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Abstract

Sub-parsec supermassive binary black holes (SMBBHs) systems occur as the last stage
before the merger of their component black holes. These SMBBHs systems are expected
to have activity similar the one exhibited by active galactic nuclei (AGNs). PoSKI
spectroscopic model shows that SMBBH have peculiarities in the broad Hf lines
compared to ordinary AGNs profiles. The model also shows that different component
mass, mass ratio, and separation configuration, in addition to the positional configuration,
gives different line profiles. In this thesis, candidates of sub-parsec SMBBH are picked
from SDSS DR16 QSO catalogue. Using PCA method similar to the one performed by
Eracleous et al. (2012), 270 objects with z < 0.8 and SNR > 30 are suspected to house
SMBBH systems. Determination of mass, mass ratio, component separation, and
positional configuration parameters are also performed with these objects, resulting in the
highly confident parameters determination of 54 objects. Long-term observation of these
objects will further confirm the existence of sub-parsec SMBBH, especially 24 objects

that is determined to have component separation of 0.001 or 0.005 pc.

Keywords: line profile, principal component analysis, spectroscopy, supermassive binary
black holes,



1. Introduction

1.1 Background

The merging of supermassive binary black hole (SMBBH) helps in the understanding of
galaxy formation and evolution (Wang et al., 2023; Krolik et al., 2019). Since most
galaxies host a supermassive black hole in its nucleus, SMBBH system should be
expected when galaxies merge if the supermassive black hole is formed before the merger
(Krolik et al., 2019). In addition, SMBBH merging is a source of low-frequency
gravitational waves (Wang et al., 2023).

Various stage of supermassive black hole merger might aid the understanding of
galaxy growth (Krolik et al., 2019). Kiloparsec-scale SMBBH have been studied quite
rigorously with several examples of kiloparsec SMBBH (see for example Liu et al.,
2018). The decaying or bit of these kiloparsec SMBBHs result in the formation of
SMBBH systems with separation less than 0.1 pc (Begelman et al., 1980; Wang et al.,
2023) surrounded by local gas and stars, known as the sub-parsec phase (henceforth will
be referred to as sub-parsec SMBBH) (Popovi¢ et al., 2021). These sub-parsec SMBBH
are the potential source of gravitational wave due further orbit decay caused by the
emission of gravitational waves (Begelman et al., 1980). In addition, Krolik et al. (2019)
noted that gravitational waves from SMBBH merger is observable only in a short
timescale of around 10° s. With this small window of observation, there’s a good chance
that the observation is completely missed. Therefore, to ensure sufficient data, many
SMBBH is needed, or at the very least, SMBBH candidates.

Compared to kiloparsec SMBBH system, sub-parsec SMBBH system are difficult
to observe. High-resolution radio telescope has potential to detect SMBBH system in
kiloparsec scale (Fu et al., 2011; Burke-Spolaor, 2011). Although direct observation of
sub-parsec SMBBH is very difficult to implement using present-day equipment, indirect
observation through how the SMBBH system affects its surroundings local gas and stars
is plausible. The sub-parsec SMBBH system’s orbital motion is reflected in the spectral
characteristics. Therefore, one possible method of detection is using the peculiarity in the
detected spectra (Popovi¢ et al., 2021, Wang et al., 2023). Using such method, the
spectroscopic searches have identified around 100 SMBHH candidates (Eracleous et al.,
2012; Nguyen, 2020).



The activity produced by the sub-parsec SMBBH is similar to the one observed in
an active galactic nucleus (AGN) (Popovi¢, 2012; Popovi¢ et al., 2021, Nguyen et al.,
2020). Popovi¢ (2012) notes that AGN activity can be triggered by supermassive black
hole merger is not a new idea. Hence, it is more accurate to label these SMBBH objects
found by this method a “SMBBH candidates.” Simulation modelling can be done to
improve the confidence that these objects are SMBBH. The simulation is focused on
finding the mass magnitude and the mass ratio of the SMBBH, in addition to the mean
separation of the SMBBH. The orbital period can also be determined by extension and

will also be determined using the modelling.

1.2 Scope and Aim

With the explained background, this master’s thesis aims to determine whether it is
possible to detect sub-parsec SMBBH using the spectral properties, particularly the shape
of the spectral lines and the monitored spectral variability. To achieve this goal, a list of
sub-parsec SMBBH candidates is needed, along with the means to verify these

candidates.

Eracleous et al. (2012) did a sub-parsec SMBBH search using spectral properties
using SDSS DR7 data for z < 0.7. Eracleous’ search looks for peculiarity in the Hp line,
around the rest frame of 4290-5400 A. The search results in 88 SMBBH candidates. Since
then, SDSS have several updates, mainly the new BOSS spectrograph. The extended
maximum observing wavelength for the spectrograph allows for the search to be
broadened. In addition, Lyke et al. (2020) released a QSO objects catalogue based on
SDSS DRI16 data. Thus, the SMBBH candidates must be updated to account for the
updates related to the SDSS.

To further refine the SMBBH candidates, a simulation modelling is be done. With
the simulation that assumes PoSKI model (Popovi¢ et al., 2021) model, broad HP spectra
lines are generated. The generated broad lines are then fitted to the H3 spectra lines from
the previously obtained SMBBH candidates.

Therefore, this master’s thesis has two goals that are derived from the main goal:

1. Updating the SMBBH candidates catalogue with the spectra data of SDSS DR16
and widening the search to z < 0.8;

2. Further verifying the SMBBH candidates by obtaining an estimate of mass, mass
ratio, and component separation using PoSKI model (Popovi¢ et al., 2021) by line

profile comparison in optical wavelength, focusing on Hp broad line.



1.3 Methodology

Two main methods are employed in this master’s thesis, literature review and python

programming.
Literature study

Literature study is mainly composed of studying various papers about AGN and the
PoSKI model, analyzing the theoretical basis of spectroscopic detection of sub-parsec
SMBBH system. The result of the literature study will be reflected mainly in chapter
2.

Python Programming
Programming using Python 3 language is done for the following steps:

a. Initial search of the SMBBH candidate from SDSS DR16 QSO catalogue,
b. Spectra simulation of several possible configurations of sub-parsec SMBBH,
c. Fitting the SMBBH candidates obtained from step (a) with the simulated

spectra generated from step (b).

Chapters 3, 4, and 5 of this thesis book discuss steps a, b, and ¢ respectively. In
addition, processes that take shorter runtime is run on local computer, while the more
demanding processes that take longer runtime is run on the SUPERAST computer

provided by the University of Belgrade (Kovacevi¢ et al., 2022).

1.4 Thesis Book Structure

This thesis book will be structed in 6 chapters. The summary of each chapter are as

follows:

- Chapter 1 presents the background on this thesis that includes the goal of this
research, while also briefly presenting the research methodology,

- Chapter 2 presents the relevant theory on sub-parsec SMBBH, as well as the
plausibility of SMBBH detection with the spectra peculiarity,

- Chapter 3 shows the search of the SMBBH candidate from SDSS DR16 catalogue
and discusses its method,

- Chapter 4 shows the simulated spectra of sub-parsec SMBBH using pre-provided
simulation code,

- Chapter 5 shows the result of the fitting of SMBBH candidates. This chapter
shows the possible parameters of SMBBH candidates with a good fit, while also
discusses the objects with bad fits,



- Chapter 6 gives the conclusions and suggestions for this thesis.

In addition to the mentioned chapters with the conclusion and future studies at the end,

the following appendices are included:

- Appendices A derives some of the error propagation that is used in this thesis

- Appendices B discusses the effect of scaling.

- Appendices C gives the result of the fitting parameters, in addition to the
simulated spectra of objects with very high level of confidence to be used for long-

term observations.



2. Sub-Parsec SMBBHs and
How to Detect Them Spectroscopically

2.1. Supermassive Binary Black Holes

Every massive galaxy is expected to host a supermassive black hole (SMBH) in its
(Kormendy & Richstone, 1995) with mass ranges from 10° to 10° solar masses (Shemmer
et al., 2004; Walker et al., 2014; Zuo et al., 2015). These black holes are accompanied by
the accretion disc, composed of matter from its surroundings that increases its mass over
time (Savi¢ et al., 2019; Mayer et al., 2010). These accretion disc allows the emission
around an SMBH to be observed since the accreted mass is converted into high energy
radiation (Dobbie et al., 2009).

The increase in mass of SMBH due to its accreting masses demonstrated that
SMBH evolves over time. In addition to the accreting mass, one other way that SMBH
evolves are through mergers with other SMBHs (Volonteri et al., 2003a,b). According to
Volonteri et al. (2003a), mergers of pre-galactic black holes sink into the centre due to
dynamical friction, creating a large halo in the process. Accretion of gas in the merger
remnants allows these black holes to become galactic SMBH (Volonteri et al., 2003a).

Galaxy mergers are expected to produce a supermassive binary black hole (SMBBH)

Figure I1.1 An X-Ray image of NGC 6240 superimposed with an optical image available at. The blue
X-Ray emission is showing two distinct emitters from the SMBBH. The image is available at:
https://heasarc.gsfc.nasa.gov/docs/objects/heapow/archive/compact_objects/binary bh_chandra.html
(Credit: NASA/CXC/MPE/S.Komossa et al.)


https://heasarc.gsfc.nasa.gov/docs/objects/heapow/archive/compact_objects/binary_bh_chandra.html

system in the centre of the resulting remnant (Begelman et al., 1980; Roos, 1981). An
example of this object is the NGC 6240 (see Figure I1.1).

SMBBH systems can be classified by the separation distance of the black hole
component. Sub-parsec SMBBHs have separation distance smaller than 1 parsec, while
the separation distance of a kiloparsec SMBBH is within 1000 parsec. The different
classification of SMBBH shows the different stage of SMBBH system evolution.

Begelman et al. (1980) gives a standard picture of the SMBBH evolution.
Dynamical friction due to distant stellar encounters decreases the separation distance of
SMBBH, continued by the ejection of nearby stars through gravitational slingshot
interaction when the orbital speed is comparable to the stellar velocity dispersion (Merrit
& Milosavljevié, 2005; Popovié, 2012). The SMBBH orbit then decays, leading to the
eventual merger of both black holes. (Popovié, 2012; Savi¢ et al., 2019; Begelman et al.,
1980).

Gaseous dissipation seems to control the pairing process in SMBH mergers,
especially for unequal-mass mergers which are expected to produce a SMBBH system
with small separation distance (Kazantzidis, 2005). Collision-less process that is
happening in a low-redshift, gas-poor galaxies (Kazantzidis, 2005), means that the
SMBBH system can’t transfer its angular momentum, but still undergoes mergers. In
these systems, emission of gravitational wave is the cause of the orbit decay (Begelman
et al., 1980). Therefore, SMBBHs one of the primary sources of gravitational waves,
especially low-frequency gravitational waves (Popovi¢ et al., 2021; Wang et al., 2022).
The merger of SMBBH itself emits a massive amount of energy in the form of

gravitational wave, albeit at a very short timescale at around 10° s (Krolik et al., 2019).

2.2 Observing the SMBBH system

Due to their importance as a source of gravitational wave, SMBBH objects became
objects of interest of observation. SMBBH systems with big separation of each
components distance can be directly observed. A very active SMBBH system can be
observed in short wavelength (see Figure II.1). Additionally, high-resolution radio
observations can also be employed to perform direct imaging of SMBBH as demonstrated
by the binary AGN confirmation by Fu et al. (2011) and Burke-Spolaor (2011). Fu et al.
(2011) confirmed SDSS J150243.1+111557 to be a binary AGN with 7.4 kpc separation
using Expanded Very Large Array, while Burke-Spolaor (2011) confirmed 4C +37.11 to
have a component separation of 2.5 kpc using archival Very Long Baseline

Interferometry.



However, sub-pc SMBBH is very difficult to directly observe. A SMBBH system
can emit a spectrum that resembles one emitted by an active galactic nucleus (AGN)
(Popovi¢, 2012). While this fact gives a possible method of sub-parsec SMBBH
observation, it might be difficult to differentiate sub-parsec SMBBH spectra to another
AGN spectra.

According to the unified model of AGNs, the following components are present in
most AGNs (Netzer, 2015):

- Accretion disc

- Broad line region (BLR) which consists of high-density, dust-free gas clouds with
distance around 0.01 to 0.1 parsec from the black hole

- Central torus which is a dusty structure with dimensions of 0.1 to 10 parsec

- Narrow line region (NLR) which consists of dusty ionized gas with lower density
and velocity extending form the torus to up to thousands of parsecs along the torus
opening

- Thin molecular maser disk with similar size as the torus

- Gamma-ray emitting jet

Figure I1.2 shows an illustration of unified AGN model without showing the maser disc
and the jet. As stated before, SMBBH systems can emit an AGN-like spectra with
evidence of Narrow Line Region (NLR), dusty torus, X-ray to infrared emission of

accretion flow, and a Broad Line Region (BLR).

In a typical AGN emission, the emission from BLR dominates the line emission
(Gaskell, 2008; 2009). According to Gaskell (2009) the BLR is a region in SMBH where
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Figure 11.2 A sketch of unified model of an AGN with the labelled black hole (BH), accretion disc
(AD), narrow line and broad line region, the torus, and the covering angle. (Credit: Giuliani et al., 2021)



interstellar material that formed the thick torus gets evaporated. The BLR consists of the
optically thin material while the optically thick material produces the continuum emission
(Gaskell, 2009).

According to two-component model of AGN (Popovi¢ et al., 2004), the complex
broad HB and Ha lines can be described with more than one gaussian profile, with a
central broad component of low velocity. Some spectra that have a highly shifted broad
component indicate an existence of accretion disc (Popovi¢ et al., 2004). Peculiarity in
this highly shifted line may serve as a hint that an AGN spectrum emanates from a
SMBBH system, since SMBBH system should have two accretion discs, one for each

black hole component.

