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Abstract

During cosmic timescales, supermassive binary black holes (SMBBHs) form by galaxy merg-
ers, where each galaxy hosts a supermassive black hole (SMBH) at its center. By studying
SMBBHs, we can gain insights into galaxy evolution and black hole growth. However, the
typical separation between black holes in SMBBHs is usually below 1 pc, making them dif-
ficult to resolve using direct imaging or photometry. To be able to distinguish binary black
holes (BBHs) from typical AGN powered by single black holes (SBHs), we conducted this
research project to develop a new diagnostic method to identify a unique feature of SMBBHs,
which can be used to distinguish AGN powered by BBHs from those powered by SBHs.

The basic idea of this method is that BBHs have different configurations compared with
those of SBHs, such as the circumbinary disk enveloping the whole binary system, the mini-
disks around each black hole, and the streams between the circumbinary disk and minidisks.
It is these different configurations of accretion disks of black holes that lead to the difference
in the spectral energy distributions (SEDs), which in turn will differently photoionize the
broad line region (BLR) and produce different strengths of broad emission lines. Thus, it
is these differences in strengths of broad emission lines that we expect to see between two
different configurations of black holes, either binary or single black holes. By identifying these
differences in line strengths, we can distinguish between binary and single black holes.

In order to achieve this goal of distinguishing BBHs from SBHs, we organized our project in
the steps below: (1) obtained BBH SEDs from Gutiérrez et al., 2022, (2) generated SBH SEDs
using XSPEC modeling code OPTXAGNF, (3) produced single-cloud models, which represent
the BLR, input BBH and SBH SEDs into the models, and simulated the singleOcloud response
with a photoionization code Cloudy, (4) built cloud-ensemble models, which represent a more
realistic BLR, input BBH and SBH SEDs into the models, and simulated the emission-line
response within those clouds using a broad emission line mapping code BELMAC.

In step (3), we have explored the differences in line ratios between BBH and SBH for
a representative single-cloud photoionization model. The emission lines we used here are:

Si IV A1400A, C III] A1909A, C IV A1549A, Mg II A2798A, and Lya A1216A. It turned



out that differences do exist, but they are too small to be identified in observational data.
Furthermore, we have investigated the line equivalent widths predicted by SBH and BBH
models respectively. By doing so, we found some apparent differences between BBHs and
SBHs in some specific emission lines: Lya, CIV, and Ha. However, these differences vanish
at the highest mass of black holes (10°My).

In step (4), we continued the investigation of the equivalent width between SBH and BBH
BLR cloud-ensemble models and found that some emission lines show the difference between
BBHs and SBHs, such as CIV in the case of BH mass 10" My, U o< =2, and logn/1 cm ™3 =
10.5,11.0. For the highest mass in the case of U oc 772, the results are similar to the one in
single-cloud models: no difference is shown between BBHs and SBHs across all emission lines.
Most importantly, in this step, we found that for CIV \1549 A in the case of a black hole
mass of 107 M, s = —2, and logn/1 ecm™3 = 10.5, only the SBH EW falls inside the range of
the observed range in SDSS DR7 Quasar Catalog while the BBH EW falls outside the range
and becomes an outlier. This is what we want to find to distinguish BBHs from SBHs in the

observational data.
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A.10 A BLR BPT diagram for a black hole mass of 10° M. The x-axis represents
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the column density increases by a factor of 10, from 10** cm ™3 to 10*® cm 3.
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represented in two colors: SBH (orange) and BBH (blue). From left to right,

the column density increases by a factor of 10, from 10%* cm ™3 to 10*® cm 3.
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A.15 A BLR BPT diagram for a black hole mass of 10°M. The x-axis represents
the line ratio between MgIT A2798 A and Lya M1216 A. the y-axis represents
the line ratio between CIV A1549 A and Lya A1216 A. The BH types are
represented in two colors: SBH (orange) and BBH (blue). From left to right,
the column density increases by a factor of 10, from 10** cm ™3 to 10*® cm 3.

A.16 A BLR BPT diagram for a black hole mass of 108M@. The x-axis represents
the line ratio between MgII A\2798 A and Lya A1216 A. the y-axis represents
the line ratio between CIII] 21909 A and Lya A1216 A. The BH types are

represented in two colors: SBH (orange) and BBH (blue). From lett to right,
the column density increases by a factor of 10, from 10** cm ™3 to 10*° cm 3.
A.17 A BLR BPT diagram for a black hole mass of 10 M. The x-axis represents
the line ratio between SilV A1400 A and Lya A1216 A. the y-axis represents

the line ratio between CIII] A1909 A and Lya 1216 A. The BH types are

represented in two colors: SBH (orange) and BBH (blue). From left to right,
the column density increases by a factor of 10, from 10%? cm ™3 to 10?° cm 3.
A.18 A BLR BPT diagram for a black hole mass of 10" M. The x-axis represents
the line ratio between SiIV A\1400 A and Lya A1216 A. the y-axis represents
the line ratio between MgII \2798 A and Lya A1216 A. The BH types are
represented in two colors: SBH (orange) and BBH (blue). From left to right,
the column density increases by a factor of 10, from 10*?2 em—3 to 10%° cm 3.
A.19 A BLR BPT diagram for a black hole mass of 10° M. The x-axis represents
the line ratio between SilV \1400 A and Lya 1216 A. the y-axis represents
the line ratio between CIV A1549 A and Lya A1216 A. The BH types are
represented in two colors: SBH (orange) and BBH (blue). From left to right,

the column density increases by a factor of 10, from 10%* cm ™3 to 10*® cm 3.
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A.20 A BLR BPT diagram for a black hole mass of 10" M. The x-axis represents

the line ratio between CIII] A1909 A and Lya A1216 A. the y-axis represents

the line ratio between CIV A1549 A and Lya A1216 A. The BH types are

represented in two colors: SBH (orange) and BBH (blue). From left to right,

the column density increases by a factor of 10, from 10** cm ™3 to 10*® cm 3.

A.21 A BLR BPT diagram for a black hole mass of 109M@. The x-axis represents

the line ratio between MgII A\2798 A and Lya A1216 A. the y-axis represents
the line ratio between CIV A1549 A and Lya A1216 A. The BH types are
represented in two colors: SBH (orange) and BBH (blue). From lett to right,

the column density increases by a factor of 10, from 10%? cm 2 to 10%° cm 3.

A.22 A BLR BPT diagram for a black hole mass of 10 M. The x-axis represents

B.1

B.2

the line ratio between MgII A\2798 A and Lya A1216 A. the y-axis represents
the line ratio between CIII] A1909 A and Lya 1216 A. The BH types are

represented in two colors: SBH (orange) and BBH (blue). From left to right,

the column density increases by a factor of 10, from 10%? cm ™3 to 10?° cm 3.

Equivalent width for M7. The top panel is BBH EW and the bottom one is
SBH EW. For each line, there are three radii for EWs: 1R (blue), 2R (orange),
and 4R (green). From the left panel to the right, the column density increases
by a factor of 10 in the range from 10?2 cm~2 to 10 cm™2. . . . . . . ... ..
Bquivalent width for M8. 'T'he top panel is BBH EW and the bottom one is
SBH EW. For each line, there are three radii for EWs: 1R (blue), 2R (orange),
and 4R (green). From the left panel to the right, the column density increases
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Chapter 1

Introduction

1.1 Overview

Supermassive binary black holes (SMBBHs) form through galaxy mergers, wherein two black
holes, situated at the center of each merging galaxy (Denuk Richstone et al., 1998; Kormendy
et al., 2013), gradually approach each other, ultimately becoming gravitationally bound. In
order for the binary to become gravitationally bound, the separation between two black holes is
typically at 1—10 pc (A. De Rosa et al., 2019), which is unresolvable for current telescopes and
makes it difficult to distinguish between active galactic nuclei (AGN) powered by SMBBHS
and those powered by single supermassive black holes (SMBHs). While it is challenging to
distinguish AGNs powered by SMBBHs from those powered by single SMBHs, SMBBHs can
provide crucial information about the evolution of galaxies and SMBHs. Therefore, in this
research, we aim to develop a diagnostic strategy using broad emission lines to distinguish
between AGNs powered by different configurations of black holes, either binary or single black
holes. This chapter will provide an introduction to the study by first discussing the background
of AGNs and the dynamical evolution of SMBBHSs, followed by distinctive electromagnetic

signatures of SMBBHs, and eventually the overall thesis structure.
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1.2 AGN

Since the first spectroscopic detection of an active galaxy, NGC 1068 by Fath (I909), the
general class known as active galactic nuclei (AGN) has been studied in many aspects. An
AGN represents a compact region situated at the core of a galaxy, emitting a substantial
amount of energy across the entire electromagnetic spectrum. This emission can exceed that
of the rest of the galaxy by factors of 100 or more, indicating that stars alone cannot account
for its source. The prevailing hypothesis suggests that this significant energy may arise from
gas accreting onto an accretion disk surrounding a black hole. In terms of electromagnetic
spectra, AGNs are characterized by (a) strong X-ray emission, (b) relatively strong radio
emission, (c) non-stellar emission spanning the ultraviolet to infrared wavelengths, and (d)
broad emission lines observable across ultraviolet, optical, and infrared wavelengths.

The unified AGN model, shown in Figure i1, elucidates the internal structure of these
systems, which typically consist of a central black hole encircled by an accretion disk. the
photoionized gas clouds in or around the disk constitute the broad-line region (BLR) that
produces strong, broad emission lines. Extending outward from the BLR is the dusty torus,
delineated by the dust-sublimation radius, R, the closest distance to the central source where
dust can persist. The expression of dust-sublimation radius assessed by Nenkova et al. (2008)

is:

L 12 71500 K\ >
04 1.2.1
Ry =0 (1045erg/s> ( Toub > PG, ( )

where L is the luminosity of the central source and T, is the sublimation temperature for
dust. Surrounding these structures is the narrow-line region (NLR), spanning up to hundreds
of parsecs, where narrow forbidden and permitted lines originate. Moreover, radio jets are
occasionally observed spanning various scales and aligned with the system’s axis. At the
heart of the unified AGN model lies the dusty torus surrounding the central source and
the BLR. Depending on the torus’s inclination angle, emissions from the BLR and central

source may be obscured or unobstructed. When the torus obscures these inner structures, a
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Seyfert 2 spectrum is observed in the nucleus of the host galaxy; conversely, when they remain

unobscured, a Seyfert 1 spectrum is observed.

Observer sees Blazar

b Observer sees Radio
Y loud Quasar
! Observer sees
' Radio Galaxy
Gas clouds in NLR e
Observer sees
Seyfert 2 Galaxy
gho
Accretion disk
il Observer sees
Q&é\o Seyfert 1 Galaxy
- v\‘;\“
- \'!..',()d\

Figure 1.1: The unified AGN model. This figure describes the components of an AGN: an
SMBH at the center, an accretion disk around the central SMBH, a dusty torus obscuring
part of the BLR, and an NLR. The other labels indicate various categories of AGN that are
observed based on the direction of the observer. Figure taken from Urry et al. (I995).

1.2.1 Accretion and SEDs of SMBHs

As depicted in Figure 01, the standard AGN model posits an SMBH encircled by an accretion
disk. The strong gravitational pull of the black hole draws in the matter, yet owing to the
matter’s angular momentum, the majority of infalling matter initially forms an accretion
disk. Within this disk, matter progressively moves inward due to viscous torques, wherein the
material’s gravitational potential energy transforms into kinetic energy and is radiated away
as heat. This thermal energy heats the disk, causing it to emit thermal photons. Under the
assumption that the disk is optically thick, it radiates locally like a blackbody, generating the
big blue bump shown in Figure 1-2.

Apart from the thermal emission, non-thermal emission also contributes to the SED, which

is produced by the inverse Compton scattering and synchrotron radiation. Firstly, the inverse
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Compton scattering occurs when relativistic electrons collide with the photons and increase
the photon energy. Secondly, synchrotron radiation occurs when a collection of electrons
spirals around magnetic field lines at relativistic speeds. Moreover, there is an infrared bump

in Figure 12, which is due to emission from warm (7" < 2000 K) dust grains.

T T T
Big blue bump

Turnover _

T IR bump

5 I Radio loud //
L ~10% 7

Radio quiet .
~90%

Log;o »F, (arbitrary units)
.
T

. 1 . I . ! . !
10 12 14 16 18

Log,o v (Hz)

Figure 1.2: A sketch of typical AGN SEDs. Adapted from Carroll et al. (2017).

Under the assumption that the disk surfaces radiate as a blackbody, the thermal structure

of an accretion disk can be calculated using the equation 1-2-2:

—1/4 . 1/4 —3/4
T 21 %100 [ 2L n /A M - K, (1.2.2)
107M@ Mgaq To

where M is the black hole mass, 7 is the efficiency, r¢ is the inner radius of the disk, and M
is the accretion rate.
Based on the blackbody assumption, the radiation intensity of a single blackbody of tem-

perature T'(r) is described by the Planck function:
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2hv3 1
2 exp(hv/kT(r)) — 1

B, = (1.2.3)

which in turn describes the flux from each concentric ring of the disk as observed from a

distance D:

(1.2.4)

o 4h cos iv® /rout rdr
Y 2D? v exp(hv/ET(r)) —1

0

]()g Fy (arbitrary units)

2 -1 0 | 2 3 4
log (hv/kT,y, )

Figure 1.3: A continuum spectrum Fj} of an optically thick disk radiating like a blackbody.
Adapted from Frank et al. (2002).

Equation 124 has three regimes, as shown in Figure 13:

o Low-frequency regime hv < kT (rout): the Planck function B, takes the Rayleigh-Jeans
limit, F, o 2.
 Intermediate-frequency regime kT (rount) < hv < kT'(rg): the spectrum is nearly flat,

F, x Vi3,
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o High-frequency regime hv > kT (rg): the Planck function B,u takes the Wien form,

F, o 3¢ /KT

Moreover, the temperature relates to the wavelength by Wien’s law (Equation 1-2°5) and

wavelength is further related to the energy by Equation 1-26.

2821 x 103 m-K

Apeak = 1.2.5
peak Tpeak[K] ( )
E=hv= % (1.2.6)

1.3 Dynamical Evolution of SM BBHs

In the context of the hierarchical evolution of galaxies, where small galaxies form first and then
merge to form larger ones (White et al., I978; White et al., 1991), and with the assumption
that each massive galaxy contains an SMBH at its center (Denuk Richstone et al., T99R;
Kormendy et al., 2013), SMBBHs will form through these galactic mergers (Haehnelt et al.,
2002).

