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Science is often highly collaborative. Please clarify here which parts of the work
reported have been done by you and which parts include the work of others.
For example, this might include provision of simulation or analysis codes which
you utilised or modified, provision of experimental data to analyse,
collaborations with others in performing new measurements, if you built up
things from scratch in your project or started from pre-existing setups, and
others. Providing this information helps clarify the scope and focus of your
project work.

The overall structure of the synthetic light curve generation pipeline was built
from the ground up using standard Python packages (Numpy, SciPy, Pandas,
and Matplotlib). The following are existing codes | have modified and utilised
for specific sections of the pipeline:
- Modified CAR(1) algorithm from AstroML package to generate stochastic
light curve.
- G03_SMCBar, SMC-like Dust Extinction Model from Astropy to simulate
disc spectrum.
- Transfer Function generation code adapted from PyCREAM (Starkey et
al. 2016).
In addition to my computer, Juan Hernandez Santisteban’s and Rory Brown’s
desktops were used to run PhoSim simultaneously to produce the simulated
data.

For the analysis of the data, the following existing code have been utilised:
- Running optimal average function from PyRoa package (Donnan et al.
2021) for the synthetic light curve processing.
- PyCCF package (Sun et al. 2018) to calculate the cross correlation
function and centroid to measure the lag between light curves.
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ABSTRACT

I investigate the feasibility of using the Vera C. Rubin Observatory’s Legacy Survey of Space
and Time (LSST) to conduct continuum reverberation mapping (CRM) studies of active
galactic nuclei (AGN) over a broad range of redshifts and accretion rates. By constructing a
physically motivated simulation pipeline, I generate high-fidelity synthetic light curves in the
LSST’s ugrizy filter bands by modelling the AGN accretion disc, incorporating reprocessing
physics, cosmological redshift, estimated LSST survey cadence, and observational throughput
using the Photon Simulator (PhoSim). Time-series analysis is then performed to recover
interband lags via cross-correlation techniques, enabling us to assess the reliability of CRM
across the parameter space. I demonstrate that lags are recoverable for AGNs up to z ~ 1.5
in the COSMOS field and z ~ 0.7 in lower-cadence Deep Drilling Fields (DDFs). These
results imply that, over the 10-year LSST mission, CRM can be applied to hundreds of AGNs
with varying physical properties, including high-redshift and low-Eddington ratio sources
previously not readily accessible by other studies. The results show that LSST will be capable
of probing accretion discs’ inner structure and provide insight into current inconsistencies

between theoretical models and realistic observations.

1. INTRODUCTION, BACKGROUND
SCIENCE, AND MOTIVATION

Active Galactic Nuclei (AGNs) are one of
the Universe’s most luminous and variable ob-
jects. They lie at the centre of active galax-
ies, are powered by the accretion of matter onto
the supermassive black hole (SMBH) (Magorrian
et al. 1998; Silk & Rees 1998), and emit across
the electromagnetic spectrum. These highly en-
ergetic processes affect their host galaxy’s star
formation and the intergalactic medium through
feedback mechanisms (Silk & Rees 1998; Fabian
2012). Their brightness allows them to be ob-
served over cosmological distances, making them
valuable probes for galaxy and black hole co-
evolution via the M-o relation (Ferrarese & Mer-
ritt 2000).

As such, determining the SMBH mass is
key to furthering our understanding of galaxies.
To achieve this, we must study the structure
and dynamics of the inner regions surrounding
the SMBH. However, due to their compact na-
ture, they remain unresolved by conventional ob-
servational techniques. Reverberation mapping
(Blandford & McKee 1982; Peterson 1993) is an
observational technique that utilises temporal res-
olution to infer the spatial structure of an AGN’s
internal components. This method measures the

time delay, or “lag”, between flux variation fea-
tures in different wavelengths of light curves.

1.1. Studying AGNs with Reverberation Mapping

Fig. 1 shows a schematic diagram of an AGN
demonstrating how different distances between
the driving source and the response emission re-
gion result in the lag in the light curves described
in this section. The current, widely accepted un-
derstanding of AGNs uses the Unification Model
(Antonucci 1993; Urry & Padovani 1995; Netzer
2015). This model suggests that the different
types of AGNs observed are due to the angle at
which we observe an AGN. Fig. 1 shows a cross-
section of the partial model which only focuses on
the central engine. The central engine, which con-
sists of the SMBH with its accretion disc, where
the viscosity of the gas heats the accretion disc
and causes thermal emission in the UV /optical
range. The engine is surrounded by an opaque,
torus-shaped structure composed of dust and gas,
which absorbs radiation and re-emits it in the in-
frared. The region inside the torus is filled with
fast-moving gas closer to the SMBH and slow-
moving gas further away, which is ionised by radi-
ation from the engine. These regions are referred
to as the broad lines region (BLR) and narrow
lines region (NLR), respectively. A powerful X-
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Figure 1. A schematic diagram of an AGN demonstrating how the geometry of the AGN leads to the time lag
observed during reverberation mapping studies. The left plot shows the stochastic ionising X-ray driving light
curve (top panel) and the response emission light curves (bottom panel) for each of the LSST’s filters. The dashed
lines in the bottom panel show the lag between the flux variation feature in the u and y bands. The bottom
right diagram shows a partial Unified Model of an AGN (Antonucci 1993; Urry & Padovani 1995; Netzer 2015),
illustrating the accretion disc, torus, and X-ray corona (represented by the yellow star). The white arrows represent
the ionising X-ray radiation from the corona travelling to different parts of the disc. The colour arrows represent
the response emissions detected by the telescope. The side view diagram (top right) shows clearly the different
distances the ionising radiations have to travel from the corona to the response emission regions, resulting in the

time lag between flux variations in the light curves.
quasars, blazars, and radio galaxies.

ray corona above the SMBH further irradiated the
accretion disc and surrounding gases.