2.3 Spectroscopic model of sub-parsec SMBBH

AGNs that host an SMBH with an accretion disc will have its gas in the BLR ionized by
the continuum emission (Popovi¢ et al., 2021). The BLR itself is optically thin (Gaskell,
2009), making the effect of radiative transfer is negligible. Here, SMBBH system as
described in Popovi¢ et al. (2021), henceforth will be referred to as PoSKI model, is
adopted due to it being the most recent general model of SMBBH (compare with object-
specific model such as Volvach et al. (2023) model for 3C 273). In addition, PoSKI model
gives an emphasis on the changes in spectra due to variation in mass and distance clearly,

especially on the optical (HP) range, the wavelength of focus in this thesis.

equatorial plane

Figure 11.3 An illustration of the SMBBH model, showing BLR from the less massive component, and
a circumbinary BLR (¢cBLR). (Credit: Simic et al., 2016)



In PoSKI model, each of the SMBHs has their own accretion disc, in addition to a
common circumbinary BLR (henceforth will be referred to as cBLR) (Popovi¢ et al.,
2021). Figure I1.3 shows an illustration of this model structure. However, cBLR might

not be present in every SMBBH system and the following two cases are possible:

1. Continuum luminosity is too small to create cBLR and SMBH’s BLRs are
separated without contact.
2. Continuum luminosity creates a cBLR, which also means each SMBH’s BLRs are

inside the Roche lobes of each other.
For both cases, the following assumptions are considered (Popovi¢ et al., 2021):

1. The BLRs are flattened with the inclination similar to the accretion disc (Collin et
al., 2006; Savi¢ et al., 2019), making the BLR is in the same plane as the accretion
disc.

2. Inner parts of the BLR overlaps with the accretion disc.

3. The BLR extends to a few light years in diameter, depending on the disc
luminosity (Kaspi et al., 2005).

4. SMBH mass determines the Kinematics of the BLR (Peterson, 2014).

Every BLR (from each of the SMBHs and the cBLR) emits electromagnetic
spectrum typical for an AGN (Popovi¢ et al., 2021). A simple dynamical PoSKI model
shows how the interactions of each of the SMBHs accretion discs affecting the surface
disc temperature. This change in surface temperature changes the line profile so that it
differs from a typical AGN profile, and how certain difference in SMBBH system

parameters affect how different the line profile is.

The subsections below adapt the spectroscopic PoSKI model in reverse, laying out
the general equation for a line profile, then shows which of the SMBBH system
parameters are affecting the changes in the profile according to PoSKI model with only
dynamical shift considered. Further reading of Popovi¢ et al. (2021) is encouraged to fully

understand how the equations are obtained from the SMBBH configuration.

2.3.1 Equation of BLR line profile.
Total BLR intensity can be written as:
Itor (D) = ,(A) + I, (A) + IcpLr(A) (I1.1)

where 1.5 g (1) = 0 for case where ¢cBLR isn’t created. Furthermore, each SMBH emits

a Gaussian line profile:

10



L) = I;(Ao) exp [— (A 4 E; Zé“’””) ] cos(i) (11.2)
(%]

and similarly, for the cBLR:

-2\
Iepir(A) = Icprr(4o) exp —< > cos(i) (11.3)

\/EG cBLR

where A, is the wavelength for H-beta where A5 = 4861 A. Subscript i denotes the

component while i in the equation denotes orbital inclination.

2.3.2 Broad line peak shift

Radial velocity of the SMBH components describe the peak shift of spectra lines from
the transition wavelength of HB A5 In Figure 11.4, a visual illustration of this change is

given. In equation (II. 2), Zéopp describes the Doppler correction for radial velocity v;
where zg,,, = v;/c. To calculate the radial velocity, consider a binary system with
arbitrary masses m, , where the ratio of each component g = m;/m, with m; < m,.
Period of a 2-component system with elliptical orbit with eccentricity e.. (Hilditch 2001):
,  An’ad®
G(my +my)
where a is mean distance between component and G is gravitational constant. In the case
of SMBBH, orbital period in years:

A AL A LA

@ Inactive BH

f Center of mass
= Active BH & BLR <

Figure I1.4 Illustration of how radial velocity affect the peak shift of spectra lines. (Credit: Guo et al.,
2019)
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1
P —210( a )% 2x10°Mg 2 (I1.4)
orb = 0.1pc my +m, '

where m, , is in 108 M unit. Mean anomaly, as introduced by Popovi¢ et al. (2021) with
time variable t, initial moment of measurement 7, and orbital phase ¢, is as follows:

2T

M =
Porb

(t—1) =210

Using the mean anomaly, Kepler’s equation can be written in the form of:
M =FE — e, sin(E)

Extracting the eccentric anomaly E, true anomaly can be computed as:

1+e E
6 = 2 arctan “ tan (—) (11.5)
1—e. 2

Radial velocity can then be computed in the observer frame as:
v;(0) = K;[cos(6 + w) + e.. cos(w)] +y (I1.6)
with

2ma; sin(i
K. = l—() (11.7)

l
P orbV 1- eczc
where w is arbitrary perihelion argument and y is systemic velocity. In addition,a = a; +

a,. In PoSKI model, the following values are chosen: w = 0° while y = 0.

It is demonstrated that shift in broad line peak is affected by the mean distance and
mass of SMBBH system where, roughly v; o< a=/ 2mil/ ? . In addition, mass ratio affects
the radial velocity of each SMBHs as follows:

qa a
T1+gq 2= 11gq
Since q assumes that m; < m,, this shows that a; < a,. With the established relation

a,

between radial velocity and distance, this shows that SMBH component that has smaller
mass will show a larger peak shift than the more massive component. Additionally,
eccentricity also shows an effect to the shift, albeit less significant than mean distance
and mass. From equation I1.6 and I1.7, v; X e, /m. This shows that a larger shift

is expected with large orbital eccentricity.

2.3.3 Peak of composite line profile

Maximal intensity of the broad line at 4y = Ay can be calculated as:

12



AL(HP)
W) = gy

Since Hf emission is within visual spectral range, thermal emission is the primary

(11.8)

radiation mechanism. Temperature at the part that’s not close to the central SMBH follows
Terf xR = relation with the black hole radius. Assuming a standard disc model, 8 =
3/4. However, this only applies to a single SMBH system. In the case of SMBBH system
the interaction between two black holes causes gravitational perturbations in the accretion
disc. Matter flow also affects the system by introducing changes in accretion rate. Both
are time-dependent effects due to changes in the distance between the black holes in the
system as period progresses. With these changes, effective temperature becomes (see

appendices A and B on Popovi¢ et al. (2021) for the in-depth derivation):

11
Tip(t) = T¢ (1 MR Cos(ﬁ)>4 (fE(t)>4 (I1.9)

m;  1;(t) fEi,o

where T¢ is the effective temperature for non-perturbed disc, f; is the Eddington ratio of

i-th component where f = Mce,i/Meda,i» and 7;(t) refers to the distance between the

perturbed disc of i-th component to the perturbing j-th black hole that can be written as

follows:

2

R, R;
r(6) = a(t) + j1 + (@) -2 s cos(9) (11.10)

where a(t) is the distance between the two SMBHs and ¢ is the angle between a(t) and

R; observed from the centre of i-th component.

With this assumption, the radiated power emitted by a small ring-like element of
the disc surface dS = 2nrdr at distance r from the system centre is given as (Poindexter
et al., 2008):

2hc? ds cos(i)

2 exp <L> -1
AkpTips (O

where h, ¢, kg are Planck constant, speed of light, and Boltzmann constant. Integration of

dL;(t) = 4r (I11.11)

equation IL.11 over entire disc surface gives the total luminosity as:

out
R;

L;(At) f AdL;(4, Teps, t) (11.12)

i
R;

Since luminosity of the SMBBH system is determined by both SMBHs, meaning that
dL;,; = dL; + dL, and equation II.11 becomes:

13



2hc? dsS cos(i
stot(t) = 477.'7 Z hc( n) (II 13)
n=12exp|——n—7= | — 1
| "<Ak37:}f(t)> |
equation II.12 becomes:
Rlput
Leoe(A, ) o f  AdLyoe (4, Tegp, ) (I1.14)

R;
Focusing on optical emission, inner disc radius R;" can be adopted as R;"~10 Ry. For

the outer radius R{™, the following relationship is used (Vicente et al., 2014) assuming a

Shakura-Sunayev accretion disc (Shakura & Sunyaev, 1973):

2
1 m; 13
R =370 10;]

> (11.15)

The outer radius is given in light-days unit, while the SMBBH mass component is given
in M. In addition, 7y is assumed to be 4.5%9-7 Id.

2.3.4 Broad lines width

Since equation (I1.2) and equation (II.3) shows a gaussian profile, the width is determined
by the velocity dispersion o;. It is important to also note that velocity dispersion also
determines the maximum intensity as shown in equation (I1.8). Velocity dispersion oj is

related to the BLR velocity for i-th SMBH component vg;  (m;) as:

vgr(m
0 = g BLRC( 2 (11.16)
With the assumption of BLR virialization,
Gm;
vpLr(my) = le (11.17)
vI\BLR

where f,, is the virialization factor that, with the assumption of BLR virialization, f,, =
1/sin?(i) (Afanasiev et al., 2019). For the case of cBLR, m.g,r = m; + m,. BLR size
Rp.r can be estimated with the following relationship (Kaspi et al., 2005; Wu et al.,
2004):

R}iS'LR o [AL;(Ao)] 0.6910.05

where AL(,) is the luminosity at A,. With relation to equation I1.12, it is shown that Rg; 5
changes over time according to the period completion of the SMBBH system. For the

case of cBLR, the total luminosity is considered (see equation 11.14).
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3. Searching for Sub-Parsec SMBBH from
SDSS QSO Catalogue

As described previously in chapter 2, broad emission lines are present in AGN that host
single SMBH. These complex emission lines can be described with two-component
model (Popovi¢ et al., 2004; Bon et al., 2009; Raki¢, 2022). However, line profile of some
of these AGNs are unusual which may indicate extremely complex BLR emission,
indicating presence of SMBBH system. Section 2.1.2 shows that using PoSKI model,
SMBBH causes spectra peculiarities in the BLR region, mainly the shift and asymmetry
(see section 2.1.2.2). Previous study by Eracleous et al. (2012) catalogued 88 of such
objects and classified them as SMBBH candidates.

One of the goals of this thesis is to find the good candidate of SMBBH by updating
previous search result by Eracleous et al. (2012) in addition to widening the search. This
chapter described the first step to determine SMBBH candidates from SDSS DR16 QSO
catalogue, which is the object selection step. PCA method is employed to semi-
automatically determine possible SMBBH candidates. This selection step largely follows
the one described in Eracleous et al. (2012) and Boroson & Lauer (2010).

3.1 Selecting and preprocessing of spectra

Spectra analysis is done on the optical wavelength, focusing on the Hf region.
Wavelength range of 4000 — 5700 Angstrom as described by Boroson & Lauer (2010) is
employed. The choosing of this wavelength range is somewhat arbitrary but will prove
useful during spectra subtraction that is described in section 5.1. Considering the upper

limit of the wavelength range, the search is focused on low redshift objects.

Using older SDSS DR7 QSO, Eracleous et al. (2012) used objects with redshift z <
0.7. However, SDSS DR16 QSO catalogue (Lyke et al., 2020) is used in this thesis. As of
writing, the most recent SDSS data release is SDSS DR18 (Almeida et al., 2023), but the
SDSS DRI16 is still the most recent QSO catalogue with spectroscopically confirmed
quasi-stellar objects. It should be noted that SDSS instrument received an upgrade prior
to releasing the DR16 QSO catalogue, with the upgrade of interest being the BOSS
spectrograph in 2009 that upgrades the upper observing wavelength limit from 9100

angstrom to 10400 angstrom (Smee et al., 2013). This allows for selection of objects with
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the highest redshift being z~0.82. In practice, 76466 objects with z < 0.8 were chosen
instead. This is done to exclude the objects that are too close to the upper wavelength
limit that may have bad SNR.

Eracleous et al. (2012) compiles 88 SMBBH candidates out of around 15900
objects. With the newer catalogue and a wider redshift filter, detection of more objects is
expected. Arbitrarily assuming the same percentage of detection, ~420 objects should be
classified as SMBBH candidates. This number includes new SMBBH candidates, as well
as objects previously classified by Eracleous et al. (2012).

All spectra are preprocessed using FANTASY package (Ili¢ et al., 2020; Rakic,
2022; 1li¢ et al., 2023)1. The first goal of this preprocessing is to shift the observed
wavelength into rest wavelength, while the second goal is to deredden the spectra to
account for interstellar extinction (Fitzpatrick, 1999). This ensures a more accurate

analysis, especially when doing the fitting.

3.2 Searching spectra peculiarities with PCA

Principal component analysis (PCA) is employed to find unusual broad line profiles
which may indicate presence of SMBBH in the center of AGNs. PCA method used is
described in Boroson & Lauer (2010) and Eracleous et al. (2012), where eigenspectra are
extracted from a subset of objects as the sample. Several eigenspectra are then used to
reconstruct the object spectra. Result from Eracleous et al. (2012) suggests that sub-parsec
SMBBH system are the outlier objects. Therefore, it is expected that SMBBH spectra
should have a poor reconstruction using the first few eigenspectra, indicating peculiarities

that weren’t expressed in these first few eigenspectra.

3.2.1 Principal component analysis

Principal component analysis (PCA) is a technique for reducing data dimensionality to
interpret large dataset easier, while also preserving as much statistical information as
possible (Jolliffe & Cadima, 2016). In practice, PCA reduces the dataset into principal
components that are linear functions to the original dataset (Jolliffe & Cadima, 2016).