Correlations between the mass of a central SMBH and its host galaxy have been established
by many studies (Kormendy et al., [995; Magorrian et al., 1998; Tremaine et al., PO0Z;
McConnell et al., 2013). Among these correlations, the tightest one is between the black hole

mass, Mpp, and the stellar velocity dispersion of the bulge, o:

M o
log [~ ) — log (—7 ), 1.3.7
Og(M@) a+ﬂog<2oo kms_1> (1.3.7)

where o = 8.32 £ 0.05 and § = 5.64 + 0.32 (Bogdanovi et al., P22, McConnell et al., P2OT3).
This correlation suggests that massive galaxies harbor black holes with masses Mpyg ~
105 — 108 M, corresponding to the mass range of SMBHs.

For these SMBHs to merge, there are several important phases from galactic merger to
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black hole merger (Begelman et al., [980):

e Phase I: Dynamical Friction Phase, where two black holes are dragged by the dynamical
friction in the stellar bulge of the post-merger galaxy, ends with the formation of a close

Keplerian binary.

o Phase II: Binary Hardening Phase, where the binary orbit decays due to energy loss due

to stellar encounters, and

e Phase III: GW Dominated Phase, where the binary orbit decays due to GW emissions,

ends with the coalescence of the two black holes.

1.3.1 Phase I: Dynamical Friction

When a massive object, such as an SMBH with a mass Mpy, traverses through the stellar
background, the gravitational pull is exerted on this massive object by the stellar background.
This gravitational pull acting as a brake is named "dynamical friction".

In this phase, as described in Bogdanovi et al. (2022), dynamical friction serves as a crucial
pathway for the formation of gravitationally bound black hole binaries. Initially, during the
merger of two galaxies, their SMBHs remain closely attached to their stellar bulges. As the
parent bulges gradually converge, approaching a distance ~ 1 kpc, they eventually merge,
leading to a gradual dissipation until the SMBHs become detached. Provided that the mass
of the stars and gas in the background significantly exceeds the total mass of the two black
holes, both SMBHs experience a pull toward each other induced by dynamical friction exerted
by the stellar and gaseous background within the post-merger galaxy.

Under the influence of dynamical friction, the separation between two black holes shrinks

with a timescale described by Colpi (2014):

2 x 108 [ 10°M; ro\? o, (1.38)
T L.
4~ "IN \ Mgy 100 pc/ \ 100 km/s
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This equation describes the timescale for phase I with several parameters: a stellar back-
ground of N stars in a singular isothermal sphere, a one-dimensional velocity dispersion o,
that describes a stellar density p, = 02/(2rGr?), a black hole mass Mgy, and a sinking-start
distance r.

As depicted by this equation, for a given black hole mass and specific velocity dispersion,
the smaller 7 is, the shorter the timescale, indicating that dynamical friction increases with
orbital decay. Ultimately, the black holes form a gravitationally bound system, marking the

start of Phase II, the binary hardening phase.

1.3.2 Phase II: Binary Hardening

As dynamical friction gradually draws two black holes together, a binary system forms when
the total mass of stars enclosed within the binary orbit is less than twice the mass of the
binary system. A typical separation for the formation of the binary system is a = 10 pc
(Mayer et al., 2007; Dotti et al., 2007; Khan et al., 2012).

Throughout this process, the dynamical friction weakens as the black holes gain higher

velocities during inspiral. Once the separation between to black holes drops below aparq, phase

I concludes, yielding the stage to phase II, the binary hardening phase.

Gu q Mot O —2
i = —H =01 , 1.3.9
fhard = 39 (q+1) (106M@> (100 km/s) be (1.3.9)

where M, is the mass of the binary system, ¢ is the mass ratio between two black holes,
and p = Mioq/(q + 1)? is the reduced mass of the binary (Quinlan, T996; Yu, 2003; Merritt
et al., 2004H; Colpi, PO14).

During this hardening phase, dynamical friction ceases to effectively draw two black holes
together. In order to continue orbital decay, the binary system needs to interact with individ-
ual stars to lose orbital energy and angular momentum. This interaction is known as "stellar
scattering". Under the influence of stellar scattering, the hardening timescale to coalescence

is
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O o 104M@ pc*3 1073 pc
= —2 — 70 : 1.3.10
Thard 7Gp.a (100 km/s> < P a ( )

where o, is the velocity dispersion of stars, p, is the density of the stellar background, and
a is the semi-major axis of the binary system (Colpi, 20014)). In contrast to the timescale driven
by dynamical friction, the hardening time increases when two black holes become closer to
each other, indicating that it is more difficult to harden the binary as two black holes approach
the merger.

However, a significant challenge arises with stellar scattering. As the binary system inter-
acts with individual stars and approaches merger, these stars are expelled from the galactic
center, leading to a decrease in the number of stars available to interact with the binary
system. Consequently, there may eventually not be a sufficient number of stars for stellar
scattering, potentially causing the binary to stall at a certain separation, typically around
1 pc. This challenge is commonly referred to as the "final parsec problem".

To address this challenge, several solutions have been proposed: in galaxies with a non-
spherical potential, the stellar reservoir can be replenished (Yu et al., 2005); a third SMBH
can enter the binary system, reigniting the merger process (Hoffman et al., 2007; Bonetti
et al., PZOIR; Ryu et al., 200R); or gas can facilitate binary orbital decay by dissipating the
binary angular momentum through radiation (Bogdanovi et al., 2022).

While a binary system may stall at parsec scales, accumulating evidence suggests that this
scenario is only likely in perfectly spherical, idealized galaxies (Amaro-Seoane et al., 2023),
where stars are bound to conserve angular momentum. In reality, stellar bulges are often
triaxial, allowing stellar orbits to be torqued by the asymmetric mass distribution, and their
angular momentum does not necessarily remain conserved over time (Yu, 2002; Merritt et al.,
PO04a; Merritt et al., 2000). This indicates that the loss cone can be refilled within a Hubble

A, g UL

time.
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1.3.3 Phase III: GW Dominated

As two black holes come close enough, gravitational waves (GWs) start to drive the merger.

During this GW-dominated phase, the timescale driven by GWs is

4% 108 (g +1)? o 1\ /100M\°
oy = 2107 (g L) o CMo )" o (1.3.11)
f(@) q Mtot 0.001 pc Mtot
, where f(e) = [1 + Sez + 3)264} (1—e2)"7/2 and e is the eccentricity of the orbit (Colpi,

2014). The dependence of the GW-driven timescale on the eccentricity of the orbit stems
from the fact that GW emission is highly dependent upon the orbital frequency, thus closely
linked to the orbital speed.

This phase is divided into three sub-phases: (1) inspiral, during which the orbital velocity
of two black holes still exceeds their radial velocity towards each other, (2) merger, marking
the fusion of the two black holes into a single one with different mass and spin, and (3)
ringdown, when the newly formed black hole stabilizes and emits GWs like a bell.

In a binary with each black hole mass m; and mo, a total mass of M = mj; 4+ me, and a
reduced mass ratio y = mymsa /M, the inspiral phase involves the binary orbiting from infinity
to the innermost stable circular orbit (ISCO). In geometrized units (G = ¢ = 1), the released
energy for the inspiral phase is approximately u times the specific binding energy at the ISCO,
yielding Einspiral ~ p. In contrast, the total energy released during the merger and ringdown
phases is estimated as Emerger ~ u? /M, or equivalently Ernerger ~ (1t/M) Einspiral (Bogdanovi
et al., 2022).

Therefore, if the black hole mass ratio is 0.1 < ¢ < 1, the energy emitted during the
merger and ringdown could constitute a few percent of the rest mass energy of the binary,
comparable to the energy emitted during the inspiral. Conversely, for systems with extreme
mass ratios, the GW in the inspiral sub-phase is the most likely to be detected.

In summary, these three processes have timescales listed below:

¢ Galaxies merge in a few Gyr.
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« Two SMBHs become gravitationally bound in ~ 107~ yr due to dynamical friction.
« SMBBH hardens in ~ 10~ yr.

« SMBBH coalesces in ~ 10% yr due to the emission of GWs.

zla]

Figure 1.4: Density distribution on a logarithmic scale for a binary black hole system at four
distinct time points. Each black hole is depicted by a black circle, with the larger black circle
at the coordinate origin denoting the central cutout of the simulation. From one to the next
snapshot, the black hole receiving the most material changes. It is BH2 (on the left) in the
first frame, BH1 (on the right) in the next, back to BH2 in the third, and BH1 in the fourth.
thin = 27/ Qpin, where Qy;y, is the binary orbital frequency. Adapted from Bowen et al. (201R)
with permission from the authors.

1.4 Electromagnetic Signatures of SMBBHs

The galactic environments where SMBBHs form will contain sufficient amounts of gas for them

to become electromagnetically bright (Cuadra et al., 2009; Chapon et al., 2013; Colpi, 2014).
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Thus, SMBBHs are excellent targets for multimessenger astrophysics following the launch of
LISA (J. Baker et al., 2019; Kara et al., 2019). Compared to standard AGNs powered by
single black holes, different electromagnetic signatures will be emitted by SMBBHs due to
their distinctive features, as shown in Figure 14, such as (a) a circumbinary disk surrounding
the two black holes, (b) minidisks formed around each black hole, and (c) streams of gas
accreted onto the minidisks from the inner edge of the circumbinary disk (Noble et al., POTZ;
Zilhdo et al., POTH; Armengol et al., P2021; S. C. Noble et al., 2021; S. C. Noble et al., P02

Bowen et al., 2008; Bowen et al., 2009; Gutiérrez et al., 2022).

1.4.1 Circumbinary Disks

Early concerns arose regarding the low inflow rate of material toward merging black holes via
a circumbinary disk. These concerns stemmed from two main arguments. Firstly, even when
gravitational radiation losses are insufficient to drive orbital evolution, the binary’s strong
torques on nearby gas can result in the clearance of a substantial cavity within approximately
2a of the binary, particularly when the binary mass ratio is close to unity (Artymowicz et al.,
1994; Artymowicz et al., [996; D’Orazio et al., 20016; Bowen et al., 2017, Tang et al., 20IR).
Therefore, these torques were thought to be able to prevent any mass accretion inside the
binary (Pringle, T391). Secondly, as previously stated, the circumbinary disk may decouple
from binary black holes when the GW merger timescale becomes shorter than the accretion
timescale of the disk.

Both arguments have been addressed by numerical simulations of SMBBHs. The first
argument was resolved by two sets of simulations focused on circumbinary disks. One set,
incorporating internal stresses within the disk, demonstrated that gas streams readily detach
from the disk’s inner edges (MacFadyen et al., 2008; Noble et al., P01%; Shi et al., POT2;
D’Orazio et al., 2013). The other set, accounting for defined accretion rates, indicated that
all mass traversing through the circumbinary disk is effectively delivered to the binary (Farris
et al., 2014; Shi et al., 20TH). Moreover, Shi et al. (2015) revealed that binary torques acting on

streams within the gap can redirect gas back to the circumbinary disk, where a portion of the
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stream mass undergoes sufficient angular momentum loss via shock deflection to subsequently
accrete onto the binary. This redirection of gas creates an overdensity at the inner edge of
the circumbinary disk, which is often referred to as a "lump", which does not appear in disks
around a single SMBH.

The second argument was addressed by Noble et al. (2002) and Farris et al. (2015), who
demonstrated that as the binary black hole system undergoes orbital decay, the rate of accre-
tion can remain stable. This is attributed to the availability of gas close to the black holes,
resulting in a shorter timescale for accretion compared to what was previously estimated based
on material from distant regions of the disk (Bowen et al., 2007). This remains true even in
the case of spinning black holes (Armengol et al., P0021). Additionally, Noble et al. (P1012)
showed that the circumbinary disk can remain bound to the binary system up to a separation
of a ~ 10M. Consequently, at this separation, the efficiency of energy released amounts to
5% of the rest mass energy, resulting in a luminous circumbinary disk:

M M

= =_"_~5 1.4.12
g Tin 20 % ( )

where ry, is the size of the inner edge of the circumbinary disk.

1.4.2 Minidisks and Streams

As mentioned in the previous subsection, contrary to earlier assumptions that gas cannot
accrete within the circumbinary disk, it is indeed capable of inward movement, forming mini-
disks around each member of the binary. These minidisks constitute significant deviations
from the structure of a typical AGN disk. Consequently, numerous studies have endeavored to
elucidate their configuration and the processes governing their ability to generate distinctive
electromagnetic signatures (Ju et al., 20I6; Ryan et al., 20I7; D’Orazio et al., 2015; Bowen
et al., 2007; Bowen et al., 2008; Bowen et al., 2009; dAscoli et al., PUIR; Tang et al., POIR).
Bowen et al. (2008) found, as depicted in Figure -4, that the minidisks, besides having
approximately four times the mean surface density of the circumbinary disk, also exhibit an

intriguing feature: an accretion switch. The accretion of streams alternates between black
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holes across four snapshots at a time interval of (2/3)tpin, where tpy, = 27/ Qpin with Qp, the
binary orbital frequency. This alternation is due to the stationarity of the m = 2 accretion
stream pattern in the corotating frame. Relative to this stationary pattern, the lump moves
backward, so that it switches the accretion feeding between two black holes in the binary
system (Bowen et al., 2018). Furthermore, the mass difference between two minidisks increases
over time.

Bowen et al. (2019) further found that the masses of minidisks have a modulation frequency
of Qpeat- At frequencies ranging from 0.2, to 0.4Qpin and 2Qpeat, the total minidisk mass
and the lump angular velocity Qjump undergo modulations. As a result, they concluded that
the internal time-varying structure of the central cavity, streams, lump, and minidisks are
interconnected, producing significant quasi-periodic signatures in the electromagnetic emission

of SMBBHs.

1.4.3 BLR

With these distinctive electromagnetic signatures associated with SMBBHs, we expect that
the surrounding gas clouds within the BLR will be photoionized differently and produce
different strengths of broad emission lines from those photoionized by the AGN powered
by single SMBHs. Specifically, the BLR gas clouds are photoionized by the accretion-disk
continuum emitted by either binary or single black holes at the center of AGN.

Typically, clouds within the BLR exhibit a high gas density (ngas ~ 10'* cm™) and a high
column density (Neo ~ 102 ecm™3), situated at a distance of approximately r ~ 1 pc from
the central continuum source (Netzer, 2008). Due to the high gas density, certain forbidden
lines may be suppressed. Generally, emission lines require the spontaneous decay of excited
atoms from higher to lower energy levels. However, within high-density clouds, much of the
level decay arises from collisional de-excitation by electrons, which does not result in photon
emission. Consequently, part of the forbidden lines are suppressed in high-density clouds.

