the ZTF
sample. We show in the background the shoulder velocity distributions
of the Strateva et al. (2003, S03) DPE sample (gray, hatched). For the
3 DPEs without archival SDSS spectra (ZTF18aaymybb, ZTF18abxxohm
and ZTF19aagwzod) and the more recent spectrum of the binary merger
candidate (ZTF18aarippg) we show the the velocities from the more recent
LDT spectra with vertical lines.

larger fraction of DPEs have steeper and bluer continua. We note that both populations
have some AGN with red, shallow continua, where galaxy light dominates over the AGN
ionizing continuum. This may be because many of the archival spectra from 10-20 years
ago may capture the AGN in a less active state than the current state captured by the ZTF

light curves.
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Figure 4.13: Distribution of the power law spectral index of the optical continua of the
DPE and broad line AGN control samples. Results are shown based on
archival SDSS spectra from 13-18 years prior to ZTF. Emission lines fit by
PPXF were subtracted before the remaining continuum was fit with a power
law to produce the above distributions.
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4.3.5 Radio emission from DPEs

We undertook a search for radio emission from the DPEs and control AGN in
the Karl G. Jansky Very Large Array Sky Survey (VLASS; Lacy et al., 2020). This
survey covers a total of 33,885 deg? in the 2-4 GHz range with an angular resolution of
~ 27.5 and will obtain a coadd 1o sensitivity of 1 pJy/beam by survey end in 2024.
We searched for crossmatches within 10” in Table 2 of the VLASS Epoch 1 Quick
Look Catalogue which contains ~ 700,000 compact radio sources with > 1 mJy/beam
detections associated with mid—IR hosts from the unWISE catalog (Gordon et al., 2021).

33 out of 245 DPEs in the VLASS region had significant radio emission,
corresponding to 11% of DPEs. 91 out of 1323 broad line AGN from the control sample

had radio emission, corresponding to 6.9% of control AGN.

4.4 Discussion

We have shown from power spectra analysis of ZTF light curves that variable DPEs
have slightly steeper power spectra and higher PSD amplitudes than a comparative broad
line AGN sample with the same redshift distribution. We have also shown that DPEs
have slightly longer characteristic timescales and high frequency variance than the control
sample. We have not, however, concluded that this is due to a physical difference in the
accretion state, disk geometry or viewing angle between the DPEs and other broad—line
AGN. Instead, we find that this could be entirely attributable to the higher masses of
the DPEs given the known relationship between Mgy and 7 and the relationship we find
between Mgy and v from our power law fits to the ZTF power spectra. Whether the
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DPEs have higher masses because disk—emission is more likely to occur for high-mass
AGN, or because selection effects make high—-mass DPEs more easily spectroscopically
classifiable, remains an open question.

Our time series modeling results are in contradiction to a previous study by Zhang
& Feng (2017) which found that DPEs had typical characteristic timescales of 177 days,
and that this was 2.7x larger than a control AGN sample with a typical characteristic
timescale of 65 days. For comparison, we find that the median 7 for DPEs is 196 days:
1.2x larger than the control AGN 7 of 158 days. Most significantly, they found that
the 7 difference between the two samples held even for sub—samples of the same Mgy
distribution, while we did not find this to be the case. We suggest two possible reasons for
their larger and mass—independent 7 difference between the two samples in comparison
to our smaller, mass—dependent difference. Firstly, our 7 measurements were based on
modeling of ZTF light curves for both the DPE and control AGN samples, so that the two
samples had consistent cadences and baselines of 3—4 years. By comparison, the Zhang
& Feng (2017) paper compared Catalina Sky Survey Data Release 2 light curves of DPEs
to SDSS Stripe 82 light curves of broad line AGN. Given that both CSS and Stripe 82
light curves have baselines of ~ 8 years, it is possible that the longer baselines allowed for
improved measurement of the characteristic timescales compared to ZTF. However, given
that the measured timescales are ~ 60 — 200 days, the ZTF baselines should be sufficient.
Alternatively, the differing sensitivities, sampling rates, and central wavelengths of the
CSS and Stripe 82 light curves may have produced apparent differences in the 7 estimates
between the two samples. Zhang & Feng (2017) argue that it is reasonable to compare

the characteristic timescales between the two differing datasets because the mean ratio of
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Tspss and 7css was 1.03 for a subset of 154 quasars with high quality light curves from the
two surveys. However there is substantial scatter and an overall poor correlation between
Tspss and 7css shown in Figure 9 of the paper, suggesting that light curve quality has a
substantial impact on the accuracy of 7 measurements from SDSS and CSS light curves.

