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INVESTIGATING THE VARIABILITY OF LOW-MASS ACTIVE GALACTIC NUCLEI
IN THE X-RAY, UV, AND OPTICAL REGIMES

by Max William John Beard

Active galactic nuclei (AGN) display variability in their emission of radiation that can
be used to probe the geometry and physical processes that drive them. In this thesis I
examine the variability found in the emissions of X-ray, UV, and Optical radiation
from AGN to constrain the properties of these extreme systems.

To begin with I present optical interband time lags of the low-mass low±accretion
rate AGN NGC 4395 using multiwaveband Liverpool Telescope and HiPERCAM Gran
Telescopio Canarias data. The lags found here are consistent with X-ray reprocessing
and suggest the first ever detection of the edge of the accretion disc in an AGN.

I then present a study of X-ray/UV observations taken from XMM-Newton with
simultaneous ground-based optical observations to measure the X-ray/UV/Optical
lags of NGC 4395. These support the previous observations and gather further
evidence for the existence of a truncated accretion disc in this object.

Next I examine the long-term optical power spectrum of NGC 4395 using multiple
light curves observed across different timescales. In addition I use simulation
techniques to extend the previous X-ray observations and use reverberation modelling
to create synthetic optical light curves from these. Comparison of the model fits of the
data and the simulations suggest the existence of a secondary long-term source of
variability in addition to X-ray reprocessing.

Finally I investigate the X-ray to UV time lags of a different object, NGC 4593,
using simultaneous XMM-Newton, Swift, and AstroSat observations. Here I find
evidence of timescale-dependent lags. When filtered for short timescales the lags are
consistent with X-ray reprocessing, but this suggests other long-term processes also
exist within the object. I also note the presence of previously described contributions
from the Broad Line Region’s Balmer and Paschen continua.
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Chapter 1

Introduction

Overview

The aim of this thesis is to provide further insight and understanding into the physical
processes driving X-ray, UV, and Optical emission from Active Galactic Nuclei (AGN)
by studying the variability properties of such emissions and linking the observations
to theory by use of modelling. A large part of this investigation will be focused on a
particularly low-mass AGN, designated NGC 4395, whose low-mass allows us to
study processes that in larger objects would only reveal themselves over decades or
centuries. Towards the end, we also shift focus onto another object, designated NGC
4593, and investigate the apparent presence of timescale-dependent variability
properties.

In this chapter, I discuss the current theoretical understanding of AGN derived from
both observation and modelling to give a framework with which we can then describe
the new observations presented in this work. This overview will cover radiation
emission and absorption mechanisms, the physical processes of accretion, the unified
model of AGN, and the variability properties of AGN, including the use of the power
spectrum as a method of characterising this variability. The power spectrum will also
highlight the similarities between X-ray binaries (XRBs) and AGN, and display how
the physics of accretion appears to drive both types of objects. I will then give an
overview of this thesis and address its main aims.
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1.1 Active Galactic Nuclei

When astronomers measure the flux emitted from galaxies, they sometimes find that
there is a strong source of emission in the galaxies core. Upon further investigation it
has been found that this emission is both very powerful (> 1041 erg s−1) and varies on
timescales from seconds to months. This implies an extremely physically compact
emission region (due to the speed of light limiting the variability timescale) that is
simultaneously generated huge amounts of energy. Therefore it has become widely
accepted among the astronomical community that at the centre of most galaxies is a
supermassive black hole, ranging in mass from thousands to billions of solar masses,
and mostly accreting matter from their surrounding environments. A majority of
these black holes appear to be accreting at low rates, and are faint relative to the rest of
their host galaxy, these black holes are described as being quiescent. However there is
a smaller, but still significant (as much as ∼43%, Ho et al. (1997)), fraction of these
galaxies that accrete at higher rates and appear to be strong emitters of X-ray and UV
light, sometimes enough to outshine the entire rest of their galaxy. These high
accreting black holes are called Active Galactic Nuclei.

The range of AGN bolometric luminosities is huge, at low-end are objects like the
focus of this investigation, NGC 4395, while at the high-end you have objects like the
recently discovered SMSS J114447.77-430859.3 (Onken et al., 2022) which has a
luminosity > 1047 erg s−1. AGN classification has traditionally be done via
observational characteristics, though we will see later that these do not necessarily
distinguish galaxies by actual physical characteristics.

Low redshift AGN have historically been distinguished by their optical features, due
to the limitations of human observations before the advent of satellite observatories,
as AGN also emit large amounts of X-rays and UV light. A large percentage of local
AGN are Low-Ionisation Nuclear Emission-line Regions (LINERs) which tend to be
dominated by low-ionisation optical emission lines, have low accretion rates, and for
the most part are hard to directly observe.

Around a quarter (Ho et al., 1997) of local AGN are referred to as "Seyfert galaxies"
(Named after Carl Seyfert who discovered the object prototypical of its class, NGC
1068) and possess very bright nuclei, strong optical emission lines, and typically have
higher accretion rates than LINERs. Of these Seyfert galaxies, they are designated
between Seyfert 1 and Seyfert 2 galaxies depending on the type of emission lines they
display. Seyfert 2 galaxies display relatively narrow emission lines, whereas Seyfert 1
galaxies display extremely broad emission lines with narrow lines observed within
them. Osterbrock (1977) showed it is also possible to define intermediate Seyferts
between 1 and 2 based on the ratio of Hα and Hβ in the galaxy’s optical spectrum.
There are also AGN that appear very similar to Seyferts in their optical spectrum but
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also have large amounts of radio emission (defined as being "radio-loud"). Those
analogous to radio-loud Seyfert 1’s are classed Broad-Line Radio Galaxies (BLRGs)
and those analogous to radio-loud Seyfert 2’s are classed Narrow-Line Radio Galaxies
(NLRGs).

At higher redshifts, we observe much more luminous galaxies than even Seyferts,
with nuclei brighter than the entire host galaxy, hence why we are able to observe
them at such large distances. These objects are referred to as Quasi-Stellar Objects
(QSOs) or simply as Quasars. In addition to their huge X-ray, UV, and Optical
emission, some Quasars appear to be radio-loud as well, with some displaying
enormously bright radio emission being separately classified as "Blazars". These
luminosity distinctions between Quasars and Seyfert galaxies appear to be mostly
arbitrary and the result of the limitations of observational equipment, rather than a
fundamental physical difference, as it is believed that all of these processes are driven
by the accretion of material onto a supermassive black hole.

1.1.1 The Unification of AGN classes

The similarities between these many classes of AGN seem to outweigh their
differences, and given that we suspect they are all driven by the same physical process
of accretion onto the central engine, there is a mechanism by which we can explain the
differences between these many otherwise similar classes of objects. Modern
observations have shown that the radio emission of AGN originates in powerful jets
of material ejected, most commonly, perpendicular to the accretion disc. While the
majority of the higher frequency emission from Optical up to X-rays is produced
much closer to the black hole, either by the accretion disc itself or very close to it.

Many differences in the radiation emitted from AGN can be ascribed to the accretion
rate and mass of the black hole. Increasing the accretion rate will generally yield a
hotter disc, while increasing the mass of the central engine will yield a larger and
cooler disc. This will therefore affect the spectrum (due to disc temperature changes),
the variability timescales (due to the size of the disc), and the overall luminosity (due
to the combination of the two). Therefore we can classify that quasars can be
explained by high-mass black holes with high accretion rates, and LINERs and
Seyferts can be classified by low-mass black holes with low and intermediate accretion
rates, respectively. These two factors however do not explain the differences between
the Seyfert subclasses, or the radio-loud/radio-quiet dichotomy, and so the question
of whether these objects can be unified under a single model naturally arises.

A proposal for such a unifying model for AGN based on the angle with which the
AGN is viewed was first proposed by Antonucci and Miller (1985). The principle
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behind this model is to make the minimum number of assumptions required to
explain each class of AGN, as such the model proposed is diagrammed in Fig. 1.1.

FIGURE 1.1: A diagram of the Unified Model of AGN.

This model proposes that, as expected, at the centre of the AGN is the black hole
accreting matter onto itself in the form of an accretion disc. Further out from the disc
is gas that is ionised by the X-ray emission of the central engine that orbits at
relativistic velocities and leads to emission with broad lines, due to Doppler
Broadening. This region is labelled the Broad Line Region (BLR). Much further out are
lower-density slow-moving gas clouds which are responsible for narrow emission
lines and is therefore labelled as the Narrow Line Region (NLR). A very important
part of this model is then a cooler dusty "torus" that surrounds the BLR and absorbs a
large amount of emission from the AGN when viewing the object through it. In
addition, the AGN may or may not have a jet that is responsible for radio emission.

This is then designed to explain the differences in the classes of AGN. When the
viewing angle (relative to the plane of the disc) of the AGN is large, the central region
is unobscured and broad lines would be observed, which in radio-quiet galaxies
would appear as a Seyfert 1 galaxy. Alternately, when the viewing angle is small, the
"torus" obscures the BLR and only narrow emission lines are observed, therefore
leading to the classification as a Seyfert 2 galaxy.

In radio-loud galaxies, the same viewing angle differences would classify large
viewing angle galaxies as BLRGs and small viewing angle galaxies as NLRGs, though
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there is a further distinction. In Fanaroff and Riley (1974), the authors broke down
radio-loud AGN into two classes, today referred to as Fanaroff-Riley-I (FR-I) and
Fanaroff-Riley-II (FR-II) galaxies based on the strength of their jet. FR-I galaxies are
radio-brighter towards the centre of the galaxy and get fainter towards the edge of the
jet’s lobes ("edge-darkened"), whereas FR-II galaxies are radio-brighter in the lobes
("edge-brightened"). Quasars aligned so that their jets are parallel to our line of sight
towards the object are extremely bright objects called Blazars, with FR-I blazars being
classified as "BL Lacterae Objects" (named after the prototypical object of its class) and
FR-II blazars classified as Flat-Spectrum Radio Quasars (FSRQs).

Though this model has been very successful explaining much of the differences
between these objects, there are still many things that remain unclear. Details of the
accretion disc such as its exact shape or size, the location and features of the BLR,
NLR, and "torus" are similarly not well constrained. In addition, Elvis (2000) added a
wind blown up from the accretion disc to the model for AGN displaying absorption as
well as emission lines both with large radial velocities. As such, observations that can
constrain these values will help to determine the true nature of these objects.

1.2 Black Hole Accretion

In order to determine how energy is extracted from accreting material, we must look
at the physical processes that occur as the accretion process takes place. To begin with
we can represent material as a mass m orbiting a black hole with mass M at a distance
of R. The energy, E of the mass can be given by the simple Newtonian expression of:

E =
1
2

mv2 +

(

−GMm

R

)

(1.1)

where the first term is the kinetic energy K and the second is the gravitational
potential energy V. As we are dealing with a particle orbiting at a constant distance,
we can define the velocity using the assumption of circular motion such that

v2 =
GM

R
(1.2)

which then allows Eqn. 1.1 to be reformulated such that the kinetic energy term can be
represented as
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K =
GMm

2R
(1.3)

As the mass falls towards the black hole we can calculate the change in K and V by
differentiating them with respect to R such that

dK

dR
= −GMm

2R2 (1.4)

and

dV

dR
=

GMm

R2 (1.5)

Combining Eqs. 1.4 and 1.5 we therefore find that

dK

dR
= −1

2
dV

dR
(1.6)

Therefore to maintain an orbit, only half of the gravitational potential energy of the
particle can be converted into kinetic energy, meaning that the other half must be lost
through other avenues, namely radiation emission. However unlike with accretion
onto an object with a physical surface such as a neutron star, it is not possible to extract
any more energy once the particle crosses the event horizon, and therefore once the
particle reaches the innermost stable circular orbit (ISCO) any remaining energy of the
particle is lost. We can therefore represent the energy ∆V that can be extracted as

∆V =
∫ ∞

RISCO

GMm

R2 dR =
GMm

RISCO
(1.7)

where RISCO is the spin-dependent radius of the ISCO. For a black hole with zero spin,
also called a Schwarzschild black hole, RISCO can be written as

RISCO =
6GM

c2 (1.8)
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which can be substituted into Eqn. 1.7 to give

∆V =
1
6

mc2 (1.9)

We can therefore see that one sixth of the rest mass of the particle is converted from
potential energy to other forms. As we know half of this goes into the kinetic energy
of the particle, we can therefore determine that 1/12th of the rest mass-energy is
released, which gives an efficiency, η, of η = 0.0833̇. The liberated energy for any
given spin then can be given by

E = ηmc2 (1.10)

For a spinning black hole, also called a Kerr black hole, the ISCO is smaller, which
means that maximally spinning black holes can have η up to ∼0.42, therefore making
accretion one of the most efficient mechanisms of energy production in the Universe,
allowing the production of the huge luminosities that AGN are observed to have.

Now while this process works perfectly well in theory on a single test mass, in reality
an accretion disc has a lot of material which must all radiate in order to fall towards
the black hole. This means that some of the radiation from the innermost material
must interact with the material further out in the accretion disc in order to escape out
into the Universe. This radiation pressure could potentially prevent more material
from falling into the disc, much as main sequence stars are prevented from collapsing
by their internal radiation pressure. Unlike a star however, if the process of accretion
were halted in this way there would be no more luminosity produced, which we do
not observe, and therefore the infalling matter must be radiating in a way that does
not interfere with the process of accretion in AGN.

We can examine this by looking at the momentum carried by an emitted photon, pγ,
which can be represented as

pγ =
Eγ

c
(1.11)

where Eγ is the energy of the photon.

We can then define the total force exerted by the radiation pressure, Ftot, of x photons
as
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Ftot =
d

dt
pγ,tot =

d

dt

x

∑
n=1

pγ,x =
1
c

d

dt

x

∑
n=1

Eγ,x (1.12)

We also can define the Bolometric Luminosity, Lbol , as the total power of the radiation,
written as

Lbol =
d

dt
Eγ,tot =

d

dt

x

∑
n=1

Eγ,x (1.13)

We can then substitute this into Eqn. 1.12 to find

Ftot =
1
c

Lbol (1.14)

Assuming isotropic radiation emission we can then find the total radiation pressure at
distance d using the relation Ftot = Prad Ad where Prad is the pressure and Ad is the
surface area at distance d and therefore

Prad =
Lbol

Adc
=

Lbol

4πd2c
(1.15)

Which can then give us the force that the radiation pressure exerts on an individual
particle, Frad, as

Frad = σTPrad =
σT Lbol

4πd2c
(1.16)

where σT is the Thomson cross-section of a given particle.

In order for accretion to prevented, this force needs to be as large as the gravitational
force exerted on a particle of mass m. The gravitational force is given by

Fg =
GMBHm

d2 (1.17)

where MBH is the mass of the black hole.
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The Thomson cross-section and mass both change depending on the particle that is
affected. If we assume that the accreting material is molecular hydrogen then we have
a simple atom with one proton and one electron. Each particle contributes far more
than the other to each variable, with the mass of the proton, mp, being far larger than
the electron’s mass, and conversely the Thomson cross-section of the electron is far
larger than the proton’s. As such we use the most contributing values for each
variable, and by equating Eqns. 1.16 and 1.17 to find this maximum luminosity of
accretion, which is known as the Eddington Luminosity, LEdd, we find it is given by

LEdd =
4πGMBHmpc

σT
(1.18)

and therefore we can define the maximum rate of accretion, known as the Eddington
accretion rate, as

ṀEdd =
LEdd

ηc2 =
4πGMBHmp

σTηc
(1.19)

Although this is a simplified model, and spherically symmetric (or "Bondi" Bondi
(1952)) accretion and pure molecular hydrogen are not upheld assumptions in real
AGN systems, it is still a very useful approximation, and the ratio of the Bolometric
and Eddington luminosities (creatively called the Eddington ratio) can still be used to
approximate the accretion rate of an object.

One of the problems with Bondi accretion is that it would require infalling material to
have zero initial angular momentum (which would not be true in a real gas cloud) and
would also not be able to produce the large Lbol we see in AGN as it would have low
radiative efficiency and therefore accretion rate. For a more realistic model, we can
look at Shakura and Sunyaev (1973) which, while initially developed for XRBs, we
will see can be applied to AGN.

The argument presented in this paper posited that in an XRB, as it is accreted from a
companion star, the material would possess a large amount of angular momentum
which needs to be lost somehow as the material falls inwards. Therefore, due to
outward transport of this angular momentum, their model forms a steady-state disc
with the material in Keplerian orbits.

This disc has viscosity v which can be formulated as

v = αcsH (1.20)
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where H is the height of the disc, cs is the speed of sound in the disc, and α is a
collective parameter which accounts for other unknown aspects of physics that
interact with this viscosity.

This model then tends to give very small heights to the disc, at least relative to the
radius of the disc elements, and is therefore referred to as the "thin-disc" or "α-disc"
model. This disc model is then much more radiatively efficient and therefore
compatible with the Lbol we observe for real AGN.

We can retrieve a temperature profile from this model by making the assumption that
it is optically thick and therefore approximates a blackbody. This means we can then
equate the total energy emitted by the blackbody disc, given by Planck’s law (σSBT4),
with the energy dissipated at radius R. The local dissipation rate was found by King
et al. (2002) to be independent of α and given by

D(R) =
3GMBHṁ

8πR3

[

1 −
√

R0

R

]

(1.21)

where ṁ is the accretion rate and R0 is the inner radius of the accretion disc. Therefore
this equality gives us a temperature profile of

T(R) =

(

3
8πσSB

GMBH

R3 ṁ

[

1 −
√

R0

R

])1/4

(1.22)

In addition, Novikov and Thorne (1973) described a relativistic generalisation of this
model (the "Novikov-Thorne model") that uses a Kerr black hole in place of a
Schwarzschild black hole which allows it to introduce spin to the model. It also takes
into account material that has crossed the ISCO and is therefore free-falling towards
the black hole in the so-called "plunging zone". Though the difference in this model
compared to Shakura and Sunyaev (1973) are not particularly relevant to the work
presented here compared to other factors we will present later.

However, for low accretion rates we would expect the material to be optically thinner
and therefore radiatively inefficient, which would make the assumption of an α-disc
model not apply. Instead, this radiatively inefficient accretion flow is thought to
consist of a geometrically-thick disc that consists of ionised plasma. The ions in this
plasma are poor at radiating and therefore gain higher temperatures, causing the
height of the disc to increase, while the electrons, which radiate much more easily, are
much cooler.
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Narayan and Yi (1994) presented one of the best-known models of this kind of
acccretion, where some of the energy that is released from accretion is advected into
the black hole, and causing energy that otherwise went into heating the disc material
to be lost instead of radiated. This model is called advection-dominated accretion
flow, commonly referred to as ADAF.

1.3 The Emission Mechanisms of AGN

1.3.1 X-ray Emission

Almost all AGN emit strongly in the X-ray, and these emissions are also the most
rapidly variable. This implies that the source of emission is physically compact, and
therefore likely very close to the black hole. This X-ray source is now believed to be a
"corona" of very high-energy electrons which lies above the inner region of the
accretion disc (and is likely an extension of it in some way) and produces X-rays
through Inverse Compton scattering ("Compton up-scattering") of UV seed photons.
The heating mechanism of this corona is not known, but similar to the Solar corona,
these high temperatures could result from magnetic reconnection driven by
turbulence in the accretion disc, as proposed in di Matteo (1998).

This Comptonisation process leads to a spectrum with a power-law form (and a
high-energy cut-off), such that it gives a photon number, Nγ, distribution of

Nγ(E) = nE−Γ (1.23)

where E is the photon energy, n is the normalisation, and Γ is called the "photon
index". This then leads to a photon energy, Eγ, distribution of

Eγ(E) = nE−α (1.24)

where α is the spectral index such that α = Γ − 1. Lightman and Zdziarski (1987)
modelled this Comptonisation of thermal UV photons to find an expression for Γ

(which is dependant on the energy distribution of the electrons) given by

Γ =

[

9
4
+

1
τ(kBT/mec2)(1 + τ/3)

]1/2

− 5
2

(1.25)
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where T is the electron cloud temperature and τ is the scatter depth. Therefore, when
the corona is hotter, Γ is lower, and the spectrum is flatter with higher-energy
emission.

Another method for X-ray production in AGN is Synchrotron radiation, however this
emission also produces a power-law spectrum and can therefore be difficult to
distinguish from the Comptonised X-rays. In principle it is possible due to
polarisation of Synchrotron emission, but few X-ray polarimeters exist to test this.

FIGURE 1.2: A Typical X-ray Spectrum of an unabsorbed AGN and its disentangled
components. From Ricci (2011).

When we observe real X-ray spectra however, though we see these power-law
components, we also see other features, as can be seen in Fig. 1.2. A particularly
striking feature is a strong line at ∼6.4 keV which is a fluorescent Kα line of Iron. As
the energy of an emission line depends on the ionisation state of the iron atom, we can
determine the state of the emitting atoms by the energy of the line. This particularly
energy implies that the iron is largely not ionised, which would therefore suggest that
it is relatively cold (< 106 K).

The fact that this line comes from a heavy element and also tends to be broadened
implies that this line originates from the X-ray illumination of the accretion disc. We
also observe significant gravitational redshift in these iron lines in addition to Doppler
broadening, which suggests that it originates in the inner accretion disc.

In addition to this, we see a high energy hump in the spectrum. This can be explained
by the way that the X-ray emission interacts with the accretion disc. For a corona that
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is emitting isotropically, around half of its flux will interact with the (relatively) cold
and non-ionised accretion disc, at which point it will interact with the matter in
different ways depending on its energy.

At low energies (E < 10 keV) the photons will be photoelectrically absorbed by the
metals in the disc, so we should not see much extra X-ray flux in this regime. At
intermediate energies (10 < E < 40 keV) the photons will instead be Thomson
scattered, a fraction of which will be scattered up and away from the disc and
therefore be observable. At high energies (E > 40 keV) a regime is reached where the
Thomson cross-section, which is a classical limit, is no longer valid, and one must
instead use the more general quantum mechanical Klein-Nishina cross-section to
describe the scattering. Unlike Thomson scattering however, Klein-Nishina scattering
is preferentially forward directed, leading to scattered photons penetrating further
into the disc and losing energy. This loss of energy means that photoelectric
absorption once again becomes important and the initially high energy photons are
absorbed by the disc.

The result of these scattering and absorption processes of the disc is that some of the
incoming X-ray radiation is scattered back out into the Universe with a modified
spectral shape, peaked at ∼30 keV where Klein-Nishina effects and photoelectric
absorption are not as important. This leads to the feature that is typically called the
"Compton hump" which is observed in AGN X-ray spectra.

The final feature is a so-called "Soft excess" which appears below 1 keV. Unlike the
other two, the origin of this feature remains unsolved, though there are two popular
explanations of this excess. The first is that there is a second non-thermal emission
region, a so-called "warm corona" (as opposed to the hot corona) further out from the
black hole, perhaps this warm Comptonisation region represents the very inner edge
of the accretion disc, a transition point from thermal disc to non-thermal corona. The
second is that the excess instead originates from a collection of highly blurred X-ray
fluorescent line emission from very close to the black hole, where gravitational
redshift and Doppler broadening are significant enough that the lines become
indistinguishable from one another.

Recently Ursini et al. (2020) used the Nuclear Spectroscopic Telescope Array
(NuSTAR) and XMM-Newton to observe the AGN HE 1143-1810. With NuSTAR’s
high-energy sensitivity to constrain the power-law, XMM-Newton observed the softer
emission where the excess is seen, and using the combination broadband X-ray
coverage they examined how the spectrum changed with time and found that their
observations favoured the warm Comptoniser origin over the line emission model.
However, García et al. (2019) analysed Markarian 509 with NuSTAR and Suzaku
found that while both models were acceptable statistical fits to their data, they bring
up an issue of physics which is that a warm Comptoniser should produce strong
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absorption features that are not observed, and therefore favoured the blurred line
model. Even this though does not entire settle the debate as it has been shown more
recently that absorption lines can be avoided if the warm Comptoniser has an internal
source of heating. Therefore as to the exact nature of the Soft excess there is still much
debate and ongoing research.

1.3.2 UV/Optical Emission

As we saw in Section 1.2, the infalling matter of an accretion disc will thermally emit
blackbody photons with a temperature profile given by Eqn. 1.22 and will therefore
create a total spectrum given by the sum of the blackbody component at each radius
with the luminosity of each component scaled by the area of each of its emitting
region. The peak for this total spectrum in AGN is in the UV which means the disc
emits strongly in the UV and Optical regimes, this component can be seen in the SED
of the AGN as shown in Fig. 1.3. There is also UV and Optical emission from the BLR
and NLR which can be seen from the emission lines.

FIGURE 1.3: A Typical Spectral Energy Distribution (SED) of an unabsorbed AGN and
its disentangled components. Courtesy of F. Shankar.

1.4 The Variability of AGN

The emitted flux from an AGN can be varied in many ways, the strength/absence of
the jet will be the main source of radio flux, however for this work will be focusing on
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the X-ray, UV, and Optical variability of AGN and so will not be discussing radio
emission much. One way in which the flux of a particular AGN can change is through
a change in accretion rate. As we saw in Eqn.1.22, by increasing accretion rate, the
material in the accretion disc will increase in temperature, which increases both the
flux and the peak emission wavelength, as it is emitting as an approximate blackbody.
However in addition to this, this should also increase the amount of seed photons
entering the corona and therefore cool it down, resulting in a softer power-law
emission.

Another avenue of variability is the geometry of the corona, increasing the size of the
corona would increase the X-ray flux while also hardening the X-ray spectrum as
more seed photon paths would interact with the corona, increasing the number being
Compton up-scattered. Disc geometry is also important, as we know from Bardeen
(1970) that the efficiency of accretion, η, is dependent on the inner radius such that

η = 1 −

√

1 − 2
3rinner

(1.26)

where rinner = Rinner/Rgrav, Rinner is the inner radius of the accretion disc, and Rgrav is
the gravitational radius such that Rgrav = GM/c2. Therefore by increasing the inner
radius of the accretion disc, the flux of the disc decreases as the efficiency of the
accretion drops. This would mostly affect the high frequency emission which would
therefore increase the wavelength of the disc spectrum’s peak.

As we have discussed so far, there seem to be cases in AGN where the sources of flux
at different wavelengths are somewhat dependent on one another, and therefore you
would expect some form of causal link between them. Investigation of the causal links
between variability at different wavelengths can therefore tell us a lot about the
physical processes going on in an AGN. The physical size of an AGN is measurable,
even for the smallest AGN, on the scale of light-seconds or more. We would therefore
expect any links between different waveband components to exhibit a time delay or
"lag", from the component that drives a variation to the component that is varied as a
result. Methods of detecting and measuring these lags will be discussed in Section
3.5.1.

There are two main mechanisms of UV/Optical variability that have gained
widespread support. The first is that intrinsic disc perturbations, caused by inwardly
propagating accretion rate variations, drive UV seed photon variations, which in turn
drive X-ray variations (Arévalo et al., 2008; Lira et al., 2011). The second is the
reprocessing of coronal X-ray emission by the accretion disc, with the X-ray variations
instead driving the UV/Optical variations (Sergeev et al., 2005; Breedt et al., 2009). It
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is likely that both of these processes occur in reality, but testing which one is dominant
can tell us about the structure of the system.

1.4.1 Intrinsic Disc Variations

As we discussed in Section 1.3.1, UV seed photons from the disc are Compton
up-scattered to produce a non-thermal X-ray spectrum. One would therefore expect
that the X-ray flux would be delayed relative to the disc photons caused by the
additional travel time between the disc and the corona, as well as the timescale of the
scattering process itself. UV emission from the very central portion of the disc is the
dominant source of seed photons for the corona, so we would expect fairly short lags
with the UV emission leading the X-rays.

However, this process assumes that the inner disc is cool enough to be emitting in the
observed UV/Optical bands. If this is not true however, the disc could still drive X-ray
variations by inwardly propagating accretion rate variability. As they travel inwards,
eventually these fluctuations will reach the central disc and begin to produce seed
photons. The timescale of this kind of lag is much longer than the simple travel time
however, and is driven primarily by the viscous propagation timescale. This timescale
is thought to be months or even years for standard accretion discs for black holes ∼106

M⊙ and is given in Lyubarskii (1997) as

tvisc =
1
α

(

R

H

)2

tdyn (1.27)

where α is the α-disc viscosity parameter, R and H are the radius and height of the
disc, and tdyn is the dynamical timescale. This would then cause X-ray variability to
significantly lag behind the UV/Optical by months, even for a very small AGN like
NGC 4395 this timescale would be on the scale of weeks. As in reality the disc is a
continuous structure, this would likely be blurred and given the timescales involved,
very hard to detect in observations.

1.4.2 X-ray Reprocessing

The existence of the Compton reflection hump in the X-ray spectrum implies that the
corona is above the accretion disc, or at the very least has a significant component that
extends above the accretion disc (i.e. has a larger height), so that the accretion disc is
illuminated by this X-ray flux. Once again looking at the structure of the Compton
hump, we know that the X-ray energies that do not appear in the reflected spectrum
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are photoelectrically absorbed, either directly in the case of soft X-rays or by further
energy loss caused by Klein-Nishina scattering in the case of very hard X-rays.

