THE UNIVERSITY
of EDINBURGH

This thesis has been submitted in fulfilment of the requirements for a postgraduate degree
(e.g. PhD, MPhil, DClinPsychol) at the University of Edinburgh. Please note the following
terms and conditions of use:

This work is protected by copyright and other intellectual property rights, which are
retained by the thesis author, unless otherwise stated.

A copy can be downloaded for personal non-commercial research or study, without
prior permission or charge.

This thesis cannot be reproduced or quoted extensively from without first obtaining
permission in writing from the author.

The content must not be changed in any way or sold commercially in any format or
medium without the formal permission of the author.

When referring to this work, full bibliographic details including the author, title,
awarding institution and date of the thesis must be given.



Spectroscopic Monitoring of Long-term
AGN Transients: Threading the
Micro-needle.

Alastair G Bruce

Doctor of Philosophy
The University of Edinburgh
June 2018






“I may not have gone where I intended to go, but I think I have ended up where
I needed to be.”

Douglas Adams



1



Lay Summary

Active galactic nuclei (AGN) are extreme objects. The most luminous class
of AGN, also known as quasars, can produce enough energy to outshine entire
galaxies of stars. This happens in a volume of space not much bigger than our
own solar system. To power such a monster requires a supermassive black hole,
an object so dense that light cannot escape it and with a mass of more than a
million Suns. These behemoths are known to exist at the center of most galaxies.
By definition they don’t emit light but if any matter falls onto them this gives
them the potential to liberate huge amounts of energy before the material finally

reaches the central black hole.

We are confident that for an AGN to be able to radiate efficiently, an accretion
disc of matter must be present. In addition, when examining the specific
wavelengths of light emitted from these objects via spectroscopy, we know there
must be fast-moving clouds of material nearby and, in some objects, dense
obscuring material further out. However, the exact shape and structure of these
inner regions is beyond the resolution limit of modern telescopes, leaving many
unanswered questions. Additionally, all AGN are known to be variable, displaying

a characteristic ‘flickering” behaviour which can provide us with additional clues.

A sample of AGN have been discovered which are behaving unusually. Rather
than simply flickering, they are instead varying slowly and smoothly over periods
of years and changing brightness by factors of several. In this thesis I will be
analysing the light curves and spectra of these transients as they evolve. I will
also be exploring the possibility that the changes seen in these objects may not
be intrinsic to the AGN themselves. Rather they may be getting ‘lensed’” by a
massive object, such as a star, crossing our line of sight. This is a consequence of
the fact that massive objects can bend the path of light passing nearby and can
lead to the amplification of distant sources. If true, these events may be giving us

a unique opportunity to probe the inner-most regions of these enigmatic AGN.
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Abstract

All active galactic nuclei (AGN) are known to vary in the rest-frame UV /optical.
Typical variations are on the order of 30% or so and are stochastic in nature.
Therefore, the discovery of a number of extreme AGN transients, which are
smoothly evolving on year-long timescales and by a factor of four or more,
is surprising and necessitates further analysis. Are these objects simply at
the extreme end of the variability distribution seen in normal quasars or is
there another mechanism which can explain their atypical behaviour? The
primary focus for this work is on the possibility that a number of these extreme
AGN transients are actually rare, high-amplitude microlensing events, caused by
intervening stellar mass object(s). Not only do the microlensing models provide
an explanation for the observed variability but they also allow constraints to
be placed on the morphology of the emitting regions of the AGN, namely the

accretion disc and broad line region (BLR).

These transients have been monitored both photometrically and spectroscopically,
since their discovery. The majority of spectroscopic observations have been
conducted using the William Herschel Telescope. At time of writing (Sept.
2017), there are now 64 confirmed AGN and 235 individual spectra. The spectral
reduction pipeline, calibration and initial measurements are described in Chapter
2. This chapter also details the microlensing models and procedures used in
interpreting both the light curve information and spectral measurements. This
includes: a comprehensive treatment of the simple point-source/point-lens model;
quantitative point-lens models which allow for the use of extended sources; and
also an initial exploration into more complex lensing morphologies involving

multiple lensing objects and/or an external shear.

Chapter 3 details the results of the spectroscopic monitoring campaign for the
entire transient sample. A general classification scheme is developed which allows

for a comparison of the evolutionary trends seen in objects exhibiting similar



behaviour. A subset of transient AGN, the most extreme objects in the sample, is
also discussed in detail, with a particular focus on the evolution of the continuum,

line fluxes and equivalent widths.

Chapter 4 details the results of the analysis of four key targets, selected for their
suitability in addressing the microlensing hypothesis. For two targets the point-
source point-lens model performs very well. Lens parameters for these objects
are presented and in one particular case, the data is sufficient to allow constraints

to be placed on the size of various components comprising the broad line region.

Chapter 5 expands the microlensing analysis to include the entire AGN transient
sample. Approximately 10% of objects are well matched by a simple point-source,
point-lens microlensing model. In other objects, evidence is seen which requires
a more complex lensing scenario to adequately explain. In one class of objects

there is also evidence that the accretion disc is being resolved by the lens.

Chapter 6 revisits a notable flare seen in an AGN which lies behind M31. The
analysis reaffirms that this event is well described by a simple microlensing model
and provides an independent estimate that the most probable location for the lens
is within M31 itself.
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Chapter 1

Introduction

Since their discovery, Active Galactic Nuclei (AGN) have been the focus of a large
amount of research effort in the astronomical community. Efforts to produce a
unified model of AGN that describe their myriad observational properties have
come a long way but there are a number of uncertainties which still remain
(Peterson, (1997 Lawrence, |2012; |[Netzer], 2015)).

The focus for this thesis is on the variability of these enigmatic objects, partic-
ularly rare, high-amplitude events. This endeavor began with the serendipitous
discovery of a number of high-amplitude, slowly evolving optical transients that
spectroscopic follow-up revealed to be AGN (Lawrence et al.2016)). The observed
changes in magnitude are at the extreme end of the scale for AGN and offer up
clues as to the underlying physical processes involved. In addition to analysing
the spectral evolution of this sample, I will also focus on microlensing as one of the
possible explanations for the observed variability. That is, the apparent increase
in flux of a distant source due to an intervening stellar-mass object crossing near
to the line of sight (Wambsganss et al [1990; Chang & Refsdal, [1984)). This can
even, in some cases, allow constraints to be placed on the sizes of the emitting

regions involved.

Given the wide scope of the ongoing research surrounding AGN, it is prudent
to give a brief summary of these objects before focusing on topics which are
pertinent to this thesis. Key areas of research are the observational constraints on
the morphology and kinematics of the accretion disc and broad line region (BLR)
and the variability typically associated with these regions. I will also favour the

UV /optical regions of the AGN spectrum as these are the primary wavelengths



available to me from the photometric/spectroscopic monitoring campaign.

1.1 AGN summary

The earliest systematic study of nuclear activity in galaxies was that of Seyfert
(1943). Since then, this lower-luminosity class of AGN, where the host galaxy
is clearly resolved, have been referred to as Seyfert galaxies. Their more
luminous counterparts, the point-source-like quasars, were not confirmed to lie
at cosmological distances until a watershed moment in 1963 (Schmidt, [1963;
Greenstein|, |1963; Hazard et al., [1963; |Oke, 1963). It is now generally accepted
that accretion onto a central supermassive black hole is what powers these
luminous objects which can sometimes outshine their host galaxy by factors of
~ 100.

A defining feature of AGN is that they display broad spectral energy distributions
(SEDs) with significant output from the X-ray to sub-mmm and also radio in
the case of radio-loud objects (approximately 10% of the AGN population). In
addition, type-I AGN display prominent broad emission lines with typical velocity
widths ~ 10,000 km s~ at FWHM. Type-II AGN do not display prominent broad
lines or a strong optical-UV continuum. The difference is thought to be due to
obscuration of the central source. However, the presence of a BLR can still
be revealed through spectropolarimetry (Antonucci & Miller} [1985). Prominent
narrow emission lines, such as those seen in HII regions (Balmer lines,[OII],[OI1I]
etc.), are seen in both type-I and type-II AGN with typical velocity widths ~
500kms~!. Type-I AGN are also variable, showing typical continuum fluctuations
in the optical of around ~ 30% which increases as observations move further
into the UV. This variability occurs on both short (~days) and long (~years)

timescales and will be discussed in a later section.

Further subdivisions are possible. Some type-II AGN, rather than being obscured,
may not host any broad line region at all and are referred to as ‘true’ type-11 AGN
(eg. [Tran| (2003))). It is possible to characterise an AGN by its accretion efficiency
giving rise to ‘radiative mode’ and ‘jet mode’ definitions (Heckman & Best|,[2014)).
In the latter case the accretion disc is not radiating efficiently. The presence of
jets, and their orientation relative to the observer, also play an important role. If
the jet is aligned near to the line of sight, significant non-thermal emission, likely

synchrotron radiation, can dominate spectral observations. These jet-dominated
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Figure 1.1 Type-I SED reproduced from Richards et al| (2006) which includes
useful power-law slopes for comparison.

AGN are also significantly more variable and are known as blazars. A key blazar
sub-type, termed a BL Lac object, is notable for spectra which display a near-

featureless continuum.

The majority of AGN in this thesis can be considered type-I, radiative mode,
radio-quiet objects so I will concentrate the discussion in this area. However, six
targets from the sample (~ 9%), do have a viable cross-match in the NRAO VLA
Sky Survey (NVSS) (Condon et al., [1998)) making these candidates for radio-loud
AGN.

Figure [L.1] taken from [Richards et al| (2006) shows a typical type-I SED and

power-law slopes of the form F, o v®. The three key features are the X-ray
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Figure 1.2 Type-1 UV-optical composite spectrum of 718 quasars from the Large
Bright Quasar Survey, reproduced from |Francis et al.| (1991).

peak, the ‘big blue bump’ in the optical-UV and the IR-peak redward of the
1 gm minimum. It should be noted that the exact shape of the big blue bump,
blueward of the Lyman limit (13.6eV), is not well constrained. This is due to
the presence of neutral hydrogen in galaxies which effectively makes them opaque
to these ionizing photons. Figure , taken from Francis et al. (1991)), shows a
composite UV-optical spectrum where the broad emission lines are very clear and
are superimposed on a strong continuum which peaks in the UV. Also seen are

some prominent narrow lines.

It had long been suspected that the nuclear activity in galaxies has a common
origin which has led, over time, to the development of a ‘unified model’ for AGN
(Burbidge et al.l [1963; [Lawrence| |1987; |Antonucci, 1993). Such a treatment
allows for the myriad range of observed AGN sub-classes but depends only on a
few key parameters. The general picture is that all AGN are driven by accretion
onto a central supermassive black hole. Key variables are then the black-hole
mass, accretion rate and inclination relative to the observer but all are comprised
of essentially the same physical components. These, in approximate order of
increasing radius, are: the accreting black hole and X-ray corona; accretion

disc; broad-line-region clouds; obscuring dusty ‘torus’; narrow-line region. A
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simple consequence of geometry (and possible presence of a jet) can thus allow
an observer to see many different configurations of the same phenomenon. While
this goes some way towards explaining observations, many questions remain, chief
among them the nature of the dusty torus, perhaps more accurately described as
a clumpy obscuring medium. The current state of the unified interpretation is
considered in detail in Netzer| (2015]).

Further reading on the subject of AGN can be found in the following: [Peterson
(1997)) and [Netzer, (2013)).

1.2 The accretion disc

The central source of an AGN is very likely to be a supermassive black hole that
generates prodigious amounts of energy through accretion. It is generally agreed
that for the efficient generation of energy, which is required for high luminosity
AGN, there must be an accretion disc present. This accretion disc provides a
mechanism for the transport of angular momentum outwards whilst allowing the
infalling gas to radiate away some of the liberated energy before finally being
accreted onto the black hole. The accretion efficiency 7 is defined as L = nM ¢
and is 2 0.01 in the case of type-I AGN with a typical value thought to be ~ 0.1
or greater (Soltan, 1982; Yu & Tremaine, 2002; Elvis et al.,|[2002)). Another useful
concept is the Eddington luminosity Lg. This defines the maximum luminosity
of an AGN powered by spherical accretion, i.e. before the outward radiation
force exceeds the inward gravitational force, as Ly = 4mGemy,/oe. A radius scale
which will be of use is the Schwarschild radius Rg = 2GM /c?. A full relativistic
treatment shows that around a non-rotating black hole, the inner-most stable
circular orbit (ISCO) lies at a distance of ~ 3 Rs. This provides an estimate for
the inner edge of the accretion disc. If the black hole spin is taken into account this

radius generally decreases and the potential efficiency increases (Netzer, 2013).

The archetypal model for accretion discs around AGN is that of the standard or a
disc model (Shakura & Sunyaev, |1973; Pringle & Rees, (1972} Novikov & Thorne,
1973; [Frank et al.,|2002). It describes a geometrically thin (H/r < 0.1), optically
thick disc rotating at ~ Keplerian velocity with a blackbody emission profile that
varies with distance from the inner edge of the disc, with 7" oc 773/4 (r > 7y,). The
radial velocity of the in-falling material is much less than the orbital velocity. The

disc is likely turbulent and an « coefficient is used to parametrise the unknowns
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relating to the gas dynamics, relating the viscosity in the disc to the local sound
speed and scale-height of the accretion disc. The peak emission is expected at

radii of ~ 5 Rg and the model only applies to steady-state discs.

This model is lacking in several important respects, many of which are sum-
marised in [Koratkar & Blaes (1999) and Lawrence (2012). [Peterson (2008)
notes that it is a gross oversimplification as it significantly under-predicts the
X-ray emission and the prediction of F, o< v'/3 in the UV-optical is also not
what is observed. In addition, observations of near-simultaneous variability in
the UV-optical become hard to explain if the emission peaks at different disc
radii for different wavelengths. Blaes (2007) notes that this is due to a lack of
reprocessing in the model. For example, the X-ray emission is seen to vary on
smaller timescales than the UV-optical which suggests a smaller emitting region,
possibly outwith the disc itself. A hot X-ray corona outwith the disc could have a
significant effect on the SED due to scattering/heating but the conditions for the
formation of such a corona are still unknown (Netzer, [2013)). One other problem
concerns the observed peak in the SED at ~ 1100 A which implies a peak disc
temperature which is cooler than that predicted by the thin disc model (Lawrence,
2012). In the X-ray regime accretion disc models, which take into account the
opacity of the inner disc, can provide SED fits and a possible explanation for
the origin of the soft X-ray excess and harder power-law tail seen in AGN (Done
et al., [2012). The soft excess appears to diminish in importance as the accretion

rate increases.

The outer edge of the accretion disc is difficult to define but a natural outer
boundary would be where the vertical component of gravity due to the black
hole becomes less than the self-gravity of the material, causing it to form clumps
(Netzer, 2013). Simple variability arguments, which assume that fluctuations
in disc emission cannot propagate faster than the speed of light, also place an
upper limit on the disc size. If the disc is too large, any fluctuations would be
smoothed out on a disc-crossing timescale. Estimates for the outer boundary
are on the order ~ 1000 Ry (Malkan) 1983|). This is too small to be directly
resolved but there have been some interesting attempts to measure the size of the
accretion disc via gravitational microlensing. Results from Morgan et al.| (2010)
indicate that the thin disc theory prediction for the scaling relationship R o Mé{{?’
agrees with their observations. However, standard thin disc models also predict
a radial temperature profile of T'oc 7=3/4. In the case of the Morgan et al.| (2010)

microlensing size estimates, a disc with this temperature profile would appear



more luminous than observed for these objects. This leads to a prediction that
the accretion disc requires a flatter temperature profile to reconcile these two size

estimates. It appears as if accretion disc sizes based on a T o r—3/4

temperature
profile are around a factor of four smaller than actually observed. Microlensing as
a method of constraining individual AGN parameters will be discussed in greater

detail below.

It is worth noting that the standard disc model works well for stellar mass
black holes (Blaes, 2007). More advanced numerical simulations which take
magnetic fields, relativistic effects, time dependent parameters and reprocessing
into account are not yet able to reproduce all of the observed AGN spectral
features. [Lawrence (2012) summarises many of the known problems relating to
the standard accretion disc interpretation, particularly the observed ‘universal’
UV peak. Many of the observational issues could be resolved by having a
combination of an accretion disc and also a reprocessing medium at radii of
~ 30Rg in the form of dense, fast-moving clouds. The true peak in the SED
may lie in the EUV part of the spectrum and the observed peak may instead be
‘false’, relating instead to blurred emission lines from these clouds. Whilst the
model is only preliminary, clouds at a large range of radii from the central source
may be a common feature in AGN. There are also possible issues regarding the
interpretation of observed lags in NGC 5548. |Gardner & Done (2017)) show that
the observed lags are not simply the light-travel time for either X-ray or FUV

reprocessing but rather may be due to changes in the vertical disc structure.

1.3 The BLR

The broad line region (BLR) is the photoionised region responsible for the line
emission seen in type-I spectra and is not well understood, particularly in regard
to the kinematics of the region. Early estimates for the size of the the BLR
(eg. Bahcall & Kozlovsky| (1969)) were based on photoionisation equilibrium
calculations, with some assumptions regarding densities which allowed for semi-
forbidden lines such as CIII]. More recent reverberation mapping (RM) results,
from observations of changes in emission line flux, show the BLR to be
significantly more compact than these early predictions (Peterson et al., [1985)).
With RM, a technique first proposed by Blandford & McKee (1982)), the cross-
correlation between the continuum and emission line light curves confirmed that

the BLR is radially stratified, with the higher-ionisation lines originating nearer
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Feature For  Lag (days)

UV continuum 0.321

Optical continuum 0.117 0.6%12
Hell \1640 0.344 3.8M11
NV \1240 0.411 4.615:2
Hell \4686 0.052 7.852
CIV A1549 0.136 9.8712
Lya \1215 0.169 10.5723
SiTV A1400 0.185 12.3734
HA3 \861 0.001  19.7+12
CIII] A1909 0.130  27.9%32

Table 1.1 Reverberation mapping result for NGC 5548 taken from |Peterson)
(2008). Lags are relative to the UV continuum at ~ 1350 A and Fya;
is the variability amplitude as an rms fractional variation, corrected
for measurement uncertainties.

to the central source. Table [L.1] taken from [Peterson| (2008), shows the results
of one RM study. These estimates assume that the continuum can be treated as
a point source and that the dominant timescale is the light travel time which is
much longer than the recombination time and much shorter than the dynamical
time. Estimates for the radius of the BLR are of the order ~ 1000 Rg and it may

even be a natural extension of the outer accretion disc (Gaskell, 2008)).

The widths of the emission lines are usually within a factor of ~ 2 of each other
and, given that the distances determined by RM change by a factor of ~ 10 (see
table , this requires a range of emission from different radii to explain the
observed profiles. There are three key factors to consider. The first is whether
the emitting clouds are situated at a narrow range of radii or are distributed
throughout the region. The latter case is termed the locally optimally emitting
cloud (LOC) model (Baldwin et al., |1995; Korista & Goad, 2000). A second
factor is the longevity of the clouds. If not contained by self-gravity or external
gas/magnetic pressure then they would likely be destroyed on a sound-crossing
timescale and would require replenishing. Indeed, this may help to explain
some of the observed variability in AGN (Lawrence, [2012)). A third factor is
the consideration of winds which might alter the observed line profiles due to
motion along the line of sight which is not due to gravitationally bound material.
RM studies have seen signs of infalling material (Gaskell, 2008) and blue-shifted
absorption features in the UV /X-ray indicate there is at least some outflowing
component but there is the freedom for many possible configurations. It is worth

noting that in some earlier RM studies there was no detectable lag in the response
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of the optical Fell lines to continuum changes (Peterson, [2008), and possibly also
for Mgll, indicating that these lower ionisation lines are emitted over a large
range of radii. More recently reliable MglI lags have been detected in a number
of AGN (Shen et al 2016).

One important observation regarding the BLR is that the relative strength of BLR
emission with respect to the continuum is anti-correlated with luminosity. This is
commonly referred to as the Baldwin effect (Baldwin, |1977; [Zhang et al., 2013]).
This describes observations of increasing line equivalent width with decreasing
AGN luminosity and is observed for many BLR line species, including some
narrow lines. There may be a number of explanations for this effect, perhaps
due to changes in covering factor, accretion rate, ionising continuum or BLR
morphology. A nonlinear BLR response to continuum changes can also manifest

as an intrinsic Baldwin effect in individual AGN.

Unfortunately, there are currently no well-defined constraints on the kinematics
of the BLR. There are a number of indications that it may display a flattened
structure rather than random orbital motions and in some cases shows signs of
infalling material (Grier et al., 2013)) but this remains to be shown conclusively.
There are also indications from microlensing studies that some BLR line species
may require multiple components, i.e. physically distinct regions, to reproduce
observations (Sluse et al., 2011)). This may take the form of an inner disc-shaped

region and outer spherical component.

If the regions responsible for the broad lines are assumed to be virialised then
they become a useful tool for deriving the mass of the accreting black hole from
single epoch spectroscopy using an empirically derived relationship. These radius-
luminosity relationships are typically calibrated using low redshift reverberation
mapped AGN, where the stellar dynamics allow a check on the derived black
hole masses. From Shen & Liu (2012), single epoch estimates using the width
of both the Balmer and MglI lines appear to give consistent black hole masses
with the scatter, at best ~ 0.3 dex, increasing for lines further into the UV
region. This is in part due to the systemic offsets observed in some of these lines,
possibly the result of a dynamic, wind-based component. Recently the SDSS
reverberation mapping campaign has begun to increase the number of reliable
lags for MglI at redshifts greater than 0.3 (Shen et al., 2016|). Campaigns such
as this are designed to ultimately provide hundreds of lags as opposed to most
earlier RM campaigns which have focused on individual objects. It is interesting

to note that the measured lags can also vary during individual RM campaigns, an



indication that material further from the ionising source responds most strongly
to continuum variations or perhaps a sign of the BLR physically ‘breathing’ in

response to those changes (De Rosa et al., [2015)).

1.4 AGN variability

As has been mentioned above, type-I AGN are variable objects on both short
and long timescales. Typically the amplitude of the variation will increase with
time and also increases at shorter wavelengths. A number of studies have now
been performed to help quantify the variability of the observed AGN population.
The excellent coverage of the Sloan Digital Sky Survey (SDSS), particularly the
stripe 82 quasars where there is better time-sampling, has been particularly
fruitful. |MacLeod et al| (2010, 2012) uses a statistical model to characterise
the variability seen in the SDSS quasar sample. The model in question, which
provides a satisfactory description of AGN variability, is commonly termed a
damped random walk (DRW). The variability is quantified using a structure
function (SF) which is the rms magnitude difference as a function of time lag
between measurements. In the case of MacLeod et al.| (2010), they conclude that
SF,, i.e. the variability seen on the longest timescales, is anti-correlated with
luminosity and rest-frame wavelength and correlated with Mgy. These results
are borne out in other similar studies (de Vries et al.. 2005; [Morganson et al.,
2014). What is less clear is the evidence for a turnover in the structure function
at the longest timescales. Above a characteristic timescale 7, the SF for the DRW
would be expected to flatten to a constant value but the observational evidence
for this is not conclusive. The variability studies also show that AGN with lower
L/Lg rates are more variable. It should also be noted that when modeling AGN
light curves with a DRW the survey length may not be sufficient to reliably derive
AGN parameters (Koztowski, 2017).

The nature of the underlying mechanism for AGN variability is still very much an
open question. It appears that some reprocessing of the X-ray and/or UV primary
emission is required to explain observations showing a tight correlation between
some continuum bands, on light-travel timescales, but not all observations agree.
In the case of NGC 5548, which has been the subject of many multi-band
monitoring surveys (Clavel et al., 1991} Korista et al [1995), the UV and optical
continuum variability appears to be strongly correlated. (Korista et al., [1995)
notes that the lag between the UV and optical is < 1 lt-day. Similar to
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reverberation mapping of the broad line region, these lags can then be used
to infer the size of the accretion disc. Broadly speaking, the prediction that
longer wavelength emission peaks at greater radii appears to be borne out by
observations (Edelson et al., 2015; Fausnaugh et al., |2016). This also appears to
be the case in an analysis of the continuum lags for a sample of 200 AGN (Jiang
et al., [2017) though they note a number of objects with no reliable lag detections
or show ‘out-of-order’ variation. Some of these may be due to contamination in
one or more bands. These lag detections seem to agree with the standard disc
prediction that the observed lags are proportional to A*? but also give estimates
for a larger accretion disc size than the standard model. This is also in agreement
with a number of microlensing studies, which will be discussed in the next section.
Given that the X-rays appear to only correlate weakly with the UV continuum,
and in some cases lag behind, the reprocessing is still not clearly understood.
Recent results for NGC 5548 imply that a simple reprocessing model is not enough
to reconcile the observed X-ray/UV /optical lags (Gardner & Done, [2017). This
also appears to be the case in recent observations of NGC 4151 (Edelson et al.|
2017).

1.4.1 Extreme variables

On the subject of more extreme variability, MacLeod et al. (2012) note that the
probability of an AGN exhibiting a change in magnitude of Am > 2, relatively
typical of our sample, is less than 1 in 10,000. Average rms fluctuations over
longer timescales are on the order of ~ 0.3mag. One slight drawback is that
magnitude changes of |[Am > 3| were excluded from this analysis to prevent issues
due to poor photometry in the SDSS sample. It may be possible that some
genuinely high-amplitude transients were excluded in this way. In general, the
DRW model appears to perform well on shorter timescales but there may be
issues with extrapolating accurate DRW parameters if the duration of the light
curve is < 10 x 7 (Kozlowski, [2017)). That being said, it is clear that changes in

magnitude of Am > 2 are rare in AGN but not impossible.

Sharov 21

One of the clearest examples of an extreme AGN transient event was that observed
in M31 in 1992. Over the course of ~ 1 yr|Sharov et al.| (1998) observed a bright
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blue transient and initially attributed it to an extreme nova projected near M31.
Follow-up spectroscopy by Meusinger et al. (2010)) later confirmed that this event
was actually a background AGN at the much greater redshift of z = 2.109. The
AGN is 21’, or ~ 4.8kpc, from the centre of M31. They carefully reconstructed
observational data from a number of telescopes and surveys to provide a light
curve for this target with a very long baseline. The time-sampling is not always
ideal but it is clear that the transient event looks to be isolated with regards
to the AGN background level and only a modest intrinsic scatter of ~ 0.2 mag
was seen at other epochs. The event peaked at Amp ~ 3.3mag and the light-
curve displayed a near-symmetric profile with a more rapid rise to peak and total

duration of ~ 2yr.

Meusinger et al.| (2010]) looked at two possible explanations for the large change
in magnitude observed. The first was that the background AGN was magnified
due to a microlensing event caused by a lens in M31. They reason this is the
more unlikely explanation due to the fact that the optical depth, and hence
probability, to microlensing based on the surface mass density of M31 is too low.
Their second possible explanation was a tidal disruption event (TDE). This is
seen if a star wanders close enough to a supermassive black hole such that the
tidal forces are sufficient to disrupt it, leading to some fraction of the material
being accreted by the black hole. For these events a UV-optical flare is predicted
with a characteristic timescale and luminosity that scales with the mass of the
star (see next section also). They note that they require at least a 10 M, star to
account for the profile and that current theoretical models for TDEs are based
on quiescent black holes rather than AGN. It is uncertain what would happen
due to the effects of the AGN accretion disc but their model requires that the
perihelion of the star must approach to around 3 Rg which implies there may be

a significant effect.

This event will be considered in greater detail in Chapter 6.

Tidal disruption events

Tidal Disruption Events (TDEs) are a catch-all term used to describe the optical
transient associated with the disruption of a star which wanders too close to a
black hole (Gezari et al., 2012; Arcavi et al., 2014; Chornock et al., 2014). The
tidal forces are great enough that the star may be fully disrupted or simply lose a

portion of its outer envelope. The disruption and accretion of this stellar envelope
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produces an optical flare which peaks rapidly and decays at a slower rate. This

5/3 though this need not always be the

decay rate is sometimes assumed to be o< ¢~
case (Guillochon & Ramirez-Ruiz, [2013)). Spectra taken during these events can
be featureless or show supernova-like P-Cygni absorption profiles. They can also
sometimes show broad emission features. The lack of significant colour evolution
of these events from the initial blue flare is used to disfavour a supernova origin

for these events.

The TDE candidate of Gezari et al.| (2012) was the first to have well-sampled
photometric data on the rise. The observations confirmed that the flare was very
blue at the start, decayed on a timescale of months and displayed signatures of
broad helium lines at a redshift of z = 0.17. The possibility that there might
be contamination from a weak AGN is dismissed due to the fact that no narrow
lines were present in the spectrum. However, there remains the possibility that a
background AGN at the greater redshift of z ~ 0.96, if it were being microlensed,
might in fact be responsible for the observed lines. CIII] A1909 and MgII A2800
would then provide an adequate explanation for the He features to within 10 A
(see Fig.1, Gezari et al. (2012)). The lack of narrow emission lines could then be
due to the fact that they are not as prominent in this region of the spectrum,
[OI1] 3727 would be visible at ~ 6237 A but may be intrinsically weak. This is
all quite speculative but their spectra and light-curves are qualitatively similar
to the confirmed AGN transients in this thesis.

‘Changing look’ AGN

Some AGN, in addition to photometric variability, can display significant changes
in their spectra over extended periods. If there are two or more widely spaced
spectral epochs available, it is possible to identify a subset of highly variable AGN
known as ‘changing-look’” AGN. That is, over time, an appearance/disappearance
of the some or all of the broad lines, particularly the Balmer lines, leading to a
change in classification from type I<>II. Intermediate stages such as type 1.8/1.9
(no broad HS but broad Ha) are also sometimes used. These changes have been
known about for some time, with the early examples being from nearby, and
hence lower luminosity, AGN (Khachikian & Weedman, [1971; Aretxaga et al.,
1999; Shappee et al., [2014). More recently, similar spectroscopic changes have
been seen in a number of higher luminosity objects and the availability of wide-

field spectroscopic survey data has enabled a more systematic search (LaMassa
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Figure 1.3 A changing look AGN, from Seyfert 1-1.8. Note the disappearance
of HB and reduction in UV continuum over a period of several years.
Reproduced from |Shappee et al.| (2014).

et al., 2015; MacLeod et al. 2016; [Runnoe et al., 2016]).