The slightly higher fractions of the DPE population which have power spectra fits
improved by a broken power law or Gaussian bump may imply that DPEs are slightly
more likely to have low frequency turnovers than standard broad line AGN. Based
on visual inspection of AGN and DPE light curves with apparently quasi—periodic or
chirping behavior and the occurrance of low frequency turnovers in their power spectra,
this result may also imply that DPEs are slightly more likely to exhibit periodic behaviour.
This could be verified by systematically classifying which DPE light curves are periodic
(based on comparisons of fits of sinusoidal and DRW models) and checking if the periodic
lightcurves are more likely to have a low frequency turnover in the power spectrum.
Regardless, the difference in low frequency turnover fraction between the DPE and
control AGN populations is small and it is clear that DPEs are not substantially more
likely to display periodic behaviour than normal broad line AGN.

We expect the periodic and chirping signals in most, if not all, DPE light curves
to be ‘phantom’ periodicities arising naturally from the power spectra of the AGN,
regardless of whether their variability are described by a damped random walk or another
noise model. Simulations of light curves arising from DRW power spectra with 7 = 200
days and slopes of v = 2 in 9—yr CRTS datasets found that ~ 1-2 per 1000 light curves
showed periodic behaviour well-fit by a sinusoidal model (Vaughan et al., 2016). In the
simulations, most light curves had 1.5-2.5 cycles over the 9—yr baseline, corresponding
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to periods of 4.0-5.3 years. Furthermore, they found that the fraction with false periods
increased to ~ 1 in 200 when the spectral index of the PSD was increased from 2 to
3. Our finding that DPEs have slightly larger spectral indices than normal broad line
AGN by ~ 0.1 may therefore result in a slightly increased probability of phantom periods
arising in DPEs compared to other AGN. If the rate of AGN displaying phantom periods
in ZTF is the same as the predicted rate for CRTS, we would expect to observe ~2—4
AGN light curves which are well fit by a sinusoidal model in the combined AGN and
DPE sample. The fraction of falsely periodic signals may be even larger for the ZTF light
curves compared to CRTS, as 2—4 cycles need only arise over a 3—4 year baseline. The
prediction that 2—4 falsely periodic light curves would arise within the entire AGN sample
also does not include objects with apparently chirping signals like those of ZTF18aaznjgn
and the inspiraling SMBH candidate ZTF18aarippg, which would not be fit well by a
sinusoidal model with a single period. The presence of many periodic and chirping light
curves shown in Figure 4.2 should therefore not be surprising for a sample of ~2000
AGN varying according to a DRW spectrum.

Given that we observe quite a few examples of chirping and periodic signals
across entire baselines (e.g. ZTF18aaznjgn, ZTF18aakehue) and within subsets (e.g.
ZTF18aaylbyr, ZTF18aalslhk) of ZTF DPE light curves, and that ~ 10—20% of AGN and
DPE light curves have evidence of a low frequency turnover which is associated with a
periodic signal in many cases, it is worthwhile reconsidering whether the chirping signal
of SDSSJ1430+2303 (ZTF18aarippg) is really the signature of an inspiraling SMBH.
While it is well-fit by the Post—Newtonian orbital model of an eccentric system in Jiang
et al. (2022), it could very well be a false positive arising from the phantom periodicities
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observed in large populations of time series well-described by a DRW. The existence of
double—peaked broad Balmer emission lines in SDSSJ1430+2303, and the large change
in relative flux of the blue and red peaks over a ~ 17 year period, are also not unusual for
the optically variable broad—line AGN in ZTF, since 16% of variable AGN are DPEs and
~ 50% show changes in relative blue and red shoulder flux over decade—long timescales.
While the shoulder velocities of ZTF18aarippg observed in 2022 spectra during the recent
optical flaring are very large (\, = 4600 km s~* and A\, = —4000 km s~') and in the tail
end of the velocity distribution seen from archival 13—18 year old SDSS spectra of the
ZTF DPEs, the original velocity of A, = —2400 km s™' observed in 2004 was more
typical of the DPE population. The recently observed velocities of ~ 4000 km s are
also not unusual when compared to other DPE samples (see Figure 4.12 Strateva et al.,
2003). We therefore caution that the light curve and spectra of SDSSJ1430+2303 may be
more typical of the variable DPE population than originally considered. This observation,
combined with the findings of recent theoretical SMBH binary population studies which
paint a pessimistic picture for the existence of kinematically observable SMBH binaries
(see Section 1.3.2; Kelley, 2020), lead us to predict that SDSSJ1430+2303 is likely to be
a single disk—emitting AGN instead of an SMBH binary.