FIGURE 1.4: A simplified diagram of X-ray reprocessing, demonstrating the origin of
the time delay in the reprocessed emission.

This absorption of X-rays will then heat the disc by an amount proportional to the
amount of energy absorbed (i.e. the intensity of the incident radiation). As we are
dealing with an approximate blackbody, the result of this is simple to see, an increase
in both the luminosity and peak wavelength of the emitting material. As we observe
variability in the Comptonised X-ray emission, we know that the disc will experience
variability in its irradiation by X-rays, which will in turn cause variability in the disc’s
luminosity. Therefore we should observe UV/Optical variability which is correlated
to X-ray variability, time-lagged by the travel time of the X-ray photons from the
corona to the point on the disc where the energy is reprocessed, this is visualised in
Fig. 1.4. Other factors that can affect the reprocessed variability lag are the inclination
of the disc relative to the observer and the timescale of the reprocessing process,
though in the case of the latter it is likely small enough to be negligible, even in very
small AGN such as NGC 4395.

Using the temperature profile of the disc and the lags at each point on the disc, we can
then produce a transfer function which describes the flux produced by the disc from a
driving X-ray impulse. The light travel time (and therefore lags) are dependent on
mass and can vary from being on the order of days for the larger AGN, down to a few
minutes for the smallest, though the relation is also affected by the accretion rate of the
object (Breedt et al., 2009).

As we have seen, the delay, τ, we expect at any given radius is a function of the
radius, R, of that point, and from Eqn. 1.22 we know that T ∝ R−3/4. From Wien’s
Displacement Law we know that for a blackbody the peak emission wavelength is
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itself inversely proportional to the temperature, and so from this we can then find the
relation

τ(λ) = Aλ4/3 (1.28)

where A is some normalisation factor.

To quantify how this reprocessed flux changes the temperature profile of our disc, we
look at the energy injection the X-rays are providing. The energy of each unit area of
the disc from X-ray absorption depends on the X-ray luminosity and the angle of the
incoming flux. This incoming X-ray flux at disc radius R can be given as

FX(R) =
LX

As(R)
(1.29)

where As(R) = 4π(H2 + R2) is the area of an imaginary sphere that is centred on the
source of the X-rays (which is raised above the disc to height H) and extending out to
R. We know that the area of a disc annulus can be given by 2πRdR where dR is the
width of the annulus, however this area is reduced in accordance to the X-ray source
height, which leads to a modification of the area by a factor of cosθ where θ is the
angle between the polar direction and the incoming flux direction. Using simple
trigonometry we can see in this situation that cosθ = H/

√
H2 + R2 which therefore

leads to a projected area of

Aproj(R) =
2πRdRH√

H2 + R2
(1.30)

Therefore, the total energy which is absorbed by an annulus at a radius R is

E(R) =
(1 − A)LX H

4π(H2 + R2)3/2 (1.31)

where A is not the area but the albedo of the disc. This extra energy modifies the
temperature profile of the disc so that it has an extra term to include the X-ray
irradiation. This transforms Eqn. 1.22 so that it becomes
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T(R) =

(

1
σSB

)1/4
(

3
8π

GMBH

R3 ṁ

[

1 −
√

R0

R

]

+
(1 − A)LX H

4π(H2 + R2)3/2

)1/4

(1.32)

1.5 The Power Spectra of XRBs & AGN

On the surface the power spectrum is a simple technique, it is just the squared
modulus of a lightcurve’s Fourier Transform. It is, however, a very powerful tool in
characterising the variability of an radiating object. These power spectra allow us to
see the relative contributions to the total variability from variations that take place
over different timescales, displayed in a power spectrum in the form of a frequency.
An example of a simple power spectrum would be from a single periodic signal such
as sine wave, this would generate a power spectrum with a single sharp peak at the
frequency of the signal. A slightly less defined signal (such as if there is a slight
change in period or the shape of the signal pulse is broad) would lead to a broader
peak and is known as a ’Quasi-Periodic Oscillation’ or QPO.

Similarly if one had a light curve with uncorrelated random variability (such as from
Poisson noise) it would lead to a completely flat power spectrum and is known as a
’white-noise’ process. On the other hand if the variability is correlated, which is
observed in AGN, we find what is known as a ’red-noise’ power spectrum, which has
the characteristic shape of a power-law such that

P(ν) ∝ ν−α (1.33)

where α is the slope of the power spectrum.

Power spectral techniques were first used on X-ray Binaries (XRBs) which exhibit
features that are indicative of a combination of QPO, white-noise, and red-noise in
their power spectra on the timescales of their observations. High-frequency QPOs
(kHz) are features of neutron star XRBs and are associated with the spin frequency of
the star, while black hole binaries exhibit lower frequency QPOs whose physical
origin is unresolved but believed to be the result of a relativistic effect called
Lense-Thirring Precession (Ingram and Motta, 2019).

It was observed that the variability that contributes most to the variance of XRB
lightcurves is red-noise, displaying power-law power spectra at high frequencies,
though this flattens to white-noise on long timescales. The frequency at which this
flattening happens scales with the frequency of the low-frequency QPOs which
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suggests they are correlated, likely to the accretion rate if the origin of the
low-frequency QPOs is tied to it. Above this break frequency, α is usually greater than
1, though QPOs can make measuring the true slope difficult. Some XRBs also display
a higher-frequency break, above which α increases to ∼2, the frequency of this break
can move and is thought to be associated with accretion rate as well, perhaps due to
the inner edge of the disc moving inwards at higher accretion rates.

It is now accepted that XRBs and AGN are very similar physical systems just on
different mass scales. We should therefore expect to see similar variability properties
but with the timescales of the processes scaled up by the increase in black hole mass.
As we have seen the gravitational radius of a black hole system, which scales linearly
with mass, is a very important feature of black hole systems, which means that the
geometry of AGN and XRB X-ray coronae should be similar. The environment should
only a minimal effect since the corona is heavily dominated by the gravitation of the
black hole and therefore should not be affected by the presence or lack of a companion
object, such as a star in an XRB’s case, which might otherwise affect outer regions of
an accretion disc.

The main challenge with AGN variability studies are the longer timescales involved
even for X-ray emission, and the fact that they are much fainter than XRBs and
therefore have poorer signal-to-noise. The earliest AGN power spectra shown in
McHardy and Czerny (1987) and Lawrence et al. (1987) showed a red-noise power-law
slope, but no breaks or QPOs. QPOs are actually seemingly lacking from AGN power
spectra, which is problem if the process of accretion is supposed to be scale-invariant.
Though recent observations such as Ashton and Middleton (2021) have claimed
detection of QPOs in AGN, they are still very elusive and an ongoing area of study.

As for the red-noise slope of AGN, it has been shown that are are quite steep with
α ∼2 (Green et al., 1993; Papadakis and Lawrence, 1993) which implied that these
slopes lie above the high-frequency break, though at the time, the length of the light
curves available was on the scale of AGN variability timescales and so it was difficult
to measure low enough frequencies to see a flattening of the power spectrum. We
know that theoretically these red-noise spectra must flatten at some point to an α less
than 1 or else the total variance (and therefore the integrated power) of the light curve
would diverge to infinity. The methodology of fitting a power spectrum, the issues
with measuring it, and the shape we should expect will be further elaborated on in
Chapter 4.
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Chapter 2

First detection of an AGN Accretion

Disc’s Outer Edge in NGC 4395

2.1 Abstract

In this chapter, I will present fast sampled optical photometry of NGC 4395 with the
Liverpool Telescope, followed up by very fast multiwaveband simultaneous optical
monitoring with HiPERCAM on the 10m Gran Telescopio Canarias. These
observations provide the fastest ever multiband photometry of an AGN and will
allow very high precision optical interband lag measurements.

2.2 Introduction

The origin of UV/optical variations in AGN, their relationship to X-ray variations and
what those variations together can tell us about the inner structure of AGN, has been a
matter of major observational activity for over two decades. Initially, combined X-ray
monitoring from RXTE and optical monitoring from the ground (e.g. Uttley et al.,
2003; Suganuma et al., 2006; Arévalo et al., 2008, 2009; Breedt et al., 2009, 2010; Breedt,
2010; Lira et al., 2011) typically showed optical variations lagging the X-rays by about
a day (±0.5d).

These observations are consistent with reprocessing of X-rays from around the central
black hole by a surrounding accretion disc, but usually without sufficient multiband
detail to map out the temperature structure of the disc (Blandford and McKee, 1982).
Some multiband optical monitoring (e.g. Sergeev et al., 2005; Cackett et al., 2007)
showed wavelength-dependent lags consistent with the expectations of reprocessing
from an accretion disc but without simultaneous X-ray monitoring.
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More recently, X-ray and UV/optical multiwaveband monitoring, based mainly
around Swift observations (e.g. Cameron et al., 2012; Cameron, 2014; Shappee et al.,
2014; McHardy et al., 2014; Edelson et al., 2015; Troyer et al., 2016; Fausnaugh et al.,
2016; McHardy et al., 2018; Cackett et al., 2018; Edelson et al., 2019; Cackett et al., 2020;
Hernández Santisteban et al., 2020; Vincentelli et al., 2021, 2022), but also with
XMM-Newton (e.g. McHardy et al., 2016), have confirmed that the UV/optical
variations are mostly well explained by reprocessing of high energy radiation from an
accretion disc, but have also noted a reprocessed contribution from the gas in the
broad line region (BLR).

The lags expected from the BLR were predicted by Korista and Goad (2001, 2019) and
are particularly large in the u band, where combined Balmer emission lines form the
Balmer continuum, and also in the i band from the Paschen continuum (see
particularly Cackett et al., 2018). The combined signatures of reprocessed disc and
BLR emission are clearly seen in NGC 4593 (McHardy et al., 2018). Here the response
functions (Horne et al., 2004) required to explain the UV and optical lightcurves by
reprocessing of X-rays, show both a short-timescale (disc) peak and long-timescale
(BLR) tail. In Mrk110, Vincentelli et al. (2021) also show a combination of
short-timescale (disc) and long-timescale (BLR) lags.

The BLR and the Narrow Line Region (NLR) are structures whose effects can be seen
in the optical spectrum of an AGN by viewing the emission lines produced from each
region. The BLR tends to be out at 103 to 105 Rg with gas velocities from 3,000-10,000
km/s, reflected in the Doppler Broadened emission lines it produces. The NLR on the
other hand is much further out closer to 109 Rg with gas velocities from only 300-1,000
km/s, resulting in its namesake much narrower emission lines. Looking at the
spectrum from NGC 4395 in Fig. 2.1 we can see only very narrow bands, which
implies a limited contribution from the BLR.

FIGURE 2.1: The Optical Spectrum of NGC 4395. From Ho et al. (1995).

Given the many observations and many suggested explanations, there is increasing
interest in modelling the lag spectra. Initially most modelling was based on
reprocessing of X-rays by a disc with the temperature profile described either by
Shakura and Sunyaev (1973) or (with GR corrections) by Novikov and Thorne (1973).

Although the broad reprocessing picture is now established, this modelling
highlighted a variety of problems including:
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(1) The observed optical lightcurves are much smoother than predicted (e.g Berkley
et al., 2000; Arévalo et al., 2008) unless the X-ray emitting corona is much larger (∼ 100
gravitational radii, Rg) than estimated from X-ray reverberation (∼ 4Rg, e.g.
Emmanoulopoulos et al., 2014; Cackett et al., 2014) or microlensing observations
(∼< 10Rg Dai et al., 2009; Chartas et al., 2012; Mosquera et al., 2013)

(2) The disc sizes estimated from almost all Swift monitoring are larger than predicted,
with analytic formulae (e.g. Fausnaugh et al., 2016) giving larger discrepancies (> 3×
larger) than numerical disc modelling (∼< 2×, McHardy et al., 2018). However
numerical modelling which better includes relativistic effects (Kammoun et al., 2021b)
gives no discrepancy, albeit with an X-ray source height (∼ 20 − 70 Rg) much larger
than that of most previous modelling.

(3) The lag between the X-ray and far UV band is much larger than expected,
compared with the lags between the various UV and optical bands (e.g. summary in
McHardy et al., 2018). Possible solutions include scattering through an inflated inner
disc (Gardner and Done, 2017) or including a more distant reprocessor such as the
BLR McHardy et al. (2018). Indeed Netzer (2021) claims that the BLR dominates the
lags. Alternatively, if all lags are measured relative to a reference UV band, then the
X-ray to UV lag may be increased if the X-ray auto-correlation function is broad
(Kammoun et al., 2021a).

Reprocessing, of course, cannot explain all aspects of UV/optical variability. There are
long term (months-years) trends in the UV/optical which are not mirrored in the
X-rays and which may result from inwardly propagating accretion rate fluctuations in
the disc (e.g. Arévalo et al., 2008; Breedt et al., 2009, 2010). If these trends are filtered
out then the shorter-timescale reprocessing signature can be revealed (McHardy et al.,
2014, 2018; Pahari et al., 2020). However in this investigation we are concentrating on
the short-timescale variations.

Most AGN which have been monitored so far have been of similar black hole masses,
mostly between ∼ 107 and ∼ 108 M⊙. Although accretion rates are notoriously hard
to measure accurately, the majority of AGN monitored so far have had accretion rates
of few per cent of Eddington, although a small number have higher rates, eg Mrk110,
ṁE∼ 40% (Vincentelli et al., 2021), NGC7469, ṁE∼ 50% (Pahari et al., 2020) and
Mrk142 ṁE∼ 100% (Cackett et al., 2020). There have been very few observations of
very low mass or very low accretion rate AGN, largely because most of them are too
faint.

However to test models, it is important to extend the range and hence objects at the
extreme edges of the distribution, where disc and BLR properties are likely to be most
different, are particularly useful. For example, at very low accretion rates, the disc
scale height is likely to be lower (Treves et al., 1988) thus affording a less obscured
view to the outer disc.
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Here we present lag measurements of NGC 4395. Although its exact mass is currently
a matter of some debate, with values between 3.6 × 105M⊙ (Peterson et al., 2005) and
1 × 104M⊙ (Woo et al., 2019) having been claimed, there is complete agreement that
its mass is definitely very low. For the mass noted by Peterson et al. (2005), the
accretion rate is also very low, 0.12% Eddington so its luminosity is low. However it is
close enough to us (3.85 Mpc, Tully et al., 2009) that it is bright enough for accurate lag
measurements to be made.

Early Swift observations (Cameron et al., 2012) showed that the B-band lagged the
X-rays in NGC 4395 by less than < 45 min, with a tentative estimate of the UVW2
band lagging the X-rays by 400s. XMM-Newton observations, using the optical
monitor in fast readout mode, showed that the UVW1 band lagged the X-rays by
473+47

−98s and parallel ground based observations gave a lag of the X-rays by the g band
of 788+44

−54s. There have, however, been no simultaneous multiband lag measurements
and so serious comparison with reprocessing models has not yet been possible.

In Section 2.2 we discuss ugriz monitoring of NGC 4395 with the robotic 2m Liverpool
Telescope (LT) which showed variability on few hour timescales, consistent with the
few hundred second lags noted above, but were not able to measure the lags
accurately. However based on those observations we obtained very high sensitivity
simultaneous ugriz photometry over one night with HiPERCAM on the 10.4m Gran
Telescopio Canarias (GTC) with time resolution down to 3s (Section 2.3), thus allowing
very accurate measurement of interband lags. In 2.4 we compare the resultant lag
measurements with reprocessing models. Conclusions are presented in Section 2.5.

2.3 Liverpool Telescope Observations

2.3.1 The Observations

NGC 4395 was observed with the IO:O instrument on the robotic Liverpool Telescope
(LT, Steele et al., 2004) for approximately 6 hours on each of 5 separate nights in 2017
March. The IO:O1 is a CCD imaging camera with a 10 × 10 arcmin field of view and
an unbinned pixel size of 0.15 arcsec, here used in 2 × 2 binning mode.

The observations were made by cycling through successive exposures in groups of
filters. Given the previously measured approximate lag of 330s between the UVW1
(290 nm) and g band (McHardy et al., 2016), the observations were arranged in two
groups so that cycle times between the same filter did not exceed 200s, thus allowing
reasonable sampling of likely lag times. To allow measurement of lags in all bands
relative to the g-band, one group consisted of the g, r, i and z bands and the other

1https://telescope.livjm.ac.uk/TelInst/Inst/IOO



2.3. Liverpool Telescope Observations 25

Night Date (UTC) Start Time End Time Filters and Exposure Times Lightcurve Figure

1 2017-03-23 00:49:05 03:23:10 g,r,i,z all 10s Fig. 2.4
2 2017-03-24 01:03:46 07:01:45 u-30s, B-20s, g-20s Fig. 2.5
3 2017-03-26 00:40:01 06:39:45 g,r,i,z all 20s Fig. 2.6
4 2017-03-28 00:34:54 06:31:33 u-30s, B-20s, g-20s Fig. 2.7
5 2017-03-29 00:33:37 06:32:06 g,r,i,z all 20s Fig. 2.8

TABLE 2.1: Log of LT observations of NGC 4395. Start Time is the start time of the first
observation in the series and End Time is the start time of the last observation.

consisted of the g, B and u bands. The g, r, i, z group was observed on nights 1, 3 and 5.
The g, B, u group was observed on nights 2 and 4. Due to bad weather, these nights
were not consecutive. The log of the observations is given in Table 2.1.

To remove any non-astrophysical variations, such as those due to changes in
atmospheric transparency which would affect all objects on a CCD image, lightcurves
were produced using the standard method of differential photometry relative to one
or more comparison stars.

An LT IO:O g-band image of NGC 4395 is shown in Fig. 2.2. In this figure a number of
comparison stars are labelled, together with the AGN nucleus. Fig. 2.2 is centred
midway between comparison stars 0 (RA 12 25 54.63 Dec +33 26 51) and 2 (RA 12 25
55.87 Dec +33 33 58). However the observations reported in this investigation were
centred on the AGN. Star 2 was always on the field of view, well away from the edge
of the CCD, but star 0 was outside of the field of view. Star 2 was therefore used as the
comparison star. Also labelled in Fig. 2.2 are stars 1 and B which are within the smaller
HiPERCAM field of view.

For each CCD image, an aperture of radius 4.25 arcseconds, which is 14 LT (binned)
pixels, was placed around the AGN and a similar aperture was placed around star 2.
A background annulus of inner radius 3× the source radius and outer radius 4× was
also placed around each object. Lightcurves were derived as the ratio of the
background subtracted counts in the AGN compared to those of the comparison star.

In later observations which are reported in Chapter 3, both stars 0 and 2 were on the
IO:O field of view. In Fig. 2.3 we show one of the IO:O lightcurves of star 2 compared
to star 0. The middle half of this lightcurve is constant (reduced χ2 = 0.94) but
including the ends there is a very slight fractional decrease of 0.006. Stars 0 and 2 have
different colours. From SDSS magnitudes g-r = 1.33 for star 2 and 0.98 for star 0. We
have not corrected the lightcurves for colour related changes in atmospheric transition
during these observations but it is quite likely that this very small change might be
explained in that way. We therefore conclude that both stars are non-variable over the
timescales of the observations reported here and can be used safely as comparison
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stars. Note that the zero point in Fig. 2.3 is zero in order to demonstrate the relative
constancy of the ratio.

We performed differential photometry using two different pipelines. The first pipeline
was an in-house Southampton University pipeline and the second is the HiPERCAM
pipeline.2 Both pipelines use very similar methods, centroiding on the objects of
interest and then performing aperture photometry using a background annulus
surrounding the object. The results were very similar. Here we present the results
using the HiPERCAM pipeline, in large part because this pipeline is well established
and well documented and the code is already publicly available thus allowing future
researchers to check our results more easily.

FIGURE 2.2: g-band image of NGC 4395, 40s exposure, with the IO:O CCD imager on
the Liverpool Telescope. The comparison stars, 0 and 2, used in the production of the
LT lightcurves are labelled, as are the comparison stars, 1 and B, used in the production
of the HiPERCAM lightcurves. The AGN nucleus is also labelled. The field of view is

10 × 10 arcmin.

2.3.2 Interband Correlations and Lags

The lightcurves for nights 1, 2, 3, 4 and 5 are shown in Figs. 2.4, 2.5, 2.6, 2.7 and 2.8
respectively. Here, unlike in Fig. 2.3, the ordinate does not start at zero. Note that the
fluxes typically vary by ∼ 10%, which is much larger than the 0.6% trend in the
comparison stars. In all cases the individual lightcurves on each night had similar

2http://deneb.astro.warwick.ac.uk/phsaap/hipercam/docs/html/
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FIGURE 2.3: Ratio of the background subtracted count rate of star 2 compared to that
of star 0 in the g-band.

FIGURE 2.4: Night 1: Lightcurves of NGC 4395 in, from the top, the g, r, i and z bands,
from the Liverpool Robotic Telescope. Fluxes are normalised to the mean. UT times

are given in Table 2.1.

shapes and are well correlated. However on nights 1 and 5, the griz lightcurves were
dominated by slow trends, without enough prominent features to measure a lag
between the bands. Similarly, the ubg lightcurves on night 4 were also dominated by
slow trends. However the griz lightcurves on night 3 and the ubg lightcurves on night
2 did show more features.

In Figs. 2.9 and 2.10 we show, as representative, the simple discrete correlation
functions (DCFs: Edelson and Krolik, 1988) between the B and g bands on night 2 and
between the r and i bands on night 3. We also show the 68, 90 and 95% confidence
contours. The observed correlations easily exceed 95% confidence and so are unlikely



28 Chapter 2. First detection of an AGN Accretion Disc’s Outer Edge in NGC 4395

FIGURE 2.5: Night 2: Lightcurves of NGC 4395 in, from the top, the u, B and g bands
from the Liverpool Robotic Telescope. Fluxes are normalised to the mean. UT times

are given in Table 2.1.

FIGURE 2.6: Night 3: As for Fig. 2.4.

to have occured by chance. The confidence contours are generated as described in
Breedt et al. (2009) and McHardy et al. (2018). This process involves simulating 1000
realisations of the shorter wavelength lightcurve based on its power spectrum.
Specifically here we note that as the power spectrum derived from the observed
lightcurve is not of sufficient quality to measure accurately its low and high frequency
slopes, these values are fixed at -1 and -3. Varying these parameters does change the
confidence contours, but not by a great deal.

The DCF is useful for establishing the significance of a correlation but not for
measuring the lag. For that purpose we use the Flux Randomisation / Random Subset
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FIGURE 2.7: Night 4: As for Fig. 2.5.

FIGURE 2.8: Night 5: As for Fig. 2.4.

Selection (FR/RSS) method of Peterson et al. (1998) and JAVELIN (Zu et al., 2011,
2013). In Figs 2.11 and 2.12 we show the lag distributions from JAVELIN between the
B and g lightcurves from night 2 and the g and i lightcurves from night 3 respectively.
Formally the g band lags the B-band by 268+192

−155s and the i band lags the g band by
267+309

−280s. The FR/RSS method gives similar median values, though with larger
uncertainties. JAVELIN gives a lag of the g band by the r band of −74+294

−226s whilst
FR/RSS gives +28 ± 436s. For the lag of the r band by the i band JAVELIN gives a lag
of 273+223

−365s and FR/RSS gives 300 ± 500s. Due to the low signal to noise (S/N) of both
the u and z-band lightcurves, both FR/RSS and JAVELIN, although showing
correlations, give very broad lag distributions with uncertainties > 1000s for any
correlations involving those bands.
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FIGURE 2.9: DCF showing the lag of the B-band by the g band in seconds for LT night
2 (Fig. 2.5). From bottom to top, the 68%, 90% and 95% confidence contours are shown.

FIGURE 2.10: DCF showing the lag of the r band by the i band in seconds for LT night
3 (Fig. 2.6). From bottom to top, the 68%, 90% and 95% confidence contours are shown.

We conclude that the LT lightcurves show a strong correlation between all wavebands.
The lag of the g band by the B band is statistically robust (Fig. 2.11) and there are
suggestions of wavelength-dependent lags between some of the other wavebands.
However the lag uncertainties for the other bands are too large to allow accurate
measurement of the lags.
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FIGURE 2.11: Lag distribution from JAVELIN between the B and g lightcurves from
LT night 2 observations (Fig. 2.5).

FIGURE 2.12: Lag distribution from JAVELIN between the g and i lightcurves from LT
night 3 observations (Fig. 2.6).

2.4 GTC HiPERCAM Observations

2.4.1 Observations

Following the proof of concept LT observations, NGC 4395 was observed for just over
6 hours from 2018-04-16 20:58:14.665 UTC (MJD 58224.8737808) to 2018-04-17
03:06:07.266 UTC (MJD 58225.1292507) with HiPERCAM on the 10.4m Gran
Telescopio Canarias (GTC)3.

3http://www.gtc.iac.es/
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FIGURE 2.13: HiPERCAM us-band image. The light blue lines designate the four
quadrants of the CCD which are read out individually. The AGN together with com-
parison stars 1 and B, also shown in Fig. 2.2, are labelled. The inner circles, green
around the AGN and black around the comparison stars, of radii 52 pixels (4.21 arc-
sec), define the object apertures. The sky background lies between the two surround-
ing solid red circles (radii 84 and 140 pixels, i.e. 6.80 and 11.34 arcsec respectively). The
dashed red circles indicate stars in the background regions which have been masked
out. The dashed straight lines simply connect the masked areas to the central object
that they are associated with. For the relatively bright star to the east of the AGN, a
large masking radius is chosen so as to encompass also a nearby fainter star. However
only the part of the image which is also within the background annulus is masked.
The object aperture is unaffected. Note that, opposite to the conventional projection
used in Fig. 2.2, east is to the right of north. The HiPERCAM major axis was tilted

very slightly east of north.

HiPERCAM (Dhillon and Marsh) is a quintuple-beam high-speed astronomical
imager. Incoming white light is split into 5 colours, each sent to a separate camera,
with each camera containing a 2048×1024 pixel frame-transfer CCD which can read
out at up to 1000 frames per second. The 5 filters have bandpasses which very closely
resemble the standard Sloan ugriz bands but have improved throughput, particularly
in the us band where throughput is 41% higher. These Super SDSS filters4 are referred
to as us, gs, rs, is, and zs. The plate scale is 0.081 arc seconds per pixel giving a field of
view of 2.8×1.4 arcminutes. The integration time was 3s for the gs, rs, is, and zs bands
and 15s for us.

We arranged the field of view to encompass the two comparison stars, 1 and B, which
are shown in Fig. 2.2. The data were reduced using the HiPERCAM software suite5. A
HiPERCAM us image is shown in Fig. 2.13. Object (green or black) and sky apertures
(solid red) are shown around all objects. Masked regions, to remove stars from
background areas (dashed red lines) are also shown. Details are given in the figure

4http://www.vikdhillon.staff.shef.ac.uk/ultracam/filters/
5http://deneb.astro.warwick.ac.uk/phsaap/hipercam/docs/html/



2.4. GTC HiPERCAM Observations 33

caption. Note that this image is mirrored around the north-south axis so east is to the
right of north, not the usual left. The software then produces count rates in the various
apertures, X and Y coordinates and FWHM of targets for all of the separate images
thus allowing the production of lightcurves.

FIGURE 2.14: Tracking and seeing plots of the HiPERCAM data.

During the observations the sky was dark and photometric, but the seeing was quite
variable, ranging between ∼ 1.5 and 4 arcseconds. The seeing, defined as the FWHM
of the unresolved core of the AGN, together with the X and Y CCD pixel coordinates
of the AGN, are shown in Fig. 2.14. We use the FWHM of the AGN rather than that of
star 1 simply for computational convenience but the values are almost exactly the
same.

In the g-band discussed here the ratio of the FWHM of the AGN to that of the star is
constant at 1.02× with a variance of 8.4 × 10−5 so any variations are tiny compared to
the factors of a few in the seeing itself. The field of view remained as shown in
Fig. 2.13 until the source approached transit, which occured close to the middle of the
observation. At this time the field passed very close to the zenith where tracking is not
so precise and, at the time of these observations, there was no autoguider at the
HiPERCAM focus of the GTC. Hereafter we refer to times after the start of the
observation. After 8000s, the field of view drifted slowly to the west, as shown by the
large change in the Y-coordinate of the AGN (Fig. 2.14).

After 12000s the field of view was manually adjusted back to the original position.
During these movements, star B crossed into the CCD quadrant containing the AGN
and was then moved back. However star 1 remained within its original CCD
quadrant at all times. Additionally, as the background surrounding star 1 is empty,
unlike that surrounding star B, star 1 is preferred as the comparison star. There are a
number of small bumps in the lightcurves between 10000 and 14000s, most of which
can be associated with rapid changes in field location and so are not considered to be
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physically real. Data between these two times is therefore not considered to be reliable
and so is not considered in this analysis.

FIGURE 2.15: Normalised ratio of the gS-band count rates of stars 1 and B.

At 14650s an unplanned instrument rotator unwrap occurred. As it is not possible to
follow the motion of objects through that rotation, the lightcurve was produced in two
parts, before and after that time. There is a simultaneous small ripple in all lightcurves
at that time. Between 16780 and 16840s there was a small change in the Y-positions but
this change occurred sufficiently slowly that we were able to accurately follow the
movement so the photometry was not affected.