These spectral changes are usually accompanied by a substantial change in the
light curve, though the term ‘changing look’ tends to be reserved for objects
displaying BLR changes in addition to photometric variability. The mechanism
behind this variability is not understood but is currently thought to be connected
to a change in accretion rate. Another possibility is that they are due to
obscuration events, perhaps caused by a dust-cloud in close proximity to the
source. The dynamical timescale for such an obscuration event could be on the
order required for these objects but this does not appear to provide a satisfactory
explanation for the changes seen in the both continuum and BLR (MacLeod
et al., 2016)). It remains to be seen whether, over time, all AGN are capable of

exhibiting this type of behaviour.

1.4.2 Searching for extreme transients

The study of general AGN variability tends to involve either focused observation
campaigns on single objects or ensemble data from wide-field surveys. The
cadence of wide-field surveys such as SDSS (with the exception of stripe-82),

is typically less than ideal for transient identification. The focus with most
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dedicated transient surveys, in addition to locating new solar system bodies, tends
to be on supernovae and/or tidal disruption events, i.e. those with fast-rises and
slower decay, and typical timescales on the order of ~months. However, any
systematic searches for optical transients will, in general, also include extremely
variable AGN in the sample. Some notable examples are the Palomar Transient
Factory (PTF,|Law et al.|(2009)), the All Sky Automated Survey for SuperNovae
(ASAS-SN, [Holoien et al.[(2017)) and Time Domain Spectroscopic Survey (TDSS,
Ruan et al.| (2016))) which actually includes repeat visits on variable quasars as

part of its remit.

The Pan-STARRS 37 survey (Magnier et al., 2013) has proved to be an
excellent all-purpose resource and it is this data which is primarily responsible
for identifying the AGN transients described in this thesis. The transient
identification was carried out via the Faint Galaxy Supernova Search (FGSS) run
by QUH[| (Inserra et al., [2013). This work included a search tailored towards the
detection of tidal disruption event candidates around quiescent black holes. The
nightly data from Pan-STARRS was cross-matched with sources within the SDSS
DR7 (Abazajian et all 2009) footprint in order to identify any new transients.
Selection as a possible TDE candidate required that a PS1 object be coincident
with an SDSS ‘galaxy’ (within 0.5”) and to display at least a 1.5 mag change in
any given filter vs the SDSS epoch. Additional magnitude constraints required
that the PS1 object be brighter than magnitude 20 and the SDSS object be within
the magnitude range 18-23 in any given filter. This resulted in several thousand
candidate events per month which were eye-balled to remove false positives and

identify the most promising candidates for follow-up photometry /spectroscopy.

The comparison of the Pan-STARRS sources with those in SDSS (instead of
the delayed PS1 year 1 source catalogue) was somewhat serendipitous as it
transpires that approximately two-thirds of the flagged TDE candidates were,
in fact, slowly evolving type-I AGN transients. In Lawrence et al. (2016), which
also provides further details on the selection criteria and follow-up photometry,
these are referred to as the ‘slow-blue’, and/or ‘hypervariable’, AGN transients,
ie. type-I AGN displaying a relatively smooth factor ~ 10 increase in brightness
over a timescale of ~ 10 years. Since this work was carried out a number of
additional AGN transients have been confirmed. The complete ‘PS1-A’ AGN
transient sample, which forms the basis for this thesis, will be detailed in Chapter
2.

1Queen’s University Belfast
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A notable recent paper has also identified a number of long-term AGN transients
in data taken with the Catalina Real-time Transient Survey (Graham et al.| [2017)).
Many of these are similar to the transients in this thesis. Of the single-peaked
events, there does not appear to be a preference for a fast-rise, slow-decay over a
slow-rise, fast decay. This strongly suggests that many of these transients cannot
be due to tidal disruption events as these would be expected to exhibit a fast
rise and ¢~%/% decay. Also, the timescales for many of these events would require
a significant amount of energy to be released from a TDE, requiring a large
accretion efficiency or suitably massive disrupted star to power them. However,
the possibility of a long-lasting TDE with a shallow decay cannot be completely
ruled out (Lin et al., [2017)).

1.5 AGN microlensing

1.5.1 Microlensing introduction

In the context of these AGN transients it is essential to look at the effects of
gravitational microlensing as a possible explanation. There is an excellent review
on the subject (Wambsganss, 2006). The term microlensing can be used to
describe a transient event where a distant source is amplified due to a point-
mass-like object(s) crossing the line of sight relative to an observer. In the case
of AGN microlensing this may be due to a star(s) in a foreground galaxy. The
magnification induced by microlensing can be significant and the timescale for an

event is expected to be similar to that observed in our transients.

In brief, microlensing refers to the magnification of a background source due to
an intervening stellar- or planetary-mass lens. The physics is the same as that
observed in galaxy-scale strong lenses except that the multiple image separation is
only on the order of ;s arcsec and the timescale for the events is much faster. These
events can have typical durations on the order of days to weeks for stellar sources
in the galactic neighborhood or even years in the case of AGN. The characteristic
timescale for simple models is given by the Einstein time tg = Dy0g /v, which
involves the distance to the lens, the transverse velocity of the source relative to

the lens and the Einstein radius

AGM Dy \?
o= (1920 -
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where Dq, Dy and Dy are the angular diameter distances to the lens, source and
from lens to source respectively. The simplest microlensing model is for that of a
point-mass lens. The full general relativistic treatment can be avoided as long as
the impact parameter 7, which subtends an angle 5 (see Fig. , for the source
is much greater than the Schwarschild radius of the lens. The normalised impact
parameter is given by y = 5 /0 and the point-mass approximation breaks down
as y — 0. Assuming the motion of the source relative to the lens is in a straight

line then the trajectory can be represented as

i) = \/yz () 12)

where %y is the time at which the separation is at the minimum value yy. The

total magnification is given by

2
Yy +2
pe L2 (1.3)
y\vy: +4
and this can be used in conjunction with eq. and the baseline source flux
F; to construct a light curve for the event. There is a degeneracy between these
parameters that allows multiple fits to the same light-curve if the mass and lens

distance are not fixed for any assumed transverse velocity.

Another useful model is that for a ‘binary’ lens where the presence of a second
mass considerably increases the complexity of the microlensing profile. The
central-point degeneracy at y = 0 in the previous model instead gives way to
caustics in the source plane which map to critical curves in the lens plane. The
critical curves represent the points at which the magnification of the lensed images
reaches a maximum. In the case of the point-mass the critical curve is simply a
ring of radius #g. In the binary case, as the source crosses a caustic there will
be a corresponding peak in the light-curve as well as the creation/destruction
of a pair of lensed images. A caustic-crossing event produces a notable spike in
light-curve and the minimum magnification is higher for the source when inside
the region defined by the caustic. This can produce a very specific light curve

profile, an example of which is seen in fig. [1.5]

In cosmological microlensing, in addition to the primary lens object(s), there may
be the presence of an external shear caused by a matter distribution, i.e. lens
galaxy, near to the line of sight (Chang & Refsdal, [1984)). If the effect is strong

this creates a notable smearing effect on the caustics in the magnification map.
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Figure 1.5 The left panel shows a binary caustic for two equal masses with
separation Og and four different tracks for an extended source of

radius 0 =

0.050g.

The right panel shows the corresponding

light curve, offset by one magnitude for clarity. Reproduced from

\Wambsganss (2000)).

18



Regions where microlensing causes demagnification are also not uncommon. It
should be noted that most, if not all, AGN microlensing studies to date have
focused on multiply-imaged, strong-lensed quasars. In these cases a massive lens
galaxy provides a significant macro-lensing potential resulting in two or more
images of a distant quasar, one notable example being the ‘Einstein Cross’.
Each individual image will also be subject to microlensing effects which are not
correlated. The main advantage with these objects is that, after accounting for
a time-delay at each image, the intrinsic quasar variability can be corrected for,
leaving the microlensing signal at each. The main disadvantage is that the inferred
microlensing magnification maps are typically very complex due to the presence
of a significant amount of shear and expected surface mass density of stars. This
increases the uncertainty in the modelling but also lowers the probability that
there will be isolated regions of very high magnification in the maps, particularly
if the source is extended (Wambsganss et al. [1990; Wambsganss, [1992). The
microlensing seen in these objects could reasonably be described as a low level

flickering but observations are nonetheless very useful as will be seen.

In contrast to the complex magnification maps seen in multiply-imaged AGN, a
small lens-host galaxy, with low surface-mass density, could give rise to isolated
regions of high amplification, rather than a dense caustic network. This may
provide a reasonable explanation for the transients discussed in this thesis. In
these cases, the optical depth to microlensing, and frequency of observed events,
would also be lower. Figure shows a comparison of magnification maps with
differing optical depths as an example of this where the parameters k, 7, s are the
convergence, external shear and smooth matter fraction respectively. The radial
extent of the accretion disc with respect to these maps can dramatically alter the
resulting light curve (smoothing increases with radius) but in the example with
lower optical depth, the prospect of seeing an isolated, high-amplitude ‘single-

peaked’ event is perhaps more likely.

Another important consideration in microlensing is the possibility of observing
colour changes. Normally for a point-source the microlensing light curve would
be achromatic but if an extended source has a surface brightness distribution that
varies with wavelength then colour changes may be observed. In the case of the
AGN inner-regions this could prove important as it is expected that shorter-
wavelength emission peaks at smaller radii, so the observed light curve may
exhibit colour changes during the microlensing event. Similarly, emission lines

from the BLR may display changes as a result of the lensing event if the region is
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Figure 1.6 Two independently generated microlensing magnification maps
giving a comparison of wvarying optical depth while keeping the
external shear and smooth matter fraction constant (v = 0.1, s =
0.0). Left: k = 0.1, Right: k = 0.6. Magnification maps reproduced

from the GERLUMPH database (Vernardos et al., |20 3|).

sufficiently small with respect to the lens footprint. For example, a disc-shaped
morphology may give rise to enhancements on the blue/red wings of the line as
the lens tracks across the source. This may provide very valuable information on
the structure of the inner-regions that would otherwise be unavailable due to the
extremely small angular sizes of these objects. Unfortunately, chromatic changes
would also be expected from an intrinsic brightening of the central source but
the two effects may be distinguishable. In a point-lens case, if the AGN accretion
disc is small relative to the Einstein angle of the lens (ie < 0.016g these effects
will be negligible. As an example, for an AGN at z = 1.0 and lens at z = 0.2, a
distance of 25 Rg corresponds to 0.01 0 for a 10 M, black hole and 1 My, lens.

The potential application of microlensing in the study of AGN has been known

about for some time (Paczynski, [1986) but given that the timescales are typically

a factor of 10 longer than events local to our own galaxy, and event rates were

expected to be low, it took until the turn of the century for this idea to gain

traction. Kochanek (2004) was among the first to simultaneously fit a number of

parameters regarding the source and lens configuration in the ‘Einstein Cross’
multiply-imaged quasar. Their method is computationally intensive but has
shown that the radius for the emitting region, allowing for some simplifying
assumptions such as a face-on disc, appears to be consistent with that expected
from standard disc theory. Mosquera et al| (2009)) also reported the detection
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Figure 1.7 An example of the magnification maps and source path used to
reproduce the observed light curves for each quasar image in the

Einstein Cross: Q2237+0305. Reproduced from Kochaneki (2004).
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Figure 1.8 An illustration of chromatic microlensing due to a caustic crossing
event for an accretion disc with a radial emission profile. The longer
wavelength radiation rises faster but peaks lower and later than the
shorter wavelength. Here £ is a measure of the distance from the
centre of the disc to the caustic as a ratio of the disc size. Reproduced
from Mosquera et al.| (2009).

of chromatic microlensing in the Einstein Cross. They model a simple caustic
crossing event and the predicted effects are shown in fig. If, as expected,
the accretion disc has a radial emission profile the shorter wavelength radiation
will undergo greater magnification and evolve on a shorter timescale than the
longer wavelength light. There is also a delay between the observed peaks. Their
analysis is consistent with the radial profile r oc A** expected from simple thin
disc models but they note that there are other reasonable fits to the data. These
results appear to be consistent with standard disc theory but there are also a
number of studies which find that standard accretion disc sizes seem to be too
small by a factor of ~ 4 (Pooley et al. 2007; Floyd et al., [2009; Morgan et al.,
2010; Mosquera & Kochanek, 2011).

After careful deconvolution of the long-term spectral data for the Einstein Cross,

a similar treatment has also yielded constraints on the size of the CIV/CIII]

emitting regions in this object (Sluse et al. 2011). As the Einstein Cross has

a lens galaxy at a comparatively low redshift, the time-delays between images
are < 1 day making this a particularly fruitful object for microlensing studies.
The CASTLES database now lists approximately 100 multiply-imaged systems

and many of these systems, including key lens/AGN parameters, are detailed in

Mosquera & Kochanek| (2011)). The number of microlensing studies of individual
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objects is also increasing (Poindexter et al., |2008; Dai et al., 2010; Mosquera,
et al., [2013; Blackburne et al., 2014, |2015). Constraints on the size of the X-ray
emitting regions sometimes disagree as to whether or not the hard X-rays are more
compact than the soft. This appears to be due to the amount of reprocessing

seen in individual objects.

When these results are taken in context, there has been a growing consensus that
the size of the accretion disc is larger than implied by the standard disc model.
The analysis of ‘flux anomalies’, the predicted vs observed fluxes seen in quasar
images in optical /X-ray which are also likely due to microlensing, allowed |Pooley
et al.| (2007) to conclude that the emitting regions must be larger than predicted
by a factor ~3-30. Other studies taking into account several multiply-imaged
systems with microlensing data have yielded similar results (Morgan et al., 2010}
Jiménez-Vicente et al., 2014; Chartas et al., 2016|). In general, it appears as if the

accretion disc temperature profile is flatter than 7" oc 7%/4, an important result.

Where do the ‘slow-blue’ AGN transients in this thesis fit into the picture? At
present, there are no indications of any massive lens galaxies or multiple images.
It is possible that the lens galaxies are small and/or that any image splitting is
thus far unresolved at the ~0.5” limit. Nonetheless, the timescales and smooth
variations seen in a number of these objects do appear to fit a microlensing profile.
If this is true, these objects may be in a different regime to their multiply-imaged
cousins. The loss of the ability to extract the intrinsic AGN variability from each
image may be offset by the fact that the absence of any significant macrolensing

might yield a simpler modelling process.

1.6 Thesis outline

The work contained herein focuses on two key areas with respect to these AGN
transients. The first is on the large amount of spectroscopic data available
from the transient monitoring campaign. At the time of writing there are 235
individual spectral epochs spread across 64 targets. I have been responsible for
the construction and implementation of a robust reduction pipeline for this data,
which is detailed in Chapter 2. The reduced spectra have been measured in a
systematic manner to provide continuum fluxes, line profiles and a large number
of derived parameter estimates for these objects. A classification scheme, related

to the transient light curve profiles, allows a broad characterisation of these
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transients and I compare and contrast their spectroscopic evolution in Chapter
3. T also provide a detailed analysis of the evolution of the most variable objects
in the sample. This includes continuum fluxes, BLR and NLR equivalent widths,

spectral indices and various other spectroscopic parameters.

The second key area of my research is on the light curves for these transients,
particularly with respect to the exploration of the microlensing hypothesis. In
Chapter 4 I select a small subset of candidate objects with which to focus on and
use an MCMC analysis (with additional technical details in Chapter 2) to provide
quantitative fits to the data. The detection of differential changes in BLR vs
continuum flux, when taken in context with the microlensing models, also allows
me to place constraints on the size of some BLR components. Chapter 5 takes
the simple microlensing model and applies it across the whole sample using the
most recent light curve data available. In approximately 10% of cases, the light
curves for these transients do appear to be well described by the simple model. In
other objects, the failure of the simple model does not rule out microlensing but
rather provides evidence for a more complex lens configuration. The difficulties in
accurately modelling such complex scenarios are also discussed. I also provide an
example fit to a light curve where the accretion disc is potentially being resolved
by the lens. Finally, Chapter 6 revisits the notable AGN flare seen behind M31

as a possible microlensing event.

As to the underlying cause of these AGN transients, this work primarily focuses on
the microlensing scenario. I have been able to demonstrate that this can provide
a reasonable explanation to the data in a number of cases, but microlensing
is unlikely to be the sole explanation for every object in the sample. Other
possibilities, including tidal disruption events, are briefly considered but I have
attempted to remain agnostic with respect to other scenarios. This is, in part, due
to a lack of existing models which can adequately describe extreme AGN/CLQ
variability. For instance, there are currently no known examples (with the possible
exception of the M31 flare) of a TDE candidate around a luminous AGN; i.e.
with extant accretion disc, meaning the challenge of modelling these events is
considerable. The longer timescales seen for these AGN transients also appear to
be at odds with the known population of TDEs thus far. The discussions around
these alternative scenarios are thus kept to a minimum but it is hoped that the
spectroscopic observations reported herein may still provide illumination as to

the true nature of some of these events.
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Chapter 2

Observations, data reduction and

modelling

A significant amount of my time was invested in the creation of a robust data
reduction pipeline for the spectroscopic observations undertaken with the William
Herschel Telescope (WHT). It was also a primary task for me to ensure that all
data taken with the WH'T was reduced in a similar fashion, including any archival
data taken prior to commencement of the PhD. This chapter provides details
of the observations taken and the reduction pipeline itself. For completeness,
there will also be a brief description of other observational data used in this
project. This chapter will also describe the techniques used to obtain accurate
spectroscopic measurements from the reduced data. In addition, I will outline the
MCMC analysis techniques used in exploring the simple point-lens, point-source
microlensing model with regard to the light curve for some of the single-peaked
slow-blue transients. There will also be information on the techniques employed to
explore extended source models and more complex lensing configurations. Some
of this work is published in Bruce et al.| (2017).

Additional publications for which I was present as an observer, or have
contributed spectroscopic reductions are: Lawrence et al.| (2016), |Collinson
(2016)), Kankare] (2017)), Watson et al.| (2016), Kankare et al.| (2015)) and |Fraser
et al. (2014)).
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2.1 Photometric observations

2.1.1 SDSS

The earliest photometric epochs for the majority of the slow-blue transients comes
from the Sloan Digital Sky Survey (SDSS) (Ahn et al., [2012). Typically these
will be the cmodel magnitudes, which should provide a reliable estimate for an
extended object in a single band, and also agree with the Point Spread Function
(PSF) magnitudes for stars. The current Sloan data release is DR12, though it
should be noted that the photometric solutions are not expected to have evolved
post-DR9, from which the SDSS photometry in this work is primarily derived.

The SDSS survey observes in five filters: uspss, gspss, 7spss, ispss and zspss.

2.1.2 Pan-STARRS

The Panoramic Survey Telescope and Rapid Response System (Pan-STARRS),
(Magnier et al., |2013; [Schlafly et al., |2012; Tonry et al., 2012), 37 Steradian
Survey data was used, initially to identify candidate transient events. A team at
Queen’s University Belfast (QUB) ingested the nightly data for comparison with
the earlier SDSS footprint. This work was part of the Faint Galaxy Supernova
Survey (FGSS) which, as the name suggests, was primarily aimed at searching
for supernovae. In addition to this, a search was also designed to look for tidal
disruption event candidates but, as mentioned in Section [1.4.2] serendipitously
turned up the ‘slow-blue’ AGN transients which are studied in this thesis.
Additional photometric epochs from Pan-STARRS assisted in classification of
the light curve for any flagged events. Magnitudes are typically PSF magnitudes
and it will be noted from which repository the Pan-STARRS data is sourced in

the appropriate sections.

The Pan-STARRS filters, gpi, 7p1, ip1, zp1 and yp; are similar to those in
SDSS but not identical. The Pan-STARRS images are processed via the
image processing pipeline (IPP) and the data, provided by the Pan-STARRS
consortium, are available through both the DVO and PSPS databases. [Finkbeiner
et al. (2016) show that the Pan-STARRS and SDSS photometric systems are
consistent to within 29 mmag though there is also a colour term to take into

account. For main sequence stars with gp; —ip; < 0.6 the transformation between
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filters gspss — gp1 < 0.1 (Finkbeiner et al., [2016). The filter approximations will
be discussed further below. The IPP has evolved over the duration of this project,
from PV1.2 to PV3 and the most recent, publicly available, ‘DR1’ release, which

does not currently include individual detections.

2.1.3 Liverpool Telescope

The Liverpool Telescope (LT) is a 2m, fully robotic telescope situated on the
island of La Palma and operated by Liverpool John Moore’s University (Steele
et al., 2004). It has proven crucial in characterizing the light curves of the slow-
blue transients and provides much better sampling than the Pan-STARRS survey.
After the initial PS1 transient identification, those which passed the quality-
control steps would be ingested into the L'T programme for follow-up observations.
The cadence, exposure times and filter selection were also adjusted as required.
Observations were carried out in u, g and r with the filters assumed to be a close
approximation to those in SDSS. Two cameras, first RATCAM and gradually
switching to 10:0, were used with a field-of-view of approximately 4.6’/10.2
respectively. This was sufficient to provide a number of reference stars allowing

for calibration on non-transparent nights.

The scheduling of observations and reduction of the LT light curves, after bias
subtraction, flat-fielding and astrometric reduction by the LT pipeline, has been
handled entirely by Prof Andy Lawrence (AL), though I was involved in the
proposal stages and target priority discussions. The LT light curves are aperture
magnitudes, generated using a 2”7 aperture and several SDSS DR reference stars
in frame. The seeing typically varied between 0.7-2” and the data was not used if
the seeing was greater than 2”. The initial cadence on targets was every few days
and was then lowered according to how fast the object was changing. Exposure
times were 100s in g/r and 400s in w for targets with g < 20 giving ~5%
photometry in all bands. For fainter targets, exposure times were 200s in g/r
and 400s in u, with u being discontinued as deemed necessary. Monitoring of the

current AGN sample high priority targets is still ongoing.
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2.1.4 CRTS

Data from the Catalina Real-time Transient Survey (CRTS) (Drake et al., 2009)
provides us with long-baseline photometry for a number of the slow-blue objects.
The CRTS survey consists of data from up to three separate telescopes, the 0.7m
Catalina Schmidt (Arizona, USA), the 1.5m Mt. Lemmon (Arizona, USA) and
0.5m Uppsala Schmidt (Siding Spring, Australia). The observations span the
approximate period 2005-2013. No filters are used in this survey meaning colour
terms may be significant. The publicly available data are aperture magnitudes
(extracted via Sextractor) and calibrated to an approximate V-band zero-point.
The CRTS data allows us to see the pre-Pan-STARRS evolution in many of our
objects.

2.1.5 Broad-band filter approximation and light curves

Generally, I make the assumption that the differences between the gspss, gp1
and gpr filters can be neglected and designate magnitudes as simply ¢g. This
approximation should be reasonable given that the photometric uncertainty is
expected to be dominated by intrinsic AGN variability, typically ~ 0.2 mag or
greater. For the PS1 data, no g-band correction has been applied thus far as this
is likely to be less than 0.1 mag for the majority of objects in the sample. For the
CRTS data, colour effects will likely be significant due to the clear filter in use.
Typically this data is only used to inform our understanding of the longer term
behaviour of the light curve. For the microlensing models, magnitude-to-flux

conversions are performed assuming an effective wavelength of 4770 A.

The photometric data outlined above are the primary source of light curve
information used throughout this thesis. At time of writing (Sep 2017), I have
also endeavored to add g-band data from other available sources so that the light
curves display all available data. This includes an attempt to correct the CRTS
data based on the SDSS colours. These up-to-date light curves can be found in
Appendix B.
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2.1.6 PS1 transient sample

The initial PS1 transient sample obtained from the FGSS transient identification
process is summarised in Lawrence et al.| (2016]). As already mentioned in Section
[[.4.2] this was the result of a systematic search for TDEs around quiescent
black holes. This sample contains those transients with a minimum of three
LT photometry points as of May 2013 and consists of: 35 previously unknown
AGN; 8 probable AGN; 16 known /probable SNe; 6 radio sources (3 of which were

known AGN); 4 emission line stars and 7 of unknown classification.

Since this work was carried out, the number of spectroscopically confirmed AGN
transients has risen to 64. It is these 64 targets which comprise the AGN-only
transient sample used throughout this thesis, hereby referred to as the ‘PS1-A’
AGN transient sample and summarised in Section [2.4 No new targets have been
added to the PS1-A sample since July 2014.

2.2 Spectroscopic observations

2.2.1 WHT

The William Herschel Telescope is a 4.2m optical /near-IR telescope located at
the Observatorio del Roque de los Muchachos on the island of La Palma in the
Canary Islands. It is currently run by the Isaac Newton Group of Telescopes and
sits at an altitude of 2344m. The observing conditions on La Palma are generally
good, though there is a tendency to lose more nights to adverse weather in the
winter months. In summer, dust blown in from the Sahara, known locally as

‘Calima’, can cause additional problems.

The WHT is the primary source of spectroscopic data for the PS1-A transients.
For the spectroscopic data presented in this thesis, there have been 43 nights on
the telescope, some full, some as part of a shared night, and some as service time,
which have involved at least one object in the PS1-A catalogue. The number of
individual WHT spectroscopic epochs now totals 217 for the AGN transients and
all of this data has been reduced, by myself, using the same software pipeline I
have developed. In addition, there are 115 supplementary spectra, which have

been reduced in a similar fashion, that are not part of the main AGN catalogue.
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Many of these objects are supernovae, which were observed when classifying
the larger Pan-STARRS transient candidates. Other targets include: stellar
contaminants; other AGN of interest and TDE candidates which have warranted
additional attention. At time of writing (Sep 2017) the spectroscopic observations
have continued but, to allow time for analysis, the cutoff for the spectroscopic
data presented here is Feb 2017.

After an initial WHT epoch confirmed a type-I AGN transient, each target was
then scheduled for follow-up spectroscopy as the observing time allowed. This is
in addition to continued photometric monitoring with the L'T. The spectroscopic
cadence on each target is somewhat arbitrary, primarily determined by the
allocation of telescope time each semester, typically several nights per year.
Observations began apace in mid-2013 (though 3 targets also have pre-2013 WHT
data) and have continued into 2017. Before an observing run, each target would
have a priority assigned which was dependent on several factors, the two most
important being the time since the last spectral epoch and the behavior of the
light curve over the previous several months. For example, an erratic target would
be assigned a lower priority than one showing a smooth but sudden decline in
flux. These priorities were then used when making scheduling decisions for the

upcoming observing run.

All of the spectral observations were conducted using the Intermediate dispersion
Spectrograph and Imaging System (ISIS) long-slit spectrograph with the following
configuration. The 5300 dichroic was used along with the R158B/R300B grating
in the red/blue arms, respectively, along with the GG495 order sorting filter in the
red arm. Typically 2x binning in the spatial direction was used to improve the
signal-to-noise ratio (SNR) along with a narrow CCD window to reduce disk usage
and readout times. In later observations, this was relaxed to simply make use of
the default CCD window. This set-up gives a spectral resolution of R ~1500 at
5200 A in the blue and R ~1000 at 7200 A in the red for a slit width of 1 arcsec
and total coverage ~ 3100-10600 A.

Exposure times on science targets were typically in 1800s ‘shots’, with the number
of shots on target based on the latest LT g-band photometry. This would range
from: 1x shot at ¢ < 20; 2x shots for 20 < ¢ < 20.5 and 4x shots for ¢ >
20.5. Individual shots were reduced separately and combined in the final part of
the pipeline. Table details the number of science spectra obtained for each
observation night on the WHT. In all, T have been present as an observer on

seven separate occasions, sometimes also helping inexperienced WHT observers
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become acquainted with the instrument. For all observation runs since August
2013, I have taken a lead role in the observation planning and target selection

processes.

Typically, calibration images were taken at the start of each night including bias
frames, lamp flats and CuNe/Ar arc-lamp images. These were obtained using a
script, originally developed by the QUB supernova group, which automatically
obtains the required images, subject to a cursory glance to ensure the script was
successful. It can sometimes be desirable to take additional calibration images
when on target. This can help address changes in the instrument due to flexure or
environmental factors though it does take up valuable time. It was decided early
on that the expected improvement in wavelength calibration was not enough to
justify losing one or more science observations per night, especially given that
the observations are at a relatively low spectral resolution. Additionally, during
the reduction stage, it was possible to make use of observed sky lines to try to
correct for any instrument flexure. Spectroscopic standard stars were imaged at
~2h intervals throughout the night though this cadence was not always possible.

Observations were carried out at the parallactic angle unless otherwise noted.

2.2.2 MMT

A small number of targets were observed, 18 in total, with the blue arm
spectrograph on the 6.5m MMT situated on Mount Hopkins, Arizona on the
9th & 10th March 2015. Here, the 300 gmm ™! grating was used with 2x binning
in the spatial direction. A filter wheel issue meant that no order-sorting filter was
used and some observations suffered due to poor observing conditions. Remote
observations were primarily carried out by a colleague, Dr Chelsea MacLeod
(CM), though T assisted in the planning and proposal stages. The data for
the MMT was also processed by myself, using a modified version of the WHT

reduction pipeline.