Generally, a cloud that is photoionized by a central luminous source will have an illumi-

nated side and a non-illuminated side, which corresponds to the ionized and neutral/partially
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ionized zones. If the cloud is optically thin, then most of the cloud will be ionized. If the
cloud is optically thick, then the illuminated side of the cloud will mostly be ionized while
the non-illuminated side will be neutral or partially ionized.

Fach cloud in the BLR will be highly ionized in the illuminated side, and if it has a
sufficiently high column density, it will be mostly neutral in the non-illuminated side. The
illuminated side emits high-ionization lines such as He I, He I, O VI, N V, and C IV, whereas
the non-illuminated side emits low-ionization lines such as Mg II, Ca I, O I, and Fe IT (Gaskell,
2009).

To determine the ionization level of a cloud within the BLR, the ionization parameter is

defined as

Q

= )
ATr2 Cngas

(1.4.13)

[e.9]

. o . . . v
where the ionizing photon emission rate Q) = W
v

vo

hydrogen ionization frequency (19 = 3.29 x 10'® Hz). Since @ depends on the continuum

dv is integrated frequency from the

shape, changes in the continuum shape will induce variations in (), causing variations in the

ionization parameter.

1.4.4 Research Objective and Significance

Given their dual emission of GWs and electromagnetic signals, SMBBHs represent excep-
tional targets for multimessenger observations. By combining GW and electromagnetic data,
we can refine our understanding of the dynamical interactions between SMBBHs and their
environments, elucidate the mechanisms of accretion in their vicinity, and investigate the
co-evolution of SMBBHs and their host galaxies (Kelley et al., 2009; Charisi et al., 2022).
Moreover, electromagnetic observations can constrain binary parameters, such as the chirp
mass and period. For instance, Arzoumanian et al. (2020) utilized electromagnetic data to
estimate the upper chirp mass limit of an SMBBH candidate in the center of the galaxy 3C

66B to be (1.65 £ 0.02) x 10° M, and claimed that this upper limit is improved by a factor
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of 1.6 over previous limits. Additionally, the identification of binary candidates in electro-
magnetic data can significantly improve the ability of Pulsar Timing Arrays (PTAs) to detect
these binary systems (Liu et al., 2021).

With the capability of detecting nanohertz GWs, PTAs can detect SMBBHs with a mass
range 10° — 10'°M (Kelley et al., 2019), whereas the future Laser Interferometer Space
Antenna (LISA) will detect SMBBHs with a mass range 10° — 10’ M, (Amaro-Seoane et al.,
2017), which emit millihertz GWs.

As previously mentioned, SMBBHs exhibit different characteristics from standard AGNs,
such as the circumbinary disk and minidisks. These unique characteristics will yield differences
in electromagnetic signatures, particularly their SEDs. These distinct SEDs influence the
photoionization of the surrounding gas, resulting in the emission of different strengths of
emission lines within the BLR. Detecting differences in the strengths of these emission lines
may signify the presence of binary black holes (BBHs) or single black holes (SBHs).

Therefore, the objective of my research project is to develop a diagnostic approach to
distinguish BBHs and SBHs using BLR emission lines. If this approach proves feasible, it
could enable us to identify the electromagnetic counterparts of future targets of LISA and

PTAs.

1.5 Thesis Structure

The structure of this thesis is as follows: we begin chapter 2 by discussing the comparison be-
tween the light-crossing time over the BLR and the merger time of BBHs. Next, we introduce
the models used to simulate the SEDs of binary and single black holes and outline both the
single-cloud (Cloudy) and cloud-ensemble (BELMAC) models. In Chapter 3, we discuss in de-
tail the BBH and SBH SEDs obtained either from General Relativistic Magnetohydrodynamic
(GRMHD) simulations or OPTXAGNF modeling, where we used the code OPTXAGNF to
model the SBH SEDs. Additionally, we include a more realistic continuum that combines
accretion-disk SEDs and galaxy SEDs. In Chapter 4, we present our most important results

on the behaviors of broad emission lines within two types of BLR models: single-cloud models
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and cloud-ensemble models. Finally, in Chapter 5, we present the conclusions and provide an
outline for our future work.

In this thesis, we plotted the SEDs using different conventions, such as the wavelengths
(A) and frequency (Hz), to match the conventions of different communities in astronomy.
In GRMHD simulations, the convention is to plot the SED with the frequency (Hz). We
followed the same conventions in our simulations of single black holes. On the other hand,
when calculating the equivalent widths, we follow the observational convention that SEDs are
plotted against the wavelength (A). Note here, the conversion between wavelength (\) and
frequency (v), A = £. Therefore, an increase in wavelengths indicates a decrease in frequency

or energy.
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Chapter 2

Description of Models

2.1 Overview

In this chapter, we present the models used in our project. This project is conducted based
on the idea that BBH SEDs differ from those of SBHs, which should affect the strengths of
broad emission lines in the BLR. Therefore, based on this idea, we aim to determine whether
broad emission lines can be used to distinguish BBHs from SBHs. In order to achieve this
goal, we took several steps.

Firstly, we obtained BBH SEDs from GRMHD simulations for four BH masses: 105, 107,
108, 109 M.

Secondly, to compare BBH SEDs with SBH SEDs, we computed the corresponding set of
SBH SEDs, which share the same parameters with BBHs (e.g. BH mass, spin, and luminosity).

Thirdly, to simulate the emission-line response from the BLR, we computed photoioniza-
tion models of a single cloud using a photoionization code called Cloudy (Chatzikos et al.,
2023).

Lastly, to generate more realistic line responses, we computed cloud-ensemble models using
BELMAC, which is a broad emission line mapping code (Rosborough et al., 2024).

In section 2.2, we present the calculations of timescales for BBHs to assess their detectabil-
ity and the effect of temporal SED variations on the BLR response. In section 2.3, we delve

into the discussion of the models employed in simulating SEDs, including both BBHs and
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SBHs. In section 2.4, we introduce the BLR photoionization models utilized in this project,

including single-cloud models and cloud-ensemble models.

2.2 Timescales

H Model tgy (days) Rprr (light days) top (days) H

M6 0.73 0.727 0.032
M7 7.3 3.836 0.320
M8 73 27.40 3.202
M9 730 166.13 32.015

Table 2.1: A comparison of key timescales. The "Model" column lists the total black hole
mass utilized in the model, where the number denotes the 10" Mg of the black hole. gy
represents the merger timescale initiated from a separation a = 20M, with M representing
the black hole mass. Rppr denotes the radius of the BLR, computed using the luminosity-
radius relationship outlined in Bentz et al. (2013). ¢, indicates the orbital period, computed
using Kepler’s Third Law.

Since our project focuses on the emission lines in the BLR, we first calculated the BLR

radius (Rppr) using the luminosity-radius relationship in Bentz et al. (2013):

RpLr ALy
1 = 1.52 . 1 —_— 2.2.1
©E10 (1 lt-day> 527+ 0533 logy (1044 e]rg/s)7 ( )

where ALy denotes the optical luminosity at wavelength 5100A. This optical luminosity
was obtained by interpolating the SED data for each model (vL, vs. A). This relationship
can be approximated as Rprr LY/2,

Secondly, by calculating the merger timescale (tgw) using Equation 2.2.2 in Loeb (2007),

we aim to determine whether the merger of black holes can be detected or not.

M a \/ M
tow = 2 x 100 [ — 2.2.2
gw = 2% <4u) <1000rg) <107M@) e (222)

where M is the binary mass, p = (mimz)/M the reduced mass ratio, r, = 2GM/c?

the gravitational radius, and a the separation between two black holes. Here, we chose the

separation a = 20M, since in the GRMHD simulation, the merger starts at this separation.
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Additionally, mj; = mg = M/2, where m; and mg represent masses of the two black holes,
respectively. Since the separation is fixed, the merger timescale solely depends on M (tgw o
M), as shown in Table 271

Finally, as provided by Gutiérrez et al., 2022, the shapes and specific luminosity of BBH
SEDs vary throughout the simulation. Therefore, to assess the significance of temporal SED
variations, we approximated the SED variation time to the orbital period of the two black
holes. If the SED variation time significantly exceeds the light-crossing time of the BLR,
we can detect fluctuations in the SED, which might result in time-dependent variations in
the strengths of broad emission lines. Otherwise, these temporal SED variations would be
averaged out, appearing as a time-averaged SED. In this case, there will be no significant
temporal variations in broad emission lines.

In calculating the orbital period, we applied Kepler’s Third Law:

2
_ArT g

7% = —
am"

(2.2.3)

, where a = 20M as well.

When the merger timescale is compared with the light-crossing time, if the merger timescale
is significantly shorter than the light-crossing time of the BLR, the BBHs will exist for a rel-
atively brief period compared to the post-merger SBHs. In this case, the strengths of broad
emission lines in the BLR will be mainly affected by the post-merger SBHs instead of BBHs.

After calculating of merger and orbital timescales and comparing them to the light-crossing

time of the BLR, we found that

e None of the models exhibit merger times significantly smaller than the light-crossing
time of the BLR, indicating that in all models the BBHs exist long enough for the BLR
to emit broad emission lines that are mainly photoionized by the configuration of BBHs,

such as the circumbinary disk, minidisks, and streams, instead of the post-merger SBHs.

e None of the models have orbital times significantly greater than the light-crossing time

of the BLR, implying that only time-averaged SEDs can be detected. Consequently, the
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strengths of broad emission lines will remain fixed through BH evolution.

2.3 Spectral Energy Distributions

In this section, we describe the SED simulations used in our study. We simulated the SEDs
of SBHs to compare with those of BBHs provided by Gutiérrez et al. (2022). Further details

regarding the simulations will be provided below.
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Figure 2.1: Surface brightness map of BBHs in GRMHD simulations, which are averaged in
the fifth orbit of the simulation. The inner white circle represents the outer boundary of the
minidisks, while the outer one is the inner boundary of the circumbinary disk. The upper
panel is from the simulation for spin 0.6 black holes, whereas the lower panel is for spin 0
black holes. Reproduced from Gutiérrez et al. (2022) with permission from the authors.
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2.3.1 BBH SEDs

As mentioned above, the BBH SEDs were provided by Gutiérrez et al. (2022). The data of
these SEDs was generated in two steps: (1) accretion-disk simulations and (2) electromagnetic
emission simulations.

Firstly, the accretion-disk simulations were performed by Combi et al. (2022) using a
General Relativistic Magnetohydrodynamic (GRMHD) code HARM3D developed by S. C.
Noble et al. (2009). Subsequently, the data from accretion-disk simulations was post-processed
by Gutiérrez et al. (2022) using a ray-tracing code BOTHROS, developed by S. C. Noble et al.

(7007), to calculate the electromagnetic emissions from these disks.

GRMHD Simulations

In GRMHD simulations, the basic setup is: two black holes with equal mass are placed on a
time-dependent spacetime. These black holes are initially placed at a separation a = 20M,
where units are geometric units (G = ¢ = 1). Surrounding this binary system is a circumbinary
disk with its inner edge located at a distance 2a, whose initial properties are obtained from the
quasi-steady state snapshot at ¢ = 50,000M from the RunSS simulation described in Noble
et al. (2002). Additionally, there are two minidisks encircling each member of the binary
system, each minidisk interwoven with a weak poloidal magnetic field (dAscoli et al., PZUIR).
Specifically, in this GRMHD simulation the evolution of BBHs is based on several con-
straints: (1) the conservation of baryon number density, (2) conservation of stress-energy, and
(3) the Maxwell induction equation (more detailed descriptions in S. C. Noble et al., 2009).
In HARMS3D, all dissipated energy is recorded as heat, of which the loss is accounted by a
"loss term" V,T* = L.u”, where TH is the energy-momentum tensor, and L. is the cooling
function (Gutiérrez et al., 2022). This cooling function is designed to cool the gas toward the

initial entropy (Sp = 0.01) at a rate per unit volume:

EC: Sio‘l‘sio

tcool

A A 1/2
pe < S S) (2.3.4)
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, where p is the rest-mass density, € is the specific internal energy, AS = S — Sy with S

the specific entropy, and the cooling timescale t¢.o is defined as:

p
2m(r + M)32 )/ M if r > 1.5a
tcool(r) = 27‘("/“%/1_‘271/\/7%1‘ if r; < 0.45a (235)

om(1.5a + M)3/2/x/M  otherwise

In the equation above, rpy,; is the Boyer-Lindquist radial coordinate in the co-moving

frame of the i-th black hole, and m; is the i-th black hole mass.

Radiative Transfer Simulations

Once the accretion-disk data is generated, it is post-processed by BOTHROS, a general rel-
ativistic ray-tracing code developed by S. C. Noble et al. (2007). BOTHROS adopts an
observer-to-source method, wherein a distant simulated camera emits photons toward the
source along geodesic paths. Each launched ray contributes a spectrum, [, to individual pix-
els within the simulated camera. Additionally, Gutiérrez et al. (2022) employed the fast-light
approximation, assuming that the simulation data remains constant over the duration of the

photon travel time.

2.3.2 SBH SEDs

To compare with BBH SEDs, we simulated the SBH SEDs using the accretion-disk model-
ing code OPTXAGNF developed by Done et al. (2002). OPTXAGNF assumes a standard
blackbody disk model for a mass accretion rate M onto a black hole of mass M and spin a*.
It utilizes the effective temperature as a function of radius derived from the Novikov-Thorne
relativistic disk emissivity. The fluxes from each annulus in the disk are integrated over all
radii from the edge of the disk 7oyt to the innermost stable circular orbit (ISCO) radius with
isotropic emission assumed (Done et al., POT2).

OPTXAGNF models three components in a typical AGN SED: (1) thermal emission of the
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accretion disk, where the photon energy typically peaks in the UV band, (2) a non-thermal
power-law component (E > 2 keV), produced by the Compton upscattering of seed photons
by the electrons surrounding the disk, and (3) a soft X-ray excess (E < 1 keV) with an
unknown origin. In AGN the X-ray emission is attributed to Compton upscattering of the
UV photons emitted by the disk. Therefore, the "corona radius" (rcor) is used to define the
boundary of a region where Compton upscattering predominantly occurs (Jin et al., 2012).
The parameters we used to generate SBH SEDS are listed in Table 2-2. For the SBH
models the mass, spin, and luminosity were chosen to match those of the corresponding BBH
model: using the total BBH mass, the spin of the individual black hole and the time-averaged

SED luminosity.

