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Abstract

Accretion allows the SMBHs that power AGN to grow across cosmic time and it
plays a major role in the formation history of galaxies. Small angular sizes and large
distances prevent us from studying AGN through direct imaging, however, inferring
their geometry can be achieved through reverberation mapping. By substituting
spatial resolution for time resolution, the variable nature of AGN emission can
be exploited to study AGN beyond the reach of direct imaging techniques. Many
recent investigations have revealed a discrepancy with theoretical accretion disc
models, specifically the Shakura-Sunyaev thin disc model. These studies find that
although the lag spectrum follows the expected 7 A3 relation the lags and there-
fore disc sizes are larger on average by a factor of 4.41, 4.29, and 3.27 than the
theoretical thin disc lags for Sour, Javelin and PyROA respectively when the u

band is set as the driver.

The first investigation in this thesis outlines a comprehensive comparison of Javelin
and PyROA, which are modern reverberation mapping algorithms that extract time
lags to a higher precision than the legacy cross-correlation methods. We find con-
sistency between all three algorithms and with existing data after implementing
qualitative parameter optimisations to reduce effects such as aliasing and contam-
ination from unexpected emissions. We then applied this knowledge to optical

light curves for a reverberation mapping study of the highly obscured AGN, Mrk




1239. In line with several other studies, we observe that the lag spectrum is con-
sistent with the expected % power law but that the observed lags are a factor
of 3 — 4 larger than the thin disc prediction. When the v band was set as the
driver, 7y, = 2.50 &+ 2.63 days with an unfixed power law 8 = 0.93 + 0.70 and
Ty, = 1.46 = 0.12days for a fixed 3 = %. These lag estimates are 0.340 and 2.5¢0
from the theoretical disc size estimate at the driving wavelength of 1.61. A better
understanding of the systematics of Sour, Javelin and PyROA must be undertaken
because some values are inconsistent between the algorithms. Furthermore, we at-
tempted to connect the unusually flat spectral shape, which according to the thin
disc model should be F}, A5 of the disc component spectrum (reconstructed from
the flux decomposition of the light curves). However, a rimmed disc model was not
able to reconcile the flat spectral shape with the observed lags and we conclude
that the spectral shape is a result of dust extinction that is non-disc in origin,
most likely originating from a thick dusty torus that covers the disc emission. A
thin disc model fits the unreddened disc spectrum well with an Eddington ratio of
m = 0.3, resulting in a larger-than-expected disc size. Applying the rimmed disc
model to the unreddened fluxes again with an Eddington ratio of i ~ 0.3 was
able to reconcile the spectral shape as well as the disc sizes in the u, B, and ¢
bands, we find that the observed lags are smaller than the rimmed disc model by a
factor of 3 — 5 for the 7/, ¢/, and z; bands. This is the first reverberation mapping
study of an obscured AGN and we sought to connect Mrk 1239’s spectral properties
with the scales of structures observed with reverberation mapping to further our
understanding of accretion discs and the processes within AGN in the context of

the unified model.
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CHAPTER ].

Introduction

1.1 AGN and The Unified Model

Active galactic nuclei or AGN are regions on the order of 1 pc at the centre of some
galaxies whose extreme luminosities cannot be explained by stellar densities alone.
AGN emit radiation across the entire electromagnetic spectrum, from radio waves
through to gamma rays, often even outshining their host galaxy (ESA/Hubble,
2023). Galaxies that contain AGN are known as ‘active’ galaxies. AGN are the
most luminous persistent sources of electromagnetic radiation in the Universe and
are powered by matter in-falling into a supermassive black hole (SMBH). Due to
their extreme luminosities, the radiation released by AGN, in the form of winds
and radio plasma jets, plays a crucial role in galactic evolution (Morganti, |2017)
in a process known as AGN feedback. Additionally, they provide an important
tool to track the evolution of the Universe, providing observational insight into the
presence of supermassive black holes early in the Universe’s history - challenging
the timeline proposed by ACDM. Most recently, the CEERS survey discovered
CEERS_1019, an actively accreting SMBH with mass 10%% Mg just 500 Myr
(z = 8.679) after the big bang (Larson et al., [2023)) accreting at 1.2 x the Edding-
ton limit. AGN can be roughly defined as containing an SMBH with an Eddington
ratio (ratio of bolometric AGN luminosity and the Eddington luminosity) exceed-

ing Logemenic — 107" where Lpgq = 1.5 x 10% {E% Netzer (2015) for a solar

1



1.1. AGN and The Unified Model

composition gas. The classic model for AGN morphology is characterised by the

components;

Subparsec accretion disc: Optically thick and can be geometrically thin or

thick.

e Broad-line region (BLR): 1000 Kms~! width, high-density, dust-free molecu-

lar gas clouds at Keplerian velocities.

« Narrow line region (NLR): 500 Kms~!, lower-density, lower-velocity ionised

gas.
e Dusty torus: axisymmetric dusty structure 0.1 — 10 pc in minor diameter.

e Radio jet: some AGN contain collimated radio jets perpendicular to the plane

of the accretion disc that can reach up to ~ 1 Mpc scales in size.

The two main types of AGN (type 1 and type 2) are distinguished by the presence
of broad emission lines (BEL) arising from the broad line region (BLR) in type 1
AGN and their lack of presence in type 2 AGN. The lack of BELs in type 2 AGN is
explained through the inclination angle of the orbital plane around the SMBH with
respect to an observer; the dusty torus is thick so that at some inclination angles
it covers the emission from the accretion disc and BLR. Thus, the BELs vanish as
the emission is largely absorbed by dust and only narrow emission lines (NELs)
remain. The existence of a dusty torus is hinted at by several photometric NIR
RM campaigns (Koshida et al., 2014) reveal IR bands lag on a timescale of a few
months to a year, which is significantly longer than the timescales of a few days for
the UV-optical continuum—indicating a structure at the outer edge of the AGN.
The NIR lag timescales of a few months to a year corroborate the existence of a
dusty structure because for a viscous thin disc the temperature profile predicts that
the temperature should fall lower than the dust sublimation temperature 2000 K.

Ongoing attempts are being made to explain the several observed types of AGN




1.1. AGN and The Unified Model

by varying the basic properties outlined thus far and accounting for their luminos-
ities into a unified model (figure . Understanding the structure of AGN helps
develop an intuition for the emission and variability characteristics of AGN so that
each component’s emission can be related to observed spectra and how variability
from one component can be delayed in time with respect to others. Leading to a

unified and comprehensive understanding of AGN morphologies.

Radio-Loud Broad Line

Blazar Quasar Radio Galaxy

Narrow Line

Jet \ L l / Radio Galaxy

Narrow line
region

Broad line
region

Black
hole

Accretion
disc

Dusty
torus

\ Seyfert 1

Not to scale! Radio-Quiet Quasar

Figure 1.1: Unified model of AGN with arrows showing how the viewing angle
determines the type of AGN. The dashed line illustrates the different possibilities
of radio-loud/quiet AGN Emma Alexander| (2023).

It remains an enigma as to how massive SMBHs such as CEERS_ 1019 could have
formed in less than 1Gyr. Accretion seems to be vital to the growth of super-
massive black holes (SMBHs), powering AGN, the most luminous sources in the

Universe (Salpeter, |1964)). The process of accretion is thought to funnel matter

into the SMBH through the accretion disc, thought to be geometrically thin and

optically thick (Shakura and Sunyaev, [1973) when sufficiently below the Edding-

ton limit. Alternatively, the super-Eddington limit is an area of active study and

is thought to play a role in the early mass growth of SMBHs (Du et al., 2016;
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Pacucci et al., 2017; Regan et al., [2019; Donnan et al., [2023). At this limit, photon
pressure becomes significant and the disc thickness increases to that of a ‘slim’ disc
as shown by |Abramowicz et al. (1988). Understanding how accretion allows black
hole masses to grow is a key component in the presence of high-mass black holes
and the evolution of their host galaxies. Ultimately, studying AGN and accretion

places constraints on ACDM.

1.1.1 Black Hole Accretion

AGN power is thought to be fuelled by accretion, in-falling matter liberating gravit-
ational potential energy. For supermassive black holes greater than 108 My, accre-
tion is described by Bondi accretion (Bondi and Hoyle| |1944])) or spherical accretion
by a compact object in a medium of gas. The in-falling matter traverses tendex
line trajectories, a slow inward spiral, due to the viscous shear stresses this matter
forms a continuous disc of matter localised to a 2 — D orbital plane (with thickness
r negligible compared to the disc radius R, r << R) radiating away energy, which
in turn reduces its angular momentum allowing for the inward spiral. Accretion

discs facilitate the growth of SMBHs and the large luminosities of AGN.

The rate of inward flow is regulated by outward radiation pressure from radiation
emitted by the viscous heating of gas in the disc, resulting in the Eddington limit
for luminosity. This is the maximum limit a body can achieve when there is a
balance between radiation acting outwards and gravitational force acting inwards.
Each radius of the disc exists in local thermodynamic equilibrium and emits a black
body with a characteristic temperature. In general, the opacity of the gas is highly
frequency-dependent and a function of the physical state of the gas. Calculating
the radiation pressure can be simplified by assuming the gas is completely ionised

and composed of hydrogen so that the opacity is given by Thomson scattering,

> — 0, valid for all photon energies below

the elastic scattering (in the limit

MmeC
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100keV) of electromagnetic radiation by a charged particle (for further details
see Krolik| (1999)). This results in the Eddington luminosity in equation that
depends only on the mass of the radiating object. Where m,, and o7 are the proton

mass and the Thomson scattering cross-section respectively.

47TGMSMBH cmp

Lgq =

(1.1)

aor

The Eddington luminosity implies a limiting rate for which matter can be accreted
because the luminosity of the disc is a result of in-falling matter. Therefore, a
fraction € of the accreting rest mass energy is converted into radiation through the
release of gravitational potential energy (equation . € is known as the radiative

efficiency.

L = eMc? (1.2)

drMsynBH my

Mpgaq = (1.3)

€ecor

Equation [I.2] suggests the existence of a self-regulating inward flow of matter in a
thin accretion disc. The accretion cannot be higher than implied by equation [I.3]
otherwise matter will be blown away by radiation pressure. We assume a radiative
efficiency of € ~ 0.1 when calculating Eddington ratios based on the Soltan argu-
ment (Davis and Laor, 2011) which states that, over a Hubble time, the SMBHs
that power quasars accrete gas as well as stars to grow to masses we see today,
this results in a predictable number density of quasars which has shown to be
verified by [Yu and Tremaine| (2002). However, it is possible for super-Eddington
accretion (observed from reverberation mapping by (Cackett et al,| (2020)); obser-
vationally so if the SMBH accretes and radiates at high efficiency or if the SMBH

radiates with a low efficiency so that L < Lgg4q in an advection dominated scenario.
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1.1.2 Accretion Disc Structure and Variability

Infalling matters requires a loss of gravitational potential energy as well as angular
momentum. Due to angular momentum conservation, there must be a correspond-
ing increase of angular momentum of matter for a given infall. For example, the
specific angular momentum of matter at the innermost stable circular orbit (ISCO)
of a black hole is 4 orders of magnitude smaller than in the orbit of a typical galaxy
(Krolikl 1999) and therefore, accretion hinges on eliminating all but a small frac-
tion of a given piece of matter’s initial angular momentum. Matter is expected
to fall into a common orbital plane (forming an accretion disc) because matter
travelling on orbits inclined with respect to one another will collide in the plane
of intersection, thereby the momenta of matter normal to the plane of intersection
will cancel each other out. Eventually, these collisions stabilise matter originating
with different angular momenta into a disc where each orbital radius has the same
specific momentum. For luminosities L << Lpg4q radiation pressure alone cannot
support the matter against gravity and the system is two-dimensional because the
vertical thickness is much smaller than the disc radius as there is not enough radi-
ation pressure to support a thick disc against gravity at substantial altitudes above
the disc plane. The opposite is true when ﬁ ~ 1 where the disc scale height

may be comparable to the disc radius.

In the Shakura-Sunyaev thin accretion disc, the in-falling matter is assumed to be
an optically thick, molecular gas (Shakura and Sunyaev, |1973)). The local emission
can be approximated as a blackbody spectra, with a characteristic temperature, T’
(and emission wavelength, Ayqqz, from Wien’s displacement law) that is a function
of the radius, r, from the SMBH centre. Several accretion disc models have been
proposed that range from the standard thin disc Shakura-Sunyaev model (Shakura
and Sunyaev, |1973)), to advection-dominated accretion discs (Narayan and Yi, 1995)

and relativistic accretion discs (Li et al.,|2005). All contain the same concept of an
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accretion disc temperature profile, with the highest temperatures present near the

innermost stable circular orbit and decreasing temperatures as the radius increases.

The a-disc model proposed by Shakura and Sunyaev| (1973) proposed that turbulence-
enhanced viscosity was the mechanism by which angular momentum could be ef-
ficiently transferred outwards. Whereby the effective viscosity is parameterised by
Vo = acgh. Where ¢s and h are the sound speed and scale height respectively. « is
a parameter between 0 and 1 with 0 representing no accretion. The thinness of an
accretion disc is defined by equation 7.2 in Krolik (1999)). Gravitational potential

energy is released by infalling matter at a rate of L = G%M . However, from the

virial theorem, half of this goes into the local heating of gas and the other half is

radiated away as the observed luminosity (Peterson, |1997)).

MM
L:G

R 2 R?0T* (1.4)

Equation [T.4] is half of the liberated gravitational potential energy that can be
observed. Accounting for viscous energy dissipation, equation can yield a tem-

perature profile as a function of disc radius in equation [1.5

-] w

1
The {1 — (”S%)?} term ensures a hard cut-off at the innermost stable circular

orbit (ISCO), a general relativistic limit in which a test particle can stably or-
bit a massive object (Misner et al., 2017). AGN emission can be separated into
‘continuum’ and ‘line’ emissions. The former is thought to be emission from the
accretion disc of matter in-falling around the SMBH (Peterson, [2001; |[Rashed et al.,
2015). Growing evidence suggests that strong x-ray emissions from the innermost
regions of the AGN are reprocessed by surrounding gas into the UV /optical dom-

inated accretion disc continuum. Continuum emission then drives reprocessing in
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AGN structures outside the accretion disc to produce AGN emission lines (Jha
et al., |2022; |Cackett et al., 2007). Observed emission is, therefore, a combination
of continuum and line emissions. There are also gaps in observed spectra due to
neutral hydrogen absorption in the extreme ultraviolet (UV, 10 Hz) and in the
infrared to radio due to Earth’s atmospheric absorption (Peterson, 1997). Broad
emission lines (500 Kms ' Avpy 10 Kms™! (Peterson, 1997)) are present in
the spectra of several types of AGN and can be explained well by the BLR (figure
1.1). They are driven by photoionisation at UV energies of the BLR gas clouds
by the continuum emission, thought to originate from the accretion disc with the
line widths explained by Doppler broadening. Similarly, narrow lines are explained
by the low-density, ionised (by the continuum) gas in the NLR. Additionally, the
presence of emission line obscuration and a broad infrared (IR) emission can be
explained by the presence of an axisymmetric dusty torus reprocessing UV /optical
seed photons. Thus, we see that features in the observed spectra of AGN are
linked to their structures and this allows us to infer this structure by analysing
the observed emission. These ideas form the basis of this report as it outlines the
application of stochastic modelling and statistical techniques to infer the scale of
component structures within AGN. Heuristically, variability time scales of emis-
sion spectra indicate a rough size for the varying source. For a source to vary
coherently, it must be causally connected based on light-travel time. It is from this
that we can infer that the scale of the continuum generating accretion disc must be

on the order of light-days (Peterson, 2001]) and the BLR to be light-months to years.

Several monitoring campaigns have found that UV and optical continua are closely
coupled. This sets us up to understand the theory behind reverberation map-
ping, which is a tool that uses time-domain analysis to infer size scales based on
light-travel time. The model discussed thus far however has several limitations as
the interior structures of AGN are still poorly understood. Notably, observational

evidence differs from the predicted sizes of the accretion disc and the BLR some-
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Figure 1.2: Idealised accretion disc spectrum (solid black line) showing blackbody
contributions from accretion disc annuli (multicoloured lines) (Jeanette Gladstone)).

times by a few orders of magnitude (Peterson, |2001; Jha et al., 2022)). This will be

elaborated on further in the research questions sections and the discussion of the

results.

Several accretion disc models have been proposed, namely the Shakura-Sunyaev
(thin disc) model, which results in a decreasing temperature profile. Higher temper-
atures exist near the inner regions which decrease with increasing disc radius. For
SMBHs, the accretion disc emission peaks in UV /optical wavelengths which then
drives reprocessing in the BLR and the dusty torus. The origin of the UV /optical
variability is thought to be due to the reprocessing of X-ray emission (McHardy|
et all, from the innermost regions of AGN. Whereas the UV /Optical con-
tinuum is due to the accretion process itself. With the variability of the disc being

driven by a central source, then light travel-time across the disc radius implies

delays in responses at different wavelengths (Mudd et al. 2018). The thin disc

model suggests each annulus of the accretion disc behaves as a blackbody emis-
sion (described by the Planck function, B,(A,T')) with a characteristic emission

wavelength A and, therefore, an effective temperature, 7" in equation (Jha et al.