2.2.3 SDSS/BOSS

SDSS spectroscopic epochs are available for some of the PS1-A sample, primarily
from the Baryon Oscillation Spectroscopic Survey (BOSS). The focus for this
thesis is solely on the WHT spectroscopy but the available epochs are noted in
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Table 2.1 WHT observation nights and number of target spectra obtained for
the PS1-A sample and other targets (O), respectively. Also noted are
the nights for which I was present as an observer

Date MJD  #PS1-A #0O Observer?
21/12/11 55916 1 10
02/03/12 55988 13
21/09/12 56191 9
09/02/13 56332
10/02/13 56333
11/02/13 56334
12/02/13 56335
30/03/13 56381
31/03/13 56382
30/04/13 56412
14/05/13 56426
15/05/13 56427
09/06/13 56452
10/06/13 56453
07/08/13 56511
08/08/13 56512
09/09/13 56544
10/09/13 56545
03/12/13 56363
07/02/14 56695
24/06/14 56832
25/06/14 56833
26/06/14 56834
22/07/14 56860
23/07/14 56861
24/07/14 56862
16/12/14 57007
17/12/14 57008
20/04/15 57132
21/04/15 57133
22/04/15 57134
23/04/15 57135
06/02/16 57424
07/02/16 57425
08/02/16 57426
30/05/16 57538
31/05/16 57539
09/07/16 57578
10/07/16 57579
22/10/16 57683
24/10/16 57685
17/02/17 57440
18/02/17 57441
Total
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Table 2.2 Spectroscopic epochs for the PS1-A sample currently available from
SDSS/BOSS.

Target ~ MJD Date

J014139 56902 02/09/14
J081916 52325 20/02/02
J084626 56363 12/03/13
J103511 56783 06/05/14
J105040 53035 31/01/04
J152844 56091 13/06/12
J154404 55333 17/05/10
J163528 52144 23/08/01
J164740 55691 10/05/11

Table and will be incorporated in subsequent analyses.

2.3 Spectroscopic reduction pipeline

2.3.1 Pipeline overview
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Figure 2.4 Zoomed portion of the raw spectra obtained for target J223210 on
9/9/13. Blue arm on top, red arm below. Note the sky lines, cosmic
ray hits and evidence for narrow-line emission in the red-arm AGN
trace (right of center).

The spectroscopic reduction pipeline I have developed for this project consists
primarily of custom-made PYRAF scripts. PYRAF is a Python package which
provides a straightforward interface for interacting with the National Optical As-
tronomy Observatories (NOAO) Image Reduction and Analysis Facility (IRAF)
software. This software is powerful but occasionally suffers due to a dated user
interface and lack of supporting documentation. The custom-made scripts I have
developed include many of the key parameter settings used in the IRAF tasks and
are designed to automate as many steps in the reduction process as possible. In
general, default IRAF parameter values are used though some have been adjusted

to match specific WHT header information and to take account of some suggested

guidelines as per [Massey & Jacoby! (1992). One cannot remove the human element

completely when using IRAF tools to reduce long-slit spectra and, in fact, one
may not want to. However, the time saved in implementing the pipeline has
proven invaluable as it allows one to reduce an entire nights telescope data in a
matter of hours. It was also important for the project that all of the spectroscopic
data were reduced homogeneously. As such, all of the data used in this work have
been reduced by myself using this pipeline. An example of raw science data from
the WHT is shown in Fig. 2.4
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Figure 2.5 Zoomed portion of the master bias frames generated from the
calibration images obtained on 9/9/13. Blue arm on top, red arm
below. Note the additional structure in the red arm bias, the result of
a problematic bias frame in this region which was not excluded before
combining. With a combined total of 20 bias frames, the overall
effect is very slight.

2.3.2 Bias correction and flat-fielding

The first step in the pipeline is the generation of lists of observation files that can
be used in the various IRAF scripts. To accomplish this, a script scans an edited
version of the WHT-generated ‘runlog’ file for certain key phrases or values, such
as ‘sis red bias’ and separates them according to their type. The next step is to
generate a master bias for each arm using the zerocombine function. Next, the
images are trimmed and bias-corrected, including an overscan correction, using
ccdproc. This step also allows for interpolation over a small number of bad pixel
columns which are defined in a separate file. A section of example master bias

frames is displayed in Fig. [2.5

Next, the master flats are generated for each arm using flatcombine, and are
then normalized using response by fitting a smooth function through the data
to better highlight the pixel-to-pixel variations. A section of the resulting flats in
displayed in Fig. [2.6] and the full images are displayed in Fig. 2.2l The science

images are then flat-fielded using these masters with the ccdproc function.
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Figure 2.6 Zoomed portion of the normalized flat fields generated from the
observations on 9/9/13. Blue arm on top, red arm below. In this
region of the spectra, the red arm is relatively featureless whereas
there is some notable structure in the blue.

2.3.3 Cosmic-ray removal

The next step in the reduction pipeline is the removal of any cosmic rays which
have affected each image. A very useful tool for this task is the LACOS_SPEC

script (van Dokkum), 2001)) which attempts to fit the target spectra and sky lines

with a smooth function and then scans the image iteratively in order to identify
any cosmic rays and interpolate over them using the nearest non-contaminated
pixels. The script generates a bad pixel mask which, when blinked together with
the original and cosmic-ray-subtracted images, allows one to determine if the
cosmic rays have been removed cleanly. This is the first time-consuming aspect
of the pipeline as, occasionally, the extraction would fail, requiring an adjustment
of the sigma-clipping parameters used in the script. A section of a bias-corrected,
flat-fielded, cosmic-ray subtracted image is displayed in fig. [2.7 for the same
target as displayed in [2.4]

For some of the early observations on the WHT, there have been header issues
which meant that for some pairs of red/blue images, the header of one of them
would not reflect the correct mean airmass value at the time of observation. As
this may affect the flux calibration step, albeit slightly, a supplementary script
was written which corrects for this problem. This header issue was reported to
the ING and has since been addressed.
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Figure 2.7 Zoomed portion of the bias-corrected, flat-fielded, cosmic-ray
extracted images for target J223210 on 9/9/13. Blue arm on top,
red arm below.

2.3.4 Aperture extraction

The 2D images are now ready for aperture extraction. That is, the reduction to
a 1D spectrum by defining an aperture which encompasses the majority of the
light from the target and simultaneously defining regions from which to estimate
the contribution from the sky background. This task is accomplished using the
apall function. This is quite a time-intensive process. To ensure an appropriate
aperture size, I would measure the FWHM of the target trace at three equally
spaced points along the dispersion axis. Typically the FWHM would increase
towards the blueward end of the trace. To minimise the loss of target flux, whilst
avoiding an unnecessary reduction in SNR from an arbitrarily large aperture, as
per (1986), the width of the target aperture was set to be 3x the measured
FWHM at the blue end, rounded up to the nearest pixel. For faint targets, up to

200 columns were summed to ensure a cleaner measurement of the true FWHM.

In addition to extracting the aperture for the science target, an additional step
was to then extract the same aperture from the arc-lamp calibration image at

the start of the night, for use in the next section.

Once the aperture was defined, the next step in the apall package is to ensure
that the fit of a smooth function through the trace adequately accounts for the
changing target centroid along the dispersion axis, primarily due to atmospheric
refraction and instrument flexure. This process can be helped by defining the

‘good’ regions of the trace, where the software reliably finds the centroid, and
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excluding noisy regions or areas with sharp changes. The resulting extracted

spectrum is then output to file, along with the sky subtraction and error maps.

2.3.5 Wavelength calibration

There are four steps to the wavelength calibration process. The first is to use the
arc-lamp images taken at the start of the night to define a wavelength calibration
function which can then be applied to every science image throughout the night.
This is achieved through the use of the identify and reidentify functions. The
first extracted science arc-lamp spectrum for the night is displayed, and the user
then identifies three known lines, from comparison with the published arc-lamp
maps, across the full range of the spectrum. Once these wavelengths have been
entered, it is possible to then load in the full catalogue of lines from a separate
file. This ensures that as many lines as possible are identified and should increase
the accuracy of the wavelength calibration function. The next step is to visually
confirm that the tool has successfully identified each line. If not, perhaps due to
a blend or excessive noise, they can be excluded. The remaining lines are then
used to define a smooth function that allows a pixel to wavelength conversion

across the entire spectrum.

The second step is to use the reidentify task to automatically perform this step
for the remaining science arc-lamp images. This extra step ensures that each
extracted science spectrum has a corresponding arc-lamp calibration function
specific to the extracted aperture. This should minimise any problems relating to
changes in the position of the trace relative to the original arc-lamp image. The
third step is to simply use the dispcor task to apply the wavelength calibration
to each science spectrum. In general, the wavelength calibrations have an rms
of ~ 0.1A, though this increases as the slit width is increased. As the arc-
lamps are also taken using the increased slit-width, this results in fewer clean line

identifications.

The fourth step is to make a correction for instrument flexure since the original
arc-lamp image. This is possible by measuring the position of a known
atmospheric line in both the red/blue extracted sky maps, and using this to
apply a linear shift to the data so that these match. This assumes that the shift
due to flexure is, to first order, a linear effect. To achieve this, using the splot
function, I fit a guassian to measure the centroid of the prominent atmospheric

atomic oxygen line at 5577.338 A. This is clearly visible in both red /blue science
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images. I then run specshift to correct the spectra so that these values match.
Typically, the shift is less than ~ 3 A. This additional change limits my confidence
in the global wavelength calibration to + ~ 0.5 A.

2.3.6 Flux calibration and combining

Prior to flux calibration, the spectra are trimmed, using scopy, to remove the
outer-most regions where the signal is negligible. At the same time, the inner
‘wings’ of each red/blue pair, where the response of the instrument declines very
steeply, are isolated. This allows for a more accurate sensitivity function fit
in the next step. The wavelength ranges were chosen to be as follows: blue
arm (3100-5100A); blue wing (49005350 A); red wing (5250-5700A) and red
arm (5500-10600 A). These numbers were chosen, after some testing, to provide
enough overlap between the various regions whilst avoiding those with a very
poor sensitivity. After flux calibration, the spectra are recombined to produce a
single optical spectrum. In cases with multiple shots, all arm/wing spectra are

combined at the same time.

Flux calibration is an involved step and revolves around using standard star
spectra, with known spectral information, to produce a sensitivity function for
the instrument. At the same time, additional extinction due to changes in airmass
must also be taken into account. If the observing conditions are good, this is
a relatively straightforward process but transparency issues, during either the
standard or science observation, can skew the derived flux values. Transparency
issues are usually assumed to be a grey-shift but colour changes can be seen if
there are pointing issues, or a spike in the seeing, which can result in differential
light loss along the slit. Observations are usually taken at, or near, the parallactic
angle to help minimise atmospheric refraction effects, which also increase with

alrmass.

During the majority of our WHT observation runs, we attempted to keep the
cadence on standard star visits to approximately 2h. In addition, it was beneficial
to have science observations bracketed by pairs of observations of the same
standard, as this can help to highlight issues with transparency during the flux

calibration stage, as will be detailed below.

The first step in the flux calibration process is defining the spectral bandpasses

to be used when measuring the standard star spectrum. This is done using the
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standard function and a copy of the file containing the published data on the
spectrophotometric standard star. The key part of this step is to remove any
bandpasses covering spectral features which are not intrinsic to the standard
star, but are instead caused by telluric absorption, particularly the oxygen A and
B bands and a number of lesser HoO bands. At this stage, it is also possible
to define additional bandpasses outwith those provided by the standard star file.
Frequently, the standard star files are only provided in the range 3200-9200 A.
These new regions do not have a corresponding flux value but can be useful in
helping to manually constrain the far ends of the sensitivity function in the next
step. The flux calibration outwith this wavelength range must necessarily be

treated with caution.

The second step is to make use of the sensfunc function. This takes the standard
star information provided in the previous section, the mean extinction curve
for the La Palma observatory, the airmass of the standard observations, and
computes a smooth function through the data that converts from pixel counts
to a specific spectral flux density. This should ensure that the chosen standard
star spectrum closely matches the published version. It is at this stage that the
most appropriate choice of standard star must be made. Usually, this will be a
choice between two pointings on the same standard, one imaged before, one after
the science target. In excellent conditions, both standards will provide for a very
similar sensitivity function. This is rarely the case, as one will usually appear
to have a poorer response, perhaps because of a transparency problem, slit-loss
effects, or the limitations of using a mean extinction curve. In these cases, to
minimise transparency issues, the standard with the superior response function,
i.e. the one least affected by transparency issues, is used to fit the sensitivity

function.

It is also possible to derive a residual extinction function from pairs of standards.
This attempts to make a correction with airmass that brings both standard
stars into line. In theory, this will remove problems when relying on the mean
extinction curve by accounting for any additional colour/extinction effects on the
night. In practice, I felt that by ascribing any transparency effects to additional
extinction, this may introduce spurious colour changes. It also had a tendency to
over /underestimate the flux calibration as a result. After some testing, I decided
that the safest course of action was to choose the most appropriate single standard
epoch, and make use of the mean extinction curve for the observatory in lieu of a

residual extinction. This may leave the spectra vulnerable to a variable extinction
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Figure 2.8 Sensfunc produced for one of the standards on 9/9/13. Note the
sharp decline in the function at the inner ‘wings’. The wavelength
ranges used for the red/blue arms and inner wings are as follows:
8100-5100A (blue curve); 4900-5350A (green); 5250-5700A (yellow);
5500-106004 (red). The grey shaded areas are less certain due to the
lack of available standard star data in this region.

curve but provides for more stable absolute flux estimates.

The last step in the flux calibration process is to use the calibrate function
to apply each sensitivity function, including the mean extinction curve for the
observatory, to all of the science images covered by that particular standard
observation. Fig. [2.8 shows an example of the sensfunc obtained for the four
different calibration regions. Note the sharp drop-off seen at the inner wings of

the red/blue arms. This is the reason they were flux calibrated separately.

The next step in the pipeline is to combine all individual red/blue/wing spectra
into the final science spectrum. This is achieved using the scombine function.
This produces an average over all epochs, weighted by exposure time if necessary,
and rebins to a linear wavelength scale. Fig. 2.9 shows the final spectrum obtained
for target J223210 on 9/9/13. Unfortunately, the scombine function in IRAF does

not simultaneously provide for the combination of error maps, meaning they need
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to be constructed manually, as will be detailed in the next section.
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2.3.7 Error-map generation

It is simple to average error maps using the scombine function but it does not
have a provision for the propagation of errors over multiple exposures. Thus, to
produce more reasonable error maps in these cases, it was necessary to write
an additional script which attempts to sum the errors in quadrature whilst
being careful not to count overlapping wing regions as independent exposures.
One drawback of this procedure is that it requires an interpolation of the
error maps due to the non-uniform sampling of the individual epochs before
combination. While not ideal, a linear interpolation was adopted and should
provide a reasonable approximation. The new error maps, when compared with
estimates of the standard deviation from featureless regions of the spectra, appear
to agree well (see Fig. . There are also suggestions that the IRAF pipeline
itself may be overestimating the errors slightly but these error maps should be

sufficient for now.

2.4 PS1-A AGN transient sample

The AGN transient sample that I will be referring to throughout the remainder
of this thesis comprises those AGN flagged up as part of the PS1/FGSS
transient identification programme described above. This includes the initial
AGN reported in Section and any additional AGN which were subsequently
spectroscopically confirmed. No new targets have been added to the sample since
July 2014. Thus, the ‘PS1-A’ AGN transient sample comprises 64 AGN and, as
of Sep 2017, a total of 235 individual spectroscopic epochs (217 WHT, 18 MMT).
As these reduced spectra are key to the work contained herein, some additional

details relating to the measurement procedures are detailed below.

Of the 64 targets in the sample, this includes one blazar candidate with no
confirmed redshift as yet (J025633), and an AGN not technically flagged as a
transient (J084626). These objects are included for completeness. In terms
of baselines between repeat visits, at time of writing (Mar 2017), 47 have a
separation greater than lyr, 38 > 2yr, 25 > 3yr, 6 > 4yr and 1 > 5yr. Four
targets have not been revisited and several are no longer being actively monitored.
The two principal reasons for this are that they have either become too faint, or

have been ranked as a very low priority for follow-up based on the available
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Figure 2.10 A test of the wvalidity of an error map produced using the error
combination script. Plotted in red are the residuals to a continuum-
subtracted region of featureless spectrum for target J142232 on
23/4/15 (average of 4x1800s exposures). In green is a normal
distribution with a width equal to the mean sigma in the generated
error map for this same region. The two appear to agree well.
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photometry.

2.4.1 Re-scaling spectroscopic epochs

Due to its nature, long-slit spectroscopy frequently suffers from transparency
problems. If the standard star has been affected, this can lead to an overestimate
of the true flux of any science images. In these cases, it may be possible to make
use of another standard observation on the same night. However, this may then
lead to additional calibration issues if observing conditions on the night have
changed appreciably since that standard observation was taken. If the target
is affected by transparency issues, then this will present as a total reduction in
flux after calibration. As this work is concerned with how these transients are
evolving over time, this requires that an attempt is made to quantify the target
flux at each epoch to ascertain if there may be calibration issues and, if required,

take steps to correct it.

In order to achieve this, I was able to make use of the LT photometry for these
events. The IRAF function bands can be used to estimate the spectral magnitude
for a given bandpass and filter profile. I made use of a filter transmission curve
for the LT g bandl] to ensure that these results would be as accurate as possible.
The possibility of broad line contamination is worth noting but the estimates
should at least be consistent with the LT photometry. With these magnitude
estimates in hand, it is possible to fit a smooth function through the LT light
curve data which allows one to see if a) there are any epochs which are likely
to have suffered from transparency effects and b) provide a scaling correction
factor if desired. The correction factor assumes that the transparency problems
can be considered a grey shift. As mentioned above, this will not correct for any
differential light loss from the slit or additional colour effects, but will at least

serve as useful starting point.

As a wuseful check on the wvalidity of this method, the scaling correction
factors should be centered around a value of 1 and the distribution should be
approximately symmetric about this value. This is indeed the case. The main
drawback is that, if the LT light curve is sparsely sampled, the smooth fit may
not perform well. It does at least allow for an objective rescaling, regardless of

the true underlying AGN activity. An example of this method is shown in Fig.

Thttp://telescope.livim.ac.uk/Tellnst/Inst /IO0/
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Figure 2.11 Ezample scaling fit to target J094511. The spectral epochs in red
are the estimated LT g-band magnitudes. Those in green are the
rescaling points to the cubic spline fit to the LT light curve shown.

It is also possible to rescale according to specific model light curves and it
will be noted where appropriate if/how the scaling has been applied.

2.4.2 De-reddening and composite model fitting

For the spectral fitting process, a PYTHON package, LMFIT, was used. This is
a non-linear optimization and curve-fitting tool that builds on a Levenberg—
Marquardt algorithm. It is used to fit single or multiple Gaussian components to
the emission lines and provide a power-law fit to approximate the local continuum.

The power law used in the fitting routine takes the form
Fy = A(\/5100 A)?, (2.1)

where A is the normalization and 3 is the power-law slope. In addition to the
above components, a template fit was used to estimate the Fe contribution. In
the UV, the empirical template is that from [Vestergaard & Wilkes (2001), and

48



— power-law
—  Fe

CIII] — ELR

—  Dbest-fit

MglI

IH'

l’ll H’;IF ‘rﬁlll ‘I'hl I

il ,jhl‘ "wl'\ mm l, ) [ “ : i
gt ‘llll““l’.liMIEIMMMWHIIJ'WMMu 4r.|“1.’ﬂ|iu l.

O I ! f ! '

3500 4000 4500 5000
)\obs / A
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in the optical, where possible, that of Véron-Cetty et al. (2004)). These regions
are defined in greater detail in Section The Fe template is convolved with
a Gaussian in order to better approximate the true blended Fe emission. The
width of the convolving Gaussian was set to match that of the broad Mgll/H

components in the UV /optical, respectively.

Before performing any fits the spectra are first corrected for Milky Way extinction
using the Ay values provided by Schlafly et al| (2012) (via the NASA/IPAC
database) and the extinction law in the optical from |Cardelli et al. (1989). No

attempt has been made to correct for host galaxy reddening at this stage. The

most prominent telluric features above 6860 A were masked out during the fitting
process. When fitting H 8 the narrow line widths and centres were tied to that
of [OIII]5007. An example fit is shown in Fig. [2.12
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2.5 Microlensing models and analysis techniques

This section will summarize the methods used for exploring the suggestion that
the slow-blue PS1 transients may be due to microlensing events. That is, the bulk
of the observed variability is due to an intervening stellar-mass object passing near
the line of sight to the distant AGN. This lens object may be also belong to an
intervening galaxy. This section contains many technical details which pertain to

the work carried out in Chapter 4.

Initially, I will concentrate on modelling events due to single isolated lensing
stars, rather than the complex magnification maps due to multiple stars in the
line of sight normally considered in quasar microlensing studies (e.g. |Wambsganss
1992; Lewis & Irwin [1995; Vernardos & Fluke||2013). This is justified because we
are dealing with random sightlines rather than objects pre-selected as multiply
imaged quasars. For example, a sight line through the Milky Way at the solar
radius, with an assumed stellar surface mass density of ~ 40 Mg pc=2 (Bovy &
Rix} 2013), would result in an optical depth to microlensing of ~ 0.01 if placed
at z = 0.2 with the quasar at z = 1.0. We will also usually be looking through a
galaxy well below L,.

On the other hand, the effect of shear caused by the overall potential of the lensing
galaxy containing the microlensing star will often be significant, so that in general
we will be dealing with ‘Chang—Refsdal’ (CR) lenses (Chang & Refsdall [1984]).
Some of the more complex and/or multiply-peaked light curves in the sample may
be a result of this. There are other events which are generally smooth and single
peaked, so I will start with the simplest model ignoring shear and using a simple

point lens. In later sections I will examine the effect of varying that assumption.

2.5.1 Point-source point-lens model

This model is likely an oversimplification but will nevertheless prove useful. In

this model the magnification is given by:

2
n=Y 2 B/ (2.2)

Yy + 4

Here, y is the normalized source position in units of the Einstein radius of the
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Table 2.3 Free parameters in the simple microlensing model.

Parameter Description

M, Lens mass

vy Transverse velocity

to Mid-point epoch

24 Lens redshift

Yo Impact parameter

F, Source flux (pre-lensing)

F Background flux (unlensed)

lens, which is given by:

o _ (AGM Dy, 1/2 03
E_(TDdDS) | 23)

D4, Dy and Dy are the angular diameter distances for the lens, source and
between the lens and source, respectively. To compute the light curve F(t) =

w(t) Fy requires the formula for the trajectory of the source, as in |Wambsganss

(2006):

tg vy

y(t) = \/y8 + (ﬂf b = 2% (2.4)

where 1, is the impact parameter at ty and v, is the transverse velocity of the
lens relative to the observer/source line of sight. The Einstein time-scale, tg
defines a characteristic time-scale for the lensing event. Figure shows some
example light curve for various impact parameters. If one includes an additional
background flux contribution from the host/lens galaxy, this particular model has
seven parameters. These are listed in Table [2.3] It should be noted that, due to
the degeneracies inherent to tg, there are technically only five free parameters but
it is instructive to include the additional parameters, particularly if one wishes

to say anything about the lens object.

In order to explore this model in more detail, EMCEE, a Bayesian model fitting
package that uses a Markov chain Monte Carlo (MCMC) method to explore
parameter space, was used (Foreman-Mackey et al., 2013). Gaussian errors are
assumed and the parameters constrained to remain physical. In order to deal with
the mass/velocity degeneracy in the model, a lognormal prior on the expected
lens mass was used. This takes the form of a Chabrier IMF (Chabrier} 2003)
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Figure 2.13 FEzample simple microlensing light curves showing the expected
magnification vs timescale for various impact parameters. Repro-
duced from|Wambsganss (2000).
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with an additional weighting factor M to account for the increase in lensing
cross-section with mass. The lower limit for the lens mass was set at 1073Mg, and
the transverse velocity of the lens was left free. This is the configuration used for
the work in Chapter 4. Chapter 5 uses a different prior configuration to address
shortcomings with the earlier work and will be discussed therein. Over the course
of a lensing event, an AGN will also have some level of, as yet unknown, intrinsic
variability. A simple approach that attempts to allow for this was to increase the
errors on the photometry by an additional 10% of the flux level at each epoch,
a fairly conservative estimate for typical AGN variability. The CRTS data were
not used in this analysis due to concerns over colour effects resulting from the

clear filter used.

The likelihood function is formed from the product of the sequence of Gaussian
PDFs for each data point with respect to the model. The MCMC program takes

the natural log of this so it has the following form:

- )2
—05  In(2r0?) + (Wobss gjmc’de“) (2.5)

0;

In Chapter 4, parameter constraints from the MCMC analysis are obtained using
the marginalized posterior probability distributions. For each, the peak value
was determined by fitting a polynomial through the maximum of the distribution
using a coarse sampling (logarithmic bins for M, and v;). A finer sampling
of the distribution was used to determine the narrowest allowable range, which
encompassed > 68 per cent of the data about this peak. In addition, values for
rg, the Einstein radius in the source plane, were calculated from the MCMC trace
output. This distribution (logarithmic bins) was then used to produce constraints
in the same manner as for the other parameters. Some results from this MCMC
analysis will be displayed in Section [4.5.1]

2.5.2 Extended sources

The assumption of the AGN as a point-source will not always be valid, so it is
necessary to consider extended source models. Indeed, this fact can potentially be
exploited to yield additional information regarding the accretion disc and broad
line region (BLR) structure. In order to explore extended source models in more

detail, an inverse-ray-shooting code technique (Jiménez-Vicente, 2016|) was used
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to construct magnification maps, initially for a point-lens model. The maps that
have been constructed are normalized in units of the Einstein radius, have a pixel
scale of 1/8000g and side length of 46g. A simplifying assumption is that the
accretion disc and BLR sources are Gaussian. This should be reasonable for low
inclinations (¢ < 45°) and disc-like morphologies, when projected along the line
of sight (Mortonson et al., 2005} [Sluse et al., [2011). For a given set of lens/source
parameters, the light curve for the event is obtained by varying the source position
under the magnification map as a function of time and integrating to find the

total amplification at each epoch.

A detailed MCMC analysis of extended sources under a point-mass lens, as we
have done for the point-source model, is computationally expensive and still in
the preliminary stage. Therefore, I have deferred some of these results to Chapter
5. Nevertheless, for this current work I am able to use this extended model in a
qualitative fashion to determine whether or not the point-source approximation
remains valid when estimates for the true disc size are used. My starting point
for this testing was first to derive estimates for the expected accretion-disc size.
For this, I make use of the simplified thin-disc model from |Morgan et al.| (2010]).

This provides a simple formula for the effective disc size:

R2500 . 2 MBH 1 Lbol
10g10 ( om ) =15.184 + glOglo (m) + gloglo <7]LE> s (26)

where L, is the bolometric luminosity, n the accretion efficiency and Lg the
Eddington luminosity. However, from the study of differential microlensing of
components of strongly lensed quasars, Morgan et al. (2010) also found evidence
that the accretion disc may in fact be around four times larger than this

relationship implies. They derive the following empirical relationship:

R2500 o MBH
logl() ( om = 15.78 4+ O.810g10 m . (27)

Both of these relationships require an estimate for the mass of the black hole.
For this, I make use of the McLure & Dunlop (2004)) single epoch relation:

Mgy _39 ALso00 0.62 FWHMerr ?
Mg T\ 103"W km g1 ‘

o4



This gives the black hole mass as a function of MglI line width and luminosity at
3000 A. This relationship depends on accurate estimates of the monochromatic
continuum luminosity and MgII width. Both may be overestimated if there is
an ongoing microlensing event. In the absence of a confirmed AGN baseline
luminosity, I make use of the faintest(latest) spectral epoch for these calculations.
The black hole mass estimates for each epoch are noted in Chapter 3. For
equation , the bolometric luminosity was calculated using the monochromatic
luminosity (ALgsgo), from the same epoch as the black hole mass estimate, along
with a bolometric correction factor of 5.6 (Elvis et al. [1994). The accretion
efficiency was assumed to be 0.1. Finally, the Gaussian sources for testing with
the magnification maps are generated with a 20 radius equivalent to the accretion-

disc size estimates obtained above.

An important test of this extended source model is to see if it can reproduce the
analytic light curve from the point-source model in the limit when the source size
is very small. This is achieved by setting the size of the source to a single pixel and
testing a wide range of impact parameters. The results are in excellent agreement,
even for very small impact parameters, and implies that pixel/resolution effects

should be minimal as long as source sizes larger than the pixel scale are used.

Sources larger than the accretion-disc estimates, which are more appropriate when
considering BLR emission, are also considered. The results of an extended source

analysis for some objects are displayed in Section [4.5.2]

2.5.3 Chang-Refsdal models and beyond

For the models I have discussed so far, the assumption of a point-mass lens is
reasonable as it is assumed the microlensing is caused by a single star. However,
this neglects the presence of an external shear due to the lens-host galaxy or
additional stars along the line of sight, which can have significant consequences.
This background perturbation breaks the circular symmetry of the point-mass
lens and results in the degenerate point in the source plane unfolding into a
caustic pattern of varying complexity. The corresponding light curve may exhibit
double peaks or more complex structure as a result, particularly if the size of the

source is small enough relative to the caustic network.

In multiply imaged quasars, it is possible to use the positions of the quasar

images and lens galaxy to estimate the convergence and shear parameters (k,Y)

95



for each image. This also encapsulates the expected macromagnification before
any microlensing perturbations are taken into account. However, in my case,
I frequently do not have an unambiguous detection of the position/redshift of
any lens galaxy or multiple images, which may be going unresolved in the
photometry. With this in mind, the point-lens models mentioned previously
have the implicit working assumption that the convergence and shear, and hence
macromagnification, are small enough to be neglected. This is likely to be an
oversimplification but should be sufficient to demonstrate the feasibility of the

microlensing scenario for the single-peaked objects.

For the multiply peaked objects, a more complex lensing model is required. The
model which describes the effect of microlensing plus an external shear, is that
of the CR lens (Chang & Refsdal, |1984). This is a useful starting point as it
treats the lens-host galaxy as an additional point mass nearby. Here, the shear
parameter is defined as the ratio of the Einstein radius of the galaxy to the
distance of the stellar lens from the galaxy centre, all squared. If this ratio is
greater than unity, there can be strongly demagnified regions in the lens map.
This adds a further layer of complexity when considering the light curves. For
very small shear values, the magnification map is essentially the same as for an

isolated point lens.

