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Abstract

Reverberation mapping uses light echoes to infer the masses of supermassive black

holes (SMBH) in active galactic nuclei (AGN). By effectively substituting for spatial

resolution with temporal resolution, this technique overcomes the limits faced by

other methods reliant on high angular resolution instruments, allowing the study

of SMBH evolution over cosmic history. Reverberation measurements have been

used to constrain the relationship between the size of the broad-line region and

luminosity of AGN. This Radius-Luminosity (R − L) relation is used to estimate

single-epoch virial black hole masses, and has been proposed for use to standardise

AGN to determine cosmological distances. However, the intensity of observational

resources required has impeded greater application.

This has necessitated the commencement of multi-object spectroscopic surveys,

monitoring an order of magnitude more AGN and extending to high redshifts. In

this thesis, I explore the intricacies of performing reverberation mapping on this

‘industrial-scale’, and deliver results from the six-year Australian Dark Energy Sur-

vey (OzDES) Reverberation Mapping Program; one of two multi-object surveys

completed to-date.

There are complex interactions between the window function, emission-line lag and

variability timescales, which are further complicated by time dilation with redshift.

My comprehensive simulations demonstrate the impact of each component of the

global observational window function on reverberation lag recovery for a diverse

population of AGN. I find the presence of a significant seasonal gap dominates the

lag recovery efficacy of any given campaign strategy; more so than the cadence or

ix
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baseline of the data.

With an appreciation of the challenges imposed by the limited spectroscopic cadence

and significant seasonal gaps in the OzDES data, I successfully recover reverberation

lags for eight AGN at 0.12 < z < 0.71 from the OzDES Hβ sample, probing higher

redshifts than the bulk of Hβ measurements made to date. The results from this

multi-object spectroscopic survey are consistent with previous measurements made

by dedicated source-by-source campaigns (which had significantly higher cadence),

and with the observed dependence on accretion rate.

Given the overall lag recovery efficacy of only ∼10% for the entire OzDES sample, I

use the novel stacking technique to extract the maximum information from our data.

The data sparsity is ameliorated through the stacking of cross correlations from

physically similar sources to recover average reverberation lags. I present average

lags recovered for the Hβ, Mg ii and C iv samples, and multi-line measurements for

redshift bins where two lines are accessible. Our results demonstrate that stacking

has the potential to improve upon constraints on the R − L relation, which have

been derived using only individual source measurements thus far.

This thesis reveals both the challenges and the potential of industrial-scale reverber-

ation mapping. With the imminence of the next generation of multi-object surveys,

including LSST, TiDES and SDSS-V, this work highlights the urgency to prioritise

observing fields with longer seasonal visibility—not only to improve lag recovery

for more sources, but also to mitigate signal aliasing. Although I demonstrate the

ability of stacking to partially compensate for data sparsity, only by optimising the

observational window function can we harness the full potential of reverberation

mapping.
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1
Introduction

Active galactic nuclei (AGN) are the extremely luminous cores of active galaxies,

which are believed to be powered by supermassive black holes that are accreting

material. In fact, distant AGN, more commonly known as quasars, are the most

luminous objects in the Universe. There is strong evidence that supermassive black

holes (SMBHs) reside in the hearts of most, if not all, galaxies. Although most

galaxies are presently inactive, it is posited that they went through an active phase

at some point in their history, and that SMBH and galaxy growth are correlated.

Given their ubiquity and high luminosities, AGN can be used to probe the growth

and evolution of SMBHs over most of cosmic history.

The first observations of the extragalactic sources we now know as AGN were made

eighty years ago, however, explanation of their peculiar spectra evaded astronomers

for years. The discovery of more exotic AGN phenomena, such as radio jets, further

complicated consolidation of this class of object. We now understand that AGN

1



2 Introduction

encompass a variety of sources, but all exhibit the following characteristics: strong

emission lines (narrow, broad, or both) and variability across all wavelengths (no-

tably in X-rays). This variable continuum emission is reprocessed by various regions

around the central SMBH, producing light ‘echoes’. By making repeated observa-

tions across different wavelengths we can trace these light echoes and use them to

measure the size of the emitting region. This technique is known as reverberation

mapping (RM).