2022)), ignoring the cut-off at Rysco.

-

for Rpisc >> Rrsco, (1.6)

B 3GM5MBHM !
T(Rpisc) = (W)
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where G, MsyBH, M represent the gravitational constant, supermassive black hole
mass, and the mass accretion rate. o and Rp;s. are the Stefan-Boltzmann constant
and accretion disc radius respectively. The total flux-spectrum is the contribution

of flux from each disc annulus which can be described by equation

Rou er Rou er 2 . 2 ,
F, :/ g Tydo = [ 2he2mBeos(i)  p g g

hc
Rinner Rinner A?) . (e AkpT __ 1) . D2

where R;pner and Royter are the inner and outer limits of the accretion disc respect-
ively and df) represents the solid angle with respect to an observer, depending on
the disc inclination angle ¢ and distance D. The accretion disc radius as a function
of emission wavelengths can then be stated in equation [I.8 and an idealised depic-

tion in figure [1.2

e [(2)] 19

where the radii in equations [I.5]and are connected by Wien’s displacement law,
APeak = % (b~ 2898 um - K is Wien’s displacement constant) which states that the
peak of a black body spectra is inversely proportional to the absolute temperature
of the black body. R), can be thought of the disc radius at a reference wavelength,
Ao Jha et al|(2022) and § = % assuming a thin disc model. Hence, equation
predicts that Rprgc o< AP with 8 = %. Shakura and Sunyaev| (1973|) argues that
there will be a significant contribution to the opacity in the inner regions of the
disc due to inelastic Compton scattering of high-frequency photons off electrons
and hence modifying the thermal spectrum to a Wien distribution rather than a
Planck distribution. However, this Rp;sc >> Rrsco approximation justifies the
use of the Planck function in equation as the UV and optical emitting regions
of the disc are not expected to be near the innermost-stable circular orbit. This

allows us to test different disc models by fitting this power law for RM time lags

10
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from accretion discs as in equation [1.9

T= RCAO [(A’\O)ﬁ - 1] . (1.9)

However, due to each annuli of the accretion disc emitting as a black body and
not a single temperature each observed wavelength corresponds to multiple annuli.
This requires accounting for flux-weighting of a superposition of multiple black
body spectra and results in the introduction of a corrective factor for the refer-
ence wavelength which accounts for the flux contributions from different annuli
(see [Mudd et al.| (2018); [Fausnaugh! (2017) for a full derivation). This correction is
typically on the order of unity. Generally, spectral energy distributions (SEDs) of
accretion discs can be characterised by a power law shape F}, o v~%. The emission
from the accretion disc is thought to comprise the continuum component of the
overall AGN SED. Under the thin disc assumptions of equation a = % De-
pending on the type of disc, « is typically between 0 and 1. The power law shape
is a reasonable description of AGN SEDs, however, when looking over several dec-
ades of frequency, we see many finer details such as broad depressions and bumps
that provide clues to the origin of the emission (fig. . These various continuum
components are dominated by different physical processes. The blue line in fig. [I.3]
is known as the ‘big blue bump’ due to the significant amount of energy emitted as
a strong, broad feature that dominates between 4000A to 1000A. This is thought
to be produced by the accretion disc and defines the characteristic F, vs. SED
local minimum in the vicinity of 104A. This is thought to represent the hot thermal
spectrum (big blue bump) and a cool thermal spectrum at wavelengths greater than

10*A produced from warm (T > 2000K) dust grains, known as the IR bump.

Accretion disc models are currently mainly characterised by their behaviour at dif-

ferent accretion rate flows or Eddington ratios and the angular momentum at the

11
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Figure 1.3: AGN SED taken from Harrison| (2014) with the solid black curve repres-
enting the total SED and the coloured lines representing the individual components.
The large gap in optical-UV frequencies is unobservable due to the interstellar me-
dium made up of neutral hydrogen.

outer disc (Czernyl}, 2019). Bondi or spherically symmetric accretion has negligible
angular momentum and is typical in very weakly active galaxies or dynamical stel-
lar collapse. For Eddington ratios 7 ~ 0.01 and the angular momentum a fraction
of the Keplerian angular momentum, the flow is advection-dominated and is typical
of low luminosity AGN. For higher accretion rates, the accretion matter can cool
effectively due to the higher densities so the flow becomes optically thick emitting
locally as a black body and the angular momentum is locally Keplerian. The emis-
sion is described well by a thin disc. When the accretion rate is super-Eddington
(i.e. > 1), the accretion efficiency is lower than for a standard thin disc despite
Risco moving inwards. The local emission is no longer just the thermal dissip-
ation from a black body because a non-trivial fraction of energy is ‘lost’ into the

SMBH event horizon. Such a disc is known as a slim disc as the disc thickness is

12
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Isodelay surface

<—To observer

Figure 1.4: Idealised model of a reverberating structure located at a radius r from
the centrally emitting ionising source. Source photons (dotted line) travelling radi-
ally outward reach the reverberating structure and are instantaneously reprocessed
some of which are emitted in the observer’s direction. Therefore, the reprocessed
photons lag the source photons by some time 7 that depends only on the difference
in light path length.

no longer negligible relative to the disc radius. At sub-Eddington accretion rates,
the slim accretion disc SED converges to that of a standard thin disc but typically

the power law is redder than that of a thin disc, F,, A (Donnan et al., [2023]).

1.2 Reverberation Mapping

1.2.1 Overview of Reverberation Mapping

The basis of reverberation mapping (RM) is the greater light-travel time from
source to reprocessing object to observer compared to the direct path from source
to observer. As suggested previously, the time delays associated with the difference
in light paths provide indirect information on the size and structure of AGN. In
practice, RM involves measuring time delays between flux variations (flux against
time, known as a light curve) of an ionising source and the flux variations of an

irradiated region (Cackett et al., 2021)) as changes in the irradiating flux drive

13
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changes in the reprocessed emission. These time delays are identified as time lags,
7 (figure , of a light curve of a photometric passband corresponding to a line
emission from a light curve corresponding to a smooth, continuous part of the
spectrum or spectral energy distribution (SED). For a given time delay, 7, after
the continuum emission, an observer will receive the reprocessed photons from an
isodelay surface or surface of constant time delay characterised by a radius, r, the
distance from the continuum source. Then the reprocessed response is given by
the intersection of the isodelay surface and the reverberating region at radius r

(Peterson, (1997)).

o (1 + cosO)r (1.10)

C

The intersection of these surfaces forms rings with radius rsinf and surface area

27r2sinfdf such that:

(0)dd = 2m¢r?sinfde, (1.11)

Where ( is a constant representing the responsivity of the reverberating region per
unit area. The emission line response can then be converted to a function of 7,
W(T)dT = ¥(0) ‘%’ dr = 2w(rcdr. In reality, the time lag 7 will depend on the
geometry of the accretion disc, reprocessing region, and the angle of observation.

However, the mean lag will be;

i
C

(1) = —, (1.12)

where R is the typical size of the reprocessing region (Cackett et al., 2021)). The
angular resolution provided by RM is of the order of micro-arcseconds (1 light-day
across at 100 Mpc is ~ 2 micro-arcsecond) (Cackett et al., 2007) which provides

unparalleled insights into otherwise unreachable regions. This report outlines the

14
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use of RM to estimate information about the structure of AGN accretion discs,

BLRs, and dusty tori.

RM makes two key assumptions (Peterson| 2001} Fausnaugh, [2017):

1. The continuum originates in a single central point source.

2. Light-travel time is the most important time scale and the reverberating

medium responds instantaneously to continuum variations.

Then, assuming that the lagged reprocessed light curve F,(t) responds linearly to
the continuum light curve F(t) the relationship between the two can be represen-

ted as a convolution operation:

Fi(t) = /w(T)Fc(t—T) dr, (1.13)

where 7 is the time lag, and () is the transfer function. The transfer function
is determined by the matter distribution around the continuum, and it controls
the response of the reprocessed light curve to a Dirac delta function continuum
outburst (Fausnaughl 2017; Thorne, 2022); in effect, it blurs the reprocessed light
curve F; and represents the unknown physical conditions present in the reverber-
ating region. The goal of RM is to determine the geometry and kinematics of
the reverberating region, encapsulated by ¢(7), given Fc and Fy, (Collier} 1999;
Fausnaugh| 2017). The first moment of ¢(7) defines a mean lag, (7), between the
continuum and emission light curves and gives a characteristic size scale, R = ¢ (1),
for the reverberating region (Collier, [1999). Several methods exist to measure (T)
from observed continuum and lagged light curves. This report will outline briefly

three such methods implemented and compare their estimated lag accuracy.

1.2.2 Javelin

Javelin’s methodology rests upon the idea that the accuracy of time lags can be

enhanced if the continuum behaviour between the observed continuum and emission

15
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is modelled. Kelly et al.| (2009) and further work since then have found that AGN
variability can be well described by a damped random walk model (DRW) (Kelly
et al.,2009). This model is able to statistically predict the value of the light curve at
an unmeasured time from the statistical properties of irregular samples (Zu et al.,
2011). This is encapsulated by x? statistics, the relationship between two random
and mutually exclusive variables. More specifically, Javelin’s formalism states that
the continuum and emission lines are described by a Gaussian process (Rybicki
and Kleyna, 1994) and the relationship between continuum and emission lines at

different times can be described by an exponential auto-correlation function:

~|ti=t]

(Fo(t)Fo(t))) = o%e” @ . (1.14)

Where 02 = @. Physically, 02 corresponds to the amplitude of a damped random
walk and 7; the damping timescale otherwise known as the characteristic decor-
relation timescale. The linear relationship between the driver and lagged light
curves (equation is assumed by Javelin to be a simple top-hat transfer func-
tion with width w and amplitude A. Other relevant covariances; (Fco(t;)Fc(t;)),

(Fr(t:)Fr(t;)), and (F1(t;)Fc(t;)) can be calculated by substituting for equation

1.13|and they describe elements of an autocorrelation matrix F = <ﬁﬁ> as can be

seen in equation [I.15]

p_ [(FeltdFolt)) (Fot)FL(t)) (1.15)

(FL(ti)Fo(ty))  (Fo(t)Fu(t;))
A more detailed explanation of the choice of an exponential covariance matrix is
described in Kelly et al. (2009); MacLeod et al.| (2010). The formalism described
by equation [1.15| can be straightforwardly extended to multiple reprocessed or
‘line’ light curves. Furthermore, adding uncorrelated noise (also Gaussian) can
be described as terms on the leading diagonal. The assumption that the driving

process is Gaussian then implies that a particular realisation of F is given by a

generalised y? distribution.
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_?TF—I?)

P(F) |Fye( : (1.16)

Observed realisation of the light curve can then be described by the addition of a

noise term 7 = ? + 7+ L?. With a probability distribution;

P(7) |n|e(jT“2_lﬁ>, (1.17)

where n is <ﬁ>ﬁ>, the noise covariance matrix. For n data points across n; light
curves, the response matrix L and linear coefficients 7 are a n; X n matrix and
a n; X 1 vector respectively. L and 7 are introduced to remove the mean fluxes
from light curves for removing linear trends, de-trending, to filter out variability
components that may originate from irrelevant processes for example from con-
tamination from the host galaxy (a good example of this procedure is outlined by
Hernandez Santisteban et al. (2020)). This enables a likelihood function £ to be
defined (P(?\?), where P are the model parameters that describe the process in
equation i.e. the transfer function). £ is to be maximised. First, Javelin fits
74 and & for the driver light curve by using Log-Gaussian priors for both centred
around the flux median and standard deviation. This gives an idea of how much
the driving light curve should vary relative to observed epochs. Javelin then uses
this DRW model of the driving light curve to interpolate the lagged light curves
before shifting, scaling and smoothing the driving light curve for comparison with
the lagged light curves. Optimum fit parameters 7;, w;, and A; for each light curve
7 can then be extracted. The optimum fit parameters for both the driver and
the lagged light curves are sampled using ‘emcee’, an MCMC sampler developed

by Foreman-Mackey et al. in 2012. Javelin is open-source software accessible at

https://github.com/nyel7/javelin.
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1.2.3. PyROA

1.2.3 PyROA

PyROA’s methodology interpolates irregularly sampled light curve data as run-
ning optimal averages (ROAs), turning the data into smooth differentiable light
curves. A ROA is technically an inverse-variance weighted average that minimises
the resultant weighted average’s variance and is helpful in producing realistic light
curve interpolations. For a given time ¢ along a light curve, the inverse-variance
weighted average is evaluated with the diminishing influence of data points further
away from t. The window function, w; controls this and is by default a Gaussian.
Each light curve, X (t) (equation (Donnan et al., [2021))), is interpolated from

N data points, D; each with an error g;. Where subscript ¢ is an index over data.

PO Diw;(t)

0= e

(1.18)

The value at any time value can then be calculated by the window function (equa-
tion that calculates a weighted averaging over all N. Flexibility in a ROA is
determined by the A parameter as it controls the number of effective parameters
used to fit the light curve. A small A follows small light curve variations closely
whereas a large A is stiffer. In the infinite limit of A the ROA becomes a rigid
constant averaging evenly across all the data with one effective parameter. The

ROA at A =0 has N effective parameters and fits the data perfectly.

wy(t) = %e_%( =), (1.19)

Optimising the value of A is important to balance between an overly flexible model
(too small a A) and an overly stiff model (too large a A) or Occam’s bias. To do

so, PYROA quantifies the number of effective parameters P;(A) (equation [1.19)).

X () wi(t;) o2
N - = : 1.20
aDz Zk,’ 'UJk;(tl) Zk Ji_2 7%(15251)2 ( )

e

Pi(A)
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Then the optimal value for A is calculated using the Bayesian Inference Criterion
(BIC), which is a ‘badness of fit’ statistic that penalties models with too many
effective parameters. Light curves at different photometric wavelengths are simply
assumed to be scaled and shifted versions of the continuum. This assumes that the
shape of the variability by X (¢) is the same for each light curve (equation .
This model allows for an extra variance term, s;, to be added Further details can

be found in Donnan et al.| (2021]).

fit) = A X(t — ;) + B;. (1.21)

A; is the root-mean square flux, B; is the mean flux, and X(t) is the driving
continuum light curve so that 7; is measured relative to this light curve. PyROA
fits this model using a Bayesian approach. The posterior probability (probability
of model given data is maximised by the best-fitting parameters) can be linked to
the log-likelihood (probability of the data given a model) and the BIC to find the
best-fit parameters for {A;, B;, 7, s;} by repeated MCMC sampling using ‘emcee’.
PyROA takes uniform distributions as priors for the parameters in equation [I.21]as
range estimates. Then each light curve is scaled and shifted back in time according
to {Ai, Bi, T, si}. s; parameters are also added in quadrature to the flux errors.
The stacked light curves are then treated as a single light curve where the ROA,
X (t) is calculated. Calculation of the number of effective parameters and the BIC
can then inform successive samples of the Markov chain. PyROA is open-source

software and accessible at https://github.com/FergusDonnan/PyROA.

1.2.4 Sour

Cross-correlation functions (CCFs) were first implemented in a reverberation map-
ping analysis by (Gaskell and Peterson| (1987)) to estimate the sizes of emission line
regions in quasars. This investigation used the sour code which is a recent CCF im-

plementation developed by Edelson et al.| (2017)). CCFs of time series are defined as
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in equation where the x denotes the cross-correlation operation and * denotes
a complex conjugate. The CCF is entirely a function of the time-value difference
or lag 7, and it will produce a peak (although not necessarily symmetric) for a

value that maximises the similarity between the time series f(t) and g(t).

—+00

(9 = [ fglt + (122)

—0o0

Real light curves are unevenly sampled and Sour linearly interpolates along the
time series before calculating the CCF. This is known as the interpolated cross-
correlation method or ICCF method. Real data are also discrete and finite such
that equation becomes equation [[.23] Given two discrete time series, fi with
times ¢; and fo with times t3, the CCF is calculated by linearly interpolating fs.
For a lag 7, fs is estimated at every t1 4+ 7 by interpolating between the two nearest
points of fa. Then the CCF can be calculated after pairing the interpolated f» data
with f1 (Gaskell and Sparke, [1986).