Fig. shows how the shear varies in relation to the lens galaxy mass for selected
star—galaxy separations. This assumes a lens redshift of 0.2 and source redshift of
1.0. Lawrence et al.| (2016) estimates that an AGN will have a foreground galaxy
present in perhaps 0.2% of cases but only a small fraction of these will have an
ongoing high-amplitude microlensing event at any one time. We appear to be in
a regime where some events will be well approximated by a point lens and others

will require a more detailed treatment of the perturbing lens galaxy.

The use of a CR magnification map allows a qualitative explanation for the
double-peaked light curve seen in some of the slow-blue transients and some early
results are displayed for J142232 in Chapter 4. A thorough analysis of these more

complex lensing models is still required and will be the subject of future work.
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Figure 2.14 Plot of the Chang-Refsdal shear parameter, v, against total galazy
mass for selected star-galaxy distances. Here, the lens redshift is
assumed to be 0.2 and the source redshift 1.
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Chapter 3

Spectral evolution of 64 long-term
AGN transients

3.1 Introduction

The focus of this chapter is on a summary of the main observations and results
from the comprehensive spectroscopic monitoring campaign of the PS1-A AGN
transient sample. The purpose is to distill the large amount of spectroscopic data
into a range of quantifiable parameters to allow a detailed examination, both
of the sample as a whole and of the evolution seen in individual objects. This
dataset offers a unique opportunity to probe these long-term AGN transients in

context and offers us clues as to the underlying physical mechanisms at work.

3.2 Qutline

The PS1-A AGN transient sample comprises a total of 64 objects and 235
individual spectral epochs. This includes one observed AGN, J084626, which was
not technically flagged as a transient but is nevertheless included for completeness.
Five objects from the sample only have a single spectral epoch though 48 have
three or more. The construction of the sample and photometric/spectroscopic

monitoring procedures are detailed in Chapter 2.

To compare and contrast the observations across this sample requires the
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extraction of information from the spectra in a uniform manner. The procedures
for reducing the spectroscopic data have been outlined in detail in Section
and will not be repeated here. The final step in this process is to fit multiple
components to the data (after correcting for Milky Way reddening), typically a
power-law to approximate the continuum, a convolved Fe template and Gaussian
components for the broad/narrow lines. With the measured parameters for
these components, it is then possible to derive other parameters such as redshift,
monochromatic luminosity, line equivalent width etc. For the work in this chapter,
I have chosen to focus on three key regions of the spectra for measurement
purposes: i) the rest-frame UV; ii) the [OII]3727 region; iii) HZ/[OIII] complex
(including H7). In the WHT spectra, the rest-frame UV region will consist of
everything from 3100A (observer frame, the blue arm limit) up to 3080A x (14z)
as this is the limit of the FeUV template (see Chapter 2). The [OII]3727 region
fit consists of a much simpler local power-law fit and Gaussian component for
the line across a ~200A window. The Hfj fit, hereafter the ‘optical’, extends
from 4200A x(142) to 5300A x(142) and includes an estimate of the FeOpt
contribution using the Veron-Cetty iron template and, where possible, also
attempts to fit Hell4686. Ha is visible in only a few low redshift cases and
typically suffers from significant telluric absorption so has not been measured for
this current work. Strong telluric lines are masked out during the fitting process
but these masks are occasionally relaxed in cases where a prominent line is present
near one of the edges. In addition to the WHT spectra, 18 spectral epochs were
taken using the blue arm spectrograph on the MMT. In these cases the lower
wavelength cutoff is at the higher value of 3200A, meaning that the rest-frame
UV measurements may not be directly comparable with those from the WHT.

Given the range of redshifts for these AGN, the fitted UV region can sometimes
be extensive, including multiple broad lines, up to Lyman alpha, or may simply
include Mgll, which is present for every object in this sample. This should
be kept in mind when comparing the evolution of the UV power-law slopes
across the sample. Where possible, any clearly identifiable absorption lines were
also fitted with Gaussian components. The profile of some broad lines, namely
MglI/CIV/Hp, would occasionally warrant a double-Gaussian fit to the line,
particularly if the signal-to-noise allowed, as long as there was an improvement in
the reduced chi-squared value for the resulting fit. With these double-component
fits, the FWHM of the line was measured by taking a similar approach to
Vestergaard & Osmer| (2009)) that is, the FWHM is computed for the composite

line profile. In my case the errors are computed via a Monte Carlo method using
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Figure 3.1 FEzample of fit to the HB region obtained for target J014139 on
22/10/16. Line and continuum components are shown as green
solid/dashed lines respectively, the Fe contribution is in cyan and
the complete fit is shown in red. This includes a two-component fit
for the HB line and the discontinuity near Hellyggg at ~ 76004 is
due to a telluric mask.
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the single-component parameter constraints. An example of a fit which includes

a double-component for Hf is shown in Figure (3.1

The most common parameters used for comparison in large spectroscopic AGN
samples tend to be line equivalent width and continuum luminosity. The local
power-law fit in each spectrum provides the means for deriving each. Unless
otherwise noted, monochromatic luminosities are computed in the AGN rest-
frame, assuming spherical symmetry, and using a Planckl3 cosmology (Planck
Collaboration et al.| (2014); Hy = 67.8,Q24 = 0.693) for luminosity distance
calculations. The line flux can be taken directly from the Gaussian fit(s) to
the data as this is one of the three fitted parameters, in addition to line sigma
and centre, used in the pipeline. The equivalent width is then simply the total
observed line flux divided by the continuum flux at line centre, divided by an
additional factor (14z) to shift to rest-frame. The redshift is determined from
[OI11]/[OII] narrow-line components, where possible, and from the narrower MglI
component if not. One object, J025633, displays a featureless spectrum and as
such has no defined redshift as yet. Because of this, it will be excluded from the
remainder of this analysis. One AGN, J154404, is the most distant in the sample
and in this case the redshift has been determined using CIV rather than MgII.

Given that I am also interested in the evolution of these objects, I must also
take into account the possibility of line profile changes and/or continuum/colour
changes. The UV and optical power-law slopes can serve as a proxy for any
colour changes in these objects. Any observed changes may represent intrinsic
color changes in the AGN or perhaps present as a contrast effect between a fading
AGN component and a static host galaxy contribution. Similarly, any evolution
in the line profiles may be revealed by monitoring the widths/centroids of the line
though it is possible that small profile changes may be overlooked in this manner.
The signal-to-noise ratio of individual epochs is likely to be the limiting factor in

confirming profile changes in any case.

Other derived parameters which I have included are the bolometric luminosity and
black-hole mass which, in turn, allow an estimate for the Eddington fraction in
these objects. The bolometric luminosity has been estimated using the empirical

relationship from Krawczyk et al.| (2013):

10g(Liot) = (0.9869 = 0.0003)log(va500 Lasoo) + (1.051 £ 0.014)  (3.1)
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though these estimates should necessarily be treated with a degree of caution,
primarily due to the fact that the transients are still evolving. The black-hole
mass is derived from the luminosity and MgIl FWHM, in this case using the
Vestergaard et al relation (Vestergaard & Osmer, 2009)[]

Mg L3ooo MglTpwim
l = 0. .5l —_— 21 —_— 2
©8 ( Mg ) 086 +0.5log (1044erg31 +2og kms—! (32)

which again should be treated with caution. This caution is warranted given the
fact that the majority of these objects are brighter now than at the Sloan epoch.
This raises the possibility that the derived bolometric luminosities and black-hole
masses may be overestimated. Rather than make any further assumptions at this
stage, I simply derive these parameters at each epoch and include them in the

master table.

The results of the parameter estimation/derivation process for this spectroscopic
sample are presented in the following section(s). A caveat which should be noted
is that the uncertainties on many parameters represent the uncertainty from
the spectroscopic fitting process only. There will be an additional systematic
uncertainty present regarding the absolute flux calibration at each spectral epoch.
As noted in Chapter 2, I have attempted to reduce these transparency effects by
rescaling the spectral epochs to that of a smoothed fit through the LT light curve
for each object. In objects with an erratic or poorly sampled LT light curve this
may introduce, or fail to correct for, spuriously high/low data points. Scaling-
independent parameters, such as the line equivalent width, will not be subject to

the same degree of uncertainty.

3.3 Global results

This section will focus on the full spectroscopic sample. In later sections, subsets
will be defined which will allow a closer look at the evolutionary trends seen in
these objects. Initial results for a selection of parameters can found in Table [3.1]
This includes the number of spectral epochs, the observed change in magnitude

seen from SDSS to peak, a selection of key max/min parameters derived from

!This relationship is an update on the mass-scaling relationship used in Chapters 2/4. In this
chapter, in contrast to the others, I make use of multi-component MglI fits and have adopted
a similar technique for determining the composite FWHM as the work referenced here. It was
felt that this should improve the reliability of the mass estimates reported herein.
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the data and an estimate of the maximum Eddington fraction seen in any epoch
for each target. For this sample all of the objects remain sub-Eddington with
only a few rising above ~10%. Given that there are a large number of both
measured and derived parameters which may prove useful, all of the data has

been tabulated with the intention of being made available online.

Figure [3.2 shows the distribution in redshift, luminosity, MgIl FWHM and black-
hole mass for every object in the sample (with the exception of J025633). The
black-hole mass is derived as noted in the previous section. These histograms
represent the weighted means across all epochs. A quick glance shows that there
is one object with an anomalously high Mgll FWHM. This is due to a problem
obtaining a reliable fit to the MglI region in this object and also results in a
spuriously high black-hole mass. The total range in redshift is from 0.276 to
2.146 though approximately two-thirds of the sample are below a redshift of 1.
The conversion to bolometric luminosity results in an observed range spanning
two orders of magnitude from 44.3 < log(Ly,) < 46.1 erg/s. The observed
black-hole mass ranges from 7.8 < log(Mpn) < 10.1 My. For the Mgll FWHM
the observed values range from 2400 < Mgllpyy < 10900 km/s, excluding the

spurious outlier.

Figure[3.3shows the relationship between derived black-hole mass and bolometric
luminosity for every spectral epoch, that is, each target appears multiple times
in the figure. The points are coloured to reflect the UV power-law slope. In
general, redder objects appear to exhibit a higher black hole mass for a given
luminosity but the slope is shallower than for the bluest objects in the sample.
Readily apparent is the correlation between luminosity and black-hole mass, as
would be expected, though there are some interesting outliers. Note in particular
the five points corresponding to the bluest object in the sample, J150210 which
has shown an achromatic decrease of ~0.5 dex in luminosity since observations
began. This object will be discussed in greater detail in the following sections.
Given that this sample has been selected due to their transient nature, one must

be careful when interpreting some of the values noted above.

Comparison of Figure with the quasar catalogue from Shen et al.| (2011}
Fig. 13) shows that the AGN in the PS1-A sample display typical Mgll FWHM
values and continuum slopes. It is worth noting that this sample also contains
proportionately more low luminosity objects and higher Mgll EW values relative
to the Shen catalogue. This may not be immediately surprising given that the

majority of AGN in this sample are at relatively low redshifts and were not
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Figure 3.3 Derived black-hole mass vs bolometric luminosity for the entire
sample. The points are coloured to reflect the slope of the measured
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previously classified as AGN. It is less clear if the black-hole masses in this sample
are lower relative to the Shen catalogue but given that some of these transients
are still ongoing there may be some erroneously high black-hole masses here.
This assumes that the low state is the default or ‘quiescent’ state of course. This
simple static catalogue comparison shows that, to first order, there is nothing
immediately unusual about the AGN in this sample. That is, given a single
spectroscopic observation, they might be considered normal with respect to the
wider AGN/quasar population. What makes them unusual is the knowledge that
the majority of these AGN light curves are evolving, sometimes significantly, with
respect to the more typical 0.2 mag fluctuations seen in AGN. With this in mind,
the next sections will shift the focus onto the spectroscopic evolution of these

objects to see what else might be learned.
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3.4 Subsample definitions

In order to identify the ‘most variable’ objects in the PS1-A sample it is
relatively straightforward to make a selection based on the fractional change
in the continuum or the strength of the broad lines relative to this. This
selection is shown in Figure 3.4 It plots the relative change in MgII rest-
frame equivalent width against change in bolometric luminosity. A factor > 2.5
change in continuum or > 2.5 in equivalent width warrants immediate selection
as a significantly variable object. The exact cut is somewhat arbitrary but the
ten objects selected in this way are hereby denoted the ‘Prime’ subsample for
later discussion. It should be noted that this selection is based only on the
spectroscopic monitoring and will therefore neglect objects with large photometric

changes prior to any spectroscopic observations.

In addition to the ‘Prime’ selection, it is also useful to define subsets based on
the characteristics of the entire light curve. The reasons for this are twofold:
first, this should allow for a general comparison between objects with similar
light curve profiles and second, this selection should be less sensitive to the
cadence of the spectroscopy which may not have sampled the peak(s) or could
otherwise be missing longer-term trends. Below, I define four subsets based on the
approximate shape of the light curve since the SDSS epoch. As each classification
is somewhat subjective the targets selected for the following subsets will represent
the stronger candidates for each type, with the weaker or harder to define objects
being excluded. In cases where more than one classification may be appropriate I
have attempted to select the most dominant feature in describing the light curve.

The subsets are defined as follows:

‘Simple’: This light curve shows a rise to a single identifiable peak and then
subsequent decline. The peak can appear cuspy or ‘table-top’ in nature with a
relatively rapid rise/fall. Example: J105502 (Fig.

‘Rounded’: Similar to the Simple case but the light curve shows a broader, more
gradual evolution on a longer timescale and the peak is less well defined. May

also show some additional structure on top of the long-term trend. Example:

J155427 (Fig.

‘Dipper’: Displays signs of fairly rapid decreases in brightness, potentially in a
quasi-periodic manner. Example: J223210 (Fig.
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Figure 3.4 Selection of the ‘Prime’ subsample based on significant spectroscopic
changes over the duration of the observing campaign.
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Figure 3.5 Light curve for J105502 including SDSS, CRTS, DVO, LT data. An
example of the ‘Simple’ subsample. Figure credit: CM
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Figure 3.6 Light curve for J155427 including SDSS, CRTS, DVO, LT data. An
example of the ‘Rounded’ subsample. Figure credit: CM
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example of the ‘Dipper’ subsample. Figure credit: CM
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Figure 3.8 Light curve for J150042 including SDSS, CRTS, DVO, LT data. An
example of the ‘Double’ subsample. Figure credit: CM

‘Double’: Displays evidence of two separate peaks in the light curve in addition

to a general rise/fall in magnitude. Example: J150042 (Fig. [3.8)

3.5 Subsample spectral evolution

I will now discuss each of these subsets in turn, with a particular focus on their
evolution. The prime subset will be discussed last, with a separate treatment on
each individual object. For each of the four broad subsets defined above, there will
follow a scatter plot of log equivalent width vs Lyy50 for three lines: Mgll, [OI1]3797
and [OI1I]5007. This style of plot has been chosen to allow comparison with other
similar works (eg. [Dietrich et al. (2002); Zhang et al.| (2013))). Using equivalent
widths instead of line fluxes should also minimise rescaling issues relating to
the spectra but note that the derived Lis5 measurements may be subject to
additional systematic uncertainty. The power-law slopes, measured in the rest-
frame UV and the Hf region, hereafter simply referred to as the optical slope, are
also plotted relative to Liss0. The scaling of the x/y axes are consistent between

subsets to allow easier comparison. On each of the equivalent width plots, three

[
cont

for various values of av. These represent cases where the line tracks the continuum

trend lines have been added as a guide as to the expected changes if fn.

(w = 1), the line remains unchanged (o = 0) and the line tracks the continuum
but to a lesser extent (o = 0.5). The [OIII] equivalent widths include the flux

from any additional intermediate-width components from the fitting process.
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3.5.1 Spectral evolution: ‘Simple’

Figure shows the evolution of equivalent widths for this subset which consists
of 10 objects in total. As might be expected from their light curves, there are
significant changes in both equivalent width and luminosity. For MglII, the general
trend appears consistent with the line fluxes changing less than the continuum
and in some cases not at all. J150210 is a notable example of this and will be
discussed further as part of the ‘Prime’ subsample. The narrow lines show a
considerable degree of scatter in their tracks. Some of this scatter is likely due
to rescaling problems and slit losses rather than intrinsic changes in the host
objects. This is more likely the case with J142902. In the case of J090244 on
the other hand, there is a noticeable change in the structure of the Hp/[OIII]
region which may indicate real changes or perhaps problems with the fit. Here,
an intermediate-width [OIII] component has been used in fitting both epochs
but it is possible the HS emission is double-peaked and this change in flux has

incorrectly been attributed to an [OIII] component.

Comparison with [Dietrich et al.| (2002) shows that the MgIl EW in these objects
straddles the typical value of ~ 1.8 at these luminosities. Thus, from this plot
alone, it is difficult to ascertain whether or not these objects are returning to
quiescence or are instead undergoing an extinction/obscuration event. Similarly,
comparison with the [OII]/[OILI] values from Zhang et al.| (2013) seem to indicate
that the [OII] EW is higher than average for these luminosities.

The power-law slopes for the UV and optical region are shown in Fig. [3.10]
J150210 is immediately noticeable for being the bluest object, which stays fixed
at this slope as the optical undergoes a significant change. This may be a good
example of the host galaxy being seen in contrast against the fading of the AGN
component. This would require that the AGN itself is not undergoing any intrinsic
colour change. A lesser example of this type of trend is seen in J105502. In

general, the evolution of the optical slopes tends to be steeper than that seen in
the UV.

3.5.2 Spectral evolution: ‘Rounded’

The Rounded subset, which consists of 8 targets, stands apart from the Simple
objects, particularly with regard to the Mgll EW. In general these objects are of
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a higher luminosity (and redshift) and lower equivalent width. The scatter is also
greater in these objects. In the case of J011635, the MgII fit is unsatisfactory
and likely an overestimate, which also leads to a spuriously large black-hole mass
as noted earlier. One of the clearest trends is for J142232, which starts with a
comparatively low equivalent width but has since evolved to a more typical value
which may be an indication that the low state can be considered ‘normal’. This
object also shows signs of modest evolution in the line flux during this time. It
should be noted that, in addition to fitting the criteria for a rounded light curve,
this object shows additional structure, with identifiable peaks/plateaus, making
it a possible candidate for the ‘Double’ subset. J031240 appears to be behaving
in a similar fashion as it draws closer to the SDSS magnitudes though still has

some way to go.

The narrow line fluxes are less illuminating here as there were fewer reliable
detections in these objects. The second epoch for J014139 is not reliable and
for J155427 they should also be treated with caution. For the latter, a good fit
to [OIII] required a second component but this was not possible at every epoch.
In the case of J124728, telluric absorption may be the cause of the extra scatter

seel.

The power-law slopes, Fig. [3.10] for this subset are also interesting. Again the
increased scatter is apparent but in general the trends appear to be steeper than
that seen in the Simple subset and with most objects tending to be redder when

fainter. There are one or two exceptions to this which have a flatter trend.

3.5.3 Spectral evolution: ‘Dipper’

The exact definition for this subset is somewhat vague but it is possible that
some of these transients are due to obscuration of some kind, leading to relatively
rapid, sometimes erratic dips in the light curve. Five objects currently fit this
description. The equivalent widths in Figure[3.13[show some interesting behavior.
Most notable is J223210, which has undergone a full dip of ~ 1 magnitude and
has now returned to the high state. Consequently, the evolutionary tracks have
evolved in an interesting fashion. Generally, the line fluxes appear to be relatively
constant though there are indications of additional changes. [OIl] is very low in
this object and may not be reliably detected at every epoch. Conversely, there
are indications that an extended component for [OIIl] may be changing. This

object will be discussed further in the Prime section.
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Figure 3.14 Power-law slopes from the UV and optical regions plotted against
the monochromatic continuum luminosity at 14504 .

The power-law slopes in Fig. [3.14] are also fairly typical to within the scatter
seen. J223210 sees a relatively stable UV slope but changes in the optical which
again imply that we are seeing more of the host galaxy intruding into the mix as
the AGN component fades.

3.5.4 Spectral evolution: ‘Double’

The intention with this subset was to try and identify those light curves with at
least two definable peaks in addition to any bulk changes. This is a somewhat
subjective criterion, particularly in poorly sampled light curves but may prove

instructive. Others objects with more erratic light curves or multiple peaks have
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not been included at this stage. Fig. shows the equivalent widths which,
in general, imply that the line fluxes are changing to a lesser extent than the
continuum. There are some objects with notable scatter. In the case of J092635
and J133004 this is likely due to rescaling issues. For J152238 a major telluric

feature was present at MglI.

Again, the additional scatter is seen in the power-law slope evolution tracks in
Fig. These appear consistent with the other subsets, perhaps most closely

related to the Simple subset in terms of the general trends seen.

3.6 Detailed spectral evolution: ‘Prime’

This section will detail observations regarding each object in the highly spectro-
scopically variable ‘Prime’ subsample with a particular attention to the evolution
of various parameters over the spectroscopic observation campaign. For each
object a number of parameters will be plotted. To aid comparison between each,
they will typically be presented relative to the observed maximum in lieu of
absolute units. The raw light curves for each of these objects can be found in

Appendix B.

3.6.1 J084305

This object (Fig. , part of the Simple subset, displays a marked decline in
the continuum of ~ 1.5 mag in the g-band. The 4th epoch may be problematic
due to this being taken with the MMT. As a result, a smaller portion of the
UV region was visible which may have adversely affected the fit in this region.
This may explain the jump in the Fe component at this epoch. There is a notable
decline in CIII] flux which appears to track the continuum relatively closely. This
is in contrast to MglII which, if one ignores the 4th epoch, is consistent with being

relatively stable over this period with perhaps a late decline.

It remains to be seen how this object continues to evolve. It is now at a level
consistent with the brightest of three SDSS epochs (g ~ 21.6) but may yet decline
further. As evidenced in the UV power-law slope there appears to have been a
detectable colour change in this object, with it becoming redder as it fades. Sadly
there is no CRTS data available to allow a determination of the pre-PanSTARRS
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£, Fe J084305 5

Figure 3.17 FEvolution of various parameters in the ‘Prime’ subsample. Top
row: continuum wvalues (f3o00, fs000) and Fe template scaling
relative to the mazimum epoch and power-law slopes - cyan: UV,
magenta: Optical. Bottom/middle rows: Line fluvres/FWHM/EW
(blue/red/green) relative to the maximum epoch.

era behavior.

3.6.2 J094511

This object (Fig. , another ‘Simple’ object, shows many similarities with
JO84305. This time, there are CRTS data which allow us to see a near-
symmetrical, smooth light curve which rises at least two magnitudes from the
SDSS epoch and is now returning to this level. The spectral epochs do not
directly sample the peak but begin perhaps a third of the way down. The third
epoch was from the MMT and should be treated with caution as the UV fit is
not over exactly the same wavelength region as for the WHT epochs. This may

explain why the Fe and Mgll components are up in this epoch.

Generally there has been a significant decline in CIII] which appears to have

stabilised. MglI also appears to be declining, if one is cautious of the MMT
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Figure 3.18 FEwvolution of various parameters in the ‘Prime’ subsample. Top
row: continuum wvalues (f3o00, f5000) and Fe template scaling
relative to the maxzimum epoch and power-law slopes - cyan: UV,
magenta: Optical. Bottom/middle rows: Line fluvres/FWHM/EW
(blue/red/green) relative to the maximum epoch.

epoch measurement, though at a slower rate. There also appears to have been
a marked decrease in HS flux which does appear real though this region of the
spectrum is fairly noisy. If this is accurate it implies that this line has tracked the
continuum changes very closely. There are also signs of the host galaxy contrast

increasing at this last epoch.

The [OII] detection here is strong and possibly indicates that the spectral scaling
is not adequate, perhaps at the final epoch if the third epoch is incorrect.
Alternatively, there may have been a slight increase in this line. On this sort

of timescale this may not be considered very likely.

3.6.3 J103837

This object (Fig. [3.19)) is currently part of the ‘Dipper’ subset, though one may

also consider this multiply peaked or even erratic. The rescaling for the second
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continuum values (f3000, f5000) and Fe template scaling
relative to the mazimum epoch and power-law slopes - cyan: UV,
magenta: Optical. Bottom/middle rows: Line fluvres/FWHM/EW
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epoch has almost certainly been overestimated due to a lack of LT data at this

point. This was likely a sharp drop in the continuum, as evidenced by the spike

in equivalent widths for all lines and change in UV slope.

The final two epochs have reliable detections of Hell and a redshifted second

component to HB. The second epoch has no reliable Hell and the first epoch is

noisy resulting in a wide HS component which looks spurious. This region suffers

due to telluric features present at Hell and on the redward side of the [OIII] lines.

Given the erratic nature of this object, it is difficult to draw any conclusions as

to trends seen here. It may be prudent to rescale according to the narrow lines

to attempt to correct for the rescaling problem. Regardless, the colour change at

the ‘Dip’ remains interesting.

88



3.6.4 J105502

This object (Fig. is part of the ‘Simple’ subset and displays some interesting
trends. The light curve displays a notable, slightly extended peak of more than
~ 1 magnitude above the SDSS epoch and has now returned to this level. The
spectral epochs have also sampled the peak twice and twice again at quiescence.
The rescaling at the last two epochs is in doubt due to the changes apparent
in [OII] but there are some striking trends. Most notable is the large drop in
continuum flux, accompanied by a colour change which is significant in the optical.
This is an indication of the host galaxy becoming more apparent as the AGN

component fades whilst remaining relatively blue.

The line fluxes also show a decline in MglI that is significantly less than that
seen in the other broad lines. Here, the fit is improved with the addition of a
second redshifted Hf component, which may instead be related to a wider [OIII]
component but there is a telluric absorption feature on top of the Hf line which

hampers this measurement.

3.6.5 J110805

This object (Fig. is currently in the ‘Simple’ subset but displays a fair
amount of structure in the light curve after the main peak, possibly evidence of it
being a ‘Dipper’ or erratic in general. With no reliable detections of [OII] and the
loss of the [OIII] region to a strong telluric absorption feature there is no check
on the validity of the spectral scaling. The final epoch is a noisy MMT spectrum

and should also be treated with caution.

The main conclusions that can be drawn from this object are that there has been
a decline of approximately ~ 1.5 magnitudes from the main peak and ~ 1 mag
between the 2nd and 4th spectral epochs. This appears to have coincided with a

decline in broad line strength as well.

3.6.6 J133004

This object (3.22)) is part of the ‘Double’ subset. That is, there are two clearly
defined peaks superimposed on a change of more than two magnitudes since the

SDSS epoch and it is still some way from returning to this value. The fourth
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Figure 3.20 Fuvolution of various parameters in the ‘Prime’ subsample. Top
row: continuum wvalues (fso00, fs000) and Fe template scaling
relative to the mazimum epoch and power-law slopes - cyan: UV,

magenta: Optical. Bottom/middle rows: Line fluxres/FWHM/EW
(blue/red/green) relative to the maximum epoch.
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Figure 3.21 Fvolution of various parameters in the ‘Prime’ subsample. Top

row: continuum values (f3000, f5000) and Fe template scaling
relative to the maxzimum epoch and power-law slopes - cyan: UV,
magenta: Optical. Bottom/middle rows: Line fluxes/FWHM/EW
(blue/red/green) relative to the maximum epoch.
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Figure 3.22 FEvolution of various parameters in the ‘Prime’ subsample. Top
row: continuum wvalues (f3o00, fs000) and Fe template scaling
relative to the mazimum epoch and power-law slopes - cyan: UV,
magenta: Optical. Bottom/middle rows: Line fluvres/FWHM/EW
(blue/red/green) relative to the maximum epoch.

epoch is a relatively poor MMT spectrum and should be treated with caution.
A quick glance at the [OII] line, which is strong in this object, shows that the
rescaling at the third epoch is likely poor. Interestingly this corresponds to the
dip in-between peaks in the light curve, with signs of a colour change. The final
epoch also looks to be overestimated. Taking this into account, it appears as if
the Mgll/Hp flux has been relatively stable throughout but Hell has responded

more strongly to the continuum changes, as might be expected with this line.

3.6.7 1142232

This object (Fig. has been placed into the ‘Rounded’ subset due to a
long-term gradual trend in the light curve though there are additional structures
present meaning it could also have been classed as a multiply-peaked event.
Nevertheless, over the period of the spectral observations there has been a drop

in the continuum of over ~ 1 magnitude though this object still has some way to
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Figure 3.23 FEvolution of various parameters in the ‘Prime’ subsample. Top
row: continuum wvalues (f3o00, f5000) and Fe template scaling
relative to the maxzimum epoch and power-law slopes - cyan: UV,
magenta: Optical. Bottom/middle rows: Line fluvres/FWHM/EW
(blue/red/green) relative to the maximum epoch.

go before reaching the magnitude of the SDSS epoch. The 6th epoch is a very
poor MMT spectrum and should be treated with caution. The CIV measurement
should likewise be treated with caution as this line was near the blue wing and
was constrained to match the width of the CIII] component in order to provide

a reasonable fit.

What is most apparent is that CIII] appears to be tracking the continuum changes
closely with MglIl changing only weakly in response to this. This may also be
true of CIV. There is also a slight change in the UV power-law slope, becoming
slightly redder at later epochs. Unfortunately there are no reliable narrow-line

detections.
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3.6.8 J150210

This object (Fig. , part of the ‘Simple’ subset, is notable for a number of
reasons. There is a marked drop in continuum flux with little to no change
in the MglII flux. This also happens to be the bluest object in the sample,
with a relatively steep power-law slope in the UV and an appreciable Eddington
fraction ranging from approximately 0.07 to 0.17 in the low-state and high-state
respectively. The light curve is also almost unique amongst the PS1 sample. It
is very smooth, has a clearly defined peak after a rapid rise and has since been
declining slowly, with perhaps a plateau before continuing to decline. This could
even be considered to be a longer-lived version of a type II-P supernova light

curve.

The initial [OII] detection is not reliable and the [OIII] region suffers due to
telluric absorption features but the trends in the line fluxes appear to be well
defined. Mgl is static throughout with H /3 changing only slightly, if at all. The
low Hv point is likely unreliable. There is also a marked increase in the power-law
slope in the optical but the UV remains fixed. It should be noted that the UV fit
does not perform as well for this object as it does for others in the PS1 sample,
particularly for the brightest epochs. There are indications of problems with
the UV Fe template fit and the possible need for additional emission/absorption

components which are as yet unidentified.