The time lag measured in RM studies is de-
fined as (1) = R/c, where R is the distance the
light travels and c is the speed of light. Rever-
beration Mapping relies on three key assumptions
(Peterson 1993):

1. The driving continuum originates from a
single source.

2. The time delay between the driving and
response continuum is due entirely to the
photon travel times.

3. A simple (linear) relationship exists be-
tween the observed and driving ionised con-
tinuum.

When the ionising radiation travels from the emit-
ting source to another region of the AGN, it can
ionise and cause thermal or line emission at longer

Note that this diagram does not present jets that exist in

wavelengths. Thus, any flux variation observed in
the ionising radiation will also be present in the
remitted wavelength, as shown in Fig.1. When
using this technique to measure the size Rprpr
of the broad line region (BLR) using emission
lines, the mass of the SMBH can be estimated
(Peterson & Horne 2004) by from the follow-
ing equation Mgy = fRprro2/G where G is
the Gravitational constant, f is the scaling fac-
tor that accounts for the geometry and kinemat-
ics of the BLR, and o, is the velocity dispersion
measured from line broadening. Since the BLR
emission lines flux responds to variations in the
continuum radiation, by better understanding the
continuum-emitting regions, we can more accu-
rately measure the size of the BLR.

Continuum reverberation mapping (CRM) fo-
cuses on probing the structure and dynamics of
the accretion disc. The thermal reprocessing
model (Cackett et al. 2007) theorises that differ-



ent observed wavelengths are associated with dif-
ferent radii of the accretion disc, due to the inner
regions of the disc being hotter than the outer re-
gions. Thus, the thermal emission from the inner
disc has a shorter wavelength and emits in the
UV and gets longer into the optical and IR as we
move further out of the disc. By measuring the
lag in the response emission light curve, we can
recreate the structure of the accretion disc, as dif-
ferent regions of the disc have unique time delays
(Sergeev et al. 2005; Fausnaugh et al. 2016). The
x-ray corona is the driving ionisation source that
causes the response thermal emission in the ac-
cretion disc and other parts of the AGN (Edelson
et al. 2019). We can predict the time delays by
building a model of the disc, utilising its temper-
ature profile and structure. The simplest model
that is used in this project and the majority of
the literature (Cackett et al. 2007; Starkey 2017;
Pozo Nunez et al. 2023) to generate synthetic re-
sponse thermal emission light curves is to assume
a non-relativistic geometrically thin and optically
thick accretion disc (Shakura & Sunyaev 1973)
with the X-ray corona as a compact point source
above the centre of the disc acting as the 'Lamp-
post’ that illuminates the disc (Martocchia &
Matt 1996). This disc model predicts the temper-
ature profile to follow T(R) oc (MM)~1/4R=3/4,
where M is the Eddington ratio. Treating the
accretion disc as a blackbody with A oc T71.
Relating 7 « R to the temperature profile and
the blackbody radiation, we get a relationship
between the time delay and wavelength to be
7(\) o< (MM)~V4\Y/3 (Cackett et al. 2021). Ob-
servationally, the observed wavelength-dependent
lag 7 can be fitted with the following model:

where 73 is the normalisation, Ag is the refer-
ence wavelength, and g is usually set to -1 such
that the lag goes through zero at the reference
wavelength. However, measured lags from multi-
ple long-term studies (De Rosa et al. 2015; Edel-
son et al. 2015; Fausnaugh et al. 2016) have shown
three inconsistencies:
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Figure 2. Lag Spectrum of NGC4593 (Fausnaugh
et al. 2016) demonstrating the discrepancy between
theoretical and observation results. The dashed line
shows the theoretical lag, and the solid line shows the
T A3 best-fit. The excess lag in the U-bands around
3500A and poor x-ray correlation are also exhibited in
this AGN. Figure adapted from Cackett et al. (2018)

1. The measured size of the accretion disc is
frequently 2-3 times larger than theoretical
predictions.

2. There is an excess lag in the u-band.

3. X-ray measurements are inconsistent with
the ionising source and poorly correlate
with the wavelength-lag relation.

These inconsistencies are demonstrated in
Fig. 2 and prevent us from accurately determin-
ing the structure of the accretion disc and thus
the mass of the SMBH. Contributions from emis-
sion lines and the BLR’s diffuse continuum emis-
sion (Korista & Goad 2001; Chelouche et al. 2019;
Netzer 2022), as well as more sophisticated accre-
tion disc models, have been suggested to address
these inconsistencies. Ultimately, more AGNs
need to be studied to further constrain our model.
The relatively short lag time scale and accretion
disc’s emission in the UV /optical spectrum re-
quires intensive monitoring campaigns for CRM,
such as McHardy et al. (2014); Edelson et al.
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Figure 3. LSST Baseline Survey Visit map showing
the coverage of the LSST and the location and ex-
pected numbers of visits of each mission. Figure from
(Jones et al. 2025)

(2015); Fausnaugh et al. (2016); Herndndez San-
tisteban et al. (2020). However, this makes the
high-cadence multi-wavelength photometric sur-
veys such as the LSST potentially suitable for
CRM to study large numbers of AGNs (Chan
et al. 2020; Kovacevi¢ et al. 2022).

1.2. LSST

Later in 2025, the Vera C. Rubin Observatory
(Collaboration et al. 2009) will begin the Legacy
Survey of Space and Time (LSST), a compre-
hensive 10-year survey of the southern sky, using
its 8.4-meter primary mirror, six optical ugrizy
filters, and a 3.2-gigapixel camera. Every 2-4
nights, the observatory will capture wide-field im-
ages of the entire southern sky; the final coadded
image will have an average depth of 26.2 mag-
nitudes and 171 visits per band across the entire
survey. Embedded within the wide fields are Deep
Drilling Fields, which will receive an average of
23,000 visits. Fig. 3 shows the footprint of the
survey as well as the different fields, which will
be explained in Sec. 3.1. With over 60 petabytes
collected by the end of the survey, it is expected
that this observatory will revolutionise our under-
standing of the Universe.