N-1

(fxg) ()= f(m)g(jm+7]) (1.23)

m=0

ICCF peaks are generally not symmetric; thus, to ensure the error interpretabil-
ity of the ICCF peak, the interpolation and CCF calculation are done twice, with
an interpolation on both of the time series. The CCF results from the two light
curves are then averaged to produce a final value. This ensures consistency with
the definition in equation [1.22| as it is a symmetric function. Typically a centroid
estimate of the ICCF’s peak is used as the time lag measurement between two
light curves. The error estimates from ICCFs can be greatly enhanced by account-
ing for the variance in the time lags. The FR/RSS (flux randomisation/ random
subset selection ) method by |Peterson et al. (1998) was developed to address this
problem and Sour also integrates this into its analysis. FR/RSS provides model-

independent time lag uncertainties. This is a Monte Carlo technique that builds up
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1.2.4. Sour

a time lag distribution from multiple realisations of a CCF for a given pair of light
curves. In each realisation, Gaussian noise is added onto each flux measurement
depending on the flux error, assuming they are normally distributed. Additionally,
for a light curve consisting of N points, the FR/RSS method picks a subset of
points with replacement to create a new time series. The data points that were
selected more than once had their error bars decreased by a factor of Rfé, where
R is the number of times a data point is selected. (1 - %) is the probability

N
that a data point is not selected in a given realisation so that (1 — %) - 1

€
is the fraction of the data set not selected in a given realisation. This is be-
cause each data point has the same independent probability of not being selected.
The CCF is then measured and the weighted mean of all the points above 80%

of the highest CCF power value. Sour is open-source software and accessible at

https://github.com/SimonVaughanDataAndCode/sour.
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CHAPTER 2

Comprehensive Comparison of
Reverberation Mapping

Algorithms

This chapter provides a comprehensive comparison of Javelin (Zu et all [2011),
PyROA (Donnan et al.,2021)), and traditional methods obtained by cross-correlation
through Sour (Edelson et all 2017). This comparison will be based on two RM
campaigns of NGC 5548, Koshida et al. 2014 (Koshida et al., |2014]) and Edelson
et al. 2019 (Edelson et al., 2019). The former was published in 2014 and is of the
dusty torus region and the latter published in 2019 is of the accretion disc. NGC
5548 is a type 1 Seyfert AGN and was one of the original listed by Carl Keenan Sey-
fert that showed broad emission lines. Comparing different algorithms informs the
reliability of the results and therefore facilitates their physical interpretations and
the robustness of the theory behind AGN structure and their emission. Developing
optimal analysis strategies for datasets which vary in structure and observational
parameters is another motivation for comparing multiple algorithms on the same
datasets, this is especially beneficial given the different methodologies behind the

algorithms being compared in this report.
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2.1. Overview of Preliminary Datasets

2.1 Overview of Preliminary Datasets

2.1.1 Dusty torus

Many observations of AGN imply the existence of a thick dusty torus surrounding
the SMBH and accretion disc, sometimes obscuring the disc emission from an
observed line of sight. The near-infrared (NIR) continuum emission of AGN is
considered to be dominated by the thermal re-emission from host dust (2000 K)
driven by the thermal reprocessing of the UV-optical disc continuum (Landt et al.|
2011). RM campaigns have sought to resolve the dusty torus by measuring time
lags between the UV-optical continuum and NIR emission from the innermost part
of the torus. The data set used in this investigation is from Koshida et al.| (2014)
for the type 1 AGN NGC 5548.

Data for NGC 5548 are from the V' (optical continuum) and K (reprocessed thermal
emission) photometric bands of the multicolor imaging photometer (MIP) on the
MAGNUM telescope (Kobayashi et all [1998)). MIP has a field-of-view of 1.5 x
1.5 arcmin? and it simultaneously obtains images in the V' and K bands by splitting
the incident the incident into two different detectors. One is SITe CCD 1024 X
1024 pixels with 0.277 arcsec pixel ! and the other is an SBRC InSb array of 256 x
256 pixels at 0.346 arcsec pixel™!. The V band at 544nm avoids contamination
from BELs from BLR reprocessing that are also variable and may make finding
a variability timescale of the torus harder to measure. The K band at 2.19 ym
is chosen as it is where the reprocessed dust emission dominates over the power-
law disc continuum. For details on the data reduction procedures please refer to

Koshida et al.| (2014).

The photometric fluxes initially contained significant contributions from the host-
galaxy starlight and were consequently subtracted by using Sakata et al.| (2010)’s
estimate of the host-galaxy flux in the V band. [Sakata et al. (2010)) estimated

the host-galaxy flux by surface brightness fitting to corresponding high-resolution
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2.1.2. Accretion disc

HST and MAGNUM images. For the K band, the host-galaxy flux estimate was
obtained from [Suganuma et al.| (2006). The host-galaxies are compiled in table
5 of [Koshida et al.| (2014). Additionally, two strong NELs, [OITT] at A = 4959A
and \ = 5007A contaminate the V band were subtracted using the values obtained
from Sakata et al.|(2010)). For more details, please refer to Koshida et al.| (2014);

Sakata et al.| (2010).

2.1.2 Accretion disc

Accretion discs power AGN emission and studying their size and structure enables
an enhanced understanding of SMBH accretion. An optically thick and geomet-
rically thin viscous disc was first proposed by |[Shakura and Sunyaev| (1973) to
explain AGN continuum emission and [Frank et al.| (2002) proposed that magnetic
re-connection in a corona above the disc can heat the outer disc leading to the
‘lamp-post /reprocessing’ model. The data set that was used to investigate these
disc models was obtained from the UV /optical photometric light curves of (Edelson
et al., 2019) taken by the Swift space telescope. Comparing UV /optical light curves
enables a study of the accretion disc itself and from time lags the size and structure
of the accretion disc can be inferred. The campaign by Edelson et al.| (2019)) is one
of the first intensive-disc reverberation mapping campaigns (IDRMs), increasing
the typical 100 samples obtained to executing 200 — 350 samples by monitoring
all UV /optical bands simultaneously and intensive blanketing. IDRMs can more

accurately resolve shorter timescales of a few days expected from accretion discs.

This investigation uses the UV /optical Swift light curves (W2 (1928 A), M2 (2246 A),
W1 (2600A), U (3465 A), B (4392A), V (5468 A)) for NGC 5548. For details on
the Swift telescope’s photometry calibration please refer to [Poole et al. (2008);
Breeveld et al. (2011). Swift’s UV /optical photometry (UVOT) has a field of view
of 17 x 17 arcmin with a CCD with 2048 x 2048 pixels and 0.502 arcsec pixel ~!. For
details on the UVOT data reduction for NGC 5548 please refer to [Edelson et al.

(2015). NGC 5548 was an optimal source because it shows strong variability in
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the UV /optical bands and it is also apparent that the light curves are similar, thus
making them ideal for an IDRM campaign to measure variability time scales on a

few days.

2.2 Analysis and Results

The dusty torus region of NGC 5548 is expected to be ~ 60 Kishimoto et al.| (2011)
light-days. Furthermore, [Koshida et al.| (2014)’s weighted average dust reverbera-
tion lag is 60.9 £ 0.3 days. These data were obtained with a median monitoring
interval of 3.0 days, excluding observational gaps due to solar conjunction and fa-
cility maintenance Koshida et al.| (2014). Secondly, NGC 5548’s accretion disc is
1 light day and |[Edelson et al.| (2019)) estimates the W2-V lag of 1.27 days. Table
summarises the lags obtained from Javelin, PyROA, and Sour with data from
6 observational epochs (Koshida et al., [2014). Table also presents the weighted
averages of all the epochs. These cross over any dust reformation processes that
are estimated to be 5—6 months (Landt et al.,|2019). We observe good agreement

between the three algorithms and the estimates provided in Koshida et al.| (2014).

Figures and display the fits from Javelin and PyROA algorithms to the
sparsely sampled light curves over the whole observing period (51992.5 to 54332.3)
without considering the observational gaps. This was conducted to compare the
behaviour of both algorithms during gaps between observing epochs. Qualitatively,
the Javelin fit is more constrained than PyROA’s within the gaps and can be at-
tributed to the DRW model. PyROA’s fit becomes unconstrained with a Gaussian
transfer function however, [Donnan et al.| (2021)) suggests using a Lorentzian trans-
fer function for more constrained fits, as this was preliminary testing that function
was not utilised here. Javelin, however, when presented with the same observa-
tional gaps has a constrained error overlay. Javelin’s underlying DRW model and
PyROA’s lack of a model for the light curve shape can explain the difference in

the error overlay. PyROA’s unrealistic fitting in the presence of sampling gaps was
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confirmed by using mock data from |Donnan et al.|(2021) and artificially creating
gaps. This reproduced the discontinuities and unrealistic error overlays seen in
figure Despite PyROA’s poor fitting, the time lags remained robust and are

in good agreement with Javelin, PyYROA and [Koshida et al.| (2014).

Aliasing of peaks within the lag distributions was especially a problem during
Javelin’s preliminary testing. Convergence to aliased lags was eliminated by con-
straining Javelin’s MCMC search limits for the lag parameters. This was informed
by identifying aliasing with pairs of peaks symmetric around 7 = 0. Constraining
the lag prior was conducted individually for each observational epoch. Aliasing
effects were strongest in the presence of observational gaps as Javelin mistakenly
shifts the V-band continuum to match K-band emission by the gap period (Zu
et al.l 2011) because it minimises the data overlap. In contrast, PyROA does not
exhibit aliasing features and the convergence is robust against changes in the lag
search limits, albeit the convergence time is highly sensitive to the search limits.
PyROA allows for initial estimates of time lags to help reduce the convergence time,
however, convergence time is highly dependent on the priors and the lag limits be-
ing searched. The initial time-lag estimate parameter used for all observational

epochs was set at 70 days which is the lag obtained from [Landt et al.| (2019)).

These data were also compared with Sour (Edelson et al. [2017)), an R package that
uses an interpolated cross-correlation function that extracts time lags. To calculate
errors, Sour used the ‘flux randomisation and random subset selection’” method
outlined in [Peterson et al.| (1998). Aliasing due to sampling gaps was also an issue
with Sour and the lag limit had to be finely constrained for every observing epoch.
Lags were calculated from the centroid (full-width at half-maximum) width to
reduce the likelihood of unrealistic lag estimates from the position of the peak. An
example is shown in figure Once again, aliases were identified using symmetric

peaks about 7 = 0.

The relevant wavelength bands for the accretion disc RM campaign from [Edelson
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Figure 2.1: Javelin’s fit of Koshida et al| (2014) from MJD 51992.5 — 54332.3
inclusive of the seasonal gaps due to different observing epochs. This was conducted
with default parameters for burn-in steps, number of chains, and the number of
walkers at 100. Flux and time units are in mJ and days respectively.
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Figure 2.2: PyROA’s fit of Koshida et al.| (2014) from MJD 51992.5 — 54332.3
inclusive of the seasonal gaps due to different observing epochs. The degree of
blurring, A, was set at the default 0.01 < A < 10.
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Table 2.1: Summary of NGC 5548 time-lags between the V and K bands with
data obtained from |Koshida et al.| (2014).

Lag units are in days from MJD
51992.5 — 54332.3 inclusive of the seasonal gaps due to different observing epochs.
The uncertainties are the minimum (lower) and maximum (upper) values on the
lags. Analysis was conducted on all 6 observational campaigns with weighted av-

erages provided in bold. Javelin and PyROA estimates should be compared with

the Sour estimates which use a traditional cross-correlation method (Gaskell and

Sparke, [1986)).

MJD

Javelin Lag PyROA Lag Sour Lag

Weighted Average

51992.5 - 52389.5

52308.6 - 52797.4

52638.6 — 52999.6

53168.4 — 53437.5

53350.6 — 53527.4

54181.6 - 54332.3

60.557:3
61.95%¢
53.735:1
77.8%4
52.4338
49.539-3

64.953:5

62.981-8
57.6253
49.135%
67.565:1
86.5321
701594

605553

54.3352

47.439°8
54.02;:3
53.4303
78.9830
37.4393

51.7588

Table 2.2: NGC 5548 (UV /optical 1928 to 5468 A) Edelson et al. Data Table Lag
in days (MJD 56706.0 - 56833.6). The uncertainties are the minimum (lower) and

maximum (upper) values.

Band

Javelin Lag

PyROA Lag Sour Lag

W2

M2

W1

0.206(75
0.4520555
0.8209:297
0.8650:938

052435

0.006%0%,;  —0.011%435%,

0.1729-227
0932548}
0.8449-926

1.1424:279

0.3130-143
1.1511-283
1.1094:268

1.3891-68]
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Figure 2.3: Interpolated cross-correlation for the V and K bands of [Koshida et al.
(2014) for the W2-V band light curves. The x-axis time lags are in days. The
maximum lag and number of simulations were set at 10 and 500 respectively.

et al.| (2019)) were 5 UV /Optical bands (W2, M2, W1, U, B, V in order of increasing
wavelength). Typical estimates of the size of NGC 5548’s accretion disc is 1 light
day (Ebrero et al., 2016). Time lags were calculated by comparing a wavelength
band with the W2 band by assuming that it is the continuum driver. The dataset
does not possess the sampling gaps seen for the dust RM campaign in[Koshida et al.
(2014) owing to the higher mean cadence of 0.440 days and an observation period
of 127.6 days. Narrow lag distributions, indicating good convergences, were found
with a burn-in and sampling iterations of 10000 for both Javelin and PyROA. Initial
lag estimates for PyROA were obtained from Edelson et al. (2019). The effect of
good cadence can be seen by the tight error overlays. After utilising the multi-
threading functionality within Javelin, convergence times are similar to PyROA’s

at ~ 30 mins.
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Figure 2.4: Javelin multi-band fit for Edelson et al.| (2019). Flux units are in
erg cm~2 s~ A~1 and time units are in days (MJD). Longer photometric bands

correspond to redder colours with the W2 band being blue and brown corresponding
to the V band.
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Table shows good agreement between the Javelin, PyROA and Sour for all
wavebands apart from the M2 lags where there is an order of magnitude difference
between the three lag estimates. The lag uncertainties are the minimum (lower)
and maximum (upper) values. The Javelin uncertainties mean that the lag do
not agree with PyROA and Sour, however, PyROA and Sour are in agreement.
This suggests systematic differences in the uncertainty estimates between the three
algorithms. Furthermore, Javelin seems to consistently overestimate the lags when
compared to PyROA and Sour. When compared with the Javelin estimates in
Edelson et al| (2019) further parameter optimisations and a poor convergence of
the MCMC sampling could account for this systematic discrepancy. A notable
feature in both PyROA and Sour, (but seemingly not Javelin) is that the U band
lag is greater than the V band lag resulting from the ‘Balmer excess’ (Edelson
et al., 2019). Further details of this phenomenon will be discussed in the next
section. Finally, Javelin’s disc mode was utilised in figure to check whether the
lag estimates converted into accretion disc radii are close to the Shakura-Sunyaev
thin disc prediction of Ry o A3. Javelin’s disc mode shows very good agreement
with the thin disc model, however, more detailed analysis and comparison with
fits from PyROA and Sour needs to be conducted. Preliminary analysis suggests
better agreement with the thin disc model for the M2, W1, and U bands but a
substantial drop in radii estimates for the V bands. This drop is not present for

PyROA and Sour and may account for the § discrepancy.

2.3 Discussion

2.3.1 Dusty Torus Reverberation Mapping

The weighted average time-lags for the dust RM campaign by [Koshida et al.| (2014)
shown in table show good agreement between all three algorithms, as they are
the same order of magnitude and there is overlap between the minimum (lower) and

maximum (upper) lag values across three columns. However, Javelin and PyROA
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Figure 2.5: PyROA multi-band fit for |[Edelson et al, (2019). Flux units are in erg
2571 A1 and time units are in days.

cm

show better agreement with each other than with Sour. This may be because
Javelin and PyROA are biased towards larger time lags. In the case of Javelin, this
may be explained by larger than necessary lag search limits that produce wide lag
distributions that may include aliased peaks, biasing towards larger lag estimates.
Whereas for PyROA, it may be explained by a larger than necessary blurring with

the transfer window width being too large, such that smaller timescale variability is

smoothed over (Edelson et al 2019). PyROA’s unrealistic fit in figure [2.2]is due to

a Gaussian transfer window function, the error overlay rapidly increases wherever
there is a lack of data. Wider wings for the transfer window function would average

over data points further away from the gaps and hence constrain the ballooning

error overlay. This is presented in Donnan et al. (2021) with the best performance

coming from a Lorentzian window function without significant differences in the

time-lag estimates but some erroneous peaks arise on either side of the central time-

32



2.8.1. Dusty Torus Reverberation Mapping

— T * " [ ‘* ' "t T [ T ' T T [ T T 1

3.0 — ———= [ =0.93 - Javelin Disc Mode Fit —

E ...... ﬁ =% _ Theory ““““ E

25 —¢ PyROA ]

- —>— Javelin :

5 20 —¢ Sour / ]
= I lo ]
& 15 ]
10 F .
05 F .