These principal components provide a descriptive look at the dataset.

Mathematically, PCA applies linear algebra methods to perform the dimensionality

reduction, re-expressing the data as a linear combination of its basis vector (Shlens, 2014)

1 FANTASY package is available on https://fantasy-agn.readthedocs.io/en/latest/index.html
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(see also equation III.3). Rigorous mathematical description of PCA is not presented here,
as the PCA process is done through a python package directly (see section 3.3.1). Shlens
(2014) and Gewers et al. (2021) give a detailed and comprehensive mathematical view of

PCA process. In any case, a quick step-by-step procedure of performing PCA are as
follows (Shlens, 2014):

1. Organize data as m X n matrix, with m is the number of measurement types and
n is the number of samples.

2. Perform mean subtraction for each measurement type.

3. Calculate the singular value decomposition (SVD) or the eigenvectors of the

covariance.

Covariance measures the degree of linear relationship between two variables (Shlens,
2014). Additionally, SVD is used to find the solution of the following matrix equation
(Shlens, 2014):

X =UzVT (I11.1)

with X is the data matrix, U and V are the vector matrix with size n Xn and m X m
respectively, and ¥ is a diagonal n X m matrix filled with singular values. It is also

important to note that the assumptions of performing PCA are as follows (Shlens, 2014):

- Data is assumed to be linear combination of its basis vector
- Assumption of high signal-to-noise ratio (SNR) of the data, and large variance
is deemed important

- Orthogonality assumption of the principal component.

Previous literatures (i.e. Francis et al., 1992; Boroson & Lauer, 2010; Eracleous et
al., 2010) employed PCA into spectra analysis of quasi-stellar objects (QSO). Performing
PCA on a spectra dataset produces eigenspectra with diminishing eigenvalue, meaning
that the first few eigenspectra describe the most common elements of the dataset. For
analyzing QSO spectra, the following equation for SVD is used instead of equation (II1.1),

solving for matrix V (Boroson & Lauer, 2010):
Vicy =3 (I11.2)

In this equation, C is the cross-correlation matrix with size n X n, representing cross
product of each spectrum with each other. The columns of matrix V contains the
eigenvector which is then transformed into eigenspectra by multiplying them with the
input spectra, and the diagonals of X gives the eigenvalues, which is the expected variance

of principal component (Vanderplas et al., 2012; Ivezi¢ et al., 2014).
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3.2.2 Automated filtering using Python

The sklearn python package allows a relatively simple way to perform PCA of the
objects, including the calculation of SVD as shown in equation III.1 and III.2. However,
all spectra need to have the same spectral resolution, which means that the number of
points and position of wavelength must be equal. Every spectrum is rebinned to Boroson’s
wavelength range, with wavelength resolution of 1. The rebinning is done for the flux and
error. Rebinning of error value for each wavelength point uses percent error value relative
to the flux at that point. This is done to better reflect how the same error value will have
more significant impact on the smaller flux than larger flux. In addition, this is also done

to avoid unrealistic jumps in interpolated absolute error.

The PCA documentation from sklearn suggests scaling the data before
performing PCA. Previous spectra analysis with PCA (Francis et al. 1992) did not scale
the flux, with the reason being that the PCA result is insensitive to scaling. Another reason
of scaling not being performed is that the eigenspectra obtained does not conform to
previous attempt of PCA (Boroson & Lauer 2010). Appendix B explores more about this
scaling effect. Instead of feature scaling, normalization is performed. The normalization

procedure follows that described by Francis et al. (1992) as follows:

1. Each spectrum is scaled to its own mean value
2. Mean spectrum is calculated as average flux in each wavelength from all spectra

3. Every spectrum is subtracted with the mean spectrum to reduce to 0 mean.

A different normalization procedure is also performed on the PCA result in order to make

the sum of the values equal to 1.

After spectra rebinning and normalization, PCA is then performed. 1000 spectra
with the highest SNR were chosen as PCA samples. Figure III.1 shows the first 4
eigenspectra obtained. Note that the first eigenspectrum has a similar shape with mean
flux spectra, and thus, the first eigenspectrum component can be interpreted as mean
component. The second eigenspectrum might shows error on the mean, but this
interpretation is still open for further analysis. It’s important to note that the third
eigenspectrum shows an importance near the HJ wavelength that differs from previous
eigenspectra and the mean which shows more emphasis on the OIIl lines. The
interpretation of the third eigenspectra is that most spectra show strong OIII lines while

others may show stronger Hf line.

2 Appendix A.1 presents a more accurate error propagation for interpolation. However, the more accurate
propagation is not used in this step, with the main reasoning being that the manual filter done later (see
section 3.2.3) should mitigate this inaccuracy so that the inaccurate error propagation can be reasonably
ignored. The more accurate error propagation is still used in a later step (see section 5.1.2).
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Figure IIL.1 The first 4 obtained eigenspectra as the result of the PCA process, in addition to the mean
flux spectra.

Eracleous et al. (2012) uses only the 5 most significant eigenspectra to reconstruct
the spectra, arguing that only the most common properties are reconstructed. Following
that, only the first 5 eigenspectra, in addition to the mean value, is used in this thesis too.
Expected obtained variance of reconstruction using 5 eigenspectra, expressed by the
cumulative sum of the eigenvalue (Vanderplas et al., 2012; Ivezi¢ et al., 2014), is 92%.
This value is interpreted as 92% of the most common properties should be reconstructed.
Figure III.2 shows that using more eigenspectra only gives a small increase in the
expected obtained variance. In addition, using more eigenspectra also risks the less
common parameters that may be associated with SMBBH system to be included in the

reconstruction, leading to exclusion of objects that might have been SMBBH candidates.

Adapted from astroML (Vanderplas et al., 2012; Ivezi¢ et al., 2014), reconstructed

flux using the first 5 eigenspectra can be expressed with the following equation:

5
freconsa = fmeana + Z(ai ) ei,/l) (111.3)
i

with coefficient a;, defined as the corrected projection (Boroson & Lauer, 2010), are

obtained for each eigenspectra e; with the following:

19



0.95 1

Cuumulative Eigenvalue
o o o o g
~ ~ (o] [o] (o]
o w o w o
L L L 1 1

0.65 A

060 T T T T T T
0 4 8 12 16 20
Number of Eigenspectra used

Figure 111.2 Cumulative eigenvalue as representation of reconstruction accuracy. The faint dashed line
shows the cumulative eigenvalue of using 5 eigenspectra to perform spectra reconstruction.

a; = (ei,)L ’ fSDSS,)L - fmean,ﬂ)

Additionally, a reduced y? parameters is used to quantify the goodness of fit. Adapted
from Boroson & Lauer (2010),

2 1 _
X?educed — X_ —_ (Z fSDSS,/l frecons,l) (IH. 4)
v v =

2
0y

where g7 denotes the observation error in the SDSS spectra, and v denotes spectral pixels,
1.e. the number of points within the wavelength range. Since the spectra are rebinned, the
spectral resolution is the same. Figure I11.3 shows two examples of the reconstruction of
high SNR spectra, with one of them being the accepted SMBBH candidate, while the

other is the rejected.

Initially, Eracleous et al. (2012) threshold for the goodness of fit y2/v >3 is
chosen. However, this results in too many objects passed the filter and classified as an
outlier. One of the possible causes of this is the inaccuracy of spectra reconstruction.
Quick review of outlier spectra shows a high y?/v value even with visually accurate
reconstruction. While further analysis is needed to determine the exact cause of this issue,
two workarounds are done to limit the number of objects analyzed. The first one is to
limit the analyzed objects to only include objects with SNR > 30, meaning that only
1472 out of the 76466 objects will be analyzed. This condition is not ideal since 1000 of

1472 objects are included in the PCA sample and might introduce some bias. However,
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Figure I11.3 Spectra of the SDSS 093728.57+324548.3 (left) and SDSS 215014.76-065314.4 (right).
The whole 4000-5700 angstrom wavelength range is shown on top and +- 15000 km/s shift from H beta
wavelength (4861 angstrom) is shown on the bottom. On the bottom images, a faint dotted line is used
to mark the +- 1000 km/s as one of the criteria of Eracleous object. The left object is accepted as
SMBBH candidate, specifically the Eracleous object (evident of asymmetry and the >1000 km/s broad
peak shift from its narrow line) while the right object is rejected as SMBBH candidate. Additionally,
the reduced %2 value is shown.

this 1s deemed an acceptable flaw since this helps cut the number of spectra analyzed for

the manual filter, while a fix of the PCA process can be formulated for future studies.

The second workaround is to update the y? /v threshold. To determine the updated
threshold, the reconstruction is compared to objects classified as SMBBH candidate by
Eracleous et al. (2012). Out of 88 SMBBH candidates, only 36 objects were available in
the DR16 QSO catalogue. One confirmed cause of this is due to some of the objects have
different designation that are off by 0.01 second in the RA and 0.1 second in the
declination®. Other causes of this discrepancy might be due to inaccurate filtering or data
corruption. Furthermore, only 28 out of 36 objects have y?/v > 3, with 9 of them have
SNR > 30. This reduced y? value further shows small differences in method used by
Eracleous et al. (2012) and this study. One idea to further refine this method is to do some
form of normalization before calculating the y2/v value. Flux can be normalized to

constant mean value, or to normalize the flux to maximum flux in each spectrum.

8 These objects are assumed to be the same object in section 5.2.3.
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Figure II1.4. Simulated spectra of SMBBH spectra with m, /m, = 0.5 and distance R = 0.1 pc with
earlier Popovi¢ (2012) model. In this simulation, the narrow Hp is arbitrarily added. (Credit: Popovié,
2012)

The result of this automatic filter is 752 objects that will be manually filtered, which
means more than half of the objects are flagged as an outlier. Further viewing of some
reconstructed spectra shows that although the reconstruction shows a visually good fit,
they still show y2/v > 4.5 (see Figure II1.3 for example).

3.2.3 Manual (visual) filter and result

Spectra that passed the automatic filters are then analyzed visually. Eracleous et al. (2012)

gave additional criteria to the visual filter. These criteria are as follows:

- Exclusion of objects with Hf3 broad shift < 1000 km/s

- Exclusion of objects with shelves and inflection if the dominant broad peak at
v~0

- Exclusion of objects with double peaks

- Retain objects with strong displaced peak

- Retain objects with extended wing near Hbeta narrow lines

- Retain flat-topped profiles if v # 0.

Objects that conform to the above criteria will henceforth be referred to as Eracleous

objects.

Simulation using an older model (Popovi¢, 2012) shows that depending on the
position, SMBBH can show spectra that different from Eracleous objects’ spectra (see
Figure I11.4), which is confirmed further with simulation using PoSKI model that will be
explored in chapter 4. Objects exhibiting the following characteristics in the broad Hf are

passed, with the given example refer to the plotted spectra during period T in Figure 111.4:
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Figure II1.5. Hf focused spectra (similar to the bottom plots of Figure II1.3) of 4 SDSS objects, showing
the example of the object classified as Eracleous object (top left), double-peaked object (top right),
asymmetry-only object (bottom left), and broad-only object (bottom right).

1. Double-peaked spectra (e.g. T = 120 yr and T = 150 yr)
2. Signs of asymmetry (e.g. T = 12 yr and 30 yr)
3. Shows significant broadening. (e.g. T = 300 yr)

Objects which spectra exhibit these characteristics are given lower priority than the
Eracleous objects. Finally, the result of the manual filter is shown in table III.1, with the

example of each classification of objects are shown in Figure IIL.5.

Table II1.1. Number of objects for each classification

Object Number of
Classification Objects
Eracleous Objects 159
Double-peaked 29
Asymmetry Only 75

Broad Only 31

Total Objects 294
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4. Modelling the Optical Spectra of
Sub-Parsec SMBBH

Using PoSKI model discussed in section 2.3, several spectra is simulated. In this chapter,
the simulation results are presented and discussed, highlighting the effect of several
parameters, specifically mass of each component, mean separation of SMBBH
components, and SMBBH period, to the HB BLR spectra. The simulation is done using
Python code by Simi¢ et al. (2024) with several modifications.

4.1 Simulating the spectra

The simulations are done with component mass M; ranging from 10° to 10° Mg, with
mass ratio of 1:1 and 1:2. This gives 8 mass configurations to simulate. Mean separation
settings of R = 0.001, 0.005, 0.01, 0.02, and 0.1 parsec are also used for each mass

configuration. It is assumed that the simulated spectra do not have any errors.

To account for time-dependent variations, 100 variations of time are used for each
mass and mean separation configuration. This variation corresponds to the SMBBH
position in which the spectra are simulated which ranges from 0% to 99% of the orbital
period of the SMBBH with certain mass and mean separation configuration. In addition,
to focus on HP wavelength, the wavelength range of 4500 to 5200 A is used, which
roughly corresponds to + 20 000 km/s velocity shift from H3 wavelength center.

Table IV.1 Constant parameters set for the simulation

Parameter Set Value

Object inclination 45°

Orbit eccentricity 0.3

'’ 0

Number of full orbit 1

Number of evaluated time 100 points from 0 - 99% of full orbit
Roche emission ratio’ 0.7

Wavelength Range 1000 points from 4200 - 5200 A
Relativistic boosting® 0.7

Object Redshift* 0

Continuum wavelength’ 5100 A

Hp wavelength 4861 A

'See equation 11.6

2Emission distribution over Roche BLR and cBLR, affecting cBLR contribution of emission
3Doppler beaming effect for continuum and BLR emission (see equation 21 in Popovi¢ et al (2021))
4This is set to 0 to evaluate the emission in rest wavelength

SWavelength in which the continuum is evaluated
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The total number of spectra simulated should be 400, one for each mass and mean
separation configuration at a given period completion. Unfortunately, the simulation fails
for some of the variation parameters due to program limitation. If the mean separation is
set to 0.001, the simulation fails for M; = 10° My for both mass ratio and M; =
108 M, for 1:2 mass ratio. The simulation also fails for M; = 10° Mg with 1:2 mass
ratio and mean SMBBH separation of 0.005. Therefore, only 360 spectra are successfully

simulated and used.