In Fig. 2.15 we show the normalised ratio of the count rates between star 1 and star B.
This figure only covers the time when star B was in the CCD quadrant in which it
started. There is a gap in the middle when star B was in a different CCD quadrant, i.e.
the one in which the AGN is always located. During the first part of the observation
when the AGN and both stars remained on their original CCD quadrants, there is no
change in the ratio of star 1 to star B. Formally the error-subtracted excess variance of
this part of the lightcurve is −6.68 × 10−8 and the average standard deviation is
1.37 × 10−3. There is no evidence for variability in either comparison star on the
timescales of the observation and so, in principle, either star may be used to measure
changes in AGN intensity. We do, however, note a small change in the stellar ratio
after the gap shown in Fig. 2.15 and around 16800s, corresponding to a sudden change
in position of the objects. As star 1 remains on its original CCD quadrant throughout
the observation and also has a lower surrounding background and so is less likely to
suffer from spurious position-induced changes in intensity, we use star 1 to determine
changes in the AGN. The resultant lightcurves are show in Fig. 2.16.
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FIGURE 2.16: Observed us, gs, rs, is, and zs lightcurves, normalised to the mean, for
NGC 4395 from HiPERCAM on the GTC binned to 15s exposures. Statistical errorbars
are too small to be seen and are, from us to zs respectively, 0.0047, 0.00165, 0.00175,
0.00243 and 0.00356. The lightcurves between 10,000 and 14,000s, as indicated by the
dashed grey lines, are affected by loss of tracking and motion of the target and com-
parison stars over the CCDs, as described in the text. For each of the gs to zs bands,
the us lightcurve, with variability amplitude scaled to be the same as for the appro-

priate gs to zs band, is underlaid in grey, for comparison.

2.4.1.1 Seeing Effects

Although the lightcurves are generally quite smooth, there are occasional changes of
flux on timescales of a ∼few hundred seconds. As the seeing can vary on timescales at
least as short we investigated whether seeing changes might cause flux changes which
might affect lag measurement. Assuming that the slower changes represent real
physical changes in the luminosity of the AGN, we fitted 6th order polynomials to the
lightcurves and measured the residuals. An example fit to the gs lightcurve, with
residuals, and seeing, is shown in Fig. 2.17. Whilst recognising that this fit does make
assumptions about what a real physical variation in the AGN is, a lower-order
polynomial does not fit the long-timescale variations as well and a higher order does
not improve the fit. We therefore take it as a first attempt at determining the effect of
seeing on flux.
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In Fig. 2.18 we plot the residuals against seeing. Although there is considerable scatter,
there is a definite trend for the residuals to become larger as the seeing improves, i.e.
the residuals and seeing are anti-correlated. Changes with seeing in the fraction of
light in the object apertures should be the same for the AGN core and for the
comparison star. Therefore this anti-correlation may be more related to changes in the
light in the background apertures and may not necessarily be repeatable in imaging of
other objects in different environments. We calculate the best fit to that relationship
and apply the resultant correction to the observed lightcurve, producing a corrected
lightcurve, Fig. 2.19. The amplitudes of small-timescale variations are lower in the
corrected lightcurves. In the next section we consider the effect of this correction on
lag measurements.

FIGURE 2.17: Top panel: gs-band normalised flux (red errorbars) with 6th order poly-
nomial fit (black) for the first 8000s of the GTC HiPERCAM observation. Middle panel:
Flux residuals relative to the polynomial fit. Bottom panel: Seeing, i.e. FWHM of the
AGN point spread function (PSF). An anti-correlation with the residuals is apparent.

2.4.2 Fractional Variability

We list, in Table 2.2, the percentage fractional variability (Fvar) in the different bands as
we are aware that these numbers may well be of interest to other observers in other
contexts. The numbers in Table 2.2 are not corrected for seeing. Correction for seeing
reduces these numbers by only 4%. We list the values as derived for the first 8000s and
for the complete lightcurves with the section from 10,000 to 14,000s removed. The
us band is approximately twice as variable as the gs band but the decrease in Fvar

with increasing wavelength is not so pronounced at longer wavelengths. The is band
is, in fact, slightly more variable than both the rs and zs bands. These observations
are consistent with the standard paradigm of the longer wavelengths coming from a
larger area of the disc, more distant from the black hole. As Fvar is larger on longer
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FIGURE 2.18: Residuals from Fig. 2.17 vs seeing.

FIGURE 2.19: Top Panel The first 8000s of the gs-band lightcurve. Bottom Panel. Cor-
rected gs-band lightcurve, using the correction shown in Fig. 2.18

timescales, we conclude that these observations are sampling the high frequency part
of the optical variability power spectrum where the power spectrum is steep. The
power spectrum of these observations will be discussed elsewhere (Chapter 4).

We also list, in Table 2.2 the magnitudes of Star 1 in the various bands as taken from
SDSS. The SDSS coordinates are 12 25 51.28 +33 31 26.76 (J2000). We also list the count
rate ratios of the AGN to Star 1 from the first 8000s of the observations and hence the
derived magnitudes of the AGN. These numbers should be treated with caution and
treated as indicative rather than precise as we did not do detailed multiband
photometric calibration of the HiPERCAM observations.
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Although we do not show plots here, we have carried out flux/flux analysis similar to
that shown in Figs.10 and 11 of McHardy et al. (2018). We again see linear variability
of the observed fluxes in each band against a model driving lightcurve and so can
decompose the lightcurves into contributions from a red, constant, component (host
galaxy) and a blue and variable component (disc) which can explain some observed
colour variations. When the overall flux is highest at the end of the observation, the
variation in the us-band is greater than that in the zs-band. However in the lower
amplitude variation towards the beginning of the observation, the amplitudes of
variability were similar. This behaviour of bluer when brighter is simply explained as
the combination of a red constant component and a blue variable component.

Band Fvar (%) Fvar (%) Ratio Star 1 AGN
First All bar AGN/Star1 Mag Mag
8000s 10-14ks

us 2.92 7.71 1.1482 17.41 17.26
gs 1.44 4.01 0.73566 16.23 16.56
rs 1.09 2.74 0.6153 15.71 16.24
is 1.17 3.05 0.4666 15.56 16.39
zs 1.04 1.71 0.5108 15.45 16.18

TABLE 2.2: Fractional variability of the HiPERCAM observations as a function of both
waveband and timescale together with the SDSS magnitude of Star 1, the count rate
ratio of the AGN compared to Star 1 as derived from the first 8000s of the observations

and the derived magnitude of the AGN.

2.4.3 Interband Lags

Given the concerns regarding possible spurious count-rate variations induced by
rapid positional changes, we initially restrict our lag measurement to the first 8000s of
the observation which are largely unaffected. In Table 2.3 we give the lags, relative to
the us band, for the other HiPERCAM bands for the first 8000s of the observations. We
use lightcurves with 15s sampling as that is the minimum available for the us band.

We list the lags as measured using JAVELIN (Zu et al., 2011, 2013) and using the
centroid lags as calculated using the FR/RSS correlation function method (Peterson
et al., 1998). Here we apply both flux randomisation and random subset selection.
Thus the errors here are larger than would be obtained if we chose only one of the
methods.

We list the lags as measured both on the uncorrected data and on data corrected for
seeing effects. There is no significant difference between any of the methods except
that the uncertanties for the FR/RSS method are larger as, in the RSS method, only
70% of the available data are used and gaps are introduced into the lightcurves. Thus
the associated uncertainties are very conservative. However, compared to all previous
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AGN lag measurements, as presented in the many RXTE and Swift-based papers
listed in the first paragraph of the Introduction here, the errors are still very small.

We have also calculated the lags for the full lightcurve, excepting the middle region
from 10,000 to 14,000s where the tracking was particularly poor. Although these data
are therefore not of quite as good quality as that for the first 8000s, they provide a
preliminary check on whether the lags might depend on which small section of the
lightcurves one chooses, which might be affected by some small non-astronomical
variation which we have not properly accounted for. We have not attempted to correct
this full lightcurve for seeing variations. The only possible difference between the first
8000s and the full lightcurve is that the average luminosity level is lower in the first
8000s than in the full lightcurve. The measured lags, using JAVELIN, relative to us are
415+13

−4 , 622+13
−14, 689+30

−45, and 669+9
−5s respectively for the gs, rs, is and zs bands.

Although the lags of the gs band and to a lesser extent also the rs band are a little
longer than in the first 8000s of the observations (Table 2.3), the lags of is and zs are
quite similar. These small differences are in agreement with what we expect from a
higher illuminating luminosity.

There are some short-timescale bumps in the lightcurves which remain even after
correction for seeing variations. For example there is a bump at around 4800s which is
quasi-simultaneous in all bands. It is possible that the seeing correction model has not
been sophisticated enough as the bump does correspond to a decrease in seeing. We
have therefore measured lags excluding the section from 4500 to 8000s but it does not
make a noticeable difference to the lags. Overall we conclude that the lags listed in
Table 2.3 are a fair reflection of the true lags.

In Table 2.3 we also give the effective wavelength of each band for these particular
filters as used on HiPERCAM on the GTC and taking account of atmospheric
transmission. We derived these values, which are the ‘Bandpass Average
Wavelengths’, using the PYSYNPHOT package6 which is specifically designed for
HiPERCAM. We note that the values derived here are actually very similar to the
central wavelengths listed on the HiPERCAM filter web site7, i.e. 3526, 4732, 6199,
7711 and 9156Å respectively for us, gs, rs, is, and zs for which slightly simpler
assumptions are made. Here we use the effective, or Bandpass Average Wavelengths,
given in Table 2.3.

2.4.4 Referencing the HiPERCAM lags to the X-ray band

The HiPERCAM lags are all measured relative to the us band but to obtain full
lag-wavelength coverage it is necessary to reference the HiPERCAM lags to the X-ray

6https://github.com/StuartLittlefair/ucam_thruput
7http://www.vikdhillon.staff.shef.ac.uk/ultracam/filters/
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FIGURE 2.20: HiPERCAM lag probability distributions from JAVELIN for the gs (top
left), rs (top right), is (bottom left), and zs (bottom right) bands relative to the us band.
The distributions are for the first 8000s of the observation, with lightcurves corrected

for seeing changes.

band. There has been a previous measurement with XMM-Newton of the lag of the
UVW1 band (2910 Å), observed using the Optical Monitor in fast mode, relative to the
EPIC X-ray 0.5-10 keV band, of 473+47

−98s McHardy et al. (2016). The X-ray and UVW1
lightcurves overlap almost completely and are both of good quality, resulting in a
correlation exceeding 99% significance. The X-ray and UVW1 lightcurves are still
available so we have repeated the lag analysis. We confirm the original result,
measuring a lag of 430+50

−80s. Although it is of lower statistical significance, this result is
quite consistent with the measurement of a ∼ 400s lag of the UVW2 band (1920 Å)
relative to the X-rays (Cameron et al., 2012).

Ground-based g-band observations accompany most of the X-ray and UVW1
lightcurves from which a g-band to X-ray lag of 788+44

−54s was derived. However the g

band lightcurve had to be made by adding together lightcurves from 6 separate
ground-based observatories, all with different S/N, and mostly of lower S/N than
either the X-ray or UVW1 lightcurves so the confidence level of the correlation barely
reached 90%. We also note that although the JAVELIN lag distribution for the X-ray to
UVW1 is symmetric, with no long tails, the X-ray to g-band lag has a long tail up to
longer lags (∼ 900s). Unfortunately the g-band lightcurve can no longer be found so
we cannot repeat this analysis. We therefore consider the X-ray to g-band lag to be less
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reliable than the X-ray to UVW1 lag and therefore we reference the HiPERCAM lags
to the UVW1 lag.

The effective wavelength of the UVW1 filter on the XMM-Newton Optical Monitor,
including the entire in-flight telescope response, is 2910 Å. This effective wavelength is
not very different from that of the HiPERCAM us band (3694 Å), but is different
enough that we should estimate the small offset expected in the lags. In any
reasonable scenario, i.e. whether the UV/optical variability is dominated by
reprocessing from a disc or from the BLR, we expect this lag to be positive. Scaling the
lag to the 4/3 power of wavelength (Cackett et al., 2007), as expected from
reprocessing by a disc with the temperature profile defined by Shakura and Sunyaev
(1973), would give a lag of UVW1 by us of ∼150s, i.e. us lagging the X-rays by 580s.
However there is sometimes an additional lag between the X-rays and far-UV which
would reduce the predicted UVW1 to us lag. On the other hand, the contribution from
the BLR may increase the lag slightly. Thus we take a round figure of 600s for the
X-ray to us-band lag. Although this figure is almost certainly not absolutely correct, it
probably is not very wrong. We discuss the implications of incorrect referencing in
Section 2.5. Correct referencing of the HiPERCAM lags relative to the X-ray band is
important and is the subject of further observations in Chapter 3.

Band Central JAVELIN Lag JAVELIN Lag Centroid ICCF Centroid ICCF
Wavelength Uncorrected Corrected Uncorrected Corrected
(Angstroms)

us 3694 0 0 0 0
gs 4778 325+9

−7 360+10
−15 377 ± 20 390 ± 18

rs 6201 578+12
−5 578+11

−5 565 ± 20 585 ± 19
is 7640 606+13

−3 633+15
−14 571 ± 23 615 ± 23

zs 9066 676+10
−16 693+10

−8 650 ± 30 698 ± 33

TABLE 2.3: Lags, relative to the us band, in seconds for the first 8000s of the HiPER-
CAM observations. The first column gives the band. The second column gives the
effective, or Bandpass Average wavelength of the band. The third and fourth columns
are the lags as measured by JAVELIN using the original lightcurves and using the
seeing-corrected lightcurves respectively. The fifth and sixth columns are the centroid
interpolation cross correlation function (ICCF) lags as measured using the FR/RSS
method (Peterson et al., 1998) on the original lightcurves and on the seeing-corrected

lightcurves respectively.

2.5 Discussion

2.5.1 Preliminary Conclusions: An Edge to the Emission Region and little

BLR contribution

Our best estimates of the multiwavelength lags in NGC 4395 are given in Fig. 2.21.
Without any comparison with models, two important conclusions can be drawn
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immediately. Firstly the gs-band lags considerably behind the us-band, unlike in
almost all other AGN. This observation implies that the BLR is not a major contributor
to the UV/optical variability of NGC 4395. Secondly, the lag spectrum flattens at long
wavelengths, implying an edge to the emission region. These two observations will be
considered in more detail later.

As a preliminary comparison with lag models we plot the model lags expected from
disc reprocessing, using the formula given in equation 8 from Kammoun et al. (2021a)
based on mass, accretion rate and illuminating X-ray luminosity.

We plot, as solid red lines, the lags expected for both zero and maximum black hole
spin, using the mass and accretion rate from Peterson et al. (2005), i.e. mass
3.6 × 105M⊙ and accretion rate 0.12% Eddington. The formula from Kammoun et al.
(2021a) requires the 2-10 keV luminosity as a percentage of the Eddington luminosity.
Taking an observed 2-10 keV flux of 5.6 × 10−12 ergs cm−2 s−1from Vaughan et al.
(2005) which is very similar to the value from McHardy et al. (2016) and Vincentelli et
al (in preparation), and a distance of 3.85 Mpc, we calculate the 2-10 keV luminosity,
divide it by the Eddington luminosity based on a mass of 3.6 × 105M⊙ and multiply
by 100 to obtain the required number, which is 0.025. We adopt an X-ray source size of
6Rg, consistent with the values derived from X-ray reverberation studies
(Emmanoulopoulos et al., 2014).

This value is smaller than most of the values, of > 10Rg, preferred by Kammoun et al.
(2021b) when fitting the lag spectra of higher mass AGN, but changing from 6 to 10Rg

makes little difference to the predicted lags as the light travel time across 1 Rg for this
mass is only 1.78s. This simple analytic model fit would give a zero lag at very short
wavelengths, ie in the X-ray band, but the minimum lag for any reprocessed radiation,
even at very short wavelengths, is limited by the height of the X-ray source above the
disc. Even though the minimum lag here, for a height of 10Rg is only < 35s, we do not
plot the lags below 1000Å to avoid implying that the model lags should go through
the zero point.

Model lags can be increased by increasing the illuminating X-ray luminosity and
accretion rate. We noted previously (McHardy et al., 2018) that, for most AGN,
changing the luminosity by a factor 3 does not typically change the lags by more than
a few per cent and, using the formula in Kammoun et al. (2021a), increasing that
luminosity by a factor 10 only leads to an 8% reduction in the lags. The observed lags
are therefore shorter than can be produced by this mass, using the formula in
Kammoun et al. (2021a), whatever the spin or illuminating luminosity. When we
move on to detailed response modelling, we will consider the illuminating luminosity
and accretion rate in more detail.

We therefore also plot, in dashed green lines, the lags expected from an alternative,
lower, mass. Here we use 4.9 × 104M⊙ (Edri et al., 2012). We refer readers to Edri et al.
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(2012) for a discussion of the relative merits of the two masses, including how a
different interpretation of the data presented by Peterson et al. (2005) would result in
the smaller mass. We scale the accretion rate and X-ray luminosity parameter
according to fixed bolometric and 2-10 keV luminosities. The maximum-spin model
lags are then in reasonable agreement with the observations out to about the rs-band.
We again note, as stated in McHardy et al. (2018) and emphasised also by Kammoun
et al. (2021b), that spin has a major effect (factor 2) on lag predictions so if other disc
parameters are known, and the modelling is well understood, lag measurements can
provide a good method of measuring black hole spin.

We note, however, that the lag formula in Kammoun et al. (2021a) is derived from
more detailed response modelling of AGN with larger masses and without including
any effects of an edge to the emission region. It also has a stated lower limit of
applicability of 106M⊙so we are below that limit. Next, we therefore carry out more
detailed modelling of the lag spectra using full impulse response calculations.

FIGURE 2.21: The blue squares are X-ray and XMM-Newton OM UVW1 lags and
ground based g-band lags from McHardy et al. (2016). The red circles are the HiPER-
CAM JAVELIN ugriz lags, corrected for seeing changes and the dark grey star is the
B-band lag from the LT observations. All lags are referenced to the X-ray band, with
the HiPERCAM us-band lag placed at 600s, as described in the text. The red lines
are the predicted model lines using the formulation of Kammoun et al. (2021a) for a
mass of 3.6 × 105M⊙both for zero spin (a=0) and maximum spin (a=0.998). The green

dashed lines are the predictions for mass 4.9 × 104M⊙.
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2.5.2 Full Response Modelling of the Lags: The Disc Edge and The Colour

Correction Factor

We used the KYNxilrev code8, previously used by Kammoun et al. (2021a), to produce
response functions at a number of different wavelengths over our observed lag
wavelength range. We make the standard assumption that the lag is defined as the
mean of the response function. We do have an in-house code (Veresvarska, see
Appendix A) which provides broadly similar results but, unlike the KYNxilrev code, it
does not contain General Relativistic modifications. Hence, as it is also not yet
publicly available, we base our results on the KYNxilrev code.

The determination of the relevant accretion rate and illuminating luminosity is not
entirely clear in the case of NGC 4395. Its ratio of X-ray to optical luminosity is larger
than that of the higher mass AGN which have been monitored recently with Swift. For
example, using the BAT 105 month survey, the ratio of the X-ray flux of NGC 4593 to
that of NGC 4395 is 3.2. However using our own observations here and previous
observations by McHardy et al. (2018) which are all small aperture nuclear fluxes, the
ratio of u-band fluxes is 26. McHardy et al. (2018) do not provide g-band but do give B
(7mJy) and V (13mJy) fluxes of NGC4593. For a simple linear interpretation to g of 9.5
mJy we obtain a ratio to NGC 4395 of 9, again a good deal more than the X-ray ratio.
NGC 4395 has a harder X-ray spectrum than most other AGN, except for LINERS, so
may well have a jet contribution to the X-ray luminosity (e.g. King et al., 2013).

Regarding the bolometric luminosity, there are a number of estimates derived from
optical measurements, via far from certain bolometric correction factors, e.g. Peterson
et al. (2005) gives 5.4 × 1040 ergs/s, Moran et al. (1999) gives 5.2 − 8.8 × 1040 ergs/s
and Brum et al. (2019) gives 9.9 × 1040 ergs/s. The most recent estimate, including
properly high energy (NuSTAR) observations together with optical gives 1.9 × 1041

ergs/s Kammoun et al. (2019). These authors also separately give a 3-10 keV
luminosity of 0.9 − 2.4 × 1040 ergs/s and a photon index of 1.6. Taking a mean value,
extrapolation to 14-195 almost exactly agrees with the BAT value of 8 × 1040 ergs/s.
This value also agrees with extrapolation of the XMM-Newton observations of
Vaughan et al. (2005). Thus the illuminating luminosity is reasonably well agreed
upon. Extrapolating the BAT luminosity to the whole illuminating X-ray band gives
1.6 × 1041 ergs/s9.

From the optical SED provided by our observations we have made a preliminary
estimate of the disc luminosity. The details of the modelling will be presented
elsewhere when completed but our preliminary estimate is Ldisc = 3.3 × 1040 ergs/s.
Adding that luminosity to the X-ray luminosity we arrive at the same overall
bolometric luminosity of 1.9 × 1041 ergs/s as do Kammoun et al. (2019). Thus we

8https://projects.asu.cas.cz/stronggravity/kynreverb
9https://swift.gsfc.nasa.gov/results/bs105mon/
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believe that we have a reasonably robust estimate of the overall bolometric luminosity.
However the effective accretion rate through the disc which acts to determine the disc
temperature structure and hence the lags, is less clear.

In a very simple scenario for material accreting through a disc, roughly half of the
gravitational potential energy is radiated and half is turned into rotational motion
which will either just be lost into the black hole or may power the corona. Multiplying
the model disc luminosity by two then gives a rough estimate of the accretion rate as
0.146% of Eddington. In fact our more detailed SED modelling gives a more accurate
measure as 0.1% of Eddington. For historical reasons we began our modelling using
the accretion rate estimate from Peterson et al. (2005) of 0.12% of Eddington. As this
value is close to the estimates from the SED we remain with the Peterson value in this
report but note that it is uncertain. How we account for the remaining part of the
bolometric luminosity, it is not clear. Perhaps some of the accretion occurs in a corona
over the surface of the disc which does not participate in heating the disc.

The flattening of the lag spectrum at long wavelengths requires an edge to the
emission region which we model here as a truncation in the outer disc radius; see also
Fig.22 of Kammoun et al. (2021a). However the shape and amplitude of the lag
spectrum also depends greatly on the assumed disc colour correction factor. This
factor takes account of the fact that at high temperatures, in the inner disc, hydrogen
and helium will be ionised so that the deeper, and hotter, parts of the disc are visible.
So the disc will appear hotter than expected on the basis of the standard Shakura and
Sunyaev (1973) and Novikov and Thorne (1973) models. The colour correction factor
is discussed at length by Done et al. (2012) who provide prescriptions for the
correction factor in different temperature regimes. We refer to their standard
prescription as the DONE colour correction factor. This factor is approximated as 2.4
for T > 105K, 1 for T < 104K and decreases between those two temperatures.

Finding the most appropriate combination of mass, accretion rate, spin, truncation
radius, colour correction factor and even inclination is not trivial or unambiguous.
Thus our aim here is not to find precise best-fit values but to find a range of acceptable
values. We begin by testing the values of mass (3.6 ± 1.1 × 105M⊙ with 1σ

uncertainty) and accretion rate (0.12% of Eddington) given by Peterson et al. (2005).
This mass is the same as that (4+8

−3 × 105M⊙ with quoted 3σ uncertainties) derived by
Brok et al. (2015) from detailed gas dynamical modelling. We take an intermediate
inclination of 45 degrees, which is in good agreement with the value of 37 degrees
estimated by Brok et al. (2015) and gives almost identical lags. We assume a lamp-post
X-ray emission geometry with a source height of 10Rg. As noted earlier, changing this
value even by a factor of 2 makes little difference to the predicted lags. We also choose
zero spin. Thus the remaining variables are truncation radius and colour correction
factor.
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Following some experimentation, it became clear that a relatively small truncation
radius, ∼< 2000Rg, is required to produce enough flattening of the lags at long
wavelengths, almost independent of the other variables. Assuming the DONE colour
correction factor, which is the best physically motivated factor we show, in Fig. 2.22,
models for a range of disc outer radii which broadly bracket the observed lag data and
have roughly the right shape. A truncation radius of 1600-1700 Rg agrees reasonably
with the data.

To investigate the effect of the colour correction factor, we then fix the outer radius at
1600Rg and vary the colour correction factor (Fig. 2.23) with the other parameters the
same as for Fig. 2.22. Although the DONE prescription varies the colour correction
factor as a function of disc temperature, the alternative implementations simply apply
the same colour correction factor over the whole disc. A factor of 2.4 is used, following
Ross et al. (1992), by Kammoun et al. (2021a). A broadly similar correction is derived,
though with a different physical model, by Petrucci et al. (2018).

The model using the DONE colour correction factor, which is very close to almost no
colour correction factor (i.e. fcol=1 or 1.2), is closest to the data for this mass, accretion
rate and spin. The lag models with higher values of fcol differ greatly from the data,
having quite different shapes. Davis and El-Abd (2019) give a prescription for fcol as a
function of mass, accretion rate and stress parameter. For both the large and small
masses, and for values of alpha between 0.001 and 1, fcol remains close to unity, ie
close to the DONE value.

We have not shown model fits for maximum spin as the lags for maximum spin are
∼ 20% less than those for zero spin and so, for this mass and accretion rate, lie well
below the observed lags.

As a smaller mass, ∼ 4 × 104M⊙has been proposed (Edri et al., 2012) we also show, in
Fig. 2.24, some model lags for that mass with appropriate accretion rate of 1.08% of
Eddington. Even for zero spin and a very large truncation radius, the observed lags
are almost twice those for the DONE correction factor. We therefore experimented
with the large colour correction factor, 2.4, used by Kammoun et al. (2021a). We show
a range of cutoff radii. Although not lying as close to the data as the low colour
correction factor models for the larger mass, the colour correction 2.4 model with
cutoff radius of 14000Rg, is in approximate agreement with the data.

We conclude from this preliminary investigation that disc reprocessing models based
on the most commonly accepted mass of 3.6 × 105M⊙ for zero spin and for the most
physically motivated disc colour correction factor (DONE factor), are in reasonable
agreement with the observed lags but the disc must be truncated with an outer disc
truncation radius of ∼ 1700Rg.
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Models based on a smaller mass, 4 × 104M⊙, can also be brought into moderate
agreement with the observed lags but do require a very high colour correction factor
of 2.4 over the whole disc, not just the inner hot part, and an outer truncation radius of
∼ 14000Rg.

FIGURE 2.22: The lag observations are as described in Fig. 2.21. Here we assume a
mass of 3.6 × 105M⊙, ṁE=0.12% Eddington, X-ray source height 10Rg, zero spin and
the DONE colour correction factor. The lines are lag predictions for different disc

outer radii of 1500, 1700 and 1900Rg.

FIGURE 2.23: As for Fig. 2.22 but with the disc outer radius fixed at 1600Rg and show-
ing a range of colour correction factors, as described in the text.

2.5.3 BLR contribution to the UV/optical variability

In almost all other well studied AGN, with the possible exception of Mrk817 (Kara
et al., 2021), the us-band lag is longer than, or at the very least about the same as, that
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FIGURE 2.24: The lag observations are as for Fig. 2.21. The model lines are for a
mass of 4.0 × 104M⊙, ṁE=1.08% Eddington, zero spin. The solid lines are for a colour
correction factor of 2.4 and the dashed line is for the DONE colour correction factor.

A range of truncation radii are noted.

in the surrounding wavebands. This us-band excess is usually attributed to a lag
contribution from reprocessing in the more distant BLR (Korista and Goad, 2001,
2019). Here, however, the us-band lag is considerably shorter than that in the gs-band.
This result depends only on HiPERCAM observations so is completely robust.
Although a weak contribution from the BLR is still consistent with the data, and the
lag from the BLR can be reduced by a suitable choice of gas density and ionisation
parameter (Lawther et al., 2018), the conclusion here is that the disc rather than the
BLR is the dominant contributor to the UV/optical variability, at least on the few hour
timescales observed here, in NGC 4395.

An HST UV spectrum of NGC 4395 is presented by Filippenko et al. (1993) and optical
spectra by Lira et al. (1999). Most of the emission lines are dominated by an
unresolved core but some of the permitted lines have weak broad bases. Line fluxes
are given in Tables 2 and 3 from Lira et al. (1999). For example, the flux from the broad
component of Hβ was observed between 14 and 18×10−15 ergs cm−2 s−1, compared
with between 22 and 28×10−15 ergs cm−2 s−1 for the narrow component, both of
which variations are within the quoted calibration uncertainties of 30%. Typical
continuum levels below 4000 Å have varied between 0.5 and 1×10−15 ergs cm−2 s−1

Å−1. Thus when considered over a typical ugriz bandpass of ∼ 1000Å, emission line
variability is not a large contributor to the total flux variations. This limited
contribution from the BLR may explain why we do not see the large excess u-band lag
in NGC 4395.
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2.5.4 Physical Origin of the Truncation Radius

There are two natural radii which might be considered: the self-gravity radius and the
dust sublimation radius. Considering first the self-gravity radius, the physics here is
not straightforward and simple. As one moves out in the disc the first change is when
the gravity of disc material to itself exceeds the gravity to the central object. Disc
structure may become more fragmented but there will still be a disc, available for
reprocessing. Still further out cooling may become efficient enough that the disc will
collapse into small clumps which will not be effective reprocessors.