L 1 1 L L 1 | L L L L 1 L L | 1 L

2000 3000 4000 5000

A(4)

Figure 2.6: Javelin disc mode, time-lag radii against photometric wavelength band.
The green dotted line shows the power law prediction for a thin disc and the red
line shows the fit that Javelin produced with a Ry oc A%93. The yellow and red
error overlays show the 1o and 20 errors from Javelin’s Ry, and 3 estimates. The
blue, black and green lines with data points are the accretion disc lags converted
into radii for Sour, Javelin and PyROA respectively.

lag peak. Testing the effects of different transfer window functions is an essential
area of future study with PyROA. It should be noted that Edelson et al.| (2019)
also produces Javelin estimates that are slightly larger than the cross-correlation.
It could also be the case that the Sour estimates are too low. On observation of
Sour’s cross-correlation plots for Koshida et al. (2014)), we see the lack of a clear
peak in several of the observing epochs, this is indicative of the tight maximum
lag parameters that were set to eliminate aliases and could explain the discrepancy
between Javelin, PyROA and Sour. From the perspective of aliasing, PyROA is the
superior of the three and despite its poor fitting can produce accurate and robust
time-lags. Quantitative testing of the robustness of the time-lag estimates against

sampling gaps should be undertaken by varying the sampling rate and observing

33



2.8.1. Dusty Torus Reverberation Mapping

changes in the lag estimate. No significant difference was observed in the errors
between Javelin and PyROA despite the Javelin methodology underestimating the
photometric uncertainties when compared to PyROA. However, this seems to be
highly dependent on the source as [Edelson et al.| (2019)) and Donnan et al.| (2021)
observed and demonstrated this effect. Further development of a method that
integrates PyROA’s error propagation into Javelin’s code should be explored to
fully test this effect. Finally, we note the existence of a time-varying accretion disc
flux component contaminating the K band. The time-varying flux emission in the
near-IR from the accretion disc is almost synchronous with that in the optical, this
may lead to a systematic reduction in estimated time-lags. The resultant effect
on the time-lags leads to an error ~ 5% (Koshida et al., 2014)). Accounting for
this by assuming a power-law relation (fx pand, Disc(t) = fVBand(t)(l’j—f‘f)o‘V, where
oy =0, —l—% for with and without accretion disc contamination (Koshida et al.,
2014)). Cross-correlation methods from Koshida et al. (2014) yield a ~ 4% error
due to the accretion disc contamination, however, Javelin obtained < 1% (Koshida
et al., 2014). Suggesting that the accretion disc contamination could explain the
discrepancies observed between Javelin, PyROA and Sour and that Javelin is not
sensitive enough, the DRW model assumed by Javelin is strictly only valid for
variability longer than 3 — 5 days (~ 5% for a predicted time-lag of 70 days), more

than enough to mask any systematic errors due to the accretion disc.

The broader context of a dust RM campaign in the V and K bands is to understand
the structure geometry of the outer accretion disc, the BLR, and the dusty torus.
In the unified paradigm of AGN, dust is distributed in a thick parsec-scale torus
that obscures the view of BELs and disc continuum for large (for large inclination
angles relative to the axis perpendicular to the disc plane). This is unsupported by
observations (Dexter et al., 2020) that show an excess in the near-infrared (NIR)
due to thermal emission from hot dust grains (7" = 1200 — 2000 K). The excess
may result from the inner edge of the dusty torus near the dust sublimation radius

where the dust temperature is the highest because irradiation is maximal. [Koshida
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et al. (2014)) find that the BLR reverberation radius for NGC 5548 is systematically
smaller (factor of 4—5) than the dust reverberation radius as reported by |[Suganuma
et al. (2006) and suggest that gas clouds with hot dust are located between the
BLR and the innermost torus radius. Further constraints on torus models such as
those proposed by (Czerny et al.| (2017)); Baskin and Laor| (2018) could be provided
by spectroscopic RM campaigns targeting the variability of BELs as suggested
by Landt et al. (2019), that determine dust properties to greater precision than
photometry. These models unify the origin of the BLR and dusty torus into an
outflow launched by radiation pressure from the outer accretion disc. [Landt et al.
(2019) find that for NGC 5548, the dust temperature is 1450 K, implying that the
dust is carbonaceous and not close to its sublimation temperature (carbon has a
sublimation temperature of T' ~ 1800 — 2000 K. In this case, the inner torus radius
is not set by dust sublimation. |Almeyda et al.| (2020) models the temporal response
of the torus’ IR dust emission to variations in the UV /optical continuum using the
TORMAC reverberation mapping code and speculates that the innermost torus
is populated by clouds containing graphite grains, in agreement with the picture

suggested by [Landt et al. (2019) for NGC 5548.

2.3.2 Accretion Disc Reverberation Mapping

The accretion disc RM campaign of [Edelson et al.|(2019)) has a far better cadence
than the dust RM campaign in Koshida et al.| (2014) resulting in aliasing not being
a significant contributor to lag estimation. Table presents the good agreement
between Javelin, PyROA and Sour except for the M2 band where we see different
orders of magnitude for each and Javelin being two orders of magnitude higher than
PyROA. The unrealistically negative Sour M2 band estimate may be due to the far
wider lag distributions when compared with Javelin and PyROA. When combined
with Sour’s symmetric treatment of lags a negative estimate may be plausible. The
extra wideness was tested and is primarily due to aliased peaks mixing with real

lags, this may be eliminated depending on the source and optimising the lag search
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constraints. Lags obtained from the peak position of the cross-correlation instead
of the centroid may be an interesting test of this extra wideness. Although centroid
lags were thought to be more representative of the physical scale of the reverber-
ating region (Gaskell and Sparkel [1986), estimates may be biased by asymmetric
cross-correlation functions, due to aliased peaks for example, whereas peak position
estimates may yield more realistic results. In any case, Sour highlights the inac-
curacy of traditional interpolated cross-correlation methods for accretion disc RM.
Symmetric treatments of the lag distributions also exist in Javelin and PyROA’s
default methodologies, encapsulated by the symmetry of the convolution operation
in equation and the symmetry about the y-axis of the transfer functions (Chan
et al., [2020)). Javelin by default uses a top-hat function and PyROA assumes the
same window width A, resulting in a uniform and symmetric transfer function for
both (Donnan et al., 2021)). However, due to the smaller lag uncertainties, negative
lag estimates seem to have been avoided. Showing that Javelin and PyROA are
superior for obtaining realistic and physical lag estimates and thus scales of the
reverberating regions. Both also have the ability to accept asymmetric transfer
functions which may bring accretion disc RM analyses more in-line with the thin
disc model. The transfer function of the thin disc model is asymmetric which res-
ults in continuum light curves that are not only shifted and blurred but also skewed.
Chan et al.| (2020) estimated that the use of symmetric transfer functions may ac-
count for time lag estimates that are ~ 20% smaller than in actuality which, of
course, results in smaller than expected scales for the reverberating regions. From
the perspective of the accretion disc size problem, Javelin and PyROA have the
flexibility to integrate this new level of precision and it would be interesting to

investigate the increased accuracy with the use of more physical transfer functions.

Finally, the Javelin estimate for the V band is less than half of the PyROA and
Sour estimate, however the maximum value uncertainty keeps it in agreement with
the PyROA and Sour lags. It isl be due to the lag limit hyperparameter for the V

band being overly constrained. Therefore, a larger lag limit with a greater number
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of samples for the V band may bring it to expectations. This does not significantly
deviate the § = 0.93 from the 5 = % when fitting for an accretion disc power law,
however, a better agreement could be achieved. [Edelson et al. (2019) present a
suggestion for the clear U band jump in lag estimates that involves the Balmer
excess (by a factor ~ 2.2), an unknown admixture across the U band of accretion
disc emission and diffuse continuum BLR emission (Edelson et al., 2019) across
UV /optical wavelengths. Modelling of the BLR emission needs to be conducted to
estimate the level of BLR continuum contamination. Interestingly, lags for Javelin,
PyROA and Sour for the M2, W1, and U bands (despite the known Balmer excess)
seem to be in better agreement with the thin disc model (8 = %) than if the fit

included the B and V bands.

The inter-band continuum lags for the ICCFs and Javelin in Table 3 from |[Edelson
et al.| (2019) for NGC 5548 is in agreement with the lags from Javelin, PyROA
and Sour found in this investigation (table are within 1o. This investigation
accurately repeated [Edelson et al.| (2019)’s results with Sour, an ICCF algorithm
but also found that the newer algorithms Javelin and PyROA can reproduce ICCF
lags with smaller uncertainties. Therefore, Javelin and PyROA more precisely fits
the expected 7 % relationship. However, all three methodologies are within 1o
except for Sour in the U band and Javelin in the V band. PyROA is generally closer
to the expected theory than Javelin and the V' band result for Javelin might be
indicative that Javelin has a tendency to be more unstable than PyROA. However,
unusual deviant lags are not present in Edelson et al.| (2019))’s Javelin lags and
given the asymmetric errors, it is likely that the Monte Carlo simulation did not
have enough iterations to converge. Furthermore, a lack of convergence is also
indicated by the Javelin errors being a factor of ~ 3 larger than [Edelson et al.
(2019). A similar excess of errors is seen with the PyROA and Sour lags in table
indicating poor convergence and insufficient simulations respectively. However,
further testing showed that Javelin’s anomalous V' band lag could be alleviated by

increasing the number of iterations or by restricting the range of possible lag values
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2.8.2. Accretion Disc Reverberation Mapping

further.

In the broader context of this investigation, many RM campaigns have found that
disc sizes are larger by a factor of 2 — 3. |Edelson et al| (2019) finds that after
excluding the U band (due to BLR emission) the disc size i.e. RM lags are a factor
of ~ 2 larger than what would be expected from a thin disc. [Edelson et al.| (2019)
states that because the uncertainties are small this is not necessarily inconsist-
ent with the thin disc model. However, larger-than-expected disc sizes have been
commonly observed in several RM campaigns (e.g. Mudd et al. (2018); Kokubo
(2018)). A partial explanation for the larger-than-expected disc size by Edelson
et al. (2019) is the BLR continuum excess observed primarily in the U band, which
this investigation finds. Balmer continuum emission from the BLR should vary on
longer timescales than the disc, so frequency-resolved RM analysis could be used to
remove the BLR component instead of excluding contaminated bands as [Edelson
et al.[(2019) has done. Usual RM techniques cannot easily distinguish between disc
and BLR emission. A recent example of frequency-resolved RM is [Cackett et al.
(2022) whereby the lags are calculated from each Fourier frequency of a given band
to, in principle, separate out reprocessing on different size scales. They apply a
maximum-likelihood, frequency-resolved method (for further details please refer to
the paper.) to the same AGN storm data set used in this investigation to produce 4
or 5 frequency bins depending on the light curve cadence. Figure 2 in |Cackett et al.
(2022) displays the lags in comparison to ICCF lags (not frequency resolved) from
Fausnaugh et al. (2016). They find that lags resolved with frequency bins less than
0.1days™! (or a variability period of 10 days ) do not evolve significantly, indicating
that reprocessing from size scales less than 10light — days occurs quickly which is
then biased by variability on scales larger than 10light — days to give a picture
similar to the ICCF results from |Fausnaugh et al. (2016) and table Lags not
produced from frequency-resolved incorporate timescales of ~ 27 days. Accretion
disc response functions from Cackett et al.| (2007)) were used to match the ICCF lags

for NGC 5548 and they found that frequency-resolved lags are more consistent with

38



2.4. Summary

a standard-sized accretion disc with a contribution from the BLR emission over a
larger-than-expected thin disc. Where the BLR becomes an additional reprocessor

at larger distances compared to the accretion disc.

2.4 Summary

This chapter is one of the first comprehensive comparisons of Javelin and PyROA
with traditional cross-correlation methods for reverberation mapping. This was
conducted on multi-wavelength band data from the dusty torus and the accretion
disc regions of NGC 5548. This has primarily been done with the motivation of
developing new and optimising existing light curve analysis techniques to produce
realistic scale estimates for application to accretion disc modelling and precision
cosmology. The latter involves constraining scale estimate structures within AGN

and, therefore, estimations for the Hubble parameter. In summary;

e Lag estimates from Javelin, PyROA, and Sour agree with the expectation of
~ 70 light days for the dusty torus. Cross-correlation methods suffered from
an underestimation of time-lags when compared with Javelin and PyROA
which is attributed to aliasing effects that result from the poor cadence of
the dataset. This may be evidence of accretion disc contamination and Javelin
may mask the accretion disk contamination due to a lack of sensitivity on
timescales of a few days. The significance of the accretion disc contamination
must be modelled in future studies. Despite, PyROA’s unrealistic fits, it
produces realistic time-lag estimates and these unrealistic fits may be reduced
with the use of alternative window functions. The robustness of all three
against sampling and uncertainties must be studied to conclude which is

optimal for the dusty torus regime.

o All three algorithms produce consistent accretion disc-like estimates for the

Edelson et al. 2019 dataset. Aliasing effects are significantly reduced due
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2.4. Summary

to the far better cadence of this dataset when compared with Koshida et
al. 2014. Significant problems arise with the cross-correlation due to the
symmetric treatment of lags and aliasing effects, this is also present with
Javelin and PyROA but it does not result in unrealistic estimates. To obtain
better agreement with the thin-disc model, asymmetric transfer functions
should be implemented with Javelin and PyROA. Proper modelling of the
BLR component to deal with the optical jump in lags as conducted by |Cackett
et al.| (2022)) to produce realistic scale estimates for structures within AGN.
Doing so will facilitate a better grasp of the accretion disc size problem,

estimating the black hole mass, and precise Hubble parameter estimates.

40



CHAPTER 3

Continuum Reverberation

Mapping for Mrk 1239

3.1 Introduction

For a geometrically-thin disc (Shakura and Sunyaev, |1973), the temperature-radius
profile follows T'(R) R~ and the corresponding time delay increases with
wavelength as 7 A3, As per the reprocessing picture, any time-lag, 7 can be
interpreted as 7 &~ % of the disc due to light travel time ¢ and the peak of a black-
body emission is given by Wien’s law A\pq0 = %. Where b is Wien’s displacement
constant. ‘Slim’ discs, at super-Eddington rates, should however show a different
temperature-radius profile with T'(R) R resulting in a lag spectrum 7 oc A2
Furthermore, the temperature profiles for the thin and slim discs produce spectral

power-laws that are F}, A5 and F, o« A, respectively.

There are now many disc (continuum) RM studies (Fausnaugh et al., 2016} |Edelson
et al., 2019; Hernandez Santisteban et al., 2020)) finding delay spectra compatible
with 7 oc A3 and thus consistent with the expected thin-disc temperature profile
at sub-Eddington accretion rates. However, the inferred disc sizes are consistently
larger than expected by typically a factor of ~ 3 (Mudd et al., 2018). |Cackett et al.

(2020) performed the first intensive continuum RM study for a super-Eddington
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quasar and found a delay spectrum consistent with either a thin or slim disc but a

SED that strongly followed f, o )\_%, expected for a thin disc temperature profile.

Several explanations have been proposed to explain the larger-than-expected lags
(resulting in the factor of 3 larger disc size). Most recently, [Starkey et al.| (2023)
introduces a ‘steep rim’ near the dust sublimation radius of the disc resulting in
matching observed and predicted optical lags. Furthermore, |Cackett et al.| (2023)
fit the ‘steep rim’ model to X-ray UVOT light curves from Mrk 817 and found
that it accurately reproduced the lag spectrum. They found that it accounted for
the larger-than-expected lags in the UV but also matched the flattening of the
lags seen in the optical. It also corroborated the significant deviations from the

expected lags in the X-ray.

A better test of the rimmed disc model would be to include longer-wavelength
optical light curves, as the RM campaign used in this investigation, to validate the
plateauing lag spectrum relation seen in (Cackett et al.| (2023). A rimmed disc’s
outer regions would be illuminated by the lamp post more strongly compared to
a thin disc thereby increasing the local temperature and shortening the emitted
wavelength, resulting in lags that appear to come from a larger radius if a thin
disc is assumed. The effect of reddening has not been explored on RM lags thus
far, which highlights uncertainty in the estimated accretion rate of AGN as it
determines the observed flux level of the disc (variable in nature) emission. For a
thin disc, the mass accretion rate M o Rgisc and so a larger accretion rate would
imply a larger disc radius - potentially being an explanation for the larger than

expected disc sizes measured by current RM campaigns.

Here we present results from the first dedicated accretion disk reverberation map-
ping campaign on the narrow-line Seyfert 1 galaxy Mrk 1239. In Section 2, we
discuss the science target and give the details of the observations and data reduc-
tion in Section 3. In Section 4, we outline the methods used to obtain lag estimates
and theoretical predictions and present our results. In Section 5, we discuss the

derived physical scales of the accretion disk and how they relate to the ’thin disk
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3.2. Target Selection

model’. Finally, in Section 6, we present a short summary and our conclusions.
We have assumed throughout cosmological parameters Hy = 69.6 km s~ Mpc™!,

Q= 0.286 and Q) = 0.714.

3.2 Target Selection

The object Mrk 1239 (Table [3.1)) was shown to exhibit a narrow-line Seyfert 1
(NLS1) AGN by |[Rafanelli and Bonoli (1984)). However, Pan et al.| (2021]) suggested
that Mrk 1239 exhibits characteristics that make it closer to a Seyfert 2 AGN.
Notably, the high degree of polarisation (P ~ 5.6%) is heavily obscured with E(B—
V) = 1.6. Mrk 1239 was the highest polarised source observed by |Goodrich! (1989)
and the Balmer lines had a higher polarisation than the forbidden lines suggesting
a physically distinct origin. [Pan et al. (2021) finds the bolometric luminosity to
be Ly = 2.5+ 0.5 x 10 ergs™ and the black hole mass to be Msypgy =
9,4+ 0.6 x 10°Mg. [Pan et al| (2021) obtained the black hole mass estimate by
measuring the width of the Paschen 3, 7, and § BELSs in the near-infrared (NIR)
with a full with at half maximum (FWHM) of FW H Myir gL, = 1090 + 80 kms 1.