1.3. The Photon Simulator (PhoSim)

The Photon Simulator (PhoSim) (Peterson
2014) is a photon-based Monte Carlo ray-tracing
tool originally developed for the Vera C. Rubin

Observatory. It simulates the full photon jour-
ney from astrophysical source to the detectors,
accounting for atmospheric effects, telescope op-
tics, filter throughput, and instrumental noise.
This enables the generation of realistic synthetic
images under observing conditions expected from
the LSST. PhoSim has been utilised to generate
accurate 5-to-10 year data from the LSST for the
broader scientific community to test their analy-
sis methods (Sanchez et al. 2020; Abolfathi et al.
2021).

1.4. Motivation

The LSST is expected to produce over
20TB/night of data, thus requiring an effective
strategy prior to the start of the survey to study
AGNs. The LSST’s high cadence and depth will
allow us to conduct CRM studies on a wide range
of AGN populations at varying redshifts. This
would provide more evidence of the structure and
accretion flow by probing the inner disc region
from the rest-frame UV of high-redshift AGN,
which is currently possible only with UV tele-
scopes such as the Swift (Burrows et al. 2005). In
addition, it may reveal how the structure changes
as a function of redshift, which will better con-
strain our accretion disc model. As such, the sci-
entific aim of this project is to determine the fea-
sibility of studying AGNs with different proper-
ties at varying redshifts throughout the 10-year
LSST mission by simulating high-fidelity syn-
thetic AGNs light curves as detected by the LSST.

Current literature (Kovacevi¢ et al. 2022;
Pozo Nunez et al. 2023) investigation into the fea-
sibility of CRM studies with the LSST focuses on
the ability to retrieve lag measurements as a func-
tion of cadences, which only involves simulating
the light curves, artificially adding uniform noise,
and varying the light curve’s cadences to repre-
sent the LSST’s data. This technique is straight-
forward and quick; however, the output may not
accurately represent the true fidelity of the LSST
data, as it does not fully account for the physi-
cal throughput associated with observing with the
LSST.

Beyond simulating a field of astronomical ob-
jects, the literature has focused very little on us-
ing PhoSim to study specific astronomical tran-
sient objects, with one other implementation be-



ing from Wang et al. (2015) who simulated a pop-
ulation of Type 1A supernovae light curves on
top of PhoSim. However, despite its efficiency,
simulating an entire decade of the LSST, even
a small sky region, remains computationally ex-
pensive, especially when high temporal resolution
is required to resolve short-timescale variability,
such as that seen in AGNs. By incorporating
PhoSim into our light curve simulation pipeline,
this project is bridging the gap between the theo-
retical models and realistic throughput currently
missing in the literature.

A key limitation arises from PhoSim’s input
requirements. It expects a static spectral en-
ergy distribution (SED) scaled to a given magni-
tude, which does not inherently account for time-
dependent flux variability. Ideally, a unique spec-
trum would be generated for each epoch, account-
ing for every filter to match the time-varying flux
in the AGN light curve. However, this is be-
yond the scope of this project. As a workaround,
comparison stars are introduced into the field,
and differential photometry is used to extract
relative light curves from the synthetic images.
This method enables us to track variability while
compensating for systematic effects. However, it
slightly reduces the signal-to-noise ratio due to
the lower photon flux per epoch; thus, the results
presented will provide an upper limiting case.

1.5. Data Production Pipeline

To achieve the goals mentioned above, I devel-
oped a light curve simulation pipeline of AGNs’
accretion discs, combining physical models of ac-
cretion disc reprocessing, as described in Sec. 2
with the estimated cadence and PhoSim’s realis-
tic image generation describe in Sec. 3. Fig. 4
shows the flowchart of the different components
considered to accurately simulate the AGNs’ light
curves and the interplay between each component.
The pipeline is designed to generate a set of light
curves for a specific AGN. Therefore, the pipeline
will have to be run multiple times to simulate a
population of AGNs. Users provide the AGN’s
physical parameters—black hole mass, Edding-
ton ratio, redshifts, and the disc inclination—and
the pipeline generates corresponding driving and
response light curves, which are then input into
PhoSim to produce synthetic LSST observations.

Effective ) Limiting Colour

Band | Wavelength (A) | Magnitude | in figure
u 3671 23.70 Purple
g 4827 24.97 Blue

r 6223 24.52 Green

i 7546 24.13 Yellow

V/ 8691 23.56 Orange
y 9712 22.55 Red

Table 1. Summary of the LSST’s optical bands, ef-
fective wavelengths used in the simulation, the 50 lim-
iting magnitude, and the colours used to represent the
light curves in each band. The limiting magnitude as-
sumes a dark sky, zenith case, single 30s exposure visit.
Since most light curves rarely overlay each other, the
legend description will follow the same order as the
light curves being plotted.

This allows us to analyse how different physical
parameters affect lag recovery by the LSST. Ad-
ditionally, the pipeline allows users to modify the
temperature profile or input their transfer func-
tions, see Sec. 2.2 for more detail, to incorporate
a sophisticated accretion disc model, such as the
Bowl model (Starkey et al. 2023). Appendix A
explains the inner workings of PhoSim in further
depth and the decisions made based on PhoSim’s
performance to optimise the simulation process-
ing time and number of parameters.

2. THEORETICAL LIGHT CURVE
SIMULATIONS

To accurately simulate AGN light curves in
different LSST filters, I must consider the physical
properties of the AGN and the rest frame wave-
lengths associated with the filter’'s wavelengths.
Tab. 1 shows the 6 LSST filter bands, their ef-
fective wavelength, and the colours used in the
plots. In this project, I will consider a series
of AGNs with a mass of 103°M, with Edding-
ton ratios of 5%, 10%, 50%, and 100% at red-
shifts 0.5, 1, 2, and 3. These parameters are
chosen from an AGN mass and Eddington ratio
distribution from the AGN Variability Archive -
AVA (JV Hernandez Santisteban, Under Develop-
ment), where the most abundant AGN has a mass
of 1035 My, with an Eddington ratio of 10%, which
I will treat as the fiducial case. The distribution
of AGNs’ redshifts from De Cicco et al. (2021) in
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Figure 4. Flowchart of the developed pipeline. The pipeline requires the physical parameters of the AGN and the
LSST filter’s wavelength to produce the light curve. Each section where the different components are described in
this dissertation is noted above each element. The theoretical light curve from pipeline [Top Plot] and the synthetic

light curve after PhoSim [Bottom Plot] are shown.

the COSMOS field peaks between z = 0.5-1.0 and
then tails towards z = 4; as such, I have selected
the range above to test if a significant fraction
of AGNs can be detected, and examine the pos-
sibilities of studying z>1 AGNs throughout the
10-year survey. In total, there are 24 sources sim-
ulated by PhoSim, 16 AGN cases, and 8 com-
parison stars. I will present the results of our

fiducial case throughout the main text from the
modelled results within the pipeline. Following
literature standards, I use a A-CDM model with
Hy = 70kms ' Mpc™,Qp = 0.7 and Q,, = 0.7 to
calculate our luminosity distance (Wright 2006).