Our finding that ZTF DPEs are 1.6x more likely to be radio emitters based on
VLASS survey results is consistent with the FIRST detection rates of the Strateva et al.
(2003) DPE population. Similarly, the higher fraction of DPEs with steep and blue
continuum is consistent with previous studies of DPE host galaxies (Eracleous & Halpern,
1994). On the variability side, the relationships that we find between spectral index

and black hole mass, and the larger spectral indices of DPE light curve power spectra
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compared to the control AGN population, is consistent with previous results which find
that DPEs are more frequently observed from high—-mass AGN. These consistencies with
previous DPE population analyses suggest that variability—selected DPEs with a central
wind contribution to the broad line region in addition to the disk—emitting component have
similar physical properties to the classical disk—emission dominated DPEs in LINERs

which dominate previous DPE studies.

4.5 Summary and conclusions

We have presented a population of 299 variable AGN with velocity—offset or
double—peaked Ha and Hf3 broad emission line profiles. By starting with a population of
1923 optically variable broad line AGN from ZTF and then searching for DPEs amongst
the archival SDSS spectra of the variability—selected population, we find a rate of 16%
for variable broad line AGN which are DPEs.

We have provided examples of DPE optical light curves from ZTF (Figure 4.2)
which show apparently periodic or chirping signals in all or part of their variability
history. A fraction of the light curves show comparable behavior to the previously
reported inspiraling SMBH candidate SDSSJ1430+2303 (ZTF18aarippg) which we have
included in our sample. We have also shown that approximately half of the DPE light
curves have clear mid-IR dust echoes in WISE data with delays ranging from ~ 100 to
> 1000 days.

We have generated power spectra of the DPE light curves as well as the remaining

1624 AGN light curves as a control sample, and fit those power spectra with 4 models
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(Figures 4.3 and 4.5): a power law model (PL), a power law + high frequency turnover
model to incorporate intrinsic white noise (WN), a model with a broken power law in
addition to the white noise turnover (BPL) and a model with a Gaussian bump on top of
a single power law with white noise (Gauss). The WN model fits were used to compare
the power law spectral indices of the DPE and control AGN populations (Figure 4.4), and
we find that DPEs typically have slightly steeper spectral indices (v, = 2.07 £ 0.35 and
v¥r = 2.06 4= 0.36) than the control AGN (7, = 1.96 &= 0.36 and ,. = 1.94 £ 0.98), where
the uncertainties are the median absolute deviations describing the range of values over
each sample. We found that the spectral index is steeper for higher mass AGN and DPEs
(Figure 4.8) such that this difference may be attributable to the higher median masses of
the DPE population compared to the control AGN population.

By comparing the goodness of fit of the PL. and WN models to the DPE and AGN
power spectra, we determined that 8% of DPEs have evidence of an additional intrinsic
white noise component described by a high frequency turnover compared to 5% of AGN
in the r-band data (Figure 4.6). By comparing the goodness of fit of the BPL and Gauss
models to the WN model, we determined that 20% of DPE power spectra fits are improved
by a broken power law over a single power law (in comparison to 13% of AGN) and 16%
of DPE power spectra fits are improved by the addition of a Gaussian bump to the single
power law (in comparison to 11% of AGN). These fractions indicate that DPEs are more
likely to have detectable low frequency turnovers in their power spectra.

We modeled the ZTF time series with DRW models to measure their characteristic
timescales 7 and high frequency variance o for comparison to previous findings that

DPEs have timescales 2.7x longer than standard AGN. The DPE and control AGN
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light curves in ZTF had a much more modest difference between their characteristic
timescales compared to the previous study, with median values of log7 = 5.28 4+ 0.75
and log 7 = 5.06 + 0.77 respectively (Figure 4.7). We attribute this contradictory finding
to the use of a consistent ZTF data set for comparison of the two samples, rather than the
use of two different surveys for each sample. The modest differences between 7 for the
two samples were not maintained when we instead compared the DPE population to a
sub—sample of the control AGN with the same black hole mass distribution as the DPEs
(Figure 4.9).

Analysis of archival SDSS spectra revealed that the ZTF DPEs have typical
shoulder velocities of A\, ~ —1800 and A\, ~ 1000 but that these can be as high as
~ 5000 km s~!. Our newly discovered DPE ZTF18aaymybb and the previously reported
inspiraling binary candidate ZTF18aarippg have velocities in the tail end of the ZTF DPE
distribution, but are not atypical for other spectroscopically—selected DPE populations
reported in the literature (Figure 4.12). We find that a higher fraction of DPEs have
steep blue continua (Figure 4.13), and that ~ 50% show significant changes in the
relative fluxes of the blue and red shoulders over ~ 15 year timescales (Figure 4.10).
Short term monitoring of newly discovered DPEs ZTF18aaymybb, ZTF18abxxohm,
and ZTF18aagwzod did not reveal any major changes in the spectra over month to
year long timescales, except for the appearance of small spikes in the red shoulder of
ZTF18aaymybb (Figure 4.11).