Presently, RM is the only method which can be used to directly measure SMBH

masses beyond our local Universe, as it does not require high spatial resolution

to resolve the gravitational sphere-of-influence of the SMBH. Although this is a

very powerful method with valuable applications, it has been underutilised due

to the intensity of observational resources required. More recently, multiplexed

spectroscopy has facilitated the concurrent observation of hundreds of AGN. The

Australian Dark Energy Survey (OzDES) employed this novel technology to conduct

one of the first multi-object RM surveys, pushing to new regimes. In this thesis, I

will review the past RM efforts before presenting results from the pioneering OzDES

RM Program, and explore how future multi-object surveys can perform to their full

potential.

1.1 Active Galactic Nuclei

The first class of AGN to be discovered, now known as Seyfert galaxies, appeared to

be regular spiral galaxies but with bright point-like centres that produced peculiar

spectra exhibiting high-ionisation broad emission lines superimposed on stellar-like

absorption spectra (Seyfert 1943). Then, in the 1960’s, wide-field radio surveys

identified radio emission from point sources not associated with any known objects.

Star-like optical counterparts were later detected by Matthews & Sandage (1963),

referred to as ‘quasi-stellar objects’ and later shortened to ‘quasars’. However, the

spectra had broad emission lines indicative of fast-moving gas, as observed for Seyfert

galaxies. Schmidt (1963) measured the spectrum of one of these sources, 3C 273, and

deduced that the emission lines were red-shifted; indicating the source originated at

a cosmological distance, and thus was far brighter and further away than any other
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object discovered until then.

Seyfert galaxies and quasars comprise the two largest groups of active galaxies.

Initially it was not known that the two classes were physically related. The general

distinction between them is that the host galaxies of Seyferts are visible, as the

radiation emitted by the nucleus is comparable to that emitted by stars in the

galaxy, whereas in quasars, the nuclear emission is greater by a factor of 100 or

more; therefore appearing as point sources (Peterson 1997).

The radiation emitted from these compact (i.e. unresolved) sources is far too great to

be attributed to stars and gas alone. Rapid flux variations over timescales as short

as minutes, as seen from X-ray observations, imply that the size of the emitting

region must be smaller this light-crossing time (McHardy 1988; Mushotzky et al.

1993). Given these size constraints, and mass constraints from the Eddington limit,

the only plausible mechanism for how such large amounts of radiation could be

generated within this small volume is the accretion of matter by a supermassive

black hole at the centre of the galaxy (Hoyle & Fowler 1963; Salpeter 1964; Zel’dovich

1964; Lynden-Bell 1969; Rees 1984). The presence of these SMBHs has since been

confirmed observationally (Ferrarese & Ford 2005).

Various types of AGN have been identified. They are distinguished by the observed

luminosity, presence of radio emission, and from the presence and width of cer-

tain emission lines in their spectra. Other types of AGN include radio galaxies,

blazars, and low-ionisation nuclear emission-line regions galaxies (LINERs). One of

the hallmarks of all AGN is their variable continuum emission across the entire elec-

tromagnetic spectrum. Spectroscopically, AGN can be further categorised as Type

1, from the presence of broad emission lines, or Type 2, if only narrow emission lines

are present (Peterson 1997).

The unified model for AGN attributes the differences between the various types of

AGN to the orientation of the black hole and its surrounding material relative to

the observer (Antonucci 1993; Urry & Padovani 1995). In this model, AGN are

surrounded by highly ionised gas present in the high-density broad-line region (on

the order of light days to weeks in size), and low-density narrow-line region, as well

as a dusty torus. The central black hole is located at the centre and is accreting the
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surrounding material. As illustrated in Figure 1.1, depending on the orientation of

the torus, and thus the degree to which the radiation emitted from the interior is

obscured, different types of AGN can be observed. Other models and more complex

factors are discussed by Netzer (2015), however this simple model suffices here.

Figure 1.1: Schematic diagram of the unified model for AGN. The arrows indicate
which type of AGN would be observed from various viewing angles. Credit: Emma
Alexander, licensed under CC-BY.