2.1. Driving Ionisation Light Curves

The stochastic nature of AGN light curves
can be modelled using the CAR(1) process as de-
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Figure 5. The power spectral density (PSD) [Bottom
Plot] and the driving light curve [Top Plot] generated
using a damped random walk algorithm. The PSD fol-
lows the form P(v) oc =2 (dashed line) as measured
from observational data (Giveon et al. 1999; Collier
& Peterson 2001). The red vertical line indicates the
cut-off time scale at which the PSD flattens, highlight-
ing the damped nature of the light curve. The light
curve plot displays the flux variation values (points)
calculated using the CAR(1) algorithm, with the solid
line representing the interpolated data.

scribed by Kelly et al. (2009), which generates
the driving light curve in the time domain using
a damped random walk algorithm. Note that this
method has been used to model emission light
curves, not just the driving light curve. Fig. 5
shows the driving AGN light curve and the power
spectral density (PSD) generated by this method.
It can be seen from the PSD that the variabil-

ity frequencies follow the form PSD(v) o v~ 2 as

expected from AGN light curves (Giveon et al.
1999). This process is advantageous compared
to the frequency modelling technique (Timmer
& Konig 1995) as it directly models the varia-
tion, allowing us to fit this model to observed
light curves. The following equation describes the
CAR(1) process

1

Tchar

da(t) = ———a(t)dt + oVdte(t) + bdt  (2)
Where dz(t) corresponds to the change in the
light curve flux. 7.pq is the characteristic time
scale or relaxation time, which describes the time
it takes for the long-term variation to return to
the light curve’s mean. €(t) is the white noise de-
scribed by a Gaussian process. The mean and
variance of the light curve are equal to br.par
and Tpqar02 /2, respectively. The o term describes
the long-term variability of the light curve; this
value can be calculated from the structure func-
tion SF, which is the asymptotic rms variabil-
ity amplitude on a long timescale and is equal
to SF» = V20. The relation from MacLeod
et al. (2010) provides SFy for an AGN of a given
mass, redshift, and the absolute i-band magni-
tude, which is assumed to be 10% of the total ab-
solute magnitude of the AGN. From this method,
I can generate a series of unique AGNs by chang-
ing the random seed of the Gaussian process.

2.2. Response Emission Light Curve

The normalised response light curve Fi(t)
is simulated by convolving a wavelength-specific
transfer function ¢ (7|\) over the normalised driv-
ing X-ray light curve Fy(t),

Fu(At) = / T UEINEGE-Ddr (3)

The mean of the transfer function dictates the
time lag observed between the driving and re-
sponse light curve. The transfer function takes
into consideration the blackbody spectrum of the
disc B,, the driving luminosity L., the tempera-
ture T, and the delay profile 7(r, ¢,7) of the disc.
The blackbody spectrum of the disc is calculated
by summing up the Planck function across the
entire disc.
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The temperature profile T'(r) of the disc can
be calculated by considering the combined effects
of viscous heating due to disc accretion and irra-
diation heating from the X-ray corona. (Cackett
et al. 2007):

3GMM T
T =" (11—, 2
8mwor3 ( 7“)+

Where G is the gravitational constant, M is
the SMBH mass, M is the accretion rate, o is the
Stefan-Boltzmann constant, L; is the bolometric
luminosity of the corona, and «a is the albedo of
the disc. r;;, is the radius of the most stable orbit,
usually measured in units of Gravitational Radii
rg, where 74 is defined as GM /c?. Here, T set
Tin = 3ry for a Schwarzchild black hole (Starkey
2017). Fig. 6 shows the modelled temperature
profile as described in Eq.5, as well as the peak
thermal emission from Wien’s law, which shows
the radii at which each wavelength is emitted on
the accretion disc.

For a simple Keplerian disc with the corona
at a height h above the disc (Sergeev et al. 2005),
the delay profile is

Lb(l — a)hx
4o (r? + h2)3/2

()

T(r, ¢,i) = %( r2 4+ h2+rsin(i) cos(¢)+h, sin(i))

(6)
Where i and ¢ are the inclination and azimuthal
angles, respectively, and r is the radius of the disc.
Fig. 7 shows the delay profile of the disc plotted
at different inclination angles.

A modified PyCream function from Starkey
(2017) combines the aforementioned results us-
ing the temperature of the disc at one light
day radius, the AGN’s physical parameters, and
the function’s default arguments to generate the
transfer functions for a particular AGN at spec-
ified wavelengths. I now have all the compo-
nents required to generate the response emission
light curves as stated in Eq. 3. Fig. 8 shows
the generated transfer functions with respect to
the rest frame of the AGN (top panel) and the
response thermal emission from convolving the
transfer function over the driving light curve from
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Figure 6. Accretion Disc’s Temperature Profile and
the thermal emission wavelength as a function of the
disc’s radius in gravitational radii and light days. The
solid lines in the plot represent the viscous tempera-
ture resulting from accretion, the irradiation tempera-
ture due to the corona’s X-ray heating, and the disc’s
total temperature The dashed red line shows the peak
thermal emission wavelength from Wien’s law, while
the coloured points show the radius of the disc each
LSST filter is observing.