Based on the extinction-free model for transmitted AGN radiation, the luminosity
at 5100 A is scaled with a bolometric correction factor Ls1go (Richards et al., [2006])
to give the bolometric luminosity. Doi et al.| (2015) reported that Mrk 1239 is
a radio-quiet Fanaroff-Riley Type 1 galaxy with parsec-scale jet structures with
evidence of non-stellar radio emission originating from the AGN. Interestingly,
initial analyses of the soft X-ray spectrum in the range 0.3 — 3.0 keV found it was
remarkably consistent over 20 years, dominated by the host galaxy as the central
engine is heavily obscured [Pan et al.| (2021). However, Buhariwalla et al.| (2023
found evidence of ionised emission originating from two equally bright plasmas, one
photoionised and one collisionally ionised. The former matches the outflow velocity
of the forbidden O —V I emission line and is constrained to originate from no closer

than the inner radius of the torus (a few pc from the central source).
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3.3. Overview of the Data

Table 3.1: Object properties. We have assumed throughout cosmological paramet-
ers Hy = 69.6 km s~ Mpc~t, Q,, = 0.286 and Q) = 0.714.
Object I' A %Dec HDL z
(J2000) (J2000) (Mpc)

Mrk 1239 09 52 19.102 -01 36 43.46 87.2 0.019927

3.3 Overview of the Data

Despite the inner regions of Mrk 1239 being heavily obscured it exhibits strong
variability at UV /optical wavelengths. It is thus an ideal candidate to probe the
sizes of accretion disks, and to validate standard accretion disk theory. Using high
signal-to-noise and high-cadence light curves, this reverberation mapping analysis
aims to test standard accretion disk theory and to provide constraints on the size

of the accretion disk in Mrk 1239.

The 7-band photometric light curves of Mrk 1239 were obtained from the Las
Cumbres Observatory (LCO) global robotic telescope network. Mrk 1239 was
observed as part of an intensive disc reverberation mapping campaign from 2021
December 21 to 2022 April 10 (111 days) achieving an average sub-daily cadence
of ~ 0.415days. The range of cadences in each band is given in the fourth column
of table Multi-band data was captured with the Sinistro cameras on the LCO
1-m robotic telescopes. Each covers a 26.5 x 26.5 arcmin® field of view with a
4K x 4K pixel array of 15 um CCD pixels with 0.389 arcsec pixel !). Exposures
were taken in pairs (table to account for cosmic ray impacts and for internal

consistency of the flux error estimates.

CCD image data from the LCO archive provided bias and flat-field corrected im-
ages processed with BANZAI (McCully et al., 2018). Multi-aperture aperture
photometry was extracted with SEXTRACTOR (Bertin and Arnouts, 1996]) on
every image. The images were smoothened in a 200 pixel mesh with a global back-
ground model, large enough to avoid extended sources influencing the background

estimate. After subtracting the background model and performing the aperture
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3.3. Overview of the Data

photometry, the aperture photometry was performed with a 5 arcsecond radius
aperture, providing light curves robust against a range of atmospheric conditions
(e.g. airmass, seeing) taken throughout the year and at different sites without
compromising the signal-to-noise ratio. Comparison stars in each field were used
to perform an image zero-point calibration at each epoch. The AAVSO Photomet-
ric All-Sky Survey (APASS) DR10 (Hernandez Santisteban et al., 2020) for the
g’ ', 1", B and V filters, and for zs Pan-STARRS1 (Flewelling et al., |2020). For
the u” band, where no APASS information was available, the Swift/UVOT U band
images were used to obtain the fluxes of reference stars in the field. All colour
correction and atmospheric extinction coefficients were obtained from [Valenti et al.
(2016) and applied before the photometric calibration. 3o clipping was applied
to the zero-point estimates and bootstrap samples used to estimate uncertainties.
This procedure is identical to the one outlined in [Hernandez Santisteban et al.
(2020); Donnan et al. (2023). Since multiple telescopes contributed to the data,
the observations from different telescopes were intercalibrated and merged to form
a single light curve for a given filter. The method, firstly, determines telescope-
specific scale factors arising from different CCD sensitivities and the filter and
telescope transmissions. And secondly, background flux offsets, arising from dif-
ferent angular aperture sizes or angular resolution. The light curve photometry
and inter-calibration were pre-processing steps conducted before this investigation

obtained them.

The presence of strong broad emission lines (BELs) within some of the photometric
windows of the optical bands means that there are expected to be flux excesses in
certain bands (table , hence, multiple bands were used as the ‘driver’ in the
reverberation mapping analysis. Table [3.3] presents the line flux estimates for the
fluxes of the strongest lines, this is to estimate the contribution and influence of
the broad-line region (BLR) which is variable on the time scales of the accretion
disc lags. The width of the Ha line is large enough that it might contribute to

the 7' band flux (see figure . Deviations from the expected power law could be
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3.3. Overview of the Data

1m/Sinistro Filter tc;p [s] Epochs Cadence [days]

w (3540 A) 2 x 300 268 0.415
B (4361 A) 2x60 279 0.399
g’ (4700 A) 2x60 268 0.415
V (5448 A) 2 x60 280 0.397
' (6215 A) 2x60 265 0.420
i’ (7545 A) 2 x 60 257 0.433
zs (8700 A) 2x 120 260 0.428

Table 3.2: LCO Photometry

due to diffuse continuum emission (DCE) from the BLR. This was accounted for
by Hernandez Santisteban et al.| (2020). Furthermore, the Balmer bound-free con-
tinuum or Balmer jump can also contribute up to 40% of the observed continuum
around the 3500 A continuum as shown by figure 2 and table 3 of Edelson and
Malkan| (1986]). The Balmer jump results from a stellar process whereby electrons
in hydrogen atoms are ionised directly from the second energy level. This creates
a continuum absorption at wavelengths shorter than 3500 A. Mrk 1239 contains
strong Balmer lines which correlate with the Balmer jump resulting in a continuum

bump (Knigge et al., [1998) seen in figure
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1m/Sinistro Filter Passband BEL Line Flux [x10713-<4-| ¢, [s] Epochs Cadence [days]

w (3540 A) 3250 — 3750 A — — 2 x 300 268 0.415
B (4361 A) 3916 — 4781 A He, Hy HS: 1.64 2x60 279 0.399
H~: 2.82
g’ (4700 A) 4020 — 5520A HS, Hy Hé: 1.64 2x60 268 0.415
H~: 2.82
Hp Hp: 4.74
V (5448 A) 5028 — 5868 A - - 2x60 280 0.397
1’ (6215 A) 5520 — 6910 A  Ha Ha: 21.0 2x60 265 0.420
i’ (7545 A) 6900 — 8190A Ha Ha: 21.0 2x60 257 0.433
zs (8700 A) 8180 — 9220A OI OI : 2.65 2 x 120 260 0.428

Table 3.3: LCO photometry for Mrk 1239, including the contaminant line fluxes estimated by fitting the broad emission lines (BELs)
in the MIKE spectrum.
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3.4. Time-series analysis and results

3.4 Time-series analysis and results

In this section, we first derive theoretical lag predictions and then present a con-
tinuum reverberation mapping analysis of Mrk 1239 using Javelin, PyROA and
Sour. Tables , show the photometric lags from the LCO (Las Cumbres
Observatory) light curves in the Bessel (U, B, V), SDSS (g’, r’, i’), and Pan-
STARRS (zs) filters.

3.4.1 Theoretical Lag Predictions

To validate the assumptions of reverberation mapping and the time lags the meth-
odologies extracted, a theoretical disc model was fitted to a contemporaneously
obtained optical spectrum of Mrk 1239 - obtained on 01/04/2022. The spec-
trum was measured from the red and blue arms of the MIKE echelle spectro-
graph (Bernstein et al. [2003) on the Magellan telescope. The combined spec-
trum spanning 3300A — 9500A. The black hole mass and bolometric luminos-
ity were taken from Pan et al| (2021) and were Mpy = 9.4 x 10° Mg and
Lpoy = 2.5 x 10*° ergs™' respectively. These result in a mass accretion rate of
M = 0.44 % from Lpy, = eMc?, assuming an efficiency factor of n = 0.1. The

resulting Eddington ratio is then % =2.1.

An Eddington ratio of 2.1 as suggested by |[Pan et al.| (2021) is unusually large and
instead, the SMBH mass is likely to be a factor of 10 larger. To demonstrate this we
fit a thin disc model spectrum to the observed MIKE spectrum to derive an estimate
of the mass accretion rate. Assuming the SMBH mass from Pan et al. (2021), a
disc temperature profile can be constructed that relates disc temperature to disc
radius (equation 3.17 from |Peterson/ (1997)). Wien’s law then allows the midpoint
wavelengths of the LCO bands to be related to a characteristic disc temperature.
However, the reality as mentioned in Chapter 1 equation that every disc annuli

contributes to a wide wavelength range of disc emission that can be red or blue
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shifted which needs to be accounted for. Typically this comes in the form of a
corrective factor of order unity and [Mudd et al| (2018)); |[Fausnaugh et al.| (2016)
state that is dependent on the wavelength of emission and black hole mass, for
NGC 5548 they found it to be 2.49. RM assumes that the relevant time scales are
light travel time across the disc radius so that the wavelengths of the LCO bands
correspond to disc radii defined by an estimate of the mass accretion rate. Fig. [3.2]
presents three thin discs over a smoothened MIKE spectrum from 3800A — 41004,
a range informed by the known factors that affect the shape of the continuum as
described in section 3.3. The green dash-dot line corresponding to the Eddington
ratio from [Pan et al.| (2021) is a factor of a few larger than the MIKE continuum
seen. By eye, the MIKE spectrum continuum suggests that the Eddington ratio is
roughly 10% — 15% of the [Pan et al.| (2021) estimate as can be seen by the pink
dashed line in figure [3:2 This continuum range was chosen from the blue end of
the spectrum to maximise the amount of disc emission while fitting. It should be
acknowledged that this is not a good fit beyond 4100 A and is done solely to check
the Eddington ratio estimate in [Pan et al.| (2021) and to inform the Eddington
ratio for the theoretical lags. The theoretical lags will then later be used to scale
the measured lags to illustrate the differences with the thin disc model. We take a
value of 14% Ly = 2.5 x 10% ergs™! (Pan et al.| [2021) to calculate the theoretical
lags in the second column of table [3.4] and the first column representing the mass
accretion rate implied by 100% of Pan et al.| (2021)) is kept for reference. The
14% value was obtained by aligning a thin disc spectrum to the un-reddened z
band RMS flux as can be seen in figure [3.20] and it fits within the 10 — 14% range

estimated above.
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H$ H~y Hp3 Ha Ol
(4183 A) (4427 A) (4958 A) (6695 A) (8614 A)
/I i |

x10~14

z = 0.01993

10

~15
10 3000 4000 5000 6000 7000 8000 9000

A A

Figure 3.1: Top: MIKE Spectrum in the observed frame smoothened with a
Savitzky-Golay filter (Savitzky and Golayl, [1964) with a window length of 150 days
and a fitting polynomial order of 3. The contaminant BELs are indicated by arrows
and the coloured ranges represent the spectral widths of the photometric bands.
The Ha line width may also influence the i’ band. Bottom: MIKE spectrum plot-
ted with a log flux scale to see the continuum level.
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Figure 3.2: Thin disc fits the MIKE spectrum in the rest frame at Eddington ratios Rgqq = 0.21, 1.48, and 2.12 corresponding to 10%,

70%, and 100% of Lpy (Pan et al.| 2021) fitted between 3800 A — 4100 A and shown between 3000 A — 9000 A.
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3.4.2. Interband continuum lags

Time Lag [days]

Band (0.445) (0.06572)
m = 2.12 m = 0.30

u (3540 A) | — —

B (4361 A) | 0.322 0.161

g (4700 A) | 0.451 0.236

V (5448 A) | 0.751 0.386

r (6215 A) | 1.073 0.558

i (7545 A) | 1.663 0.869

z (8700 A) | 2.210 1.148

Table 3.4: Theoretical lags as implied by Eddington ratios at 100% and 14% of the
bolometric luminosity estimate from Pan et al.| (2021) respectively.

3.4.2 Interband continuum lags
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Table 3.5: Matrix of interband continuum lags for the Javelin algorithm. Each
column is the lag measured relative to one of u, , B, gorV bands.
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Table 3.6: Matrix of interband continuum lags for the PyROA algorithm.

0.369
2.0297 527

0.333
1.13977 525

3.4.3 Cross-correlation Analysis

0.334
1.4027 522

0.289
0.4307 557

The multi-band light curves were first normalised using a Z-score, subtracting the

mean and dividing by the standard deviation. The mean and variances were cal-
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8.4.8. Cross-correlation Analysis
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Table 3.7: Matrix of interband continuum lags for the Sour algorithm.

Zero — point Javelin ‘ PyROA ‘ Sour
0.681 0.388 0.286
B ().008_82%2 _0'068183?18 0'000_8%(1;%
g 0.048%62%0 —0.051+601;?é8 0.012t£64§;9
14 —0.1521 940 | 0.0157152 | —0.0007 353

Table 3.8: zero point lag measurements for Javelin, PyROA and Sour.

culated locally using only pairs of data contributing to a given lag bin. The mo-
tivation behind this lies in the fact that AGN variability is weakly non-stationary
(Hernandez Santisteban et al., 2020) so a ‘local’ normalisation is more appropriate
than a ‘global’ normalisation. Each CCF result consisted of a correlation power
(in arbitrary units) against time lag, with a peak where the degree of similarity
between the two input light curves is the highest. The location of this peak using
the centroid midpoint at 80% of the highest point, was then taken as the time lag
estimate. The centroid measure was chosen as Koratkar and Gaskell| (1991) showed
that it is correlated with the luminosity-weighted reprocessing region and so can

be interpreted as a physical quantity.

Furthermore, due to the uneven sampling of the AGN light curves, a ‘two-way’
interpolation for each pair of bands was implemented. The CCF power was cal-
culated, first, by interpolating in the driving light curve and then re-calculated by
interpolating in the lagged light curve. These two CCFs were then averaged to
produce a final CCF that is symmetric in keeping with the idea that an autocorrel-
ation function is an even function and hence, symmetric and normally distributed

(Peterson et al., 1998 Hernandez Santisteban et al.,[2020). The method of interpol-
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3.4.4. Javelin

ation used was ICCF (interpolated cross-correlation functions) whereby the method
validity depends on whether the gaps between flux measurements are sufficiently
small such that a linear interpolation between them is a reasonable approximation
for the true behaviour of the light curve. The u and B bands were initially chosen
as the driving light curve because they have the shortest wavelengths and therefore
closest to the peak of the thermal disc emission. The analysis was then expanded

to the g and V bands for consistency.

The FR/RSS (flux randomisation/ random subset selection Peterson et al. (1998))
method was then used to provide model-independent time lag uncertainties. This
is a Monte Carlo technique that builds up a time lag distribution from multiple
realisations of a CCF for a given pair of light curves. In each realisation, Gaussian
noise is added onto each flux measurement depending on the flux error, assuming
they are normally distributed. Additionally, for a light curve consisting of N points,
the FR/RSS method picks a subset of points with replacement to create a new
time series. The data points that were selected more than once had their error
bars decreased by a factor of R_%, where r’ is the number of times a data point
is selected. (1 — %) is the probability that a data point is not selected in a given
realisation so that (1 — %)N — é is the fraction of the data set not selected in
a given realisation. This is because each data point has the same independent
probability of not being selected. The CCF is then measured and the weighted
mean of all the points above 80% of the highest CCF power value. The time lags
presented in table[3.7)are the median centroid lags determined from 500 realisations
with the errors being the 68% confidence intervals. This number of realisations was
chosen to optimise the running time and a larger number did not reduce the errors

significantly.

3.4.4 Javelin

As per |Zu et al| (2011)’s methodology, all light curves are assumed to be shifted,

scaled, and smoothened versions of a user-specified ‘driving’ light curve. A DRW
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—At
model is defined by an exponential covariance function 0% rwerp prW  where At =

|t; — t;] is the time separating two observations in time. oprw and Tprw are the
DRW model parameters. Physically, 74 is the exponential damping timescale of a
random walk. Using a Markov Chain Monte Carlo (MCMC) calculation, the shifts
and re-scaling parameters for all the light curves were fit simultaneously, providing

a well-defined and self-consistent means of interpolating all the light curves.