There is considerable modelling of this behaviour which depends on a number of
assumptions, e.g. regarding metallicity, illumination and viscosity, which we shall not
attempt to repeat. We refer the interested reader to Gammie (2001) and to (e.g. Shore
and White, 1982; Laor and Netzer, 1989; Collin-Souffrin and Dumont, 1990; Collins
and Huré, 1999; Lobban and King, 2022). Those papers provide formulae enabling the
reader to estimate the self-gravity radius. However, of relevance to NGC 4395 is that
Shore and White (1982) note that the ’cliff’ which appears at the self-gravity radius,
beyond which the disc scale height is much reduced and reprocessing from the disc
will stop does not appear for masses < 3 × 107M⊙. For lower masses, only a smoothly
flared disc results. We conclude that, although further work is needed to be certain,
the self-gravity radius may not be so important in defining an effective outer radius to
the disc for reprocessing in low mass AGN like NGC 4395 and we do not consider it
further.

Considering next the sublimation radius, Baskin and Laor (2017) state that, at the
radius at which the disc temperature falls to below the dust sublimation temperature,
the atmosphere of the disc will become dusty, its opacity will greatly increase and the
disc can again become radiation-pressure supported. The resultant inflated dusty disc
obscures the region behind it, leading to an edge to the part of the disc which can
reprocess radiation. A dusty disc wind, driven by radiation pressure, will also form,
which would constitute the inner radius of the BLR and give rise to the wind
component seen in some emission lines, such as CIV (e.g. Coatman et al., 2016). The
dust sublimation radius is therefore a natural edge to reprocessing either from the disc
or the BLR.

The dust sublimation radius, Rsub, depends on the dust composition and on the
temperature at which it will sublime. Taking a sublimation temperature of 2000K
Baskin and Laor (2017) with an X-ray source height of 10 Rg an illumination
luminosity of 1.6 × 1041 ergs cm−2 s−1, an albedo of 0.2 and zero spin we calculate
sublimation radii for dust on the surface of the illuminated disc of 4300Rg and 1900Rg

respectively for the large and small masses. For the smaller mass this radius is not too
much larger than the radius determined from the lags, and may be consistent within
the many uncertainties of the parameters, but for the large mass the sublimation
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radius is larger. For the small mass a dusty wind might therefore obscure the outer
part of the disc and provide a suitable edge.

For the larger mass the sublimation radius if a factor of almost 3 further out than the
truncation radius derived from the lags. We might try to drop the sublimation radius
by modelling the lags with a maximum spin disc. Although the sublimation radius
then drops by about 16% as the disc is cooler due to a lower accretion rate in kg/sec
for the same accretion rate in Eddington units, the lags drop by about 10% too, so that
does not greatly help. The sublimation radii of cooler, unilluminated discs are lower,
closer to the truncation radii measured from the lags, but we require illumination to
produce the variable UV/optical emission. Also, for an almost unilluminated disc, the
lags drop by almost a factor of 2, at least at short wavelengths. If the disc continues
out to the sublimation radius and maybe beyond, we therefore require material to
shield the outer portion of the disc from the central illumination. If this material is in
the form of a disc wind we would need it, for the large mass, to leave the disc at a local
temperature of ∼ 4 − 5000K, i.e. above the dust sublimation temperature. Probably
this material would have to be gaseous rather than dusty as, once raised from the disc
and exposed fully to the illuminating radiation, the dust would be rapidly vapourised.
A line-driven wind might be applicable in this case (e.g. Proga and Kallman, 2004;
Higginbottom et al., 2014). We comment further in Section 2.5.5.

2.5.5 Alternative explanations of the shorter than expected long

wavelength lags

The is and zs lags here are shorter than expected from disc reprocessing. Shorter than
expected lags do not necessarily imply reprocessing material closer to the illuminating
source than expected, we simply require that the path from the illuminating source,
via the reprocessor to the observer is shorter than expected. A wind, close to the line
of sight (e.g. Hönig, 2019) might, depending on the orientation, add very little extra
distance for the light path from the central source to the observer and might produce
very short near-IR lags. The base of the wind, if optically thick, might provide an
effective wall which might mimic a truncated disc, at least for the longer wavelengths.

The model AGN lag spectra from the BLR by Netzer (2021) contain a peak due to the
Paschen continuum at 8200Å and then become shorter at longer wavelengths.
Although this decrease, compared to the expectation from a standard untruncated
disc, is in the same sense as our observed decrease, the change which we observe is
even more extreme. However a difficulty with interpreting the present observed lag
spectra as being mainly due to reprocessing in the BLR is that here the gs-band lags a
long way after the us-band, whereas for BLR reprocessing we expect those two lags to
be the other way around.
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However using the relationship between the Hβ BLR radius and the 5100Å luminosity
for low luminosity AGN derived by Bentz et al. (2013), and taking a luminosity of
5.9 × 1039 ergs s−1 from Peterson et al. (2005), we derive a radius, in light-travel time,
of 1600s. Given the many uncertainties involved, this figure is quite close to the lag at
long wavelengths which our measured lags seem to be asymptotically approaching.
Thus the observations are consistent with the inner edge of the BLR being cospatial
with the outer edge of the emission region and thus providing an edge to the emission
region.

A possible scenario then is that a wind arises from the disc which both shields the
outer regions of the disc from central illumination and acts, itself, as a reprocessor. If
the disc temperature is above the dust sublimation temperature this may not be a
dusty wind but winds can be driven by other mechanisms, eg line driving, leaving the
disc at higher temperatures than the sublimation temperature. Such winds can still
shield the outer disc from X-ray irradiation (Proga and Kallman, 2004; Higginbottom
et al., 2014). The wind may also act as a reprocessor and contribute to the variable
UV/optical emission and there may even be some feedback of radiation from the
wind onto the disc. None of these effects are considered here and clearly, further
modelling is needed to test the wind scenario.

2.5.6 Implications for other AGN

The observations, and possible interpretation, presented here have implications for
our understanding of the previously puzzling lag spectra of some other AGN.

2.5.6.1 The X-ray / UV disconnect

As noted in the Introduction, one of the major problems in interpreting AGN lag
spectra has been the observed excess lag between the X-rays and the shortest
wavelength UV band, compared to lags between the UV and optical bands. Whilst it
may not be the only cause of this excess lag, fitting a disc model without truncation to
observations from a disc that actually is truncated will automatically produce an
apparent excess lag. A truncated disc model is then consistent with a direct view of
the disc from the central X-ray source rather than requiring additional scattering
through, e.g., an inflated inner edge of the disc (Gardner and Done, 2017), to explain
the excess X-ray to UV lag.
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2.5.6.2 Overall lag modelling and mass estimation

As we can see from Figs. 2.22 and 2.24, if the UV/optical variability really does
originate from reprocessing of X-ray emission by a truncated accretion disc, fitting a
model from an un-truncated disc will produce nonsense and completely incorrect
mass estimates. The very short wavelength bands, being the least affected by disc
truncation, are the most sensitive to the mass and accretion rate.

Here we note that response functions for longer wavelength bands than B show a cliff
at long timescales but the shorter wavelength responses are unaffected. The red bands
are most sensitive to the truncation radius. A flattening of the lag spectrum with
increasing wavelength is an indication of disc truncation so it is important to define
the lag spectral slope well at short wavelengths. Cackett et al. (2018), using HST to
extend lag measurements down to ∼1100Å, finds a steepening at wavelengths below
2000Å in NGC 4593 which is consistent with disc truncation. With only a small
number of bands, there will be degeneracy in the fits but with a full range of
wavelengths quite sensitive mass estimates, and disc truncation radii, may be made.

If there is only a mild degree of truncation, affecting only the longest wavelengths,
then lag fits of the form lag ∝ λβ, which do not include any truncation, could produce
values of β nearer to unity than 4/3, e.g. as seen in NGC 5548 Fausnaugh et al. (2016).

2.6 Conclusions

We present three nights (∼ 15hr) of u, g, r, z and two nights (∼ 12hr) of u, B, g imaging
of the low mass AGN NGC 4395 on the robotic LT. These data provide lightcurves
which show clear correlated variations on few hour timescales but with interband lags
too short to be measured accurately given the ∼ 200s sampling. A follow-up 6 hr
observation with HiPERCAM on the 10.4m GTC provided superb simultaneous
5-band (us, gs, rs, is and zs) imaging, with 15s sampling in us and 3s in all other bands,
the fastest yet reported for an AGN. The observation is dominated by two smooth,
almost sinusoidal, variations, similar to those seen in the LT observations.

Very clear correlated variability is seen in all HiPERCAM bands and wavelength
dependent lags between bands are measured relative to the us-band with much higher
precision than in any other AGN. Two main points are immediately obvious from the
lags measured from the HiPERCAM observations. Firstly, and unlike in almost all
other AGN, the gs-band lags considerably after the us-band. Thus the us-band is not
dominated by Balmer continuum emission from a distant BLR and hence reprocessing
in the BLR is not a large contributor to the UV/optical continuum variability in this
AGN. Secondly, the lags between the rs, is and zs-bands are very small, so that the lag
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spectrum flattens off at long wavelengths. These observations imply an edge to the
emission region which limits the outward movement of the centroid of the emission
regions at long wavelengths. A likely possibility is a truncated accretion disc.

Although we do not discuss it at length here, we observe that when the source is
brighter it is bluer and also the lags, at least at short wavelengths, are longer. These
results are in fairly good agreement with the expectation of disc reprocessing with a
higher illuminating luminosity, around a factor 2 or 3. Variations in the X-ray
luminosity by even larger factors on comparable timescales are commonly seen in
X-ray observations (Vaughan et al., 2005) and could easily explain such variations. We
hope to repeat this analysis with higher quality HiPERCAM data to test whether these
results are repeatable and will then look into the colour and lag variations in more
detail.

We have combined the HiPERCAM lags with lags measured previously between the
X-ray, UV and g band (McHardy et al., 2016) and have fitted the combined lag spectra
with truncated accretion disc models using lags derived from the KYNxilrev code and
also from our own in-house models. Similar results are obtained with all codes. We
have not tried to perform a full statistical fit over all parameters but have compared
the observed lag spectrum with models based on the most commonly assumed mass
of 3.6 × 105M⊙ (Peterson et al., 2005; Brok et al., 2015) and also on a mass a factor of
10 lower (Edri et al., 2012).

We demonstrated that the disc colour correction factor has a large effect on the model
lags. The DONE temperature-dependent factor is probably the best physically
motivated correction factor and is also similar to the colour correction factor near
unity which can be derived for NGC 4395 using the formulation from Davis and
El-Abd (2019). Using that factor we find that model lags based on a truncation radius
of ∼ 1700Rg agree with the observed lags reasonably well for the mass of
3.6 × 105M⊙and zero spin. For a mass of 4 × 104M⊙ the model lags based on the
DONE colour correction factor are too short but lags based on a factor of 2.4 applied
over the whole disc are similar to the observed lags tho, visually, the agreement
between the observations and the models is not quite as close as for the DONE factor
with the larger mass.

Regarding possible reasons for the truncated disc, Shore and White (1982) note that for
low masses such as those considered here the disc does not suffer catastrophic collapse
at large radii due to self-gravity effects and so self-gravity is probably not the cause of
the truncated disc. For the small mass the disc truncation radius measured from the
observed lags is about at the same radius as the dust sublimation radius. However for
the large mass the sublimation radius is almost a factor 2-3 larger than the truncation
radius measured from the lags. If our calculations are correct, a shield of some sort is
required to cut off illumination to the outer disc. A dusty disc wind might work for
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the smaller mass but for the larger mass, where the dust sublimation radius lies
beyond the measured disc truncation radius, a different type of wind, eg line-driven,
might be more applicable (Proga and Kallman, 2004; Higginbottom et al., 2014).

We note that, if the relationship between optical luminosity and BLR radius for low
luminosity AGN (Bentz et al., 2013) is applicable to NGC 4395, the inner edge of the
BLR should be at a light radius of 1600s, which is close to the maximum lag measured
from our data. Thus the inner edge of the BLR may be close to the edge of the
UV/optical emission region and may be at least partially responsible for the
apparently truncated disc.

There are a number of caveats. In particular there are a large number of variables
involved in the lag modelling and we have not carried out an extensive parameter
search. It may very well be that a different combination of variables would produce
model lags which are closer to the observed lags. However we do not believe that
such modelling is yet merited by the data. Although the lags between the HiPERCAM
bands are determined with very high precision, we only have one set of
measurements and the observations should be repeated to test for long term stability.
We also caution that referencing the HiPERCAM lags to the X-ray band requires an
estimate of the lag between the XMM-Newton UVW1 band (2910Å) and the
HiPERCAM us-band (3695Å). Due to the closeness of these wavebands the lag is
unlikely to be large (∼< 150s), but it is not zero. We also only have one measurement of
a lag between the X-rays and any UV band, here UVW1. However any change in the
registration between the X-ray frame and the HiPERCAM frame would mainly result
only in slightly changing the best estimate of the truncation radius and cannot affect
the main conclusions of this report. To address the registration concern, further X-ray
and UV observations from four full XMM-Newton orbits (> 400ks), together with
ground based g-band observations, have been made and are reported in Chapter 3.

We note that, immediately prior to submission, we have been informed that another
group, using different methods, are working on a similar conclusion regarding the
outer edge of the disc (Starkey et al, private communication).

We finally note that the HiPERCAM observations define the optical high frequency
power spectrum very well. A description of the overall optical power spectrum,
including long-timescale (months-year) monitoring from the LT and intermediate
scale (hours-weeks) observations from TESS (Burke et al., 2020) is found in Chapter 4.
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Chapter 3

X-ray, UV, and Optical

Reverberation Mapping of NGC

4395

3.1 Abstract

In this chapter, I will expand on the results from Chapter 2 with the addition of
multiple simultaneous high cadence X-ray and UV observations from XMM-Newton

and ground-based optical telescopes to gain a more complete picture of the X-ray to
UV/Optical time lags in NGC 4395.

3.2 Introduction

3.2.1 Theory

NGC 4395 is of particular interest for Reverberation Mapping because it is an
extremely low mass AGN. Measurements taken by Peterson et al. (2005) give a mass
value of (3.6 ± 1.1)× 105M⊙ which would make it one of the smallest AGN ever
measured. Therefore by probing its structure, we will be answering questions on
whether the disc geometry of an accreting supermassive black hole system changes
more than would be expected in the models we will test by simply a change in mass.
In other words, by collecting data on a fringe case like 4395, we are testing the limits of
existing models and, where the data diverges from them, proposing mechanisms by
which these differences might be explained.
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One of the most famous models for an accreting SMBH is the one proposed by
Shakura and Sunyaev (1973) which simply models a geometrically-thin,
optically-thick radiating disc. In this relatively simplistic model the source of the
temperature gradient across the disc is explained by the release of gravitational
potential energy as the accretion material moves inwards. This generates a
temperature profile of

T ∝ (Mṁ/R3)1/4

where M is the mass of the black hole, ṁ is the accretion rate, and R is the radius from
the black hole. From this we can see that in this model the X-ray emission boosts the
thermal emission already present in the disc, so we should be able to find a lag
between the X-rays and the re-radiated lower energy photons, dependent on the
wavelength, such that

τ = R/c ∝ (M2ṁE)
1/3λβ

where τ is the lag, λ is the wavelength, ṁE is the accretion rate in Eddington units,
and β=4/3. Cackett et al. (2007)

To test that our lags are consistent with the Shakura & Sunyaev model, they should be
consistent with β=4/3, which has been observed in Cackett et al. (2007) for the
UV/Optical component, but was not measured to the X-rays. As well as this simple
time lag, we should expect the UV emission to be much smoother with lower
amplitudes of the variations than the X-ray emission, and similarly for the Optical
relative to the UV emission as the photons for each come from progressively larger
emission areas as the radius increases.

There are complications to this simple model however. It’s possible that the Broad
Line Region, radially further out than the accretion disc, is also producing reprocessed
UV/Optical emission. This BLR emission would equally contribute to the observed
light curves, due to it being unresolved by our telescopes, and so perhaps interfere
with lag measurements obtained from them. In fact previous campaigns, for example
Edelson et al. (2015), have observed a larger lag for the u-band than for the
surrounding wavebands. This then could be evidence of contribution to the variation
in the light curve by the BLR.

In addition, many campaigns such as McHardy et al. (2014) have noted that if the
Shakura & Sunyaev model is assumed then the disc should be larger than we expect.
This is consistent with several gravitational microlensing campaigns such as Morgan
et al. (2010) which independently measure accretion discs to be larger than expected.
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Other concerns have been raised about the exact structure of the corona. A basic
model is one called the ’lamp post model’ where the X-ray corona is a small emitting
region above the black hole, illuminating symmetrically over the disc. However
observations such as Arévalo and Uttley (2006) have noted that this coronal geometry
does not lead to enough of the X-ray emission interacting with the disc to produce the
observed optical variability. There are two proposed solutions to this. The first being
that the X-ray corona is an extended object with a structure that produces significant
effects on its emission variability.

The other is one proposed by Gardner and Done (2017) which is that a majority of the
X-ray emission does not shine onto the outer parts of disc, and instead heats up the
inner edge of the disc. This inner edge then inflates in height, once again moving
away from a simple Shakura & Sunyaev disc, and re-radiates in hard UV. This hard
UV is then what illuminates the rest of the disc, rather than the coronal X-ray
emission. This should be measurable by an excess lag between the X-ray and UVW1
bands, representing the thermal time-scale it takes the X-ray heating energy to pass
through the inner disc before being re-radiated out the other side. This excess lag has
been observed by both Gardner and Done (2017) and Edelson et al. (2017) for NGC
5548 and NGC 4151 respectively. In NGC 4151 however, this excess is dependent even
on the energy of the incident X-rays, increasing with higher energy X-rays. This may
be due to greater scattering of the higher energy X-rays in the inflated inner disc
before the re-radiation occurs.

3.2.2 Previous Observation Campaigns

Previous X-ray observations have used RXTE for lag measurements, however due to
the low mass of NGC 4395, and therefore the smaller time lags, its time resolution is
not sufficient for accurate lag measurements. However, measurements of the
necessary level of accuracy are achievable using Swift and XMM-Newton . Both
observatory’s X-ray telescopes, Swift’s X-Ray Telescope (XRT) and XMM-Newton ’s
EPIC, operate within the 0.5-10 keV range. Both also allow simultaneous UV/Optical
coverage from the UV-Optical Telescope (UVOT) and the Optical Monitor,
respectively. Both these cameras can observe in three UV filters (UVW1, UVW2, and
UVM2) and three Optical filters (U, B, and V).

One such set of Swift observations is from Cameron et al. (2012). Using Swift for both
long-term and short-term X-ray/UV/Optical observations of NGC 4395, they
managed to detect short-term lags, although the errors on these values were quite
large and therefore their conclusion uncertain. To determine a value for their lag they
perform a Discrete Correlation Function and found a ∼400s lag of the UVW2 from the
X-ray, although it is a single DCF and has rather large error bars, so this value is rather
low confidence.
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Another set of relevant observations of NGC 4395 is by McHardy et al. (2016). This
observation campaign, similar to our campaign, used a combination of XMM-Newton

and ground-based observations. This consisted of two ∼53ks observations from
XMM-Newton on the 28th and 30th of December 2014, with complimentary
ground-based observations from six ground-based telescopes (LCOGT McDonald
Observatory, Texas; Whipple Observatory, Arizona; LCOGT Haleakala Maui; Kanata
Observatory, Japan; ARIES observatory, India and the Wise Observatory, Israel).

To get more accurate lags than with a DCF, the lags were calculated using the Javelin
program. The determined lags were 473+47

¬98 s and 788+44
¬54 s, respectively, which when

plotted against wavelength can be fitted with a β value. By forcing the fit through zero
a straight line (representing β=1) fits the best. However due to the error bars a fit of
β=4/3 is also consistent with the data, and therefore is also consistent with the
Shakura & Sunyaev model. These observations are therefore consistent with X-ray
reprocessor driven UV/Optical emission.

3.3 Observations

3.3.1 Logistics

Our observation campaign was designed as a successor to McHardy et al. (2016) and
as such contains similar elements but expanded in both time and repetition. The X-ray
and UV components of this campaign is a set of 4 XMM-Newton observations, with
each observation being ∼117 ks each, on the 13th, 19th, and 31st of December 2018,
and one more on the 2nd of January 2019. The X-ray telescope used was the EPIC
instrument, operating within the 0.5-10keV range, similar to the 2016 campaign.

The simultaneous UV observations were taken with the Optical Monitor (OM)
telescope, and as we had 4 separate observation periods it allowed us to observe the
UV component in different filters for different nights. The filters chosen for each night
were UVM2 for December 13th and 19th, UVW1 (as was used in McHardy et al.
(2016)) for December 31st, and for the final night, the OM’s U-band Optical filter. This
allows us to probe different UV/Optical regions on each night, in principle giving us a
more complete picture of the lag spectrum for NGC 4395.

OM has two operating modes, Imaging Mode and Fast Mode. Imaging Mode
produces accumulated images with no photon timing data. These have a minimum
exposure time of 800s, which when combined with the readout time of ∼300s, means
the minimum time resolution you can achieve is ∼1100s which is far too large to
observe UV/Optical variation in an AGN as low-mass as NGC 4395 which is expected
to be on the time-scale of <1000s based on previous observations.



3.3. Observations 59

Fast Mode on the other hand operates much like an X-ray detector; instead of
generating a two-dimensional accumulated image it measures individual photon’s
time of arrival at each pixel location. This mode has an integration time of 500ms
(smaller times are possible but are not necessary for our purposes, based on light
travel times of a AGN of 4395’s size) and so can effectively be binned up to any time
resolution we require, thus giving us the ability to probe sub-kilosecond lags. The
downside of this is the spatial resolution is reduced to 23x23 pixels, but given our
measurements only require measurement of photon count changes, this is not an issue
as long as the object is on the Fast mode section of the CCD.

For our ground-based Optical observations we unfortunately cannot perform a
continuous 32.5 hour observation from a single telescope and so we must utilise
multiple observatories spread longitudinally across the planet to maintain
simultaneous optical data with the long continuous X-ray/UV observations. These
observations were all taken using the SDSS g-band filter.

They were taken using the 0.7m Centurion 28 (C28) Telescope at the Wise Observatory
of Tel Aviv University in Israel, the IO:O instrument on the 2m Liverpool Telescope at
Roque de los Muchachos Observatory in La Palma, the Keplercam CCD on the 1.2m
telescope at the Fred Lawrence Whipple Observatory (FLWO) in Arizona, the 1.3m
Telescope at Devasthal at the Aryabhatta Research Institute of Observational Sciences
(ARIES) in India, and two telescopes that are part of the Las Cumbres Observatory
(LCOGT) network of telescopes: a 2m Spectral telescope at Haleakala Observatory in
Hawaii and a 1m Sinestro telescope at McDonald Observatory in Texas.

The difference in telescope reflector size was another factor we had to take into
account. The larger 2m telescopes could collect a good quality image with only a
30-40s exposure, which is ideal on the time-scales we are working with. The smaller
telescopes however, such as the C28 and the Sinestro required triple the exposure time
to retrieve a similar quality of image for the g-band exposures, which based on the
previous observations we expected an x-ray lag of ∼800s they are still short enough
exposures to give us useful information. Details of the observations can be seen on
Tables 3.1 and 3.3.

3.3.2 Challenges

Despite extensive planning, observations using multiple sets of equipment
simultaneously for large time intervals are inevitably going to invite practical
challenges. However, given the large number of independent observers as well as
some thoughtful data selection we minimised the impact of these challenges on the
final results.
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One of the few things that could not be avoided was issues with the XMM-Newton

observations themselves; as our only source of X-ray/UV observations, any issues
with the data from the satellite would have inevitably caused issues. And
unfortunately, this was the case for us on the observation that took place on December
31st. The reduced spatial resolution of the OM’s Fast Mode means accurate object
tracking is absolutely necessary to capture the source, and for this night’s observations
a fault with the OM’s centroiding used for tracking the object caused it to not appear
in the frame for the entire duration of the observation, leading to the loss of the entire
UV observation for this night. This carries the additional consequence of being the
night we were observing using the UVW1 filter, used in McHardy et al. (2016), which
therefore prevents us for making a direct comparison of our UV lags with those from
that campaign. In addition to this we had some other more limited gaps in our
XMM-Newton data. On the night of December 13th a ground station outage
interrupted the observation and, although it was successfully restarted, caused a 1.2hr
gap in all coverage from the satellite. Then on the night of December 19th an
instrument anomaly caused the loss of two OM exposures, equating to a gap of 8800s
in the UV data.

For our ground-based data, most of it was unaffected with the exception of a few
tracking losses which still kept the objects in frame and a few technical issues like file
ordering which could be relatively easily overcome. The two exceptions to this are,
first, our LCOGT Sinestro observations on the 20th of December suffered from
excessive lunar sky brightness which made the first 59 frames not suitable for
photometry. The final 27, however, were perfectly usable as they were taken after the
moon had set below the horizon. The second is the Sinestro observation on the 31st of
December which has no objects whatsoever in frame. This was due to the shutter on
the fa05 Sinestro camera becoming stuck closed for a time that night that included our
observation period, which unfortunately means that no usable data was recorded.

3.4 Data Reduction

3.4.1 X-ray/UV

XMM-Newton data reduction is a fairly simple ordeal, as luckily the ESA provides a
software package called Science Analysis System (SAS), which automates a lot of the
more complicated aspects of the process. Using the Observation Data Format (ODF)
files provided, SAS can generate photon event files. From there it is relatively trivial to
obtain light curves for the X-ray and OM components of the observations, with any
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Observation
Period

Observation
Start Time
(UTC)

Observation
End Time
(UTC)

OM
Filter

Observation Notes

XMM-Newton
1 2018-12-13:

06:16:19
2018-12-14:
14:46:19

UVM2 1.2hr gap in observation for all in-
struments due to ’ground station
outage’

2 2018-12-19:
05:51:22

2018-12-20:
14:18:02

UVM2 ∼3hr gap in OM data (two 4400s
exposures lost) because of ’Instru-
ment Anomaly’

3 2018-12-31:
05:11:45

2019-01-01:
13:45:04

UVW1 OM instrument not pointed at ob-
ject due to ’Bad centroiding tables
load’

4 2019-01-02:
05:03:24

2019-01-03:
13:16:44

U No additional notes

TABLE 3.1: Space-based Observations from XMM-Newton

Object Name
SDSS Filter

u-r colour
u g r i z

AGN 16.42 14.55 14.01 13.72 14.08 2.41
Star 1 17.41 16.23 15.71 15.56 15.45 1.70
Star 2 17.77 15.29 13.96 15.77 12.68 3.81
Star 3 16.85 15.60 15.21 15.08 15.04 1.64
Star 4 14.92 14.99 12.88 12.72 13.25 2.04

TABLE 3.2: Optical magnitudes for the four comparison stars and the AGN taken from
SDSS

desired cadence, and after that if the light curves requiring further binning this can be
done afterwards. We chose to create light curves with 10s bins, which given our
variation time-scale of hundreds of seconds is a sufficient level of time resolution.