Fig. 5 (bottom panel). The transfer function ef-
fectively makes the different flux variation fea-
tures less defined, the wider the transfer function.
This is because the response emission from higher
wavelengths is coming from larger disc annuli. To
account for the time dilation due to cosmological
redshift, each time step is multiplied by a factor
of (1+z) to achieve the observed frame lag.

2.3. Light Curve Scaling

From the previous section, I now have nor-
malised response emission light curves. To simu-
late the flux measured by our instruments, I need
to calculate the background spectrum of the disc
to find the mean magnitude of the light curve
and the magnitude variability amplitude of the
observed light curve. The mean magnitude can
be calculated by measuring the flux of the accre-
tion disc spectrum at the rest wavelength. Using
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Figure 7. Accretion disc’s delay profile due to corona
source at height h above the disc from (Sergeev et al.
2005). The effect of inclination on the delay time is
clearly shown, where the delay time for the part of the
disc inclined away from the observer is larger, as light
has to travel to that region and back to the observer.
As such, the flux variation in the response emission at
a given annulus from the closer side of the disc will
arrive before the same flux variation for the further
side.

the method described in Sec2.2, T can generate
the accretion disc spectrum in the rest frame of
the AGN. The disc spectrum is then redshifted
with a factor of (1+z) accordingly into the ob-
served frame. A SMC-like extinction model (Gor-
don et al. 2003, 2016) is then used to simulate
the host galaxy extinction on the disc spectrum
as per the findings from Weaver & Horne (2022).
I then measured the flux value at the effective
wavelength of each LSST filter. Fig. 9 shows the
accretion disc spectrum in the observed frame be-
fore and after it has been extinct. The coloured
dots represent the effective wavelength of each
LSST band and where the flux measurements
were made.

Using the fitted relation from MacLeod et al.
(2010) which used data from Sloan Digital Sky
Survey (Vanden Berk et al. 2004; Gunn et al.
2006) Stripe 82 AGNs (Bramich et al. 2008), I can
calculate the structure function SF,, as described
in Sec.2 and convert the structure function to the
standard deviation of the expected light curve. 1

Transfer Functions
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Figure 8. The transfer functions of the accretion disc
at the rest wavelength corresponding to the LSST fil-
ters [Top Plot] and the response thermal emission light
curve from convolving the transfer functions over the
driving light curve in Fig 5 [Bottom Plot].

then scale the convolved light curve to have the
mean value as the magnitude of the accretion disc
spectrum and standard deviation from the fitted
relation from MacLeod et al. (2010). Fig. 4 shows
the scaled light curves in different bands. At this
point, I have successfully simulated the accretion
disc response emission light curves. Within the
pipeline, the light curves are saved into individ-
ual CSV files for further processing to prepare the
data for PhoSim’s input.
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Figure 9. Redshifted and SMC-like extinct accretion
disc spectrum generated from the temperature pro-
file (solid blue line) and the extinct spectrum (dashed
red line), as well as the coloured points showing the
location on the spectrum each filter observes. The
theoretical spectrum flux follows the A~1/3 relation in
the Rayleigh-Jean limit and the A2 relation following
Wein’s displacement law.

3. LIGHT CURVE SAMPLING AND
REALISTIC THROUGHPUT

3.1. LSST Survey Strategy

The current LSST’s baseline survey strategy
(Jones et al. 2025) consists of 4 different missions:
the Wide Fast Deep (WFD), Mini and Micro Sur-
veys, Deep Drilling Fields (DDFs), and Targets of
Opportunity (ToOs). Fig. 3 shows the map of the
observable region of the LSST and the estimated
numbers of visits in each field. Each point in the
sky will be assigned a 6-month active monitor-
ing period, consistent with when it is observable.
The WFD will receive most of the coverage with
an expected 800 visits per point across the 10-
year survey. Observations will be done in pairs of
bands (u+g, u+r, g+r, r+i, i+z, z+y, y+y) every
2-4 days, thus providing us with 14-day cadences
per band in the best-case scenario. The single
visit per point per night with such a large observ-
ing gap would make it unsuited for continuum
reverberation mapping. In contrast, the DDFs
are expected to receive 10-20 visits per night per

band; however, the cadence between each observ-
ing night is yet to be finalised. Tab. 2 summarises
the different DDFs, the predicted total numbers
of visits as of February 2025 from the Baseline
simulation version 4.3!, and the average cadence
for each DDF considering the average number of
15 visits per band per night and the 6-month ac-
tive observing period. The COSMOS field will
receive double the number of visits, with half of
the visits completed within the first three years of
the survey as part of a pathfinder and data man-
agement program. This gives the COSMOS field
the highest cadence of 2 and 5 days for the first
3 and final 7 years, respectively. The ELAISSI,
XMM-LSS, and ECDFS should have a cadence
of around 7 days, and the EDSF field, split into
two “a” and “b” pointings, will have a cadence
of around 9 days. Henceforth, I will refer to the
other DDFs, excluding the EDSF subfields, as the
“low cadence DDFs”. For my simulation, I will
sample data points every 2 days in the COSMOS
field for the pathfinder period in the first 3 years.
I will sample every 6 days for both the nominal
period of the COSMOS field and the entire du-
ration of the low cadence DDFs. This allows us
to replicate the low cadence DDFs’ cadence by
sampling every 3rd data point from the COSMOS
field pathfinder period without having to rerun a
new simulation for the low cadence DDFs.

Since I am interested in the most extreme case,
I only simulated one image per observing night.
This would heavily reduce computation time with
PhoSim and ensure that if the randomly gener-
ated observing condition is poor for an evening, I
assume no further observing will be conducted on
the same object in the band.