To focus on the effect of SMBBH component mass and mean separation distance,
several parameters in the simulations are kept as constant. Table IV.1 shows the input

parameters that are set to constant.

Table IV.2 Orbital period for every simulated mass and separation configuration

Component Component Mass Orbital
Separation (pc) Mass (M) Ratio Period (Years)
0.001 10° 1:1 2.058
1:2 1.664
107 1:1 0.663
1:2 0.526
108 1:1 0.206
0.005 10° 1:1 22.782
1:2 18.602
107 1:1 7.204
1:2 5.882
108 1:1 2.302
1:2 1.860
10° 1:1 0.782
0.01 106 1:1 65.090
1:2 52.614
107 1:1 20.377
1:2 16.638
108 1:1 6.508
1:2 5.261
10° 1:1 2.058
1:2 1.664
0.02 10° 1:1 184.100
1:2 150.318
107 1:1 58.218
1:2 47.059
108 1:1 18.410
1:2 14.881
10° 1:1 5.764
1:2 4.706
0.1 10° 1:1 2037.719
1:2 1680.596
107 1:1 644.383
1:2 531.452
108 1:1 203.772
1:2 166.379
10° 1:1 64.438
1:2 52.614
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4.2 Simulation result

The following subsections discuss and show how component mass and separation affect
simulated spectra using PoSKI model. Additionally, table IV.2 shows the orbital period

of each of the component mass and separation configuration based on equation 11.4.

4.2.1 Effect of component mass on spectra

Component mass and mass ratio seems to affect broad Hf spectra line the most, affecting
peak shift (see section 2.3.2), composite peak flux (see section 2.3.3, especially equation
I1.13 and II.14), and broad line width (see section 2.3.4, especially equation I1.16). It is
also shown that larger component mass causes said parameters to be larger. With a mass
ratio of 1:1, it is expected to have a symmetrical spectrum with the symmetry line in the
HP wavelength of 4861 A, while other mass ratios (in this case 1:2) should give
asymmetrical spectra. Figure IV.1 and IV.2 show the simulated spectra of the 8 mass
configurations, highlighting how mass affect the spectra at pericenter position (50% of
period) and at mean separation of 0.1 pc. Pericenter position is chosen to highlight the

maximum shift caused by the radial velocity (see section 2.3.2).

It is clearly shown that SMBBH with larger component mass show a larger broad
peak shift for each component, causing broadening of the total HB. With larger shift, the
spectra will appear to have double peaks. In Figure IV.1 and IV.2, it seems that double
peaks can only occur in very massive SMBBH. However, this double peak can occur in

less massive SMBBH, provided the mean separation is small enough (see section 4.2.2).

Unequal SMBBH component mass, with ratio other than 1:1, results in spectra
asymmetry. How asymmetric a spectrum is might suggest the mass ratio. The 10° Mg,
simulation of 1:1 mass ratio in Figure V.1 seems to have an asymmetry, where it’s larger
on the right side. However, this is deemed to be caused by limitation of the simulation

code.

While a more quantitative measurement of FWHM can be done, it can be seen
visually that each BLR component have a larger line width for a more massive system.
The spectra detected by the instrument is the total HB spectra and it’s difficult to parse
each BLR component. Therefore, if a is broader-than-expected (see section 3.2.2 and
3.2.3), it may indicate a SMBBH system.

Absolute flux is value is shown in Figure IV.1 and IV.2, and it shows that more

massive SMBBH system has a more intense emission. However, the line shapes are
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Figure IV.1 Simulated SMBBH flux to highlight the comparison of the effect of mass (shown in
Mg unit) at SMBBH separation of R = 0.1, while setting the mass ratio to be 1:1. The spectra are taken
at 50% period completion (at pericentre position) of each configuration for maximum shift. Total HB
refer to the total emission from the BLR of each component in addition to the circumbinary BLR. Note
that the flux scale at each spectrum is different.

distinct enough for the variations in mass configuration (and subsequent variations). Due
to this, simulated spectra are normalized so that the maximum flux has a value of 1. These

normalized spectra are used in subsequent figures for simulated spectra and object spectra

fitting.
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Figure IV.2 The same as Figure IV.1, but with 1:2 mass ratio
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Figure IV.3 Simulated SMBBH spectra to highlight the effect of mean SMBBH separation variation.
The spectra are simulated by setting the SMBBH mass to be 10’ Mg and 1:1 mass ratio. Spectra are
taken at pericentre position for maximum shift. Total HP refer to the total emission from the BLR of
each component in addition to the circumbinary BLR. Additionally, refer to the top right spectra in
Figure IV.1 for the simulated spectra of similar mass configuration at R = 0.1 pc.

4.2.2 Effect of mean separation

Mean separation of SMBBH component affect the broad peak shift, where larger mean
SMBBH separation causes less shift in the broad line (see section 2.3.2). According to

the radial velocity relation with component mass and mean separation v; X
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Figure IV.4 The same as Figure IV.3, but with 1:2 mass ratio. Refer to the top right spectra in Figure

Velocity Shift (km/s)

IV.2 for the simulated spectra of similar mass configuration at R = 0.1 pc.
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R™Y 2Mi1 /% established in section 2.3.2, mean separation effect has similar magnitude of
effect, only inversed. This means that for a spectrum with a moderately high peak shift,
for example, the spectrum may come from a SMBBH system with high mass with high
separation, or low mass with low separation. Fortunately, mean separation does not affect
broad line width. Therefore, the line width becomes a more reliable mass determination

while peak shift shows a combination of effect from mass and mean separation variations.

Figure IV.3 and IV.4 shows how the difference in mean separation affects SMBBH
spectra. Due to the moving normalized peak of the component spectra, their width is not
visually clear. FWHM measurement shows that all component spectra have FWHM of
around 5150 km/s for both components, confirming that changes in mean SMBBH does

not change the spectra width.

As previously stated, double peaks might appear for low component mass SMBBH
if the mean separation is low enough. SMBBH with M; = 10’ Mg and 1:1 mass ratio will

show a double-peaked spectrum at R = 0.001 pc. Comparing that with the double-
peaked spectra of SMBBH with M; = 10°M¢, and 1:1 mass ratio at R = 0.1 pc shown
in Figure IV.1, double peaks caused by small separation shows spectra with deeper valley

between the peaks.
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Figure IV.5 Compilation of the effect of mass configuration and mean separation variations. The mass
ratio is kept constant at 1:1 ratio. Notice that the diagonals have similar shift for the SMBBH
components, while the line width causes the spectra have different total broad H emission.
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Due to the relation between radial velocity, mass, and mean separation, certain
combination of SMBBH mass and mean separation configuration will give similar peak
shift. Specifically, if the M /R is the same, the same peak shift is expected just like the
spectra shown in Figure IV.5. Since mean separation only affect peak shift, mass can still
be determined by evaluating the line width and, in the case of double peaks, the depth of
the valley between the peaks.

4.2.3 Determining SMBBH configuration at the time of detection

Several equations in chapter 2 shows some time-dependent changes in spectra due to
parameters that changes over time. This is shown in the spectra peak due to time-

dependent changes in effective temperature (see equation I1.9 to equation II.13) and

R=0.1pc R=0.01pc R=10.001 pc
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Figure IV.6 Overview of how SMBBH positional configuration, represented by the orbit completion,
affect the change of SMBBH spectra line, represented by the integrated flux, of SMBBH with 1:1 mass
ratio. The graph is presented in similar way as Figure IV.5.
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Figure IV.7 The same as Figure IV.6, but for 1:2 mass ratio

spectra peak shift due to time-dependent changes in true anomaly that affected radial
velocity (see equation I1.5 and I1.6).

Figures 1V.6 and IV.7 show how position configuration of SMBBH component
affect the spectra variety by looking at the how the integrated flux change over time
according to PoSKI model. It is interesting to note that for high M /R ratio, the graphs are
fluctuating. Apart from the limitation of the numerical simulation, section 2.3.3 shows
that the flux peak varies over time, due to the variation of effective temperature over time
in addition to the use of the normalized unit. Variation of integrated flux for low M /R
component seems to confirm this. Additionally, since double peaks are shown in high
M /R ratio, these fluctuations indicate existence of double peaks.

Figure IV.6 and IV.7, although shows that the spectra change over time, do not

clearly show how the spectra change. Focusing on positions shown in Figure I'V.8, Figure
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Figure I'V.8 Position of SMBBH that are evaluated in Figure IV.9 and IV.10 for 1:1 mass ratio (/eff) and

1:2 mass ratio (right)

IV.9 and IV.10 show spectra of SMBBH with M; = 108 M mass with mean separation

R = 0.01 pc. These figures and Popovi¢ (2012) simulations (see Figure I11.4) show that
observed rest spectra change over time, and therefore the observed SMBBH position can

be determined by fitting.
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Figure IV.9 Comparison of fluxes at the position highlighted in Figure IV.8 for SMBBH with mass
ratio 1:1. The total emission is the observed spectra, while the spectra of each component are highlighted
in each of the BLR contribution. The blue and red color in the BLR contribution panels shows which

of the SMBH in Figure IV.8 emits the spectra.
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Figure IV.10 The same as Figure IV.9, but with 1:2 mass ratio.
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5. Parameter Fitting Result of Observed Spectra
with Simulated Spectra

Object spectra that are suspected to be SMBBH candidates that’s obtained in chapter 3 is
then fitted with simulated spectra discussed in chapter 4. This chapter discusses the fitting

procedure and result, while also discussing some of the fitted spectra.

5.1 Extracting broad HB component from observed spectra

The HP wavelength region is composite from the broad Hf} line which has shape that may
indicate emitting region around SMBBHs, but also a number of Fell lines, narrow Hf and
OIII lines at 5007 and 4959 A. Spectra subtraction is performed to extract the broad HB
component that is fitted with the PoSKI model. FANTASY package (Ili¢ et al., 2020;
Raki¢, 2022; Ili¢ et al., 2023) allows AGN spectra modelling using specific emitter

components. The FANTASY-modelled lines are used to perform the spectra subtraction.

5.1.1 Spectra subtraction with FANTASY

The modelled spectra are assumed to be consisted of the following emission components:
Invoder = lcont + Iy + Ige + Ire + lony V.1

The hydrogen component can further be expanded into

Iy = Iy narrow + It broad

Using the two-component model (Popovi¢ et al, 2004), broad H line profile can be

modelled with two gaussian-like emission. Therefore,

Iy broad = In broaa1 + In broad 2 (V.2)

FANTASY assumes a tied model for narrow hydrogen and OIII lines are tied. Therefore,

Inarrow = HHnarroW + lom

To account for outflows in the narrow emission lines of OIIl (Woo et al., 2016):

loit = lonrnarrow + loiin outflow
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Table V.1 FANTASY parameter settings

Component Parameter Fixed Value Set Tolerance Range
Continuum  Reference Wavelength 5500 angstrom 5490 — 5510 angstrom
Broad 1 Offset! 0 -1000 — 1000
FWHM? 2000 1000 — 3000
Broad 2 Offset 0 -1000 — 1000
FWHM 4000 3000 — 10000
Narrow Offset - 0—1000
FWHM 1000 50 -1500
Amplitude? - 0.2 — 1000
Helium Offset 0 -1000 — 1000
FWHM 2000 1000 — 3000
Iron Offset 0 -1000 — 1000
FWHM 2000 1000 — 3000
Olll[5007]  Offset 0 -1000 — 1000
FWHM 1000 200 — 2000
Amplitude - 0.2 — 5000
OIlI[4959]*  Offset Same as OIII[5007] offset -
FWHM 1000 200 - 2000
Amplitude 1/3.03 of OIII amplitude

lOffset refers to line shift

’Line width calculated by the FWHM value
3Amplitude at the peak

4Secondary OIII are tied with the primary OIII line

For OIIl outflow, primary and secondary OIII lines are modelled separately. With
Tomr,5007 = 3.03(o111,4959)

Lot outfiow = lornaese + lorns007

Combining all of the above equations, the following components are modelled using
FANTASY:

IModel = Icont + Inarrow + IH broad 1 + IH broad 2 + IHe + IFe + 10111,4959 + 10111,5007 (V- 3)

SDSS 161649.42+415416.3 Spectra

—— Fe Il model

SDSS 113908.96+591154.7 Spectra

Observed —— Fe Il model

—— Model
Residual
Broad 1
Broad 2

-=-- Continuum

Observed
—— Model
Residual
Broad 1
Broad 2
-=-- Continuum

AT

=== Helium === Helium

— Narrow —— Narrow
=== 0lll outflow

Hydrogen Lines

-=- Olll outflow
Hydrogen Lines

SDSS Flux (Arbitrary Unit)

5500 5750 4000 4250 4500 4750 5000 5250 5500 5750

Wavelength (angstrom)

4250 4500 4750 5000 5250

Figure V.1 FANTASY Fitting of 113908.96+591154.7 (left) and 161649.42+415416.3 (right). Light-
blue horizontal line indicates 0 residue. If the residue is close to 0, then the model fit is good.
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FANTASY has the following parameters to set in for each emitter components specified
in equation V.3. Table V.1 shows the values set for each of the components to generate
the FANTASY model.

This FANTASY model generated from A = 4000 — 5700 A. Although the
evaluation range of the PoSKI model is only from A = 4500 — 5200 A (see section 4.1),
the longer wavelength range is used to accurately model the AGN spectra with
FANTASY, due to the inclusion of iron lines that’s present around A = 4500 A and 1 =
5200 A (1li¢ et al., 2023). The shorter wavelength range is too close to the iron lines and
the iron lines were not properly fitted. Therefore, the longer wavelength range is used to

introduce clearance for FANTASY to model the iron lines properly.