1.1.1 Co-evolution with host galaxy

A number of empirical relationships have been found between the SMBH mass and

certain host galaxy properties, such as the stellar velocity dispersion of the bulge;

the MBH − σ∗ relation (Ferrarese & Merritt 2000; Gebhardt et al. 2000a), and with

the bulge luminosity; the MBH − Lbulge relation (Magorrian et al. 1998), for both

quiescent and active galaxies. These relations suggest that the evolution of AGN

and their host galaxies are closely linked.
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One way in which AGN and their host galaxies may co-evolve is through the process

of AGN feedback (Silk & Rees 1998; King 2003). Feedback can occur through

radiative processes, e.g. in which the radiation emitted by the AGN heats the

interstellar medium (ISM), or through kinetic processes, e.g. in which the AGN

drives outflows of gas and dust from the galaxy. Negative feedback may regulate

the growth of the host galaxy by driving gas and dust outwards or preventing the

ISM from cooling and collapsing, thereby quenching star formation. Alternately,

positive AGN feedback induced by winds or outflows can compress the ISM and

trigger star formation. However, feedback is not observed to play a significant role

in co-evolution for all AGN, as it is dependent on factors such as galaxy type and

size, and mergers. For a review of AGN-host co-evolution and feedback processes

see Kormendy & Ho (2013) and Fabian (2012).

1.2 Supermassive black hole masses

To understand the co-evolution of SMBHs and their host galaxies, and the growth

of SMBHs over cosmic time, we require accurate and precise SMBH mass measure-

ments. There are several methods that can be used to directly measure the mass of

SMBHs:

• Stellar dynamics: At the centre of our galaxy, the radial velocities of several

individual stars orbiting Sgr A* were measured using near-IR adaptive optics

observations, confirming Sgr A* as a SMBH of ∼ 4×106M⊙ (Ghez et al. 2008;

Genzel et al. 2010). For extragalactic sources, the line-of-sight velocities of bulk

stellar motions in the galactic nucleus are measured using spatially resolved

spectroscopy. Stellar dynamical models are constrained with this kinematic

data to measure the mass of the SMBH (e.g., Gerhard 1993; Kormendy &

Richstone 1995; Gebhardt et al. 2000a, 2011). The Schwarzschild (1979) orbit

superposition method is the most widely used modelling technique (McConnell

& Ma 2013; Saglia et al. 2016). As this method requires high spectral resolution

to resolve the absorption lines, and high angular resolution to resolve the very

centre of the galaxy, it is generally only used for nearby quiescent galaxies,

but has also been done with weak AGN (Onken et al. 2014).
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• Gas dynamics: The radial velocities of ionised gas disks are measured from

spectra and modelled dynamically (Harms et al. 1994; den Brok et al. 2015).

However, gas kinematics aren’t necessarily dictated by the gravitational po-

tential of the central SMBH alone (Cappellari et al. 2002), and this method

also requires high spatial resolution. As with stellar dynamical masses, this

method is largely dependent on the model and its assumptions, which can

significantly affect the measured mass (Gebhardt & Thomas 2009).

• Megamasers: The rotation curve of the megamaser disk is measured from

water emission at 22 GHz using very long baseline radio interferometry (VLBI)

(Miyoshi et al. 1995; Greenhill et al. 2003; Kuo et al. 2011). This method can

only be used in Type 2 AGN with water masers, which need to be viewed at an

inclination angle within a few degrees of edge on, and is therefore inapplicable

for large samples.

• Spectroastrometry: The GRAVITY instrument on the Very Large Telescope

Interferometer (VLTI) has been used to spatially resolve the broad-line region

in 3C 273 and IRAS 09149-6206, recovering the size and structure (Gravity

Collaboration et al. 2018; GRAVITY Collaboration et al. 2020).

• VLBI: The Event Horizon Telescope spatially resolved the shadow of the

SMBHs in M87 and the Milky Way (Sgr A*) using a global network of ra-

dio telescopes, achieving an angular resolution of ∼ 20µas (Event Horizon

Telescope Collaboration et al. 2019, 2022). The size of this ring was used to

measure the SMBH mass.

However, each of these methods require exceptionally high spatial resolution to

resolve the small angular size of the gravitational sphere-of-influence of the SMBH.