3.2. Synthetic Images

Here, the individual light curves are compiled
together with the 6-month seasonal gap masked
and sampled according to the above cadence.
The data from each epoch is then converted into
PhoSim’s input file?. The input file requires the
user to provide the pointing sky coordinates (Ra
and Dec), the exposure time (in seconds), the ob-
serving filter (filter index), the number of expo-
sures, and the individual objects to be simulated

! https://survey-strategy.lsst.io/baseline/index.html

2 https:/ /www.phosim.org/documentation/instance-catalog



Average

Cadence | Estimated

Field RA Dec (days) | Total Visits
COSMOS | 150.11 | 2.23 | 2 and 5* 45649
ELAISS1 9.45 | -44.02 7 22769
XMM-LSS | 35.57 | -4.82 7 23330
ECDEFS 52.98 | -28.12 7 23712
EDSF-a 58.9 | -49.32 9 11824
EDSF-b 63.6 | -47.6 9 11779

Table 2. Information of LSST’s Deep Drilling Fields
(DDFs) and their respective estimated total visits as
predicted by version 4.3 of the LSST’s survey strat-
egy. The average cadence for each DDF is calculated
by considering the average 15 visits per band per DDF
observing night and a 6-month nominal active observ-
ing period. The EDSF is a larger field split into “a”
and “b” pointings. This project will not consider these
two fields due to the lower cadence. *The COSMOS
field will receive double the visits, with half the visits
completed within the first 3 years of the survey. As
such, I used two different cadences when simulating
this field’s light curve.

PhoSim Simulated Image with WCS

10"00™18°
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Figure 10. Example of a synthetic 30s exposure i-
band electron image generated from PhoSim. The red
square outlines the 4 x 4 grid of simulated AGNs with
descending Eddington ratio across the columns, and
increasing redshift across the rows. The 8 comparison
stars with magnitudes ranging from 16 to 24 are shown
next to the white arrows. Other sources in the image
are due to the simulated cosmic rays hitting the sensor.
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in the field for the software to function properly.
If the exact observing time is not provided or an
invalid time is provided, PhoSim will generate a
random date and time where the object is vis-
ible and has an airmass <2. Unless specified,
PhoSim also generates a random observing con-
dition. To replicate the observing strategy, the
weather, and to ensure that the required airmass
is consistent, I allowed PhoSim to select its own
observing time and weather rather than predict-
ing the actual epoch ourselves, which may not be
consistent with the survey strategy. This method
allows the user to quickly adjust their desired
cadence while achieving realistic photometric re-
sults.

Lastly, PhoSim also accounts for the loca-
tion of the Sun and Moon and ensures optimal
distance between them and the observing target
when generating an observing time to ensure as
little effect as possible. As such, I set the alti-
tude of the Sun and Moon to —90deg as the at-
mospheric glow increases the simulation run time
significantly.

To simulate each object, the user must provide
the object’s coordinates (Ra and Dec), AB magni-
tude, SED profile, and spatial modes. Since I am
simulating quasars at high redshifts, I treat the
quasars’ spatial mode as point sources and set ev-
ery other parameter, i.e. shear and lensed effects,
to none. Additionally, since I have accounted for
the redshifts in the light curve simulation, I also
set the redshift of the source to zero. As men-
tioned in Sec. 1.4, I set the input magnitude in
each band to be the magnitude value from our
simulated light curve at a given epoch. Fig. 10
shows an example of an i-band image simulated
by PhoSim. The simulated AGNs are placed into
a grid with varying redshifts and Eddington ra-
tios on each axis. A set of 8 comparison stars
with magnitudes ranging from 16 to 24 is placed
next to the grid for differential photometry.

3.3. Image Processing and Data Reduction

The simulated images from each frame were
then processed using AstrolmageJ (Collins &
Kielkopf 2013) for differential photometry, as the
WSC values for the images were not accurate
enough for processing by AstroPy. Additionally,
AstrolmagelJ allows the aperture to be manually
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Fiducal Case Processed Light Curve with CCFs
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Figure 11. Processed fiducial case AGN light curves in the 6 LSST filters [left panels] with the cross correlation
functions results (black lines) and centroid distribution (blue) anchored on the g-band [right panels] from year 1.
The light curve plot shows all the flux measurement data points with error bars plotted above the theoretical input
light curve (black line), with the masked data points plotted in black. See Sec. 1.5 for more details. In this case,
the u-band is reaching its limiting magnitude, resulting in sparse data and poor CCF results. The increasing lag
trend can be seen as the wavelength of each band increases.

placed over points in the AGN grid, including
those that peak-finding functions would not pick
up. This enables consistent data output across
all bands, facilitating easier processing. The auto
variable aperture setting was selected for the dif-
ferential photometry, the gain setting was set to 3
e~ /count and the CCD readout noise was set to
5 e7; these are the average values across all the
LSST’s CCD chips (Collaboration et al. 2009).

4. TIME SERIES ANALYSIS

To use Pyccf (Peterson et al. 1998; Sun et al.
2018) to calculate the interband lags, I must en-

sure that outliers are removed, as the measured
lag is highly sensitive to outliers. First, an error
cut was performed, removing data points with er-
rors larger than 0.2 mag. Secondly, the median
value across each light curve was calculated, and
extreme outliers with values less than or more
than 4% from the median were removed. This sig-
nificantly helps with the running optimal average
(ROA) clipping, which then removes the smaller
outliers. The RunningOptimalAverage function
from PyROA (Donnan et al. 2021) was used to
calculate the ROA of the light curve. Through
trial and error, a window of 0.4% around the ROA
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Figure 12. Fiducial case fitted lag spectrum. Each
lag measurement from each year is plotted with the
darker colours associated with earlier years. The
dashed black line shows the theoretical spectrum de-
rived from the transfer functions. The fitted model is
shown in blue with its 1-o uncertainty window.

was identified to remove small outliers iteratively,
and it was found to be effective and efficient for
cases with sufficient data. Fig. 12 shows the pro-
cessed light curves separated in all bands for our
fiducial case AGN with their CCF results. Ap-
pendix B shows the processed light curves for all
other cases. The magnitude is then converted
to flux, F, = 3631 x 107%™ [mjy] for the Py-
CCF calculations with their respective errors cal-
culated by multiplying the converted flux with the
derivative of the conversion and magnitude error.