FANTASY model spectrum is generated for every SDSS spectra. Figure V.1 show
the fitting for two example objects. After a model spectrum I,,54¢; ; 1S generated for each

SDSS spectra of suspected object Ispss ;, subtraction is done for i-th spectra as follows:

Isubtracted,i = ISDSS,i modelsub,i

where Loaeisubi = Imodeti — (Un broad 1i T I broad 2,i), because the subtracted broad is

needed. Figure V.2 shows the result of subtraction for objects shown in Figure V.1.

After the spectra is subtracted, the spectra are interpolated and trimmed to 1000
equidistant points between wavelength range of A = 4500 — 5200 A. Assuming
FANTASY model has no errors, the error value used is the interpolated error value from
the SDSS spectra (see equation A.3).

SDSS 161649.42+415416.3 SDSS 113908.96+591154.7

—— Subtracted —— Subtracted
Broad Model Broad Model

| \
/ Mo m.\.,wf«,n,w/ \l SR

. ha
rfr.wﬁwaﬂaw L"’Ih el

~20000-15000-10000-5000 0O 5000 10000 15000 20000-20000-15000-10000-5000 0 5000 10000 15000 20000
Velocity Shift (km/s)
Figure V.2 FANTASY subtraction of spectra shown in figure V.1. The dashed orange lines show broad
lines as modelled by FANTASY for comparison.

Flux (arbitrary Unit)
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SDSS 161649.42+415416.3 SDSS 113908.96+591154.7

—— Subtraction with FANTASY —— Subtraction with FANTASY
Tolerance Tolerance
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Figure V.3 Process of further subtraction with the aid of FANTASY model of objects shown in figure
V.1. The red tolerance lines show the range of acceptable flux. Flux values that fall outside of the red
tolerance area is replaced with a random value inside the range.

5.1.2 Additional subtraction of narrow line residuals

Unfortunately, some of the figures are not subtracted properly (see right graph of Figure
V.2), especially the narrow lines and OIII lines. While a further refinement of parameters
in FANTASY code can be used, a workaround is done. The FANTASY-modelled broad
lines are used to simulate the proper spectra. The following equation is used to introduce

the flux tolerance at a specific wavelength A:
lig,;() = (1 £7) (Ibroad,i(/l)) * Ospss,i/2

where T denotes the tolerance which is set to 5%, and ogp g refers to the flux error in the
SDSS spectra of object, assuming that ggpss; is equally spread around the FANTASY
modelled components shown in equation V.3. If the observed flux Ispgs ; (1) falls outside
the I;-;l,l-(l), it will be replaced with random value between the maximum Itt,l'i(/l) and
minimum /¢, ;(4) to simulate noise. Figure V.3 this process applied to objects shown in

Figure V.1.

5.2 Broad H fitting with PoSKI model

Extracted HP broad lines dubbed Ispss proaq(4) are then normalized to the maximum flux
value of each spectrum. These I,,,,(4) spectra are then fitted with 360 available
simulated spectra Ig;,,, (1) with various configurations discussed in chapter 4. The y?
value for each normalized spectrum I, 4, (1) that is fitted with each simulated spectrum
Isimm(A) is obtained with the following equation:

1000

2
szl,m = Z (Inorm,n()-i) - Isim,m(/li))

i
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Table V.2 Confidence level of fitting

2

X Confidence Level
<]/ Very High

1-2 High

2-3 Low

>3 Very Low

Parameters of Is;p ,n (4;) that gives minimum x3 ,,, value for Iy (4;) is determined to
be the SMBBH parameters that produces I,,5ymn(4;), and therefore is defined as the
SMBBH parameters of the object. This search is implemented using an original Python
3.0 code.

Table V.2 shows how good the fit is based on the y? value. This is an arbitrary
classification but can indicate a level of confidence on the parameters of the SMBBH
system fitted. A high level of confidence assumes that the spectrum comes from a
SMBBH system with the fitted parameters, while a low level of confidence suggests that
the spectrum might not come from a SMBBH system, or, in the case that it does, the fitted
parameters are erroneous. Appendix C shows the classification of the SMBBH spectra
with the parameters and confidence level for all of the SMBBH candidates obtained from
the SDSS DR16 QSO catalogue.

5.2.1 High confidence fit

Out of 294 objects in classified as suspected SMBBH candidates, 57 objects are fitted
with high and very high level of confidence. Accounting for the duplication in double-
peaked objects (see section 5.2.2.3 for further discussion) there are 270 distinct objects,
with 54 well-fitted objects. Table V.3 shows the number of objects with good fits for each
spectra selection criteria discussed in section 3.2.3, with the inclusion of the double-
peaked duplication, while Figure V.4 shows example of objects with “very high” and
“high” confidence level of fitting for each object spectra selection criteria.

5.2.1.1 High confidence parameters
With a high confidence level of fitting, the SMBBH fitted with the model should have a
parameter very close with the fitting parameters, especially the component mass, mass

Table V.3 Numbers objects with high confidence fit

Selection Criteria Number of High-confidence Fits
Objects

Eracleous Objects 159 27

Double Peaks 29 4

Asymmetric 75 15

Broad 31 11
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Eracleous Spectra Double-peaked Spectra

—— SDS5 223604.29+053548.5 —— SDSS 222435.29-001103.9
Fitted Spectra Fitted Spectra
—= BLR1 —= BLR1
BLR2 BLR2
cBLR k cBLR

Asymmetric Spectra Broad Spectra

—— SDSS 020351.67+282235.5 —— SDSS 013324.62+242741.3
Fitted Spectra Fitted Spectra J,
L

== BLR1 == BLR1
BLR2 BLR2 ¥
cBLR ¢BLR
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Velocity Shift (km/s
Figure V.4 Example of objects with good fits. The object spectra shown is the FANTASY-subtracted

spectra and therefore, some residue of OIII lines can be seen (especially prominent in Broad Spectra
fitting).

ratio, and component separation. It is also interesting to note whether highly peculiar
broad HP line profile, indicated by the high M /R ratio, is more common than less peculiar
spectra, indicated by the low M /R ratio.

Table V.4 makes notes of how many of objects have specified parameters. The
detection spread of component mass seems to be somewhat even for Eracleous object
compared to the high number of detections of SMBBH with low (10° M) component
mass. However, spectra with somewhat high peculiarity (with M/R = 10° and M/R =
1019) are more commonly detected than lower peculiarity. This suggests that the fitting
might be more sensitive towards peak shift than masses, with the very highly peculiar

spectra seems to be less common.

Additionally, Kazantzidis (2005) noted that unequal mass mergers are more
effective at building gas reservoir for SMBH accretion due to the significant frequency
of unequal mass merger compared to equal mass merger in the hierarchical structure
formation model. Table V.4 shows that the fitting detects more SMBBH systems with
uneven mass (1:2 mass ratio) compared to the even mass SMBBH (1:1 mass ratio). This
amount confirms the validity of Kazantzidis (2005) statement.
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Table V.4 Number of high-confidence object with parameters.
Eracleous Double Peaks Asymmetric  Broad

Parameters Objects Objects Objects Objects Total
Component Mass (M)
108 7 1 8 5 21
107 8 3 2 13
108 6 2 1 9
10° 6 2 3 11
Component Mass Ratio
1:1 4 5 3 12
1:2 23 1 10 8 42
Component Separation (pc)
0.001 9 1 3 2 15
0.005 5 3 1 9
0.01 4 2 1 7
0.02 2 0 1 3
0.1 7 7 6 20
M/R*
1 x 107 3 5 3 11
1x 108 1 1
2x108 2 2
5 x 108 1 1
1x10° 7 1 2 3 13
2 x10° 1 1 2
1 x 1010 7 5 1 13
2 x 1010 4 1 5
5 x 1010 1 1 2
1x 1011 3 1 4

'While other M /R value exists, this table only list the values that have at least 1 object.

The fitting seems to be more sensitive towards the extremes in peak shift, indicated
by the most and 2" most common component separation being the 0.1 pc and 0.001 pc
separation. In addition, the 15 objects with 0.001 pc separation, and some objects with
0.005 pc separation to some extent, might be interesting for future studies since imminent
mergers might happen. Table V.5 lists the 15 high-confidence objects with separation of
0.001 pc.

5.2.1.2 High confidence fit with visually bad fit

Although it was stated previously that high confidence fit guarantees the SMBBH
parameters, further analysis needs to be done to confirm the parameter determination. An
indication of this is the presence of equal-mass SMBBH detected for object with spectra

asymmetry. As discussed in section 4.2.1, asymmetry occur only for unequal mass
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Table V.5 High-confident objects with component separation of 0.001 pc or 0.005 pc

Component Eracleous Objects! Asymmetric Objects?
Separation
e 123516.14+462309.3
e 231821.08+322339.5
e (095048.38+392650.4
e (020840.66-062716.7 074455.95+364743.8
0.001 pc e 110436.33+212417.8 161425.17+375210.7
e (081501.85+525255.5 103440.91+443105.0
e 110539.81+342534.6
e 150527.60+294718.3
o 020412.45+224226.1
e 223604.29+053548.5
e (093728.57+324548.3 015910.06+010514.5
0.005 pc e 010312.99+022109.9 130947.00+081948.2
e 231101.69+182744.6 092809.43+383000.5
e 233908.79-000637.8
g:g’:::;s:t Double Peaks Objects? Broad Objects!
0.001 pc e  125157.90+061341.6 * 222435.29-001103.9
o (012648.09+032706.7
0.005 pc e 135529.06+352332.1

!Object name uses the SDSS coordinate designation

SMBBH. Limitation of the simulation can produce spectra asymmetry on equal mass

component (see figure I'V.5, especially on high M /R parameters).

Some high-confidence spectra shown in appendix C shows bad visual fit (see figure
C.1 to C.4). Simulation limitation alone does not explain the bad visual fit. Instead, these
inaccuracies seem to happen due to bad method of spectra subtraction. Due to the
additional subtraction process by fitting the spectra with broad models by FANTASY,
some of the peculiarities may not be preserved, especially for spectra with double peaks

(see section 5.2.2.3 for further discussion).

5.2.2 Low confidence fit

Figure V.5 shows example of objects with “very low” and “low” confidence level of
fitting. Some of these low confidence fit may be attributed to a highly noisy spectra as
seen in or a high level of error in observation, causing the spectra subtraction to be
inaccurate. An example of both can be seen in Figure V.6. However, other low-confidence
fittings are analyzed in a case-by-case basis. In the subsequent subsections, three general

cases of bad fit are explored further.
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Figure V.5 The same as figure V.4 but with low-confidence fitted spectra.

5.2.2.1 Spectra width

Some of the bad fit was caused by the inaccurate fitting of spectra width, with Some
spectra are too narrow to be fitted while others are too broad. An example of both can be
seen in Figure V.7. Due to limitation in spectra simulation, SMBBH with component mass
10° Mn < M; < 10° M cannot be simulated properly. This suggest that, if the spectra

come from SMBBH system, there exists a SMBBH with the component mass less than

10® M or more than 10° M.

Normalized flux (arbitrary unit)

Figure V.6 Example of object with bad fits due to high large observation error (/eff) and noisy spectra

—— SDS55 013521.27+062548.5
Fitted Spectra

—= BLR1
BLR2
cBLR

—— SDSS 082405.19+445246.0
Fitted Spectra

—— BLR1
BLR2
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(right).
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= SDSS 032213.89+4005513.4
Fitted Spectra
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BLR2
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Figure V.7 Example of badly fitted spectra due to the spectra being too narrow (/eft) or and too broad
(right). Simulated spectra with minimum component broadening (using M; = 10 M) is used for the
left spectra while simulated spectra with the maximum component broadening (using M; = 10° M) is

used for the right spectra.

5.2.2.2 Spectra asymmetry

Another cause of bad fit is the inaccurate fitting of asymmetry. Figure V.8 shows an

example of these poor fit where asymmetry is not correctly reproduced with the fitting.

1.5 — sDsS 092703.01+390220.8
Fitted Spectra

—— BLR1
BLR2

1.0 4 cBLR

0.5 -

0.0 A

Normalized flux (arbitrary unit)

—0.5 1

—20000-15000-10000-5000

0

5000 10000 15000 20000

Velocity shift (km/s)

Figure V.8 Example of bad fit due to wrong asymmetry. Notice that the for the subtracted spectra, the

left side appears to be broader than the right side.
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= SDSS 074906.50+451033.8
Fitted Spectra

—=— BLR1
BLR2
cBLR

= SDSS 153934.80+473531.2
Fitted Spectra

—— BLR1
BLR2
cBLR

Normalized flux (arbitrary unit)

15000 —-15000 —-5000 O 5000

Velocity shift (km/s)

-15000 -5000 O 5000 15000

Figure V.9 Examples of object which broad H-beta base is too broad. Object on the left has a low-
confidence fit while object on the right has a high-confidence fit.

The simulation only shows a specific SMBBH configuration for 1:2 mass ratio, where the
smaller SMBBH component’s starting position is on the right of the bigger component.
Opposite radial velocity causes shift in the opposite direction (see equation II.2).

Therefore, since this condition is not simulated, the fitting with simulated spectra is bad.