In this chapter I have demonstrated that DPEs make up an important fraction of
optically variable broad—line AGN, and that a large fraction display major changes in their
double—peaked broad lines over decade—long timescales. The occurrance of periodic or
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chirping signals in the optical light curves is also not uncommon, and we have presented
new examples of DPEs with variability properties comparable to the inspiraling SMBH
candidate ZTF18aarippg. The population statistics presented in the chapter could be used
to inform future calculation of false positive rates for variability and kinematic selection
of SMBH binary candidates.

Our sample of DPEs has only minor differences in optical variability behavior
compared to the remaining broad-line AGN in ZTF. The results of our spectroscopic and
light curve analysis are consistent with the picture that DPEs do not have major physical
differences to other broad line AGN, and have different observable properties arising
from selection effects such as preferences for large black hole masses and intermediate

disk viewing angles.

4.6 Supplementary Material
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Figure 4.14: Examples of multi—-Gaussian fits to the Ha spectra of the 33 DPEs with the
brightest double—peaked broad lines relative to the flux of the Ho narrow
line.
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Figure 4.15: Examples of multi-Gaussian fits to the Ha spectra of the 33 DPEs with the
brightest double—peaked broad lines relative to the flux of the Ho narrow
line (continued).
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Figure 4.16: Examples of multi—-Gaussian fits to the Ha spectra of the 33 DPEs with the
brightest double—peaked broad lines relative to the flux of the Ho narrow
line (continued).
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Figure 4.17: ZTF and WISE optical and mid-IR light curves of the 26 DPEs with the
brightest double—peaked broad lines relative to the flux of the Ha narrow

line.
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Figure 4.18: ZTF and WISE optical and mid-IR light curves of the 26 DPEs with the

brightest double—peaked broad lines relative to the flux of the Ha narrow
line (continued).
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Figure 4.19: ZTF and WISE optical and mid-IR light curves of the 26 DPEs with the
brightest double—peaked broad lines relative to the flux of the Ho narrow
line (continued).
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Chapter 5:  Summary and Future Work

5.1 Summary

In this thesis I have demonstrated how time—domain survey data enable the
discovery of three distinct and important AGN populations which shed light on the
formation and merger—driven growth of massive black holes: off-nuclear AGN which
may have been ejected from their host galaxies via gravitational wave recoil after merger;
variable low—mass AGN in dwarf galaxies which are useful analogs to the first black
hole seeds; and disk—emitting AGN which shed light on the disk—wind structure of
AGN and which can mimic the kinematic and variability signatures of SMBH binaries.
Discovery of these populations was enabled by the development of tailored software for
the discovery of rare AGN amongst the millions of transients discovered by ZTF: image
forward modeling code for analysis of transient objects in time—domain imaging datasets;
a custom difference image photometry pipeline; and the implementation of a transient
alert filter which incorporated light curve modeling and inbuilt catalog crossmatching.
Spectroscopic follow—up and fitting of AGN emission line models to the data enabled
the classification and analysis of the AGN discovered with ZTF. The systematic search
strategies and modeling techniques presented in this thesis lay the groundwork for much

more sensitive searches with the LSST dataset over the next decade.
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In Chapter 2, I described a novel search strategy for the discovery of spatially offset
AGN arising from GW recoil of SMBH merger remnants and ongoing galaxy mergers in
ZTF. This strategy used ZTF difference imaging to find variable AGN and Tractor
forward modeling to determine the AGN position by fitting data from multiple ZTF
epochs and deep, high resolution Legacy Survey images. 1 presented a sample of 52
AGN in galaxy mergers and 9 off-nuclear AGN which are candidates for gravitational
wave recoil. 5 of the 8 offset AGN for which I have spectra of the Ha or Hf broad
line regions were DPEs — much larger than the DPE fraction of 16% for broad line AGN
in ZTF overall. If a subset of the offset AGN candidates are confirmed to be recoiling
SMBHs, their large spatial offsets could show that SMBH binaries with misaligned
spins exist and produce merger events. The off-nuclear AGN search also detected the
previously discovered recoiling SMBH candidate SDSS1133 (Koss et al., 2014) when it
re-brightened by 3 magnitudes in ZTF. Follow—up spectra showed the return of a blue
continuum, blue—shifted absorption lines and [Fe II] A7155 and [Call] A\ 7291, 7324
forbidden lines, suggesting that the source is likely a luminous blue variable star which
continues to show non—terminal outbursts.