3.4.2 Optical

3.4.2.1 Comparison Star Selection

One inevitable challenge that comes with using ground-based data is that due to
atmospheric turbulence and weather we cannot simply use the raw photon counts
captured from the AGN to measure the variability. In order to counteract these effects
we can find a source of otherwise constant flux in the frame, namely a comparison
star, to obtain a light curve that correlates heavily to the random variations due to the
atmospheric effects, and as such we can counteract the effect these variations have on
the AGN’s light curve. If multiple stars are present in the frame it then becomes
important to determine which star will give us the cleanest removal of the atmospheric
variations. Ideally, we want a star that is not variable over our observation timescales,
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Observation
Period

Observation
Start Time
(UTC)

Observation
End Time
(UTC)

Filter Observation Notes

Liverpool Telescope IO:O
1 2018-12-14:

03:15:59
2018-12-14:
06:09:51

SDSS g’ No additional notes

2 2018-12-20:
02:49:48

2018-12-20:
06:23:24

SDSS g’ Tracking failure for last ∼2000s, fi-
nal 17 frames unusable

3 2018-12-31:
05:08:45

2018-12-31:
06:29:30

SDSS g’ No additional notes

3 2019-01-01:
02:09:38

2019-01-01:
05:27:36

SDSS g’ Tracking failure for last ∼4000s but
all frames are usable

4 2019-01-02:
05:02:50

2019-01-02:
06:33:21

SDSS g’ No additional notes

4 2019-01-03:
02:00:41

2019-01-03:
05:18:59

SDSS g’ Tracking failure for last ∼4000s but
all frames are usable

Wise Centurion 28
1 2018-12-13:

23:58:44
2018-12-14:
03:31:30

SDSS g’ No additional notes

3 2018-12-31:
22:41:30

2019-01-01:
03:40:20

SDSS g’ No additional notes

4 2019-01-03:
00:08:36

2019-01-03:
03:32:22

SDSS g’ No additional notes

Las Cumbres Observatory Haleakala Spectral
1 2018-12-13:

12:51:04
2018-12-13:
15:18:30

SDSS g’ No additional notes

1 2018-12-14:
12:47:12

2018-12-14:
15:18:01

SDSS g’ No additional notes

3 2018-12-31:
11:33:07

2018-12-31:
15:36:17

SDSS g’ No additional notes

4 2019-01-03:
11:26:10

2019-01-03:
15:39:14

SDSS g’ No additional notes

Las Cumbres Observatory McDonald Sinestro
1 2018-12-14:

12:11:38
2018-12-14:
12:46:08

SDSS g’ No additional notes

2 2018-12-20:
08:52:02

2018-12-20:
12:39:53

SDSS g’ First 59 frames unusable due to ex-
cessive lunar sky brightness but fi-
nal 27 frames taken post-moonset
are good

3 2018-12-31:
08:08:52

2018-12-31:
09:57:49

SDSS g’ No images as shutter on Sinestro
camera was stuck closed

3 2018-12-31:
11:00:33

2018-12-31:
12:52:18

SDSS g’ No additional notes

3 2019-01-01:
11:02:10

2019-01-01:
12:56:30

SDSS g’ First 66 frames unusable

Fred Lawrence Whipple Observatory Keplercam
3 2018-12-31:

09:02:02
2018-12-31:
13:27:10

SDSS g’ Not flat fielded but still usable

ARIES Devasthal Telescope
4 2019-01-02:

20:54:00
2019-01-03:
00:44:09

SDSS g’ No additional notes

TABLE 3.3: Ground-based Observations from multiple telescopes
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is isolated from other objects that would cause interference with photometry, and is
bright enough to give us as high a signal-to-noise ratio as possible.

FIGURE 3.1: Finding chart of the stars around NGC 4395, generated using an LCOGT
Spectral exposure.

Above we show a finding chart generated using an LCOGT Spectral exposure in
Fig. 3.1. It displays the AGN as well as the four useful stars in the frame, labelled 1 to
4 from their right to left positions on the image, respectively. There is a fifth star in the
frame (labelled Star B), however, this star is both not particularly bright. On top of
this, it is close enough to the centre of the galaxy that there is significant background
contamination of the aperture used to capture photometry data, and this background
flux varies rapidly enough in its surroundings that it introduces undesirable levels of
uncertainty into its light curve. Therefore, it was excluded from selection immediately.

Of the four remaining stars then, looking at our requirements for a comparison star,
they are all far enough away from the galaxy centre that they have a minimal
background that is approximately constant over the scale of an aperture, with any
anisotropies that would interfere with background subtraction small enough to be
masked out. Comparing all of their light curves with one another they also all appear
to be non-variable stars. All four independent stars could be variable stars that vary at
exactly the same rate consistently, but this is so unlikely as to be functionally
impossible.

With the first two criteria fulfilled it would seem then that the brightest star of the four
would be the most suitable. Star 4 is the brightest by an order of magnitude, with Star
2 then being ∼1.5× brighter than Star 3, and finally Star 3 is ∼2× brighter than Star 1.
However there are several complications to this basic arrangement, the first and most
prominent being that the chip on the LT images is not positioned to include star 3 and
4. This effectively means we cannot use either of these stars at all for comparison as
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the Liverpool Telescope data makes up a significant portion of our ground-based
observations for every single night. The brightest star then that appears on all
exposures is Star 2, but this also presents a problem.

Star 2 appears constant as all the others and otherwise produces light curves similarly
to the other stars, with the one exception of data taken from the LCOGT Sinestro
which appears to show a decrease in flux compared with all other instruments, as can
be seen in Fig. 3.2. Care was taken to ensure the aperture sizes corresponded with the
published 0.389 arcsec/pixel resolution of the Sinestro CCD, ensuring any binning
was accounted for as well, and all of this was checked multiple times with multiple
reruns of the reduction pipeline to ensure no mistake was being made. However,
despite this extra attention being given, the disparity remains.

FIGURE 3.2: Star 2 compared to the other three comparison stars, demonstrating the
disconnect between the Sinestro light curves and the other telescopes.

Looking at the magnitudes of each star in SDSS data (shown in Table 3.2) shows Star 2
to be far redder than the other stars, with a colour u − r = 3.81 compared to the values
of 1.70, 1.64, and 2.04 for Stars 1, 3, and 4 respectively. However, this should only be a
factor if the filter used on Sinestro was different from the rest, but consulting both the
observation logs and the headers of the .fits files shows that the filter used was the
standard LCOGT SDSS g’ filter. It could then be argued that the LCOGT SDSS g’ filter
is somehow different from those used by the other telescopes, however this argument
also does not hold up as the LCOGT Spectral uses identical standard filters and yet
does not demonstrate this disparity. It appears then that we cannot explain this
disparity, which means we cannot rigorously correct for it without unintentionally
introducing other sources of error.

In this case then in order to use Star 2 we would have to exclude the Sinestro data
which makes up a significant portion of our ground observing time on two nights and
will therefore be vital in making our lag calculations more accurate. Alternately we
could use Star 2 on the two nights (13th of December and 2nd of January) with little or
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no Sinestro observing time, however using different comparison stars for half of the
nights introduces an unnecessary source of error to our measurements.

FIGURE 3.3: In contrast to Fig. 3.2 it can be seen here that Star 1 is consistent with the
brighter comparison stars, therefore making it a suitable comparison star.

Additionally, the source of the disparity is unknown and we have no way to know
what other effects this could have on the data that may be less obvious to the naked
eye. For these reasons we chose to use Star 1 as the comparison star, as although it is
less bright than Star 2, our exposure times ensure the S/N is sufficient to get a
high-quality light curve. Despite Stars 3 and 4 not being usable as comparison stars,
their brightness allows us to use them, as in Fig. 3.3, to demonstrate that Star 1 has
sufficiently constant emission and thus is the best choice of comparison star.

3.4.2.2 Reduction Method

Although coming from several different telescopes, all the optical data arrives simply
as a series of .fits format images. In order to extract the count rates for the objects in
the images and therefore construct a light curve, we must perform some form of
photometry on the images. The most suitable way to do this for our data is aperture
photometry, however this process can be handled in multiple ways. For consistency
between the different telescopes we should use the same photometry method for each.

Previous to this campaign, we performed reduction on data from the Gran Telescopio
Canarias in La Palma taken using the HiPERCAM imaging system (Chapter 2), which
has its own reduction pipeline written by Vik Dhillon and Tom Marsh (Dhillon and
Marsh). This system proved itself to be very useful and intuitive to use, able to
generate consistent and well tracked apertures, and given its high quality it seemed
ideal to use this system for other data. Additionally, this pipeline contains a script that
allows for the conversion of non-HiPERCAM data into the .hcm format the pipeline
uses (which is simply a .fits file with a modified header). By default, there is only a
single mode which converts Liverpool Telescope data into this .hcm format, but it is
trivial to modify the script in order to add additional modes to convert any telescope’s
.fits data into this .hcm format. With these modifications, this single system allowed
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fast, easy reduction of all the data for every telescope, removing the potential
introduction of discrepancies from using different pipelines for different telescopes.

As we need to combine the light curves from different telescopes into one large light
curve, we must ensure during the reduction process that the apertures we extract are
taking light from exactly the same areas of sky. This is because to our detector stars are
technically infinite point spread functions, and so the point at which the aperture
should ideally be placed is subject to multiple factors, particularly how good your
S/N is and how polluted the background around the star is.

After some experimentation with reductions of the Liverpool Telescope and Wise C28
data ( our largest and smallest telescopes respectively) we determined a suitable
aperture radius of 14 binned pixels from the Liverpool Telescope data. Using the
telescope’s arcsecond per pixel value of 0.3037, this translates into a 4.2518 arcsecond
radius for each aperture. We similarly then used every other telescope’s published
arcsecond per pixel value in order to calculate the pixel radii of 4.2518 arcsecond
radius apertures.

To actually perform a reduction in the HiPERCAM system requires three steps, first is
the generation of the aperture file. In order to do this we first generate an average
frame from a small number of frames at the beginning of the observation using the
averrun command. This is not strictly necessary but simply makes the image clearer
and makes it easier when placing the apertures. The exception to this is when using
the longer exposure time data such as Wise C28, as an average over too much time can
cause smearing, and the exposures were bright enough on their own.

Next, we load the target frame using the setaper command, choosing target and sky
aperture radii, which allows placing of apertures with simple mouse pointing and
single key commands. A centroiding function ensures these ’arbitrarily’ placed
apertures are in fact centred on the object. Then using simple mouse placement, we
can mask out anisotropies in the sky aperture. These masks are locked to the centre of
the target aperture ensuring they always cover the same element of the background.
To ensure identical masks for each telescope, the aperture files were copied between
them to preserve the mask positions. This copying still allows for loading in a new
target frame, changing the aperture sizes, and re-centering of the apertures, meaning
the only thing preserved is the relative mask positions.

The second step is to use the genred command to generate a reduction file that
contains information not found in the apertures themselves such as whether the
apertures are fixed or movable, and parameters around object tracking for movable
apertures. Generally, for a project such as ours where trying to be consistent across all
telescopes is necessary, this process only needs to be performed once, after which
using the same reduction file with new apertures specified each time will suffice.
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The third step is the actual reduction. The HiPERCAM pipeline has a very nice live
reduction interface that generates a live light curve, x and y target aperture positions,
and FWHM curves, as well as a live display of the images and positions of the
apertures. These features allow us to manually perform quality checks for problems
while the reduction is happening, and although the live light curve generation feature
can be slightly temperamental for non-HiPERCAM data, the rest of the information is
still extremely useful.

Once the reduction is complete it is saved to a log file that contains the settings used to
generate it and all the information taken from each frame, including aperture counts,
times, FWHMs, and aperture positions. From here a few HiPERCAM commands in
Python can extract the relevant data as a ’tseries’ object from the log. Initially it is
practical to keep the data in this form as these tseries objects automatically propagate
the light curve errors when divided by the comparison stars’ tseries. Once this is
complete the data can be transferred into whatever format is needed and can be used
to plot the light curve.

The full light curves generated for each night in the X-ray, UV, and Optical can be
found in Section 3.5.

3.4.2.3 Misalignment and CALI

Despite ensuring consistent reduction methods and ensuring identical apertures
during the reduction down to 5 decimal places, some of the overlapping data points in
the final two observation sets are slightly misaligned. The reason for this is difficult to
determine as so many of the factors have been calibrated to be completely identical,
and so it may simply be subtle atmospheric differences due to the difference in
locations of the telescopes.

For the third observation set, the misalignment comes during an overlapping section
of Keplercam, LCOGT Sinestro, and LCOGT Spectral data. As the LCOGT Spectral
and Sinestro data are perfectly aligned, and that there is more Sinestro data later in the
observation period, it seems clear that it must be Keplercam that is the one that is
misaligned. Since this misalignment could interfere with the lag calculations, we need
to find a way to try and fix it while still maintaining the integrity of our data.

A way to do this is a program called CALI Li et al. (2014) which inter-calibrates the
separate telescopes light curves with a Monte-Carlo Markov Chain method and
generates a reconstructed light curve with the overlaps correctly calibrated. This
system works very well for Night 3’s light curves, including filtering out some high
frequency noise in the WISE data, and can be seen in Fig. 3.13.
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The fourth observation set was slightly trickier however. The misalignment occurs in
the centre section during an overlap with Aries, Wise C28, and Liverpool Telescope
data. Here, unlike on Night 3, it appears that all three observations are out of line with
one another, which makes prescribing an adjustment to ammend this issue more
difficult. The saving grace on this night though is that the first section of data is also
Liverpool Telescope data, and so it makes sense that the relative positions of the two
datasets would have a correct relationship, which gives us an anchor for adjustments.

To support this, there appears to be a gradually increasing long term trend in both the
UV and the Optical. This is supported by the difference in the positions of the first and
last datasets in the Optical, and by using this it can be seen visually (Fig. 3.17) that the
central Liverpool Telescope data appears to fall in line with this trend, whereas the
Wise and Aries data do not.

Unfortunately, it is precisely this trend that makes the adjustment with CALI difficult,
given the disparate gaps between the sections of data, CALI assumes the trend is
actually caused by misalignment and ’flattens’ out the whole light curve, which is
visually obvious to be an incorrect adjustment. The best solution to this we found was
to simply adjust the light curve beforehand, ensuring the overlapping Aries/Wise and
Wise/Liverpool Telescope sections were aligned. However due to the Wise noise on
these sections and noise overall, running it through CALI creates a reconstructed light
curve where those ’joint’ sections are one consistent light curve. This gave us the best
results and can be seen in Fig. 3.17.
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3.5 Results

3.5.1 Lag Calculation Methods

In order to determine the time lags between the light curves in this investigation, we
have used two different methods. The first is the program Javelin written by Zu et al.
(2013) which fits a Damped Random Walk generated continuum light curve model to
each lagged light curve. The second is a FORTRAN-based Cross-Correlation Function
method. These methods are described in more detail in Appendix B.

3.5.2 Javelin Results

Javelin produces a distribution of values for the input and output parameters of the
process. For the most part the non-lag distributions are unimportant for us, other than
as a consistency check. The most important distributions are the UV and Optical time
lags. From these distributions, another pattern that appears is repeating peaks every
∼100 seconds in the UV time lags, this is a side effect of the 100 second binning of the
light curves meaning that Javelin also finds correlation a couple of data points either
side of the true value. For this section then we will be plotting the time lag peaks over
a time range that makes the peaks clearer to the eye, consistently binned to 4 seconds.

3.5.2.1 First Observation Set

For the first night the Javelin lag distributions can be seen in Figs. 3.4 and 3.5. As can
be seen from these distributions they give lag values of 511.7+8.3

−9.7 and 696.4+3.8
−54.3

seconds for the UVM2 and Optical lags, respectively. It can be seen in the optical peak
that the existence of a second smaller peak in the optical throws off the distribution
error slightly, but the main peak is very strong at ∼700 seconds.

FIGURE 3.4: UVM2 time lag distribution for the first observation period which gives
a time lag of 511.7+8.3

−9.7 seconds.
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FIGURE 3.5: Optical time lag distribution for the first observation period which gives
a time lag of 696.4+3.8

−54.3 seconds.

FIGURE 3.6: UVM2 CCF-generated time lag distribution for the first observation pe-
riod which gives a time lag of 637.9 ± 430.0 seconds.

FIGURE 3.7: The full light curves from the night of December 13th in all 3 wavebands.
UV light curve has been binned up to 200 seconds to make them clearer to visually

inspect.
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3.5.2.2 Second Observation Set

For the second night the lag distributions can be seen in Figs. 3.8 and 3.9. These
distributions give lag values of 414.8+57.4

−81.7 and 499.6+25.6
−36.6 seconds for the UVM2 and

Optical lags, respectively. These distributions have peaks that are far less defined than
Night 1, likely because of a lack of optical data for this night, particularly as most of it
occurs during the gap in the UV, limiting the time where all 3 light curves overlap.

FIGURE 3.8: UVM2 time lag distribution for the second observation period which
gives a time lag of 414.8+57.4

−81.7 seconds.

FIGURE 3.9: Optical time lag distribution for the second observation period which
gives a time lag of 499.6+25.6

−36.6 seconds.

FIGURE 3.10: UVM2 CCF-generated time lag distribution for the second observation
period which gives a time lag of 402.8 ± 458.1 seconds.
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FIGURE 3.11: The full light curves from the night of December 19th in all 3 wavebands.
UV light curve has been binned up to 200 seconds to make them clearer to visually

inspect.

3.5.2.3 Third Observation Set

For the third night the g-band lag distribution only can be seen in Fig. 3.12, as there is
no UV data for this night. This distribution gives an optical lag value of 828.6+9.7

−18.5

seconds. Due to the large amount of optical coverage on this night, the peak here is
very clear despite the lack of an Ultraviolet light curve as a third comparison.

FIGURE 3.12: Optical time lag distribution for the third observation period which
gives a time lag of 828.6+9.7

−18.5 seconds.
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FIGURE 3.13: The full light curves from the night of December 31st in X-ray, optical,
and CALI-applied optical.

3.5.2.4 Fourth Observation Set

For the fourth night the lag distributions can be seen in Figs. 3.14 and 3.15. These give
lags of 511.0+7.2

−6.6 and 747.4+14.3
−9.5 s for the U-band and Optical lags, respectively.

Although this is our only U-band coverage, it appears out of place, given the relative
positions of the UVM2 and g coverage. Possible causes will be discussed in Section 5.5.

FIGURE 3.14: U-band Javelin time lag distribution for the fourth observation period
which gives a time lag of 511.0+7.2

−6.6 seconds.

FIGURE 3.15: Optical time lag distribution for the fourth observation period which
gives a time lag of 747.4+84.3

−97.5 seconds.
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FIGURE 3.16: U-band CCF-generated time lag distribution for the fourth observation
period which gives a time lag of 596.6 ± 208.8 seconds.

FIGURE 3.17: The full light curves from the night of January 2nd in all 3 wavebands
and adjustment and CALI applied to the optical. UV light curve has been binned up

to 200 seconds to make them clearer to visually inspect.

3.5.3 Cross-Correlation Function Results

The Cross-Correlation Function (CCF) method was not as simple as the Javelin
method in the consistency of its outputs. It has been observed before that the CCF Lag
determination tends to give larger errors than Javelin does, however having an
independent measurement will reassure our confidence in the Javelin lags. All of these
CCF lag distributions are consistently binned to 100s.

Unfortunately, we can only have this extra confidence for a small number of our
values due to several issues. The first, and primary, issue is that we were unable to
determine any significant lags for any of the ground-based SDSS g-band data.

The produced CCFs, for all nights, are many thousands of seconds wide and so cannot
produce a centroid with the accuracy required with our lag timescales. We suspect this
is due to the sparse sampling of our optical data on most nights, and on the night
where we have the most optical data, Night 3, we have no UV data. A direct X-ray to
g-band correlation would be weaker than UV because of increased light curve
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smoothing further out in the disc where the g-band emission originates, and there are
still significant gaps in our data across all nights, and so we cannot determine a lag for
even the third night where we have the most coverage.

Fortunately, however, we can determine them between the X-ray and UV bands. In
addition, to evaluate the validity of the CCF distributions, we can also generate DCF
confidence contours.

For the first two observation periods we can determine an X-ray to UVM2 lag
distribution that can be seen in the Figs. 3.6 and 3.10.

While a less defined peak, Night 1 nevertheless remains consistent with the Javelin
determined lags, with the CCF lag of 637.9 ± 430.0 seconds being consistent in its error
bars with the Javelin value of 511.7+8.3

−9.7 seconds. While the peak is off of this value to a
larger margin, and not within the Javelin error bars, this is not to be too unexpected
given the width of these CCF centroid distributions and the precision of the Javelin
errors.

In addition, we can see from Fig. 3.18 that the centroid peak is consistent with a
Discrete Correlation Function (DCF) peak of over 99% confidence. Although this and
all the DCF peaks are much wider than the CCF results themselves, these contours
show that this lag seems to be indicative of a feature of the light curves outside of the
background noise, likely in our case to be X-ray reverberation.

The second night’s distribution, in Fig. 3.10, has the cleanest distribution and indeed
the confidence of this peak is backed up by the fact that the central value of the
determined peak, 402.803 seconds, is almost perfectly aligned with the Javelin
determined value of 414.8+57.4

−81.7 seconds, despite the fact that the peaks width gives the
value an error range of ±458.1. This therefore increases our confidence that the UVM2
lag measurement on Night 2 is correct.

In this case the Javelin is far more informative than the confidence contours, which can
be seen in Fig. 3.19, as for Night 2 the contours simply show a consistent, though far
wider, peak in the DCF in the same range as our detection peak. While this does not
gain us further precision, it is also consistent with our other measurements, further
ensuring confidence in our Javelin and CCF values.

As previously mentioned, the third observation period has no UV data and only the
lag distribution for Night 4 is shown now, which is an X-ray to U-band lag, shown in
Fig. 3.16. The value determined from Night 4’s distribution is 596.6 ± 208.8 seconds
which is consistent with the Javelin measurement though with an obviously much
wider peak. However this value required the CCF to be performed on only the first
two thirds of the light curve, as the X-ray flare in the last third was causing the CCF to
detect a lag value ∼1000 seconds. The fact that the Javelin lag is consistent with the
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FIGURE 3.18: X-ray to UVM2 DCF plotted with Confidence Contours for the first ob-
servation period.

FIGURE 3.19: X-ray to UVM2 DCF plotted with Confidence Contours for the second
observation period.

FIGURE 3.20: X-ray to U-band DCF plotted with Confidence Contours for the fourth
observation period.
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CCF when this flare section is removed suggests then that the flare was interfering
with the CCF lag detection. The DCF does not, however, have as strong a peak as it
does for the other two nights, with the peak barely making the 90% contour, as can be
seen in Fig. 3.20.

3.6 Analysis

3.6.1 Lag Analysis

3.6.1.1 Optical Lags

For all but one night, we have a very well determined g-band time lag, with the values
from nights 1, 3, and 4 of 696.4+3.8

−54.3, 828.6+9.7
−18.5, and 747.4+84.3

−97.5 seconds, respectively, all
overlapping with at least one of the other’s error bars. It seems that what is preventing
the two values that are farthest apart from overlapping with one another is simply
that Javelin’s errors, determined directly from the distribution peaks, determine errors
in precision only, and do not seem to factor in errors in accuracy. Therefore, it
overvalues a narrow distribution and assumes when there is a narrow distribution
that the value is very accurate when instead it might simply be very precise.

The outlier of the g-band lags is the value determined on Night 2 of 499.6+25.6
−36.6 seconds.

This value does not come close to being consistent with the other 3, and for reasons we
will explore now, it is very unlikely to be physically real. We can compare the value to
Night 1, taken 6 days earlier. Being generous and extending the values to the edge of
their respective error ranges, we find 642.115 seconds for the first night and 525.232
seconds for the second night. If we assume both these values are representative of the
physical state of the AGN, that would require the thermal band to have shifted
116.883 light-seconds further away from the AGN, which would require extra input
energy from the Black Hole, and therefore an increase in X-ray flux overall. However
if we look at the mean X-ray flux for each night, we see that in fact Night 2 has
decreased by ∼ 45% and so this instead suggests that the X-ray flux has been on a
decreasing trend between the two nights.

This is likely an unphysical situation and so it seems one of the results is not physically
representative of the real state of the AGN. As Night 1’s value is far more consistent
with the rest of the data, this leads us to conclude that it is Night 2’s g-band lag that is
at fault. We can see there is not much g-band data on that night, and for a large portion
of the g-band exposure there was a gap in the OM, further reducing its reliability.

Comparing these to the previous observations taken in McHardy et al. (2016) which
determined a g-band lag of 788+44

−54 seconds, we can see that this value is consistent
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with two of our three determined values, with Night 1’s value having a very small
positive error bar, possibly due to the precision/accuracy argument made before.

3.6.1.2 UV Lags

Unlike for the optical, for the OM monitoring we do not have four sets of data taken at
the same wavelength, therefore we shall analyse the data separately.

To begin with we will look at our two observations in the UVM2 filter, these found
lags of 511.6+8.3

−9.7 and 414.8+57.4
−81.7 seconds for Nights 1 and 2, respectively. Now initially

it appears that as these values do not overlap in their error bars, that they are not
consistent.

However, upon looking at the original peaks that Javelin generated it can be seen that
there are secondary peaks generated, seemingly related to the binning of the light
curve, as they are spaced ∼100 seconds apart and the light curves are binned to 100
seconds. We believe whatever feature caused these extra peaks has "stolen" the outer
values of the real peak, i.e. a run that would have produced an outlier on the main
peak is instead close enough to be detected as one of the secondary peaks. This would
have the effect of narrowing the main peak, thus reducing the error on the lag and
meaning the error bars don’t overlap despite the values both likely being physically
consistent.

The Cross-Correlation lags for Nights 1 and 2 are also consistent with both of the
Javelin lags, measuring a lag of 637.9 ± 430.0 seconds for the Night 1 and 402.8 ± 458.1
seconds for the Night 2. The large error bars on these values don’t make them
particularly useful for analysis by themselves, but instead they work as an
independent consistency check for the Javelin lags.

Without any data for our UVW1 filter, we only have the Night 4 data in SDSS U to
look at. Upon initial inspection, the value obtained by Javelin of 511.0+7.2

−6.6 seconds, it is
hard to immediately determine whether this is valid due to a lack of other
observations; though there are things we can glean from this value.

The first is that it is remarkably close to the UVM2 lags, which should not be the case
as the UVM2 filter has a central wavelength of ∼2260Å, whereas U-band has a central
wavelength of ∼3470Å. It should therefore have a lag somewhere in the middle of
SDSS g and UVM2, rather than a smaller lag.

The second is that the Cross-Correlation lag that was determined for this observation
set is 596.6 ± 208.8 seconds. This is mostly consistent with the Javelin lag, though the
low levels of confidence that were determined from the synthetic light curve DCF
Contours imply this value is not produced from a strong correlation. Even so, a future
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campaign observing more in this wavelength range would be useful to discover the
presence, or lack thereof a U-band excess.

3.6.2 Modelling

3.6.2.1 Shakura & Sunyaev

A final aspect we looked at is how these lags fit against lag distributions that can be
generated from modelling. The first model we looked at is a simple Shakura &
Sunyaev model of τ ∝ λ4/3, and so in Figs. 3.21 and 3.22 we have plotted the retrieved
Javelin lags in seconds against the central wavelength of the filters, taken from
Fig. 3.23. Overlaid we, using scipy.optimise’s curve_fit, fit a function of the form:

y = kλ4/3 + a

where k and a are simply input variables, to see if the values we have produced can be
described by such a model. Along with this are plotted lines showing the error
variation from the fit in each variable, in Fig. 3.21 we show the k error, and in Fig. 3.22
the a error.

FIGURE 3.21: Javelin-produced Time Lags plotted against the filter central wave-
length, fit with a function of the form τ = kλ4/3 + a, showing variation in k around
the error. Central wavelengths of the 3 filters are 226.0nm, 347.0nm, and 477.8nm, re-

spectively.

Plotted on these graphs in yellow is the unreliable U-band value, and the g-band
value from Night 2 that appears to be unphysical. It becomes visually apparent from
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FIGURE 3.22: Javelin-produced Time Lags plotted against the filter central wave-
length, fit with a function of the form τ = kλ4/3 + a, showing variation in a around
the error. Central wavelengths of the 3 filters are 226.0nm, 347.0nm, and 477.8nm, re-

spectively.

these plots that the Night 2 g-band is an outlier as it does not fit well inside the
function that appears to fit the rest of the points nicely, taking into account the narrow
errors on Night 1’s UVM2 observations.

FIGURE 3.23: The filter transmission curves for the SDSS filters made using the Ultra-
cam python module ucam_thruput, from which the central wavelengths were calcu-

lated.

Interestingly the U-band point seems to fit well into this function, which suggested it
is not as much of an outlier as it initially appeared. Further observations at this
wavelength could give more insight into this u-band value.
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These fits show that the reliable results we have collected in this campaign are in fact
consistent with a function that follows the form τ ∝ λ4/3.

However, it can be seen that these model fits rely on a non-zero y-intercept, which has
been observed in higher accretion rate AGN as in Gardner and Done (2017) and is
considered to be a feature representative of an inflated inner disc that absorbs the
corona’s X-ray radiation and re-emits it in the Far UV. This Far UV is then what the
rest of the disc is reprocessing, with the y-intercept, i.e. the value of a, representing the
time it takes for the X-rays to scatter inside the inflated disc region before being
re-emitted as FUV radiation.

The aspect of this that is surprising is that previous observations of NGC 4395 in
McHardy et al. (2016) found X-ray to UVW1 and X-ray to g-band lags that were
consistent with a τ ∝ λ4/3 function with a zero intercept. However, as can be seen
from our data in Fig. 3.24, the results we found are not consistent with this, and
instead the fit suggests an offset from the X-ray in the range of ∼200 to ∼400 seconds,
implying at least some inflation of the disc.

FIGURE 3.24: Javelin-produced Time Lags plotted against the filter central wave-
length, fit with a function of the form τ = kλ4/3 + a, with an intercept forced through
zero. Central wavelengths of the 3 filters are 226.0nm, 347.0nm, and 477.8nm, respec-

tively.