H Model log (L/Lgad) @* 7Tcor (1g) log(rou/ry) kTe (keV) 7 r SR H
M6 —0.8834 0.6 10 5! 0.2 10 1.55 0.56 0
M7 —1.0634 0.6 10 5 0.2 10 1.55 056 0
M8 —1.0634 0.6 10 5 0.2 10 1.55 0.56 0
M9 —1.0634 0.6 10 5 0.2 10 1.55 056 0

Table 2.2: SBH parameter table for OPTXAGNF. L/Lgq4q is the Eddington ratio for time-
averaged luminosity. a* is the spin parameter. r.; is the coronal radius (outer boundary where
inverse Compton scattering occurs), in units of the gravitational radius r4. 7oy is the outer
radius of the disk, in units of r4. kT, is the energy of the Compton optically thick material
that produces the soft X-ray excess. 7 is the optical thickness of the Compton optically thick
material. fp is the proportion of the corona power emitted in the hard power-law component.
I' is the negative photon power-law index of the hard X-ray tail component.

These emission processes, such as blackbody radiation and inverse Compton scattering, are
also included in the GRMHD simulations. As mentioned above, the codes we used are different
for binary and single black holes. Specifically, BBH simulations consider the relativistic effect
of curved spacetime and calculate the emissions along geodesics while OPTXAGNEF does not.
But they both were built upon the same theories of radiative processes, such as the thermal
blackbody radiation and inverse Compton scattering. Therefore, the differences in the SED

shape they show are what we would expect to see in real binary and single black holes.
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Figure 2.2: A typical quasar spectrum. Adapted from Francis et al. (T991).

2.4 Photoionization Models

Once we acquired the SEDs of both SBHs and BBHs, we proceeded to construct photoioniza-
tion models to simulate the BLR response in terms of its emission lines. These models calculate
the ionization and thermal structures within individual clouds, allowing us to compute the-
oretical line emissions. We employed two types of photoionization models: (1) single-cloud
models, which compute line emission of a single cloud, and (2) cloud-ensemble models, where
the line emission is aggregated over multiple clouds. The latter models offer a more realistic
representation of the BLR.

Since in this project we only considered the BLR, the emission lines used to probe the
difference in SEDs are strong broad emission lines, as shown in Figure 2.2: Si IV A\1400A, C

ITI] A1909A, C IV A1549A, Mg IT A2798A, and Lya A\1216A.
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2.4.1 Single-Cloud Models

As a preliminary step, we approximated the BLR as a single cloud, as assumed by the pho-
toionization code Cloudy. Developed by Ferland et al. (T998), Cloudy calculates the ionization
distribution, level populations of excited states, and electron temperature within a cloud that
is illuminated by the radiation field of a source of continuum radiation. Based on these
conditions, it generates a theoretical spectrum containing emission and absorption lines. To
simulate the line emissions within a cloud, we first defined a grid of parameters that char-
acterize the cloud: (1) gas density (purely hydrogen) ny = 10'! em™3, which is typical in a
BLR, (2) the cloud overall column density log Neo = 22,23, 24,25 cm™2 for which the cloud
ranging from being optically thin to optically thick, and (3) the cloud composition with the
default solar composition in Cloudy.

It is also necessary to specify the incident spectrum. Based on the timescale calculations
in section 2.2, only time-averaged SEDs matter to the strengths of broad emission lines.
Therefore, we computed the time-averaged SEDs, from the data provided by Gutiérrez et al.
(2022), by averaging each luminosity at each corresponding frequency over the evolution time
in the GRMHD simulation.

Additionally, a mode needs to be specified in Cloudy, whether it is a luminosity case,
where the line strengths are calculated in terms of the luminosity of a surrounding sphere,
or an intensity case, where the line strengths are calculated in terms of flux. We tried both
cases and chose to use the intensity case because we only need the line flux in a single cloud,
not the total line luminosity of the sphere. In order to use the intensity case, we need to
specify an ionization parameter, which characterizes the ionization level within a cloud. This

parameter is described by the equation:

v= 9 (2.4.6)
drrecnyg
Vmax
, where @) = — is the ionization photon luminosity with a specific luminosity L, and
Vmin v
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h is the Planck constant, r is the distance between the central luminous source and the cloud,
and nyg is the hydrogen density within a cloud.

We computed the BLR radius based on the equation 22°1. Subsequently, we positioned
this single cloud at three different locations: 1R, 2R, and 4R, which is equivalent to varying the
ionization parameter with respect to the BLR radius based on the equation 2-4°6. Additionally,
as shown in the list of cloud parameters, we varied the column density to assess its impact on

the ionization structure within the cloud.

2.4.2 Cloud-Ensemble Models

While Cloudy offers preliminary insights into BLR emission lines, as mentioned earlier, its
assumption of a single cloud for the BLR is unrealistic. To address the complexity of millions
of clouds in the BLR, we turned to BELMAC, a broad emission line mapping code developed
by Rosborough et al. (2024), which models a 3D ensemble of gas clouds for the BLR.

As outlined in Rosborough et al. (2024), BELMAC characterizes the BLR as a collection
of clouds, where the outer boundary of the BLR is determined by the dust sublimation radius
Ry (Equation 1-2°1) and the inner boundary of the BLR, Rj,, is determined by the scaling
parameter Ypir = Rq/Rin.

Additionally, for each cloud in the cloud ensemble, BELMAC follows the assumptions of
photoionization models made by Netzer (2008) and defines a power-law index s for gas density
Ngas(r) o r°. From mass conservation, R3 (r)ngas(r) = Const, the size of a spherical cloud
can be derived as Rg(r) o r~5/3. Consequently, based on the cloud’s size, the overall column

2s/3 Furthermore, the number of

density of a cloud is given by Neoi(r) = ngas(r)Ra(r) o< 7
clouds within an element of the radius is described by a power-law index p, where Nyt (1) o< 7P.

Although BELMAC incorporates the reverberation mapping effect, we omit its considera-
tion in this study because to,1, <K tic as discussed in section 2.2. Therefore, we only used part of
the functionality of BELMAC to generate the total line luminosity without the reverberation
mapping effect.

While BELMAC requires the specification of numerous parameters, we focus solely on

Chapter 2. Description of Models 27



2.4. Photoionization Models

defining the input SED and the power-law density of the gas, denoted by s = 0 or s = —2.

The SEDs employed are the BBH and SBH SEDs mentioned earlier, and the selection of the s

2

is made to ensure that the ionization parameter U is proportional to 7~ or remains constant.

All the parameters we used in this project are listed in Table 42,
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Chapter 3

Spectral Energy Distributions for

Binary and Single Black Holes

3.1 Overview

As previously discussed in Chapter 2, we have obtained two types of SEDs: BBH SEDs
from GRMHD simulations and SBH SEDs from OPTXAGNF simulations. As shown by the
timescale calculations discussed in section 2.2, only time-averaged SEDs matter at the BLR
because the variations in the SEDs are smoothed out over the light travel times. Therefore,
we averaged the BBH SEDs over time and simulated SBH SEDs using the time-averaged

luminosity of BBHs to compare with the binary SEDs.

3.2 GRMHD BBH SEDs

To start with, we are provided with BBH SEDs by Gutiérrez et al. (20122). They provided us
with BBH SEDs for four total masses of the binary system: 10, 107, 108, 109 M.

As discussed in Gutiérrez et al. (2022), there are three main emission contributors to the
BBH SEDs: (a) the circumbinary disk, (b) the streams, and (c) the minidisks around each
member of the binary. Despite the cavity contributing negligible emission, it is still included

in the total emission. These components’ spatial distributions, as depicted in Figure 21, are
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Figure 3.1: Time averaged SEDs for BBHs ranging from M6 (10°Mg) to M9 (109 M), featur-
ing total emission (black), circumbinary-disk emission (red), emission from minidiskl (blue)
and minidisk2 (violet), along with stream emission (gray). The shaded green area represents
the CIV ionization range: 44.89 — 64.49 eV. The dot-dashed line represents the hydrogen
ionization frequency, which is about 3.29 x 10'® Hz. Plot reproduced with the data provided
by Gutiérrez et al. (2022).
defined as (a) r > riz for the circumbinary disk, (b) r12 < r < 2ri for the streams, and
(¢) r; < 0.45r19 for each minidisk, where 712 is the separation between two black holes in
the binary system, and r; is the distance from each black hole. In each case, the emission is
computed under the assumption that the thermal component arises from a multi-temperature
blackbody, whereas the non-thermal component originates from Compton upscattering.

For the case of M6 (Mpy = 105My), the thermal peak of the circumbinary disk occurs

in the extreme UV band, with an effective temperature of Tog ~ 9 x 10* K, dominating the

bolometric luminosity. Conversely, the minidisks positioned closer to the black hole exhibit
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higher temperatures, approximately Tog ~ 3.2 x 10° K, peaking in the far-UV band. The
dominance of emission from the circumbinary disk over the minidisks can be attributed to
two factors. Firstly, the accretion rate of the minidisks is lower compared to that of the
circumbinary disk. Secondly, the reduced angular momentum of gas within the minidisks
results in a smaller loss of angular momentum, leading to lower energy dissipation compared
to the circumbinary disk (Gutiérrez et al., 2022).

As shown in Figure B1, a notable trend emerges among these BBH SEDs: as the black
hole mass increases, the SEDs shift towards the lower-frequency range. This phenomenon is
attributed to the more massive black holes having a larger ISCO radius, resulting in accretion
disks positioned farther away with lower temperatures compared to those of lighter black
holes. The ISCO radius, as given by Reynolds (2021), is related to the spin parameter a of a

black hole according to the equations:

Risco = (3 Y ZyF (3 Z1)(3+ Z1 + 222)]1/2) R, (3.2.1)

, where the F sign indicates prograde/retrograde spinning directions for black holes, and

Zi=14+1-a>)"|1+a)P+1—-0a)'/? (3.2.2)
Zy = (3a® + Z})1/? (3.2.3)
GM

For instance, in our project, the black holes have the spin parameter a = 0.6; thus, the
corresponding ISCO radius is Risco = 3.8R,;. More massive black holes have a larger ISCO
radius, which is also the inner radius of an accretion disk.

Under the assumption that the disk radiates as a black body and is optically thick and

geometrically thin, the temperature across the disk follows
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Teg(R) oxx R™3/4 (3.2.5)

, where R represents the distance from the center. Consequently, the disk is cooler at larger
radii if it is in a steady state. This behavior explains why, as shown in Figure 3-1, more
massive black holes display thermal bumps at lower frequencies, related to the temperature
with hv = kT. These thermal bumps follow a relationship with the black hole mass (Gutiérrez

et al., 2022):

Vpeak 0¢ M 02 (3.2.6)

Moreover, the luminosity scales with the black hole mass as L « M, indicating that with
more mass, the black hole is more luminous at a given Eddington ratio. Interestingly, both
streams and minidisks exhibit peaks at nearly the same luminosities, consistent with the
brightness map where streams and minidisks are represented in similar colors, as in Figure
21. For the non-thermal emissions, the minidisks exhibit stronger emissions than those of the
circumbinary disk because the Compton up-scattering is much more important in the inner

regions of BBHs.

3.3 OPTXAGNF SBH SEDs

To compare BBHs with SBHs, we used OPTXAGNF to simulate SBH SEDs with the same
parameters (e.g. mass, spin, time-averaged luminosity, and accretion rate) as those of BBHs,
ensuring that only SED shapes are changing, as shown in Figure 3-2.

They exhibit a similar trend to BBHs: as the black hole mass increases, the thermal
bumps appear at lower frequencies, attributed to the lower temperatures associated with the

increasing mass of black holes.
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Figure 3.2: Time averaged SBH SEDs simulated by OPTXAGNF, illustrated as four models
in different colors: M6 (red), M7 (blue), M8 (violet), and M9 (gray). The black dashed line
denotes the ionization frequency for hydrogen. The green shaded area highlights the CIV
ionization range, spanning from 44.89 to 64.49 eV.

3.3.1 Effects of f,; on SBH SEDs

To investigate whether the parameter f;,;, which is the fraction of the corona power emitted
in the hard power-law component, will affect the continuum level in the ultraviolet/optical
range, we tried several values for this parameter.

Although different values of f,; affect the magnitude of Ly in the X-ray range, they do
not alter the slope or magnitude at the optical or ultraviolet range at all. Therefore, the

continuum level involved in the EW calculations will stay the same, no matter the choice of

fpl-
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Figure 3.3: Different values for f,; in OPTXAGNEF. Four lines in different colors represent
different values of fy1: fo1 = 1.0 (red), fo1 = 0.56 (green), which is what we used to run
the BELMAC simulation and calculate the equivalent width, fy = 0.5 (orange), and f,1 =
0.1 (blue). The shaded blue area indicates the spectral region containing the optical and
ultraviolet emission lines we are interested in.

3.4 SED Comparison

The shapes of the SEDs for BBHs and SBHs, illustrated in Figure 31 and Figure 32, respec-
tively, exhibit stark differences. Notably, the low-frequency slope of the BBH SEDs is steeper
than that of the SBH SEDs, which is expected to yield differences in the equivalent widths of
broad emission lines, as will be discussed in Chapter 5.

The critical spectral range for photoionization lies within the domain where hv > 13.6 eV.
This domain encompasses photons capable of ionizing hydrogen atoms, which are the most
abundant in gas clouds, along with other atoms possessing higher ionization potentials.

To identify the disparities in the photoionization domain between BBH and SBH SEDs,
we plotted SEDs of both binary and single black holes on top of each other, as shown in

Figure 34. In Figure 34, the biggest difference lies in the 106M, case, where the thermal
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Figure 3.4: Comparison between binary and single black holes’ SEDs. The title for each
subplot indicates the total mass of black holes. Colors indicate the configuration of black
holes: BBH (blue) and SBH (orange).

peak between BBH and SBH SEDs is separated at the farthest frequency range. As the total
mass of black holes increases, both thermal peaks in binary and single black holes’ SEDs shift
to lower frequencies. However, the thermal peak in the SBH SEDs shifts farther than that of
BBH SEDs. The main reason for this is that the binary system contains the cavity between
the circumbinary disk and minidisks while the SBH does not. With an increased total mass,
the ISCO radius of the black hole increases. However, for the BBH, an increased ISCO radius
mostly affects the minidisks instead of the circumbinary disk. It is the circumbinary disk
that dominates the thermal emission. Therefore, the circumbinary disk’s temperature in the

high-mass binary system remains similar to that of the low-mass binary system. Conversely,
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the accretion disk in the SBH is continuously distributed around the black hole, with no cavity
at all, making the effect of an increased ISCO radius transmitted through the entire disk and

lowering the temperature to a greater extent than that of BBHs.