3.6.9 J175610

This object (Fig. is part of the ‘Simple’ subset. There are arguably
two peaks to this light curve but these are barely resolved with the available
photometry. The object has only recently begun to decline sharply and is now
trending towards the SDSS era magnitude at ~ 21.3 mag. The first four epochs
are sampled before the peak at ~ 19.5 mag though there was not much evolution
in the photometry over this period. The CIII] measurements were very close to

the blue edge of the spectra and should be treated with a degree of caution.

There are signs of changes in the MglI flux relative to H3. The narrow-line fluxes
indicate there may be scaling issues at early epochs though it is interesting that
the [OII]/[OIII] fluxes do not correlate with one another. There is an interesting

amount of scatter in both UV /optical power-law slopes which might not have
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Figure 3.24 Fvolution of various parameters in the ‘Prime’ subsample. Top
row: continuum values (f3000, f5000) and Fe template scaling
relative to the maxzimum epoch and power-law slopes - cyan: UV,

magenta: Optical. Bottom/middle rows: Line fluxes/FWHM/EW
(blue/red/green) relative to the maximum epoch.
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Figure 3.25 FEvolution of various parameters in the ‘Prime’ subsample. Top
row: continuum wvalues (f3o00, fs000) and Fe template scaling
relative to the mazimum epoch and power-law slopes - cyan: UV,
magenta: Optical. Bottom/middle rows: Line fluvres/FWHM/EW
(blue/red/green) relative to the maximum epoch.

been expected given the rather modest continuum changes for the early epochs.

This may be an indication that the CIII] fit has performed poorly.

3.6.10 J223210

The best example of a ‘Dipper’. This object (Fig. is the lowest redshift
object in the sample and also has evolved from high state to low and has since
returned to normal. The high state is assumed to be normal given that the
light curve is very flat-topped. The CRTS data also shows evidence of at least
one earlier dip which was similar to that which was observed in this campaign.
The SDSS epoch may also indicate an even earlier dipping event. This object is
relatively blue and stayed this way in the dip as seen in the UV power-law slope
but the change in the optical may be attributed to the host galaxy becoming

more apparent in the low state.
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Figure 3.26 FEvolution of various parameters in the ‘Prime’ subsample. Top
row: continuum wvalues (f3o00, f5000) and Fe template scaling
relative to the maxzimum epoch and power-law slopes - cyan: UV,
magenta: Optical. Bottom/middle rows: Line fluvres/FWHM/EW
(blue/red/green) relative to the maximum epoch.

The [OIl] detections are weak and should be treated with caution, as should
the Hell measurements in the low state as it became indistinct in the spectra
for these epochs. The [OIII] measurements also imply that the rescaling on the
2nd/3rd epochs is not ideal. If so, this implies that MglI has remained relatively
unchanged throughout the dip and HS has evolved slightly. The equivalent width
trends do not match the MgII line well so this would appear to be accurate. There

is also an interesting trend in the optical Fe which may be real.

3.6.11 Summary

What has been learned from the information presented here? One of the key
challenges is to ascertain the underlying physical mechanisms responsible for these
transient events. Possible scenarios, mentioned in Chapter 1, include: intrinsic
AGN variability from accretion disc instabilities or other suitable mechanism;

tidal disruption flares; orbital /dynamical effects such as obscuration; microlensing
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due to an intervening stellar-mass object(s) or perhaps superluminous supernovae.
It is also likely, given that these objects have been selected due to their
extreme variability, we are seeing a mixture of all of these. The decision to
divide these events into subsets has allowed a uniform spectroscopic comparison
between similar events. Care must be taken with the rescaling and measurement

uncertainties but some conclusions can be made.

1) Based on any individual spectral epoch, there is little to distinguish these AGN
from their less variable counterparts. Possible exceptions to this are objects like
J150210, where the UV/Fe pseudo-continuum fit is markedly poor at certain

epochs.

2) The ‘Rounded’ subset may be a longer-duration and/or higher-luminosity
equivalent of the ‘Simple’ subset. This is evident from the trends seen for the
MglI equivalent width. Many of the ‘Simple’ subset objects see a significant
change in EW as the light curves are beginning to return the levels seen in the
SDSS era. In contrast, the majority of ‘Rounded’ objects are still some way off
returning to these levels but appear to be following a similar trend. Conversely,
the colour changes seen in the latter objects appear to be stronger in the UV.
As will be talked about in the next chapter, it is possible that these may all be
microlensing events. In the ‘Simple’ microlensing cases the accretion disc may
go largely unresolved whereas in the ‘Rounded’ subsample this is not the case,
leading to a less cuspy light curve and possible colour changes as the event unfolds.
Distinguishing true intrinsic colour changes from a simpler change in AGN /host
contrast will also be an important next step. The changes seen in the BLR fluxes
for these objects will also shed more light on these events as they continue to

evolve.

3) The ‘Dipper’ objects are good candidates for an obscuration event of some
kind. In contrast to the other AGN in this chapter, the normal state for these
objects would appear to be the high state. Particularly in the case of J223210
where the flat-topped light-curve, plus dipping events, are hard to explain via
any other mechanism. Early testing does appear to rule out the possibility that
the changes seen in this object can be explained with an increase in intrinsic

reddening, rather requiring a dense object to obscure the central engine.

4) Many of these events display differential changes in the BLR fluxes. In some
cases line changes track those of the continuum, see CIII] in J142232, and typically

MglI is the least responsive, if indeed it moves at all. Unfortunately the scatter
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and cadence in the spectral observations for many objects does not allow firm
conclusions on differential BLR changes to be made. An observation campaign
designed with a high spectroscopic cadence, in order to better sample the changes

over the peak, for one of these transients would be a worthy enterprise.

5) Tidal disruption events do not appear to be the favoured option for many of
these events. There are a three reasons for this. Firstly, the timescales involved
are typically much longer than those reported in the literature. This causes
issues relating to the energy budget and efficiency of any accretion event, perhaps
requiring very massive stars as disruption candidates. Secondly the presence of
He lines in TDESs is well established but it is not clear that broad MglI, or indeed
other line species, would also be produced in these events. Thus, it becomes
necessary to have an extant accretion disc, with BLR established, before the
disruption event takes place. Thirdly, many of the light curves show a gradual
increase in flux rather than a sharp initial increase and gradual decline more
typical of TDE candidates. J150210, with it’s very blue colour, relatively rapid
rise to peak and low Mgll FWHM relative to the rest of the sample may be a

possible exception to this.

As many of these events are still evolving, it is hoped that this observational
campaign will continue beyond the scope of this thesis. At time of writing there
are six more nights of WHT observations scheduled for the remainder of 2017. In
future I hope to keep the data tables presented here concurrent with the latest

spectroscopy so that they remain a complete record of observations.

With the broad classification scheme for these transients defined, I will now
turn my attention to the underlying cause of the variability, particularly the
microlensing hypothesis. Chapter 4 will focus on a small subset of candidate
objects, including two from the ‘Simple’ subset, which should prove to host the
most likely candidates for microlensing. Indeed, for the two objects mentioned,
the microlensing model appears to work well, even allowing for moderate
constraints on the size of the BLR region. The analysis in Chapter 5 will
revisit the classification scheme defined here, a key result appears to be that the
‘Rounded’ objects are not simply longer-lived ‘Simple’ events but rather cases

where the accretion disc may be getting resolved by the lens.
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Chapter 4

Spectroscopic analysis of four
‘hypervariable’ AGN: A microneedle
in the haystack?

This chapter details the spectroscopic analysis of four microlensing candidates
from the PS1-A AGN transient sample. The results are presented in Bruce
et al.| (2017). The photometric and spectroscopic data for this work comprises
all observations taken prior to the beginning of 2016. To remain consistent with
the published work, additional observations since that time are not included. In
Chapter 5 I will re-visit these objects as part of a microlensing analysis for the
full AGN transient sample. This will also allow me to address an issue concerning
the implementation of the priors used in the MCMC analysis but this discussion
is deferred until the next chapter. For this publication I have undertaken the
majority of the work. A number of technical details have already been covered in

Chapter 2 and the reader will be referred back to these sections where appropriate.

In this work I analyse four extreme active galactic nuclei (AGN) transients to
explore the possibility that they are caused by rare, high-amplitude microlensing
events. These previously unknown type-I AGN are located in the redshift range
0.6-1.1 and show changes of > 1.5 mag in the g band on a time-scale of ~years.
Multi-epoch optical spectroscopy, from the William Herschel Telescope, shows
clear differential variability in the broad line fluxes with respect to the continuum
changes and also evolution in the line profiles. In two cases, a simple point-

source, point-lens microlensing model provides an excellent match to the long-

101



term variability seen in these objects. For both models, the parameter constraints
are consistent with the microlensing being due to an intervening stellar mass
object but as yet there is no confirmation of the presence of an intervening galaxy.
The models predict a peak amplification of 10.3/13.5 and an Einstein time-scale
of 7.5/10.8 yr, respectively. In one case, the data also allow constraints on the size
of the CIII] emitting region, with some simplifying assumptions, to be ~ 1.0-6.5
light-days and a lower limit on the size of the MgII emitting region to be > 9
light-days (half-light radii). This CIII] radius is perhaps surprisingly small. In the
remaining two objects, there is spectroscopic evidence for an intervening absorber
but the extra structure seen in the light curves requires a more complex lensing

scenario to adequately explain.

4.1 Introduction

The identification of a class of active galactic nuclei (AGN) transients that are
smoothly evolving, by factors of several, on year-long time-scales (Lawrence
2012; Lawrence et al|2016 hereafter L16) has raised a number of interesting
questions regarding the underlying cause. These ‘hypervariable’ AGN may
simply be at the extreme end of the tail of typical AGN variability(MacLeod
et al [2010, 2012)) or, perhaps more interestingly, there may be an extrinsic
cause. Plausible mechanisms for these transients include the following: accretion
events/instabilities; tidal disruption events (TDESs) or extinction events. A fourth
possibility, and the focus for this particular work, is that some of these AGN
transients are actually rare, high-amplitude microlensing events. If this is the
case, through analysis of multi-epoch spectroscopy and simple lensing models, we
have the potential to uncover valuable information on the innermost regions of

these enigmatic objects.

Observational studies of the microlensing seen in multiply imaged AGN are
well established and provide the means with which one can ascertain properties
intrinsic to those objects (Irwin et al., |1989; |[Eigenbrod et al., [2008; [Morgan
et al.l 2010; Blackburne et al.| 2011; Mosquera & Kochanek, 2011} |Jiménez-
Vicente et al., 2012, 2014; Sluse et al., 2012; MacLeod et al.| |2015). This involves
a monitoring of the AGN components in order to ascertain both the level of
variability intrinsic to the AGN and that due to microlensing, typically a low-
level ‘flickering’, in one or more of these components. In contrast, the AGN

here exhibit no clear sign of strong lensing effects and are varying significantly
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and smoothly (relative to typical AGN behaviour). If a rare, high-amplitude
microlensing event is the cause of this variability, this places these previously

unknown AGN in a different regime to their multiply imaged counterparts.

Here, four promising AGN transients are selected as candidates for an exploration
of the microlensing scenario and its consequences. That is, the hypothesis that
an intervening stellar mass object is responsible for the bulk variability seen
in these objects. It should be noted that microlensing events will not explain
all hypervariable AGN activity; rather, they likely describe a subset of this
interesting population. In the interest of brevity, I will focus entirely on the

microlensing scenario but alternative variability scenarios are considered in L16.

Section describes the sample selection, observational data and reduction
pipeline. Spectroscopic results are detailed in Section [£.3] Section outlines
the procedures used for exploring different lensing models with results detailed
in Section In Section the implications for future work and the
advantages/disadvantages over existing microlensing studies involving multiply
imaged AGN are discussed. As in Chapter 3, cosmological calculations for this

work make use of Planckl13 values.

4.2 Observations

4.2.1 Target selection criteria

The four objects here were selected from the PS1-A AGN transient sample,
discovered as part of a wider transient search initially designed to look for TDEs

around quiescent black holes. The full sample is described in Chapter 2.

To explore the microlensing hypothesis, objects were selected from the PS1-A
sample based on the following criteria. First, that the photometry displays signs
of smooth evolution on long time-scales with a change in magnitude of Ag > 0.5
mag over the period of spectral observations. Secondly, that there are a minimum
of two spectral observations separated by at least one year (observed frame).
The former favours microlensing events over intrinsic variability and the latter
increases the chance of observing spectroscopic trends, allowing further testing of

the microlensing hypothesis.
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Table 4.1 Summary of the target selection criteria noted in Section

Short ID  SDSS 1D Single- Double- Int-

peak?  peak? gal?
J084305  J084305.54+550351.3  Yes No No
J094511  J094511.08+174544.7  Yes No No
J142232  J142232.45+014026.8 No Yes Yes
J103837  J103837.08+021119.6 No No Yes

Additional factors that favour a microlensing scenario are summarized in Table
4.1l Here, the presence of a near-symmetric single- or double-peaked structure
in the light curve, or evidence for an intervening galaxy, and hence lens
repository, are noted. At least one of these additional factors was required in
the target selection process leaving a total of four microlensing candidates for
consideration. Any evidence for an intervening galaxy will be discussed as part
of the spectroscopic results for that target (Section .

4.2.2 Photometry

The photometric data used for these targets comes from several sources: SDSS,
Pan-STARRS, The Liverpool Telescope and CRTS survey. More detail on the
photometry is provided in Chapter 2.

SDSS data

In the SDSS data for these targets not all bands are best fit with extended models,
as might be expected with the presence of an AGN component. Also, from DR7
to DR9, J103837 has had the classification changed to stellar. The least reliable
data is that for J142232, which, in addition to being faint, is flagged as having

been affected by a cosmic ray hit.

Pan-STARRS data

Here the Pan-STARRS 1 37 gp; data are from the PV1.2 data release (Schlafly
et al., [2012; Tonry et al| 2012; Magnier et al., 2013) and magnitudes have been

calculated from the PSF fluxes and associated zero-points.
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Liverpool Telescope data

The transients were initially monitored every few days in wupr, gpr and rpp
to determine how fast they were evolving and then roughly every few weeks.
Scheduling and weather constraints sometimes meant that there was not always

the desired cadence on some targets. Only the gpr data is utilized here.

CRTS data

This survey makes use of three different telescopes and allows me to recover pre-
Pan-STARRS era light curves for some of the objects. A note of caution is that
this survey uses clear filters calibrated to a V-band zero-point, so colour effects
may be significant. An approximate magnitude offset has been applied so that
the light curve appears consistent with the other data sets for each target and
the data have also been seasonally averaged for clarity. Due to the uncertainty
regarding colour effects, the CRTS data is used for illustrative purposes but not

used in the modelling process.

4.2.3 Spectroscopy

WHT data

Technical information regarding the configuration of the ISIS spectrograph is

provided in Chapter 2. Additional observational details for each target are given
in Table {2
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Table 4.3 Information on the targets in this section. The Ay values are those
obtained from |Schlafly & Finkbeiner| (2011) assuming an Ry of 3.1.

Target  RA Dec z Ay
J084305 08 43 05.55 +5503 51.4 0.8955 0.0824
J094511 09 45 11.08 +174544.7 0.758  0.0718
J103837 10 38 37.09 +02 11 19.7 0.620  0.0877
J142232 14 22 32.45 +01 40 26.7 1.076  0.09

MMT data

A small number of observations were made with the blue arm spectrograph on the
6.5m MMT situated on Mount Hopkins, Arizona. Here, the 300 gmm™! grating
was used with 2x binning in the spatial direction. A filter wheel issue meant
that no order-sorting filter was used. This may affect the third epoch for target
J094511 and fourth epoch for J084305. Due to variable conditions and a nearby
bright Moon, the sixth epoch for J142232 was very poor and will not be used in

the analysis.

Spectroscopic reduction pipeline and modelling

Chapter 2 provides a thorough outline of the reduction pipeline and composite
model fitting procedures for the spectra and will not be detailed further here.
Before performing any fits the spectra are first corrected for Milky Way extinction
using the Ay values in Table[d.3]and the extinction law in the optical from Cardelli
et al.| (1989)). No attempt has been made to correct for host galaxy reddening at
this stage. The most prominent telluric features above 6860 A were masked out
during the fitting process. When fitting H 8 the narrow line widths and centres
were tied to that of [OITT]5007.

4.3 Spectroscopic results

The results from the spectroscopic analysis are presented in three key figures.
Fig. shows the target light curves and line flux evolution. The line fluxes
have been plotted relative to the first epoch to allow quick comparison. Fig.
shows the evolution of the systemic velocity offsets and emission line widths. Fig.

4.3 shows the evolution of the spectral profiles after continuum and Fe template
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subtraction. For clarity, a median filter has been applied to the broad lines.
Additional measurements can also be found in Table The observed spectra
are shown in Figs. 4.10] |4.11}, 4.12} |4.13]

Three of the four targets, J084305, J094511 and J142232, show clear evidence
for a differential evolution of the continuum with respect to the line fluxes. In
general, the continuum decreases by a factor ~ 4 and, to a lesser degree, the CIII|
flux tracks this change. The MgII flux either tracks the continuum change weakly
or is consistent with no change at all. The photometry indicates that the targets
have been evolving smoothly over this period. A more detailed summary of each
object now follows and the reader should refer back to the figures mentioned in

the previous paragraph.

Any evidence for an intervening galaxy, which would lend weight to the

microlensing scenario, will be presented on a per target basis.

4.3.1 J084305

The light curve of this target shows a smooth decline of ~ 0.6 magyr~! from a
peak more than two magnitudes brighter than the SDSS observations 16 years
ago. There are no CRTS data that allow us to see the pre-Pan-STARRS evolution.
There are two spectral epochs near the observed maximum around 56100 MJD
and a further two after a decline of at least one magnitude. The most recent
photometry suggests the target is now returning to the level of the Sloan era. Of
the three SDSS epochs, two are at g ~ 22.25 mag and the third has the higher
value of g = 21.56 mag, which may indicate a problem with the Sloan cmodel
fit(s). The microlensing model shown, to which the spectra have been rescaled,
does a good job of reproducing the large amplitude changes. Further details on
the model are in Section £.5.1]

As to the spectral evolution, the continuum is seen to drop by a factor of 5 over the
period spanned by the observations. The CIII] flux shows a corresponding drop by
a factor of ~ 2. In contrast, the Mgll and Fe fluxes are consistent with no change
or perhaps even a late increase. Both the MgII and CIII] lines get narrower during
the decline. In addition, both lines appear blueshifted relative to the systemic
velocity, CIII] more so than MglIl. There are intriguing but inconclusive signs of
an evolution of the offsets, which shift bluewards by 500kms™" or so and then

recover. There are also apparent changes in the red wing of the MglI profile and
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microlensing analysis.

Right-hand panels: relative fluxes of the wvarious

measured spectral components. For the first three targets, the fourth panel
shows the CIII]/MglI ratio. For J103837, the two Gaussian components
used in the fit (broad and wide) are displayed. Asterisks denote less reliable
The green dashed line reflects the continuum

values as noted in the text.
under CII] in each case.
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Figure 4.2 Left-hand panels: velocity offsets for the centre of the measured line profiles
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for each target assuming rest-frame wavelengths, in A, of the following:
CIV(1549); CIII](1909); Mg¢II(2800); [OII](3727); Hf/[OI](4861/5007).
The AGN systemic redshift/velocity is determined from the median of the
[OII] centres. In the case of J142232, due to a lack of observed narrow
lines, Mgll has been used. The error bars in this case only reflect the
uncertainty in the measured line centre and omit the additional systemic
velocity uncertainty. The FWHM of CIV for J142232 is not shown as this
value was tied to that of CIII] in the fitling process. Right-hand panels:
FWHM of the measured line profiles for each target.
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J103837, the profile is truncated due to the blue arm cut-off. Right-
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both wings of CIII], most notably around the expected position of the fainter
AlIIT component. The scatter seen in the [OII] flux may be due to slit-width

changes.

There are no clear spectral features suggestive of an intervening galaxy but this
possibility cannot yet be ruled out. The microlensing model for this target shows
that any intervening galaxy flux will be at least a factor of 2 below the AGN /host
baseline flux in the g band, making spectroscopic detection during an ongoing
event difficult. In addition, two of the three SDSS epochs are flagged as having
issues with the Petrosian radii. This may simply be due to noise or is perhaps an

indicator of morphological issues.

4.3.2 1094511

Since the SDSS epoch some 11 years ago, this target has been evolving at around
~ 0.4magyr?
peak around 56000 MJD, with an apparent dip/rise after the 57000 MJD mark.

There are three spectral epochs for this object spread over two years, after the

and displays an approximately symmetric light curve about a

maximum, with a factor ~ 2 decrease in flux over this period. As with J084305,
the spectra have been scaled to the microlensing model (Section , though the
accuracy of the third epoch scaling is less certain due to the additional structure

in the light curve at this point.

As with J084305, there is a marked difference between the evolution of MglI and
CIII] fluxes. CIII] drops to ~ 60% of the initial value while MglI is consistent
with no change and possibly an increase of ~ 30% if the third epoch scaling is
correct. This increase is also seen for [OII], though a larger slit width was used
at the third epoch. At this epoch, the MMT spectrum did not have sufficient
wavelength coverage to catch H 5/[OII]], so it is harder to draw firm conclusions
on any trends here. The H S broad component is redshifted by ~ 1300kms™*
and MglI shows a smaller ~ 500 kms™" redshift. CIII] shows a modest blueshift
of ~ 250kms™'. There is no sign of an evolution in velocity offsets as seen for
J084305. The CIII] and MglI line widths show the same trend as their amplitudes,
as do the narrow lines, though H 8 only shows an increase in width. Looking at
the line profiles, CIII] shows a significant blue wing change whereas MglII sees a
change on the red wing. It is perhaps interesting that [OII] sees an enhancement
primarily on the blue wing. No clear spectral signature of a possible intervening

galaxy has been detected.
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4.3.3 1142232

The light curve for this target shows there has been a rise of approximately three
magnitudes since the SDSS epoch and |Ag| ~ 1.22 mag over the six spectral
epochs as estimated from interpolation of the LT light curve. The SDSS epoch
is faint and should therefore be treated with caution. The photometry shows
this target to be evolving smoothly but there is a notable dip around 55500
MJD, this is after the assumed ‘peak’ around 55000 MJD. An earlier dip around
54200 MJD is also visible though the CRTS data show considerable scatter here.
After the 56500 mark, there is a rapid drop of ~ 1.1 magyr~!, the time of the
spectral observations, but the most recent photometry shows this levelling off.
The cadence of the LT observations is not always ideal, which may affect the
spectral scaling corrections (Sec. [£.2.3)).

For this target, outside of the rest-frame UV (Agps > 6400 A), no other spectral
features or narrow emission lines were detected. Given a lack of detected narrow
lines, the systemic velocity /redshift has been determined from the median Mgll
line centre. For clarity, the corresponding increase in uncertainty has been
omitted from the plot in Fig. [£.2] Also, at this redshift the CIV line is seen,
albeit very near the blue cut-off. Shortward of ~ 3200 A, the flux calibration is

less reliable due to the lack of calibration points for the chosen standard stars. [[]

The spectroscopic results for J142232 are broadly similar to that seen in
J084305/J094511. There is a factor ~ 4 drop in the continuum and the CIII}/CIV
fluxes appear to track this change quite closely, dropping by a factor ~ 3. The
MglI flux also tracks the continuum to a lesser extent, dropping by a factor ~ 2.
The Fe component behaves similarly, though there is a higher degree of scatter.
The CIII] centre shows a blueshift of ~ 1000 kms™*, which does not evolve, and
the line gets narrower in decline. In contrast, Mgll shows a higher degree of
scatter in the velocity offset and an increase in line width of ~ 1000 kms™" over
this period. There is evidence for evolution of the line profiles, most notably on

the CIII] blue wing MgII/CIV red wing.

In addition, there is also a set of strong narrow absorption features present,
possibly evidence for an intervening galaxy. These features are consistent with
MglI/Fe absorption at z = 0.855 and are highlighted in Fig. . The AGN is

!The fitting pipeline would occasionally fail to fit CIV and instead add an additional
continuum component. To prevent this, the width of CIV was constrained to be the same
as CIII], so the CIV results should be treated with caution.
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Figure 4.4 Fourth spectral epoch for J142232 highlighting the narrow absorption
features seen. These are consistent with Mgll/Fell absorption at a
lower redshift or possibly an outflow intrinsic to the AGN. A similar
MglII/Fell feature is seen nearer the blue wing of the MglI broad line
though in this case only the Mgll doublet is readily visible.

at z = 1.076. Alternatively, this feature may be the result of an outflow intrinsic
to the AGN. However, this Av is close to 0.1¢, much greater than the value of
0.01c typically used to distinguish between associated and intervening systems
(York et al., 2006) making an outflow unlikely in this case. There is also a second
similar but fainter feature, seen nearer the blue wing of the MgII broad line. In
addition, the SDSS epoch for this target is flagged as a possible blend, i.e. more
than one peak was detected in a given filter. Given that the target was faint
at this epoch, this may not be reliable but lends further weight to the possible

presence of an intervening galaxy.

4.3.4 1103837

This object exhibits the most complex light curve and the spectra have been
scaled relative to the [OIll]5007 flux (Section . There is evidence of at least
three peaks with occasional rapid changes in brightness, particularly around 56300
MJD, which shows a drop of ~ 0.4mag over 2.5 months. Here, the cadence of
the LT photometry is less than ideal. It is possible the drop was larger than
observed. After the drop, it appears to rise more gradually at ~ 0.2magyr—!
though there is a spike in the data (¢ = 19.79 mag) at the third spectral epoch
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Figure 4.5 Third spectral epoch for J103837 highlighting the narrow absorption
feature. It is consistent with an Mgll doublet at a lower redshift than
the AGN.

at 57137 MJD. There is a peak-to-peak change from the Sloan era of at least two
magnitudes. The increase in complexity, coupled with the lack of LT data at the
second spectral epoch causes a problem when attempting to correct the spectral
data for transparency effects (Section [4.2.3)). For this object, the [OIII] flux was
used to rescale the data as the interpolation using the LT data was poor. This
may introduce additional errors if the line flux varies either intrinsically over this

time-scale or due to aperture/seeing effects.

Given that in this case the second spectral epoch represents the minimum, it is
harder to draw conclusions regarding any spectroscopic trends. The SNR of the
third epoch was sufficient to allow a more complex fit for the H 5/Mgll lines.
In this case, two Gaussian profiles were used simultaneously. The CIII] results
should be treated with caution as the bulk of the line was beyond the blue cutoff
requiring that the line centre and width be fixed relative to that of MglI. It was
not reliably detected at the second epoch. Both of the wider Gaussian components
for H 8/MglI appear to undergo a blueshift over the period of observations and

H 8 shows evidence of an increase in FWHM also.

For this target, an absorption doublet was seen that may indicate the presence
of an intervening galaxy. It is consistent with MglIl at a low redshift and is
highlighted in Fig. [£.5] This feature has only been reliably detected in the third
epoch, likely due to the higher SNR achieved in the blue. Here, the suspected
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absorber lies at z = 0.18 and is far less likely to be an outflow intrinsic to the AGN
(z = 0.62) as might be the case for the absorption seen in J142232. If in outflow,
the velocity would be in excess of 0.25¢ (i.e. >> 0.01¢). This is seen in some
high-ionization species but is perhaps implausibly high for these low-ionization

lines.

4.4 Microlensing models: techniques

The microlensing models used in this work are detailed in Chapter 2 and in the
interest of brevity will not be repeated here. The first part of the analysis in this
work is for the simple point-source/point-lens case and the MCMC techniques
used for parameter estimation. Extended sources are then considered. Finally,

more complex lensing models are considered in a qualitative manner.

4.5 Microlensing models: results

In this section, the results from the analysis of the various microlensing models
are presented. First is the point-source point-lens model MCMC analysis. This
performs well for the two single-peaked targets, J084305 and J094511. Secondly,
extended source models are applied to the same targets. I find it is not possible
to differentiate between extended accretion-disc models and the point-source
approximation, suggesting the disc may be only marginally resolved in these cases.
Also, while not a full exploration of parameter space, I am able to place some
constraints on the size of the emitting region for CIII], particularly for J084305.
Finally, an initial exploration into the more complex case of microlensing with an
external shear is made for J142232 and J103837.

4.5.1 Point-source point-lens model

J084305

The microlensing parameter estimates for J084305 are shown in Table and
the marginalized parameter model fit to the data is shown in Fig. 4.1l The full
MCMC results are displayed in Fig. Here, one can see that there is a strong
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Table 4.4 Parameter estimates obtained from the MCMC analysis, including the
Einstein radius in the source plane, for J084305. The model using
these marginalized parameters, assuming a negligible background fluz,
produces a fit to the data with a reduced chi-squared value of 0.69 and
has an Einstein radius of 12.1 light-days. Parameter definitions are

as per Table .

J084305 Zagn = 0.8955
parameter value unit
24 0.34 7037
M, 0.37 1439 Mg
v 830 1980 kms™?
yo o 0.0077502 01
to 56137 33 MJD
F 5512 x10~®ergs~tem2A 1
F, <18 x10 " Bergs lem2A !
rE 10.5 155" light-days
rEmp = 12.1 1.d. X2 =0.69

correlation of lens mass with transverse velocity, as expected, and also with impact
parameter versus the pre-lensed AGN (or ‘source’) flux. An anticorrelation is seen
for the background flux with respect to both impact parameter and source flux.
The model light curve produces a fit to the data with a reduced chi-squared value
of 0.69. This assumes a negligible background component and has been calculated
using the same photometric errors as that for the MCMC analysis. Given the
good fit to the data, this model was used to scale the spectra. This specific model
has an Einstein radius of 12.1 light-days, Einstein time-scale of 7.5 yr and a peak

amplification of 10.3.