3.6.2.2 KYNreverb Response Lags

As a Shakura-Sunyaev model seemed to not include all the nuance required to explain
the lags we observe, we instead turned to a modelling code called KYNreverb,
developed by Michal Dovčiak (Dovčiak).
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The version we used here is the KYNxiltr code. This simulates a Kerr black hole with a
geometrically-thin, optically-thick accretion disc with a radial density profile and a
lamp-post model X-ray corona above the black hole, emitting isotropic radiation in the
typical power-law distribution observed for the X-ray components of AGN. From here
it generates an X-ray pulse and then uses fully general-relativistic ray-tracing to map
out the photon paths from the corona to the observer, including those photons which
are reprocessed by the disc. This generates response functions from the object for any
waveband, and by choosing several over a range of wavebands, it is possible to build
up responses for that range.

As explained in Kammoun et al. (2021a), a commonly accepted method of measuring
the time lag from a response function is to use the centroid of the response function
Ψ(t, λc), as this is most representative of the peak of a CCF-determined lag. This
centroid is defined as:

τcen(λc) =

∫

t Ψ(t, λc) dt
∫

Ψ(t, λc) dt

where τcen(λc) is the time lag for any given central wavelength λc. We then plot this
lag spectrum and compare it to our data to see how well the model fits.

However this model is very complex and has around 40 parameters, so the exact
parameters can very much affect the output. A lot of these parameters are standard or
observed values; some do not change the output hugely or have a fairly well
constrained value so varying along these values is not always time best spent.
Therefore there are few values we used as standard in this model for NGC 4395.

First we set the spin to be minimised and the corona lamp-post height to be 10
gravitational radii, since these values do not vary the responses significantly within
our error bars when varied along values constrained by observations. Similarly the
flux in the 2-10 keV band at distance of 3.85 Mpc of approximately 3.7 × 10−11 ergs
s−1, calculated using XMM PN observations in Vaughan et al. (2005), is relatively well
constrained for NGC 4395 and only a very large deviation from this significantly
changes the output.

Far more significant are four parameters, those of which end up being at issue: the
mass of the central black hole, MBH, the outer radius of the disc, also known as the
cutoff radius Rout, the accretion rate ṁ, and the colour correction factor fcol . For the
accretion rate we also know that for a constant luminosity:

MBH ∝ ṁ−1
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Therefore, if we vary the mass we must also transform the accretion rate in the inverse
manner.

The initial values for MBH and ṁ are the values taken from Peterson et al. (2005) of
MBH = 3.6 × 105M⊙ and ṁ = 1.2 × 10−3ṁe where ṁe is the Eddington accretion rate.

We then took our initial guesses at Rout and fcol from Chapter 2 where the data fit well
with Rout = 1,600Rg and a colour correction factor modelled using the temperature
(and therefore radius) dependent method from Done et al. (2012), chosen in the
simulation code by setting fcol = -1.

Visible in Fig. 3.25, the initial input values fit our data fairly well, which is
encouraging since we are measuring the same object. We see that the U-band lag again
appears to be smaller than would otherwise expected, and unsurprisingly the g-band
lag from Night 2 is far below expected.

FIGURE 3.25: Simulated lag spectra generated from KYNxiltr, showing various Rout

values using the Done et al. (2012) model fcol .

It can be seen from these spectra that unlike with a simple power-law, in this model
the outer cutoff of the disc begins to dampen the gradient of the lag spectrum, with a
smaller disc lowering the maximum possible lag for any given frequency. We see this
effect as increasing or decreasing Rout increases or decreases the optical lags while
leaving the UV lags relatively unaffected.

The rest of the data appears to be mostly consistent with these lag spectra, although
perhaps our g-band data is more consistent with a slightly smaller Rout of ∼1,400Rg.
The additional fact that KYNreverb is a much more detailed simulation than a simple
power-law implies that the smaller U-band lag cannot be accounted for in a simple
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geometric disc model, and therefore likely has its origin in a more complex disc
geometry.

3.6.2.3 KYNreverb Response Function Convolution

Another way we can measure lags using these response functions is to create model
UV and Optical light curves from the X-ray data. This can be done by convolving the
X-ray data with KYNreverb response functions from each waveband. This generates
model light curves that are what the UV/Optical light curves would look like if they
were purely composed of reprocessed X-ray flux under the conditions of the
KYNreverb simulation. If we then retrieve lags from these light curves we have a
direct comparison of the X-ray to real UV/Optical light curve lags and the X-ray to
model UV/Optical light curve lags.

However, if we do this measurement with the 1400Rg response functions we
compared before to the data, we find the lags displayed in Fig. 3.26.

FIGURE 3.26: X-ray to Convolved Model lags using the 1400Rg response functions
plotted with the data lags, alongside centroid and half-light point lag spectra. The

error bars have been moved off the data points for clarity.

As can be seen from this plot, with the exception of the Night 2 g-band lag which is
dubious anyway, these convolution lags are inconsistent with the data. This initially
seems puzzling as they were made from response functions whose lag spectrum
appears to align very well with our data. However upon further investigation, we
realised that the method we previously used to determine the expected lag from a
response function, retrieving the centroid, is not the only method to obtain such a lag.
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Another way to measure an expected lag is to measure the half-light point lag, defined
as the point at which half of the total response functions light is received and given by:

τhlp(λc) =
1
2

∫ ∞

0
Ψ(t, λc) dt

When we create a lag spectrum instead using τhlp(λc) we see that these lags are about
30% shorter than the centroid lags and are consistent with our convolution lags.

By modelling these response functions we are defining them as the functions that,
when convolved with our X-ray light curves, give a certain lag. Given then that
actually applying that convolution and measuring the lags retrieves values that are
consistent with the half-light point lag spectrum and inconsistent with the centroid lag
spectrum, it seems that we must use the half-light point lags instead.

This then presents a problem, as the parameters we used in creating these responses
no longer give us a lag spectrum consistent with the data, and so we must change
them. The UV lags are most affected by the mass, accretion rate, and colour correction
factor, while the optical lags are affected by the outer radius as well. The outer radius
is something we are mostly fitting to here, and so this is our most free parameter.
However the effects that change to the mass, accretion rate, and colour correction
factor have on the spectrum are degenerate with one another which makes it very
difficult to determine a correct outcome.

FIGURE 3.27: 1900Rg KYNxiltr half-light point lag spectra, varying fixed fcol values
and showing the Done Model for comparison.

The mass as determined by Peterson et al. (2005) is 3.6 × 105M⊙ ± 1.1 × 105M⊙.
Modelling a response function with an identical accretion rate (accounting for the
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mass change) and colour correction factor but a free Rout, we found that a mass of
∼ 6 × 105M⊙ is needed to fit the data. This is quite far outside the error bars of
Peterson’s mass and so unlikely. Similarly fixing the mass and colour correction factor
but allowing accretion rate to vary, we find that in order to be consistent with the data
we would require an accretion rate ∼ 4× larger, which is a very large increase for such
a low accretion rate object. Finally if we fix the mass and accretion rate but change the
colour correction factor, we are no longer using the model from Done et al. (2012) and
instead using a fixed fcol over the entire disc. This best fits our data with an fcol = 1.5
and an Rout = 1900Rg as can be seen in Fig. 3.27.

In reality it is likely that all three of these values are slightly changed to account for
this change in the lags, however as the mass and accretion rate are far more well
constrained than the colour correction factor, the choice we decided to make here is to
keep the mass and accretion rates at their currently accepted values use the fixed
colour factor instead. All further convolutions and lag spectra were then be made with
these values.

The convolved light curves can be seen in Fig. 3.29.

Looking at the model light curves we can see that they align very well with the UV
data, though there are some features, such as the large peak in Night 1 and the peaks
at around 30ks in Night 3, which do not seem to be present in the real UV data.

FIGURE 3.28: X-ray to Convolved Model lags using the 1900Rg response functions
plotted with the data lags, alongside the half-light point lag spectra.

The reasons for this are unclear, though as the disc does not appear to respond to this
flare at all, its possible that the X-ray flare we measure is somehow obscured from the
disc, perhaps by inflation of the inner edge of the disc or a change in the height of the
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FIGURE 3.29: Each night’s UV/Optical data plotted with the model light curves made
from the X-ray data convolved with the kynxiltr response functions.
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X-ray corona. The SDSS g seems to diverge more from the model, though in the case
of Night 2, we once again disregard it because of the lack of data.

Using these model light curves created from our new responses, we can then plot the
model lags versus the data again in Fig. 3.28. It can now be seen that the lags retrieved
from the convolved model light curves are much more consistent with the data. In fact
when comparing the data lags and the model lags, we can see that they are consistent
to within 1σ of one another when excluding the outlying Night 2 g-band lag.

We also note that the model U-band lag appears to be smaller than the lag spectrum
would suggest, which could hint to a feature of the light curve causing a lag decrease
in both the data and the model. However when we look at the other model lags, it is
clear there is a distribution in the measured model lags around the half-light point
lags and therefore it is inconclusive whether the smaller model light curve is
representative of a real feature or simply a random scatter of the measured lag from
the half-light point lag spectrum.

3.7 Conclusions

In this report we presented extended multi-wavelength observations of the
low±accretion rate and low-mass NGC 4395 using XMM-Newton ’s EPIC camera for
X-ray data, its Optical Monitor system for UV data, as well as six ground-based
telescopes for g-band data. We observed over 4 total periods, each one giving us
∼117ks of XMM-Newton data and some simultaneous ground-based data when
available. Using these systems allowed us high enough time resolution data to extract
useful time lags even for such a low-mass AGN. For our OM Ultraviolet observations
three different filters were chosen to expand on the observations made only in UVW1
in McHardy et al. (2016), with UVM2 being observed for the first two observations,
UVW1 being observed for the third observation, and U-band being observed for the
final observation. Due to a technical fault however, on the third night the OM was not
pointed correctly and so we lost all potential UVW1 data. With the remaining data we
used Javelin and a Flux Randomisation/Random Subset Selection Cross-Correlation
Function program to extract X-ray to UVM2, X-ray to U-band, and X-ray to SDSS
g-band time lags for each night these filters were observed. We unfortunately faced
problems retrieving g-band lags using the FR/RSS CCF program, possibly due to the
large gaps in the g-band data where constant observation was not possible due to the
limits of ground observation.

We were able to determine lags from X-ray to UVM2 of 511.7+8.3
−9.7 and 414.8+57.4

−81.7

seconds from Javelin, with the non-overlap in error bars being attributed to the small
error bars on the first value, due to Javelin’s overconfidence on the accuracy-error and
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due to the small precision-error. To increase our confidence in these we were able to
determine FR/RSS CCF lags for those two nights of 637.9 ± 430.0 and 402.8 ± 458.1
seconds, overlapping with the more precise Javelin lags to reinforce their legitimacy.
For the U-band lag, we obtained a value of 511.0+7.8

−91.3 seconds from Javelin which both
does not line up with the Shakura & Sunyaev disc model, nor does it exhibit the excess
lag expected from emission originating in the Broad Line Region. The FR/RSS CCF
lag of 596.6 ± 208.8 seconds meanwhile is consistent with the Javelin lag. For the
ground-based g-band lags we were able to determine confident lags from the first,
third, and fourth observations of 696.4+3.8

−54.3, 828.6+9.7
−18.5, and 747.4+84.3

−97.5 seconds,
respectively. The second night’s lag value of 499.6+25.6

−36.6 seconds is not consistent with
these three values, however this night’s lack of g-band data, along with most of the
g-band data occurring during a gap in the UV, means this value is likely not physical.

Plotting these values together as seen in Fig. 3.21 shows that the data is consistent with
a function of the form τ ∝ λ4/3 in accordance with the simple disc model proposed in
Shakura and Sunyaev (1973). However this consistency demonstrates a likely offset
from the origin, implying at least some amount of X-ray scattering occurring in an
inflated inner disc component on the scale of several hundred seconds. This has been
observed before in higher-mass and higher±accretion rate AGN such as in Gardner
and Done (2017) but not in NGC 4395. In fact this campaign’s results disagree with the
previous observations made of NGC 4395 in McHardy et al. (2016) which showed lags
consistent with zero offset and therefore, no inflated disc component.

The set of our observations in Chapter 2, that used the HiPERCAM system on the
Gran Telescopio Canarias, have produced some preliminary lags relative to its SDSS u’
light curve for the SDSS bands g’, r’, i’, and z’. While OM’s U-band filter is not
identical to the SDSS u’ band used by Hipercam, they are extremely close in
transmission width, shape, and are within 5 nm of each other’s central wavelengths.
Within the scope of our error bars this difference is negligible.

For this reason these preliminary lags have been plotted alongside this report’s lags in
Fig. 3.30, with the HiPERCAM lags plotted relative to the X-ray to OM U-band lag.
For the most part these can be seen to be consistent with the lags observed here,
although the r-band lag is quite high relative to the fit and there overall seems to be a
flattening trend in the lags that is not represented in the fit.

We can also use these HiPERCAM lags to explore the longer wavelength domain for
the KYNreverb simulations in order to check if the response function lags remain
consistent with the data. We do see that the turnover caused by the edge of the disc
continues out to the infrared, and that the HiPERCAM data shows that our cutoff
radius does indeed need to be ∼1,900Rg for our set of other parameters.

Of the two models we explored, it appears that the KYNreverb simulation represents
more accurate physical features of the data, which is probably to be expected since
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Shakura & Sunyaev was a very simplified toy model and this was a full GR
ray-tracing simulation. But it is interesting to note that even the KYNreverb curve
shows a shape similar to a power-law in the initial far UV, but it appears that the finite
size of the disc causes it to turn off of this function as it nears the disc edge.

FIGURE 3.30: Javelin-produced Time Lags plotted against the filter central wave-
length, fit with a function of the form τ = kλ4/3 + a, showing variation in both k
and a around the error and plotted with the GTC HiPERCAM lags. Central wave-

lengths of the 6 filters are 2260Å, 3470Å, 4778Å, 6201Å, 7640Å, and 9065Å.

FIGURE 3.31: Simulated lag spectra generated from KYNxiltr for Rout = 1900Rg and
fcol = 1.5, compared to the lags determined from this campaign and those from the

GTC HiPERCAM observations.
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Chapter 4

Multi-waveband Power Spectral

Densities from observations of NGC

4395

4.1 Abstract

In this chapter I will explore another avenue of variability by measuring and fitting
the optical power spectra of NGC 4395 to support the previously measured X-ray
power spectra. I will also be searching for additional evidence of X-ray reprocessing to
complement the lag results from Chapter 3.

4.2 Introduction

Active Galactic Nuclei (AGN) have long been observed to emit X-ray continua that
vary rapidly and non-periodically. This has supported the idea that the X-ray
emission originates from a compact region (within a few Schwarzschild Radii) around
the central black hole. The X-ray emission of these objects has long been observed to
be approximately described by what is called a "red-noise" power spectrum which is
steep at high frequencies (with a slope ∼2) and is flatter (a slope <1) below some bend
or break frequency νB (Lawrence et al., 1987; McHardy, 1989; Edelson and Nandra,
1999; Nandra and Papadakis, 2001; Uttley et al., 2002).

The location of this bend frequency is believed to scale with Black Hole Mass, as
studies performed on X-ray binaries find the bend at proportionally higher
frequencies than are found in AGN (McClintock and Remillard, 2003). A bend to a
slope of less than 1 is required at some point in theory to prevent the variance of the
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light curve diverging to infinity, so a bend is a reasonable feature to be searching for.
In addition, NGC 4395 is a very low mass AGN (MBH ∼ 3.6×106M⊙ Peterson et al.
(2005)) which would imply a relatively high bend frequency.

Previous measurements of NGC 4395’s X-ray power spectrum in Vaughan et al. (2005)
found it consistent with breaking power law with a high frequency slope, low
frequency slope, and bend frequency of ∼2, ∼1, and ∼1×10−3, respectively. This
suggests that NGC 4395 is typically of its type, if only unusual in its very small mass.

As our previous observations of NGC 4395 in Chapters 2 & 3 have shown evidence
from X-ray to optical lags that the optical emission of NGC 4395 has a component that
is consistent with lagged X-ray emission, which implies the existence of X-ray
reverberation from the disc in the production of the optical flux.

If then the optical flux is reverberated from the X-ray flux, the features of the X-ray
emission should be imprinted on the optical emission. Our previous investigations
have tested this connection in the time domain, and so in this study we test the
connection in the Fourier domain in order to more completely understand the
connection between the coronal X-ray emission and the disc-based optical emission.

4.3 Observations

In this paper we use four separate ∼117 ks X-ray observations from the XMM-Newton

EPIC pn taken on the nights of the 13th, 19th, and 31st of December 2018, as well as
the fourth that was taken on the 2nd of January 2019. The fourth nights observation is
plotted in Fig. 4.1, binned up to 50s for clarity, to show what these light curves look
like. The rest of the X-ray light curves are plotted in Chapter 3.

FIGURE 4.1: XMM-Newton 0.5-10keV light curve for NGC 4395 using data from the
night of January 2nd 2019, binned up to 50s for visual clarity.
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For UV/Optical observations, we present two light curves from Swift UVOT in the B

and V bands, taken from Cameron et al. (2012), a light curve using the Transiting
Exoplanet Survey Satellite (TESS) from Burke et al. (2020), and an SDSS g′ band light
curve from the Zwicky Transient Facility using the ALeRCE ZTF explorer pipeline
(Masci et al., 2018).

We also present two new long term light curves in the SDSS g′ band from both the
Liverpool Telescope’s IO:O camera (Steele et al., 2004), the Las Cumbres Observatory
(LCOGT) McDonald Observatory’s Sinestro and Spectral cameras (Brown et al., 2013),
and the Zowada Observatory (Carr et al., 2022). These are supported by very a high
cadence 8 ks light curve taken with HiPERCAM (Dhillon and Marsh) on the Gran
Telscopio Canarias (GTC)1.

FIGURE 4.2: Swift UVOT light curve for NGC 4395 using data from Cameron et al.
(2012).

For the Cameron et al. (2012) UVOT data, the observations consisted of two halves,
the first of which shows an outburst for almost its entire length and the second of
which appears to show more standard variability. As we are interested here in linking
the long and short timescale variability, using an isolated outburst would not be
representative of the usual variability we see at that timescale. As such going forward
will be using only the second halves of the UVOT B and V light curves, these light
curves can be seen in Fig. 4.2.

As TESS’ light curve is a white filter, we modified its mean to match the Fractional
Variation seen in Liverpool Telescope’s data, as well as removing some outlier points.
The resultant light curve can be seen in Fig. 4.3.

In Fig. 4.4 the combined g′-band long-term light curves from Liverpool Telescope
IO:O, Las Cumbres Observatory’s Sinestro & Spectral, ZTF Palomar P48, and Zowada

1http://www.gtc.iac.es/
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FIGURE 4.3: TESS light curve for NGC 4395 using data from Burke et al. (2020) plotted
with its original flux and the one adjusted for LT’s Fractional Variation.

Observatory are plotted together. Due to seasonal breaks, the light curves are divided
into 3 ’epochs’ which will be referred to as such when it is relevant.

FIGURE 4.4: Long term SDSS g′ band light curve for NGC 4395 comprised of data
from Liverpool Telescope, Las Cumbres Observatory, Zowada Observatory, and the

Zwicky Transient Facility.

In Fig. 4.5 we show the g′-band light curve taken using HiPERCAM from the Gran
Telescopio Canarias (GTC), previously shown in Chapter 2. Due to effects described in
that paper with the telescope tracking later in the light curve, here we only use the
first 8 ks so these effects do not interfere with our PSD determination. We are mostly
interested in the very high frequencies with this light curve, so the shortening should
not have much of an effect on the PSD we retrieve.
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FIGURE 4.5: GTC HiPERCAM SDSS g’ band light curve.

4.4 Methodology

4.4.1 PSD Fitting

In order to create the power spectra from the light curves and fit them to a model, we
use PSRESP (Power Spectral RESPonse) developed by Philip Uttley in Uttley et al.
(2002), based on the ’response method’ described in Done et al. (1992).

This is necessary, as opposed to simply fitting the raw PSD naively to a power-law
model, mainly due to two effects. The first is red-noise leak which is where variability
on time scales longer than the length of the observation period leaks power into the
PSD, increasing the uncertainty in the shape of the measured power spectrum.

Secondly, as our light curves are sampled non-continously for limited periods, the data
point values are only representative of the flux during the period of observation, but
are used as values for an entire ’bin’. As it is unlikely in an object that varies as fast as
NGC 4395 for the flux to remain steady over this entire period (as indeed we see in our
high time-resolution light curves), this means that the flux values of our observations
will most likely not be representative of the true average across the entire bin.

What this means in practice is that for a discretely sampled light curve with time
intervals ∆τ, we can only measure the power spectrum up to the Nyquist frequency
νNyquist =

1
2∆τ and any extra power that exists at higher frequencies is redistributed to

lower frequencies. This effect is called ’aliasing’.

To confront these issues PSRESP uses a Monte Carlo method to predict the shape and
uncertainties in the PSD. To do this it first simulates continuous light curves with a
known true PSD shape and then applies the sampling pattern of the data to retrieve
the distorted PSDs. It then averages them to retrieve the mean shape of the distorted
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model PSD. The spread of the simulated PSDs around the mean can then be used to
determine the errors on the observed PSD.

This model average PSD P̄sim(ν) and the ’RMS error’ on the power at that frequency
∆P̄sim(ν), defined here as the RMS spread of model power around the mean, can be
used to determine a statistic χ2

dist such that

χ2
dist =

νmax

∑
νmin

(P̄sim(ν)− Pobs(ν))
2

∆P̄sim(ν)2 (4.1)

where νmin and νmax are the minimum and maximum frequencies measured by the
observed PSD Pobs(ν).

With this statistic it can then estimate a goodness of fit. To do this it first re-normalises
P̄sim(ν) to minimise χ2

dist. With this minimum χ2
dist, it then randomly samples a

number of the simulated PSDs (using all of them would be too computationally
intensive) to find an accurate estimate of χ2

dist’s distribution and then sorts them into
ascending order. The probability that the model can be rejected is then given by the
percentile of the simulated χ2

dist distribution above which χ2
dist exceeds that measured

for the observed PSD. Going forward a reference to the ’model probability’ (i.e. "the
best-fit model probability for these parameters is 0.57") will be referring to this value.

Comparing the confidence levels obtained from this method as we vary the input
model parameters then can give us the model whose parameters give us the highest
confidence, i.e. the best fitting model. The complete description of this method can be
found in Uttley et al. (2002).

For the data presented here, we will be using three particular models in our attempts
to fit the data.

The first is a simple unbroken power law, given by:

P(ν) = Aν−α + C (4.2)

where A is the normalisation, α is the slope, and C is the Poisson noise level of the
PSD.

The second is a bending power law, given by:
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P(ν) = Aν−αL

(

1 +
(

ν

νB

)αH−αL
)−1

+ C (4.3)

where νB is the bend frequency, and αH and αL are the high-frequency and
low-frequency slopes, respectively. As in the regimes of ν ≪ νB and ν ≫ νB the
equation simplifies so that it describes a power law with a slope of αL and αH,
respectively.

The third and final model is a double-bending power law, which following similar
logic to the single-bend power law is given by:

P(ν) = Aν−αL γ−1 + C (4.4)

with

γ =

[(

1 +
(

ν

νB1

)αM−αL
)(

1 +
(

ν

νB2

)αH−αM
)]

where αH, αM, and αL are the high-frequency, mid-frequency, and low-frequency
slopes. νB1 is the bend frequency between the low and mid-frequency slopes, and νB2

is the bend frequency between the mid and high-frequency slopes. In Section 5.5 we
will look at how appropriate each of these models is for our optical power spectra.

4.4.2 Synthetic Optical Light Curves

In addition to fitting the power spectra of the observed X-ray and Optical light curves
we are investigating, we are trying to determine whether the optical data can be
described as a consequence of the reverberation of the X-ray flux. Therefore it is useful
to see if we can reproduce the observed optical power spectrum from our actual X-ray
data.

In order to do this we need to do two things. First we need to simulate long-term
X-ray light curves from our ∼140ks observations in order to probe the low frequency
domain, and second we need to convert these simulated X-ray light curves into
simulated Optical light curves.
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4.4.2.1 Simulating Long-Term X-ray Light Curves

To create long-term X-ray light curves from our data, we use a Python simulation
created by Connolly (2015) using the method from Emmanoulopoulos et al. (2013).
The reason for the use of this method is that visual inspection of the X-ray light curves
of NGC 4395 shows they are non-Gaussian, but previous methods of light curve
simulation such as Timmer and König (1995) produce only Gaussian light curves.

This method takes in the observed light curve and initially fits its PSD to a
single-bending power law model. It then fits the PDF (Probability Density Function)
of the data fluxes to a combined lognormal and gamma distribution, a necessary step
as objects like AGN that exhibit ’burst-like’ behaviour in their X-ray light curves have
decidedly non-Gaussian PDFs, typically ones with long tails.

With these two fits the light curves this method produces reproduces both the exact
variability properties of the data, as the synthetic light curves follow the input power
spectrum, and the exact statistical properties of the data since it uses its PDF. A far
more comprehensive description of the algorithm this method uses is available in
Emmanoulopoulos et al. (2013).

As these light curves are generated from the PSD and PDF fits, there is no limit on
their length, and so once the code fits these models to the X-ray data, we can simulate
arbitrarily long light curves. In this case for computational reasons we generate 100
day long, 10 second binned X-ray light curves for each night. An example of a
simulated X-ray light curve is found in Fig. 4.6, this shows a 140ks sample of the full
light curve to show how it replicates the variability and statistical features of the real
data.

FIGURE 4.6: A 140ks sample of the simulated X-ray light curve using data from the
night of January 2nd 2019, binned up to 50s for visual clarity.
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4.4.2.2 Model Optical Light Curves from X-ray Simulations

Once we have these simulated X-ray light curves we must transform them into
simulated Optical light curves. To do this we use a similar method to Chapter 3 where
we take a model response function from KYNreverb (Kammoun et al., 2021a) and
convolve them with the simulated X-ray light curves. This will then generate a model
light curve comprised of X-ray flux reverberated by an accretion disc as modelled by
the code.

As our optical data is either g′-band (or calibrated to be), we use a g′-band response
function using the same input parameters as found in Chapter 3, which is to say zero
spin, 10Rg corona height, a colour correction factor, fcol, of 1.5, and an outer radius of
1500Rg. This synthetic g′-band light curve generated from the X-ray simulation is
found in Fig. 4.7, showing the same 140ks sample as Fig. 4.6.

FIGURE 4.7: A 140ks sample of the synthetic g′-band light curve created from the
simulated X-ray LC in Fig. 4.6, binned up to 50s for visual clarity.

4.5 Results & Analysis

4.5.1 Optical Data Power Spectra

When creating our combined optical PSD, we have our different light curves to cover
different frequency ranges. The HiPERCAM data covers the highest frequencies, from
a timescale of 15s down to a frequency of about 10−3.5 Hz. TESS covers the next
frequency range from about 10−3.5 to 10−6 Hz. In the next decade, we have the UVOT
light curves to cover this range, however we note that our individual epochs for our
combined LT/LCOGT/ZTF/Zowada light curves also cover this range, and so we
add them as individual epochs as well to cover this range more extensively.
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For the longest timescales we of course have our entire 3 epoch light curve, however
due to the large seasonal gaps it is not as simple to implement. So to cover the long
timescales we set the simulated sampling high to properly sample the data (0.3 days)
but have PSRESP then bin it up to 80 days so we get about 2 bins per season and hence
the sub-season timescales are above the Nyquist frequency, but all the high frequency
variability is still accounted for by the simulation. This then gives us some extra
long-term power in the frequency range 10−7 Hz down to around 10−8 Hz.

With this set up established we begin by inputting our optical light curves into PSRESP

and attempting to fit the combined PSD to a simple unbending power law as in Eq. 4.2
to see if it can be described by such a simple model. This fit is plotted in Fig. 4.8.

FIGURE 4.8: The optical power spectra from our data plotted with their best-fit model
PSDs as well as the best-fit underlying power law for an unbending power law model.

As can be seen both visually and from the low fit probability, an unbending power law
does not appear to be a good fit for our data, with the best fit only have an 0.11
probability with a slope of −1.7. In fact it can be seen from the plot that some form of
bending is required for our underlying power law to fit our data, which gives us
confidence that perhaps a bend will improve our fit.

Therefore to try and improve our fit, we apply a model with a bending power law as
in Eq. 4.3. The best-fit model for this is plotted in Fig. 4.9. As can be seen, the fit here is
far more appropriate than a straight power law, with a best-fit model probability of
0.66, and a fit that visually fits the data much better.

The model parameters suggest a bend around 3.8 × 10−6 Hz with a high frequency
slope of −2.1 and a low frequency slope of −1. This then seems to be a good fit for our
optical data, and indeed we should now be able to compare this to our synthetic data
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FIGURE 4.9: The optical power spectra from our data plotted with their best-fit model
PSDs as well as the best-fit underlying power law for a single-bend power law model.

to search for similar features which should be present if our optical data is created by
X-ray reverberation from the accretion disc.

4.5.2 X-ray and Synthetic Optical Power Spectra

Before we look at the synthetic g′-band light curves, we should look at the power
spectra made from the raw X-ray data. Fig. 4.10 shows these PSDs plotted with a
bending power law as a comparison to the fit found in Vaughan et al. (2005) and find a
low frequency slope and bend frequency within the error bars of the measurements
found in that paper, though the high frequency slope is slightly outside the errors. The
reason for the larger uncertainty in the high frequency slope is likely because the
Poisson noise level is high enough that it begins making a non-negligible effect at the
bend frequency, which means the error on the high frequency slope is likely
compounded with the error on the Poisson noise.