BBH / SBH

10 10v 10 10 102
Frequency [Hz]

Figure 3.5: A SED ratio plot, BBH/SBH. Four models in different colors: M6 (red), M7
(blue), M8 (violet), and M9 (gray). The black dashed line denotes the ionization frequency
for hydrogen. The green shaded area highlights the CIV ionization range, spanning from 44.89
to 64.49 eV.

It is because the two thermal peaks, both of binary and single black holes, separate at the
greatest frequency range in the case of 106M;, of the total black holes’ mass that Figure 3.5
shows the biggest difference in this case. Also, with the total mass of black holes increasing,

both thermal peaks approach each other and finally overlap in the case of 10° M of the total

mass of black holes, corresponding to the diminishing thermal peak ratio in Figure 375.
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3.5 Accretion-Disk SEDs 4+ Galaxy SEDs

SEDs observed by telescopes usually include not only an accretion-disk continuum but also
an often significant contribution from the host galaxy. To simulate these observed SEDs
accurately, we combined galaxy SEDs with the accretion-disk SEDs of SBHs and BBHs. The
reason why it is important to account for the galaxy’s contribution to the SEDs is that it will
affect the continuum level, which in turn will alter the equivalent widths of the emission lines.
Therefore, with galaxy SEDs included, we can predict more realistic line equivalent widths.

We obtained a set of galaxy SEDs from Brown et al. (2014) and chose the SED of an
elliptical galaxy, NGC4125. This choice is justified by the fact that it typically takes about 10%
years for a BBH system to evolve from the gravitationally bound stage to the gravitational-
wave dominated stage (Bogdanovi et al., 2022), a period during which some star-forming
activities cease. Moreover, after a major merger, the remnant galaxy will eventually become
an elliptical galaxy in which the gas is consumed and dispersed and the activities of star
formation are ceased (Hopkins et al., 2008). Therefore, by incorporating the NGC4125 SED
into the accretion-disk SEDs, we produced SEDs that more closely resemble those observed
by telescopes, including both the accretion-disk continuum and host-galaxy continuum.

To produce Figure 36, Figure 7?7, Figure 7?7, and Figure 377, we combined galaxy SEDs

with the accretion-disk SEDs based on the Equation B3-577:

Combined Continuum = galaxy continuum 4+ Accretion-Disk continuum (3.5.7)

, where I used the actual luminosity of the NGC4125 galaxy, which is calculated by using
L =4mr? . flux.

As shown in Figure 3.6, the accretion-disk continuum differs between the BBH and SBH
for a BH mass of 10°M,, particularly in the slope at the high-energy range. This difference
is primarily due to the bump in the circumbinary disk, which is caused by an overdensity at

its inner edge, resulting in a higher temperature compared to the rest of the disk. The two
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Figure 3.6: An UV-NIR SED for three continua for a BH mass of 10My: (1) Accretion-Disk
Continuum, (2) Galaxy Continuum, and (3) Combined Continuum with the previous two
continua being added together. The top panel shows the BBH SEDs, whereas the bottom
one shows the SBH SEDs. For the BBH SED, the various components are: a circumbinary
disk (orange), two minidisks (green + red), and streams (purple). The total emission with
these components combined are denoted in blue. The galaxy continuum we chose is that of
NGC4125, which is an elliptical galaxy. The dashed lines here denote all the emission lines
we used: Lya (orange), SiIV (green), MgII (red), CIII] (purple), CIV (brown), Ha (black),
and HA (olive).

minidisks exhibit a similar slope to the single disk of the SBH.

Additionally, the galaxy continuum has a comparable specific luminosity (L)) to that of
the accretion-disk continuum, leading to an upturn in the combined continuum at wavelengths
> 3000 A.

When the BH mass increases to 109 M), the differences between the accretion-disk continua
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Figure 3.7: An UV-NIR SED for three continua for a BH mass of 10 My: (1) Accretion-Disk
Continuum, (2) Galaxy Continuum, and (3) Combined Continuum with the previous two
continua being added together. The top panel shows the BBH SEDs, whereas the bottom
one shows the SBH SEDs. For the BBH SED, the various components are: a circumbinary
disk (orange), two minidisks (green + red), and streams (purple). The total emission with
these components combined are denoted in blue. The galaxy continuum we chose is that of
NGC4125, which is an elliptical galaxy. The dashed lines here denote all the emission lines
we used: Lya (orange), SiIV (green), MgII (red), CIII] (purple), CIV (brown), Ha (black),
and HA (olive).

of BBHs and SBHs diminish. As shown in Figure 37/, while the two minidisks have a different
slope in their SED compared to the single disk of an SBH, emission from the circumbinary
disk compensates for this difference. The overdensity in the circumbinary disk now appears
in the low-energy range.

For the combined continuum, there is a minimal contribution from galaxy contamination
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because the specific luminosity of the host galaxy is negligible compared to the accretion-disk
continuum.

In this project, as an example, we only selected one specific galaxy with a certain luminos-
ity. As the equivalent width depends on the continuum flux density at the line wavelength,
it will change if the continuum flux density changes. Here we combined a galaxy continuum
with the accretion-disk continuum, causing the equivalent width to decrease. Generally, the
brightness of the galaxy continuum scales with the stellar mass of the galaxy. Therefore, with
a greater number of stars, the galaxy continuum will be higher, which will result in a decrease
in the equivalent width of emission lines. Conversely, with a smaller number of stars, the
galaxy continuum will be lower, causing an increase in the equivalent width of emission lines,

which is what we have done in this project.
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Chapter 4

Results of Broad Line Region
Models

4.1 Overview

In this chapter, we present the results we obtained by using the single-cloud models and cloud-
ensemble models described in Chapter 2. To distinguish BBHs from SBHs, we compare the
predicted emission-line ratios and EWs between the two cases. Firstly, the single-cloud models
were investigated because it is the simplest case and while it is not a realistic representation of
the BLR, it provides insights into how the different SEDs affect the photoionization models.
Additionally, as we mentioned in Section 2.4.1, we placed this single cloud at three different
locations: 1R, 2R, and 4R, where R is the BLR radius calculated by the radius-luminosity
relationship (Eq. 222°1).

In the single-cloud cases, we tried to investigate the emission-line ratios first because there
is already a diagnostic method called Baldwin-Phillips-Terlevich (BPT) diagrams (Baldwin
et al., M9XT), which can separate the star-forming regions and AGNs by plotting certain
emission-line ratios. As shown in Figure 471, Kewley et al. (2006) used optical emission lines,
such as [OIII], [NII], [SII], and [OI], to distinguish between the HII regions associated with

star formation and AGNs, based on the idea that the two regions have different line ratios.
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Figure 4.1: BPT diagrams. The red solid line represents the maximum starburst line, indicat-
ing the upper limit of the theoretical pure star-forming regions. Galaxies that are above this
line are possible to be dominated by an AGN, whereas the region below is dominated by star
formation. The black dashed line here is an empirical line dividing pure star-forming galaxies
from galaxies that have both star-formation and AGN activities. Therefore, the ’‘Comp’ in (a)
means that the region is a composite object that has both star formation and AGN activities.
Adapted from Kewley et al. (2006).

Similarly, we expected that for binary and single black holes, the emission-line ratios would
also be different, and therefore we constructed BLR line-ratio diagrams using the ultraviolet
emission lines Si IV A\1400A, C IIT] A1909A, C TV A1549A, Mg IT A2798A, and Lya A1216A.
While there are some differences in emission-line ratios between BBHs and SBHs, they are not
big enough for the two black hole cases to occupy two different zones. Therefore, we switched
to the equivalent widths, which can probe the difference in SED shapes between binary and
single black holes.

The equivalent width is a ratio between the flux of an emission line and the underlying
continuum flux density at that line wavelength. Therefore, if the line flux is similar in binary
and single black holes, the equivalent widths will still be different because the SED shapes
differ. Happily, the EWs of certain emission lines, such as Ly, CIV, and Ha, do show a big
difference between BBHs and SBHs for the mass range from 10° to 10®M. The difference
becomes insignificant at the black hole mass of 109 M.

After we found differences in the line EWs between BBHs and SBHs for photoionization

models of a single cloud, we continued our investigation for a more realistic representation of
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the BLR, which is a cloud ensemble. By using BELMAC with multiple combinations of input
parameters, such as the gas density and its power-law distribution parameter, and excluding
the effect of reverberation mapping, we generated a group of line luminosities of those selected
emission lines and calculated their EWs by dividing the line luminosity with the continuum
luminosity under each line.

To find out which combination of parameters matches the observed results, we obtained
the observed EWs from the SDSS DR7 Quasar Catalog, which contains 105,783 objects from
SDSS DR (Shen et al., 2010). Shen et al. (2010) only includes EWs for MglII, CIV, He, and
HB. From this dataset, we calculated mean EWs and their standard deviations to compare
them with the predicted values of our EWs between BBHs and SBHs. As our models utilize
four different masses, we classified the observed EWs into four different black hole masses as
well. However, there are no objects in this catalog whose black hole mass falls into the 106M,

band, so we were unable to compute mean EWs for comparison with the 10°M, cases.

4.2 Single Cloud Models

4.2.1 BLR BPT Diagrams

As discussed in Section 2.4.1, we have chosen different combinations of parameters, such as
the distance between the cloud and the central luminous source and the column density, to
investigate whether there will be any difference in line ratios between BBHs and SBHs.

Due to the novelty of this method, we don’t know which combination of lines can dis-
tinguish between BBHs and SBHs. Consequently, we tried all the combinations of lines to
accomplish that goal.

The BLR BPT diagrams are separated into four different black hole masses: 10°M),
10" My, 108M,,, and 10°M,. However, after examining all the combinations of line ratios,
we found that only a couple of line combinations for a black hole mass of 10, marginally
satisfy the goal of distinguishing BBHs from SBHs: SilV 1400 A vs. CIII] A1909 A and

SiTV A1400 A vs. MgII A\2798 A, where all lines are in relative strengths with respect to Ly
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a A216 A as shown in Figure 42 and Figure @3. For the sake of completeness, we present
the rest of the BLR BPT diagrams in Appendix A.

For most of the data points in both figures, the SBH data exhibits a higher SilV /Ly« ratio
than that of BBH because the ionization structures of the clouds differ. However, the difference
in those line ratios is only about 0.08%. Usually, in observational datasets, the data comes
along with statistical and systematic uncertainties. When comparing the observational data
with the simulated data, these uncertainties will likely obscure the 0.08% difference, making
it difficult to distinguish between binary and single black holes. Therefore, this method fails
to distinguish between BBHs and SBHs. We need to try another method.

Although this method fails, there are still some interesting trends in the data that follow
our expectations.

First, as shown in Figure 4°3, BBHs and SBHs share the same trend: the value of SilV /Ly«
decreases while the value of MglII/Ly« increases as the distance between the central luminous
source and the single cloud increases. This is because the ionization parameter follows U
Qr~? with a given gas density. Therefore, with a given Q, the ionization parameter will
decrease as the radius increases. The variation of the ionization parameter will affect the line
ratios based on the line properties whether the line is low-ionization or high-ionization. To
determine whether a line is low-ionization or high-ionization, we need to know its ionization
potential energy. For example, the line SilV has an ionization potential of 33.49 eV, whereas
the line MgII has an ionization potential of 7.65 eV. Therefore, SilV is a high-ionization line
while MgII is a low-ionization line.

Due to the disparity of the ionization properties of both lines, the trends differ: SilV /Ly«
decreases while Mgll/Ly« increases. On one hand, SilV is a high-ionization line; therefore,
when the ionization parameter decreases, the ionization flux that can ionize the SilV becomes
smaller, causing the line ratio smaller as the radius increases. On the other hand, Mgll is
a low-ionization line. The increase in this line ratio is because as the ionization parameter
decreases, fewer MgllI ions are photoionized to MgIII.

It is intriguing to see the different behaviors of lines in Figure 42 because in contrast to
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MgII \2798 A, CIII] A1909 A is an intermediate-ionization line. As indicated by the semi-
square bracket, it is a semi-forbidden line that occurs in the BLR and its presence implies an
upper limit for the gas density within the BLR. Although the behaviors are opposite between
SilV \1400 A and CIIIA1909 A, the change in the value of CIII]/Lya is relatively small.
Therefore, we may conclude that the value of SilV/Ly« generally decreases while the value of
CIII] /Ly« either increases (for the BBH case), or decreases (for the SBH case) by a smaller
amount.
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Figure 4.2: A BLR BPT diagram for a black hole mass of 108M. The x-axis represents
the line ratio between SiIV A1400 A and Lya A1216 A. the y-axis represents the line ratio
between CIIT] A1909 A and Lya A1216 A. The configurations of BHs are represented in two
colors: SBH (orange) and BBH (blue). From left to right, the column density increases by a
factor of 10, from 10?2 cm ™3 to 10%° cm™3.

4.2.2 EW Diagrams

Next, we tried equivalent width (EW) to probe the shape difference in SEDs between binary
and single black holes. EW measures the ratio between total line flux and the underlying

continuum flux at the line wavelength:
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Figure 4.3: A BLR BPT diagram for a black hole mass of 10®M,. The x-axis represents
the line ratio between SiIV \1400 A and Lya A1216 A. the y-axis represents the line ratio
between MgII A2798 A and Lya A1216 A. The configurations of BHs are represented in two
colors: SBH (orange) and BBH (blue). From left to right, the column density increases by a
factor of 10, from 10?2 cm™3 to 10%° cm™3.

Element Uion level 1 (eV) | Uion level 2 (eV) | Uion level 3 (eV)
Hydrogen (H) 13.6 — —
Carbon (C) 11.26 24.38 47.89
Magnesium (Mg) 7.65 15.04 80.14
Silicon (Si) 8.15 16.35 33.49

Table 4.1: Ionization energy for three ionization states of 4 selected elements, where Uijgp
denotes the ionization energy.

F

EW =
Fc,/\

(4.2.1)

, where F' is the total line flux and F ) is the underlying continuum flux density at the line
wavelength, which is determined from the corresponding SED, either of binary or single black

holes. Here, we also computed the line flux at three different BLR radii. As the BLR radius
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increases, the ionization parameter decreases, resulting in a change in the line flux. For a

given SED, the continuum remains constant. Therefore, the line EWs will vary as the radius

increases.
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Figure 4.4: Equivalent width for M6 predicted by single-cloud photoionization models. The
left panel is BBH and the right one is SBH. For each line, there are three radii for EWs: 1R
(blue), 2R (orange), and 4R (green). From the top panel to the bottom, the column density
increases by a factor of 10 in the range from 10?2 cm™2 to 10%° cm™2.