Consequently, these methods have been restricted to SMBHs in the nearby Universe

(z < 0.2), and the latter method to the very nearest galaxies. The RM technique can

measure direct SMBH masses for Type 1 AGN by resolving the innermost regions in

the time domain, thereby circumventing the need for high angular resolution. Some

of the most luminous AGN (i.e., quasars) have been observed at redshifts as high

as z ∼ 7.6 (Bañados et al. 2018; Wang et al. 2021); equivalent to a look-back time

of ∼12.8 Gyr. Therefore RM of AGN provides the unique opportunity to trace the
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evolution of supermassive black holes and galaxies over most of the history of the

Universe.

1.3 Reverberation Mapping

The central SMBH in AGN are surrounded by hot accretion disks, which produce in-

trinsically stochastic variable continuum emission arising due to magneto-rotational

instabilities (Balbus & Hawley 1991; Tang et al. 2023). This continuum emission

ionises the broad-line region (BLR), which reprocesses this radiation, emitting a

broad emission-line spectrum. Some of the strongest observed broad emission lines

are the Balmer-series lines (e.g. Hαλ6563, Hβ λ4861), Mg iiλ2798 and C iv λ1549.

The variability of the ionising continuum emission drives correlated changes in the

flux of the broad emission lines over time (Blandford & McKee 1982; Peterson 1993).

The delay due to light travel-time between the continuum emission from the central

source and the reprocessed emission from the BLR allows measurement of the radius

of the BLR, RBLR.

To demonstrate how this reverberation response appears, we assume a simple model

of the BLR as a thin ring of gas clouds with a radius R, as shown in Figure 1.2. The

continuum emission from the accretion disk is emitted outward in all directions from

the centre of this ring. At an angle θ from the line of sight, the emission reprocessed

by the BLR has travelled a distance R to the BLR and is additionally delayed by

the time taken for the light to travel to the observer. In this model, the time delay

as a function of θ is

τ(θ) = (1 + cos θ)
R

c
(1.1)

The mean time delay τ can therefore be measured as

τ =
R

c

∫ 2π

0

(1 + cos θ)dθ/2π =
R

c
(1.2)

In reality, the reverberation response will depend on the geometry, orientation, and

structure of the BLR. The mean time delay τ , also referred to as the reverberation
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Figure 1.2: Figure 7 in Peterson (2001): A diagram showing the reverberation
response of a thin ring of BLR clouds. The intersection points of the isodelay
surface and the ring show the location of the BLR clouds that are observed to be
responding simultaneously. The dotted line shows the light-travel time delay of the
BLR emission reprocessed by one of these clouds that would be observed relative to
the continuum emission.

lag, can be recovered by cross-correlating light curves tracing the changing con-

tinuum and emission-line flux, which provides a measurement of the responsivity-

weighted radius of the BLR. It is assumed that the BLR is in virial equilibrium with

the SMBH, and therefore bound in Keplerian orbits. The velocity dispersion of the

BLR, ∆V , can be estimated from the width of the BLR emission lines, which are the

ensemble average of the BLR cloud emission, with each cloud presenting a different

Doppler shift. The mass of the central SMBH, MBH, can then be calculated from

the measured RBLR and ∆V using

MBH = f
RBLR∆V 2

G
(1.3)

The geometry, orientation, and kinematics of the BLR are encapsulated by the di-

mensionless scale factor f , which is calibrated using sources with independent mea-

surements from RM and the MBH−σ∗ relation (Ferrarese & Merritt 2000; Gebhardt

et al. 2000a; Onken et al. 2004; Woo et al. 2015).

There are three key simplifying assumptions of the RM method, originally stated

by Peterson (1993). Firstly, we assume that the central source of the continuum
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emission is significantly smaller than the BLR, i.e. that it is essentially a point

source. Secondly, we assume reverberation lag is much longer than the recombination

time for the BLR gas, and therefore the BLR cloud response time can be considered

negligible. Thirdly, we assume the relationship between the observed continuum

and reprocessed emission is approximately linear for small variations. With these

assumptions, we can use

∆L(V, t) =

∫ ∞

0

Ψ(V, τ)∆C(t− τ)dτ, (1.4)

to describe the response of the emission-line flux, ∆L(V, t), at time t to the variable

continuum flux, ∆C(t), that was emitted at a time τ earlier. The transfer function,

Ψ(V, τ), describes the structure and kinematics of the BLR, which is a function of

line-of-sight velocity, V (Blandford & McKee 1982). Velocity-resolved RM can be

used to recover this transfer function, or ‘velocity-delay map’, for an AGN, thus

providing bespoke information about the geometry, inclination and kinematics of

the BLR (Peterson 2001).