For Javelin to avoid measuring aliased peaks, initial runs were conducted to qual-
itatively identify time-lag peaks that are symmetric around a time lag of 0 and
then limits were set on the possible values for the time-lag values. Aliasing can
occur due to the uneven sampling of AGN light curves (Zu et al., 2011). Three key
parameters for the MCMC simulation were nwalker (50), nburn (100), and nchain
(50) with the default values given in brackets. They are the number of MCMC
walkers, the number of burn-in iterations, and the MCMC chain length. The de-
fault values were not sufficient to fit 7 light curves simultaneously and so were set

to 250, 200, and 200 respectively. And the final time lag limits were set to different
values depending on which band was set as the driver (table: [3.9).

u' B g V
u [—2.5,0.5] [3.5,0.0] | [=3.5,0.0]
B [0 0,2.0] —2.5,0.5] | [~2.5,0.5]
g | [0.0,2.5] { 0.5,2.5] | — [—1.0, 1.0]
V [1]0.20,2.5] | [0.0,3.0] |[0.0,3.0] | —
r | [0.50,3.5] | [0.5,3.0] |[0.5,3.0] |][0.0,3.0]
i |[0.75,4.0] | [0.0,4.0] |[0.0,4.0] |[0.2,4.0]
z |[1.0,5.5] |]0.0,5.0] |[0.0,5.0] |[0.5,5.0]

Table 3.9: Matrix of time lag limits for Javelin. The left and right elements of each
array represent the lower and upper limits of the possible lag value for that pair of
light curves.

For this investigation, the Javelin ‘spectroscopic’ multi-band mode was utilised on
the 7 LCO light curves (see figure to measure the inter-band continuum lags
to then compare for consistency with two other methodologies. The 16th, 50th,
and 84th percentile of the MCMC samples (or time lag distributions) were taken

as the 1o and estimate values of the observed frame time lags for each light curve
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8.4.4. Javelin

pair in table An alternative Javelin mode that directly fit a thin disc model
parameters was tested but it found poorly constrained parameters. However, fixing

one of the parameters enabled the disc size or the power-law value to be estimated.
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Figure 3.3: Model fits by the Javelin algorithm from the parameters used in table When the v/ band was set as the driver with
wavelength increasing downward.
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3.4.5. PyROA
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Figure 3.5: u band lag distributions for Javelin (blue) and PyROA (red) compared
with the CCF centroid distribution (Sour) shown as the green outline.

3.4.5 PyROA

PyROA was applied to the 7 LCO light curves with the u‘, B, g‘, and V bands
(see figure set as the driving light curve (table and again the 16th, 50th,
and 84th percentiles of the MCMC time lag samples being taken as the 1o errors
and measured values respectively. To optimise for short run-times but small time
lag errors the number of MCMC samples was set to 2500 with a burn-in iteration
number of 5000. PyROA takes in a user-specified set of ranges for A;, B;, and
7; - assumed to be the same range for all the light curves being fitted. Table
[3-10] outlines the input ranges for the ROA model parameters used for all columns
of table Furthermore, extra variance was added to the flux errors for each
light curve to account for additional uncertainty not included in the error bars (for

further details refer to Donnan et al.| (2021))).
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3.5. Interband Lag Results
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Figure 3.6: B band lag distributions for Javelin (blue) and PyROA (red) compared
with the CCF centroid distribution (Sour) shown as the green outline.

A B T A o

[0.0,25.0] [0.0,25.0] [-7.0,7.0] [0.01,15.0] [0.0,10.0]
Table 3.10: PyROA parameters used in table

3.5 Interband Lag Results

Matrix tables and present the results from Javelin, PyROA and Sour
respectively. Each table’s first, second and third columns represent the RM results
with the v/, B, ¢/, and V bands set as the driver respectively. For the results to
be consistent between different drivers, the expectation is that the lags are anti-
symmetric (LT = -L) about the leading diagonal of the matrix table. For example,
the u — B = —(B — u). Figures and [3.7| present the distributions from the
three algorithms. The bins for Javelin and PyROA were set at 250 whereas the

Sour bins were the default at 10 because the key comparison that was desired was
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Figure 3.7: g band lag distributions for Javelin (blue) and PyROA (red) compared
with the CCF centroid distribution (Sour) shown as the green outline.

between Javelin and PyROA as Sour is the legacy CCF algorithm.

It is vital to consider the significance level of each lag measurement from zero to
motivate an interpretation of the lags. Generally, the longer the wavelength gap
between a pair of bands the more important the lag measurement was. However, for
Javelin, when the B and ¢’ bands were set as drivers the lag errors were relatively
larger than for the u’ band. This meant only 3 out of 8 significant measurements
that were not u’ band driven. This was not the case for PyROA or Sour, which had
consistent lag errors across different drivers. Table [3.8] presents estimates of the
zero-point error from each of the three algorithms and the different drivers. The
zero-point lag was found by duplicating the selected driving the light curve. The
uncertainties were taken directly from the three algorithms, they are several orders
of magnitude larger than the zero-point lags which suggests that the zero-point lag

errors are consistent with 0 days. When the u band is set as the driver, the lags are
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Figure 3.8: V band lag distributions for Javelin (blue) and PyROA (red) compared
with the CCF centroid distribution (Sour) shown as the green outline.

greater than 20 significance from the v/ band zero point lag for wavelengths longer
than the V band for Javelin and PyROA, and for wavelengths longer than the ¢’
band for Sour. Interestingly, the zero point lag is larger in magnitude for Javelin
as the driving light curve increases in wavelength. However, there is no consistent

trend with PyROA or Sour.

Furthermore, it is also important to compare the deviation of the measured lags

from their theoretical prediction as a function of wavelength. This is presented in

fig. [3.10] 3.11] and [3.12] representing the case when the u, B, g, or V bands

are set as the driving light curve. The theoretical lag values used are the second
column of table representing 14% of Lpg,; from Pan et al. (2021)). Consistent
across all the drivers there is a wavelength dependence of the divergence of the
measured lags over the theoretical lags, with the lags in the ' and B bands being

more divergent than those at longer wavelengths. However, PyROA is generally
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Figure 3.9: Measured lags scaled by theoretical lags relative to the u band for the
B, g, V, r i, z band. Horizontal solid green, blue and red lines are the average
difference from the theoretical lags for Sour, Javelin and PyROA respectively.

the least divergent compared to Javelin and Sour. All three converge to 3x the

theoretical estimate from the ¢’ band onwards.

3.5.1 Lag Spectrum

The standard thin-disc model for irradiation comes from the lamp-post model
(shown in figure and Dovc “iak et al.) which is a gross idealisation to sim-
plify the calculations of the influence of light on the disc emission. The model
states that most of the AGN power originates from a point-like patch of corona
sitting above the plane of the disc and emitting power-law radiation. Although

this model is non-physical, and there is a developing consensus from data against
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Figure 3.10: Measured lags over theoretical lags relative to the B band for the
u, g, V, r, 1, z band. Horizontal solid green, blue and red lines are the average
difference from the theoretical lags for Sour, Javelin and PyROA respectively.

this model (Zoghbi et al., 2021)), it still provides a useful comparison for the meas-
ured data and a test of alternative physical disc models (for example the rimmed
disc model or discs that take into account relativistic corrections) because there is
strong evidence for the reverberation of optical wavelengths within AGN. Section
4.5 and figure 8 in Krolik et al.| (1991) also outline the thin disc model geometry
required for disc fluctuations at different radii to reverberate. They claim that disc

emission must be turned off completely within a certain gravitational radius.

The lamp post model predicts a disc radius-wavelength relation of R o )\%, to
test this prediction the lag spectrum, 7/, as a function of A\ was fitted using the

functional form:
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Figure 3.11: Measured lags over theoretical lags relative to the g band for the
u, B, V, r, i, z band. Horizontal solid green, blue and red lines are the average
difference from the theoretical lags for Sour, Javelin and PyROA respectively.

T=Tx—Txg =T l(;;)ﬁ_l‘| ) (3.1)

where Ty, is the disc radius at an effective emitting wavelength A\g. The lag results
from all three algorithms (tables and [3.7), with the u band set as the
driver, were plotted against the photometric band centre wavelengths shown as the
pink dots in fig. [3.13]- [3:16] Equation [3.1] allows for two possible free parameters

Ty, and B. Fitting or fixing these parameters allowed for 4 combinations outlined

in tables |3.11|, |3.12L |3.13L and When S was fixed to % as expected from a

standard thin-disc. Secondly, when 7y, was fixed it was estimated from equation
5 in Kokubol (2018). The best-fit errors were derived from the square root of the

parameter covariance of the least squares fitting.
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Figure 3.12: Measured lags over theoretical lags relative to the V band for the
u, B, g, r, i, z band. Horizontal solid green, blue and red lines are the average
difference from the theoretical lags for Sour, Javelin and PyROA respectively.

‘ I6] ‘ T [days] ‘ x2%/d.o.f. ‘ d.o.f
(1) 0.93+£0.70 [ 250 £2.63 | 1.83 4
(2) s 146 +£0.12 | 2.23 5
(3) | 1.24 +£0.07 1.61 2.13 5
(4) : 1.61 1.69 6

Table 3.11: Fit parameters and chi-squared goodness of fit - u band driver. Bold
values are fixed, in the case of f it is fixed to 3 for cases (2) and (4). For 7y, it
is fixed to 1.61 days for the u band, calculated from the flux-weighted disc radius
(Kokubo, 2018) in cases (1) and (3).

The first fit in fig. — was produced by limiting %—0.4 < B < %4—0.4 based
on a range of measurements from Edelson et al.| (2019)) and Hlabathe et al.| (2020).
Without this limit the fitting algorithm produces an unrealistically large 7y =
11935.34+1.12x 10" days and B* = 0.042.63 x 10~! with a x?/4 = 0.43 indicating

an over-fitting of the data. Similarly, unrealistic parameters were found when the

66



3.5.1. Lag Spectrum

(1) A u B i 7 (2) A u B e i 7
I 0% <
=2 1 g 2 z
-
- "/ - =
’/ y
O — 0
. 0.5 0.5
oA
é 0.0 0.0
—0.5 —0.5
4000 6000 8000 4000 6000 8000
3) 4)
(3) A ( A
= Y - P
~ =
. 0.5 0.5
QEU 0.0 0.0
—0.5 —0.5
4000 6000 8000 4000 6000 8000
A A

Figure 3.13: R)— A\ of the thin-disc expectation compared with the error propagated
averages of the Javelin, PyROA, and Sour lags. (1) § and 7y, are left as free
parameters to be fit. (2) S is fixed at % and Ty, is left as a free parameter to be
fit. (3) f is left as a free parameter and 7, is fixed as in table (4) B is fixed
at % and 7y, as in table The solid blue line is a power-law best fit of the
lag averages. The shaded blue region represents the error-propagated uncertainty
overlay for the lag averages at 1o. The shaded orange cross-hatch error overlay in
(1) is indicated differently due to the poorly constrained fit parameters.

driving light curve was set to the B, g, and V bands. Imposing this limit on 3
results in (1) in tables - with a more realistic but poorly constrained 73 =
2.50+2.63 days, Tﬁ = 2.32+5.00 days, Tfo = 2.26+5.66 days, 7')‘\/(; = 3.36+2.77 days.
These are 0.340, 0.040, 0.020, and 0.180 respectively away from the theoretical
estimates of 1.61 days, 2.12 days, 2.35 days and 2.86 days. And 0.400, 0.18¢c, 0.020,
and 0.220 respectively away from the (2) estimates of 7§ = 1.46 & 0.12days,
T = 1.40 + 0.22days, 7§ = 1.39 £ 0.30days, and 73, = 2.19 & 0.30days. The

small significances are due to the poorly constrained fit estimates in (1). When £ is
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Figure 3.14: R)— A\ of the thin-disc expectation compared with the error propagated
averages of the Javelin, PyROA, and Sour lags. (1) § and 7y, are left as free
parameters to be fit. (2) f is fixed at % and Ty, is left as a free parameter to be
fit. (3) f is left as a free parameter and 7, is fixed as in table (4) B is fixed
at % and 7y, as in table The solid blue line is a power-law best fit of the
lag averages. The shaded blue region represents the error-propagated uncertainty
overlay for the lag averages at 1o. The shaded orange cross-hatch error overlay in
(1) is indicated differently due to the poorly constrained fit parameters.

fixed to %, Ty, = 1.46£0.12days, and Tﬁ = 1.40+0.22 days, T/‘(\JO = 1.39+0.30days,
and 7')‘\/0 = 2.1940.30 days which are 2.500, 3.270, 3.200, and 2.230 away from and

in agreement with the theoretical estimate.

However, when 7y, is fixed in (3), 8 was estimated to be g% = 1.24 £ 0.07, 58 =
0.98 +0.11, 89 = 0.88 + 0.14, and BY = 1.04 £ 0.11 respectively (tables
which are 1.560, 3.210, 3.240, and 2.670 respectively away from the
theoretical % expectation. And 0.44c0, 0.030, 0.030, and 0.160 respectively away

from the § estimates in (1) where both 3 and 7), were left as free parameters.
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Figure 3.15: R)— A\ of the thin-disc expectation compared with the error propagated
averages of the Javelin, PyROA, and Sour lags. (1) 8 and 7y, are left as free
parameters to be fit. (2) S is fixed at % and 7, is left as a free parameter to be
fit. (3) B is left as a free parameter and 7, is fixed as in table (4) B is fixed
at 3 and 7y, as in table The solid blue line is a power-law best fit of the
lag averages. The shaded blue region represents the error-propagated uncertainty
overlay for the lag averages at 1o. The shaded orange cross-hatch error overlay in
(1) is indicated differently due to the poorly constrained fit parameters.

The fits in fig. either do not fully capture the data, especially for (2) and
(3) but less so for (1) and (4). Suggesting that the power law in equation is

not an appropriate function to fit the data. This seems to be in contrast with

Hernandez Santisteban et al. (2020).

When the driving light curve is set to the B band, shown in fig. [3.14] the fitting
algorithm achieves worse results in (1), (2), and (3) with the x?/d.o.f.s all being
further away from 1. Indicating that the model is underfitting the data which can be

seen by several points being missed out by the fit. The theoretical Tﬁ = 2.12days is
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Figure 3.16: R)— A\ of the thin-disc expectation compared with the error propagated
averages of the Javelin, PyROA, and Sour lags. (1) 8 and 7y, are left as free
parameters to be fit. (2) S is fixed at % and 7y, is left as a free parameter to be
fit. (3) B is left as a free parameter and 7, is fixed as in table (4) B is fixed
at % and 7y, as in table The solid blue line is a power-law best fit of the
lag averages. The shaded blue region represents the error-propagated uncertainty
overlay for the lag averages at 1o. The shaded orange cross-hatch error overlay in
(1) is indicated differently due to the poorly constrained fit parameters.

expectedly greater than for the u band being the driver at 1.61 days, however, the fit
estimates are slightly lower at 2.3245.00 days for an unfixed § and 1.40+0.22 days
for § = % compared to 2.50+2.63 days and 1.46+0.12 days respectively when the u
band is the driver. This trend continues when the g band is set as the driver in table
such that that 7'5(\70 is lower than both 7} and Tfé . This cannot be physical
as it suggests that the accretion disc gets smaller with wavelength. A potential
explanation could be because the B and g bands have a notable lag excess present,

biasing the best-fit line to a smaller magnitude y-axis intercept. Secondly, when
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observer

Tout accretion disc

Figure 3.17: Lamp post model geometry with a geometrically thin and optically
thick accretion disc being irradiated by a hot corona above the plane of the disc.
This image was taken from [Dovc “iak et al.

‘ I6] ‘ T [days] ‘ x2/d.o.f. ‘ d.o.f
(1) [0.93+1.55 [ 2.32+£5.00| 3.16 4
(2) 3 1.40+0.22 | 3.22 5
(3) | 0.98 £0.11 2.12 2.75 5
(4) 2 2.12 2.68 6

Table 3.12: Fit parameters and chi-squared goodness of fit - B band driver. Bold

values are fixed, in the case of it is fixed to % for cases (2) and (4). For 7y, it

is fixed to 2.12days for the u band, calculated from the flux-weighted disc radius
(Kokubo, 2018) in cases (1) and (3).

looking at TX) in table both (1) and (2) are greater than their respective values
in table 3111

It is notable that the fits when the V band is set as the driving light curve are better
than when the driving light curve is the B and g bands as the x2/d.o.f. values are
closer to 1. The fits in fig. and do not fully capture the data, as the

x2/d.o.f. values are greater than 2. Suggesting that the power law in equation
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3.5.2. Fractional Variability

‘ B ‘ Tao [days] ‘ x%/d.o.f. ‘ d.o.f
(1) [0.93+1.86 [ 2.26 £5.66 | 2.75 4
(2) 2 1.39+0.30 | 2.77 5
(3) | 0.88 +£0.14 2.35 2.33 5
(4) 2 2.35 2.84 6

Table 3.13: Fit parameters and chi-squared goodness of fit - g band driver. Bold
values are fixed, in the case of 3 it is fixed to 3 for cases (2) and (4). For 7, it
is fixed to 2.35days for the u band, calculated from the flux-weighted disc radius
(Kokubo, 2018) in cases (1) and (3).

| B | 7 [days] | x*/d.o.f. | d.o.f
(1) 0.93+£0.69 [ 336 +2.77 | 1.34 4
(2) 3 2194030 | 1.55 5
(3) | 1.04 +0.11 2.86 1.27 5
(4) 3 2.86 1.75 6

Table 3.14: Fit parameters and chi-squared goodness of fit - V band driver. Bold
values are fixed, in the case of 3 it is fixed to 3 for cases (2) and (4). For 7y, it
is fixed to 2.86 days for the u band, calculated from the flux-weighted disc radius
(Kokubo, 2018) in cases (1) and (3).

is not an appropriate function to fit the data. This points to the contribution of
the BEL contamination in both the B and g bands suggesting also that Tfo and Tf\]O

are poor physical representations of light travel time.