In Chapter 3, I presented a sample of variability—selected low—mass AGN within
a parent sample of dwarf galaxies using optical photometry from ZTF and forward—
modeled mid—IR photometry of time—resolved WISE coadded images. I found that 44 out
of 25,714 dwarf galaxies had optically variable AGN candidates, and 148 out of 79,879
dwarf galaxies had mid-IR variable AGN candidates, corresponding to active fractions of
0.17 £ 0.03% and 0.19 + 0.02% respectively. Of the 148 AGN which were variable in
the mid—IR, 15 were also variable in the optical and 7 of these were broad line AGN. I
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found that spectroscopic approaches to AGN identification would have missed 81% of our
ZTF IMBH candidates and 69% of our WISE IMBH candidates. Only 9 candidates had
been detected previously in radio, X-ray, and variability searches for dwarf galaxy AGN.
The IMBHs with broad Balmer lines had virial masses of 10°M, < Mgy < 107 M,
but for the rest of the sample, BH masses predicted from host galaxy mass ranged
between 10*8M, < Mgy < 10"Mg. 1 found that only 5 of 152 previously reported
variability—selected AGN candidates from the Palomar Transient Factory in common with
our parent sample were variable in ZTF. I also determined a nuclear supernova fraction
of 0.05 %+ 0.01% year~* for dwarf galaxies in ZTF. Our ZTF and WISE IMBH candidates
show the promise of variability searches for discovery of otherwise hidden low—mass
AGN.

In Chapter 4, I presented a sample of 299 optically variable double—peaked emitter
(DPE) AGN which have well-sampled optical light curves from ZTF. I described in
further detail my methods for determining that 16% of variable broad line AGN in ZTF
have double—peaked or velocity—offset broad lines and that these are 1.6 times more
likely to have visible radio signatures at 2—4 GHz. I presented monthly monitoring of
three new DPEs with shoulder velocities ranging from 2000-8000 km/s which had not
previously been observed in the SDSS spectroscopic surveys. I showed that DPE light
curves have slightly steeper power spectra than their standard broad line counterparts,
with typical power law indices of 2.06 and 1.94 respectively. I showed that a number
of DPEs exhibited apparently periodic and chirping behaviour in the optical and mid—IR
and discuss how this arose naturally from their power spectra. 1 determined that 20%

of DPE power spectra fits are improved by a broken power law over a single power
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law (in comparison to 13% of AGN) and 16% of DPE power spectra fits are improved
by the addition of a Gaussian bump to the single power law (in comparison to 11% of
AGN). I also modeled the ZTF time series with damped random walk models to test
previous findings that DPEs have characteristic timescales 7 which are 2.7 x longer than
standard broad line AGN. Using consistent data sets to compare the two samples, I found
that DPEs only have slightly longer 7 (log7 = 5.28 £ 0.75 vs log7™ = 5.06 £ 0.77)
and that these differences may be entirely attributable to the higher average black hole
mass of the DPEs. Finally, I presented spectroscopic follow—up of 10 optically variable
DPEs and found that 5 showed dramatic changes in the relative fluxes of their red and
blue peaks over 10-20 year timescales which can be explained by hotspot or spiral arm
rotation. I showed that DPEs also tend to have steeper, bluer spectroscopic continua than
standard broad line AGN. I compared the variability and spectroscopic properties of the
ZTF DPE population with the recently discovered inspiraling SMBH binary candidate
SDSSJ1430+2303 (ZTF18aarippg) and found that it is likely to be normal disk—emitting
AGN. I concluded that the vast majority of variable DPEs in ZTF are from a population
of disk—emitting AGN which have minor differences in their variability properties to their
single broad line counterparts. The differences between the two populations may shed

further light on why only a fraction of broad line AGN are disk—emitters.
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5.2 Future Work

5.2.1 Multi-wavelength and spectroscopic follow—up of off-nuclear

AGN

Further work is required to confirm if the 9 offset AGN presented in Chapter 2
are recoiling SMBHs, triple systems in which one SMBH was ejected (Kormendy &
Richstone, 1995) or SMBHs in tidally stripped, compact dwarf galaxies (e.g. Afanasiev
etal., 2018; Ahn et al.,, 2017, 2018; Seth et al., 2014; Voggel et al., 2019). To this end, the
spatial resolution offered by HST and Chandra observations could be used to disentangle
the optical and X-ray spectroscopic properties of the offset AGN and their host galaxies.
A space-based spectrograph like STIS could be used to determine the relative positions
and velocities of the broad and narrow line emission regions and classify the host galaxy
type. This could be combined with Chandra observations to test for the presence of a
second AGN in the systems and look for a redshifted broad Fe absorption line from the
bright AGN indicating the presence of a relativistic inflow close to the SMBH (Chiaberge
etal., 2017).

Space—based follow—up and analysis would allow us to test the effectiveness of the
recoiling SMBH search strategy based on ZTF difference imaging and forward modeling.
If the objects are confirmed as recoiling SMBHs, they could demonstrate the existence of
SMBH binaries with misaligned spins and constrain spin alignment simulations of SMBH
binaries. If they are instead triple systems or tidally stripped dwarf galaxies in a merger,

the detailed X—ray and optical spectroscopic analysis could instead be used to investigate
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why we see such a high fraction of DPEs in the sample.