In addition, most of the spectra seemed to have a wider base than simulated spectra,
causing a bad fit. Popovi¢ et al. (2004) noted that the AGN BLR is quite complex. While
FANTASY modelling addresses this with two-component model, the simulated spectra
still seemingly assume a single gaussian model for one SMBBH component (see equation
I1.2). Therefore, a simulated spectra with two-gaussian model for each SMBBH
component might produce a better fit. However, this also happens with high-confidence
fits (see Figure V.9). This means that some of the objects with high-confidence fits might

SDSS 224113.54-012108.8 SDSS 084716.03+373218.0

= FANTASY subtraction
FANTASY Broad Model

= FANTASY subtraction
FANTASY Broad Model

Normalized flux (arbitrary unit)

-

15000

15000 —~15000
Velocity shift (km/s)

-15000 -5000 O 5000 =-5000 O 5000

Figure V.10 Illustration of the problem with the double-peaked objects. For the right objects, double
peaks are still clear even with relatively noisy image. Notice that the FANTASY broad model, which is
used as the base for the further subtraction, does not recreate the double peaks from the FANTASY
subtraction.
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produce inaccurate SMBBH parameters, reinforcing the need for further analysis, even

for good fits.

5.2.2.3 Case of double-peaked spectra

Amongst all of the SMBBH candidates’ classification, objects with double-peaked spectra
have the worst fit, with 24 out of 29 double-peaked objects have very low to low
confidence level. Further investigation revealed that due to the further subtraction with
FANTASY model, double peaks are not recreated (see Figure V.10). This also happens in
high-confidence fits, making the parameters determination for double-peaked spectra not
reliable. Therefore, a better spectra subtraction needs to be performed in order to properly
analyze the double peaks. In addition, a better spectra subtraction method is also needed
for the high confidence object for a more reliable and accurate parameter determination
of SMBBH systems.

Additionally, some objects with double peaked seems to be duplicate of other object
classification (see appendix C). This duplicate not only happens in low-confidence fitting,
but also in high confidence fitting. This indicates that double peaks in spectra are often
accompanied with other spectra peculiarities. Further investigation shows that these
objects have the same mass and separation parameters with their duplicates, with few of
them have different position in year. This difference in year can be attributed to the
randomness introduced in the additional subtraction phase (see section 5.1.2) since the

duplicates are fitted twice, as different objects.

5.2.3 Comparison with previous catalogue of SMBBH candidates

From Eracleous et al. (2012), 88 objects were classified as SMBBH candidates. Out of
these objects, 30 objects have SNR > 30, and 16 objects are classified as SMBBH
candidates in this thesis. The 16 objects include objects with minor discrepancies in the
SDSS designation where the designation from SDSS DR7 QSO catalogue and the SDSS
DR16 QSO catalogue differ by 0.01 second for the RA or 0.1 second for the declination.
Since the difference is minuscule, it is assumed that objects with these discrepancies are
the same object. Some of the unavailability of the objects might be due to

misclassifications, erroneous data filtering, or data corruption.

Table V.6 shows the parameters and confidence level of these objects, sorted by the
object parameters. Although in general, the confidence levels of these objects are low, it

is interesting to note what kind of objects are prioritized by Eracleous criteria. All of
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Table V.6 Parameters of objects from Eracleous et al. (2012)

SDSS designation M; MassRatio R (pc) Position(Year) xy?  Confidence
(log M)

095539.82+453216.9 7 1:2 0.001 0.388 4.841 \VeryLow
171448.50+332738.3%% 7 1:2 0.001 0.388 5.063 VeryLow
130534.49+181932.8 7 1:2 0.001 0.122 5.141 \VeryLow
160243.91+174503.9 7 1:2 0.001 0.191 5.568 VeryLow
161911.24+501109.2 7 1:2 0.01 9.243 2.137 Low
140251.19+263117.5* 8 1:2 0.005 1.447 3.019 Verylow
140700.40+282714.6' 9 1:2 0.01 1.244 1.394 High
153636.22+044127.0%* 9 1:2 0.01 1.109 3.687 Verylow
002444.11+003221.2 9 1:2 0.02 1.616 2.100 Low
093653.84+533126.8 9 1:2 0.02 1.331 2.218 Low
113330.30+105223.3 9 1:2 0.02 1.616 2.738 Low
075403.60+481428.0 9 1:2 0.02 3.090 3.064 VeryLow
120924.07+103612.0 9 1:2 0.02 1.331 5.649 VerylLow
015530.02-085704.0 9 1:2 0.1 12.223 2.802 Low
151443.06+365050.4 9 1:2 0.1 18.601 3.433 Verylow
133432.34+171146.92 9 1:2 0.1 19.132 3.509 VeryLow

IThese objects have the same designations as the one used by Eracleous et al. (2012). The rest of the
object designations are off by 0.01 seconds RA or 0.1 seconds declination

2Objects are also classified as having double peaks

30bject is misidentified as broad object

Eracleous objects shown in table V.6 are fitted with 1:2 mass ratio, with 10 out of 16
objects have component mass of 10° M. Additionally, 7 out of 16 objects have M /R =
1010 with another 6 objects have the same order of magnitude. With this, it is shown that
Eracleous criteria for SMBBH candidates works best for objects with highly peculiar
broad Hf line profile, which shows either high mass SMBBH, very close SMBBH, or
both. In addition, Eracleous criteria works better for certain SMBBH positional
configuration, especially the configuration close to the pericenter due to the significant
peak shift.
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6. Conclusions and Suggestions
for Future Studies

6.1 Conclusions

In this thesis, an updated search of suspected SMBBH candidates from SDSS DR16 QSO
catalogue was done. Additionally, PoSKI model of SMBBH was studied in order to
estimate the parameters of SMBBH from its broad Hf line profile, particularly the mass,

mass ratio, and mean separation of its SMBH component, in addition to the positional

configuration of the component. The steps done to determine the parameters of SMBBH
candidates from SDSS DR16 QSO catalogue are as follows:

1.

Objects with z < 0.8 from the SDSS DR16 QSO catalogue were filtered using
PCA, selecting objects with SNR > 30 and poorly reconstructed spectra,
particularly around the Hp} wavelength.

The selected spectra were preprocessed with the FANTASY code to shift the
spectra to rest wavelength, deredden, and extracting the broad Hf lines by
subtracting narrow HP lines and various satellites lines. Additional subtraction
using a FANTASY-modelled broad H line was also performed.

Simulated spectra were generated using the PoSKI model, varying mass, mass
ratio, component separation, and SMBBH configuration.

The preprocessed spectra were fitted to the simulated ones, with the best-fitting

parameters identified as the SMBBH parameters for each of the sample spectra.

Out of 76466 SDSS objects, 270 objects are chosen as samples. These objects are

categorized with the following criteria:

159 objects exhibit spectra similar to spectra described by Eracleous et al. (2012).
29 objects show evidence of double peaks in the broad Hf line profile. These
objects include 24 duplicate objects showing Eracleous, asymmetric, or very
broad Hf line profile.

75 objects show asymmetry in the broad HP line profile.

31 objects show a very broad Hp line profile.

After determining the parameters of the sample objects, the main findings are as

follows:
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54 objects are fitted with high level of confidence, meaning that there is a good
chance that sub-parsec SMBBH systems are present in these objects with
parameters very close to the ones determined in this thesis. However, further study
and scrutiny of these objects are encouraged since other effect can contribute to
the unusual Hp line profile.

24 high-confidence objects are determined to have component separation of 0.001
or 0.005, suggesting that these objects might undergo mergers quite soon.

PoSKI is shown to be capable of simulating broad HP line profile in various stage
in its revolution period, making it capable to predict the broad Hf line profile in
the future, and can be used for additional observation to confirm the existence of
SMBBH systems.

6.2 Suggestions

This thesis is still open for future improvement and discussion. The following suggestions

can be implemented in future works:

A more reliable method of PCA, especially the need of proper normalization and
threshold for fitting can be developed to reduce the number of objects that has to
be visually filtered to obtain the SMBBH candidates from SDSS spectra.

Proper spectra subtraction method is needed to have a properly reduced spectra
that still preserve the broad Hp} peculiarity, while simultaneously fully subtract the
narrow Hf line and OIII lines.

Other effects that might give rise to unusual Hf profile should be checked. This
might explain the inaccurate subtractions of narrow Hf3 and OIII lines.

More variations with input parameters of simulated spectra should be explored,
as this might improve the confidence level of fitting.

Objects labelled with high and very high level of confidence can be candidates for
future observations to further confirm the existence of SMBBH systems in these
objects. This can be done by analyzing the current and the future (or if available,
the past) spectroscopic observations of these objects and comparing them with the
simulated spectra using PoSKI model.

Some objects noted in table V.5 can be observed for extended period to further
confirm the existence of SMBBH systems in them. If SMBBH systems are
confirmed, these objects should be further observed as they might undergo

mergers Soon.
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Appendix A. Derivation of Error Propagation

Since errors affect how the spectra are filtered and fitted, an accurate error propagation is
needed to obtain the accurate filter and fit. This appendix shows the derivation of error

propagation used in this thesis.

A.1 Error Propagation of Linear Interpolation

Given two points with the errors in y-axis as (xy, y; & 0y1) and (x5, ¥, & 0y, ). Assuming

a linear function,

Y2~ )
Y=yt ———(—x) (4.1)

2 7 X1

For a function y = f(y;,y,), where y; and y, are independent variables, the following

general equation for error propagation can be used:

dy 2 dy 2
The partial derivative for y with respect to y, is as follows:

dy _ 0 < (J’z - y1> )
— = + (x —x7)
dy;  On 7 X2 — X1 !

Evaluating the partial derivation,

dy (xz - x)
0y, X2 — X1
dy (x - X )
0y, X2 — X1
Plugging equation A.3 and A.4 to A.2 yields,

xz—x>2 5 (x—x1)2 5
o, = 0,1+ o. A3
Y \j(xz—xl 1\, —x) Y2 (4.3)

Similarly with respect to y,
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A.2 Error Propagation of Maximum Value Normalization

Maximum value normalization sets the maximum value of a data to be 1. Given a value
to be normalized y + 0, and a maximum value of the data Y4y £ 0ymax, the

normalization follows the following formula:

Ynorm = y/ymax (A- 4‘)

Using the multiplication error propagation:

o o\? (o 2
y.norm _ (_y) + ( y,max) (A. 5)
Ynorm y Ymax
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Appendix B. Effect of Scaling

As previously stated, sk1learn suggests scaling the data before performing PCA process
with the reason being so that the eigenspectra have a standard deviation of 1 and mean of
0. The argument for scaling from the documentation is to ease convergence and to give
better performance on PCA. sklearn suggested StandardScaler procedure to
perform the scaling. The StandardScaler procedure standardize features by

removing mean and scaling to unit variance.

Figure B.1 shows the comparison of the first 5 eigenspectra generated scaled flux
and unscaled flux. Figure 1 in Boroson & Lauer (2010) gives a sample of the first 4
eigenspectra within the wavelength range. Comparing the eigenspectra shown in figure
B.1, it is evident that the eigenspectral generated by the scaled flux does not conform to
previous literature. Although Francis et al. (1992) suggested that the effect of scaling is
negligible, figure B.1 shows that the effect of scaling is significant, so much so that
scaling distorts the shape of the spectra.

Francis et al. (1992) performed a scaling procedure that’s similar to the
StandardScaler procedure. Francis et al. (1992) opt to use the unscaled flux due to
its simplicity and ease of interpretation. This serves as another reason for this thesis to

use the unscaled flux instead of the scaled one.

— Eigenspectra #1 — Eigenspectra #1
0.02
02
0.00
-0.02
0.0

— Eigenspectra #2 — Eigenspectra #2
0.025 01
0.000
-0.025 0.0

— Eigenspectra #3 — Eigenspectra #3
0.05 01
0.00 0.0
-0.05 — . . - . . . - -

Normalized flux (arbitrary unit)

0.05 — Eigenspectra #4 02 — Elgenspectra #4
0.00 0.0
-0.05 -0.2
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0.05
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-0.05 oz
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Figure B.1 Comparison of the first 5 eigenspectra generated by the scaled (/eft) and unscaled (right) flux.
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Appendix C. Fitting Result of SDSS Spectra and
Simulated Spectra of Very High Confidence
SMBBH

C.1 Fitting result

This appendix presents the result of the spectra fitting, with the parameters of simulated
spectra. Subsections are organized based on the classifications discussed in chapter 3.
Additionally, components mass parameter M; is presented in unit of log M, component
separation R is presented in the unit of parsec, and position is presented in the term of

how long from the previous apocentric position (position 0% on figure IV.8).