The processed light curves are then split into
yearly samples and have their interband lags cal-
culated with a window of [-100,100] days, sig-
mode of 0.2, nsim of 10000, and only using RF
sampling (mcmode = 2), following Cackett et al.
(2018). The g-band is used as the reference band
for redshifts 0.5 and 1, and the r-band for red-
shifts 2 and 3, as the former approaches its lim-
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iting magnitude. The centroid lag, which is the
most robust case, is used for the analysis. The ob-
served lag and wavelength are then corrected for
their redshift by a factor of (14 2)~! to retrieve
their rest frame lags. The lag and wavelength
are then plotted to create wavelength-dependent
continuum lags for each case. To measure how
well and accurately the lag is retrieved, I fit the
lag-wavelength relation in Eq. 1 to retrieve 7 and
compare it against the theoretical 7y calculated
from fitting the same relation over the theoreti-
cal lags calculated from the mean of the respec-
tive transfer functions. Using the emcee package
(Foreman-Mackey et al. 2013), I run an MCMC
fit on our measured lag, leaving 7 and yq as free
parameters. To demonstrate the LSST’s quality
of analysis as the survey progresses, I fit the lag-
wavelength relation to the cumulative lag mea-
surement year by year. Fig. 12 shows the fitted
lag spectrum to the cumulative leg measurements
across all 10 years of our fiducial case.

For the COSMOS field, Fig. 13 shows how the
quality of the measured T compares with the the-
oretical 7y, measured by calculating log10(7/70)
evolves year by year for each Eddington ratio at
a fixed redshift. Ideally, I want each case to con-
verge towards zero. Cases where there are breaks
in the plot are due to the measured 7 being neg-
ative. Not surprisingly, the low redshifts (0.5 and
1) and high Eddington ratios (50% and 100%)
consistently maintained a high-quality fit across
all years. This plot suggests that the LSST may
struggle to retrieve the lag accurately around z =
2. For the low cadence DDF's, Fig. 14 shows the
same fit comparison as the COSMOS field. In this
case, it suggests that the quality of the recovered
lags begins to drop for the dimmer cases at z =
1. Appendix C shows the yearly fits in parame-
ter space for both the COSMOS and low cadence
DDFs cases.

Using the AGNs from the SDSS Reverbera-
tion Mapping (SDSS-RM) campaign (Shen et al.
2015; Homayouni et al. 2019), which has accurate
redshift measurements, I can estimate the density
of AGNs up to a certain redshift in a given field
by assuming the same density of AGNs in every
part of the sky. Tab. 3 shows the density of AGNs
per deg® up to a certain redshift from the SDSS-
RM campaign. From our lag recovery results, I
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Redshift Numbers Expected
Range per deg? | Number of AGNs
0<2<0.5 5.8 56
05<2<0.7 5.5 53
0.7<2<1.0 15.7 151
1.0<z<15 24.9 239
1.5 <2<20 34.4 330

Table 3. Number density of AGNs in the SDSS-RM
field for each redshift range. By assuming the same
AGN distribution in each of the DDFs, the expected

number of AGNs with recoverable lags can be pre-
dicted.

assume that AGNs at z < 1.5 for the COSMOS
field and z < 0.7 for the low cadence DDFs are re-
coverable. Multiplying the number density by the
field of view of the LSST image of 9.6deg? I find
that the estimated number of AGNs with recover-
able lags is 499 and 325 for the COSMOS and the
combined low cadence DDFs, respectively. This
brings the total number up to 824 AGNs after the
10-years survey. Our prediction of AGNs with re-
coverable lag in the COSMOS field is consistent
with the prediction by Kovacevi¢ et al. (2022) of
523 AGNs with recoverable lag, which uses De Ci-
cco et al. (2021) AGNs catalogue taken with the
VLT Survey Telescope (VST) (Arnaboldi et al.
1998) in the COSMOS field. Using my results, I
could provide further precision to Kovacevié et al.
(2022) by predicting the exact number of AGNs
with recoverable lags for each redshift range using
the SDSS-RM AGNs density as shown in Tab. 3.
Furthermore, using the latest COSMOS AGN cat-
alogue, with the known Type 2 AGNs removed
from De Cicco et al. (2022), I could expect up to
3801 AGNs in the COSMOS field and 5356 AGNs
in all the low cadence DDF's combined.

5. DISCUSSION

In this work, I have shown that it is possible to
generate reasonably high-fidelity synthetic AGN
light curves for the LSST and recover the lag.
It should be reiterated that the data presented
in this project considers the most conservative
case, with abnormally high data censoring, a sim-
plistic processing pipeline, and under-estimated
flux measurements due to the limitations of the
ray tracing software. In reality, the DDF's of the
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Figure 13. COSMOS Field’s year-by-year 7 mea-
surement at fixed redshift ratio as a function of the
Eddington ratios. The black vertical dashed line at
year 3 signifies the change in cadence from 2 to 6 days.
Recovery of lags begins to struggle at z=2.

LSST allow for multiple exposures per band per
visit, enabling coadded images that significantly
improve photometric measurements and increase
the limiting magnitude (Jones et al. 2025). This
would enable a better signal-to-noise ratio in all
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Figure 14. ELAISS1, XMM-LSS, and ECDFS Field’s
year-by-year 7 measurement at fixed redshift ratio as
a function of the Eddington ratios. Recovery of lags
begins to struggle at z=1.

cases, allowing for more accurate measurement of
the flux variation in the dimmer cases that border
the limiting magnitude of each band.

The LSST will provide an unprecedented ob-
serving depth, allowing us to study most AGNs at
redshift 1 at a range of Eddington ratios, which is
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only currently possible with very high Eddington
ratio AGNs at high redshift. Since the Edding-
ton ratio affects the brightness and structure of
the disc (Abramowicz & Fragile 2013), observing
low Eddington ratios at high redshifts will enable
us to apply our current understanding and mod-
els of the accretion disc at low Eddington ratios
and test for any changes at varying redshifts, as
well as expand our knowledge of how the accretion
disc structure changes at high Eddington ratios.
Particularly, we will have access to the inner re-
gion of these accretion discs from the rest-frame
UV emissions, and test if there are any changes
at varying redshifts.