Under the simple assumption all AGN have a similar ionising spectrum and BLR

density, we can use the ionisation parameter, U , to predict the radius of the BLR

using

U =
Lion

4πr2nec
(1.5)

where Lion is the luminosity of ionising photons, r is the distance to the ionised

BLR, and ne is the electron density (Davidson 1972). Therefore, photoionisation

equilibrium predicts that the radius of the BLR should scale with AGN luminosity

as r ∝ Lα where α = 0.5.

Although this describes the process for reverberation mapping of the BLR specif-

ically, RM can also be done by measuring the time lag between: optical emission

and X-ray observations to measure the radius of the innermost orbit of the accretion

disk, multi-band optical/UV observations to measure the size of the accretion disk,

or optical and infra-red observations to measure the dust sublimation radius (see

Figure 1.3; Cackett et al. 2021).
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Figure 1.3: Figure 1 in Cackett et al. (2021): A cross-sectional schematic of an
AGN highlighting the main components relevant to the four types of RM: X-ray,
optical/UV continuum, BLR, and dust reverberation, labelled with general radial
scales from the black hole, where RG is the gravitational radius (RG = GM/c2).

1.3.1 Results from early surveys

Due to limits of technology at the time, the first RM campaigns (conducted dur-

ing the 1980-90s) were generally conducted with relatively small (1-to-2m class)

ground-based telescopes, and were only able to monitor a small sample of AGN on

a source-by-source basis. As high S/N spectra are required to measure the variabil-

ity of the emission-line fluxes, the majority of the sources monitored were bright,

relatively nearby (z < 0.1) Seyfert galaxies. The duration of these surveys ranged

from several months to years, with observations taken frequently (every few days

to once a week) (Bentz & Katz 2015). These campaigns were able to successfully

recover reverberation lags for dozens of AGN, however the sampling was generally

insufficient to recover velocity-delay maps (Horne et al. 2004).

As many of the monitored sources were at low redshifts, most results were obtained

using the Hβ emission line (4861 Å), as it appears within the rest-frame optical

wavelength range. The results allowed the predicted relationship between the AGN

luminosity and the radius of the BLR (R − L relation) to be constrained, for the

Hβ emission line. The initial results exhibited considerable scatter, and recovered a

steeper than expect slope of α ∼ 0.7 (Kaspi et al. 2000; Bentz et al. 2006). Subse-

quent studies re-measured many lags with higher sampled data to obtain more ac-

curate measurements, and subtracted the contribution of the host galaxy luminosity

using high-resolution Hubble Space Telescope images (Bentz et al. 2009, 2013). The
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slope of the revised R − L relation, shown in Figure 1.4, was found to be consis-

tent with the theoretical prediction from photoionisation models of α ∼ 0.5, and

exhibited rms scatter of only 0.13 dex.

Figure 1.4: Figure 11 in Bentz et al. (2013): The best fit Hβ Radius-Luminosity
relation (solid line) and range from the uncertainties on this fit (shaded region),
constrained using the full collection of measurements available at the time from the
literature (black points) and new measurements added by Bentz et al. (2013) (open-
circle points).

Lags recovered using higher ionisation emission lines (e.g., C iv) were found to be

shorter than lags recovered using lower ionisation emission lines (e.g., Hβ) (Gaskell

& Sparke 1986; Dietrich et al. 1993). Therefore, higher ionisation emission lines

were found to respond more rapidly to continuum variations, demonstrating the

ionisation stratification of the BLR.