C.1.1 Eracleous Objects

Out of 159 objects classified as Eracleous objects, 16.98% of objects have a high to very
high confidence fitting. Some of the Eracleous objects are a duplicate of double-peaked
objects that needed to be analyzed further. Figure C.1 shows 4 Eracleous objects with the
best fit while the table below shows the fitting of all Eracleous objects.

x*=0.673 x?=0.725

—— SDSS 125337.71+212618.1 ‘

—— SDSS 223604.29+053548.5
Fitted Spectra Fitted Spectra
- = BLR1 —=— BLR1 h
BLR2 BLR2
cBLR ] ¢BLR [
§
)
\ \

¥’=0.726 X?=0.958

= S5DSS 224113.54-012108.8 = SDSS 123516.14+462309.3 i
Fitted Spectra "o Fitted Spectra 1
== BLR1 == BLR1
BLR2 ‘L \ BLR2
cBLR CBLR
! )
! !
PN
I ’ I F v v
¢ AR -
0

Normalized Flux

715IGOD ‘ ' 6 ‘ ' 15600 715‘000 ‘
Velocity Shift [km/s]

Figure C.1 Spectra of 4 Eracleous objects with the best fit, along with the fitted spectra.
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SDSS designation M; Mass R (po) Position x? Confidence
(logMy) Ratio (Year)

223604.29+0535485 7 1:2 0.005 3.862 0.673 Very High
125337.71+212618.1 7 1:2 0.01 9.075 0.725 Very High
224113.54-012108.8 9 1:2 0.1 18.601 0.726 Very High
123516.14+462309.3 7 1:2 0.001 0.388 0.958 Very High
225307.36+194234.6 9 1:2 0.02 1.141 1.087 High
114803.18+565411.4 9 1:2 0.01 1.126 1.170 High
121114.56+365739.5 9 1:2 0.01 1.210 1.174 High
232932.17+043804.4 6 1:1 0.1 0.000 1.338 High
140700.40+282714.6 9 1:2 0.01 1.244 1.394 High
093728.57+324548.3 8 1:2 0.005 0.470 1.430 High
010312.99+022109.9 8 1:2 0.005 0.470 1.443 High
231821.08+322339.5 6 1:2 0.001 1.126 1.483 High
231101.69+182744.6 8 1:2 0.005 1.447 1.487 High
095048.38+392650.4 7 1:2 0.001 0.383 1.496 High
020840.66-062716.7 6 1:2 0.001 0.218 1.588 High
110436.33+212417.8 7 1:2 0.001 0.122 1.597 High
081501.85+525255.5 6 1:2 0.001 0.454 1.642 High
110539.81+342534.6 6 1:2 0.001 0.084 1.708 High
094859.47+433518.9 6 11 0.1 0.000 1.753 High
153934.80+473531.2 8 1:1 0.1 129.673 1.810 High
104013.47+383544.4 7 1:2 0.02 18.063 1.811 High
150527.60+294718.3 7 1:2 0.001 0.122 1.846 High
233908.79-000637.8 8 1:2 0.005 0.395 1.858 High
020354.68-060844.0 8 1:2 0.1 100.836 1.871 High
225448.43+261905.0 9 1:2 0.1 20.195 1.968 High
222704.35+022356.1 6 11 0.1 0.000 1.974 High
020412.45+224226.1 7 1:2 0.001 0.117 1.995 High
002444.11+003221.2 9 1:2 0.02 1.616 2100 Low
080411.19+431640.6 6 1:2 0.001 0.908 2101 Low
161911.24+501109.2 7 1:2 0.01 9.243 2.137 Low
222024.58+010931.3 7 1:1 0.01 14.614 2.153 Low
225639.16+261843.6 7 1:2 0.001 0.122 2199 Low
150813.03+484710.7 7 1:2 0.01 4.033 2.207 Low
093653.84+533126.8 9 1:2 0.02 1.331 2.218 Low
135852.46+295413.1 9 1:2 0.1 32.419 2.235 Low
101707.63+095452.4 8 1:2 0.005 0.470 2.255 Low
162853.90+412322.4 8 1:2 0.1 97.475 2.260 Low
074007.27+410903.6 7 1:2 0.001 0.122 2.336 Low
023450.82-021711.8 7 1:2 0.001 0.383 2.382 Low
094755.99+535000.3 7 1:2 0.001 0.122 2424 Low
113908.96+591154.7 6 11 0.1 0.000 2428 Low
230720.15+055305.2 6 11 0.1 0.000 2478 Low
234605.79+153204.4 7 1:2 0.001 0.149 2.486 Low
125543.36+350952.7 8 1:2 0.005 0.470 2509 Low
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SDSS designation M; Mass R (po) Position X Confidence
(logMy)  Ratio (Year)

130753.92+0642139 8 1:2 0.02 6.013 2,518 Low
152139.66+033729.2 9 1:2 0.1 38.796 2.553 Low
161649.42+415416.3 6 1:2 0.001 0.185 2.557 Low
075407.95+431610.6 9 1:2 0.01 0.437 2583 Low
143603.56+375131.3 9 1:2 0.1 36.139 2591 Low
123707.43+074024.7 9 1:2 0.1 32.419 2.626 Low
081931.20+334837.5 9 1:2 0.02 1.093 2.630 Low
074126.38+354702.6 8 1:2 0.005 0.470 2.658 Low
141116.72+194440.0 6 1:2 0.001 0.050 2.666 Low
113330.30+105223.3 9 1:2 0.02 1.616 2.738 Low
004046.16+185424.3 7 1:2 0.001 0.388 2.751 Low
004151.99+181617.3 6 1:1 0.1 0.000 2.789 Low
090514.48+415153.5 8 1:1 0.1 125.556 2.799 Low
232256.65+185816.5 6 1:1 0.1 0.000 2.800 Low
134548.50+1144435 6 1:2 0.001 0.286 2.802 Low
015530.02-085704.0 9 1:2 0.1 12.223 2.802 Low
001340.44+040859.6 7 1:2 0.01 15.461 2.872 Low
002244.29-014550.9 9 1:2 0.01 0.504 2.872 Low
091956.11+560720.4 6 1:2 0.001 0.504 2923 Low
105747.71+324706.3 7 1:2 0.01 15.293 2.925 Low
234123.16+252606.4 9 1:2 0.1 38.264 2979 Low
073226.19+344952.1 9 1:2 0.02 1.569 3.014 Very Low
140251.19+263117.5 8 1:2 0.005 1.447 3.019 Very Low
075403.60+481428.0 9 1:2 0.02 3.090 3.064 Very Low
170056.01+243928.2 9 1:2 0.02 1.093 3.146 Very Low
162439.95+3239189 8 1:1 0.1 129.673 3.161 Very Low
093255.45+284036.7 9 1:2 0.01 1.126 3.167 Very Low
003612.50+054951.8 7 1:2 0.02 10.458 3.177 Very Low
115504.07+034850.3 9 1:2 0.01 1.126 3.306 Very Low
010352.47+003739.7 7 1:2 0.001 0.122 3.319 Very Low
074906.50+451033.8 6 1:2 0.001 1.597 3.324 Very Low
123022.17+662154.6 7 1:1 0.01 15.026 3.346  Very Low
083726.95+312104.8 9 1:2 0.1 32.419 3.357 Very Low
012558.06+151813.7 6 1:2 0.001 0.084 3.378 Very Low
162219.43+475132.4 7 1:2 0.001 0.202 3.396 Very Low
011550.47+251536.7 7 1:2 0.001 0.441 3.399 Very Low
085053.12+445122.4 9 1:2 0.1 34.013 3.423 Very Low
083017.92+293923.9 9 1:2 0.1 32.950 3.433  Very Low
151443.06+365050.4 9 1:2 0.1 18.601 3.433 Very Low
000859.26+255305.2 9 1:2 0.02 1.616 3.473 Very Low
230155.55-010649.0 7 1:2 0.005 3.625 3.543 Very Low
094620.86+334746.9 8 1:2 0.005 0.470 3.655 Very Low
153636.22+044127.0 9 1:2 0.01 1.109 3.687 Very Low
002902.97+195710.1 6 1:2 0.001 0.739 3.688 Very Low
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SDSS designation M; Mass R (po) Position X Confidence
(logMy)  Ratio (Year)
133432.34+1711469 9 1:2 0.1 19.132 3.702 Very Low
225607.53+194028.6 7 1:2 0.001 0.202 3.787 Very Low
214843.56+001054.5 8 1:2 0.02 6.163 3.814 Very Low
163746.50+114949.2 7 1:1 0.1 240.830 3.831 Very Low
225421.65+211816.2 9 1:2 0.01 1.126 3.848 Very Low
145224.67+452223.6 7 1:2 0.01 15.630 3.911 Very Low
083010.50+321352.7 7 1:2 0.001 0.377 3.923 Very Low
121740.80+493118.0 6 1:2 0.001 0.840 3.938 Very Low
010320.62+271937.4 6 1:1 0.1 0.000 3.956 Very Low
114559.55+461309.1 6 1:2 0.005 6.952 3.993 Very Low
231954.52+250247.3 6 1:1 0.1 0.000 3.999 Very Low
154019.56-020505.4 9 1:2 0.1 19.132 4.006 Very Low
022507.93-003532.9 9 1:2 0.01 1.109 4.013 Very Low
235802.64+092631.0 9 1:2 0.01 1.109 4.035 Very Low
113617.11+441022.5 7 1:2 0.005 1.842 4.071 Very Low
013521.27+062548.5 9 1:2 0.01 1.109 4.075 Very Low
012012.46+071258.2 8 1:2 0.005 1.447 4.091 Very Low
083109.39+143448.9 8 1:2 0.01 3.880 4.104 Very Low
142129.75+4747245 8 1:2 0.005 0.470 4109 Very Low
075057.26+353037.6 7 1:2 0.01 15.630 4141 Very Low
000115.88+051902.0 8 1:2 0.1 122.684 4.264 Very Low
011304.63+350425.5 8 1:2 0.02 4.359 4.345 Very Low
030021.40-071458.8 9 1:2 0.01 1.210 4386 Very Low
105444.70+483139.1 7 1:2 0.01 3.697 4.449 Very Low
123054.11+110011.2 7 1:2 0.02 29.471 4521 Very Low
012447.76+320727.4 9 1:2 0.01 1.210 4530 Very Low
081054.17+232145.4 9 11 0.1 18.876 4548 Very Low
081443.40+435314.7 7 1:2 0.001 0.143 4574 Very Low
005419.26+055734.0 8 1:2 0.01 1.488 4.681 Very Low
224239.20+011805.8 8 1:2 0.01 1.222 4.693 Very Low
102839.11+450009.4 7 1:2 0.001 0.340 4.695 Very Low
223456.08+200751.9 8 1:2 0.1 36.973 4713 Very Low
123001.02+335901.3 8 1:2 0.02 6.163 4723 Very Low
095539.82+453216.9 7 1:2 0.001 0.388 4.841 Very Low
004607.97+090720.9 7 1:2 0.001 0.191 4.885 Very Low
000710.01+005329.0 9 1:2 0.1 19.132 4,939 Very Low
093844.45+005715.7 7 1:2 0.001 0.324 4,995 Very Low
074125.22+333319.9 9 1:2 0.1 36.139 5.013 Very Low
213954.03+033256.9 8 1:2 0.005 1.353 5.016 Very Low
093844.45+005715.7 7 1:2 0.001 0.324 5.023 Very Low
155700.38+312020.1 9 1:1 0.1 46.213 5.052 Very Low
092226.53+162719.3 9 1:1 0.1 18.876 5.065 Very Low
130534.49+181932.8 7 1:2 0.001 0.122 5.141 Very Low
115758.72-002220.9 7 1:2 0.001 0.143 5.149 Very Low
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SDSS designation M; Mass R (po) Position X Confidence
(logMy)  Ratio (Year)
105157.23+375429.1 9 1:2 0.02 1.331 5.211 Very Low
153539.24+564406.4 8 1:2 0.1 38.654 5.227 Very Low
100642.58+412201.9 7 1:2 0.001 0.202 5.259 Very Low
221217.12+035040.5 7 1:2 0.001 0.122 5.331 Very Low
120442.10+275411.8 8 1:2 0.1 129.406 5.390 Very Low
102412.23-013348.4 7 1:2 0.001 0.202 5.444 Very Low
115554.41+445628.3 9 1:2 0.1 34.544 5515 Very Low
160243.91+174503.9 7 1:2 0.001 0.191 5.568 Very Low
224826.97-005350.5 9 1:2 0.1 38.796 5579 Very Low
120924.07+103612.0 9 1:2 0.02 1.331 5.649 Very Low
020002.14+021655.8 8 1:2 0.01 1.435 5.698 Very Low
091928.69+143202.6 9 1:2 0.01 1.109 5.775 Very Low
000549.49+102237.6 6 1:2 0.001 0.840 5.924 Very Low
010940.24+072446.4 6 1:2 0.001 0.034 5.939 Very Low
154342.46+461233.4 8 1:2 0.1 100.836 5.955 Very Low
115839.90+625427.9 9 1:2 0.01 1.227 6.050 Very Low
020002.14+012043.6 6 1:1 0.1 0.000 6.635 Very Low
163745.13+471733.8 7 1:2 0.001 0.122 7.043  Very Low
020429.17+0319345 7 1:2 0.001 0.446 7.095 Very Low
121716.08+080942.0 8 1:2 0.005 1.259 7.199 Very Low
092116.12+383537.6 7 1:2 0.001 0.340 7.202 Very Low
080814.70+475244.7 8 1:2 0.01 3.242 7.213 Very Low
235409.17-001947.9 8 1:2 0.01 3.189 8.173 Very Low
213004.76-010244.4 8 1:2 0.01 3.189 8.506 Very Low
161826.93+081950.7 9 1:2 0.02 1.474 10.210 Very Low
011226.53+050429.0 8 1:2 0.01 3.826 17.402 Very Low
230614.18-010024.4 7 1:2 0.001 0.340 17.499 Very Low

C.1.2 Double-peaked objects

Out of 29 objects with double-peaked broad Hf spectra, which includes the duplicate
objects, only 13.8% of objects have a high to very high confidence fitting. These objects
need further scrutiny as due to further subtraction, the double peaks are not properly
reconstructed. Figure C.2 shows 4 double-peaked objects with the best fit while the table

below shows the fitting of all double-peaked objects.