Again, we have four different BH masses here: 106M, 10" My, 108M, 109M,. We
include two EW plots predicted by single-cloud photoionization models for two total black
hole masses: 10° Mg and 109 M, as shown in Figure 4.4 and Figure 4 5. There are two reasons
for this. First, only the case of black hole mass of 106M, exhibits the peculiar rise in CIV at

the column density of 1022 cm~2. Second, only the case of black hole mass of 10° M shows
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no substantial differences in line EWs between BBHs and SBHs. By comparing the line EWs
between BBHs and SBHs across all black hole masses and column densities, we found that the
Ha EWs of BBHs are much higher than those of SBHs, whereas the EWs of Lya and CIV of
SBHs are much higher than those of BBHs, as shown in Figure 4-4. These results hold when
the black hole mass increases from 106Mg, to 103 M. Therefore, we may be able to use these
three lines Lya, CIV, and Ha to distinguish between BBHs and SBHs. Although Hp also
shows slightly different EWs between BBHs and SBHs, this difference is small enough that it
may be obscured by the noise and uncertainty in observational data.

In Figure 4.4, for the 10°M, case, at the lowest column density 10?2 cm™2, there is a clear
distinction between BBHs and SBHs in EWs of Lya, CIV, and Ha. As the column density
increases, Hoe EW increases because the cloud is becoming more optically thick and captures
more ionizing photons, resulting in more HI atoms being ionized. Interestingly, there is an
inverse relationship between EW and radius for CIV of the SBH models at column density
of 10%2 cm™2. At 1R, the ionization parameter is so high that most CIV ions are ionized
to higher states, such as CV. When the radius increases to 2R, the CIV flux increases as
the ionization parameter decreases to a level where CIV dominates the cloud. Apart from
this apparent behavior, SIV shows similar behavior but its EW is much smaller. MglII and
CIII] should increase as R increases, but they are also relatively weak so it’s hard to see any
trend in Figure 4-4. The strengths of the Hydrogen lines decrease as R increases because the
ionization parameter scales with R, where U o 7 2.

Some lines, such as SilV, MglIl, and CIII|, do not show any EW in Figure 44. This
does not indicate that their fluxes are zero; instead, their fluxes are much smaller than the
underlying continuum level. Therefore, at the scale of the plot, the EWs are negligibly small

when the line fluxes are divided by the underlying continuum flux at the line wavelength.

4.3 Cloud Ensemble Models — EW Diagrams

Since only the EW succeeded in distinguishing BBHs from SBHs in single-cloud models, we

continued to use it to probe the differences between binary and single black holes.
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Figure 4.5: Equivalent width for M9 predicted by single-cloud photoionization models. The
top panel is BBH EW and the bottom one is SBH EW. For each line, there are three radii for
EWs: 1R (blue), 2R (orange), and 4R (green). From the left panel to the right, the column
density increases by a factor of 10 in the range from 10?2 cm™? to 10% ecm™2.

To be able to calculate the EWs, we need the line luminosity and continuum specific
luminosities at the wavelengths of the selected lines. For the continuum specific luminosities,
we derived them from the SEDs we have. For the line luminosity of a cloud ensemble, we used
BELMAC, which takes in an AGN SED and outputs the line luminosity of the selected lines,
excluding the effect of reverberation mapping. To run BELMAC, a Cloudy photoionization
grid was computed for each SED with each total black hole mass. In total, 8 grids were
computed. Each grid has 3 dimensions: —5 < log;, U < 1.5, 7.5 < log;, (n/1 em™3) < 15,

and 19 < logyo (Neo1/1 em™2) < 25, with an increment of 0.25, 0.5, and 1, respectively. The
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grid also assumes solar abundance. BELMAC also requires the AGN bolometric luminosity
(Lpo1) and ionizing photon luminosity (Q), which are calculated from the corresponding SED,
either of binary or single black holes. The specific values for AGN bolometric luminosity (Lpo))
and ionizing photon luminosity (@) are listed in Table 4°-3. Moreover, the gas density (n) and
its distribution were also specified, with the power-law index, s, controlling the distribution of
the gas density, which in turn controls the ionization parameter as U oc r~*72. Additionally,
in our cloud-ensemble models, we assume the BLR is in a disk-like shape around the central
luminous source, which is either a binary or single black hole. All the parameters we used in
BELMAC are listed in Table 4-2.

As the gas density and its distribution within the BLR are not well known, we did a
parameter exploration on both parameters to determine what combination of the two param-
eters generates the data that agrees with the observational data. As a first step, we tried two
values of s: s =0 and s = —2, where U o r~2 and U  constant, correspondingly. Next, for

the gas density n, we selected four values: log;, (n/1 ecm~3) = 9.5,10.0,10.5, 11.0.

Parameter Description Symbol Values

Size scaled to Ry Y 20

Angular width o 20°

Total number of clouds Niot 500,000

Inclination to observer 7 60°

Covering Fraction Cy 0.3

Gas Density in a cloud at Ry logn(Ry) | 9.5, 10.0, 10.5, 11.0 cm 3
Power-law index for gas density s 0, -2

Power-law index for cloud distribution | p 0

Table 4.2: Parameters that are used by BELMAC to set up cloud-ensemble models of the
BLR.

By comparing the simulated EWs with the observed EWs in the SDSS DR7 Quasar Cata-
log, under the assumption that most quasars are powered by SBHs, we expect to see SBH EWs
fall into the range of the observed EWs while the BBH EWs fall outside the range. The range
of the observed EWs is calculated in three steps: first, we categorized the black hole mass
into four different bins: (1) 5.5 < log;o Mu/1Me < 6.5, (2) 6.5 < log;o Mpu/1Mq < 7.5,
(3) 7.5 < logyy Mpu/1Mg < 8.5, and (4) 8.5 < log;y Mpu/1 Mg < 9.5; second, we calculated
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Model | BH [ Lyo (erg/s) | Q (photons/s)
Mg | BBH | 1644 x 108 2.364 x 10°3
SBH | 1.807 x 10*3 1.111 x 10°3
NE BBH | 1.086 x 10* 1.453 x 10°*
SBH | 1.191 x 10** 1.020 x 104
M8 BBH | 1.086 x 10 1.178 x 10
SBH | 1.187 x 10*® 1.167 x 10°®
Mo BBH | 1.085 x 10%  7.540 x 10°®
SBH | 1.177 x 10*  7.357 x 10°®

Table 4.3: A table of AGN bolometric luminosity (Lye1) and ionizing photon luminosity (Q)
for 4 different total masses of binary and single black holes.

the mean observed EWs; and third, we computed the standard deviations.

Lastly, to explore the effect of the galaxy continuum on the line EWs, we added the
observed SED of NGC4125 to the accretion-disk continuum.

Note that we only included the black hole mass of 107 and 10° M, here because no quasar
in SDSS DR7 Quasar Catalog has a black hole mass ranging from 10°® to 10%5M. Results
for a black hole mass of 108M, are included in Appendix B because they show similar results

and do not have any unexpected peculiar behavior.

4.3.1 Constant Ionization Parameter: s = -2
In this section, we present results for cloud-ensemble models, in which s = —2, n o r~2, and
the ionization parameter is constant, for total black hole masses 107 and 109 M.

For s = —2 and a black hole mass of 10" M, as shown in Figure 4.6, the differences in line

EWs between models of binary and single black holes are most apparent in the following cases:
(1) Lya, CIV, and Ha when the gas density logy, (n/1 cm~3) = 9.5, (2) Ly, CIV, H3 and Ha
when the gas density log;, (n/1 cm™3) = 10.0, (3) Lya, Mgll, and CIV when the gas density
logo (n/1 em™3) = 10.5, and (4) CIV and Ha when the gas density log;o (n/1 ecm™3) = 11.0.
Although these results succeeded in distinguishing BBHs from SBHs, there are some peculiar
behaviors, such as the extremely high EWs in the case of the gas density of log;y (n/1 cm™3) =
10.0,11.0. These high EWs are caused by the high line luminosities generated by BELMAC.

Moreover, in the case of the gas density log;o (n/1 cm™3) = 10.0, the SBH line luminosity is
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Figure 4.6: Cloud ensemble models for the BLR computed with BELMAC. Line luminosity,
accretion-disk luminosity, and equivalent widths for a BH mass 10” M, and s = —2. The color
scheme here is: BBH denoted in blue and SBH denoted in orange. We have chosen seven
emission lines, Si IV A1400A, C IIT] A1909A, C IV \1549A, Mg IT A\2798A, Lya A\1216A, Ha
X6562.80A, and HB \4861.32A. There are three columns in the figure: from left to right, the
first column shows the line luminosity, the second column shows the specific luminosity of the
continuum of the accretion disk, and the third column shows the equivalent width, calculated
by dividing the line luminosity by the continuum shown in the previous two columns. The
black points with error bars show the mean and standard deviations of the observed EWs of
Megll, CIV, HB, and Ha calculated using data from the SDSS DR7 Quasar catalog, for black
hole masses in the range of 6.5 <log;y M < 7.5.

much higher than that of BBHs. The reasons for this high luminosity need to be investigated
further in the future.

By comparing these predicted EWs of binary and single black holes with the observed EWs
in the SDSS DR7 Quasar Catalog, we found that for some combinations of parameters, the
predicted EWs agree with the range of the observed EWs: (1) MglI, CIV, and Ha in the case
of logyy (n/1 em™3) = 9.5, (2) Mgll in the case of log;, (n/1 cm™3) = 10.0, (3) Mgll, Ha, and
H}3 in the case of log;, (/1 cm™3) = 10.5, and (4) Mgl in the case of log;, (n/1 cm™3) = 11.0.
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Interestingly, for CIV in case (3), the BBH EW falls outside the range of the observed EWs
while that of SBH falls within, indicating that BBHs will differ in EWs from SBHs and become
an outlier for the observed EWs. Therefore, we may be able to identify BBHs among SBHs
by using this outlier behavior in the observational data.

When the black hole mass is 10 M), as shown in Figure 47, the line luminosity for the
gas density in the range of 10%° to 10'5 cm ™ becomes much higher than the underlying con-
tinuum at the selected line wavelengths, resulting in extremely high line EWs. Generally, the
results differ from those we obtained from single-cloud models because, unlike those models,
which show little difference in EW between the BBH and SBH cases for a black hole mass of
10° My, there are large differences in EW for gas densities logy, (n/1 cm™3) = 9.5,10.0,10.5
for lines: the Lya, CIV, Ha, and HB (log;, (n/1 cm™3) = 9.5).

Intriguingly, there is an aberrant behavior shown in Figure 4°6 and Figure 47. In general,
the EWs of the BBH models exceed those of the SBH models. However, when the gas density
is 101% ¢cm ™3, the opposite is the case for all lines. This occurs because, as also shown in both
figures, the line luminosity produced by BELMAC is higher in the case of single black holes.
However, the reason for the higher line luminosity in the SBH case remains uncertain. It may
suggest that this gas density is inappropriate for the simulation. We will investigate the code

further to understand the calculations of line luminosity in the future.

4.3.2 Constant (Gas Density: s = 0

In this section, we present results for cloud-ensemble models, in which s = 0, n o« Constant,
and U o r~2, for total black hole masses 107 and 10° M.

For s = 0 and a black hole mass of 107 M, as shown in Figure 4.8, the line EWs that differ
between BBHs and SBHs are (1) Mgll when the gas density log;o (n/1 cm™3) = 9.5 and (2)
Lya and CIV when the gas density log;y (n/1 em™3) = 10.5,11.0. Additionally, the line EWs
that fall in the range of the observed EWs are (1) Mgll when log;, (n/1 cm™3) = 9.5,10.0
and (2) MglIl and HB when log;, (n/1 cm~3) = 10.5,11.0. By comparing the observed EWs

with the simulated EWs, we can exclude some choices of parameters, such as CIV in the gas
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Figure 4.7: Cloud ensemble models for the BLR computed with BELMAC. Line luminosity,
accretion-disk luminosity, and equivalent widths for a BH mass 10° M and s = —2. The color
scheme here is: BBH denoted in blue and SBH denoted in orange. We have chosen seven
emission lines, Si IV A1400A, C IIT] A1909A, C IV \1549A, Mg IT A\2798A, Lya A\1216A, Ha
X6562.80A, and HB \4861.32A. There are three columns in the figure: from left to right, the
first column shows the line luminosity, the second column shows the specific luminosity of the
continuum of the accretion disk, and the third column shows the equivalent width, calculated
by dividing the line luminosity by the continuum shown in the previous two columns. The
black points with error bars show the mean and standard deviations of the observed EWs of
Megll, CIV, HB, and Ha calculated using data from the SDSS DR7 Quasar catalog, for black
hole masses in the range of 8.5 <log;y M < 9.5.

density of logy, (n/1 ecm™3) = 10.0,11.0 because its SBH EW falls outside the range of the
observed EWs. Although there are differences between BBHs and SBHs in Mgll at the gas
density logyo (n/1 ecm™3) = 9.5, their EWs both fall inside the range of the observed EWs,
which makes it hard to distinguish between BBHs and SBHs in the observational dataset.
When the black hole mass is 10° M, as shown in Figure 4.9, there is no difference in any
line EW between BBHs and SBHs, which is consistent with the results we obtained in the

single-cloud models.
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Figure 4.8: Cloud ensemble models for the BLR computed with BELMAC. Line luminosity,
accretion-disk luminosity, and equivalent widths for a BH mass 107 M and s = 0. The color
scheme here is: BBH denoted in blue and SBH denoted in orange. We have chosen seven
emission lines, Si IV A1400A, C IIT] A1909A, C IV \1549A, Mg IT A\2798A, Lya A\1216A, Ha
X6562.80A, and HB \4861.32A. There are three columns in the figure: from left to right, the
first column shows the line luminosity, the second column shows the specific luminosity of the
continuum of the accretion disk, and the third column shows the equivalent width, calculated
by dividing the line luminosity by the continuum shown in the previous two columns. The
black points with error bars show the mean and standard deviations of the observed EWs of
Megll, CIV, HB, and Ha calculated using data from the SDSS DR7 Quasar catalog, for black
hole masses in the range of 6.5 <log;y M < 7.5.