5.2.2  Searching for rare transients with The Legacy Survey of Space and
Time

The superior resolution and depth offered by the upcoming Legacy Survey of Space
and Time (LSST) at Vera C. Rubin Observatory (Ivezi¢ et al., 2019) will provide a
vastly more complete census of three distinct populations, two of which have already
been explored in this thesis: low accretion rate IMBHs wandering in their galaxy haloes;
supermassive black holes (SMBHs) which have been ejected from their host galaxies via
gravitational wave (GW) recoil; and gravitationally lensed, multiply—imaged supernovae
(gLSNe) and quasars (gLQSOs) from which we can measure H,.

While ZTF produced an already substantial ~100,000 — 1 million transient alerts
per night, LSST will produce ~10 million alerts per night and an estimated final source
catalog of 20 billion galaxies and 17 billion stars. And while ZTF Phase I discovered
4000 supernovae (SNe, Perley et al., 2020), LSST is predicted to discover 10 million SNe
along with ~10 million AGN and QSOs (LSST Science Collaborations, 2009). It will
be challenging to discover the small numbers of particularly rare and interesting objects
amongst these enormous populations of transient and variable objects. For example,
amongst the 10 million QSOs, it is predicted that 33 will be strongly lensed high redshift
QSOs at z > 3.5 which we can use to study QSO formation and accretion in the early
universe (Desira et al., 2021).

The LSST data volume will pose a range of computational challenges which
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must be overcome in order to discover these rare sources amongst the tens of millions
of transients LSST will observe. Extending the alert filtering and forward modeling
techniques demonstrated in this thesis to the LSST dataset will enable the discovery
of substantially larger populations of rare AGN and other uncommon astrophysical
phenomena with LSST than has been possible in previous time—domain surveys such

as PTF and ZTF.

5.2.2.1 Searching for off—nuclear and low—mass AGN with LSST

LSST is designed to have single visit limiting magnitudes of u ~ 23.9, g ~ 25.0,
r e~ 24.7,1~24.0, z ~ 23.3 and y ~ 22.1, in comparison to ZTF’s limiting magnitudes
of g,r ~ 21.0. The sensitivity of LSST will allow it to detect variability from objects like
the canonical ~ 10° M, dwarf AGN NGC 4395, which varies at very low amplitudes
of Ag ~ 0.01 magnitudes (Burke et al., 2020a; Edri et al., 2012). In Figure 5.1 we
show the light curve of NGC4395 from the Transiting Exoplanet Survey Satellite (TESS;
Ricker et al., 2014) presented in Burke et al. (2020a) and the equivalent g—band LSST
light curve, calculated using the median TESS zeropoint of 20.44 e~ s~! described in
the TESS Instrument Handbook', the estimated LSST single exposure g-band limiting
magnitude of 25.0 (Ivezi¢ et al., 2019), and assuming a power law spectrum to convert
from the TESS central wavelength of ~ 8000 A to the LSST g-band central wavelength
of ~ 4800 A. Assuming a 3 day cadence, LSST can resolve the very faint variations in

the optical flux from this low—mass AGN. Although more distant NGC4395-like AGN

'nttps://archive.stsci.edu/files/live/sites/mast/files/home/
missions—and-data/active-missions/tess/_documents/TESS_Instrument_
Handbook_v0.1l.pdf
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of mass 10° M, would need to exhibit larger variability amplitudes to be detectable by
LSST, this prediction shows how powerful LSST will be even when compared to very
sensitive space—based telescopes such as TESS. Greater sensitivity to variable AGN in
dwarf galaxies will provide improved lower limits to black hole occupation fractions for
galaxies of mass < 10° M, allowing for comparison to cosmological simulations (Figure
5.2; Bellovary et al., 2021; Ricarte et al., 2021a) and improved constraints on BH seeding
predictions.

The resolution of LSST, with pixel scales of 0.°2 in comparison to ZTF’s 1.0,
will enable improved measurements of spatial offsets between variable low—mass AGN
and their host nuclei. By forward modeling LSST images we can measure the fraction
of active IMBHs in dwarf galaxies which are wandering in their galaxy haloes, rather
than occupying the nucleus. Observational findings can be compared to predicted offset
distributions from cosmological simulations and test predictions that the majority of
MBHs of mass < 107 M, are off—nuclear (Figure 5.3; Bellovary et al., 2018, 2021; Ricarte
et al., 2021a). Since the majority of optically variable low—mass AGN do not appear
in X-ray or radio wavelengths (see Chapter 3 and Baldassare et al., 2018, 2020b) it is
highly advantageous to be able to model the AGN position using optical imaging alone.
A population of variable low—mass AGN in dwarf galaxies from LSST could also become
the subject of spectroscopic and multi—-wavelength follow—up for characterization of the