SDSS designation M; Mass R (po) Position x? confidence
(logM ) Ratio (Year)
222435.29-0011039 6 1:2 0.001 0.084 0.468 Very High
224113.54-012108.8 9 1:2 0.1 33.481 0.615 Very High
125157.90+061341.6 6 1:2 0.001 0.588 0.897 Very High
225307.36+194234.6 9 1:2 0.02 1.141 1.146 High
080411.19+431640.6 6 1:2 0.001 0.908 2.187 Low
094755.99+535000.3 7 1:2 0.001 0.122 2221 Low
093943.75+560230.5 6 1:2 0.001 1.092 2.301 Low
230720.15+055305.2 6 1:1 0.1 0.000 2572 Low

62



SDSS designation M; Mass R (po) Position X confidence
(logM) Ratio (Year)
002244.29-014550.9 9 1:2 0.01 0.504 2.744  Low
235321.28-0153142 6 1:2 0.001 0.202 3.087 Very Low
011910.02+013127.9 9 1:2 0.01 1.126 3.262 Very Low
012558.06+151813.7 6 1:2 0.001 0.101 3.307 Very Low
011550.47+251536.7 7 1:2 0.001 0.441 3.334 Very Low
074906.50+451033.8 6 1:2 0.001 0.118 3.379  Very Low
170717.75+453610.5 6 1:2 0.001 0.050 3.423 Very Low
133432.34+171146.9 9 1:2 0.1 19.132 3.509 Very Low
153636.22+044127.0 9 1:2 0.01 1.109 3.705 Very Low
111754.31+263416.6 6 1:1 0.1 0.000 3.842 Very Low
145224.67+452223.6 7 1:2 0.01 15.630 3.843 Very Low
222428.53+261423.2 6 1:1 0.1 514.576 4.117 Very Low
152526.46+450651.7 7 1:2 0.001 0.335 4330 Very Low
081443.40+435314.7 7 1:2 0.001 0.143 4709 Very Low
102839.11+450009.4 7 1:2 0.001 0.340 4.828 Very Low
020429.17+031934.5 8 1:2 0.005 0.395 5.887 Very Low
084716.03+373218.0 6 1:1 0.1 0.000 5.980 Very Low
010940.24+072446.4 6 1:2 0.001 0.034 6.042 Very Low
092116.12+383537.6 7 1:2 0.001 0.340 7.351 Very Low
013521.27+062548.5 9 1:2 0.01 1.109 8.121 Very Low
235409.17-0019479 8 1:2 0.01 3.189 8.453 Very Low
x>=0.468 x2=0.615
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Figure C.2 Spectra of 4 double-peaked objects with the best fit, along with the fitted spectra.
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Figure C.3 Spectra of 4 asymmetric objects with the best fit, along with the fitted spectra.
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C.1.3 Asymmetric objects
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Out of 75 objects with asymmetric spectra, 20% of objects have a high to very high
confidence fitting. Bad fits due for these objects might be caused by the positional
configuration limitation when generating the spectra. Figure C.3 shows 4 objects with
asymmetric broad H} spectra with the best fit while the table below shows the fitting of

all asymmetric objects.

SDSS designation M; Mass R (pc) Position Z confidence
(logM,) Ratio (YYear)
020351.67+282235.5 9 1:2 0.1 38.796 0.488 Very High
170553.87+455113.3 6 1:1 0.1 0.000 0.870 Very High
015910.06+010514.5 6 1:2 0.005 0.752 1.040 High
130947.00+081948.2 6 1:2 0.005 7.328 1.048 High
092809.43+383000.5 8 1:2 0.005 0.470 1.170 High
004256.97+333601.6 6 1:1 0.1 535.159 1.200 High
081652.24+425829.3 6 1:1 0.1 0.000 1.307 High
073309.20+455506.2 6 1:1 0.1 0.000 1.315 High
011808.82+195036.1 7 1:2 0.01 15.966 1.408 High
092313.69+372656.6 9 1:2 0.1 12.755 1.413 High
234440.02-003231.6 6 1:1 0.1 514.576 1.502 High
074455.95+364743.8 6 1:2 0.001 0.168 1.802 High
230524.41+284846.8 8 1:2 0.01 1.329 1.825 High
161425.17+375210.7 7 1:2 0.001 0.122 1.877 High
103440.91+443105.0 7 1:2 0.001 0.122 1.982 High
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SDSS designation M; Mass R (pc) Position z confidence
(logMy)  Ratio (Year)

082802.14+514930.6 6 11 0.005 6.213 2.036 Low
101326.90+355806.8 7 1:2 0.001 0.143 2.170 Low
015025.35+091450.9 6 11 0.1 0.000 2222 Low
092703.19+522316.4 7 1:2 0.1 0.000 2.230 Low
082658.56+190921.5 7 1:2 0.001 0.340 2299 Low
010205.89+001156.9 8 1:2 0.005 1.428 2.340 Low
080852.25+131908.7 7 1:2 0.02 28.045 2.360 Low
121619.40+213351.0 6 1:2 0.01 0.531 2.393 Low
224927.48-0252435 9 1:2 0.01 0.504 2.407 Low
021657.78-032459.4 6 1:1 0.1 0.000 2.489 Low
141920.30+051109.2 7 1:2 0.001 0.388 2.537 Low
155207.17+525347.1 6 1:2 0.001 0.151 2578 Low
091955.34+552137.1 6 1:2 0.001 1.092 2.587 Low
222709.91+315226.6 9 1:2 0.01 1.126 2.715 Low
081651.10+180249.6 6 1:2 0.001 0.034 2.806 Low
231517.07+182814.5 6 1:1 0.1 0.000 2.842 Low
100003.72+313145.7 6 1:1 0.1 411.660 2.846 Low
160732.86+484619.9 6 1:1 0.1 843.904 2.855 Low
113706.84+013947.9 7 1:2 0.001 0.329 2.880 Low
224231.83+240930.2 9 1:2 0.01 1.126 2.892 Low
133636.65+420934.1 8 1:2 0.1 33.612 2.968 Low
101719.02+151620.8 7 1:2 0.001 0.335 3.020 Very Low
002933.96+323802.5 8 1:2 0.02 6.163 3.053 Very Low
092703.01+390220.8 7 1:2 0.001 0.446 3.207 Very Low
023922.87-000119.6 6 11 0.1 0.000 3.244 Very Low
110411.40+223946.7 6 1:2 0.001 0.050 3.265 Very Low
074756.99+454527.7 7 1:2 0.01 4.201 3.278 Very Low
135335.92+263147.5 9 1:2 0.1 33.481 3.314 Very Low
222749.21+000042.9 6 11 0.1 493.993 3.354 Very Low
021322.56-054100.3 6 1:2 0.001 0.218 3.542  Very Low
232202.60+211356.5 9 1:2 0.02 3.185 3.554 Very Low
074948.26+345444.0 6 1:1 0.1 0.000 3.589 Very Low
153102.48+435637.6 6 1:1 0.1 0.000 3.632  Very Low
164258.80+394837.0 6 1:2 0.001 0.034 3.709 Very Low
232000.48+222001.7 8 1:2 0.02 10.071 3.733  Very Low
082219.50+340044.9 7 1:2 0.001 0.388 3.780 Very Low
143204.60+394439.0 9 1:2 0.01 1.210 3.861 Very Low
122503.37+293931.0 6 1:2 0.001 0.050 3.932  Very Low
222428.53+261423.2 6 11 0.1 535.159 3.966 Very Low
010002.32+001642.4 6 1:2 0.001 0.992 3.996 Very Low
232245.78+074958.1 8 1:2 0.02 10.823 4.065 Very Low
220225.61+282821.2 9 1:2 0.1 18.069 4.122 Very Low
154833.02+442226.0 7 1:2 0.005 3.862 4.166 Very Low
152526.46+450651.7 7 1:2 0.001 0.335 4.267 Very Low
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SDSS designation M; Mass R (pc) Position 2 confidence
(logMy)  Ratio (Year)
000729.30+061916.7 8 1:1 0.1 146.139 4.303 Very Low
003947.82-0212049 7 1:2 0.01 3.865 4311 Very Low
082438.99+405707.7 7 1:2 0.01 15.461 4.353 Very Low
114421.47+432206.0 8 1:2 0.1 97.475 4.466 Very Low
014017.06-005003.0 8 1:2 0.01 3.880 4.613 Very Low
015555.33+040620.3 8 1:2 0.1 124.364 4.663 Very Low
140658.70+144238.3 7 1:1 0.005 2.401 4.758 Very Low
235321.62-002840.6 7 1:2 0.001 0.340 4790 Very Low
092837.98+602521.0 7 1:2 0.005 2.674 4.873 Very Low
105151.44-005117.6 9 1:1 0.1 18.876 5.067 Very Low
002419.09-0138175 6 1:1 0.1 0.000 5.090 Very Low
091542.24+251939.0 7 1:2 0.001 0.202 5.302 Very Low
150455.56+564920.3 8 1:2 0.005 0.470 5.365 Very Low
123325.78+093123.3 9 1:1 0.02 4.075 6.204 Very Low
222912.08+312410.1 7 1:2 0.01 4.033 6.851 Very Low
225452.22+004631.3 6 1:1 0.1 0.000 9.275 Very Low

C.1.4 Broad objects

Out of 31 objects with very broad Hp spectra, 35.5% of objects have a high to very high
confidence fitting. These objects might be a good candidate to test the improvement to
include the two-component model for the spectra simulation. Figure C.4 shows 4 broad

objects with the best fit while the table below shows the fitting of all broad objects.

x2= 0.468 X2=0.544
—— SDSS 222435.29-001103.9 —— SDSS 075730.38+152453.0
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Figure C.4 Spectra of 4 broad objects with the best fit, along with the fitted spectra.
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SDSS designation M; (logMy) Mass R (po) Position X confidence
Ratio (Year)

222435.29-0011039 6 1:2 0.001 0.084 0.468 Very High
075730.38+152453.0 8 1:2 0.1 104.197 0.544 Very High
013324.62+242741.3 9 1:2 0.01 0.504 0.709 Very High
135529.06+352332.1 7 1:2 0.005 3.565 0.872 Very High
012648.09+032706.7 6 1:2 0.001 0.101 1.096 High
093527.09+261709.6 6 1:1 0.1 288.162 1.241 High
234955.70+302940.1 9 1:2 0.02 1.283 1.355 High
121037.56+315706.0 7 1:2 0.1 260.411 1.474 High
020441.90+022408.8 6 11 0.1 0.000 1.585 High
124139.72+493405.4 9 1:2 0.1 12.755 1.598 High
134231.22+382903.3 6 11 0.1 411.660 1.998 High
152757.67+223304.0 6 1:1 0.1 0.000 2.050 Low
235439.14+005751.9 9 1:2 0.1 15.412 2.080 Low
224817.51-101547.1 8 1:1 0.1 127.615 2112 Low
093943.75+560230.5 6 1:2 0.001 1.092 2.380 Low
144701.77+323411.7 8 1:2 0.005 1.353 2.784 Low
014302.55+222610.7 7 1:2 0.005 2.020 3.039 Very Low
231240.03-083919.8 6 1:2 0.02 12.025 3.078 Very Low
011910.02+013127.9 9 1:2 0.01 1.126 3.548 Very Low
162021.81+173623.9 9 1:2 0.1 34.013 3.866 Very Low
011956.16+302102.0 8 1:2 0.01 3.614 3.978 Very Low
134737.45+301252.2 9 1:1 0.1 18.876 3.983 Very Low
002831.71-000413.2 7 1:2 0.005 3.743 4352 Very Low
025231.19+034112.7 9 1:2 0.02 1.093 4.368 Very Low
004520.17-0348429 9 1:2 0.1 36.139 4516 Very Low
032213.89+005513.4 6 1:1 0.1 0.000 4530 Very Low
224102.02+273259.4 9 1:2 0.02 3.185 4.639 Very Low
080452.73+212050.2 9 1:2 0.02 1.331 4983 Very Low
171448.50+332738.3 7 1:2 0.001 0.388 5.063 Very Low
094715.56+631716.4 9 1:2 0.01 0.504 5.090 Very Low
082405.19+445246.0 6 1:1 0.1 0.000 11.825 Very Low

C.2 Simulated spectra of objects with very high confidence

This section shows the simulated spectra during certain positional configurations
throughout observation time of SMBBH with certain mass and separation configurations.

Figure C.5 to C.12 shows 10 variations of broad Hf spectra in 1 period revolution of

SMBBH with specified parameters.

The mass and separation configurations chosen are the from the objects with “very
high” confidence fitting. The mass-separation configurations are shown in the table
below, along with the object that fitted to the mass-separation parameters with high

confidence:
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Object

Mass

Time Variation

e Classification bl (gl i) Ratio L) Figure

170553.87+455113.3  Asymmetry 6 1:1 0.1 Figure C.5
Broad

L SIS Double Peaked 6 1:2 0.001 Figure C.6

125157.90+061341.6 Double Peaked

123516.14+462309.3  Eracleous 7 1:2 0.001 Figure C.7

223604.29+053548.5 Eracleous .

135520.06+352332.1 Broad ! 12 0005 Figure C8

125337.71+212618.1  Eracleous 7 1:2 0.01 Figure C.9

075730.38+152453.0 Broad 8 1:2 0.1 Figure C.10

013324.62+242741.3 Broad 9 1:2 0.01 Figure C.11
Eracleous

224113.54-012108.8 Double Peaked 9 1:2 0.1 Figure C.12

020351.67+282235.5 Asymmetric

68



Normalized Flux

Figure C.5 Simulated spectra of SMBBH with configuration M; = 10° M, 1:1 ratio, and R = 0.1 pc focused on HB wavelength at 1,5 = 4861 A. The blue and
red circles on the top left of each graph shows the SMBBH configuration that emits the simulated spectra. Each of the SMBBH component emits the spectra with
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Figure C.6 The same as figure C.5 but with SMBBH configuration of M; = 10® M, 1:2 ratio, and R = 0.001 pc.
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Figure C.8 The same as figure C.5 but with SMBBH configuration of M; = 107 My, 1:2 ratio, and R = 0.005 pc.
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Figure C.9 The same as figure C.5 but with SMBBH configuration of M; = 107 Mg, 1:2 ratio, and R
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Figure C.10 The same as figure C.5 but with SMBBH configuration of M; = 108 My, 1:2 ratio, and R = 0.1 pc.
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Figure C.11 The same as figure C.5 but with SMBBH configuration of M; = 10° M, 1:2 ratio, and R = 0.01 pc.
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Figure C.12 The same as figure C.5 but with SMBBH configuration of M; = 10° M, 1:2 ratio, and R = 0.1 pc.
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