4.3.3 Effect of Galaxy SED onto the line EWs

In real life, a spectrum does not only show the continuum of the accretion disk but also shows
that of the host galaxy. Therefore, in this section, we consider the effect of the galaxy SEDs
on the line EWs. As shown in 410, the continuum flux density of the optical lines (HS and
Ha) increases by an order of magnitude while that of UV lines is almost unaffected. The

reason for this is that the galaxy continuum is higher in the optical range (3,000 — 10,000 A)
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Figure 4.9: Cloud ensemble models for the BLR computed with BELMAC. Line luminosity,
accretion-disk luminosity, and equivalent widths for a BH mass 10° M and s = 0. The color
scheme here is: BBH denoted in blue and SBH denoted in orange. We have chosen seven
emission lines, Si IV A1400A, C IIT] A1909A, C IV \1549A, Mg IT A\2798A, Lya A\1216A, Ha
X6562.80A, and HB \4861.32A. There are three columns in the figure: from left to right, the
first column shows the line luminosity, the second column shows the specific luminosity of the
continuum of the accretion disk, and the third column shows the equivalent width, calculated
by dividing the line luminosity by the continuum shown in the previous two columns. The
black points with error bars show the mean and standard deviations of the observed EWs of
Megll, CIV, HB, and Ha calculated using data from the SDSS DR7 Quasar catalog, for black
hole masses in the range of 8.5 <log;y M < 9.5.

while in the UV range (1,000 — 3,000 A), the galaxy continuum is much lower than the one
of the accretion disk, making the optical lines mostly affected by the galaxy continuum while
the UV lines are almost unaffected.
As brighter AGNs tend to live in brighter host galaxies, we scaled the galaxy contribution
with a scaling factor, simply by multiplying a factor with the galaxy continuum of NGC4125.
As shown in Figure 411, the optical line EWs vary significantly with the scaling factor due

to the higher luminosity of the galaxy continuum in the optical wavelengths (Figure 3:6). This
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Figure 4.10: Line luminosity, total continuum including the galaxy continuum, and equivalent
width for a BH mass 107 M, and s = —2. The color scheme here is: BBH denoted in blue and
SBH denoted in orange. We have chosen seven emission lines, Si IV A14004A, C I11] A1909A,
C IV A1549A, Mg IT A2798A, Lya A1216A, Ha A6562.80A, and HB A\4861.32A. There are
three columns in the figure: from left to right, the first column shows the line luminosity of all
emission lines generated by BELMAC, the second column shows the specific luminosity of the
continuum obtained by adding the accretion-disk continuum and galaxy continuum together,
and the third column shows the equivalent width, calculated by dividing the line luminosity
by the continuum shown in the previous two columns. The error bars in the third column are
obtained by calculating the distribution of observed EWs in the SDSS DR7 Quasar Catalog.
Moreover, the black points in the third column denote the mean observed EWs in the catalog.

galaxy exhibits higher optical luminosity than ultraviolet luminosity because it is an elliptical
galaxy, characterized by a low star formation rate and a lack of young stars emitting ultraviolet
light. Consequently, the galaxy continuum affects optical lines more than ultraviolet lines.
This implies that if the spectrum is not corrected for the host galaxy continuum, for a brighter
galaxy, it will be challenging to distinguish BBHs from SBHs using optical lines, as a portion
of the optical-line emissions originates from the galaxy rather than the central BH. Therefore,

careful modeling and removal of the host galaxy continuum is required.
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Figure 4.11: EWs between different scaling factors of the galaxy continuum of NGC4125 in
the case of a 107 Mg, black hole mass. The blue denotes the equivalent width with a scaling
factor of 0.1, the orange represents the equivalent width with a factor of 0.5, and the green
represents the equivalent width with a factor of 1.0. The lines we used here are: Si IV A1400A,
C 1] A1909A, C IV A1549A, Mg IT A2798A, Lya A1216A, Ho A6562.80A, and HA3 A\4861.32A.
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Chapter 5

Conclusion and Future Work

5.1 Conclusion

In this project, we aim to distinguish BBHs from SBHs by analyzing the differences in broad
emission lines resulting from the different shapes of their accretion-disk SEDs. We obtained
BBH SEDs from GRMHD simulations and SBH SEDs from OPTXAGNF modeling. To
simulate the BLR response, we computed single-cloud photoionization models using Cloudy
and cloud-ensemble photoionization models using BELPro. We then used emission-line ra-
tios and equivalent widths to probe the differences between BBHs and SBHs. It turns out
that emission-line ratios cannot clearly show the difference between both types of BHs while

equivalent widths can in some circumstances.

o Firstly, for the single-cloud models, three broad emission lines can be used to distinguish
between BBHs and SBHs: Lya (higher EWs in BBHs), CIV (higher EWs in SBHs), and
Ha (higher EWs in BBHs). But at the highest mass of BHs, 10Mg, the difference

vanishes.

e Secondly, for the cloud-ensemble models, we separated the distribution of gas density

into two cases: (1) s =0 and (2) s = —2, where the ionization parameter U oc r~2 and
U « constant, correspondingly.
e In the case of s = —2, several lines can be used to probe the difference between BBHs and
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SBHs across different gas densities. For example, when the black hole mass is 107 M,
the lines that can be used are: (1) Lya and CIV (logn = 9.5), (2) Lya A1216 A,
CIV 1549 A (logn = 10.0), and (3) CIV A1549 A, Ha A6562 A, and HB N4861 A.
Additionally, the simulated EWs become too high when the black hole mass increases
to 107 M), indicating that we may need to exclude these parameter choices at a higher

mass of black holes.

e In the case of s = 0, the lines that satisfy our goal in the case of a black hole mass
of 107 M, are SiIV A1400 A and CIV A1549 A (logn = 10.5,11.0). However, when the
black hole mass increases to 10°M, these lines show no difference in EWs between

BBHs and SBHs.

e Moreover, by comparing these simulated EWs with the observed EWs in the SDSS DR7
Quasar Catalog, we found that some simulated EWs fall within the range of the observed
EWs. Most interestingly, for CIV in the case of a black hole mass of 10"Mg, s = —2,
and logn = 10.5, only the SBH EW falls inside the range of the observed range while
the BBH EW falls outside and becomes an outlier. It is this outlier behavior of BBHs
that we can use to probe the difference between BBHs and SBHs in the observational

dataset.

The results produced in our project suggest that line ratio diagnostic diagrams may not
help distinguish between BBHs and SBHs, but this needs to be investigated further with
cloud-ensemble models and comparison with observed values. Using EWs appears to be more
promising, but it depends on the models. Therefore, stronger constraints on SBH models are

needed.

5.2 Future Work

Based on the work completed in this project, we plan to extend our research with several goals:
(1) varying the element abundance in clouds to explore its effect on emission-line strengths

within the BLR, (2) incorporating temporal effects into BELMAC, and (3) applying our
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current results to available observational datasets, such as the SDSS Quasar Catalog and
future LSST AGN spectra, to identify SMBBH candidates.

Firstly, for comprehensiveness, we will vary the cloud’s element abundance to explore its
impact on line strengths.

Secondly, as a mapping code for broad emission lines, BELMAC currently takes a sin-
gle AGN SED and produces responses for broad emission lines, particularly line luminosity.
The code cannot currently process a group of SEDs spanning different periods of SMBBHs.
Therefore, we aim to extend BELMAC’s capabilities to simulate responses of broad emission
lines with time-dependent SEDs.

Thirdly, we will use PYQSOFIT, a fitting code for quasar spectra, to extract spectral
information from the observational datasets mentioned above. Although the fitting process
sounds straightforward, the SDSS DR16 Quasar Catalog includes about one million quasars,
making manual fitting impractical. Thus, we need to develop an algorithm to automatically
extract the necessary spectral information, such as line flux and equivalent width, from these
spectra.

After extracting the required spectral information, we will compare this observational data
with our project’s results to test and refine our BBH identification method.

Once BELMAC’s extension is complete, we will simulate the responses of broad emission
lines using time-dependent BH SEDs. Additionally, we will obtain more BBH SEDs from
our CCRG GRMHD group, which evolved these SEDs based on a grid of parameters: mass
ratio, spin parameter, and initial separations. By inputting these SEDs into BELMAC, we
aim to simulate more line responses that can differentiate BBHs from SBHs and can be used
in observational datasets.

Lastly, with both simulation and observational data in hand, we will compare them to
refine our diagnostic methods for distinguishing BBHs from SBHs.

All in all, the goal is still to distinguish between the binary and single supermassive black
holes using the broad emission lines. Therefore, we will keep searching for the outlier behaviors

in these broad emission lines lying in the equivalent width of the binary black holes. After
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the binary candidates have been identified with this outlier behavior, it is possible to further
investigate these objects with other methods: (1) direct imaging with Very Long Baseline
Interferometry (VLBI), (2) PTAs and LISA to detect the gravitational waves emitted from

these objects, and (3) periodicities and gravitational self-lensing of light curves of these objects.
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Appendix A

Additional BPT Diagrams

We included additional BPT diagrams in this section.
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Figure A.1: A BLR BPT diagram for a black hole mass of 10M,. The x-axis represents
the line ratio between SiIV A1400 A and Lyo A1216 A. the y-axis represents the line ratio
between CIII] A1909 A and Lya A1216 A. The BH types are represented in two colors: SBH
(orange) and BBH (blue). From left to right, the column density increases by a factor of 10,

from 1022 cm—3 to 10%° em 3.
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Figure A.2: A BLR BPT diagram for a black hole mass of 10°M. The x-axis represents
the line ratio between SiIV A1400 A and Lya A1216 A. the y-axis represents the line ratio
between MgII A\2798 A and Lya A1216 A. The BH types are represented in two colors: SBH
(orange) and BBH (blue). From left to right, the column density increases by a factor of 10,

from 1022 cm™3 to 10%° cm 3.
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Figure A.3: A BLR BPT diagram for a black hole mass of 10°M. The x-axis represents
the line ratio between SiIV A1400 A and Lya A1216 A. the y-axis represents the line ratio
between CIV A1549 A and Lya A1216 A. The BH types are represented in two colors: SBH
(orange) and BBH (blue). From left to right, the column density increases by a factor of 10,

from 1022 cm™3 to 10%° cm 3.
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Figure A.4: A BLR BPT diagram for a black hole mass of 10°M. The x-axis represents
the line ratio between CIII] A1909 A and Lya M\1216 A. the y-axis represents the line ratio
between CIV A1549 A and Lya A1216 A. The BH types are represented in two colors: SBH

(orange) and BBH (blue). From left to right, the column density increases by a factor of 10,
from 10?2 cm ™3 to 10%® cm 3.
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Figure A.5: A BLR BPT diagram for a black hole mass of 10°M. The x-axis represents
the line ratio between MgII 2798 A and Lyo A1216 A. the y-axis represents the line ratio
between CIV A1549 A and Lya A1216 A. The BH types are represented in two colors: SBH
(orange) and BBH (blue). From left to right, the column density increases by a factor of 10,

from 1022 cm™3 to 10%° cm 3.
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Figure A.6: A BLR BPT diagram for a black hole mass of 10°M. The x-axis represents
the line ratio between MgII 2798 A and Lyo A1216 A. the y-axis represents the line ratio
between CIII] A1909 A and Lya A1216 A. The BH types are represented in two colors: SBH
(orange) and BBH (blue). From left to right, the column density increases by a factor of 10,
from 10?2 cm ™3 to 10%% cm 3.
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Figure A.7: A BLR BPT diagram for a black hole mass of 10°M,. The x-axis represents
the line ratio between SiIV A1400 A and Lya A1216 A. the y-axis represents the line ratio
between CIII] A1909 A and Lya A1216 A. The BH types are represented in two colors: SBH
(orange) and BBH (blue). From left to right, the column density increases by a factor of 10,

from 1022 cm™3 to 10%° cm 3.
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Figure A.8: A BLR BPT diagram for a black hole mass of 10°M,. The x-axis represents
the line ratio between SiIV A1400 A and Lya A1216 A. the y-axis represents the line ratio
between MgII A\2798 A and Lya A1216 A. The BH types are represented in two colors: SBH
(orange) and BBH (blue). From left to right, the column density increases by a factor of 10,

from 1022 cm™3 to 10%° cm 3.
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Figure A.9: A BLR BPT diagram for a black hole mass of 10’M,. The x-axis represents
the line ratio between SiIV A1400 A and Lya A1216 A. the y-axis represents the line ratio
between CIV A1549 A and Lya A1216 A. The BH types are represented in two colors: SBH

(orange) and BBH (blue). From left to right, the column density increases by a factor of 10,
from 10?2 cm ™3 to 10%® cm 3.
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Figure A.10: A BLR BPT diagram for a black hole mass of 107M. The x-axis represents
the line ratio between CIII] \1909 A and Lya M\1216 A. the y-axis represents the line ratio
between CIV A1549 A and Lya A1216 A. The BH types are represented in two colors: SBH

(orange) and BBH (blue). From left to right, the column density increases by a factor of 10,
from 10?2 cm ™3 to 10%® cm 3.
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Figure A.11: A BLR BPT diagram for a black hole mass of 107M. The x-axis represents
the line ratio between MgII 2798 A and Lyo A1216 A. the y-axis represents the line ratio
between CIV A1549 A and Lya A1216 A. The BH types are represented in two colors: SBH
(orange) and BBH (blue). From left to right, the column density increases by a factor of 10,

from 1022 cm™3 to 10%° cm 3.
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Figure A.12: A BLR BPT diagram for a black hole mass of 107M. The x-axis represents
the line ratio between MgII 2798 A and Lyo A1216 A. the y-axis represents the line ratio
between CIII] A1909 A and Lya A1216 A. The BH types are represented in two colors: SBH
(orange) and BBH (blue). From left to right, the column density increases by a factor of 10,

from 1022 cm ™3 to 10%° cm 3.
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Figure A.13: A BLR BPT diagram for a black hole mass of 108M. The x-axis represents
the line ratio between SiIV A1400 A and Lya A1216 A. the y-axis represents the line ratio
between CIV A1549 A and Lya A1216 A. The BH types are represented in two colors: SBH

(orange) and BBH (blue). From left to right, the column density increases by a factor of 10,
from 10?2 cm ™3 to 10%® cm 3.
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Figure A.14: A BLR BPT diagram for a black hole mass of 108M. The x-axis represents
the line ratio between CIII] \1909 A and Lya M\1216 A. the y-axis represents the line ratio
between CIV A1549 A and Lya A1216 A. The BH types are represented in two colors: SBH
(orange) and BBH (blue). From left to right, the column density increases by a factor of 10,
from 10?2 cm ™3 to 10%% cm 3.
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Figure A.15: A BLR BPT diagram for a black hole mass of 108M. The x-axis represents
the line ratio between MgII 2798 A and Lyo A1216 A. the y-axis represents the line ratio
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Figure A.16: A BLR BPT diagram for a black hole mass of 108M. The x-axis represents
the line ratio between MgII 2798 A and Lyo A1216 A. the y-axis represents the line ratio
between CIII] A1909 A and Lya A1216 A. The BH types are represented in two colors: SBH
(orange) and BBH (blue). From left to right, the column density increases by a factor of 10,

from 1022 cm ™3 to 10%° cm 3.
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Figure A.17: A BLR BPT diagram for a black hole mass of 10°M. The x-axis represents
the line ratio between SiIV A1400 A and Lya A1216 A. the y-axis represents the line ratio
between CIII] A1909 A and Lya A1216 A. The BH types are represented in two colors: SBH
(orange) and BBH (blue). From left to right, the column density increases by a factor of 10,

from 1022 cm ™3 to 10%° cm 3.
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Figure A.18: A BLR BPT diagram for a black hole mass of 10°M. The x-axis represents
the line ratio between SiIV A1400 A and Lya A1216 A. the y-axis represents the line ratio
between MgII A\2798 A and Lya A1216 A. The BH types are represented in two colors: SBH

(orange) and BBH (blue). From left to right, the column density increases by a factor of 10,
from 10?2 cm ™3 to 10%® cm 3.
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Figure A.19: A BLR BPT diagram for a black hole mass of 10°M. The x-axis represents
the line ratio between SiIV A1400 A and Lya A1216 A. the y-axis represents the line ratio
between CIV A1549 A and Lya A1216 A. The BH types are represented in two colors: SBH
(orange) and BBH (blue). From left to right, the column density increases by a factor of 10,
from 10?2 cm ™3 to 10%% cm 3.