As of 2015, RM had been used to recover lags and measure black hole masses for 63
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AGN via dedicated source-by-source monitoring (see results compiled by the AGN

Black Hole Mass Database, Bentz & Katz 2015). Most measurements were made

with Hβ, as Mg ii and C iv are only visible within the rest-frame optical range at

higher redshifts. As the reverberation lag is proportional to the AGN luminosity, and

time dilation increases with redshift, making RM measurements at high redshifts

requires many years of monitoring, particularly for the higher luminosity AGN. Only

a handful of lags had been previously recovered using the C iv line, including one

measurement for an AGN at z = 2.2 (Peterson et al. 2005; Kaspi et al. 2007), and

only one lag with Mg ii (Metzroth et al. 2006).

1.3.2 Applications of the Radius-Luminosity relation

Single-epoch black hole masses

With a well-calibrated R − L relation, SMBH masses can be estimated using only

a single AGN spectrum, bypassing the need to conduct observationally intensive

RM for each AGN (Wandel et al. 1999). The emission-line width and continuum

luminosity are measured from the spectrum, and the BLR radius is inferred from

this luminosity using the R−L relation, allowing the BH mass to be estimated using

Equation 1.3. However, the only well calibrated R − L relation exists for the Hβ

line (Bentz et al. 2013). In order to measure SMBH masses at higher redshifts, this

relation was extrapolated for the Mg ii (McLure & Jarvis 2002; Onken & Kollmeier

2008; Woo et al. 2018) and C iv lines (Vestergaard 2002; Vestergaard & Peterson

2006), as too few RM measurements existed to establish the mass scaling relations

for these lines independently. The Hβ mass scaling relation was re-calibrated for

Mg ii and C iv using UV spectra of the reverberation mapped sample with Hβ lags.

This single-epoch method was used to estimate the SMBH masses of AGN up to

z ∼ 4−5, which were found have MBH ∼ 109M⊙ at only 1.5 Gyr after the Big Bang

(Vestergaard 2002). This finding has prompted much discussion about possible

formation models for these early, massive BHs (Inayoshi et al. 2020).

These mass scaling relations allowed SMBH masses to be estimated for large spec-

troscopic samples comprising tens to hundreds of thousands of AGN, to study the

evolution of SMBH growth (e.g., SDSS DR5, DR7, DR16, Shen et al. 2008, 2011;
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Kelly & Shen 2013; Wu & Shen 2022). However, there are significant uncertainties on

the order of ∼0.5 dex on these BH mass estimates, due to our limited understanding

of BLR structure and kinematics, and the small number of available reverberation

measurements, among other factors (Shen 2013). One of the largest contributions

to this is the uncertainty in the calibration of the virial scale factor, f .

The virial factor, f , is empirically calibrated on the assumption that SMBH masses

measured by RM should be consistent with those predicted by the M − σ∗ relation

observed for inactive galaxies (Ferrarese & Merritt 2000; Gebhardt et al. 2000a;

Tremaine et al. 2002). It is measured as the shift required to align the M−σ∗ relation

for AGN with the fiducial M−σ∗ relation for inactive galaxies, using measurements

of the stellar velocity dispersion, σ∗, for AGN with RM measurements (Gebhardt

et al. 2000b; Onken et al. 2004; Woo et al. 2010; Park et al. 2012; Grier et al. 2013b).

The latest widely accepted average scale factor, ⟨f⟩, is 4.47±1.25, based on a sample

of ∼30 AGN (Woo et al. 2015).

Another source of uncertainty is that the Hβ R−L relation has been calibrated using

RM measurements made for mainly relatively nearby Seyfert galaxies, which only

represent the low-redshift, low-luminosity subset of the general AGN population

(Shen 2013). Therefore, the extrapolation of the mass scaling relations calibrated

on this R− L relation to the general AGN population is potentially unreliable.

AGN as ‘standardisable’ candles

A standard candle is an object with a known intrinsic luminosity, L, from which the

distance to the source can be determined using the inverse square law

F (z) =
L

4πD(z)2L
(1.6)

where F (z) is the observed flux of the object, and D(z)L is the luminosity distance

to the object. By measuring distances to these objects, and comparing it to their

redshifts, we can probe the expansion history of the Universe.

Riess et al. (2011) showed that not only is the Universe expanding at an accelerating

rate (Riess et al. 1998; Perlmutter et al. 1999), but that the Universe decelerated
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before it accelerated. Current models of dark energy are best discriminated by

probing the point when the Universe shifted from decelerating to accelerating (∼
0.7 < z < 1.2).