Though poorly constrained, the values obtained for the lens mass (0.37 M),
transverse velocity (830kms ') and redshift (0.34 as compared to 0.895 for the
AGN) are all physically reasonable. The estimate for the background flux from
the host/lens galaxies is consistent with an upper limit (g < 23.6 mag assuming a
simple conversion from the value obtained for Fj, in this case the 68th percentile
from the MCMC trace) and the AGN would have an unlensed magnitude of
g ~ 22.3 mag.

J094511

The microlensing parameter estimates for J094511 are shown in Table 4.5 and
the marginalized parameter model fit to the data is shown in Fig. The model
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Table 4.5 Parameter estimates obtained from the MCMC analysis, including the
FEinstein radius in the source plane, for J094511. The model using
these marginalised parameters, assuming a negligible background fluz,
produces a fit to the data with a reduced chi-squared value of 1.14 and
has an Einstein radius of 12.8 light-days. Parameter definitions are

as per Table .

J094511 Zagn = 0.758
Parameter Value Unit
2 0.29 7075
M, 0.40 551 Mg
vy 580 500 km s~}
Yo 0.074 500 O
to 55816 T3¢ MJD
Ey 43718 x10 Bergs~'em =2 A1
F, <18 x10 Bergs lem 2 A~!
TR 11.9 t189 Light-days
TEmp = 12.8 1.d. X2=1.14

light curve produces a fit to the data with a reduced chi-squared value of 1.14.
This specific model has an Einstein radius of 12.8 light-days, Einstein time-scale
of 10.8 yr and a peak amplification of 13.5. The CRTS data was not used in the
analysis but is in broad agreement with the model. The accuracy of the model
may be adversely affected due to the extra structure seen in the light curve at
later epochs (MJD>57000).

Similarly to J084305, the same correlations are seen and the parameter estimates
are physically reasonable. In this case, the transverse velocity and impact
parameter are lower. Using these parameter estimates, the Einstein time-scale
is 10.8 yr, Einstein radius 12.8 light-days and the peak amplification factor is
13.5. The estimate for the unlensed flux level from the host/lens galaxies is
consistent with an upper limit (¢ < 23.6 mag) and the AGN would have an

unlensed magnitude of g ~ 22.6 mag.

4.5.2 Extended source models

The preceding section provides good evidence that the point-source, point-lens
microlensing model is a reasonable approximation for the continuum changes seen
in JO84305 and J094511. I now explore these lensing models in the regime where
the point-source approximation no longer applies. This is particularly important

with regards to the size of the BLR. The spectroscopic analysis shows there is
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Table 4.6 Empirical estimates for the accretion-disc sizes for J084305,

calculated as per Section .

Source Size

(light-days) (0g)
Thin disc 0.19 0.016
Morgan disc  0.91 0.075

evidence for the differential evolution of the BLR fluxes, namely MgII and CIII],
with respect to the continuum. If these lines are partially resolved by the lens,
then it allows constraints to be placed on the size of the emitting region. Indeed,
in the case of J084305 in particular, there is evidence to suggest that the CIII]
region is compact enough to undergo significant changes in amplification as the

lensing event unfolds.

J084305

In order to test the validity of the point-source model, I compare extended
accretion-disc models using empirical estimates for the disc size and contrast
with the point-source approximation. The lens model parameters and accretion-
disc size estimates are listed in Tables [1.4] and respectively. The results are
shown in Fig. (.6l It is clear from the figure that there is little separation
between the models except perhaps during the midpoint of the event. Here, the
increased amplification seen at the peak for the larger Morgan disc is likely a
result of the source being of a suitable size to have significant flux overlapping
the regions of highest magnification for the given impact parameter. The fit to
the light curve for the thin-disc model has x? = 0.70 and for the Morgan disc
X2 = 0.88. For lensing models with a smaller projected Einstein radius (varying
24, M, v, within the derived parameter constraints), the distinction between the
models becomes more apparent, favouring the smaller thin-disc and point-source
models. Conversely, for larger Einstein radii, both extended models converge to

the point-source solution.

The fact that both the point-source and extended accretion-disc models perform
well suggests that, within the constraints imposed by the light curve, the point-
source approximation is reasonable, at least in the g band. However, the
possibility that the disc is being resolved, if only marginally, still exists. This
does not rule out chromatic effects due to microlensing but makes it harder to

draw any conclusions as to the true thermal profile of the disc.
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Figure 4.6 FExtended source model light curves for J084305. The grey data are
the original photometry points and the vertical lines are the spectral
epochs. The source sizes are listed in Table [{.6 The dashed line
represents the AGN base fluz.

Table 4.7 FEstimated CIII] and Mgll sizes for J084305. They have been
determined from the spectroscopic data as per Section [{.5.9. The
errors here reflect the fitting process only.

Source Size

(light-days) (0g)
CIII] 4.8 4+0.2 0.40 £ 0.02
MglI > 15 > 1.24
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Figure 4.7 FEwvolution of extended model fluxes relative to the first spectral epoch.
Overplotted are the spectroscopic measurements of CIII] and MglIl.
The source sizes are listed in Table @

There are indications that the BLR is being partially resolved by the lens.
Fig. [4.7 shows the flux evolution for selected source models, relative to the
first spectroscopic epoch, against the observed data for CIII] and Mgll. Again,
note the differential evolution of the lines with respect to the continuum. If one
assumes that this is a lensing effect, the data for CIII] is sufficient to allow a
determination of the size of the emitting region using a y? distribution, assuming
Gaussian errors. The values are noted in Table [1.7] Given the uncertainty in the
Einstein radius of the lens, the relative size of 0.4 fg should prove more robust
than the absolute size. For this particular lens model, the absolute size of the
CIII] emitting region is 4.8 + 0.2 light-days. The true value is likely to be in the
range ~ 2—11 light-days when the uncertainties in the lens model parameters are
taken into account. In the case of Mgll, the data is consistent with no change
or perhaps a late increase in flux. A source size greater than approximately 15
light-days (or > 1.2 0g) would see little evolution in flux over this period. This
provides a lower limit to the size of the MgII emitting region. It does not explain
the jump in flux seen for the fourth epoch. However, this could be due to a
scaling problem. As will be discussed below, the estimate for the size of the CIII]
emitting region is relatively compact when compared with size predictions for the
CIV and H § regions.
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Table 4.8 FEmpirical estimates for the accretion-disc sizes for J094511,

calculated as per Section .

Source Size

(light-days) (0g)
Thin disc 0.097 0.0076
Morgan disc  0.31 0.024

J094511

J094511 shows similarities to that of J084305. The empirical accretion-disc size
estimates are listed in Table[.8 Using the lensing model parameters in Table[4.5]
these provide light curves that are nearly indistinguishable from the point-source
case. Again, this suggests that the point-source approximation is reasonable but
does not rule out the possibility that the disc is being resolved. For this target,
the uncertainty on the scaling of the third epoch means that it is not yet possible
to place reasonable constraints on BLR sizes. What can be said for this object
is that if the observed changes are due to microlensing, then the size of the CIII|
region again has to be small, perhaps of the order of ~1 light-day as this line

appears to track the continuum closely.

4.5.3 Lensing plus external shear

J142232

A detailed analysis of more complex lensing morphologies is beyond the scope
of this chapter, but an exploratory analysis is presented here in order to address
the question of whether or not the double- or indeed multiply peaked light curves

seen in this sample can also be due to microlensing.

J142232 exhibits a clear double-peak in the light curve, which requires the use
of a more complicated magnification map in order to try and reproduce this.
For this test, a CR lens (Sec. with the external shear parameter set to
0.05 was used. With reference to Fig. [2.14] this value is reasonable for smaller
galaxies with a star—galaxy separation ~4 kpc. It is enough to unfold the central
degenerate point into a diamond-like caustic region. For this target, there is also
a possible lens redshift due to the presence of absorption features in the spectrum.
Using this and an assumed lens mass of 0.5 M, gives this particular lens model

an Einstein radius at source of ~6.24 light-days. As for J084305, two empirical
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Table 4.9 Empirical estimates for the accretion-disc sizes for J142232,

calculated as per Section .

Source Size

(light-days) (0g)
Thin disc 0.23 0.036
Morgan disc  0.83 0.13

accretion-disc size estimates were used and these sizes noted in Table £.9] Next,
the source track and intrinsic flux were varied to provide the qualitative light
curves seen in Fig. The magnification map and source/track used in this
model are shown in Fig. [4.9]

It is worth noting that the larger Morgan disc does not resolve the double-peak
structure that is seen for the thin disc. The thin-disc model fit to the data is poor
around 54000 MJD but the CRTS data (points prior to ~ 56000 MJD) are less
reliable at these fainter magnitudes. It is also possible that the single Sloan epoch
of ¢ = 23 mag is not reliable and that the clear CRTS filter will introduce colour
effects. These caveats aside, this lens model does provide a plausible explanation
for the double-peaked structure seen in J142232 but requires refinement before
any further conclusions can be drawn. As with J084305 and J094511, there is
evidence to suggest that the BLR emission regions, particularly CIII] but also
MglI in this case, are compact enough to show significant amplification changes

on these time-scales.

J103837

In the case of J103837 there is even more complexity in the light curve. The
CR lens example used for J142232 allows a comparison with double-peaked
light curves, but to explain the three peaks seen for this object requires a
more complex/realistic model. There is also spectroscopic evidence for an
intervening system at z = 0.18, which, if confirmed, would help reduce the model
uncertainties. Assuming a lens mass of 0.1Mg, this projects to an Einstein radius
of ~ 8 light-days. The thin-disc size estimate, based on the faintest of the three
observed epochs is ~ 0.1 light-days. The presence of an external shear with
additional lens masses could provide an adequate explanation for the variability

seen in this object. It will be the focus of future work.
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Figure 4.9 Magnification map and source/track to produce the thin-disc light
curve shown in Fig. [{.8
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4.6 Discussion

The AGN transients in this paper have been selected because they are candidates
for microlensing events. The photometry shows a minimum of a factor 5 increase
in flux and a smooth evolution on year-long time-scales. For three of the objects,
the spectroscopy reveals differential evolution in the broad line fluxes with respect
to the continuum. In particular, CIII] is seen to track the changes in the
continuum more closely than that of Mgll. Two objects also show spectroscopic
signatures indicating the possible presence of an intervening galaxy. A simple
point-source /point-lens model produces a reasonable fit to the bulk continuum
changes seen for the single-peaked events. The testing of extended accretion-disc
models with these lens configurations, given the parameter uncertainties, suggests
the point-source approximation is reasonable but does not allow me to rule out
the possibility that the accretion discs are being resolved, if only marginally.
When extended source models are included for the BLR, the differential changes
seen in the broad lines can be interpreted as the BLR being partially resolved by
the lens. This implies that the CIII] emitting region is smaller than that for MglI
and the data for J084305 allows size constraints for these regions of the order
~ 2-11 light-days. More complex lensing models are required to produce light

curves displaying multiple peaks.

Having summarized my results so far, [ now put them into context of what we
know about AGN, discuss whether they make sense and what we might learn
from them. The focus for this discussion will be on the microlensing hypothesis.
Other plausible scenarios include the following: TDESs; accretion-disc instabilities;
and extinction events. These are considered in more detail in L16. Target
J142232 also has X-ray data available. Collinson| (2016) shows that this object
can be considered X-ray loud for its peak luminosity but not for its pre-outburst
luminosity, i.e. the low state seems to be the normal one. This is consistent with

the microlensing scenario.

4.6.1 Continuum variability

Can the variability of the AGN in this paper be described as typical? In the
context of the wider AGN population, long-term optical variability is commonly
described in terms of a damped-random-walk (DRW) model (Kelly et al., 2009;
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Table 4.10 Damped-random-walk parameters obtained for J084305 and
J094511. The values have been computed for the observed data and
the residuals after subtraction of the microlensing model.

J084305 J094511

Observed Residual Observed Residual
SF« 1.62 0.21 2.19 0.26
log(7) 3.72 1.96 3.94 2.28

MacLeod et al) 2010, 2012)). It quantifies the variability using a structure
function, which gives the rms magnitude difference as a function of time lag
between different epochs. This model performs well when applied to large quasar
samples. The two key parameters are the damping or characteristic time-scale,
7, and the asymptotic rms magnitude difference at the longest time-scales, SF,.
Chelsea MacLeod computed the DRW parameters for J084305 and J094511 in two
situations. First, for the original light curve and second, for the residual light
curve after taking the microlensing model into account. The values obtained are
displayed in Table [4.10

With reference to MacLeod et al| (2010, Table 2), it is clear the DRW
parameter values for the observed data are atypical for quasars and may even be
biased due to a different underlying process describing the observed variability
(Koztowski| 2016|). However, after taking the microlensing models into account,
the parameters [log(7) ~ 2,SF, ~ 0.2] are much more typical for quasars. A
typical DRW origin for the bulk variability in these objects cannot be conclusively
ruled out but this does lend further credence to the microlensing hypothesis.
Regardless of the physical model it is notable that, after removing the trend,

they look normal.

The underlying mechanism responsible for typical AGN variability is thought to
be related to accretion-disc thermal instabilities and /or reprocessing of X-ray/UV
emission (Kelly et al., 2011; |[Shappee et al., [2014; Edelson et al., [2015). There
may also be reprocessing of FUV emission due to optically thick clouds on the
inner edge of the BLR. This can reproduce some of the observed UV /optical lags
(Gardner & Done, 2017) and can also address issues in relation to observations
of the UV bump (Lawrence, 2012)). In effect, these clouds would give rise to a
‘pseudo-continuum’ component, which may prove important when testing various
surface brightness profiles relating to the accretion disc and BLR. It has been
suggested that the variability seen in luminous quasars on long time-scales may be

primarily due to ongoing microlensing (Hawkins| [2002). This work makes use of a
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structure function analysis to quantify the timescales for variability seen in both
low- and high-luminosity AGN. The results suggest a two-component model for
AGN variability. At low luminosities/redshifts, AGN variations are dominated by
intrinsic variability but at high luminosities/redshifts a cosmologically distributed
population of compact lenses may be provide a more adequate explanation for

the bulk variability seen in these objects.

4.6.2 Accretion disc: point-source or extended?

Is the point-source/point-lens model an oversimplification? To first order, the
model produces a reasonable fit to the bulk continuum changes in J084305/J094511
and also allows constraints on the lens parameters, which are reasonable given
that there is currently no confirmed lens redshift. In addition, the testing of
extended accretion discs with these lens parameters, using two different estimates
for the true disc size, also produces reasonable fits to the data. The thin-disc
prediction is broadly consistent but we can rule out the Morgan et al| (2010
model for some lens configurations. Thus, I can be reasonably confident in the
validity of the point-source approximation but note that it is still possible that
the disc is being resolved by the lens. Broadly speaking, for an accretion disc of
approximately ~ 0.1 60g or greater, it becomes possible to differentiate from the
point-source solution using our data. Early further testing using MCMC models
and extended sources shows tentative evidence that the disc is being resolved,
but, given the large uncertainties on the Einstein radius of the lens, I am not yet
able to place meaningful constraints on the absolute size of the accretion disc in
these objects. In this work, I have also made the simplifying assumption that
the accretion-disc surface brightness profile can be treated as a Gaussian, with a
20 radius equivalent to the radii calculated in Equations [2.6] & [2.7] This should
prove reasonable as Mortonson et al.| (2005)) state that microlensing fluctuations
are relatively insensitive to all circular disc model properties with the exception
of the half-light radius.

The colour changes seen in the UV power-law slopes for these objects at later
epochs (Table are an indication that the disc is at least partially resolved
by the lens. These changes would be sensitive to the temperature profile of the
disc and also the presence of any caustic structure in the lens configuration. For
the reasons outlined above, I have not attempted to constrain the disc profile but

hope to explore this in a follow-up paper. Alternatively, changes in amplification
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between the disc and a more extended ‘pseudo-continuum’ cloud component could
also produce the observed colour change though this possibility has not been fully
explored (Lawrence| 2012). At later epochs, host/lens galaxy contamination may
also need to be accounted for. For J084305/J094511, the estimate for the expected
host /lens galaxy contribution is at least a factor of 2-3 below the AGN base level
in the g band. This goes some way in explaining why the detection of lens galaxy

signatures in the spectra for these objects has proven difficult.

A further consideration is the effect of any broad line flux intruding into the
filters used in the observations, particularly with respect to Mgll in the g band.
In the MCMC modelling for J084305/J094511, this extra flux component should
be accounted for within the unlensed flux parameter, which is not currently well
constrained, but should not invalidate the results. The spectra have also been
scaled to the microlensing model, using an LT g-band transmission function to
measure the flux, in order to keep the spectral measurements consistent with the
photometry. A sign that the microlensing model for J094511 performs less well
than expected is the resulting significant flux increase seen in the third epoch
for MgII/[OI1]. The additional structure in the light curve at late epochs is the
likely cause for this discrepancy. As the event continues to evolve/fade, it will
be interesting to note whether or not this discrepancy is resolved with further

modelling.

4.6.3 BLR

With the simplifying assumption that the variability in the broad lines is entirely
due to lensing, the differential changes between the continuum, CIII] and MgII
fluxes seen in three of the targets suggest that the BLR is at least partially
resolved. Indeed, for J084305 the data is sufficient to allow constraints on the size
of the CIII] emitting region. These measurements are made with the assumption
that the simplified lens model is appropriate but should necessarily be treated
with a degree of caution. The size estimate from the model is ~ 5 light-days with
an expected range of ~ 1.7-11 light-days when taking account the uncertainty
in the Einstein radius of the lens. These sizes reflect the 20 radii used in the
extended source modelling. Converting to half-light radii yields ~ 1.0-6.5 light-
days, which is surprisingly small when compared with BLR radius estimators.
One example is from [Bentz et al.| (2009) for H 5 and another from |Kaspi et al.
(2007)) for CIV. Using these, after obtaining a continuum luminosity for J084305
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from the fourth epoch UV power-law and correcting for the lensing amplification,
I obtain a radius of 34 and 31 light-days for H and CIV respectively. Given
these values, one would expect CIII] to perhaps be at least comparable in size, if
not a factor of up to 2 larger than that seen for CIV. It is possible that the size
estimate suffers due to the fact that the lens model is an oversimplification. This

will be discussed in the next section.

For comparison with other observations, there are a handful of published lags
for CIII] that have been determined from reverberation mapping. These serve
as a proxy for BLR radius and some notable results include |Peterson & Wandel
(1999)); Onken & Peterson (2002)); Metzroth et al. (2006) and Trevese et al.| (2014).
Most are for low-redshift/luminosity targets and show CIII] to be of the order
of 3.5-30 light-days for these objects, with a considerable degree of uncertainty.
The high-luminosity quasar in Trevese et al.| (2014) has a much larger radius
of the order of 270 light-days. For J084305, we estimate, after correcting for
the lensing amplification, a bolometric luminosity for the AGN of log(Lpe) ~
44.7. This is at the lower luminosity end of published lags but again suggests
that our estimate is intriguingly small. Of particular interest is the result from
Sluse et al.| (2011), where a radius for CIII] has been estimated based on the
microlensing of a multiply imaged quasar. Here, a multicomponent fit to the
CIII] profile provided evidence that the broadest components lie closer to the
accretion disc and are therefore more affected by microlensing. In relative terms,
their broadest component (for CIII] and CIV) is around four times larger than
the continuum emitting region. The narrowest component is around a factor of
25 larger. Thus, the estimate for the CIII] region in J084305, though small, may
in fact be dominated by the changes in the inner component. Thus far, I have
only used a single component for the CIII] region, primarily due to SNR issues.
An analysis of spectral ratios for J084305/J094511 shows tentative evidence for
a changing very broad component redwards of the broad CIII] line, though one
must be careful not to over interpret the data. A further consideration is the true
morphology of the CIII] region. Reverberation mapping is sampling in the radial
direction whereas microlensing provides a transverse sampling. Perhaps the CIII]
region is more compact along certain lines of sight than reverberation mapping

implies.

For J084305, in contrast to CIII], the MglI flux is consistent with no change. This
implies that this region is more extended and therefore will not exhibit significant

changes over the time-scale of our observations. The lower size limit obtained is
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based on a single component to the line. Limited testing with the use of a double
Gaussian component to the line does not significantly affect the single component
measurements or the Fe template fit. [Sluse et al|(2012) show that both CIII] and
MgllI exhibit changes due to microlensing in a sample of multiply imaged quasars.
They see evidence that the BLR is in general not spherically symmetric and that
a bi-conical outflow model may not be appropriate in these cases. These systems

benefit from the additional information supplied by the resolvable quasar images.

Thus far it has been assumed that the variability seen in the broad lines is entirely
due to lensing but a more realistic scenario must include some intrinsic variability
over the period of our observations. It may also be possible that, rather than
being resolved by the lens, the observed broad line changes are entirely intrinsic
to the AGN. Taking the MgII line as an example, |Sun et al.|(2015) see significant
variability in this line (~ 10%) on ~ 100 d time-scales. The amplitude of light-
curve variability seen in Mgll also correlates with that seen in the continuum.
Some reliable reverberation lags for MglI are reported in Shen et al. (2016]), but
a clear correlation with luminosity is not always apparent. In other cases, Mgll
is unresponsive to continuum changes (Cackett et al., [2015]) but on longer time-
scales MglI does appear to respond to large changes in continuum flux (MacLeod
et al., 2016)). In the case of J084305 and J094511, the MglII line does not seem
to respond to the continuum drop even on these long time-scales. Given that the
MglI line should be at least partially dependent on the ionizing continuum, this
is perhaps surprising. Lensing as an extrinsic cause for the continuum variability

provides a natural solution however.

4.6.4 Lensing system

For the two objects where the simple lensing model performs well, it is unfortunate
that, as yet, there are no confirmed signatures of the presence of a lensing
galaxy. This confirmation would allow a move beyond the simple lensing models
detailed here. At present, I am assuming that the convergence/shear (and hence
macromagnification) are small enough to be neglected. Without confirmation of
the presence of any multiple images or a reliable lens galaxy detection/redshift,
the true lens parameters are very difficult to pin down and thus the results
reported here should necessarily be treated with caution. However, there are two
points worth considering, particularly in the context of J084305/J094511, which

help to put the assumption of a minimal convergence/shear on surer footing.

130



Each will be discussed in turn.

First, the light curves are evolving smoothly. This is straightforward to do in the
point-lens case but, in the presence of extended regions of caustic structure, one
might expect more variation/asymmetry in the light curves. One solution is that
the accretion disc is extended enough such that any caustic structure is poorly
resolved. This could easily give rise to a single-peaked event without revealing
the extra structure present in the magnification map. Preliminary testing of a
more advanced MCMC approach has allowed me to make use of extended sources
using a lower-resolution version of the CR magnification map (v = 0.05) used in
the qualitative analysis for J142232. I add an eighth parameter for the source
radius and the impact parameter is treated in the same way as for the point-lens
case, i.e. an offset in the y-axis. Early results show that, with a good fit to the
J084305 light curve, the most probable 20 radius for the accretion disc is ~ 3
light-days or ~ 0.2Rg. While, as expected, the effect of the additional shear
was to increase the size of the accretion disc, this value is now larger than both
empirical estimates for the disc size listed in Table [4.6]

Secondly, there is a large change in amplification of ~ 2mag and the light curves
are approximately symmetric. It is relatively straightforward to achieve light
curves of this nature in low-kappa/gamma regimes (below ~ 0.1), as there will
likely be isolated regions of high amplification in the magnification map. However,
if the magnification map is a complex caustic network with many overlapping
regions, it becomes more difficult to reproduce such light curves. As discussed in
LL16, a random foreground galaxy need not be particularly massive and it may
be that these targets are not multiply imaged at all. Singly imaged sources are
more likely to have an optical depth to microlensing below 0.1 than their multiply

imaged counterparts (Wyithe & Turner| 2002).

Short of the confirmation of a lens galaxy, one way of improving the constraints
on the lens parameters would be to include a prior on the transverse velocity
of the lens in the MCMC analysis. For now, this parameter has been left free
as a useful check on the validity of the results. The predicted values for the
velocity are reasonable though perhaps a little high, particularly for J084305
with v, = 830 71950 kms™!. If the lens is at a low redshift, then the transverse
velocity for this target can be dominated by the peculiar velocity component of
the lens galaxy, and values this high are not completely unreasonable (Mosquera
& Kochanekl, 2011)). Tt also possible, though perhaps less likely, that some of

these lensing events are due to isolated extragalactic point-masses.
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4.6.5 Future work

One major drawback of this sample is that it is currently very difficult to
remove any intrinsic AGN variability, preventing tighter constraints on the lensing
parameters. This is possible for a number of multiply imaged quasars, where
the time delays between images are short enough that intrinsic variations can
be corrected for. For these, there is also a known lens galaxy. In contrast,
these objects are among the lowest luminosity and lowest redshift AGN lensing
candidates known. The SDSS i-band magnitudes for J084305/J094511 are
20.98/21.11 mag (DR12 cModelMag), respectively; comparison with [Mosquera
& Kochanek (2011) shows that there are only four targets at z < 1 and 10/87
with ¢ > 20 mag. Whilst it may not be possible to disentangle the intrinsic
AGN variability from the observations, these low-luminosity targets do allow for
a greater chance of observing larger amplitude changes in the BLR. In addition,
the lensing models used for these objects may prove to be comparatively simple

when compared to those involving massive elliptical lensing galaxies.

A priority for the future is to obtain high-resolution imaging of these targets
in order to ascertain if there is evidence of any strong lensing or indeed the
lens galaxy itself. There is also a good prospect of detecting many more lensed
AGN candidates from long-baseline photometry. In addition, the slow evolution
and high amplitude maximize the chances for obtaining follow-up observations of
each event. For J084305/J094511, the models give an Einstein time of 7.5/10.8
yr and peak magnification factor for the continuum of 10.3/13.5, respectively.
Long-term surveys should provide the opportunity to select targets on the slow
rise to a high-amplitude microlensing event and allow ample time to plan follow-
up observations accordingly. It would prove invaluable to monitor one of these
microlensing events with a cadence that allows reverberation mapping to be

performed simultaneously.

It is likely that more of the objects in the full PS1-A AGN sample are also
undergoing microlensing events. For some, the simple model again provides a
good fit to the data though their slow evolution meant that they were not included
in this chapter. Other targets are excellent candidates for microlensing events
in which the accretion disc may be well resolved by the lens. These, as with
J142232/J103837, require a more thorough analysis in order to fully address these
questions. More complex magnification maps, such as those available through
the GERLUMPH data base (Vernardos et al| 2015) are also being considered. In
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addition, incorporating all available photometry bands into the analysis is a high

priority for future work.

If the microlensing interpretation is correct, this provides a valuable way of
probing the inner regions of AGN. This technique is already being used for strong-
lensed, multiply imaged quasars (Sluse et al., 2012, 2015). If the lens-host galaxy
is small and the event is due to a single stellar lens, these objects will be in a
different regime to their multiply imaged cousins. This, coupled with the fact
that they are high-amplification events evolving over year-long time-scales, also
allows a coordinated observational strategy. As the microlensing event unfolds,
it can provide a transverse sampling of the BLR, perhaps even the accretion
disc. The shorter time-scale variability allows a probe of the radial structure via
reverberation mapping. These high-amplitude microlensing events may be unique

opportunities for mapping the inner structure of an AGN.

4.7 Conclusions

In summary, I have analysed four extreme AGN transients, selected as candidates
for rare, high-amplitude microlensing events. The light-curve information,
primarily from the LT and supplemented by data from Pan-STARRS and SDSS
has allowed a detailed MCMC analysis of a simple point-lens point-source model.
This model has proven to be an excellent fit to the data in the two single-peaked
cases, J084305 and J094511. After removing the signal due to microlensing, the
long-term variability in these objects appears much more typical of the wider

AGN population.

The multi-epoch spectroscopy from the WHT has also provided valuable insight
into these events. All four targets display differential variability of the broad
line fluxes with respect to the continuum. In three objects, the CIII] flux is seen
to track the continuum closely whereas the MgII flux is less responsive to these
changes or shows signs of no change at all. Using the working lensing models and
the simplifying assumption of Gaussian surface brightness profiles, the changes
can be interpreted as being due to regions of differing size being affected by the
lensing event to a different extent. The continuum emission in the g band can be
reasonably treated as a point-source and the CIII] region is more compact than
for MglI. In the case of J084305, the data also allows size constraints to be placed

on these regions.
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The two objects not well described by the simple lensing models are J142232 and
J103837. In both cases, there is evidence for an intervening absorber, suggestive
of the presence of a lensing galaxy. It is clear that the extra structure in the
light curve for these double- or multiply peaked events, requires a more complex
lensing scenario to describe the event. This will likely involve the presence of
additional lens masses and/or external shear with the resulting caustic network
giving rise to the features seen in the light curves. Any thorough analysis of these
more complex models will also require consideration of extended sources, both for
the accretion disc and BLR. Current limitations have meant that this will be left
for future work, but microlensing is still the favoured scenario for the long-term

variability seen in these objects.

Future time-domain surveys will be an invaluable source of microlensing events
of this type. A challenge to overcome will be in identifying the gradual trends
over a year or more that might indicate a high-amplitude event is imminent.
If possible, this may allow sufficient time to coordinate an observing strategy,
particularly with regard to reverberation mapping. The amplification, by an
order of magnitude or more, of a higher redshift, lower luminosity AGN would
be an ideal candidate for a reverberation mapping (RM) study. This, combined
with a detailed lensing analysis, allows an unprecedented opportunity for probing
the inner regions of these AGN. They are in a different regime, but wholly
complimentary, to the microlensing studies in more luminous, multiply imaged

AGN. We must make the most of these opportunities whenever they arise.

4.8 Supplementary data
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Figure 4.10 Spectra for J084305 as produced by my reduction pipeline. They
have been scaled to our microlensing model and are
corrected for Milky Way reddening. The red lines show the best-
fitting models from the fitting process.
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Figure 4.11 Spectra for J094511 as produced by my reduction pipeline. They
have been scaled to our microlensing model and are
corrected for Milky Way reddening. The red lines show the best-
fitting models from the fitting process.
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Figure 4.13 Spectra for J103837 as produced by my reduction pipeline. They
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Way reddening. The red lines show the best-fitting models from the
fitting process.