Additional BPT Diagrams

A.84



A85

M9
N22 N23 N24 N25
BH
’ Ve
0.008 / 7 ¢ BBH
N N e ¢ zBH
a R e
a 4 Va ° 1R
0.007 7 77 7 ® =R
Vi 77 Y R
o
0.006 A/ ‘.{ / /././ >
g ) d " £
E} ¢ ¢ 14 v
< 0.005 i F 3 Za
2 L I 7
=2 H 1 R
S ! ! i 77
oooa ! ! I ’//' g
' I I i '
) I i ;
0.003 l |

AR

0.00 0.02 0.04 0.06 0.00 0.02 0.04 0.06 0.00 0.02 0.04 0.06 0.00 0.02 0.04 0.06
Log (CIV/Lya) Log (ClV/Lya) Log (CIV/Lya) Log (CIV/Lya)

Figure A.20: A BLR BPT diagram for a black hole mass of 10°M. The x-axis represents
the line ratio between CIII] \1909 A and Lya M\1216 A. the y-axis represents the line ratio
between CIV A1549 A and Lya A1216 A. The BH types are represented in two colors: SBH
(orange) and BBH (blue). From left to right, the column density increases by a factor of 10,

from 1022 cm™3 to 10%° cm 3.
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Figure A.21: A BLR BPT diagram for a black hole mass of 10°M. The x-axis represents
the line ratio between MgII 2798 A and Lyo A1216 A. the y-axis represents the line ratio
between CIV A1549 A and Lya A1216 A. The BH types are represented in two colors: SBH
(orange) and BBH (blue). From left to right, the column density increases by a factor of 10,

from 1022 cm™3 to 10%° cm 3.
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Figure A.22: A BLR BPT diagram for a black hole mass of 10°M. The x-axis represents
the line ratio between MgII 2798 A and Lyo A1216 A. the y-axis represents the line ratio
between CIII] A1909 A and Lya A1216 A. The BH types are represented in two colors: SBH

(orange) and BBH (blue). From left to right, the column density increases by a factor of 10,
from 10?2 cm ™3 to 10%° cm 3.
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Appendix B

Additional EW Diagrams

In this appendix, we included the additional EW diagrams for single-cloud and cloud-ensemble

models.
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Figure B.1: Equivalent width for M7. The top panel is BBH EW and the bottom one is SBH
EW. For each line, there are three radii for EWs: 1R (blue), 2R (orange), and 4R (green).
From the left panel to the right, the column density increases by a factor of 10 in the range
from 10?2 cm™2 to 10% cm™2.
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Figure B.2: Equivalent width for M8. The top panel is BBH EW and the bottom one is SBH
EW. For each line, there are three radii for EWs: 1R (blue), 2R (orange), and 4R (green).
From the left panel to the right, the column density increases by a factor of 10 in the range
from 10?2 cm™2 to 10% cm™2.
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Figure B.3: Cloud ensemble models for the BLR computed with BELMAC. Line luminosity,
total continuum including the galaxy continuum, and equivalent widths for a BH mass 106M,
and s = —2. The color scheme here is: BBH denoted in blue and SBH denoted in orange. We
have chosen seven emission lines, Si IV A1400A, C III] A1909A, C TV A1549A, Mg IT A2798A,
Lya A1216A, Ha M6562.80A, and HB A4861.32A. There are three columns in the figure: from
left to right, the first column shows the line luminosity, the second column shows the specific
luminosity of the continuum of the accretion disk, and the third column shows the equivalent
width, calculated by dividing the line luminosity by the continuum shown in the previous two
columns. The black points with error bars show the mean and standard deviations of the
observed EWs of Mgll, CIV, HS, and Ha calculated using data from the SDSS DR7 Quasar
catalog, for black hole masses in the range of 5.5 < log,;y Mpn < 6.5.
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Figure B.4: Cloud ensemble models for the BLR computed with BELMAC. Line luminosity,
accretion-disk luminosity, and equivalent widths for a BH mass 106M, and s = —2. The color
scheme here is: BBH denoted in blue and SBH denoted in orange. We have chosen seven
emission lines, Si IV A1400A, C III] A1909A, C IV A1549A, Mg IT A2798A, Lya A\1216A, Ha
A6562.80A, and Hj3 A\4861.32A. There are three columns in the figure: from left to right, the
first column shows the line luminosity, the second column shows the specific luminosity of the
continuum of the accretion disk, and the third column shows the equivalent width, calculated
by dividing the line luminosity by the continuum shown in the previous two columns. The
black points with error bars show the mean and standard deviations of the observed EWs of
Mgll, CIV, HB, and Ha calculated using data from the SDSS DR7 Quasar catalog, for black
hole masses in the range of 5.5 <log;y Mpn < 6.5.
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Figure B.5: LCloud ensemble models for the BLR computed with BELMAC. Line luminosity,
total continuum including the galaxy continuum, and equivalent widths for a BH mass 108 M,
and s = —2. The color scheme here is: BBH denoted in blue and SBH denoted in orange. We
have chosen seven emission lines, Si IV A14004A, C I11] A1909A, C TV A1549A, Mg IT \2798A,
Lya A1216A, Ha M6562.80A, and HB A\4861.32A. There are three columns in the figure: from
left to right, the first column shows the line luminosity, the second column shows the specific
luminosity of the continuum of the accretion disk, and the third column shows the equivalent
width, calculated by dividing the line luminosity by the continuum shown in the previous two
columns. The black points with error bars show the mean and standard deviations of the
observed EWs of Mgll, CIV, HS, and Ha calculated using data from the SDSS DR7 Quasar
catalog, for black hole masses in the range of 7.5 < log,;y Mpn < 8.5.
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Figure B.6: Cloud ensemble models for the BLR computed with BELMAC. Line luminosity,
accretion-disk luminosity, and equivalent widths for a BH mass 108M, and s = —2. The color
scheme here is: BBH denoted in blue and SBH denoted in orange. We have chosen seven
emission lines, Si IV A1400A, C III] A1909A, C IV A1549A, Mg IT A2798A, Lya A\1216A, Ha
A6562.80A, and Hj3 A\4861.32A. There are three columns in the figure: from left to right, the
first column shows the line luminosity, the second column shows the specific luminosity of the
continuum of the accretion disk, and the third column shows the equivalent width, calculated
by dividing the line luminosity by the continuum shown in the previous two columns. The
black points with error bars show the mean and standard deviations of the observed EWs of
Mgll, CIV, HB, and Ha calculated using data from the SDSS DR7 Quasar catalog, for black

hole masses in the range of 7.5 <log;y Mpn < 8.5.
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Figure B.7: Cloud ensemble models for the BLR computed with BELMAC. Line luminosity,
total continuum including the galaxy continuum, and equivalent widths for a BH mass 109 M,
and s = —2. The color scheme here is: BBH denoted in blue and SBH denoted in orange. We
have chosen seven emission lines, Si IV A14004A, C I11] A1909A, C TV A1549A, Mg IT \2798A,
Lya A1216A, Ha M6562.80A, and HB A4861.32A. There are three columns in the figure: from
left to right, the first column shows the line luminosity, the second column shows the specific
luminosity of the continuum of the accretion disk, and the third column shows the equivalent
width, calculated by dividing the line luminosity by the continuum shown in the previous two
columns. The black points with error bars show the mean and standard deviations of the
observed EWs of Mgll, CIV, HS, and Ha calculated using data from the SDSS DR7 Quasar
catalog, for black hole masses in the range of 8.5 <log,;y My < 9.5.
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Figure B.8: Cloud ensemble models for the BLR computed with BELMAC. Line luminosity,
total continuum including the galaxy continuum, and equivalent widths for a BH mass 106M,
and s = 0. The color scheme here is: BBH denoted in blue and SBH denoted in orange. We
have chosen seven emission lines, Si IV A1400A, C III] A1909A, C TV A1549A, Mg IT A2798A,
Lya A1216A, Ha M6562.80A, and HB A4861.32A. There are three columns in the figure: from
left to right, the first column shows the line luminosity, the second column shows the specific
luminosity of the continuum of the accretion disk, and the third column shows the equivalent
width, calculated by dividing the line luminosity by the continuum shown in the previous two
columns. The black points with error bars show the mean and standard deviations of the
observed EWs of Mgll, CIV, HS, and Ha calculated using data from the SDSS DR7 Quasar
catalog, for black hole masses in the range of 5.5 < log,;; Mpn < 6.5.
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Figure B.9: Cloud ensemble models for the BLR computed with BELMAC. Line luminosity,
accretion-disk luminosity, and equivalent widths for a BH mass 1050 and s = 0. The color
scheme here is: BBH denoted in blue and SBH denoted in orange. We have chosen seven
emission lines, Si IV A1400A, C III] A1909A, C IV A1549A, Mg IT A2798A, Lya A\1216A, Ha
A6562.80A, and Hj3 A\4861.32A. There are three columns in the figure: from left to right, the
first column shows the line luminosity, the second column shows the specific luminosity of the
continuum of the accretion disk, and the third column shows the equivalent width, calculated
by dividing the line luminosity by the continuum shown in the previous two columns. The
black points with error bars show the mean and standard deviations of the observed EWs of
Mgll, CIV, HB, and Ha calculated using data from the SDSS DR7 Quasar catalog, for black
hole masses in the range of 5.5 <log;y Mpn < 6.5.
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Figure B.10: Cloud ensemble models for the BLR computed with BELMAC. Line luminosity,
accretion-disk luminosity, and equivalent widths for a BH mass 107 M, and s = 0. The color
scheme here is: BBH denoted in blue and SBH denoted in orange. We have chosen seven
emission lines, Si IV A1400A, C III] A1909A, C IV A1549A, Mg IT A2798A, Lya A\1216A, Ha
A6562.80A, and Hj3 A\4861.32A. There are three columns in the figure: from left to right, the
first column shows the line luminosity, the second column shows the specific luminosity of the
continuum of the accretion disk, and the third column shows the equivalent width, calculated
by dividing the line luminosity by the continuum shown in the previous two columns. The
black points with error bars show the mean and standard deviations of the observed EWs of
Mgll, CIV, HB, and Ha calculated using data from the SDSS DR7 Quasar catalog, for black
hole masses in the range of 6.5 <log;q Mpn < 7.5.
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Figure B.11: Cloud ensemble models for the BLR computed with BELMAC. Line luminosity,
total continuum including the galaxy continuum, and equivalent widths for a BH mass 108 M,
and s = 0. The color scheme here is: BBH denoted in blue and SBH denoted in orange. We
have chosen seven emission lines, Si IV A1400A, C III] A1909A, C TV A1549A, Mg IT A2798A,
Lya A1216A, Ha M6562.80A, and HB A4861.32A. There are three columns in the figure: from
left to right, the first column shows the line luminosity, the second column shows the specific
luminosity of the continuum of the accretion disk, and the third column shows the equivalent
width, calculated by dividing the line luminosity by the continuum shown in the previous two
columns. The black points with error bars show the mean and standard deviations of the
observed EWs of Mgll, CIV, HS, and Ha calculated using data from the SDSS DR7 Quasar
catalog, for black hole masses in the range of 7.5 < log,;y Mpn < 8.5.
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Figure B.12: Cloud ensemble models for the BLR computed with BELMAC. Line luminosity,
accretion-disk luminosity, and equivalent widths for a BH mass 105M and s = 0. The color
scheme here is: BBH denoted in blue and SBH denoted in orange. We have chosen seven
emission lines, Si IV A1400A, C III] A1909A, C IV A1549A, Mg IT A2798A, Lya A\1216A, Ha
A6562.80A, and Hj3 A\4861.32A. There are three columns in the figure: from left to right, the
first column shows the line luminosity, the second column shows the specific luminosity of the
continuum of the accretion disk, and the third column shows the equivalent width, calculated
by dividing the line luminosity by the continuum shown in the previous two columns. The
black points with error bars show the mean and standard deviations of the observed EWs of
Mgll, CIV, HB, and Ha calculated using data from the SDSS DR7 Quasar catalog, for black

hole masses in the range of 7.5 <log;y Mpn < 8.5.
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Figure B.13: Cloud ensemble models for the BLR computed with BELMAC. Line luminosity,
total continuum including the galaxy continuum, and equivalent widths for a BH mass 109 M,
and s = 0. The color scheme here is: BBH denoted in blue and SBH denoted in orange. We
have chosen seven emission lines, Si IV A14004A, C I11] A1909A, C TV A1549A, Mg IT \2798A,
Lya A1216A, Ha M6562.80A, and HB A4861.32A. There are three columns in the figure: from
left to right, the first column shows the line luminosity, the second column shows the specific
luminosity of the continuum of the accretion disk, and the third column shows the equivalent
width, calculated by dividing the line luminosity by the continuum shown in the previous two
columns. The black points with error bars show the mean and standard deviations of the
observed EWs of Mgll, CIV, HS, and Ha calculated using data from the SDSS DR7 Quasar
catalog, for black hole masses in the range of 8.5 <log,;y My < 9.5.
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