3.5.2 Fractional Variability

Filter Foor

0.024 4+ 0.00036
0.025 4 0.00027
0.021 4+ 0.00027
0.020 4 0.00031
0.017 4+ 0.00036
0.019 4+ 0.00037
0.024 £ 0.00041

w3 < iy

Table 3.15: Fractional variability calculated using the procedure outlined by
Fausnaugh et al.| (2016]). The uncertainties were calculated through error propaga-
tion and are shown for reference but they are effectively 0.000 given that they are
all 2 orders of magnitude smaller than the estimated value.

The fractional variability (F,q,) is a measure of the degree of variability of a light

curve. F,,- as a function of wavelength was calculated according to the procedure
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3.5.83. Spectral analysis
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Figure 3.18: Fractional variability as a function of wavelength, in angstroms, with
the band centres plotted above the plot in multi-colour.

outlined by |Fausnaugh et al.[|(2016) and is shown in fig. It was found that Fi,,
steadily decreases from the B band to the v’ band this is to be expected due to the
increasing contribution of the underlying host galaxy, whose non-varying spectrum
is redder than that of the varying AGN and dilutes the variability from the AGN.
Interestingly, from the r’ band to the z5 band F,,, increases quite significantly.

This might suggest strong dust extinction present in the ¢’, V, 7/, and ' bands.

3.5.3 Spectral analysis
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3.5.8. Spectral analysis
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Figure 3.19: PyROA implementation of the Flux-Flux analysis, code taken mostly
from J. Hernandez with some adaptations. U band is taken as the driver normal-
ised, and plotted on the x-axis. The purple dot-dash lines (F) indicate a lower
limit estimate of contamination from the host galaxy, the BLR, and the y-axis zero
value. The blue dashed lines (Fy and F}) indicate the bright and faint values of
the driver (u band) over the campaign.

74



6L

Filter F [mJy] Host Galaxy [mJy] Fy, — Fy [mJy] ﬁ]l/[gf % IS [, — Fy [mJy] (Corrected)
B (4361 A) 3.82+£0.001  0.07 £ 0.057 0.29 + 0.004 32.347% 2.4361% 2.02 +0.027
g’ (4700 A) 4.66 £0.091 0.744+0.071 0.35 £ 0.128 32.350% 2.4354% 2.03+0.739
V (5448 A) 6.26 £0.116  1.26 +0.100 0.47 +0.164 32.346% 2.4352% 1.94+0.674
r’ (6215 A) 7.76 £0.152  3.36 £0.127 0.58 +0.214 32.351% 2.4355% 1.91 +0.700
i’ (7545 A) 10.14 £0.257 3.06 £0.173 0.76 = 0.362 32.347% 2.4352% 1.92 +0.908
zs (8700 A) 9.80 £0.370 5.86+0.172 0.74 £+ 0.520 32.353% 2.4356% 1.45 4+ 1.018

Table 3.16: Reconstructed spectrum of the mean flux F, constant host galaxy component, and variable bright minus faint F, — F' 't
component by decomposing the photometry flux assuming a linear driving relation equation The last three columns also show the
RMS spectrum as a fraction of the bright minus faint and the mean flux spectra; and the unreddened bright minus faint component
that accounts for extinction. The RMS fractions in the penultimate two columns have been shown with more than necessary significant
figures to demonstrate a difference but they are all consistent with 32.35% and 2.44%.
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Figure 3.20: Spectral energy distribution in the rest frame of the bright-faint (blue), RMS (grey) component, and the AGN constant
component (purple). The cyan line is the AGN mean flux and the pink line is the thin-disc power law expectation for an Eddington
ratio of 0.3 that is obtained from a value of 14% of Lpy, = 2.5 x 10%% ergs™! (Pan et al.| 2021). The dotted blue line is the elliptical
(13Gyr) SWIRE template (Polletta et al.} 2007) scaled to match the flux from the z; band galaxy component in purple. Lime-green
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points indicate the un-reddened Fj, — Fy variable component accounting for an internal extinction of E(B — V') = 1.6.
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3.5.83. Spectral analysis

The reprocessing model assumes that the variability in the lagged light curves lin-
early responds to the driver light curve, to test this, the fluxes of the lagged light
curves can be plotted against the driving light curve flux (Xq(¢)), which is normal-
ised so that (Xg) = 1 and Xy = 0. Alternatively, the lagged light curves are scaled
and shifted versions of the driving light curve (taken from [Hernandez Santisteban

et al.| (2020));

FO\) =C(\) +SO\)X (1) (3.2)

Given a time at which there is driving light curve flux measurement the flux meas-
urements in the lagged light curves at that time are assumed to be a linear combina-
tion of C'(\) and S(A). C(X) and S(A) are functions of wavelength because they will
vary with each lagged light curve. C'()) is a constant for each light curve and S(\)
can be understood as the RMS (root-mean-square) spectra (Cackett et al.| (2020)).
Furthermore, contamination of the photometric bands from the host galaxy and
diffuse continuum emission from the BLR can be estimated by extrapolating the
linear model of the first band that crosses F,, = 0 (fig. |3.19). Then the non-varying
contamination spectrum can be estimated by taking a vertical line Fiz (dot-dashed
lines in fig. at the crossing point. Furthermore, fig. and also show
that the maximum and minimum AGN spectra can be evaluated by taking vertical
lines at the faintest and brightest driving light curve fluxes (shown by Fy and Fy).
Fig. and illustrate that a linear response model fits well within the span
of the observations which can be then extrapolated to estimate the extent of flux

contamination.

Fig. was produced by adapting the flux-flux analysis code published as an
extension to the PyROA package. PyROA outputs MCMC samples of the C'())
and S(\) parameters directly which enabled each light curve to easily fit with the
error overlay to be estimated from the 1o bounds of the MCMC samples. Since

Javelin utilises a different model to optimise the DRW parameters for the lagged
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3.5.83. Spectral analysis

light curves to be scaled and reprocessed versions of the driver, it was necessary
to manually fit each light curve against the normalised driver and using the least
squares uncertainty to produce the error overlay. This ensures that Fg, F), and
Fy are comparable to fig. . F, — Fy can be understood as the total amount of
variable flux while AGN RMS flux is the amount that Fj — F) varies in units of

flux. F, — F then is a measure of variability.

Before constructing the spectral energy distribution in fig. all the flux values
obtained from photometry were un-redden to account for dust in the Milky Way
using the Fitzpatrick| (1999) and a dust extinction of £ (B — V) = 0.064 (Schlafly
and Finkbeiner, 2011)) before being shifted to the rest-frame. For consistency, fig.
[B:20] overlays the continuum extracted from the MIKE spectrum from 6 wavelength
bins over the range 4499A — 8600A selected to avoid emission lines and instrument
noise. The spectral shape agrees with the mean flux from photometry and com-

pletely agrees with the zg band.

Unexpectedly, the Fy, — F is flat across the photometric bands. The expectation is
that emissions from shorter wavelength bands originate closer to the central black
hole and their variability is driven more strongly. Secondly, shorter wavelength
bands are expected to be less contaminated by host galaxy starlight that peaks in
the red optical and NIR wavelengths. The variable component of flux should be
strongest at the shorter wavelength bands; the flat Fj, — Iy spectrum motivates an
investigation into whether reddening causes the observed flux deficit. [Pan et al.
(2021)’s analysis of the UV-optical-IR spectral energy distribution found a direct
and transmitted component that is heavily obscured (E(B—V') ~ 1.6) and another
indirect and scattered component with mild extinction (E(B—V') & 0.5). The effect
of reddening can be seen in fig. [3.20| with the elliptical 13 Gyr host galaxy SWIRE
template being greater than the galaxy component extracted from the photometric
bands for the shortest bands. The transmitted component was accounted for by
un-reddening using a Small Magellanic Cloud (SMC) extinction curve resulting in

the green I}, — F; points in fig. The amount of variability after un-reddening
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3.6. Discussion

is then much closer to a disc shape. The thin-disc model in fig. can then be
qualitatively aligned to find an estimate of the Eddington ratio, h = 0.3. This

corresponding to 14 % of Ly = 2.5 x 10% ergs™1.

3.6 Discussion

3.6.1 Accretion disc size

The lag spectra are fit by a power law 7(\) = A2 (8 = % for a thin disc) when the V
band is set as the driving light curve and when 5 and 7, are left free (table .
However, this fit is poorly constrained, 7, = 3.66 & 2.64 days and 5 = 0.93 £ 0.60,
and results in 7), estimate that is larger than the theoretical estimate from flux
weighted thin disc by a factor of 6 (Kokubo, 2018; Mudd et al., 2018; [Fausnaugh
et al| |2016; Cackett et al., 2007) and by a factor of 10 by estimating the accretion
rate from the Fj, — Fy fluxes. The fit is well constrained when £ is fixed at 3 = % as
in (2) of fig. with 7y, = 2.38 £ 0.30 days. Which is a factor of 3 larger than
the theoretical estimate from a flux-weighted thin disc and a factor of 7 larger than
from the F}, — Fy fluxes. Despite the enlarged disc size estimates (at the reference
wavelength), the lags are consistent with a 7, o A3 power law. Although the
Javelin lags (table are mostly consistent with PyROA and Sour, the fits in
figure fail to reproduce peak-to-peak amplitudes in the v and " band which, on

its own, rules it out as a viable algorithm.

The measured accretion disc sizes, after accounting for extinction, indicate incon-
sistency with predicted lags by a factor of 3 — 4 on average depending on the
algorithm. Some of the discrepancies between Javelin, PyROA and Sour are very
large given the uncertainties they claim thus some lags are inconsistent with each
other (for example the V-r lags in figure . Therefore, more work needs to be
done to understand the systematic errors between the three algorithms before thin

discs can be ruled out for certain. Figure demonstrates this with the observed
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3.6.1. Accretion disc size

lags scaled by the expected timescales so that the y-axis shows the multiples of
difference from the expectation. The expected lags are the theoretical lags implied
by the thin disc temperature profile in equation with an accretion rate corres-
ponding to 14% of Lpy from Pan et al.| (2021) which is rh = 0.3 (see table
Measured lags a factor of a few larger were expected and have been regularly seen,
for example, [Fian et al. (2023); Hlabathe et al.| (2020); |Fausnaugh et al. (2016)).
However, figure 1 of [Sun and Malkan| (1989) relativistic corrections might be large
enough to account for the discrepancy between the expected and measured lags
and figure 2 shows how little of the disc spectrum can be described by the L, V3
relationship, and a huge effect of disc inclination which is in contradiction to the
convention and idealisation we use in this thesis - summarised by figure[I.2] There-
fore, it is likely that equation [1.5|is an oversimplification, especially for a rapidly
spinning black hole, and equation [1.6]is incorrect for the disc regions that produce
blue light. Despite this, there may be indications of diffuse continuum emission
from the BLR (observed by |[Hernandez Santisteban et al.| (2020)) for Fairall 9), in-
dicated by deviations in the lag spectra from the best-fit line in the B, ¢/, and r’
bands (fig. corresponding to BLR contaminant line fluxes (table and figure
3.1). Using an MCMC procedure model, [Herndndez Santisteban et al.| (2020) finds
model parameters for a mixing of the DCE lag contribution (scaled from NGC 5548
accounting for relative luminosity Korista and Goad| (2019)) and disc lag compon-
ents. A similar analysis for Mrk 1239 may account for the enhanced lags and show
a better fit to a thin disc model. As discussed in section Cackett et al.| (2022)
developed a frequency-resolved accretion disc lag model that showed that for NGC
5548 the lags are more consistent with a standard-sized accretion disc with a BLR
emission when compared to a larger-than-expected disc. A similar analysis should
be done with Mrk 1239 to investigate the factor of ~ 3 — 4 difference between

expected and observed disc sizes.
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3.6.2. Fluz-flux analysis

3.6.2 Flux-flux analysis

The unexpected shape of the fractional variability spectrum in fig. [3.1§ motivated
the investigation of the origin of the light curve variability using the Flux-Flux
method (Starkey et al., 2017). The strong linear relationships between the faint
and bright states in fig. [3.19] imply a constant flux distribution thus validating
the linearised RM assumptions used by Javelin and PyROA. That is, each light
curve is linearly related to the (hypothetical) driving light curve Starkey et al.
(2017) using a variable and constant component; allowing for a decomposition of

the photometry.

The corresponding spectral reconstruction in fig. @ of the Iy, — Fy component
does not match the spectral shape expected shape for a thin disc and the Eddington
ratio from |Pan et al| (2021)) is i & 2. Rodriguez-Ardila and Mazzalay| (2006]); [Pan
et al.| (2021)) propose and observe evidence for a dusty torus, accounting for this
may resolve the spectral shape of the variable component with that of a thin disc.
Although a dusty torus is only one potential explanation, the roughly flat spectral

shape heavily implies that dust reddens the original disc emission.

3.6.3 Unreddening

The spectral shape is resolved to the expected A o V3 shape by applying an
extinction based on an SMC extinction curve of E(B—V') = 0.54 (Rodriguez-Ardila
and Mazzalay, |2006; Pan et al., [2021)) to the I, — F; fluxes accounting for dust in
a torus located between the narrow line region and the broad line region. Fitting
the thin accretion disc model to the un-reddened fluxes in fig. [3.20] corresponds to
an Eddington ratio of m = 0.28 or 14% of L, from [Pan et al| (2021). However,
accounting for reddening does not resolve the disc size tension, measured disc radii

are still ~ 3 — 4x the expected size (fig. [3.9).

The intercepts of the best-fitting linear relations in fig. were used to derive the

constant host galaxy spectrum in fig. [3:20] This is compared to an elliptical SWIRE
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3.6.3. Unreddening

template with significant discrepancies observed at the B-band. Testing ruled out
reddening as an explanation for the discrepancy and the cause of reddening on the

variable component isolated to the disc emission.

It is also important to note that estimates at several wavelengths of the MIKE
continuum flux in fig. [3.20] match the order of magnitude as the extinction-free

template used in the SED composition by |Pan et al.| (2021).

For the standard thin disc model, the lag spectrum is constrained such that 7 %
and the expected disc SED to F} x A5, Starkey et al. (2023) seeks to tackle these
constraints by demonstrating the effects of semi-analytic models with a finite disc
thickness profile, H (7). It is motivated by a desire to reconcile lag spectra implying
high Eddington ratios and SED fits implying the opposite (please see fig. in|Starkey
et al. (2023))) by adjusting the disc shape, reducing the fraction of disc surface
exposed to lamp post-irradiation while simultaneously increasing the temperature
at the outer disc regions. A similar reconciliation of the time lags and a thin
accretion disc was identified by Meeting and Bertout| (1991) due to reprocessing in
the outer parts of the thin accretion disc that can dominate the optical continuum.
The |Starkey et al.[(2023) rimmed-disc model was fitted to the reddened, untreated,
F, — Fy fluxes to test whether it could be an alternative to dust extinction. The
rimmed-disc model is a finitely thick disc defined by an exponentially increasing
disc thickness modelled as a power law. The case of a concave disc (power-law
greater than 1) should increase irradiation for the outer disc by tilting it towards
the central regions thereby increasing the disc temperature in the outer regions
and allowing for inflated disc lags. Fig. [3.20] shows a rimmed disc with a height
of 0.01light — days at ~ 1light — day disc radius. The rimmed disc cannot match
the spectral shape of the F, — Fy fluxes without a discrepancy at the B band and
unreasonable model parameters. An Eddington ratio of rin = 0.01, a disc height of
~ 20— 25light — days (at ~ 1light — day from the centre), and an inner disc radius
less than the innermost stable circular orbit is required to fit the reddened Fy — Fy

fluxes. Furthermore, the implied theoretical disc sizes from the rimmed disc fit to
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3.6.4. Obscuration

the reddened Fy, — Fy fluxes are a factor of ~ 5 — 6 smaller than the observed lags,

making the disagreement worse when compared to a thin disc.

3.6.4 Obscuration

Table shows the estimated flux from BELs (Balmer series) within the photo-
metric bands which may be connected to the deviations of the B, g, and r* bands

from the lag spectrum best fits in fig. [3.13] [3.14], [3.15] and [3.16] However, a strin-

gent analysis has not been conducted to investigate the origin of the deviations
from the best fits and for whether Mrk 1239 shows evidence of a flux excess. A
lag excess may result from a flux excess around the Balmer break (3654 A), which
could introduce longer timescales of variability has been observed for several AGN
(Edelson et al., 2015| |2017) [2019; Fausnaugh et al., 2016; Cackett et al., |2020;
Herndndez Santisteban et all 2020). However, some AGN show no obvious lag
excess in their lag spectra, such as Mrk 817 in [Kara et al.| (2021). The origin of
the Balmer excess is also disputed and Mrk 1239 could be a good candidate to test
the BLR origin proposed by Edelson et al. (2019) and the ionised obscurer origin

proposed by Kara et al.| (2021)).