136



PO'0FI8L 6C°0F10C 60FERT G O0F¥LESY <C000+F8EITVY LEO'OFLECS TOOFBET- 960 6EETLE €-LEBEOLL
LO0FI9L G90FLEC GTFC8T LOFSTVESY 8000F0CETY €LOOFEISC 90°0F¥C¢'1- TOT  6°LCV99  C-LESEOTLl
90'0F¥6'L ¢S 0F00€ FIFEO0S 8O0FIECLTy G000F669Fy C600F9T109 €00F+c6'1- P’ 1T  1°G€€99 T-LEREOI[
¢O'0FPP'8 CO0FSCT CTFE8Y T TF9G808E €000F0¥9¥y <CI00FI190'T <00+ce - LLO  T9E€TLSG L-CECTVIl
10°0F¢v'8 ¢0'0FLET 80FE9Y LOF60I8G €000Fc997y OTO0F9IT'T <cO0FEV'T- 680 6C9895 G-¢E€CCVIl
10°0+19'8 ¢00+c0¢c 80FE6¥F L 0F9L08E <CO00FI68FY TI00+¢68'T TOO0FETT- 080 €9699¢ ¥-CECVIl
¢0'0FLG8 FOOF69'T €TF8VY € 1FE0¢8G <c000+V96 77 8I0'0F8ECE <O0F66'T- ¢O'T 611999 €-CECTVIl
€0°0F08'8 90°0F€6'T CC¢F1'99 61+69¢8% €000+0v0°Sy 820'0F¥99'¢ <cO0+FI6T- LT'T  1'8CV9S <C-CETTVIL
¢0'0F99'8 €00F8LT 60F€0F 60FCEI8E c000FE60°GY LIO0FR800°€ TO0F06'T- ¥O'T  C9E€E9S T1-CECTVIl
10°0F16°L VO'0+09°€ ¥0+6CE ¥ O0F6CE6GY <IO0F960Fy TEOOFEFS0 LO0F660- 8T < 160LS  €-TTST60l
10°0F68°L €0°0+¥V9C ¥ O0+6'LC T OFE0E6Y S000FVRC TV €CO0F80ET €0°0FGLT- 080 696995 C-TISV600
¢0'0F00'8 S0°0F09'¢ 90F48C 90F€0E6¥ 9000F9FV¥¥ 9€0°0F+668' 1T FO0FSLT- T60 6.Lcv9S T-TIS¥60[
10°0F67'8 S00F9€E 60F8TS 6°0F9€0ES 8000F0Cr¥r 6¢0°0F660T G00F¢R80- ¢Vl  C¢60LS  T-S0ETVS0r
¢0'0F67'8 LOOFI6C G TF0TSE STF966cS G000FSISTr PC00F+89ET FO0OF8L0- G&'T  0600LS €-SG0EVS0L
¢0'0FE8R LOOFERT LIFC6S LIFVT6cs <¢000FI98FF KI0O0FSE0E TO0F98T- €80 6¢8EIS ¢-G0EVROI
€00FI6'8 600F¥8¢ €¢F0€9 T CF6TV0ES <C000FL06FY 920 0F8LE'E CO0FC8T- ¥O'T ¢ €EEIS  T-COEVSO[
(8) (L) se-or< (9) () () (€) wov<— (2) (1)

(OW) 91801 Z—wo ;s8I0 v Y ?lm 819) 01801 [_V-wop_s 310

ENE EmSJ\ IISIN o EMEK ooomq ooom\. Q oredS  (rN QQMH@,H

wf oyp wouf adojs mv) uamod () |6°g F|ur paquiosap sv wmagdads ayy 0g parddv 403vf u0KILL0D buywog (1) -o)qy VI TT'Y OIqEL

‘fiyuo ssaooad buiggnf 243
WOLS U §404L5] UOUD]AL (F007) |[dojun(y g3 aangopy|ays buisn pagupnowd ssow 9)oy yov)g (§) “spuauoduiod JIhpy ppoiq om)
oY) fO LOMOLIDU DY) WOL[ 24D SINIDA Y] LESSOLL A0 WL PIntasqo ayj ur JIbpy 07 11f upissnor) ayy wouf xnyf aui) 10303
puv vwbrs ‘auguad 2ury (1)/(9)/(¢) “(g) woif paaiiap figsourwin) wnnuiuod 21woLy0uow NV (¥) uoibos A ayp 03
1 mvj-spmod 213 wioLf pagDINIYI  FOOE JUDA-1524 1D TN WNNUWUD IUDUWOLYIOUOUL NTDT PAALISG() (¢) H by fiq usarb

137



H E F: unlensed flux /x10~ 18 ergs=!ecm —2 A —1

Fy: source flux /x10~ 18 ergs=!cm 2 A —1

yo: impact parameter

T Ty

zq: lens redshift

to: midpoint /MJD-56000

sl ool siunl v, : transverse velocity /kms—!

M;: lens mass /Mg,

=1l 11 11 1 15

A

Fy
O =N WO

) Y T |

0002040608 00101 1 10 10! 102 103 1020.0 01 02 0 100 200 2 4 6 8 10
Zd M, vy Yo to Fs

Figure 4.14 Corner plot from the MCMC' analysis showing the one- and two-
dimensional posterior probability distributions for J084305.
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Figure 4.15 Corner plot from the MCMC' analysis showing the one- and two-
dimensional posterior probability distributions for J094511.
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Chapter 5

AGN transients under a simple lens:

full sample analysis

5.1 Introduction

The AGN transients described thus far have continued to evolve as the work on the
previous chapters was carried out. At time of writing (Sep 2017), the Liverpool
Telescope continues to provide low-cadence photometry on these objects and there
have been further spectroscopic observations with the William Herschel Telescope.
While microlensing is unlikely to be the sole cause for the observed variability in
all of these objects, it is nevertheless useful to re-visit the MCMC analysis used to
explore the simple point-lens, point-source microlensing model (Chapter 4) in the
context of the entire sample. The first half of this chapter will detail the pertinent
results from this comprehensive approach. For those targets which are not well-
described by this model, I will detail preliminary results from a more realistic
microlensing modelling approach which can take into account the possibility that
the AGN accretion disc may be resolved by the lens. One point to note is that the
SDSS magnitudes used here are PSF magnitudes rather than cmodel magnitudes
as previous, a result of the cross-matching algorithm used when producing the

up-to-date light curves.
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5.2 Refining the simple microlensing analysis

As detailed in Chapter 4, the point-lens, point-source analysis involved using an
MCMC approach to ascertain the plausibility of this microlensing scenario. In
the interest of brevity the technical aspects will not be repeated here but I will
comment on some modifications to the priors used. Previously in the 7-parameter
model, the redshift and transverse velocity of the lens, v; were left free and a
prior was placed on the lens mass, Mj,. This prior took the form of a Chabrier
IMF with a mass-weighting to attempt to allow for the increase in lensing cross-
section with mass. Since this work was carried out, I have felt it necessary to
revisit this choice of prior for two reasons. The first concerns the implementation
of the mass-weighting. The earlier work suffered due to a problem in the code
which inadvertently applied an inverse mass-weighting, contrary to what was
required. As it transpires, this single prior was still sufficient to allow the MCMC
analysis to converge. Testing with corrected variations of the mass-weighted prior
revealed a loss of stability, with a tendency to struggle to converge and/or result
in spuriously high lens masses and transverse velocities. This is not unexpected
due to the fact that there is a mass/velocity degeneracy in the model . A further
complication is that the Einstein timescale, tg is also proportional to the square
root of the product of the lens distance and lens-source distance. This can also
allow for arbitrarily high lens masses, even with constraints on the lens velocity,
if the lens is located near to the observer or AGN host. With this in mind, the
second reason to revisit the choice of priors was to place an additional prior on
the transverse velocity of the lens which would help to stabilise the analysis and

allow for results which remained physically reasonable.

In order to produce a more refined version of the MCMC analysis for this current
work, I have elected to place a prior on both the lens mass and transverse velocity
while allowing the lens redshift to remain free. For now, the lens mass prior takes
the simpler form of a log-normal distribution with 4 = 0 and ¢ = 1 In(M,).
This particular distribution peaks at 0.37Ms and has a median value of 1M
For the transverse velocity a Gaussian prior with mean 400 and sigma 200 km/s
was used. Granted, these are likely an oversimplification but for the purposes of
this chapter they should suffice. My principal aim is simply to ascertain which
light-curves can be reasonably approximated with the point-lens, point-source
microlensing model. The derived parameter constraints reported here will reflect

the median values and one sigma percentile range from the MCMC trace.
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Table 5.1 Comparison between parameter estimates from the simple microlens-

ing MCMC results for target J084305. The analysis for this chapter
included the latest photometry and updated priors as detailed in

Section

J084305 Zagn = 0.8952

Parameter Ch4 Value Chb Value Unit
Za 0.40703>  0.397038
M, 0.39530  0.73157%2 Mg
v 800798° 490715 km s~
Yo 0.093%5051 0.046%501% Ok
to 5613573; 56135754 MJD
F 5.30" 16 2.37 o0 x10™¥ergs~tem2A !
B, < 2.55 2.0575:17 x10~¥ergs tem2A !

The earlier results from Chapter 4, which may have been biased towards smaller
lens masses, do still remain valid as can be seen in Table 5.1} Here, the
parameter constraints obtained for target J084305 are compared with those from
the previous chapter. The results using the refined MCMC analysis also make
use of the latest available photometry. Of the seven available parameters, only
the source flux, Fj, has decreased by more than the one sigma limit from the
This is likely due to the fact the updated photometry has

also allowed for better constraints on the unlensed flux component, F;, which

earlier estimates.

went unconstrained in the previous analysis. Given a well-sampled light curve it

appears that the posterior is not too sensitive to the exact choice of prior.

Of the available photometry, the MCMC analysis makes use of g-band data from
SDSS, Pan-STARRS(DVO), and LT. In addition, I have also included g-band
data from the Palomar Transient Factory (PTF) survey (Law et al., 2009) where
available. Data from CRTS and also the SuperCOSMOS catalogue, derived from
scans of the Schmidt survey photographic plates (Hambly et al., 2001)), are not
used in this analysis. This is primarily due to concerns about the reliability of the
data and/or filter effects, but the complete light curves can be found in Appendix
B. This chapter will primarily focus on the photometric data only. Work to re-
evaluate the spectroscopic data in light of this analysis is currently ongoing. For
clarity, the light curves presented here display the photometry used in the analysis
as a uniform data set. The complete light curves for these objects, highlighting

individual data sources, are displayed in Appendix B.
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5.3 Results of comprehensive analysis

In order to present the most promising candidates for a point-source, point-lens
microlensing transient I have used three parameters to rank the quality of each
fit. The first is to compute the reduced chi squared for the best-fit parameters
obtained from the MCMC analysis, here defined at the peak of the posterior
distribution. For this, the errors on the photometry, as in the MCMC analysis,
have been increased to allow for some intrinsic AGN variation. The increased

errors are given by: o?

= 0ot T OAgn Where oy = 0.1, For clarity, the
original photometric errors are displayed in the following plots, along with the
corresponding best-fit model light curve. The second parameter used is o qy;,
defined as the level of intrinsic AGN variability which would be required to
produce a reduced chi squared value of 1.00. This should allow for microlensing
candidates with a higher degree of intrinsic variability than assumed above. The
third parameter is a proxy for determining the presence of significant structure
in the residuals to the microlensing fit. From the residuals I compute the longest
sequential run of points either above/below zero and denote this value as r. A
good fit to the macro-behavior of the light curve would expect this number to
remain relatively low. If high, it suggests that there is a significant amount of

structure in the residuals which the model is failing to account for.

Armed with these three objective ranking parameters I then determined the
most promising microlensing candidates using the following criteria: x? < 1.5
OR oagn < 0.15 AND 7 < 8. The exact choice of values is somewhat arbitrary but
this results in six high priority objects which will be discussed below. Table [5.2]
sorted in order of ascending 2, shows the values of the ranking parameters for
every object in the sample. The table also shows the classification of each object
as per Chapter 3. After discussing the best microlensing candidates, I will also
highlight a number of objects which are not convincing simple lens candidates but
are nonetheless worthy of discussion. Many targets in this sample display similar
features to these, which can be thought of as representing the most common
failure modes of the simple model. In the figures shown below, the residuals
plot also highlights the region corresponding to the ranking parameter r in green
(r <8), yellow (8 < r < 16) or red (r > 16). In targets where there are multiple

sequential runs of the same length, only the first instance is displayed.
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Table 5.2

Parameters used for ranking the resulting MCMC best-fit simple
microlensing models for the entire AGN transient sample, sorted by
X2. This includes J025633 with no confirmed redshift (assumed z = 1
in the analysis). Parameter definition as per Section with favoured
simple microlensing candidates in bold. 'Objects originally classified
as per Chapter 8 but excluded from that analysis due to an insufficient
sampling of spectroscopic epochs. 2NVSS detections, i.e. radio-loud

objects.

Target X2 OAGN r  class
Jos3714 0.78 0.09 5 SimpleH
Jo83544 0.84 0.09 6 Rounded
J084305 1.03 0.10 5 Simple

J114742 1.15 011 9

J235635 1.49 0.12 4

J103511 1.69 0.13 11 Dipper!
J175610 1.71 0.13 10 Simple
J164740 171 0.15 7 Simple
J143531 1.99 0.14 8 Simple!
J234953 1.99 0.14 11

J103726 2.08 0.16 4 Simple!
J141056 2.19 0.16 13 Double
J135846 2.31 0.16 12 Double
J111547 2.38 0.16 7 Simple!
J160332 2.38 0.16 12 Simple
J104556 2.48 0.17 10

J094309 2.54 0.16 10 Double
J003545 2.76 0.21 7  Simple!
J094511 2.96 0.20 15 Simple
J212547 3.01 0.21 16

J085220 3.06 0.18 11 Dipper
J113309 3.10 0.18 7 Dipper!
J163528 3.13 0.18 8

J151944 3.21 0.18 8 Double
J011356 3.52 0.22 10 Dipper!
J174101 3.53 0.21 5 2
J081445 3.61 0.21 18 Dipper
J214006 3.66 0.22 7 Simple!?
J090244 3.72 0.21 13  Simple?
J152238 3.79 0.21 9 Double
J161022 3.88 0.20 20

J151234 3.88 0.22 10 Double
J011635 4.00 0.21 17 Rounded
J105502 4.18 0.22 13  Simple
J151201 4.42 0.22 17 Rounded
J233237 4.56 0.24 19 Double
J170845 4.87 0.23 10

J090514 5.06 0.26 13 Double
J103837 5.18 0.24 10 Dipper
J031240 5.19 0.24 23 Rounded
J085759 5.33 0.24 13

J154445 5.37 0.25 29 Double
J155427 5.42 0.27 19 Rounded
J115553 5.51 026 7

J081916 5.94 0.28 9 Dipper
J105040 5.97 0.25 11 Double
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J160329 6.04 031 14 2
J152844 6.35 0.26 6 Double
J142902 6.40 0.33 15 Simple
J124728 6.44 0.27 10 Rounded
J092635 6.70 0.28 8 Double
J223210 7.07 0.28 16 Dipper
J142232 7.20 0.54 10 Rounded
J133004 8.27 0.31 9  Double
J160414 8.36 029 6

J162849 8.85 0.32 15

J110805  10.24 0.38 20 Simple
J150042  10.38 0.36 14 Double
J025633  12.53 0.41 15 2
J154404  14.05 069 9 2
J132958  15.67 1.31 8

J150210  15.88 0.44 16 Simple
J014139 25.97 1.14 23 Rounded

The results can be summarised as follows. Of the 63 AGN listed here, six (~ 10%)
meet the criteria for a convincing simple microlensing event. As suspected, the
subset of targets classed as ‘Simple’ in Chapter 3 have provided the best matches
in this analysis. It is notable that J083544, classed as a ‘Rounded’, appears to
be the only object with this classification for which the model performs well.
This is an indication that J083544 may have been misclassified. It appears as
if the ‘Rounded’ objects are not simply longer-lived manifestations of those in
the ‘Simple’ category. In these and a number of other objects, the failure of the
simple microlensing model does not rule out the possibility that these are still
microlensing events. Rather, they provide insight as to the more complex models
which will be required to provide a more satisfactory match to the data. Some
notable failures will be discussed following an overview of the six best-performing

events.

5.4 Discussion of the six best performing simple

objects

5.4.1 1083714

This object (Fig. [p.1} Table could be considered the ‘smoking-gun’ simple

microlensing candidate. It has formally the best fit of any target in the sample
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Figure 5.1 Top: Simple microlensing model for J083714. Full parameter
constraints are displayed in Table[5.3 Also displayed are the ranking
parameters described in Section [5.5. Bottom: Residuals to the fit
with the highlighted region reflecting the location of the data points
corresponding to the ranking parameter r.
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and the CRTS photometry also appears to suggest a single-peaked light curve.
Unfortunately for this target, the spectroscopic sampling is less than ideal. The

target is now returning to quiescence from a peak delta-mag of ~ 2.2.

5.4.2 J083544

This object (Fig. m Table has a very well sampled light-curve and the
simple model provides an excellent match to the data. The transient is still
evolving and has some way to go before returning to the assumed quiescence
of the Sloan epoch. Currently, the background or ‘unlensed’ flux parameter is
consistent only with an upper limit. The CRTS data also agrees well with this
object. One possible cause for concern is the anomalously high SuperCOSMOS
data point. As can be seen in Table this object is the only ‘Rounded’ object
which displays a convincing fit. This strongly suggests that the classification
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Table 5.3 Parameter constraints from the MCMC' analysis for J083714.

J083714 Zagn = 1.2798
Parameter Value Unit
2 0.557053
M, 077705 Mg
v 4807190 kms™!
Yo 0.0487003 O
to 55813735 MJD
F, 2.28702%  x10""®ergstem2A~!
Fy, 3.2319:03 x10™Bergs~tem2A~!

Table 5.4 Parameter constraints from the MCMC' analysis for J083544.

J083544 Zagn = 1.3254
Parameter Value Unit
Za 0.5470735
M, 1487055 Mg
vy 340117 kms™!
Yo 0.04610018 Ok
to 56999737  MJD
Fy 3.511798 %10 Bergs'em2A!
F, <8.03 x10 Yergs~'em2A~!

should be updated to ‘Simple’. The failure of the simple model to reproduce the
rounded light curves will be described with respect to object J155427 below.

5.4.3 1084305

This object (Fig. , Table has already been the subject of a detailed
microlensing analysis as part of Chapter 4. Using the most recent LT data
and updated priors still produces an excellent fit to the data and also tightens
the constraints on all parameters. Most significantly, the unlensed flux is now

constrained.

5.4.4 1235635

This particular object (Fig. , Table has a fairly erratic light curve but
manages to score well in terms of the three ranking criteria defined above.
Currently there are no constraints on the unlensed flux but this is likely to

improve as this transient still has some way to evolve. Given that this event
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Figure 5.2 Top: Simple microlensing model for J083544. Full parameter
constraints are displayed in Table[5.4) Also displayed are the ranking
parameters described in Section |5.3 Bottom: Residuals to the fit
with the highlighted region reflecting the location of the data points
corresponding to the ranking parameter .
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Table 5.5 Parameter constraints from the MCMC' analysis for J084305.

J084305 Zagn = 0.8952
Parameter Value Unit
Za 0.39755
M, 0.73705 Mg
v 4907139 kms™*
Yo 0.0461003% O
to 5613575,  MJD
F, 2.37TL8 107 Bergslem2A !
Fy, 2.051007 x10™¥ergs tem2A 1
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Figure 5.3 Top: Simple microlensing model for J084305. Full parameter
constraints are displayed in Table[5.5. Also displayed are the ranking
parameters described in Section |5.5. Bottom: Residuals to the fit
with the highlighted region reflecting the location of the data points
corresponding to the ranking parameter r.
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Figure 5.4 Top: Simple microlensing model for J235635. Full parameter
constraints are displayed in Table[5.6. Also displayed are the ranking
parameters described in Section [5.5. Bottom: Residuals to the fit
with the highlighted region reflecting the location of the data points
corresponding to the ranking parameter r.
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is still relatively near the peak it remains to be seen if this will remain a viable

simple microlensing candidate.

5.4.5 1164740

This object (Fig. m, Table has a well-sampled light curve over the assumed
single-peak and agrees well with the CRTS data. Again, there appears to be
a higher-than-assumed level of intrinsic variation as evidenced from the shorter
time-scale variations. In this object the unlensed flux is not well constrained. As
this target continues to evolve, additional light curve data at or near quiescence

should allow for tighter constraints.
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Table 5.6 Parameter constraints from the MCMC analysis for J235635

Figure 5.5 Top: Simple microlensing model for J164740.

18.5

J235635 Zagn = 0.9319
Parameter Value Unit
2 0.417553
M, 1.90731 Mg
vy 2807159 kms~!
wo 00765505 Ok
to 5693415 MJD
F 457118 x10™¥ergs~tem2A 1
jak < 1.03 %10 Bergs—'em2A !

Full parameter

constraints are displayed in Table[5.7. Also displayed are the ranking

parameters described in Section [5.5

Bottom: Residuals to the fit

with the highlighted region reflecting the location of the data points
corresponding to the ranking parameter r.
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Table 5.7 Parameter constraints from the MCMC' analysis for J164740.

J164740 Zagn = 0.8448
Parameter Value Unit
2 0.407533
M, 150758 Mg
v 4101779 kms™?
Yo 0.08410055 O
to 56131735  MJD
F 9.27739%  x10Sergs lem2A~!
E <4.25 x10 " Bergsem2A !

Table 5.8 Parameter constraints from the MCMC' analysis for J143531.

J143531 Zagn = 1.5706
Parameter Value Unit
2 0.67t§;§§
v 470715 km s~!
Yo 0.07610 0% Ok
to 55592755 MJD
EFy 3.551 17 x10~Bergstem2A~!
Fy, 2.441792 x10~®ergs—tem2A !

5.4.6 J143531

This object (Fig. , Table sees a reasonable fit to the data and appears to
also agree with the CRTS data. In this case there appears to be a higher degree
of intrinsic scatter but otherwise the fit performs well. It will be interesting to
see if target returns to the level of the Sloan era in the coming years. Similar to

J083714, the spectroscopic sampling is less than ideal for this object.

5.5 Simple microlensing: notable failures

There are a number of objects which failed to make the cut for a convincing
point-lens, point-source microlensing fit. The principal reason for this is usually
evidence for a second distinct peak in the data or notable failure in the model
at certain epochs. The possibility for two (or more) peaks in the data is always
There,

even though the simple model is performing very well, some targets do not have

present. This should also be borne in mind for the previous section.

sufficient photometry detailing the ingress of the event. In those cases we may be
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Figure 5.6

Top: Simple microlensing model for J143531.  Full parameter
constraints are displayed in Table[5.8, Also displayed are the ranking
parameters described in Section |5.5. Bottom: Residuals to the fit
with the highlighted region reflecting the location of the data points
corresponding to the ranking parameter r.
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seeing only one peak from a true double though this is perhaps a fairly remote
possibility in these cases. Differentiating between peaks and erratic variability
becomes trickier if the cadence of the photometry is not sufficient to give a general

idea of the short-term intrinsic variability over the long-term trend.

In this section I will describe three objects which are not convincing ‘simple’
microlensing events but are nevertheless excellent candidates for more complex
lensing behaviour. Though the simple microlensing model is disfavoured, lensing
remains a likely explanation for these events. The issues with the simple model
fit thus point the way towards more realistic lensing models. In the next section
I will detail the current progress in producing more realistic lensing models to

adequately explain these events.

5.5.1 J105502

The simple fit for this object (Fig. [5.7, Table[5.9) performs well on the rise but less
so on the decline. This object is in fact a prime candidate for a closely-separated
caustic-crossing lensing event. This requires that the source moves through a
small caustic region in the magnification map, perhaps caused by external shear
or a binary lens, leading to two distinct peaks in the light curve. This would
allow for a more rapid rise/decline and, in this case, requires the target track
to pass near a region of higher magnification on the ingress. The discrepant
DVO point at MJD~ 55800 is almost certainly in error as the target was below
the horizon at this epoch. From this data, the MCMC failed to constrain the
unlensed flux. The CRTS data broadly agrees with the photometry but the
colour correction estimate does not seem to agree at all epochs. Target J114742,
which was narrowly excluded from the high priority candidates listed above, is

another example of this type of residual structure in the light curve.

5.5.2 J111547

This object (Fig. Table is notable for two reasons. The first is that
this is potentially the highest amplification event in the entire sample. In fact,
the MCMUC failed to adequately constrain the impact parameter, in-part due to
the lack of photometric data across the peak. The best fitting model in this

case produces a ~ 5 magnitude flare. The second notable feature is that even
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Figure 5.7

Top: Simple microlensing model for J105502.

Full parameter

constraints are displayed in Table[5.9. Also displayed are the ranking

parameters described in Section |5.5,

Bottom: Residuals to the fit

with the highlighted region reflecting the location of the data points
corresponding to the ranking parameter r.
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Table 5.9 Parameter constraints from the MCMC' analysis for J105502.
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J105502 Zagn = 0.4168
Parameter Value Unit
2 0.20510
M 149519 Mg
v 4707790 kms™!
Yo 0.04010017 g
to 56416735  MJD
F, 5357235 x10 Bergs lem2A!
F, < 1.26 x10 Bergslem2A~!



Figure 5.8 Top: Simple microlensing model for J111547. Full parameter
constraints are displayed in Table [5.10.  Also displayed are the
ranking parameters described in Section [5.3 Bottom: Residuals to
the fit with the highlighted region reflecting the location of the data
points corresponding to the ranking parameter r.
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though the fit to the egress appears to perform very well, the early photometry
is suggestive of additional structure. This is borne out by sparse CRTS data,
suggestive of a second peak which may have occurred at some point around
MJD~ 53000. In contrast to the previous target, this light curve could then be

considered a more classic example of a two-horned microlensing event.

5.5.3 J155427

This object (Fig. m, Table is one of the sub-class of transient light curves
which have been termed ‘rounded’ and the reason for this is clear when looking at
the best-fitting simple model. The cuspy nature of the simple microlensing light
curve does not allow for an adequate fit to the data. The CRTS data in this case
provides a very clear picture of the post-Sloan era, confirming a single rounded

peak for this event. The reason this object may prove to be very interesting is that
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Table 5.10 Parameter constraints from the MCMC' analysis for J111547.

J111547 Zagn = 0.4100
Parameter Value Unit
2 0.237015
M 0.8455957 Mg
v 4707130 kms™!
Yo <0.016 Og
to 5619375 MJD
F, 317715 <10 Bergslem2A !
Fy, 1467011 x107Tergs tem2A~!

Table 5.11 Parameter constraints from the MCMC' analysis for J155427.

J155427 Zagn = 0.5722
Parameter Value Unit
2 0.267015
M 1.9375:Y Mg
vy 110 50° kms™!
Yo 0.01710006  Or
to 5674173 MJD
F 1.8075 %8 x10~¥ergs tem2A !
F, <133 x10"Yergslem2A !

a partially-resolved accretion disc under a point-lens may provide an adequate
description for this event, allowing for a more rounded light-curve profile across
the peak (see next section). This hypothesis is backed up by the fact that the
u-band light curve for this target, while not as well sampled, shows a narrower
peak than for either g/r. With the assumption that the u-band emission peaks at
smaller radii this may even allow for a determination of the temperature profile of
the disc. In the simple model fit, the unlensed flux is unconstrained. One possible
problem is seen in the SuperCOSMOS data point. If accurate, this suggests that

the target was actually in a bright state in the pre-Sloan era.

5.5.4 J094511: not as simple as first thought

This object (Fig. Table has been included as a notable example of
a target which was previously thought to be an excellent simple microlensing
candidate. It was covered as part of the work in Chapter 4. The most recent
photometry for this object, which confirms a suspected plateau in the data, has
made the simple lensing scenario less likely. As this target continues to evolve,

it is possible that it will still return to the level seen in the Sloan era. It is also

158



Figure 5.9 Top: Simple microlensing model for J155427.  Full parameter
constraints are displayed in Table [5.11  Also displayed are the
ranking parameters described in Section [5.3 Bottom: Residuals to
the fit with the highlighted region reflecting the location of the data
points corresponding to the ranking parameter r.
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Figure 5.10 Top: Simple microlensing model for J094511. Full parameter
constraints are displayed in Table [5.13  Also displayed are the
ranking parameters described in Section [5.3 Bottom: Residuals
to the fit with the highlighted region reflecting the location of the
data points corresponding to the ranking parameter r.
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possible that the Sloan data point is erroneous. One further intriguing possibility
is that this object was seen during an ingress into a caustic region and will undergo

a further flare-up at some point in the future on the egress.

5.6 Extended source under a point-lens: J155427

case study

Once the point-source and/or simple-lens approximation breaks down, the range
of parameter space for these microlensing models which needs to be explored
increases dramatically. This requires a move beyond an analytical light curve
to the convolution of a magnification map and extended source, with a given
profile, to produce light curves. Unfortunately, this also becomes computationally

expensive. Some of my early extended-source testing has been discussed for
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Table 5.12 Parameter constraints from the MCMC' analysis for J094511.

J094511 Zagn = 0.7573
Parameter Value Unit
Za 0.3670 35
M, 0.85¢9 Mg
v 4607159 kms™?
Yo 0.04370022 Oy
to 5586975  MJD
F 2.097510  x107"®ergs—tem2A~!
Fy, 3.357551 x10~Bergs~lem2A~!

J084305 in Chapter 4 but I have been working towards producing an MCMC-
derived fit to light curve data to robustly explore the available parameter space.
Here, I will note the progress in this area with a focus on a relatively simple

model: an extended source under a point-lens, in particular for J155427.