Having looked at the PSDs generated from the data, the next step before we generate
synthetic g′-band PSDs is to check that the simulated X-ray light curves generate PSDs
that are consistent with the data PSDs. Fig. 4.11 shows that the simulated power
spectra are indeed consistent with the data in the regimes where they overlap and are
therefore an accurate representation of the X-ray flux being reprocessed by the
accretion disc.

As can be seen from the X-ray PSDs, these nights are very consistent with one another
(as one would expect from the same object), in order to probe the largest frequency
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FIGURE 4.10: The 0.5-10keV x-ray power spectra from the XMM-Newton data plotted
with their best-fit model PSDs as well as the best-fit underlying power law for a single-

bend power law model.

FIGURE 4.11: The 0.5-10keV x-ray power spectra from the XMM-Newton data plotted
with the PSDs of those same nights’ simulated x-ray power spectra.
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range possible we want to use the longest and best time sampled light curve, and so
fitting to 4 different sets of the same light curve simply increases computational time
while giving the same result four times. As such here we simply fit the synthetic
g′-band from the night of January 2nd 2019, binned up to 500s and simulated over a
length of 10 days, to have the best chance of detecting the synthetic optical bend
without using an unnecessary amount of computing time.

FIGURE 4.12: The synthetic g′-band PSD from the XMM-Newton night 4 data plotted
with its best-fit model PSD as well as the best-fit underlying power law for a bending
power law model. This plot uses the same axis limits as the optical data PSD for ease

of comparison.

Fig. 4.12 shows that, unlike our optical data, a clear bend is seen ∼10−4 Hz with both a
very steep high frequency slope and a very flat low frequency slope. This is
problematic as it would seem our data is inconsistent with reprocessing if it does not
also exhibit this feature. However one possibility is that this feature does in fact exist
in our data, and that the bend we detect at a frequency of ∼10−6 Hz is instead caused
by longer-term trends than reprocessing.

4.5.3 Testing for double-bend compatibility

To test this hypothesis we will do two things. First we will try to fit our optical data to
a double-bending power law as in Eq. 4.4, with a high frequency second bend around
best-fit bend frequency for the simulation, to test if this is a viable model for our data.

In Fig. 4.13 it can be seen that this model does in fact fit our data well with bend
frequencies around 10−6 Hz and 10−4 Hz, and the highest frequency slope very close
to the simulated high frequency slope, exactly as we would expect if there was a
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higher frequency reprocessing bend. In fact the fit is actually better than for a single
bend, though admittedly only by a single percentage point. However this does indeed
show that this double-bend in the power law is represented in the data, the question is
then how does the reprocessed X-ray flux gain its lower frequency bend.

FIGURE 4.13: The optical power spectra from our data plotted with their best-fit model
PSDs as well as the best-fit underlying power law for a double-bending power law

model.

The second is to test whether the simulated light curves can be compatible with the fit
from the data is a longer-term component is added to them. This long term
component will be added in the form of a light curve simulated using the Timmer and
König (1995) method for a simple power law with a bend at 10−6 Hz, a high frequency
slope of −2, and a low frequency slope of −1. The simulated light curve is displayed
in Fig. 4.14. The exact scaling between these light curves is unknown, so we will
experiment to see if any combination is possible.

After some experimentation, it seems as if a factor of ∼10 is needed on the Timmer
and König (1995) simulated light curve in order to lift the mid frequency slope high
enough to be compatible with our data. It should be noted however that this is very
much an estimate as this test is to check if the simulation is at all compatible to our
data, rather than making any claims as the nature of this long-term component, if it
exists.

We then attempt to fit the PSD of our synthetic g′-band light curve additively
combined with the Timmer and König (1995) simulated light curve that has been
scaled up by a factor of 10. To do this, we apply the double-bending power law model
that we applied to our data, and due to the PSD of our 10 day simulation not going to
low enough frequency to accurately measure νB1 or αL, we fix these values at 10−6 Hz
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FIGURE 4.14: Simulated 10 day light curve using the Timmer and König (1995) method
with an input bending power law with bend frequency 10−6, high frequency slope -2,

and low frequency slope -1.

and 0.8, respectively. The reason for the value of νB1 is that it is where we define a low
frequency by using the PSD we did to generate the long-term variability simulated
light curve, and the reason for the value of αL is that it is what our data is best-fit to,
and this test is to determine compatibility with the data.

FIGURE 4.15: The power spectra from our synthetic g′-band light curve plus 10× the
Timmer and König (1995) simulated light curve plotted with its best-fit model PSD
as well as the best-fit underlying power law for a double-bending power law model.

This plot uses the same axis limits as the optical data PSD for ease of comparison.

Fig. 4.15 shows that in fact this combination of simulated light curves do have a power
spectrum that can indeed be described by a double-bending power law. The fit almost
exactly reproduces the mid frequency slope, though the high frequency slope is
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slightly steeper than the optical data fit would suggest. However as previously
mentioned, as this slope occurs entirely within a Poisson noise dominated part of the
optical data’s power spectrum, the sensitivity required in measuring the noise means
that the high frequency slope detected in the best fit could change a large amount for a
small change in the measurement of the noise.

It seems then that the optical variability of NGC 4395 can be described by a power
spectrum which would seem to originate from both X-ray reverberation and a
long-timescale varying component. A possibility exists, of course, that there is no
reverberation and that the real optical PSD has some completely unrelated physical
origin. However many previous measurements of X-ray to optical lags, including our
own in Chapter 3, seem to indicate a causal link between X-ray variability and optical
variability that is consistent with the process of reverberation. Therefore it is very
likely that reverberation does indeed contribute, and that the real PSD is being
modified by some additional physical process to produce the power spectrum we see
in the data.

4.6 Conclusions

In investigating the variability properties of NGC 4395, we presented four ∼117 ks
X-ray light curves from XMM-Newton ’s EPIC pn camera previously shown in Chapter
3. In addition I showed multiple optical light curves at different timescales, two Swift

UVOT light curves from Cameron et al. (2012) in the B and V bands, a white light
curve taken from TESS and used previously in Burke et al. (2020), and a very high
cadence g′-band light curve from HiPERCAM (Dhillon and Marsh), previously shown
in Chapter 2.

To support these I also presented very long-timescale g′-band observations using a
combination of Liverpool Telescope’s IO:O (Steele et al., 2004), LCOGT’s Sinestro and
Spectral cameras (Brown et al., 2013), ZTF’s Palomar P48 (Masci et al., 2018), and data
from the Zowada Observatory Carr et al. (2022). From there we made power spectra
of all these light curves to create an overall optical power spectrum for NGC 4395
spanning nearly 8 decades. This then allowed us to attempt to fit several power law
models to our data using PSRESP (Uttley et al., 2002). A straight power law, shown in
Eq. 4.2 and a power law with a single gentle bend, shown in Eq. 4.3. We discovered
that a straight power law gave a very poor model probability of 0.11, while the power
law with a single bend at ∼10−6 Hz gave a very good model probability of 0.66. To
test how well the data can be described by reverberation of its X-ray flux, we then
attempted to create a synthetic g′-band light curve using the convolution of the X-ray
light curves and a response function generated from the KYNreverb simulation
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(Kammoun et al., 2021a) which had previously been shown to create a model lag
spectrum compatible with the lags detected by the data (Chapter 3).

However, our X-ray observations were too short to make a good comparison, so we
had to simulate longer X-ray light curves using the method in Emmanoulopoulos
et al. (2013). This method allowed us to simulate the non-Gaussian behaviour of the
object by fitting both the PSD and the PDF of the data. This allowed us to create 10
day light curves which we then convolved with the response functions to create 10
day synthetic g′-band light curves. Despite ensuring that the X-ray PSDs of the
simulations were consistent with the X-ray data, the optical PSDs retrieved from our
synthetic g′-band light curves were not compatible with our optical data, detecting a
bend two decades above the data bend frequency. Therefore we hypothesised that our
data could be described as a combination of reverberation and another long-term
process, which would lead to two bends, one at the lower frequency we detected with
our single-bend model, and one at the higher frequency where the reverberated
simulations detected a bend. To test this we fit a double-bending power law model to
the data and found a model probability of 0.67, comparable and even slightly better
than our single-bend detection, for bends at 0.8×10−6 Hz and 1.7×10−4 Hz,
suggesting that the data can indeed be described by a double-bending power law.
With the establishment that our data could be described by a double-bending power
law, we then tested our hypothesis by generating a light curve with long-term
variations using the method of Timmer and König (1995) and a power spectrum with
a bend at 1×10−6 Hz and adding it to our synthetic g′-band light curve. As the ratio of
the two fluxes is unknown, we simply tested several ratios and found that the
long-term light curves with a scaling factor of ∼10× lifted the mid frequency slope
enough to be possibly compatible with our data.

We then fit the PSD of this combination light curve to a double-bending power law,
with the low frequency bend fixed at 1×10−6 Hz as we had established that by the
nature of our simulation, and the low frequency slope fixed at our data’s best-fit slope
of 0.8, as our simulation did not sample low enough frequencies to accurately measure
that slope itself. The model found a good fit probability of 0.68 for the double bending
model with mid frequency slope reproducing a similar slope to the one detected by
the data, though the high frequency slope was steeper. This could be because our
data’s high frequency slope measurement is dependent on the precise measurement of
the Poisson noise, and even a small deviation could create a larger deviation in the
detected slope. These fits then indicate that the optical variability of NGC 4395 can be
described by a reverberation of its X-ray flux combined with another source of
long-term variability. The physical origin of this long-term variability is unknown. It
could be intrinsic disc variability as the reprocessed flux is both a product of the
corona and of the disc, however more conclusive answers should be tested in future
investigations to determine the origin of this variability component.
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Chapter 5

Timescale-dependent X-ray to UV

time lags of NGC 4593

5.1 Abstract

In this chapter, I will investigate the X-ray to UV lags from the AGN NGC 4593 using
simultaneous observations from XMM-Newton , Swift , & AstroSat , and discuss the
possible implications of timescale-dependent lag measurements in X-ray
reverberation.

5.2 Introduction

Understanding the inner structures of AGN is one of the main aims of extragalactic
research. However in almost all cases, the AGN are too small to resolve by direct
imaging and so other techniques must be used. One particularly useful technique is
’reverberation mapping’ (Blandford and McKee, 1982) where we measure the time
lags between the X-ray emission and that in longer wavelength UV and optical
wavebands. The assumption is that the X-rays originate from around the central
supermassive black hole (SMBH) and illuminate the surrounding material, principally
the accretion disc and broad line region (BLR) gas. These structures reprocess the
X-rays and re-emit at longer UV/optical wavelengths.

In the absence of external illumination, the accretion disc will have a radial
temperature profile which depends on its mass, spin and accretion rate and is given
by Shakura and Sunyaev (1973) or, with relativistic corrections, by Novikov and
Thorne (1973). X-ray illumination increases the temperature and boosts the emission.
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However unless the X-ray illumination on unit area of the disc is comparable to the
intrinsic black body emission from the disc, which almost never happens, the centroid
of emission at any particular wavelength only moves inwards by a per cent or two.
Thus the X-ray to UV/optical lags can be used to map out the temperature structure of
the disc. For the BLR both UV/optical line and continuum emission is produced
(Korista and Goad, 2001, 2019), with peaks in the u-band due to the Balmer continuum
and in the i-band due to the Paschen continuum. The u and i-band lags produced by
the BLR are longer than for those produced by the accretion disc as the BLR lies
further from the SMBH.

There have now been many studies of correlated X-ray and UV/optical variability.
Early studies combined X-ray observations from RXTE with ground based optical
observations (e.g. Uttley et al., 2003; Suganuma et al., 2006; Arévalo et al., 2009; Breedt
et al., 2009, 2010). These studies typically showed that the X-rays led the optical by
about one day, consistent with reprocessing, but with large uncertainty (∼0.5 d) and
without sufficient wavelength detail to map out the temperature structure of the
reprocessor.

Later studies, based around X-ray/UV/optical monitoring with Swift provided much
greater wavelength coverage (e.g. Cameron et al., 2012; Shappee et al., 2014; McHardy
et al., 2014; Edelson et al., 2015; McHardy et al., 2018; Cackett et al., 2018; Edelson
et al., 2019; Vincentelli et al., 2021, 2022), broadly confirming reprocessing from both
disc and BLR. However a number of problems with the simple reprocessing scenario
emerged. Here we concentrate on just one of these problems, which we shall call ’the
timescale problem’, i.e. the fact that the lag that is measured depends on what the time
resolution of the data and whether you have removed long timescale trends or not.
This problem is particularly apparent between the X-ray and far-UV bands.

Here it has been noted, since the earliest Swift papers (e.g. Shappee et al., 2014), that
although a lag spectrum of the form lag ∝ λ4/3, expected from reprocessing from an
accretion disc (e.g. Cackett et al., 2007), was usually a good fit to the lags throughout
the UV and optical bands, the extrapolation of that fit back to the X-ray band (i.e. ∼2
Å) predicted an X-ray to UV lag which was a good deal smaller than the one that was
actually observed (see also summary in McHardy et al. (2018)). Thus the lag spectrum
is usually steeper between the X-rays and far-UV than between the UV and optical
bands.

A variety of solutions have been proposed, including that the X-rays are scattered
through an inflated inner edge of the disc, thus introducing an additional delay, before
emerging as far-UV photons which then illuminate the outer disc Gardner and Done
(2017). Alternatively, including a more distant reprocessor than the disc, i.e. the BLR,
can produce the additional lag in some cases (McHardy et al., 2018). It has also
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recently been shown (McHardy et al., 2022) that an accretion disc, truncated at the
dust sublimation radius, can explain a steeper X-ray to far-UV lag spectrum.

Early on McHardy et al. (2014) it was noted that if the lightcurves were filtered to
remove long timescale trends, the X-ray to UV lags derived from the resultant
de-trended lightcurves were quite consistent with an extrapolation of the lags within
the UV/optical bands back to the X-ray band. Long timescale trends are more
apparent in the UV/optical bands than in the X-rays and indicate a second source of
slower variations which affects the UV/optical bands but has less effect in the X-ray
band. This second source of variability could be accretion rate variations propagating
inwards through the disc (Arévalo et al., 2009; Breedt et al., 2009).

Further examples of how the X-ray to far-UV lag is reduced by the removal of long
term trends are given in the case of NGC 4593, the source discussed in the present
report, by McHardy et al. (2018) and also, for NGC 7469, by Pahari et al. (2020). The
latter case is particularly dramatic. From a month or so of almost continuous X-ray
observations with RXTE and UV observations by IUE, Nandra et al. (1998) had shown
that, in the original, non-detrended lightcurves, the UV led the X-rays by about 4 days,
which is entirely contrary to the expectations of X-ray reprocessing. However after
removing only the longer timescales (>5 d), Pahari et al. (2020) showed that the
far-UV lagged behind the X-rays by 0.37 d and that the longer wavelength UV lagged
the short wavelength by similarly short amounts.

Overall, the lag results were entirely consistent with reprocessing from an accretion
disc. Thus the reprocessing signal was present but had been hidden by the second
source of variations. Welsh (1999) provides a detailed analysis of the errors that can
occur when measuring lags from cross-correlation functions if long timescale trends
are not removed. Care, of course, must be taken not to filter out timescales of interest.
It is noted, entirely predictably, by McHardy et al. (2018) that the measured lags
decrease as the timescale of filtering decreases. Thus signals of reprocessing from the
BLR, which can be seen in the tails to longer timescales in the MEMecho (Horne et al.,
2004) UV and optical response functions of NGC 4593 (McHardy et al., 2018), may be
filtered out with over-vigorous filtering.

The analysis described above is important because, if the lags are consistent with
simple disc reprocessing, it shows that the accretion disc must be directly visible,
without obscuration, to at least part of the X-ray emission region. Thus the inner disc
cannot be too highly inflated, and remain optically thick to X-rays.

NGC 4593 is one of the brightest Seyfert galaxies in the sky and has been subject to
intense monitoring with Swift (McHardy et al., 2018) and HST (Cackett et al., 2018).
Whilst the lags between the various UV and optical bands were more or less in
agreement with simple disc reprocessing, the observed lag between the X-rays and the
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shortest wavelength UV band, i.e. UVW2 (1920 Å) was ∼66 ks compared to the model
lag based on reprocessing from the accretion disc of ∼8 ks. This difference causes a big
problem for simple disc reprocessing models although it was shown that it was
possible to reproduce the observed UV/optical lightcurves from the observed X-ray
lightcurve as long as the reprocessor had long tail, probably consistent with additional
reprocessing from the BLR.

FIGURE 5.1: The Optical Spectrum of NGC 4593. From Kollatschny and Fricke (1985).

If we look at the optical spectrum for NGC 4593, as in Fig. 5.1, we can see that unlike
the spectrum of NGC 4395 in Chapter 2, we in fact do see very Doppler Broadened
lines. This then supports the idea that the emission of this AGN has a strong BLR
component.

The range of lags which is accessible depends on the frequency of sampling. Swift

observed NGC 4593 almost every orbit (96 min) for 6.4 d from 2016 July 13 to 18 and
thereafter every second orbit for a further 16.2 d. Each observation totalled
approximately 1 ks although observations were often split into two, or sometimes
more, visits. Whilst the sampling rate for the first 6 d is very good by Swift standards,
the observations were far from continuous, limiting our coverage of short timescale
variations.

However, during the 6.4 d of intensive Swift observations, we were able to arrange a
continuous 140 ks (1.6 d) observation with XMM-Newton , providing continuous X-ray
coverage and also continuous UV coverage (2910Å), using the Optical Monitor in Fast
Mode. These observations provide superb coverage of short timescale variability. We
also observed for ∼4 of the 6.4 d period with AstroSat , providing additional X-ray
coverage and also coverage in two further UV bands. In this report we re-examine the
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lags between the X-ray and UV emission in NGC 4593 (Section 5.5.1) in the light of
this additional data and by re-examining the Swift data. We find that the measured lag
does indeed depend very significantly on the data and the timescales available for
investigation within that data. We conclude by fitting disc reprocessing models to the
measured lags (Section 5.5.4), including testing for whether a truncated disc is
necessary to explain the lags.

5.3 Observations

5.3.1 XMM-Newton Observations

NGC 4593 was observed continuously by XMM-Newton for one orbit of 140ks
duration. The EPIC PN X-ray camera observed in small window mode and the
Optical Monitor (OM) observed in Fast Mode with the UVW1 (λe f f = 2910Å) filter.
The advantage of Fast Mode is that readout is continuous with a 500ms integration
time which can be binned up as required.

In Imaging Mode the shortest integration time is 800s with 300s gap for readout. A
potential disadvantage of Fast Mode is that the target must be fully located within the
10×10 arcsec detector window. However images of the window can be made with
longer integrations and, in our case, the target remained fully located within the
window.

XMM-Newton data reduction is done using the ESA Science Analysis System (SAS).
From the Observation Data Format (ODF) files, SAS can generate photon event files
from which we obtain light curves for the PN and OM. Initially we chose 100s bins,
which we later increased.

In addition we ran the light curves through a filter to remove outliers more than 3σ

from nearby points, particularly a large flare in the OM that was not replicated in the
X-rays, and a large flare in the X-rays that was not filtered out by the SAS pipeline’s
filtering process.

The 0.5-10 keV X-ray and UVW1 light curves, binned to 400s and 1ks respectively, are
shown in Fig. 5.2. By eye it can be seen that both light curves have a similar shape but
the variations are not simultaneous. For all light curves used in this paper we take the
start of the XMM-Newton light curves as the time zero point.
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FIGURE 5.2: XMM-Newton EPIC pn 0.5-10keV X-ray light curve for NGC 4593, binned
to 400s, and the XMM-Newton OM UVW1 light curve for NGC 4593, binned to 1000s.

5.3.2 Swift Observations

We use the Swift data that has already been published by McHardy et al. (2018), to
whom we refer for observational details. The timing information which is relevant to
the present paper is that NGC 4593 was observed for 1 ks nearly every orbit (96 min)
from 13 to 18 July 2016 (6.4 days) and every 3 orbits for another 16.2 days. These
observations are made using the X-ray Telescope (XRT) in the 0.5-10 keV band and the
UV and Optical Telescope (UVOT) in 3 UV (UVW2, UVM2, and UVW1) and 3 optical
(U, B, and V) filters. The effective wavelengths for the 6 UVOT bands in the same
order as above are 1928Å, 2246Å, 2600Å, 3465Å, 4392Å, and 5468Å. For comparison
with the XMM-Newton OM data the most relevant UVOT filter here is UVW1.

The Swift X-ray and UVW1 light curves are shown in Fig. 5.3.

5.3.3 AstroSat Observations

AstroSat observed NGC 4593 from 14 to 18 July 2016 (4.13 days). Observations were
made using the Soft X-ray Telescope (SXT Singh et al., 2016, 2017) in the 0.3-7 keV
X-rays and the two cameras of the Ultra-Violet Imaging Telescope (UVIT; Tandon et al.
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FIGURE 5.3: Swift XRT 0.5-10keV X-ray and UVOT UVW1 light curves for NGC 4593.

(2017), Tandon et al. (2020)) in the near and far UV. The filters used were the FUV BaF2
filter (λe f f =1541Å) and the NUV B4 filter (λe f f =2632Å). Note that though SXT’s
designed energy range is 0.3-8keV, an instrumental background line at ∼7.3keV
reduces the useful bandwidth.

AstroSat has a similar low-earth orbit to Swift . Although it observed NGC 4593
continuously, earth occultation reduced the on-source time to ∼ 1000 − 1500s per
orbit, leaving gaps of ∼ 4000s. Here we binned each observing section into one data
point giving a light curve with accurately timed data points and ∼ 5600s sampling.

This AstroSat data will also be shown by Kumari et al. (2022, in prep). The light curves
for the binned X-ray, FUV BaF2 and NUV B4 are shown in Fig. 5.4.
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FIGURE 5.4: AstroSat SXT 0.3-7keV X-ray, UVIT FUV BaF2, and UVIT NUVB4 light
curves for NGC 4593.

5.4 Lag Determination

We determined lags using the Flux Randomisation (FR) Cross-Correlation Function
(CCF) method of Peterson et al. (1998). We did not add Random Subset Selection (RSS)
as it does not use the full datasets and hence artificially increases the uncertainties.
However the central lag measurements do not change if RSS is added.

Another common method of lag determination is the Damped Random Walk
modelling method of JAVELIN (Zu et al., 2013). However with only one large
variation visible in the XMM-Newton observations, the light curves are too short for
JAVELIN to produce a sensible result. Thus although JAVELIN produces more precise
lags, here we use only FR CCF method.
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5.5 Results and Analysis

5.5.1 XMM-Newton Lag Results

The FR CCF lag distribution between the PN X-ray and OM UVW1 lightcurves is
shown in Fig. 5.5. This clean distribution has no secondary peaks and gives a centroid
lag value of 29.5 ± 1.3 ks.

FIGURE 5.5: XMM-Newton EPIC pn to OM UVW1 Lag Distribution determined from
our FR CCF trials, with a centroid lag of 29.5 ± 1.3 ks.

As reassurance that this lag is correct and not a result of a strange artefact in one or
both of the light curves, in Fig. 5.6 we plot the X-ray light curve (in red) with the
UVW1 light curve (in blue), scaled to the same amplitude of variability and shifted
back by 29.5 ks, superposed. We can see visually that there is good agreement
between the two light curves.

5.5.2 Swift Lag Results

5.5.2.1 Reanalysis of CCF lags

Comparing the above newly determined lag to that found in McHardy et al. (2018),
we see that there is a large disparity. The value of ∼30ks determined from the
XMM-Newton data is less than half than that determined from the Swift data (∼60ks).
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FIGURE 5.6: XMM-Newton X-ray PN 0.5-10keV light curve with OM UVW1 light curve
shifted by the XMM-Newton (blue) and Swift (red) determined lag values.

The XMM-Newton X-ray data has a much higher S/N than that from Swift , with a
mean count rate > 10× higher. Although Swift observed over a longer period (see
Sec. 5.3), the observations, unlike with XMM-Newton , were not continuous. Thus the
XMM-Newton provides much better temporal sampling of short-timescale variability
than Swift . However it is hard to see why the improved sampling should have quite
such a large effect so we reexamined the Swift data to see if we could discover the
answer.

Upon performing the same FR CCF lag determination for the Swift XRT and UVOT
UVW1 we discovered a similar lag to the one in McHardy et al. (2018), i.e. ∼60 ks. If
we also shift the OM data back by this amount (Fig. 5.6) we can see that this lag does
not fit our XMM-Newton data at all.

However upon examining the Swift lag distribution, it is clear that it’s bimodal,
showing one peak around 30 ks and another around 70 ks (Fig. 5.7). By fitting a
convolution of two asymmetric, decaying gaussian functions to this bimodal
distribution using scipy’s curve_fit, we can then disentangle them to retrieve the lags
for each peak.

The lags we retrieve from these disentangled distributions are 27.0 ± 8.2 ks and 68.0 ±
10.3 ks.

The mean level of X-ray light curve does not change noticeably over the period of the
observations but the mean UV level decreases. To test the idea that there are actually
two lags within the Swift data, we produce a smoothed UV light curve which we then
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FIGURE 5.7: Swift XRT 0.5-10keV to UVOT UVW1 raw lightcurve Cross Correlation
Lag Distribution with disentangled peaks.

subtract from the original light curve to produce a detrended light curve. We can then
measure lags using both the smoothed and detrended UV light curves.

5.5.2.2 Detrending with LOWESS

To do the smoothing we use a method called Locally Weighted Scatterplot Smoothing
(LOWESS), which is a non-parametric regression fitting technique and which we used
successfully previously (Pahari et al., 2020). We use the Python module statsmodels

lowess function. The main input of this function, other than the data itself, is the
fraction of the light curve the function will smooth along. Using a very small
smoothing fraction will, after detrending, leave only very short-timescale variations.
Thus this fraction should be significantly larger than any timescales of interest.

Our total light curve length is ∼22 days and the lags seen in the original lightcurves
are on the order of a day so we investigated the effect of various smoothing timescales
longer than a few days.

In the left and right panels of Fig 5.8 we show the lag distributions between the
un-detrended Swift X-ray lightcurve and the detrended UVOT lightcurve after
detrending with 2.5d and 7.5d timescales respectively. The 7.5d timescale still leaves a
large residue of the longer peak. The 2.5d detrending timescale shows a messy
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distribution, as the detrending is beginning to remove short-term lag features and
therefore reducing the confidence of the lag determination, as we are approaching the
timescale of the lags themselves. The resulting lag measurements for different
detrending timescales are plotted in Fig. 5.9.

FIGURE 5.8: Cross Correlation Lag distributions from Swift un-detrended XRT 0.5-
10keV to UVOT UVW1 detrended with 2.5-day (left) and 7.5-day (right) Lowess

smoothing timescales.

FIGURE 5.9: Lag Determinations vs Lowess Smoothing Fraction for the Swift UVOT
lightcurves.
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The trend in the UV is larger than in the X-rays and detrending also in the X-rays has
usually had little extra effect on the lags. However to check whether detrending the
X-rays as well as the UVOT has any effect on the lags here we detrend both bands
with a 5d smoothing timescale. The resultant lag distribution is shown in Fig. 5.10, left
panel, giving a lag of 23.8 ± 21.2ks, which is almost identical to that where only the
UVOT was detrended.

FIGURE 5.10: Cross Correlation Lag Distributions from Swift XRT 0.5-10keV to
UVOT UVW1 where both lightcurves have been 5-day Lowess Detrended (left) and

Smoothed (right), respectively.

To determine whether the longer (68ks) lag found in the raw, un-detrended UVOT and
X-ray lightcurves (Fig. 5.7) might result from the slower variations which we have
subtracted from the detrended lightcurves, we performed a lag measurement using
the smoothed X-ray and smoothed UVW1 light curves. The detrended and smoothed
UVOT lightcurves are show in Fig. 5.11 and the lag distribution is shown in Fig. 5.10,
right panel. The resultant lag is 99.1 ± 17.2ks, but with no sign of a peak in the 20-30
ks range. This lag probably represents the longer lag seen in the full light curves.

5.5.2.3 Testing alternate explanations

To check whether the different lags were the result of energy dependent lag
components, we carried out the above detrending analysis separately on the soft
(0.5-2keV) and hard (2-10keV) Swift light curves but found the same result.

In addition to check that the two peaks are not related to the sampling pattern, e.g.
with the initial high sampling intensity period of 6.4 days producing a short lag and
the remaining 16.2d of lower intensity sampling producing a longer lag, we carried
out a separate lag analysis for both periods (Fig. 5.12). Both peaks are present in both
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FIGURE 5.11: Swift UVOT UVW1 5-day Lowess Detrended and Smoothed Light
Curves.

sections although the reduction in data leads to messier distributions. This analysis
shows that the Swift data does contain a short lag consistent with that seen in the
XMM data. There is a small caveat that although the Swift UVOT and XMM OM are
very similar instruments with similar filters, there has been some loss of UV
throughput in the OM. This loss has resulted in the central wavelength of the UVW1
filter now being ∼2910Å whereas that of Swift is ∼2600Å. This small wavelength
difference may result in a similarly small lag difference. However the uncertainty in
the Swift lag is too large for us to detect that difference.