Kara et al.| (2021) detect new narrow and broad UV absorption lines and depression
of soft X-rays relative to a spectrum from 2009 (Winter et al., 2011) which they
say implies the existence of a dust-free ionised wind acting as an obscurer inwards
of the BLR. They also find that the optical HS emission line lags the optical con-
tinuum by 23 days, similar to previous HF RM campaigns, however, for the first
55 days of the campaigns the Lya and C IV BELs from the BLR showed little
correlation with the UV continuum but as the obscuration in the X-rays appeared
to decrease, the next 42 days showed a consistent lag of around 2 — 3 days, on the
same timescale as accretion disc variability. An interesting connection is made by
Neustadt et al.| (2023]), where to test the lamp post reverberation model (Krolik
et al., [1991) they fit the UV /Optical light curves for Mrk 817 to produce maps of

the temperature fluctuations of the accretion disc in time and radius. They find
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3.6.4. Obscuration

that a significant component of the disc temperature variability is driven intrins-
ically and not through reverberation and they separated long-timescale variability
intrinsically from the disc from reverberation by detrending the light curves. Fur-
thermore, the residuals of unmodified light curves (relative to a lamp post-RM
modelled light curves) for both Mrk 817 and NGC 5548 were consistent with a lag

of around 0 days with Javelin.

A possible explanation could be that these residuals are a result of reprocessing
by the mildly ionised clouds obscuring the disc proposed by |Kara et al.| (2021))
because of its close proximity to the disc (see fig. 1 of Kara et al.|[(2021))). Anomal-
ously broad Balmer emission lines should be expected if this obscurer contributes
significant Balmer continuum flux but this is not seen and lag excesses in the U
and u bands disappear after detrending (Cackett et al., 2023) suggesting that the
lag excess originated from a long timescale variability such as the BLR. Interest-
ingly, the lag excess does not disappear for NGC 5548 (Fausnaugh et al., |2016)
despite Neustadt et al. (2023)) finding that the residuals were consistent with a
near 0 day lag. This could be a result of the second-order polynomial and running
Gaussian average detrending methods used for NGC 5548 and Mrk 1239 respect-
ively. Neustadt et al.| (2023)’s disc model cannot reproduce a flux excess localised in
wavelength because of the large overlap in disc radii that contribute to the emission
in each band. Therefore, a BLR origin for this lag excess is possible for Mrk 817
and NGC 5548. Although Mrk 1239 is a NLS1 AGN with evidence of heavy dust
obscuration, it has a luminosity of Lgy = 2.5 x 10%° ergs~! (far larger than typical
type 2 AGN luminosities of 5 x 10* ergs™!). In comparison, type 1 Seyferts Mrk
817 and NGC 5548 have bolometric luminosities of 9.2 x 10* ergs~! (Miller et al.l

2021) and 4.0 x 10** ergs~! (Landt et al., 2019) respectively.

The dip in the X-rays at ~ 2keV for Mrk 817 seen by |[Kara et al.| (2021)) that
motivated the outflowing and X-ray obscuring ionised clouds is seen in Mrk 1239
(fig. 3.21). The right plot in fig. also shows how the soft X-rays have changed

over many years corresponding to a change of a factor of ~ 10 from 2009 to 2021.
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Figure 3.21: X-ray spectra for Mrk 1239 (left, Buhariwalla et al.| (2020)) and Mrk
817 (right, Kara et al|(2021)) with the dip in the soft X-rays at ~ 2keV.

This indicates that a similar structure could be present in Mrk 1239. If these
clouds are extended enough they could account for BLR continuum emission and
extinction in optical wavelengths. The presence of dust would be determined by
the temperature of the material, with dust forming at ~ 1500 K for pure silicate
dust and ~ 2000K for pure graphite dust. The temperature is regulated by the
material’s opacity and the emission from the AGN’s central regions, as well as
the extent to which the emission is isotropic. recently discusses the
obscured soft X-rays in Mrk 1239 connecting it to the existence of radiation-driven
dusty winds enabling the effective Eddington ratio of dusty and dust-free gas to be

different and enabling Mrk 1239 to have a high accretion rate. This radiation-driven

dusty wind along with the outflowing ionised gas from [Kara et al. (2021)) might
form a part of a radiative feedback mechanism, theorised by (2023)), within

Mrk 1239. To break the degeneracies of the origin of Balmer excess and the dust

extinction, more high luminosity AGN with and without evidence for obscuration
should be investigated from the X-rays to the near-IR to clarify whether RM lags
indicating a flux excess near the Balmer break is connected to dust extinction seen

in the spectra of obscured AGN such as Mrk 1239.
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3.6.5 Rimmed disc and obscuration on unreddened fluxes

Disc models with infinitely thin profiles are unphysical because they are incompat-
ible with the hydrostatic equilibrium that must be formed because of disc heating
from either viscous dissipation or lamp-post irradiation. The analysis above sug-
gests that a rimmed disc cannot explain the larger-than-expected disc sizes as well
as the flat spectral shape of the Iy — F}, fluxes and that dust reddening is the likely
cause of the discrepancy between the observed and expected disc spectral shape.
Nevertheless, a rimmed disc fits the unreddened Fj, — F; fluxes well and it is similar
in shape to a thin disc as seen in fig. The implied disc sizes from a rimmed
disc with an 7 = 0.30 and a disc height of 0.01light — days at ~ 1light — days
from the centre are, on average, larger than the observed lags with the v’ and B
bands set as the driver (fig. and with a strong wavelength dependency.
The v/, B. and ¢’ implied disc lags indicate good agreement as they are less than
a factor of 2 in difference from the observed lags; in contrast to the thin disc lags
being a factor of ~ 3 —4 smaller than observations (for example fig. . However,
the r’, 7/, and z, implied lags are a factor of ~ 2 — 3 and ~ 3 — 5 larger than the
observed when the «' and B bands are set as the drivers respectively. Therefore,
the rimmed disc model by Starkey et al.| (2023) reconciles the larger-than-expected
RM lags for bands less than V (5548 A) as well as the spectral shape when fit to the
unreddened fluxes. A factor of ~ 3 —5 difference remains for the longer wavelength
bands. The observed flat spectral shape cannot then be a result of intrinsic disc

emission and must result from a non-disc source.

A potential explanation for the smaller-than-expected lags when compared to the
rimmed disc could result from a biasing towards smaller lag values. It is ex-
pected that RM algorithms measure the average lag Zu et al. (2011); Donnan
et al.| (2021); Edelson et al. (2017)) (hence the need for detrending procedures as
in [Herndndez Santisteban et al. (2020])). Variability time scales smaller than the

intrinsic disc emission could, therefore, result in smaller-than-expected measured
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Figure 3.22: Spectral energy distribution in the rest frame of the bright-faint (blue),
RMS (grey) component, and the AGN constant component (purple) that is very
similar to fig. [3:20] The main difference is that the rimmed disc model is fit to
the Fy, — Fy fluxes with a disc height of 0.01light — days at 1light — day from the
centre and with an Eddington ratio of v = 0.30 corresponding to 14% of Lp,; from
Pan et al. (2021).

lags. Speculatively, an obscuring outflow model analogous to [Kara et al.| (2021))

could be an explanation. Firstly, there is a dominant H —« BEL in the r’ band with
a line flux of ~ 21 x 107 ¥ ergs lem =2 (see table [3.3)); allowing for the possibility
of contaminant flux from a non-disc structure causing a bias to the lag. Secondly,

the dip seen in the X-ray spectrum around ~ 2keV as in figure Indeed,

Pan et al.| (2021)) also refer to dusty outflows but on scales < 100pc. Contem-

poraneous multi-wavelength spectroscopy could more precisely connect RM disc
structure with spectral features, especially in highly luminous obscured AGN such

as Mrk 1239 and the blue(or red)-shifting of the H — o BEL might ascertain the

nature of any outflows that might affect RM lags. As |[Kang et al.| (2017) states,

blue-shifted H — « lines tend to be associated with biconical outflows in type 2
AGN. Alternatively, it may be the case that the rimmed disc model is invalid for
this disc at radii larger than ~ 1.5light — days and, although beyond the scope of

this thesis, further augmentations might be needed to the model as described by

Starkey et al.| (2023).
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Figure 3.23: Measured lags over theoretical lags from a rimmed disc model relative
to the u band for the B, g, V, r, i, z band. Horizontal solid green, blue and red lines
are the average difference from the theoretical lags for Sour, Javelin and PyROA
respectively.

3.7 Summary

We have performed the first accretion disk reverberation mapping campaign on the
narrow-line Seyfert 1 galaxy Mrk 1239. For this study, we have used high-cadence
optical light-curve data spanning the near-UV to the near-infrared collected by the
Las Cumbres Observatory over ~ 2 years. Our main results can be summarised as

follows:

(i) We have used three algorithms; Javelin, PyROA and Sour, with a DRW model,
an ROA model, and ICCF method to measure lags from photometric optical light

curves. We find consistency between all three algorithms for most of the lag values
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Figure 3.24: Measured lags over theoretical lags from a rimmed disc model relative
to the B band for the u, g, V, r, ¢, z band. Horizontal solid green, blue and red lines
are the average difference from the theoretical lags for Sour, Javelin and PyROA
respectively.

in tables B-6] and 3.7 Inconsistencies for different driving bands are likely
because of the algorithms understating the uncertainties and more investigation of

the systematic differences between the three algorithms.

(ii) The lag-spectra best fit for when the V' band is set as the driver is the best-
constrained and results in a power-law of 8 = 0.93 4 0.60 with a disc size at the
V band of 7, = 3.66 & 2.64 days; which is a factor of 6 — 10 larger than expected.
Despite the larger-than-expected disc sizes, the lags are consistent with a 7 A3

power-law expected for the lag-wavelength relationship.

(iii) The fractional variability of the light curves was unexpectedly not monoton-

ically dropping, which prompted our decomposition of the light curves flux into a
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variable (Fy — F},) and host galaxy components. The variable component does not

match the expected F), A3 power law and is instead close to flat.

(iv) Accounting for reddening with an extinction of E(B — V') = 0.54 (Rodriguez-
Ardila and Mazzalay, [2006) resolves the spectral shape with that of a thin disc for

an accretion rate of m = 0.30.

(v) Reddening does not resolve the disc size problem, however, as the expected disc
sizes are still a factor of 3—4 smaller than measured values. An alternative, rimmed
disc model, is not able to accurately reproduce the spectral shape of the decomposed
F,—Fy fluxes without an inner disc radius smaller than the innermost stable circular
orbit and an accretion rate m = 0.01. The average disc size discrepancy lies at
a factor of 4.4, 4.3, and 3.3 for Sour, Javelin and PyROA respectively with an

accretion rate of 7 = 0.3. This is consistent with other RM studies.

(vi) The |Starkey et al. (2023) rimmed disc model did, however, fit the F, — F¥
unreddened fluxes as in fig. as well as the observed lags except for the 7/, 7/,
and zs bands. The discrepancy for the longer wavelength bands could be related
to contamination from the H — « line and may be explained with an outflow model

analogous to Kara et al.| (2021).
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CHAPTER 4

Conclusions

Chapter 2 of this thesis sought a comprehensive comparison of two new RM al-
gorithms, Javelin and PyROA with the legacy ICCF algorithm. Comparing differ-
ent algorithms with independent methodologies informs the reliability of the RM
results and the robustness of the RM theory. Secondly, the comparison was con-
ducted on two different data sets with different variability scales. |[Koshida et al.
(2014), an optical-NIR, RM campaign for the dusty torus RM campaign on NGC
5548 and Edelson et al.| (2019), a UV /optical RM campaign for the accretion disc
of NGC 5548. The primary benchmark of comparison was the extent of agreement
with the published results by Koshida et al| (2014). The results from all three
algorithms were robust over multiple tests and found, qualitatively, in good agree-
ment with the published figures, after overcoming aliasing problems with Javelin
and Sour due to the limits of the parameter search being too large. Aliases were
removed by qualitatively identifying peaks symmetric about a time lag of zero days
and then constraining the limits of the possible values of time lags. For PyROA, we
encountered unrealistic error overlays due to the default Gaussian transfer function
and observational gaps in the data, however, this did not affect the lags and they

were consistent with Javelin, Sour and Koshida et al. (2014)’s data set.

For the disc RM of NGC 5548, Javelin consistently overestimated the lags when

compared to PyROA, Sour and the Edelson et al.| (2019) data set itself. We at-
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tribute this to further parameter optimisations that were not implemented due to
time constraints and a lack of MCMC convergence. We also sought to find any lag
excess as Edelson et al. (2019) observed in the U band due to diffuse continuum
emission from the BLR contaminating the disc emission. This was observed clearly
for PyROA and Sour but not Javelin due to the systematically larger lags. We also
tested the expected thin-disc spectra relationship using the Javelin’s disc mode
and found that the lags fit best a shallower lag spectra with a beta parameter of
around 1. This is in agreement with table 4 of Edelson et al.| (2019) which suggests
a similar power law of close to 1 including the UVOT wavelengths. We achieved
consistency between algorithms with independent methods and were also consist-
ent with two sources of RM data that operated on variability timescales with an
order of magnitude difference. Validation of the RM theory and the assumptions

that underpin it.

Mrk 1239 is an interesting object because it provided further tests of the assump-
tions of RM. After all, the extent of reddening is unusually high. It was an excellent
object to test the commonly observed larger-than-expected disc sizes as observed
by Fausnaugh et al. (2016]); Mudd et al.| (2018); Hlabathe et al. (2020) by a factor
of a few from new perspectives and to test new models that seek to resolve the
tension analytically, notably, the rimmed disc model by |Starkey et al.| (2023). We
then concluded that the flat spectral shape is non-disc in origin. In this sense, the
aims of the second chapter were more exploratory and we used a data-led approach.
Applying the algorithm optimisations we learned from Chapter 2, we obtained con-
sistent lags across all three algorithms and multiple RM ‘drivers’. We found that
although the RM lags were consistent with the 7 A3 power law they were larger
by a factor of 3 —4 than the thin disc model. The rimmed disc model and the disc
wind /obscuration model (Kara et al., 2021; |Cackett et al., 2023; Neustadt et al.,
2023) were discussed as potential explanations for the disc size discrepancy. We
reported an unusual fractional variability spectrum which motivated a flux-flux

analysis (Herndndez Santisteban et al., |2020)) to separate the variable compon-
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ents of flux from the constant component to reconstruct a disc spectrum using the
bright minus faint fluxes and the host galaxy spectrum using the constant com-
ponent. Crucially, the bright minus faint fluxes did not resemble a disc spectrum.
We found with further testing the rimmed disc model to see if it could explain the
unusual spectral shape and found that dust reddening is the most plausible cause
of it. It became crucial to find an explanation for the spectral shape and Eddington

ratio as well as the larger-than-expected disc sizes.

Another possibility that was explored was the disc wind model by [Kara et al.
(2021)) that connects a potential excess in the B, ¢/, and 1’ bands, a ~ 2kev dip
in the x-rays, and the obscuration that produces the flat spectral shape of the disc
component by suggesting that the disc winds might be expected enough to form
dust but further testing of the Balmer excess should be done to test this. Finally,
the rimmed disc model fits the unreddened fluxes well at an Eddington ratio of
m = 0.3, only in the u, B and g’ bands does the rimmed disc model reconcile the
spectral shape of the unreddened fluxes with the larger-than-expected disc size.
The other bands then present lags that are smaller-than-expected concerning the
rimmed disc model by a factor of 3-5 which we speculate could be made possible
by the |[Kara et al.| (2021) disc wind model creating H Alpha emission in the r band

biasing RM analyses to lower lag values for the r, ¢ and z bands.

Looking to the future, contemporaneous multi-wavelength spectroscopy to con-
nect RM disc structures with spectral features with torus dust reddening would
be key in the immediate future to validate the rimmed disc model for Mrk 1239
and similarly obscured AGN. Secondly, the cataloguing of AGN outflows and mod-
elling to distinguish outflow emission from BLR emission for the Hydrogen line
emission would bring clarity to the UV/X-ray outflow suggested by |[Kara et al.
(2021); Neustadt et al.| (2023)). Next-generation Big Data surveys combined with
advanced RM algorithms, such as Javelin and PyROA, have the potential to re-
solve an unprecedented number of AGN to high precision. The Legacy Survey of

Space and Time (LSST) at the Vera C. Rubin Observatory is expected to cover
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upwards of 10 million AGN during its lifetime. For example, extensive simulations
by [Pozo Nunez et al.| (2023) find that, for LSST, time lags can be recovered up to an
accuracy of 5% for light curves with a cadence of 2 days depending on the redshift
and contaminant features of the sources. Recent papers highlight specific gains
that LSST might have for the field in the coming years. Secunda et al.| (2023)) find
that Javelin can detect long lags of up to several hundred days with LSST mock
light curves that might help the study of the vertical structure of accretion discs
which would be helpful to put constraints on the rimmed disc model. [Brandt and
Xmm-Servs Team| (2023)) reports on the XMM-Newton survey results as well as
the proposed STAR-X MIDEX mission would cover LSST deep drilling fields and
could facilitate IR to X-ray SED fitting and hence connect spectral features with

RM more precisely over a large sample of AGN.
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