For this I began by adapting the extended source code, originally from |Jiménez-
Vicente (2016]), which had been used as part of my work for Bruce et al. (2017).
The radial extent of the magnification maps was two Einstein radii and I began by
creating a low-resolution point-lens magnification map, 401 pixels across, giving
a resolution of 0.01 Einstein radii per pixel. The generation of a light curve by
convolving this map with a Gaussian source at every epoch for a given set of
lensing parameters typically takes less than a second, making this a viable time-
frame for, say, an MCMC run of 200,000 iterations on a single PC for early testing.
For comparison, my original point-source, point-lens MCMC code was capable of
two million iterations in ~ 5 minutes. Thus, the principal drawbacks of this
more complex model are that there may be pixel-rounding errors due to the low
resolution and that the ability to run more than 200k iterations is prohibitively
expensive computationally. I am still looking into how to make the code more
efficient, particularly with a view to multi-threaded applications and scalability.
Nonetheless, the early results from this process are presented in Figures|5.11| and
which show the best-fit model light curve and MCMC corner plot.

The low resolution of the model gives the stepped appearance of the light curve
but a first glance shows that this fit clearly performs better than the simplest
microlensing model shown earlier. It still struggles to reach the depths of the
Sloan epoch but does provide a natural explanation for the rounded-top nature
of this light curve. The new parameter of interest to us in this case is Ss, the

Gaussian sigma of the source profile used, in units of the Einstein radius of
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Figure 5.11 Light curve for J155427 and model fit obtained from the low-
resolution MCMC microlensing analysis.
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Figure 5.12 Corner plot from the low-resolution MCMC microlensing analysis
for J155427.
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the lens. Given that this is a function of the other lens parameters one must
be careful when inferring an absolute size. For the best-fit model shown, the
value of 0.045 0k corresponds to a one-sigma radius of ~ 11 light-hours, or ~ 40
Schwarschild radii for a 108 M, black hole. A higher-resolution run should yield
more accurate results as, for example, the predicted impact parameter is very near
to the resolution limit of the current run. These resolution effects are clearly
visible in the corner plot where there are isolated peaks of higher probability,

likely caused by pixel-rounding when rendering the extended source map.

The size estimates above are perfectly plausible and indicate there is merit to the
resolved accretion disc hypothesis. In the wider context, it appears that for some
microlensing candidates the lens configuration is such that the accretion disc can
be safely approximated as a point-source whereas in cases such as this, resolution
effects become important. For this object, there is also tentative evidence in the
u-band photometry for a less-rounded peak which would lend further credence to
this idea. Future work will need to incorporate all available photometry and this

may even allow the temperature gradient of the disc to be probed.

As an early foray into the realm of more complex microlensing models this has
proved invaluable in probing the limits of my current method. In principle it is
relatively straightforward to replace the point-lens magnification map with any
other chosen lensing configuration. If the lens parameters could be constrained
easily this would be more straightforward but with an unknown lens redshift
and source track, and the possibility of adding additional masses and /or external
shear, this results in a rapidly increasing number of possible magnification maps

required for testing.

5.7 Extended source under a complex lens

There are a number of targets which exhibit multiple, or asymmetric peaks in the
light curve. If microlensing is still the cause of this variability this will require, in
addition to using an extended source profile as per the previous section, the use
of a more sophisticated magnification map than that of a point lens. A relatively
simple example of this would be a Chang Refsdal lens (Chang & Refsdal, 1984]),
or perhaps a binary lens scenario. In the former case the presence of external
shear due to a lens galaxy produces caustic structure in the magnification map

whereas in the latter case the presence of a second mass in close proximity is
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sufficient to do the same.

The principle problem in modelling these more realistic lensing scenarios is that
the available parameter space increases dramatically. Instead of a simple impact
parameter, one must now calculate the trajectory of the source relative to any
additional structure in the magnification map. There are also a large number of
possible lens configurations which may give rise to similar magnification maps.
As in the case of most of the targets in the AGN transient sample, there is
rarely definitive evidence for the redshift of the lens which makes this problem
particularly intractable. Thus, the approach to modelling used in many multiply-
imaged lensed quasar studies, where the lens-galaxy redshift and mass can be

reasonably constrained, is not yet possible for the AGN described here.

An example of a qualitative ‘complex’ microlensing fit to a target with a suspected
lens redshift has already been seen in Chapter 4. To be able to perform this type
of fit in an objective and efficient fashion will require considerable computational
effort. Some parameter constraints will be possible, such as placing upper limits
on the mass of any (unseen) lens galaxy. The various parameter degeneracies
involved will likely require further assumptions and simplifications before making

this a feasible enterprise.

5.8 Next steps

It may never be proven conclusively that microlensing is the cause for the AGN
transients described thus far but there is further work which is now being carried
out to ensure that the model remains plausible when taking into account all
available data. This will follow on from the work in Chapter 4 and requires a
careful analysis of the most recent spectroscopic data. A key factor will be to
empirically estimate the size of the accretion disc from the spectroscopy. The
size of the disc in relation to the Einstein radius of the lens is crucial as the
point-source approximation begins to break down, leading to chromatic effects
and less-cuspy light curve profiles, if the disc is greater than approximately 5%
fg. In addition, the possibility for observing BLR changes due to microlensing is
also increased if the disc size is small relative to the lens footprint. This will be

more likely for low-luminosity AGN.

In the cases where the accretion disc is being resolved, a higher-resolution
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magnification map should allow for a robust, independent accretion disc size
estimate to compare with that estimated from the spectroscopy. Though the
complexity would increase, this work could also be performed using simultaneous
fits to all available photometric bands. This should allow for tighter constraints as
naively one would expect the bluer bands to originate from smaller radii. Accurate
modelling of BLR contamination in some bands, not currently accounted for,
may also prove to be of importance. Any further observations of differential BLR
variability will also require consideration under the microlensing scenario. As for
J084305 and the CIII| line in Chapter 4, it may be possible to derive a simple

estimate for the radii of one or more BLR line species.
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Chapter 6

Sharov 21: the remarkable AGN

flare

6.1 Introduction

The outburst seen in Sharov21 was an exceptional event. Originally interpreted as
a nova in M31 (Nedialkov et al., 1996; Sharov et al.,[1998) it was later discovered
to be an AGN at the much greater redshift of 2.1 (Meusinger et al., [2010)). The
flare was relatively short-lived in relation to the majority of transients in this
thesis but was a high-amplification event. Meusinger et al.| (2010) reasoned that
the event was most likely to be caused by either microlensing, due to a star in
M31, or a tidal disruption event. They favoured the latter explanation as the
probability of a high-amplitude lensing event seemed remote. However, the tidal
disruption scenario requires that a ~ 10 Mg, star be disrupted at or near to an
extant accretion disc, the effects of which are not well understood. As a further
test of the ideas outlined in this thesis, I thought it would be interesting to re-visit

this object to see if anything new can be learned.

The Meusinger et al. (2010]) paper has an excellent light curve for Sharov21 that
stretches over several decades. To date, there have been no other observed high
amplitude events in this object. The authors kindly made available this data set
and, as an initial foray, I elected to put this object through my MCMC code to

see how the simplest point-lens, point-source model performed.
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6.2 Sharov 21: simple microlensing MCMC results

As a first test, I conducted this analysis using exactly the same initial guesses for
each parameter as for every other AGN transient in this thesis. This included
setting the initial guess at the lens redshift to 0.2 despite it being likely that the
lens should reside in M31. The key here was to remain objective with respect
to the lensing parameters. As before, the main assumption being made is for
a stellar-mass lens and here I am making use of the refined MCMC priors as
detailed in Chapter 5. The light curve data here are B-band magnitudes so the

effective wavelength for magnitude to flux conversions was adjusted to 4420 A .

This first attempt failed to converge, as seen in Fig. This figure shows the
walkers in the MCMC code for each parameter. If all goes well the walkers should
quickly spread out to map the available parameter space and then settle into a
quasi-stable block thereafter. In this case this does not happen, particularly for
the source flux and lens flux indicating that the walkers did not have enough time
to converge and /or that there is a problem with the model. It is interesting to note
that in this first run, the suspected lens redshift was found to be high, i.e. near
to Sharov21 itself but did not find a higher likelihood region in opposite sense,
i.e. near M31. I believe this is a sign that the code was not able to efficiently map
the lens redshift parameter space, currently constrained to be > 0 and < zagn
and with a uniform prior. Given that the effective cosmological redshift for M31
would be on the order 107, I reasoned that the code did not have sufficient scope

for mapping this many orders of magnitude in the time alloted.

In an attempt to correct for this I began another run but this time using a search
on log(zq) rather than linear z4 as previous. Given the decades-long light-curve,
I also placed a constraint that the peak be within £400 days of the main event

to ensure the run spent less time in low-likelihood regions.

The second run performed very well. The associated walker plot is shown is Fig.
6.2l After the initial spread-out, the walkers settle into a sensible range with
only a few getting stuck in regions of very low likelihood. Note that the ‘burn-
in’ period was set as the first 1000 iterations ie. the parameter constraints are
derived from the second-half of the trace, and are listed in Table The corner
plot for this run is shown in Fig. [6.3 In this instance, with the initial redshift
parameter still set to log(0.2), there is a clear preference for very low redshift

values. Given the parameter constraints, this places the lens within ~ 3.4 Mpc
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Figure 6.1 MCMC walker plot for Sharov21 which failed to converge. Fach
panel shows one of the parameters used in the model. Left, from top
to bottom: zq, My, v L, yg. Right, from top to bottom: ty, Fs, Fyp.
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Table 6.1 Parameter constraints for the Sharov2l event from the simple
microlensing MCMC' analysis.

Sharov21 Zagn = 2.109
Parameter Value Unit
log(zq)  —3.7270%0
M, 1197592 Mg
o 420129 kms™?
Yo 0.029139%8 O
to 4891377  MJD
F 2.181030 x10~Tergs~tem2A !
B, 1.267947 %10 ' Tergs lem2A !

of Earth. The best-fit model in this case has a lens redshift corresponding to
a distance of 2.35 Mpc. However, the median lens redshift value corresponds
to 0.85 Mpc, ie. within 10% of the true distance of M31. This is a significant
result. With the only assumption being that of a stellar-mass lens, the simple
model analysis provides an independent estimate that the lens is most likely to be

located within M31. This lends additional weight to the microlensing hypothesis.

There are two light curve plots for this target. The first (Fig. shows the
long-term light curve. The second (Fig. shows a zoomed-in view of the main
event. The fit performs relatively well but is not an exact match to the data.
A better fit would require a more rapid rise to peak and more gradual decline.
Thus, while the simple microlensing model cannot easily be ruled out, this event
may require a caustic crossing ingress to adequately explain. The expected egress
may have gone unnoticed in the photometry. On the other hand, the intrinsic
variability seen in Sharov 21 during quiescence may be enough to explain the

discrepancies.

6.3 Discussion

The results presented here are still preliminary but it is very interesting that the
MCMUC analysis provides an objective way of constraining the lens redshift to the
approximate distance of M31. It is also interesting to note that when the lens
redshift is low the Einstein radius, when projected at the distance of the source,
can be quite large. In the case of the best-fit model reported above, this distance
corresponds to ~ 1 light-year at the redshift of Sharov2l, with the full range
constrained to ~ 1 — 10 light-years. Contrast this with the results from Chapter
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Figure 6.2 MCMC walker plot for Sharov2l which performs better than the
previous attempt. Fach panel shows one of the parameters used in
the model. Left, from top to bottom: log(zq), My, v L, yo. Right,
from top to bottom: to, Fs, Fy. Units as per Table
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Figure 6.3 Corner plot for the successful MCMC' run for Sharov21. Note that
the values for the lens redshift are in log(zq).

M,

vl

vl vvd vl

T Ty

LN,
o "&“.’{

Fy: unlensed flux /x10~ '8 ergs=!em —2A —!

Fy: source flux /x10~ 8 ergs=! em 2 A !

yo: impact parameter

zq: lens redshift

to: midpoint /MJD-48900

v : transverse velocity /kms~!

M;: lens mass /Mg

Lk A S

- ,".-; 8?_

—6-5-4-3-2-10

Za

172

01 1 10
M,

v Yo

to

100

200 1015202530350 5 1015 20 25
Fs Fy



Figure 6.4 Full light curve and residuals to the microlensing fit for Sharov 21,
using the data supplied by Meusinger et al.| (2010). Fit parameters,
as defined in Chapter 5, are also displayed.
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Figure 6.5 Zoomed-in portion of the light curve for Sharov 21 showing the main
transient event and residuals to the microlensing fit. Fit parameters,
as defined in Chapter 5, are also displayed.
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Figure 6.6 PHAT colour composites for Sharov2l, highlighted with a red
cross.  Left: ACS/WFC F814W/F}15W; right: ACS/WFC
F160W/F110W. The cutouts are approximately 10 arcseconds

across.

4 which correspond to radii on the order of tens of light-days for J084305 and
J094511. This makes it very likely that the accretion disc can be assumed safely
to be a point-source in this case but also increases the chance that the BLR will
have also undergone significant amplification during the event. Depending on
the full extent and morphology of the BLR, this amplification may have matched
that seen for the accretion disc or it may have only been partially resolved. If
partially resolved, some of the tentative colour changes reported in [Meusinger
et al. (2010) may be the result of differential changes in BLR contamination for

one or more of the filters used.

Since the publication of Meusinger et al.| (2010), Sharov2l has fortuitously
been observed in multiple filters during 2011/12 as part of the Panchro-
matic Hubble Andromeda Treasury (PHAT, |Williams et al.| (2014)). The
survey is divided into various bricks/fields. Sharov2l appears in: brick 08,
field 14 [F275W /F336W /F475W /F814W /F110W/F160W]; brick 08, field 15
[F275W /F336W /F475W /F814W] and brick 06, field 02 [F475W /F814W]. The
optical and infra-red filter composites are displayed in Figure along with a
zoomed-out view of ‘Brick 08’ in Figure to show where this object sits in
relation to the stellar disc of M31. A cursory glance at the images shows that
Sharov21 does not appear to be near any bright contaminants but does lie in a

crowded star field as might be expected.
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Figure 6.7 Sharov 21 location, with respect to ‘Brick 08’ in the PHAT survey,
marked with a red cross. North is up, Fast is left. The projected
size is ~ 1.5kpe x 3kpe (~ 6.6" x 13').
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As mentioned in the previous chapter, the prospect for performing more realistic
microlensing model fits is improved with a well-sampled light curve and a known
lens redshift. Thus this target provides an excellent opportunity to work on
developing an approach to fitting these models. This will require an estimate for
the significance of any external shear caused by the mass distribution of M31 and
exploration of a binary lens configuration. Both scenarios could provide a natural
explanation for the asymmetry seen in the transient profile but for now the simple
microlensing case performs relatively well. Given that mass profiles for M31 are
available, an estimate for the significance of any external shear will be a key area
for future work. It remains to be seen if the optical depth to microlensing in
this part of M31 matches the estimate quoted in Meusinger et al. (2010). The
probability was expected to be low but in a wider context, the possibility of
observing other quasars being microlensed by stars in M31 would very valuable

indeed.
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Chapter 7

Summary and conclusion

I will now summarise the progress which has been made thus far. This will
include a discussion on the direction of future work concerning these long-lived

AGN transients and any others which are yet to be detected.

7.1 PS1 ‘slow-blue’ AGN transient sample

The PS1 ‘slow-blue’ AGN transient sample currently consists of 64 targets and a
total of 235 spectroscopic epochs charting the evolution of these events. The
transients were originally identified by cross-matching Pan-STARRS sources
with those in the Sloan footprint. In addition to finding supernovae and TDE
candidates, this produced a significant number of slowly-evolving type-I AGN,
exhibiting changes greater than 1.5 magnitudes over long timescales. These have
since been monitored, photometrically and spectroscopically, over a number of
years. The spectra and light curves for the sample are shown in Appendices A

and B respectively.

I have developed a reduction pipeline for the spectroscopic data taken, primarily,
using the William Herschel Telescope. Using this, all spectroscopic data has
since been reduced in a homogeneous manner. A spectral fitting routine has
also been applied at every epoch to provide a large data set comprising, among
others, line fluxes, widths, spectral indices and numerous derived parameters.
This has allowed me to chart the spectroscopic evolution of the entire sample. A

key priority for future work will be to incorporate any additional spectroscopic
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observations prior to making the data set available for online access.

It has become apparent that the majority of objects in this sample, when
considering any individual spectral epoch, are not markedly different to the
typical AGN population. They are distributed across a fairly broad range of
redshifts (~ 0.2 < 2z < 2) and luminosities (10% < Lzgee < 10%5 erg/s).
Estimates for the black hole mass (using the MgIl line width), bolometric
luminosity and Eddington fraction have also been calculated at each epoch. As
many of these objects are still evolving these parameter estimates may be subject

to additional systematic uncertainty.

When the spectroscopic evolution is taken into account some trends in the
sample do emerge. A general light curve classification scheme can sub-divide
this sample into ‘simple’ objects (cuspy, single-peaked), ‘rounded’ objects (slow-
rollers), ‘dippers’ and double- or multiply-peaked events. The simple objects are
generally lower luminosity and display higher MgII equivalent widths than the
rounded subset. The rounded objects also appear to exhibit a greater degree of
colour change, as evidenced from the UV power-law slope evolution. In many
objects, the data shows that there is a differential evolution in some BLR line
species with respect to the continuum. This effect is typically weaker in Mgl
than in other line species. In some cases the Mgll flux is consistent with no

change at all even after a substantial drop in the continuum.

The simplest microlensing model, the point-lens, point-source approximation, has
provided a good match to ~10% of the transient events in the sample. With the
assumption of a stellar-mass lens, and later an additional lens transverse velocity
constraint, the MCMC analysis provides useful parameter constraints for each
event. In some cases the background, or unlensed flux, is unconstrained, likely
due to a lack of data at or near quiescence. As many events are continuing to
evolve, the additional light curve information will help to improve these parameter
constraints. This analysis has also provided evidence that the ‘rounded’ light
curves described above are not simply longer-lived instances of the ‘simple’ events.
This is a strong indication that the point-source approximation is not appropriate
for modelling these events, which may instead be examples of an accretion disc

being partially resolved by the lens.

Using the simple microlensing model parameters for J084305, which provides an
excellent match to the light curve, has also allowed a test of extended sources

as an explanation of the differential variability seen in the BLR for this object.
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With some simplifying assumptions this has allowed me to place constraints on
the size of the CIII] emitting region and an upper lower limit on the size for MgII.
Since this work was carried out this object has continued to evolve as predicted
and now has additional photometric and spectroscopic observations. Revisiting

this object in the light of the new data will be an important future step.

I have begun adapting the MCMC analysis to allow parameter constraints to be
determined in cases where the accretion disc is possibly being resolved by the lens.
In the first case study, J155427, this was shown to be a much better match to the
data than the point-source model but will require a higher resolution treatment

before any firm conclusions can be made.

In several notable objects, the point-lens, point-source microlensing model works
relatively well but fails to reproduce additional structure seen in the light curves.
These cases are strong candidates for testing lensing models which incorporate
additional point masses, or the presence of external shear, in order to better

reproduce the light curves.

So far, no convincing explanation has been provided for the ‘dipper’ objects which
may be due to obscuration events. This work is in a preliminary stage and is
currently with collaborators in Durham, with a particular focus on the prototype
dipper, J223210. Thus far it appears as if a simple reddening event is insufficient

to explain observations.

Other objects, for example, J150210, stand out from the rest of the sample for
different reasons. In this case the light curve profile is akin to that of a long-lived
TDE, or possibly super-luminous supernova, and displays zero colour change in
the UV throughout. This may still prove to be a complex microlensing event. It

will be very interesting to see how events such as this continue to evolve.

7.1.1 Sharov 21

While not part of the AGN transient sample this event has proven to be a very
important with regard to the testing of the microlensing hypothesis. With a
slight refinement to the MCMC analysis, the point-source, point-lens microlensing
model provides a very reasonable fit to the bulk changes seen in this object.
Perhaps more importantly, this analysis has also provided an independent check

that the most likely location of the lens is indeed in M31. It may be possible
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to provide a better match to the structure in the light curve at the main event
by incorporating a more complex lens and the information now available to us
through the PHAT M31 HST survey. This work is a high priority for the future.

7.2 Future work

I am now confident that microlensing is the correct explanation for at least ~
10 — 20% of the targets in this sample. In future, I would like to make use
of all of the data available to me in this ‘mu-lens’ subset of objects. This will
include incorporating any subsequent photometry /spectroscopy into the analysis.
But perhaps more importantly, I also plan to incorporate the other photometric
bands (from the various surveys) into the MCMC analysis. In order to do this
effectively, I will need to ensure that any discrepancies between bandpasses, and
the possibility of broad line flux intruding into some, are properly accounted for.
This will also require a method for constraining the suspected host/lens galaxy
contributions with better precision, most likely involving template-fitting as part
of the process. It may also be beneficial to be more quantitative in my approach
to the intrinsic AGN variability, perhaps by incorporating DRW parameters into
the analysis as well. The end result should allow a comprehensive look at the
colour changes evidenced in some of these objects. This should prove very useful
in differentiating between cases where the point-source approximation succeeds
or fails. In the former case, observed colour changes may be adequately explained
by, say, an achromatic AGN transient and changing contrast between host/lens
galaxy and/or BLR contributions. In the latter case, definitive evidence that the

accretion disc is being resolved would prove invaluable.

The work outlined in the previous paragraph can also evolve in parallel with
the improvement of the extended-source and complex-lens light curve fitting
routines. In part, this will require a higher-resolution treatment with respect
to the magnification maps used in my existing code in addition to increasing
the efficiency/computing power used. However, it may prove beneficial to make
use of magnification maps which are already available such as this provided by
the GERLUMPH database (Vernardos et al., 2015). Much of this work would
be simplified if a known or suspected redshift for the lens was available as this
would simplify the selection of the most likely lens configurations. As noted in
Chapter 4, a number of spectra display signs of an intervening absorber. A careful

fitting/stacking analysis of the spectra for each object may allow more detections
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of this nature to be made.

Finally, the prospect for detecting new, slowly-evolving AGN transients should
not be overlooked. The evolution in temporal coverage from SDSS to Pan-
STARRS to LSST will allow many more of these objects to be discovered in future.
Given that they take a number of years to evolve, it should also be possible to flag
up those which are only just on the rise to a suspected microlensing peak. This
opens up the possibility of obtaining high-cadence spectroscopy and photometry
‘over the top’. This would effectively be a reverberation mapping campaign of
an AGN microlensing event. This could allow an unprecedented glimpse into
the morphology of the inner-most regions of these objects, where RM provides a

radial sampling and the lens a transverse sampling. A valuable data set indeed.
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Appendix A

Spectra

This appendix contains every spectral epoch for the targets discussed in this
paper. Each figure includes the best-fit templates from the UV /[OII]/H regions
and the errormap. A fixed offset has been applied.
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Appendix B

Light curves

This appendix contains all of the g-band photometry for the targets discussed
in this paper. Each figure shows: LT data (blue); DVO data (red); PTF data
(green); SDSS data (PSF magnitudes, black); SuperCOSMOS data (magenta,
Hambly et al. (2001))) and CRTS data (grey). Given the clear filter used in the
CRTS survey, an approximate correction has been made using two relations. The
first is a correction from Vggg to V[ and the second is a correction from V to
gspss (and estimate for B — V') for quasars at z < 2.1 (Jester et al., 2005). I have
chosen to apply this correction using the observed colour at the SDSS epoch.
Any intrinsic colour changes will increase the probability for a mismatch at later
epochs. Note that the SuperCOSMOS data are point source B magnitudes but

no corrections have been applied at this stage.

Thttp://nesssi.cacr.caltech.edu/DataRelease/FAQ2.html
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Appendix C

StarsightVR

C.1 Introduction

As part of my commitment to the public engagement remit of the Principals
Career Development Scholarship I took the lead on a project designed to explore
the possibility of taking groups of people stargazing using virtual reality (VR)
headsets. This project was a resounding success. The following summary is
adapted from text submitted by myself for the ninth conference proceedings of
The Inspiration of Astronomical Phenomena in 2015 (INSAP IX, in press).

C.2 ‘StarsightVR’

The Oculus Rift Planetarium Project was a pilot-scheme, funded by a Science and
Technology Facilities Council (STFC) small-project public engagement award in
2015. The main aim was to explore the possibility of integrating planetarium
software with the Oculus Rift virtual reality development headset (DK2). The
initial project was deemed a success and work continues on the project under
the name Starsight VR The software allows multiple machines to connect to a
stargazing host whilst allowing users an independent view of the night sky, with
or without a VR headset. The software is open-source and has been designed

with the capability for live internet-based stargazing talks thus providing a useful

starsightvr.org.uk
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Figure C.1 A single Oculus Rift DK2 headset running StarsightVR.

new tool for astronomical outreach.

Virtual reality headsets for use in the home have long been sought after but only
in recent years have they begun to reach the level of sophistication or pricing
required to be viable. One of the first companies to make waves in this market
was Oculusﬂ The company’s initial development work, crowd-funded through
a kickstarter campaign, created a prototype headset that showed that a home-
VR experience was within reach. The second iteration, the Oculus Rift DK2,
improved on the original prototype and started shipping to developers in July
2015.

The idea behind Starsight VR was simple: adapt planetarium software to display
with the Oculus Rift headset and so give the wearer the ability to look anywhere
they liked on a simulated night sky. Given that the Scottish weather and light
summer skies frequently hamper live stargazing sessions at the Royal Observatory
Edinburgh (ROE), such a tool would prove invaluable, both as a poor weather
backup and as an educational tool, allowing full use of the planetarium software

and its features.

In addition to a single-user VR stargazing experience, it was also desirable to

2www.oculus.com
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include the capability for group experiences. Stargazing with the benefit of an
expert can be very rewarding and this became a key component of the project.
The planetarium software selected for the project was Stellariumﬂ a popular

open-source package and an ideal place to begin testing these ideas.

With the basic idea in hand, a proposal was made to the STFC Public
Engagement Small Awards Scheme. Alastair Bruce, an astronomy PhD student,
took the role of project leader with Professor Andy Lawrence as formal principal
investigator. The project was selected for full funding, totalling £9,150, and work
began towards the end of 2014. The software developer engaged to work on the
project, Guillaume Chereaif’] is part of the Stellarium development team and was

fortunately already very familiar with the base code.

After purchase of three DK2 headsets and hardware for testing, the rest of
the funds were used to buy the software development time required. Early
tests were promising and allowed the addition of extra functionality to help
improve the overall experience. A key aspect of StarsightVR is that it does
not make use of a fully 3D rendered environment. Given the distances involved
in astronomical observations, 3D rendering provides little extra depth at the cost
of more processing power required for the headset, so the decision was made to

keep the overhead as small as possible.

Integration of Stellarium with the DK2 headset is achieved by performing the
required colour-correction and image distortion in Stellarium so that the image
displayed by the headset is as desired. Updates on the position/orientation of the
headset allow Stellarium to render the appropriate portion of sky. If no headset
is present, the user will see a default Stellarium projection and can enable VR-
mode with a simple toggle. Feedback from VR testing has proven very positive
and as long as the hardware is providing a smooth frame rate the experience
is very rewarding, particularly if there is someone on hand to guide the person
wearing the headset around the sky. Simply turning off the ground for VR users
is a memorable event indeed! One current caveat is that the colour correction is
not always ideal, partly exacerbated by stars being rendered as point-like white

objects using r/g/b pixels.

The remote control aspect in StarsightVR is achieved using a handler for key

events triggered on the host machine, such as turning on constellation lines,

3www.stellarium.org
4noctua-software.com/about
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which are then broadcast to connected clients for replication. This ensures
that connected machines are synchronised with the host but are also running
independently, allowing each user the freedom to look wherever they wish. This
works regardless of the presence of a VR headset. Users can enable the remote

control through a standard Stellarium plugin interface.

In order to help provide a live, multi-user connected stargazing tour (with or
without a headset), additional features have been added. The first is the addition
of an arrow alerting users as to the direction of the host’s selected target. This
ensures that navigating around the sky is very straightforward. A second feature
is the ability to replace the Moon with any of the solar system planets. This was
done for the benefit of headset users as it was felt that many people would find
attempting to 'zoom in’ to an object disorienting. The added benefit of these
features is that they provide a memorable view of these objects. Similarly, some
deep-sky objects have had a toggle added to make them larger on the sky. Not
yet included is built-in audio support for the host astronomer, allowing talks to
be heard by connected users. However, there are many suitable third-party apps

available, so this extension could easily be added in future.

With the original project funding spent, the proof-of-concept build of Starsight VR
has managed to achieve all of the goals set out in the project proposal. In order
to continue development, two further avenues of funding have been donations,
via the ROE TrustP] together with a modest crowdfunder campaign. Monies
raised are being directed towards improving and maintaining the current build;,
for more information see the Starsight VR website. For future work, we hope to
begin scheduling live stargazing shows and, when funding permits, integrating
different operating systems and the latest VR headsets. This market is evolving
quickly, as is the software, and it remains to be seen which vendor(s) will stand
the test of time.

The current generation of VR headsets were designed primarily for gaming but
they are clearly well suited as educational tools. StarsightVR is not a full-blown
3D package as its main purpose was to be an immersive stargazing experience only.
Consequently, it should prove less demanding than some other VR applications.
Also, it is freely available. For those that have no easy access to a full dome

planetarium, StarsightVR fills the void between these and the clouds...

Sroetrust.org.uk
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C.3 Update: September 2017

Since the time of writing the above text, StarsightVR has continued to evolve.
An attempt at establishing more secure funding, in the form of an STFC Large
Project Award, was sadly unsuccessful. It is likely that another attempt will be
made in the future. Having made it to the final selection stage on this occasion
gives me confidence that the StarsightVR concept has merit. The software
development is on hiatus until more funding can be secured but the most recent
prototype build features support for the most recent consumer release version of
the Oculus Rift headset, the CV1.

As of September 2017, hundreds of people in and around the Edinburgh area
have been able to experience Starsight VR, many as part of the ROE open days
and various public engagement events. If I am able to secure further funding, my
first aim will be to design a fully portable setup for the system which will allow
me to travel further afield. I am particularly keen that StarsightVR should be
experienced by anyone without easy access to a truly dark night sky. While not

as good as the real thing, it can provide a valuable experience for many.
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