masses, SEDs, and accretion states of the dwarf galaxy AGN.
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Figure 5.1: A simulated g-band LSST light curve of the 10°M; AGN in NGC4395
based on conversion of the TESS light curve from Burke et al. (2020a) to
the predicted limiting magnitude of LSST survey data.
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Figure 5.2: BH occupation fraction as a function of halo mass and stellar mass according
to cosmological simulations, from Bellovary et al. (2018). Reproduced by
permission of the authors.
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Figure 5.3: For IMBH populations in cosmological simulations: Left : distributions of
distance from the halo center, from Bellovary et al. (2018). Reproduced by
permission of the authors. Right : fraction of MBHs which are in galaxy
nuclei (vs wandering) as a function of BH mass, from Ricarte et al. (2021b).
Reproduced by permission of the authors and AAS.

5.2.2.2 Forward modeling analysis of strongly lensed supernovae and

QSOs with LSST

Strong gravitational lensing of a supernova by a foreground galaxy can produce
multiple, highly magnified images of the object with time delays which can be used to
measure . Very few gravitationally lensed SNe (g.SNe) have been resolved to date but
LSST is predicted to find 1700 gL.SNe over the survey lifetime (Goldstein et al., 2019).
Pixel level simulations of the gl.SNe population detectable by LSST show that the angular
separations of most doubly—imaged SN will range from ~ 0.03 — 3.0” with a median of
~ 0.85”, and that most gl.SNe in LSST will be unresolved or marginally resolved (Figure
5.4). Unresolved glLSNe can still be identified with LSST photometry by searching for
SNe which appear to be hosted by elliptical galaxies and have magnitudes larger than

expected for the galaxy’s photometric redshift (Goldstein & Nugent, 2016).
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Figure 5.4: Simulations and histograms describing the gl.SNe population that LSST will
detect. Left : The minimum angular separations between multiply—imaged
gL.SNe in arcseconds. The red line shows the median. Middle left: The
maximum time delay between two multiply-imaged gLSNe images. Middle
right: A simulated multiply imaged gL.SNe at the pixel size of HST’s
WFC3. Right: A simulated LSST image of a resolved multiply—imaged
gL.SNe. Adapted from Goldstein et al. (2019). Reproduced by permission of
the authors and AAS.

LSST’s capabilities for discovery of marginally resolved, multiply imaged gL.SNe
could be greatly enhanced by Tractor forward modeling of Rubin images of gLSNe
candidates. The primary advantage of forward modeling is that it will improve
measurements of time delays and angular separations from the fraction of the gL.SNe
population which are marginally resolved. We will also benefit from the ability to produce
forward modeled photometry of the earliest imaging data to study the full development
of the supernova. Secondly, if the foreground or host galaxy has a variable AGN or
transient, we can incorporate this into the Tractor model to remove contamination.
Finally, if gL.SNe found by LSST are imaged at greater depth and resolution with another
telescope, the positional constraints can be folded into the forward modeling for improved
photometric sensitivity. With the planned launch of the Roman Space Telescope in the late
2020s, the forward modeling techniques developed in this thesis will enable combined

analysis of high-resolution space—based imaging and time—domain information from
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surveys such as LSST for improved fitting of lensing parameters.
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Chapter 6: Facilities and Software

6.1

Facilities

1. Lowell Discovery Telescope

The Deveny Optical Spectrograph was used to obtain spectra of off-nuclear AGN
(Chapter 2) and double—peaked emitters (Chapter 4).

W. M. Keck Observatory

The Low Resolution Imaging Spectrometer (LRIS) was used by collaborators

to obtain spectra of off-nuclear AGN (Chapter 2) and double—peaked emitters

(Chapter 4).

. The Zwicky Transient Facility

Raw images from the Zwicky Transient Facility were obtained via the NASA/IPAC
Infrared Science Archive (IRSA; Masci et al., 2019) for the purposes of direct
modeling of image data (Chapter 2) and the production of difference photometry
(Chapter 3). ZTF imaging data was also accessed via the GROWTH Marshal

(Kasliwal et al., 2019) and the fritz portal'.

SDSS DR16

Archival spectra from SDSS DRI16 (Ahumada et al., 2020) were accessed via

Thttps://fritz.science/sources
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the DRI16 SkyServer (https://skyserver.sdss.org/drlé/en/home.
aspx) and the SQI query interface Casjobs (https://skyserver.sdss.
org/casjobs/) for investigation of off-nuclear AGN broad line velocities
(Chapter 2), emission line classifications of IMBHs (Chapter 3), and identification

and analysis of double—peaked emitters (Chapter 4).