Type Ia supernovae (SNe Ia) are the most commonly used luminosity-distance indi-

cator, however, due to their intrinsic luminosity, they are difficult to observe beyond

z ∼ 1.5 (Riess et al. 2004). While we can find SNe Ia at these relatively high red-

shifts, currently only ∼20 have been found at z > 1 (Scolnic et al. 2022). AGN

have been proposed as an alternative standard candle, as they have several key

advantages:

• AGN are observable at redshifts as high as z ∼ 7.6 (Bañados et al. 2018; Wang

et al. 2021).

• There are more of them. It is estimated that at least 1 in 10 galaxies have AGN.

Not only are SNe Ia rare events, but they are even less likely to be produced in

the early Universe due to the time scale of formation of the progenitor systems

(Pritchet et al. 2008).

• AGN are not transient, as such, and are visible reliably for years. To detect

short-lived SNe Ia, high cadence long-term monitoring over a wide field-of-view

is required.

Therefore AGN have great potential for cosmology; they are abundant, would al-

low us to probe further into the Universe, and present the opportunity to measure

distances across the majority of the Universe with a single probe, eliminating cross-

probe systematics.

As all AGN do not have the same luminosity, they need to be standardised before

using them to determine luminosity distances, much like SNe Ia. Given the depen-

dence of the reverberation lag on the intrinsic absolute luminosity of the AGN, this

can be used to measure the luminosity distance to the source. This method was

used to create the first Hubble diagram using reverberation-mapped AGN, shown

in Figure 1.5 (Watson et al. 2011; Mart́ınez-Aldama et al. 2019). By using AGN as

standard candles in cosmology, our understanding of the nature of dark energy and

the evolution of the expansion of the Universe will no longer be limited to z < 1
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Figure 1.5: Figure 2 in Watson et al. (2011): The luminosity distance indicator
τ/

√
F plotted as a function of redshift for 38 AGN with Hβ lag measurements.

(King et al. 2014).

The factors limiting the further application of this method are the intrinsic scatter

in the Hβ R − L relation, and the lack of RM measurements at z > 0.3 precluding

the calibration of the R− L relations for Mg ii and C iv.

1.3.3 Recent RM campaigns

These important applications have been hindered by significant uncertainties arising

from the limited range of source properties probed by the reverberation-mapped

sample, and poor understanding of the true structure and kinematics of the BLR in

AGN (Shen 2013).

To address the latter limitation, a number of surveys have conducted observationally
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intensive velocity-resolved RM, which can be used to measure the individual virial

scale factor f for each AGN (e.g., Bentz et al. 2010; Grier et al. 2013a, 2017; Du et al.

2018; U et al. 2022), or measure the BH mass directly without f using dynamical

modelling (e.g., CARAMEL, Brewer et al. 2011; Pancoast et al. 2011, 2014a). One

example is the AGN Space Telescope and Optical Reverberation Mapping (AGN

STORM) program, which used space- and ground-based telescopes to monitor NGC

5548 with daily cadence to recover high-fidelity velocity-delay maps (De Rosa et al.

2015; Horne et al. 2021). AGN STORM also observed a strange period where

the BLR response was decoupled from the continuum variability for a few days;

challenging the fundamental assumptions of the RM method (Goad et al. 2016;

Dehghanian et al. 2019b). The BLR structure and size has also been resolved

spatially using spectroastrometry (Gravity Collaboration et al. 2018). However,

despite these efforts, a single average scale factor is still required to estimate BH

masses for large samples, and its uncertainty is limited by the scatter in the M −σ∗
relation.

Although the constraints on the R − L relation for Hβ from Bentz et al. (2013)

seemed promising, RM measurements made more recently by programs targeting a

more diverse range of sources have seen an increase in the intrinsic scatter in this

relation. The super-Eddington accreting massive black holes (SEAMBH) program

conducted RM for over 40 high-luminosity AGN with high accretion rates (Du et al.

2014; Wang et al. 2014a; Du et al. 2015, 2016, 2018; Hu et al. 2021). Many of the lags

recovered by this program were observed to lie below the Bentz et al. (2013) relation.