To check whether the bimodal lags from the raw light curves were a result of stray
points resulting from minor irregularities in the data reduction process, we compared
these light curves, generated with an in-house University of Southampton pipeline for
McHardy et al. (2018), to lightcurves from the same observation period generated with
the University of Leicester’s online product builder 1. The lag distributions we
determined for these regenerated light curves were identical to those found with our
in-house light curves for both the raw, detrended, and smoothed light curves,
showing that the distributions we detect are therefore not the result of any issue in the
reduction process.

1https://www.swift.ac.uk/user_objects/index.php
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FIGURE 5.12: Swift XRT 0.5-10keV to UVOT UVW1 High Intensity Half only (left) and
Low Intensity Half (right) CCF Lag Distributions.

FIGURE 5.13: Swift XRT 0.5-10keV and UVOT UVW1 plotted along with the XMM-
Newton EPIC pn and OM UVW1 light curves.
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FIGURE 5.14: Swift XRT 0.5-10keV to XMM-Newton OM UVW1 Cross Correlation Time
Lag.

The Swift observation period overlaps entirely with that of XMM. The XMM and Swift

X-ray and UV light curves are plotted together in Fig. 5.13, showing good agreement,
particularly in the X-rays where S/N is greatest. The much better sampling of the
XMM data in both bands is apparent.

As a check, we can perform a lag analysis of the Swift XRT light curve with the XMM
OM. The resulting lag distribution is shown in Fig. 5.14 and the measured lag is 23.3 ±
3.2 ks with no other peaks at larger lags. This lag is very similar to that provided by
both the XMM data on its own and by the detrended Swift data. This result implies
that the detrended Swift lag correctly represents the true lag that would be measured
in short, well sampled, light curves.

5.5.3 AstroSat Lag Results

As a further diagnostic of the short timescale lags we can use another overlapping
light curve set from AstroSat .

The central wavelengths of the AstroSat NUV B4 and FUV BaF2 filters are 2632Å and
1541Å respectively. The central wavelength of the NUV filter is similar to that of the
Swift UVOT UVW1 filter. In Fig. 5.15 we compare the AstroSat SXT, FUV and NUV
lightcurves with the X-ray and UVW1 lightcurves from XMM. As with Swift , the
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FIGURE 5.15: AstroSat SXT 0.3-7keV, FUV BaF2, and NUVB4 plotted along with the
XMM-Newton EPIC pn and OM UVW1 light curves.

AstroSat sampling does not match that of XMM but similar broad features are visible
in both the X-ray and UV lightcurves.

We begin to measure the lags using the original, un-detrended data. Here in Fig. 5.16
the lag distribution of SXT to FUV shows a larger lag than would be expected for its
short central wavelength. On the right of the same figure, we determine the FUV lag
relative to the XMM-Newton EPIC pn X-rays and similarly find a larger than expected
main lag.

If we look at the FUV data points overlaid onto the SXT data, we can see from the top
panel of Fig. 5.17 that the FUV visually appears to be compatible with a small lag.
Additionally it can be seen from the bottom panel that applying the 33ks lag detected
from the raw lightcurves (Fig. 5.16, left panel) to the FUV light curve is larger and
does not visually align the light curves.
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FIGURE 5.16: AstroSat SXT 0.3-7keV to UVIT FUV BaF2 (left) and XMM EPIC pn 0.5-
10keV to UVIT FUV BaF2 (right) Cross Correlation Time Lags.

FIGURE 5.17: AstroSat SXT 0.3-7keV plotted with UVIT FUV BaF2 (top) and SXT 0.3-
7keV plotted with UVIT FUV BaF2 shifted by -33ks (bottom) light curves.
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Therefore with the evidence of long-timescale trends found in the Swift light curves,
we can apply a LOWESS detrending to see if it alters the FUV lags. In this case,
though the light curve is shorter than Swift , variability power can still ’leak’ into a
light curve if there is variability on timescales longer than the length of our
observation (Deeter and Boynton (1982)), which according to our Swift observations
there appears to be. In this case then we can perform a LOWESS detrending over the
entire length of the light curve. Though the light curve is only ∼4 days long, it can be
seen in Fig. 5.9 that even an averaging window down to 2.5 days does not change the
result much as it is still a timescale an order of magnitude larger than our expected
lags, therefore a much larger 4 day smoothing should be sufficient for our detrending.

FIGURE 5.18: AstroSat UVIT FUV BaF2 4-day Lowess Detrended and Smoothed Light
Curves.

In Fig. 5.18 the results of the detrending can be seen. Note that this detrending detects
a very similar trend to the Swift over the equivalent time period, giving more
confidence that the trend being removed is physically real.

We note that we for the NUV B4 lag distributions, the lags we detect appear to be
consistent with the rest of the lag spectrum with regards to their wavelength and
Lowess detrending does not affect the detected lag. We speculate that a reason for this
could be that as the NUV is a longer wavelength band, the damping effects we see at
larger responding wavelengths have reduced the magnitude of the long-term
contribution. This can be visually seen in the light curves, as the trend on the first
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150ks of the FUV light curve results in an overall flux decrease of ∼18%, whereas in
the equivalent period of NUV the decrease appears to only be ∼8% of the flux.
Though NUV is approximately the same wavelength as Swift ’s UVW1, the light curve
is far shorter than the Swift light curve and thus the lag determination may not be
sensitive enough to detect the long-term variability’s effect in such a short light curve
at this waveband, which would be consistent with what we see in the even-shorter
XMM-Newton UVW1 light curves.

Therefore, the lag distributions between the AstroSat SXT 0.3-7keV X-rays & the
Lowess-Detrended FUV, and between the SXT 0.3-7keV X-rays & the NUV are shown
in Fig. 5.19, finding lags of 23.0 ± 4.9 ks and 34.2 ± 9.0 ks, respectively. This FUV lag is
slightly longer than might be expected for its wavelength, but as we will examine in
Section 5.5.4, there may be other factors than disc reverberation in NGC 4593. It is also
noted that the FUV shows physical similarities to the Swift UVW2 light curve, which
also shows similar lag taken relative to UVW1’s lag, so this result is consistent with
the appearance of the light curve. The NUV lag is in agreement with the short
timescale lags found with Swift and XMM-Newton .

FIGURE 5.19: AstroSat SXT 0.3-7keV to Lowess-Detrended UVIT FUV BaF2 (left) and
SXT 0.3-7keV to UVIT NUVB4 (right) Cross Correlation Time Lags.

We also measure the lags of the Lowess-Detrended FUV and the NUV relative to the
high-intensity XMM EPIC pn X-rays. These lags produce the distributions found in
Fig. 5.20, reporting lags of 24.1 ± 5.8 ks and 35.5 ± 7.2 ks, for the Lowess-Detrended
FUV and the NUV respectively. Both of these lags are consistent with their SXT
counterparts within the uncertainties and considering the differences in sampling
patterns.

Finally, we can calculate the lag between the AstroSat SXT and the XMM OM UVW1
light curve. The lag distribution is shown in Fig. 5.21. The measured lag is 28.5 ± 2.9
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FIGURE 5.20: XMM-Newton EPIC pn 0.5-10keV to AstroSat Lowess-Detrended UVIT
FUV BaF2 (left) and EPIC pn 0.5-10keV to UVIT NUVB4 (right) Cross Correlation Time

Lags.

ks which agrees with all of the previous lags derived from short datasets, adding
further confirmation to the conclusion that, if measured from short lightcurves or with
long timescale trends removed, the lag between the X-rays and UVW1 wavelengths is
around 20-30 ks.

FIGURE 5.21: AstroSat SXT 0.3-7keV to XMM OM UVW1 Cross Correlation Time Lag.
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5.5.4 Model Lag Spectra

To test whether the lags measured here are consistent with reprocessing of X-rays
directly by a surrounding accretion disc we compare the lag measurements to model
predictions. Here we use the analytic model approximation given by Kammoun et al.
(2021a), which is derived from the simulation code KYNreverb, developed by
Dovčiak2. We assume a coronal lamp-post height of 6 gravitational radii, consistent
with that found from X-ray reverberation mapping (Emmanoulopoulos et al., 2014;
Cackett et al., 2014) and microlensing (Dai et al., 2009; Mosquera et al., 2013), a mass of
7.63 × 106 M⊙ and an accretion rate in Eddington units of 8.1% as listed in Table 3 of
McHardy et al. (2018). From the same source we also derive an illuminating 2-10keV
luminosity of 6.31 × 1042 ergs s−1, taken from the 0.1-195keV ionising BAT luminosity
of 3.0 × 1043 using a correction factor of 0.288 assuming a spectrum with an index of
Γ = 2. The predicted lags for both minimum (a=0) and maximum (a=0.998, but
approximated in the model by a=1) spin, together with the observed lags, are shown
in Fig. 5.22.

The lags in Fig. 5.22 are not completely independent as the same UV observations are
used in conjunction with different X-ray observations. We indicate the relevant UV
observations on the figure. The lags using the Swift UVW1 (though with very large
error) and the XMM-Newton OM observations favour the high spin option but the
AstroSat NUVB4 observations favour low spin. An intermediate spin would fit these
data better, with the exception of FUV BaF2, whose lag appears too large but will be
explored in our full lag spectrum. We do not draw strong conclusions from these data
except to note that, whatever the spin, the previously accepted mass and accretion rate
are mostly consistent with these lags. We also note that a lag fit that goes straight to
the origin is quite consistent with the data.

To investigate the lag modelling further we add the UV inter-band lags from McHardy
et al. (2018) and Cackett et al. (2018), referenced to our new X-ray to UVW1 lag, taking
the weighted mean of all of those lags. It should be noted that although these previous
lags were not taken from smoothed light curves, we have not seen evidence of
bimodality in inter-UV lags, and so as the previous Swift and HST lags used here were
all measured relative to the UVW2 band, the lack of smoothing should not interfere.
The resultant combination is shown in Fig. 5.23, with all lags plotted relative to UVW2.

By referencing the Swift UVOT and HST lags to our new best estimate of the lag of the
X-rays by the UVW1, we see more clearly that the whole lag spectrum does continue
smoothly to the X-ray origin without need for an additional offset such as has
previously been commonly found. We also see that, assuming the previously accepted
mass of 7.63 × 106 M⊙ and an accretion rate in Eddington units of 8.1%, a low spin

2Available from https://projects.asu.cas.cz/stronggravity/kynreverb
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FIGURE 5.22: Our UVW1 and UVIT CCF lags compared to the model lag spectra. The
XMM to AstroSat UVIT and SXT to OM data points have been shifted 40Å to the right

for visibility.

FIGURE 5.23: Swift lags for NGC 4593 relative to McHardy et al. (2018) UVW2 lags, as
well as HST lags from Cackett et al. (2018) and our AstroSat lags.
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model could fit the lags out to ∼3500Å. However such a model overpredicts the lags
at longer wavelengths. A high spin model slightly underpredicts the majority of the
lags, except around 5000Å where there are fewer emission lines. There are, however,
clear excesses in the 2000-4000Å and 7000-8000Å region. These excesses have been
noted previously as probably being due to Balmer and Paschen continuum emission,
respectively (e.g. Cackett et al., 2018) (see Appendix C). This emission is believed to
originate from reprocessing of high energy emission in the Broad Line Region (Korista
and Goad, 2001, 2019). This also helps explain the excess lag in the FUV
measurements, as by comparing it to the lags around it from Cackett et al. (2018) it
appears this BLR component is contributing to lag excess at this waveband. Thus,
overall, a high spin model with additional BLR contribution provides the best
explanations of the observed lags.
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Chapter 6

Conclusions

6.1 Main Results

Over the course of this thesis I have presented four studies on AGN variability in
order to expand on the knowledge of accretion physics and the geometry of the
environment close to supermassive black holes. I have looked at the variability of the
X-ray, UV, and Optical emission of the low-mass low±accretion rate black hole NGC
4395, as well as the effect of timescale-dependence of the time lags of NGC 4593.
Chapters 2 and 5 will be published in refereed journal papers as McHardy et al. (2022)
and Beard et al. (2022), respectively. The rest will be submitted for publishing in the
near future.

This chapter will be a summary of the results and implications from each study, and
then a reflection on the kinds of future work that could be done to expand on the
information that has been presented here in order to further the understanding of
AGN systems.

6.1.1 Optical Interband Lags of NGC 4395

In Chapter 2, I presented fast (∼ 200s sampling) u, g, r, i, z photometry of the very low
mass AGN NGC 4395 with the Liverpool Telescope, followed up by even faster (3s
sampling) us , gs , rs , is and zs simultaneous monitoring with HiPERCAM on the 10
metre Gran Telescopio Canarias. Unlike in all other AGN, gs lags us by a large
amount. This observation is contrary to the expectation of reprocessing in the Broad
Line Region but consistent with disc reprocessing. I also saw, with high precision, that
there is very little increase in lag between the us -band and rs , is , and zs bands,
indicating an edge to the reprocessing region. I then fit truncated disc reprocessing
models to the combined HiPERCAM lags and earlier lags between the X-ray and
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UVW1 (2910 Å) bands. Though I have not tested a full range of masses, for the
normally accepted mass of 3.6 × 105M⊙ I found a reasonable agreement with zero
spin, an outer truncation radius of ∼ 1700Rg and the temperature-dependent disc
colour correction factor recommended by Done et al. (2012). For a smaller mass of
4 × 104M⊙ there is passable agreement but only if a very high, probably unphysical,
correction factor of 2.4, is applied over the whole disc. A truncation radius of
∼ 14000Rg is then required. Disc self gravity is probably unimportant in this low mass
AGN. The dust sublimation radius is similar to the truncation radius for the small
mass, so a dusty wind might shield the outer disc and provide and edge. However for
the large mass the sublimation radius is further out so a line-driven wind might be
more applicable. These observations provide the first good evidence for a truncated
accretion disc in an AGN and caution that disc truncation must be included in
modelling of AGN reverberation lags.

6.1.2 X-ray to UV/Optical Lags of NGC 4395

In Chapter 3, I presented extended (4x ∼117ks) simultaneous observations of NGC
4395 using XMM-Newton’s EPIC camera in the X-ray, its Optical Monitor for UV, and 6
ground-based observatories for SDSS g-band coverage. Using a combination of
Javelin and FR/RSS Cross-Correlation methodology, I determined from Javelin X-ray
to UVM2 time lags of 511.6+8.3

−9.7s and 414.8+57.4
−81.7s, supported by FR/RSS CCF lags in

agreement. I also found an X-ray to U-band Javelin time lag which is somewhat
inconsistent with both models or a BLR-generated U-band excess, which requires
further observation to investigate further. I also found X-ray to g-band Javelin lags of
696.4+3.8

−54.3s, 828.6+9.7
−18.5s, and 747.4+84.3

−97.5s from three observations, the fourth’s
disagreement likely results from a lack of g-band data. I then fit these lags to two
models, the function τ ∝ λ4/3 as required by the Shakura-Sunyaev α-disc model, and
simulated lag spectra generated by KYNreverb, a General Relativistic ray-tracing
reverberation code. For the α-disc model, in contrast to the observations performed by
McHardy et al. (2016), I found an X-ray to UV lag excess that indicates an inflated
inner disc, in the range of ∼200-400 seconds. However, the KYNreverb simulations
suggest that this turn off from the α-disc model is caused by a truncated disc-edge
bending the lag spectrum.

6.1.3 Multiwaveband Power Spectra of NGC 4395

In Chapter 4, I presented multiple optical light curves in addition to the X-ray light
curves from Chapter 3 in order to investigate the power spectra of NGC 4395 across
multiple wavebands. For light curves from previous work, I presented two light
curves from Cameron et al. (2012) taken with Swift UVOT in the B and V filters as well
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as a white light curve taken using TESS from Burke et al. (2020), and a very high
cadence g′-band light curve from HiPERCAM (Dhillon and Marsh) taken from Gran
Telescopio Canarias. To provide very long-timescale g-band observations I then used a
combination of Liverpool Telescope’s IO:O (Steele et al., 2004), LCOGT’s Sinestro and
Spectral cameras (Brown et al., 2013), ZTF’s Palomar P48 (Masci et al., 2018), and data
from the Zowada Observatory Carr et al. (2022). I then measured power spectra of all
these light curves to create an overall optical power spectrum for NGC 4395. From this
I fit several power-law models, a straight power-law and a power-law with a single
gentle bend, to our data using PSRESP (Uttley et al., 2002). I found that a straight
power-law gave a very poor model probability of 0.11, while the power-law with a
single bend at ∼10−6 Hz gave a very good model probability of 0.66. Then to test how
well the data can be described by X-ray reprocessing, I created a synthetic g′-band
light curve using the convolution of longer simulated X-ray light curves created by the
method from Emmanoulopoulos et al. (2013) and a response function generated from
the KYNreverb simulation (Kammoun et al., 2021a). These synthetic optical power
spectra were not compatible with the optical data, and instead detected a bend two
decades above the bend frequency of the data. This suggested a combination of
reprocessing and another long-term process, which would lead to two bends. To
examine this I fit a double-bending power-law model to the data and found a
probability of 0.67 for bends at 0.8×10−6 Hz and 1.7×10−4 Hz. As the data could be
described by a double-bending power-law, I generated a light curve with long-term
variations using the method of Timmer and König (1995) and a power spectrum with
a bend at 1×10−6 Hz and added it to the synthetic g′-band light curve. The
double-bending power-law model found a good fit probability of 0.68 with a mid
frequency slope reproducing a similar slope to that of the data, though the high
frequency slope was steeper. This could be dependent on the precise measurement of
the Poisson noise level to find the high frequency slope of the data. These fittings
indicate that the optical variability of NGC 4395 can be described by a combination of
X-ray reprocessing and another source of long-term variability, the physical origin of
which could be intrinsic disc variability but is so far inconclusive.

6.1.4 Timescale-dependent Lags of NGC 4593

In Chapter 5, I presented a 140ks observation of NGC 4593 with XMM-Newton

providing simultaneous and continuous PN X-ray and OM UV (UVW1 2910Å)
lightcurves which sample short-timescale variations better than previous
observations. These observations were simultaneous with 22d of Swift X-ray and
UV/optical monitoring, reported previously, and 4d of AstroSat X-ray (SXT), far (FUV
1541Å), and near (NUV 2632Å) UV allowing lag measurements between them and the
highly-sampled XMM. From the XMM we find that UVW1 lags behind the X-rays by
29.5±1.3ks, ∼half the lag previously determined from the Swift monitoring.
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Re-examination of the Swift data reveals a bimodal lag distribution, with evidence for
both the long and short lags. However if I detrend the Swift lightcurves by LOWESS
filtering with a 5d width, only the shorter lag (23.8±21.2ks) remains. The NUV
observations, compared to PN and SXT, confirm the ∼ 30ks lag found by XMM and,
after 4d filtering is applied to remove the long-timescale component, the FUV shows a
lag of ∼ 23ks. The resultant new UVW1, FUV, and NUV lag spectrum extends to the
X-ray band without requiring additional X-ray to UV lag offset, which if the UV arises
from reprocessing of X-rays, implies direct illumination of the reprocessor. By
referencing previous Swift and HST lag measurements, I obtain an X-ray to optical lag
spectrum which agrees with a model using the KYNreverb disc-reprocessing code,
assuming the accepted mass of 7.63 × 106M⊙ and a spin approaching maximum.
Previously noted lag contribution from the BLR in the Balmer and Paschen continua
are still prominent.

6.2 Future Work

Every investigation in this thesis could be expanded upon by further studies. Almost
all of the uncertainty in the conclusions drawn from these studies originates in data
volume and quality, and future observations will hopefully be able to improve on
these aspects in order further constrain the lags and power spectra of the objects
observed here.

The HiPERCAM data retrieved for the optical interband lags was incredible for its
time resolution thanks to the enormous collecting area, but the unfortunate tracking
issues described in Chapter 2 limited the utility of a large portion of this data.
Extended observations of NGC 4395 with HiPERCAM on GTC without these technical
issues would be of the utmost value; with such superb time resolution some
phenomenally accurate measurements can be made. If some extended multiwaveband
HiPERCAM optical observations were to be made simultaneously with high cadence
XMM-Newton X-ray and UV observations, the ultra-high frequency variability
relationship between X-ray/Optical and UV/Optical emissions of NGC 4395 could be
measured with enormous precision.

For the XMM-Newton campaign, one of the biggest limiting factors was the sparseness
of the ground-based data compared with the space-based data. While an incredible
achievement of logistics to arrange in the first place, future observations with more
sampled g-band data would improve the X-ray to optical lag relationship significantly.
Additionally more UV measurements would not be missed, specifically UVW1 which
was unfortunately missed due to technical issues in this campaign and could connect
this campaign’s lags to previous ones that have used that filter. More U-band data
would also be appreciated to test if the anomalously small lag measured in this study
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can be reliably measured, and if so, determine the origin of this unexpectedly small
lag. To improve reliability of the lag modelling, further studies should also attempt to
find reliable estimates for the colour correction factor, as this is a very limiting
parameter for reverberation modelling.

The power spectral study had many surprising features, one that most definitely
warrants further investigation is the apparent presence of long-term variability in
addition to X-ray reprocessing. More sophisticated modelling should be employed to
attempt to find a physical origin of this variability. In addition, as mentioned above,
extended ultra-high frequency HiPERCAM observations could help with the
high-frequency bend detection while also allowing a better connection between it and
the mid-frequency data. Continuing long-term monitoring of NGC 4395 to take the
power spectra to even lower frequencies could also probe the low frequency regime
more thoroughly, though admittedly the logarithmic nature of power spectra and the
rather linear nature of human life makes extending this too much farther impractical.

NGC 4593 displayed surprising features in its X-ray to UV lags that seem to indicate
timescale-dependent lags. If this feature is something physically real, as appears in the
results study, then follow-up observations are a necessity to determine its physical
origin and if similar dependencies can be detected in other AGN.

6.3 Final Remarks

Something apparent from the results presented here is that AGN variability is an
extremely complex phenomenon. Though in theory very simple models can be used
to describe the observed features of AGN, it is clear that these models do not capture
all the nuances of the real objects, and there are many complex physical processes
underlying these accreting black holes that require equally complex models to
accurately describe. Methods of observation also present their own challenges, many
AGN are extremely dim when viewed from Earth and so equipment and statistics
introduce their own uncertainties and biases that cloud our view of these extreme
objects even more. The more components of a unified AGN model we can assemble
and accurately describe, the closer we can get to retrieving a full true view of the
underlying processes that drive these systems and come ever closer to have a
complete description of our Universe and all it contains.
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Appendix A

Comparison of KYNxiltr lags with

our in-house lags

In Fig. A.1 we present, for comparison, lags from the most recent version of our
in-house code (Veresvarska). This version uses the Novikov and Thorne (1973) disc
temperature prescription but does not include any General Relativistic ray tracing to
compute path lengths in the very inner disc. The parameters used are almost identical
to that used in Figs. 2.22 and 2.23 except that here we apply no colour correction
(although the code does allow colour correction) and, by eye, a slightly larger
truncation radius of 2000 Rg rather than 1700 is closest to the data. An albedo of 0.2 is
used here whereas for Fig. 2.22 the fraction of illuminating radiation absorbed is
calculated using detailed X-ray reflection modelling within the KYNxiltr code. The
two model lags are very similar.

We also present, in Fig. A.2, model lags from the code which used in previous
publications (e.g. McHardy et al., 2018). This code uses the Shakura and Sunyaev
(1973) disc temperature prescription. Here a slightly smaller truncation radius, 1400
Rg and maximum spin provides a closer ’by eye’ fit. The lags, in this model, for zero
spin are 20 percent larger, thus are not enormously different to those shown. Again the
model lags are close to those of KYNxiltr.

The aim here is not to carry out detailed comparison between the KYNxiltr code and
our original in-house code but simply to show that the main result presented here, i.e.
that modelling the lags as resulting from disc reprocessing requires a truncated disc,
does not depend significantly on any particular modelling code.
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FIGURE A.1: As for Fig. 2.22 but the model lags are from our original in-house code
with zero spin.

FIGURE A.2: As for Fig. 2.22 but the model lags are from our original in-house code
with maximum spin.
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Appendix B

Cross-Correlation and Javelin

Methodology

B.1 Javelin

JAVELIN, or Just Another Vehicle for Estimating Lags In Nuclei (stylised in this report
as ’Javelin’), is a Python 2 program based on the authors’ older FORTRAN-based
program SPEAR. The motivating idea behind both of these programs is that AGN
variability on long time-scales relative to the time-scale of fluctuations in the
corona/disc can be described well by a Damped Random Walk model. For most AGN
this time-scale would be on the scale of days, but for one as low-mass as NGC 4395
this time-scale is more on the scale of hours, hence our ∼117ks observations are more
than sufficient for this assumption to hold.

Using this method and looking at our theory of how X-ray and longer wavelength
emissions should be dependent on one another, we can then model the X-ray with as a
Damped Random Walk continuum and the longer wavelengths as smoothed, scaled,
and lagged versions of this continuum. The DRW continuum is generating using three
parameters: A mean flux, a time-scale of variation τ, and an amplitude of variation σ.
The mean is mostly irrelevant by the end as the scaling takes that into account, and so
the two values that are used to define the continuum model are τ and σ. To transform
this continuum in order to fit it to the longer wavelength light curves, we need three
other parameters. These are the width of the top hat function w used to smooth the
light curve, the scaling factor s used to scale the mean of the light curve, and the time
lag t. Therefore, by fitting these models to the light curves we can determine the time
lag between them.

When actually running Javelin, one first generates the continuum model in order to
create posterior distributions of τ and σ. These posteriors are then used in order to
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interpolate the light curves across any gaps that may exist in the data. This now
complete model then shifts, smooths and lags in order to fit to the wavebands using a
Markov Chain Monte Carlo (mcmc) method. After doing this a large number of times
during the mcmc run, Javelin determines updated posteriors for σ and τ as well as
posteriors for s, w, and most useful for us, the time lag t.

One issue that can arise in this process is that it is possible there may be a feature on
two light curves that gives a false lag value consistently which can generate a
secondary peak. Luckily this can be mostly resolved by applying Javelin to the X-ray,
UV, and Optical light curves all at once, as the presence of a third light curve tends to
eliminate these discrepancies.

B.2 Cross-Correlation Function

Cross-Correlation Function methods of lag determination have been in use for a long
time, and while generally they are now considered to be less precise that Javelin’s
method, it is still useful to be able to show our light curves can produce similar results
from an independent method, even if the values it produces are less precise.

The particular method we’re drawing from is from Peterson et al. (2005). This program
utilises two methods in order to try to avoid some issues that can arise with a quick
CCF. The first is Flux Randomisation which randomly varies each data point’s flux
value within its error bars, this ensures that a pattern made by chance in a sequence of
large error bar data points will not throw off the lag determination. The second is
Random Subset Selection, this process means each time the CCF is performed, it is not
on the entirety of the light curves, but on randomly determined subsections of each.
This ensures that the lags determined are a consistent feature across the light curve
and are not created by a single by-chance-correlated piece of the light curve.

In addition, we generate Discrete Correlation Function Confidence Contours using
our own code. This method uses the X-ray and UV data light curves as inputs. It then
generates a Power Spectral Distribution (PSD) from the X-ray light curve, and
attempts to fit a bending power law model to it. With this model PSD generated, the
code can then create synthetic X-ray light curves from it, and then generate Discrete
Correlation Functions from these synthetic light curves and the input UV light curves.

By doing this many times with many different synthetic light curves (we used 1000 for
each observation period), the program can then determine the likelihood of a
particular lag value appearing. What this essentially means is that the higher our peak
is above the confidence contours, the more likely it is caused by specific features on
the two data light curves (such as a lagged reverberation) instead of just generated by
the background noise of the X-ray power spectrum.
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Appendix C

NGC 4593 Residual Model Plot

FIGURE C.1: NGC 4593 Residual data lags from the Max Spin Model, and the BLR lag
shape from Korista & Goad 2019.

Initially, one might think that the maximum lag model underestimates the lag in the
data in the 6000-8000Å range as there is an apparent lag excess. This is in fact the
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expected part of the Paschen component of the BLR lag excesses we observe in this lag
spectrum, though it is less visually apparent than the Balmer excess. To demonstrate
this we have plotted the residual data lags from the Maximum Spin KYNreverb model
and plotted them alongside the expected shape of BLR lag excesses as seen in Korista
and Goad (2019), as can be seen in Fig. C.1.

The lag values themselves are different as the Korista and Goad (2019) plot is not for
NGC 4593, however it is, more importantly, demonstrative of the shape expected from
the BLR contribution. While the Balmer excess at ∼4000Å is much more visually
obvious, the Paschen excess should also be present, and so a lower spin model that
had the model spectrum intersecting the data points above 6000Å would likely be fit
incorrectly, as it would be removing the Paschen component of the BLR contribution.
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