5. The Legacy Surveys Dr9
Legacy Survey image and catalog data from the combined DECam Legacy
Survey, Mayall z-band Legacy Survey, Beijing—Arizona Sky Survey and the Wide—
field Infrared Survey Explorer (WISE) were accessed directly via the NERSC
filesystem and via the online Skyviewer (https://www.legacysurvey.
org/viewer) for modeling of off-nuclear AGN positions (Chapter 2) and
analysis of mid—IR variability from dwarf galaxies and double—peaked emitters

(Chapters 3 and 4).

6. National Energy Research Scientific Computing Center
The supercomputing cluster cori (https://www.nersc.gov/systems/
cori/), alarge system with 12000 nodes and 30PB of scratch memory hosted by
NERSC, was used for computationally intensive forward modeling of ZTF images
(Chapter 2), image subtraction and photometry (Chapter 3) and AGN light curve

modeling (Chapter 4).

6.2 Existing software applied to research presented in this thesis

1. AMPEL (Nordin et al., 2019a),
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2. astropy (Price-Whelan et al., 2018; Robitaille et al., 2013),

3. Astromatic (https://www.astromatic.net/),

4. catsHTM (Soumagnac & Ofek, 2018),

5. extcats (github.com/MatteoGiomi/extcats),

6. GROWTH Marshal (Kasliwal et al., 2019),

7. Hotpants (https://github.com/acbecker/hotpants),

8. javelin (https://github.com/legolason/javelin—-1 Zhang & Feng,

2017; Zu et al., 2013),
9. gsofit (Butler & Bloom, 2011),
10. SNCOSMO (Barbary et al., 2016),

11. The Tractor (Lang et al., 2016)

6.3 New software developed for this thesis

1. I developed and implemented a new version of The Tractor? which is capable
of producing models of variable sources and their host galaxies with improved
astrometric and photometric precision (Ward et al., 2021a). I contributed forward
modeling analyses to a number of papers to demonstrate the range of new
capabilities offered by The Tractor for transient science: a search for prior
outbursts in PTF data of a fast blue optical transient host galaxy (Coppejans et al.,

2020); discovery of a nuclear optical transient within a candidate host galaxy of

Zhttps://github.com/charlotteaward/tractor- 1
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a neutron star—black hole merger detected by LIGO (Andreoni et al., 2020; Dobie
et al., 2019); determination of the position of the optical counterpart to an X-ray
transient to confirm it as a likely TDE (Brightman et al., 2021); and demonstration
of forward modeling of a ZTF—derived sky model to produce photometry of blended
TESS sources (van Roestel et al., 2019). The implementation of this software to

identify off-nuclear AGN was described in Chapter 2.

2. I developed an off—nuclear AGN filter for the AMPEL alert broker (Nordin et al.,
2019b) during the beta—testing period®. Development of this filter involved adding
new databases such as the Brescia AGN catalog (Brescia et al., 2015) to the AMPEL
framework with extcats. This filter incorporated catalog crossmatching and
implemented light curve modeling codes SNCosmo and gsofit at the filtering

stage. This was described in Chapter 2.

3. I developed a new version of the Penalized Pixel Fitting (pPXF) code (Cappellari,
2017; Cappellari & Emsellem, 2004) which is capable of fitting AGN spectra with
up to 3 Ha and Hf broad line regions at different relative velocities to the narrow
emission lines and comparing the goodness of fit to a single broad line model

(Chapters 2 and 4).

4. A collaborator and I developed code to implement the generalized least squares
method (Coles et al., 2011) for generating power spectra of ZTF light curves. The
code included robust outlier rejection and treatment of unevenly sampled data, and

was capable of determining best—fit parameters for different models of the PSD

3https://github.com/robertdstein/Ampel-contrib-ZTFbh

222



shape. It was described in Chapter 4.

5. I developed Python code to fit continuum—subtracted spectra of double—peaked
broad Ha and Hf line profiles with the circular and elliptical accretion disk models
described in Section 1.4 (Chen & Halpern, 1989; Strateva et al., 2003). An original
test case for both disk models is shown in Figure 6.1 for iPTF15ee. Example fit
parameters for ZTF18aaymybb, which was presented as a new DPE in Chapter 4,

and iPTF15ee are shown in Table 6.1.

Table 6.1: Best fit accretion disk parameters for circular and elliptical models of two
double—peaked emitters from ZTF.

Source Model | & (Rg) & (Rg) q o km/s i (deg) e oo (deg)
ZTF18aaymybb | Circular 252 586 1.0 409 29.3 0 0
ZTF18aaymybb | Elliptical 596 1395 244 403 50.39 0.11 17.7

iPTF15¢ee Circular 292 444 3.0 630 89.44 0 0
iPTF15ee Elliptical 216 424 3.0 775 89.79 0.67 16.9
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Figure 6.1: Fit of the double—peaked Ha region of iPTF15ee. The left images show
the data and the best fit model. The middle images show the narrow line,
broad line and disk components. The right images show the error normalized
residuals.
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