The breadth and depth of this project were
heavily influenced by the limitations of PhoSim,
where the decision was made to focus on a range
of parameters rather than simulating a set of light
curves. By using only one set of light curves, ev-
ery AGN case with the same Eddington ratio has
the same section of the light curve analysed. This
results in a slight bias toward either the positive
or negative fit in the redshift 0.5 and 1 cases in
Fig. 13 and 14. Additionally, certain trends from
the light curve would also appear in the year-by-
year fit as seen in the 50% Eddington at redshift 3
from Fig. 13, where the fitted tau value increases
in the first three years, plateaus, and then de-
creases. This is due to the long-term variation in
the light curve decreasing below the limiting mag-
nitude in year 3. This results in no new lag mea-
surements until the AGN was bright enough for
observation again in the final year. These biases
and trends are also present in Pozo Nunez et al.
(2023) results for individual light curves. Pro-
vided more computational power, a larger set of
light curves for the same AGN parameters should
be simulated to remove any biases associated with
specific light curves.

While this project focuses solely on the light
curve from the accretion disc, moving forward, the
diffuse continuum emission from the BLR should
also be accounted for in future work, as it has
been shown to cause the lag measurement to be
overestimated (Chelouche et al. 2019). Now that
the redshift range is constrained, the host galaxy’s
contribution should be considered using tech-
niques such as the FVG method(Choloniewski
1981). These improvements would also allow fur-
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ther work on accurately simulating the AGN’s
spectra, which is required for PhoSim.

Furthermore, the integration of the LSST Op-
eration Simulator (OpSim) (Delgado et al. 2014),
which provides the actual observing strategy for
a given survey model, and Catalogue Simulator
(CatSim) (Connolly et al. 2014), which provides a
realistic field of objects including stars and galax-
ies, would allow for the final output to be even
more realistic. These additions could be made at
the data sampling and PhoSim input generation
stage, and thus would not affect the primary light
curve generation pipeline.

Lastly, the nature of PhoSim and the de-
veloped pipeline could be used to simulate
other large-scale photometric surveys or long-
term monitoring campaigns of AGNs, provided
the optical system files are available for PhoSim.
The optimisation steps taken in this project al-
lowed for a significant reduction in PhoSim’s
processing time compared to LSST DESC DC1
(Sanchez et al. 2020), ~6 minutes per CCD vs
~66 minutes per CCD or approximately 300 CPU
hours vs 3300 CPU hours in total to produce 10
years of data in 6 optical bands.

6. CONCLUSION

This dissertation presents the development
and implementation of a relatively quick synthetic
AGN light curve simulation pipeline designed to
test the feasibility of conducting continuum re-
verberation mapping with the LSST. The study
focuses on quantifying how the interplay between
black hole mass, redshift, and Eddington ratio af-
fects the ability to recover interband lags from
AGN light curves, given LSST’s expected cadence
and photometric depth.

To achieve this, synthetic light curves are
generated by convolving wavelength-dependent
transfer functions derived from a thermally repro-
cessing accretion disc model over a driving ioni-
sation light curve from a damped random walk
algorithm. The response light curves are then
scaled using empirical structure functions and
passed PhoSim to generate synthetic LSST im-
ages, which simulate realistic instrumental effects
and observing conditions.

Differential photometry is utilised to extract
flux measurements from simulated images, and

time-series cross-correlation analysis is used to
measure wavelength-dependent continuum lags.
The results are compared against the theoretically
predicted lag-wavelength relation 7(\) oc A*/3, en-
abling a quantitative assessment of CRM perfor-
mance across the parameter space.

Findings indicate that the COSMOS field,
with its higher cadence, allows for reliable lag
recovery up to z = 1.5, especially for high Ed-
dington ratio AGNs. Lower cadence DDFs show
diminished performance beyond z = 0.7, but still
yield recoverable lags in brighter cases. These re-
sults suggests that continuum reverberation map-
ping will be feasible in LSST’s deep drilling fields
on hundreds of AGNs, including those at high
redshifts, offering a unique opportunity to map
the structure of accretion discs and study SMBH
growth under varying physical parameters. Fu-
ture work could include contributions from the
diffuse BLR continuum and host galaxy contam-
ination to enhance spectral realism further for

PhoSim.
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APPENDIX

A. PHOSIM LIMITATIONS

PhoSim offers a significant advantage for time-domain studies, particularly for AGN variability, as
it can capture subtle effects introduced by filter throughput, atmospheric conditions, and instrumental
noise. However, despite its efficiency, simulating an entire 10 years of the LSST, even a small sky region,
remains computationally expensive, especially when high temporal resolution is required to resolve short-
timescale variability, such as that seen in AGNS.

PhoSim is designed to operate on the CPU and can only process the images in serial. The software’s
parallelisation options allow for simulating multiple CCD chips using multiple cores, and simulating
multiple light sources in the image using multiple threads simultaneously. To optimise the simulation,
we can place all our simulated sources in a grid within one CCD chip and simulate a number of sources
corresponding to the multiple number of threads on the CPU. On a 12-thread CPU used to simulate
these images, there was a 5% increase in processing time between simulating 24 and 12 sources. As
such, we chose to simulate 24 sources, which allows us to provide a 4x4 grid in the parameter space.
A significant portion of the simulation runtime is dedicated to simulating the atmosphere, the quick
background option is used to simulate our images as it averages the physics on the sensor (e.g. reducing
vignetting). This allows for the simulation to still account for realistic atmosphere and optics while
reducing the simulation set-up time by a factor of 3. Additionally, by using the “electron images” from
the software, we can neglect the need for calibration frames, as simulating these frames on top of our
light frame is extremely computationally expensive, with some bias frames taking up to an hour to run.
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Figure 15. Processed Simulated Light Curves data for Eddington ratio of 100% [left column] and 50% [right

column]
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Figure 16. Processed Simulated Light Curves data for Eddington ratio of 10% [left column] and 5% [right column]
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C. YEAR BY YEAR PARAMETER SPACE FITS
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Figure 17. Year by year fits comparing parameter space of the AGNs for the COSMOS Field.
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Figure 18. Year by year fits comparing parameter space of the AGNs for the low cadence DDF's.
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