The mechanism proposed to explain these shorter lags is self-shadowing effects of

slim accretion disks resulting in anisotropic ionising radiation (Wang et al. 2014b).

Although this program studied AGN with a more diverse range of properties, it only

targeted AGN at z < 0.4.

As mentioned earlier, very few measurements have been made at high redshifts with

the Mg ii or C iv line from traditional source-by-source RM monitoring. To ad-

dress this, over the past decade, two RM surveys utilised multi-object spectroscopy

(MOS) to efficiently monitor large samples of AGN over a wide range of redshift
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and luminosities: the Australian Dark Energy Survey (OzDES) RM Program (2013–

2019; King et al. 2015) and the Sloan Digital Sky Survey RM Project (SDSS-RM,

2014–2020; Shen et al. 2015). Below I describe the OzDES RM Program, which

is the focus of this thesis, before discussing the recent results from these MOS-RM

surveys.

1.4 Australian Dark Energy Survey (OzDES)

The Dark Energy Survey (DES) conducted a wide-field survey covering 5000 deg2

of the sky in the g, r, i, z filters, with the Dark Energy Camera (DECam) on the

4m Blanco telescope at Cerro Tololo Inter-American Observatory (CTIO) in Chile

(Flaugher et al. 2015; Dark Energy Survey Collaboration et al. 2016). Additionally,

DES observed 10 legacy deep fields covering a total of 27 deg2, with ∼6 day cadence

from 2013 to 2018 (with additional science verification data taken in 2012), to detect

SNe Ia and other transients as part of the Supernova Program (Diehl et al. 2018).

These 10 deep fields comprise the ELAIS, XMM-LSS, Chandra deep-field South,

and SDSS Stripe 82 fields (Kessler et al. 2015). To best accommodate the visibility

of each of the deep fields, they were observed over a 5-6 month season (∼ August

to January).

The Australian Dark Energy Survey (OzDES) performed the spectroscopic follow-up

of the 10 deep fields, with the 2dF multi-object fibre positioning system (Lewis et al.

2002) and the AAOmega spectrograph (3700–8800 Å, Sharp et al. 2006) on the 3.9m

Anglo-Australian Telescope (AAT) at Siding Spring Observatory (Yuan et al. 2015;

Childress et al. 2017; Lidman et al. 2020). The AAT and Blanco telescope have the

same 2 deg2 field of view (FOV), as shown in Fig. 1.6, making the AAT ideal to

follow up the DES deep fields. OzDES observed over the same 5-6 month season

with approximately monthly cadence, over 6 years, from 2013 to 2019. After the

conclusion of the Supernova Program, additional DECam observations were taken

monthly in the 2018–19 season to continue concurrency with OzDES, resulting in a

total photometric monitoring baseline of 7 years for the deep fields.

The primary scientific goals of OzDES were to follow up SNe discovered by DES
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Figure 1.6: Figure 1 from Yuan et al. (2015): The background image shows the
DECam CCDs in their mosaic formation across its 2-degree FOV. Overlaid is the
2dF spectrograph FOV (large orange circle) with its 392 optical fibres (small cir-
cles), configured for one of the OzDES fields. Almost one quarter of these fibres
were dedicated to observing AGN for the RM program, for each of the 10 field con-
figurations.

in order to measure host galaxy redshifts and for spectroscopic classification, as

well as recovering lags for AGN using RM. As stated in the name of the survey,

SNe Ia are being used to measure the dark energy equation of state parameter,

from the consistently calibrated sample of SNe Ia detected by DES alone (aside

from the anchoring low-z sample) in order to minimise systematic uncertainties

(Abbott et al. 2019). In addition to measuring SMBH masses from RM, OzDES

will also investigate the aforementioned potential of AGN to be used as an alternative

‘standardisable’ candle to determine cosmological luminosity distances.

1.4.1 OzDES Reverberation Mapping Program

As part of the OzDES RM Program, 735 AGN were monitored, at redshifts 0.1 <

z < 4.0 with apparent magnitudes 17.2 < rAB < 22.3. The distributions of the
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Figure 1.7: Distribution of redshifts and apparent magnitudes for the 735 AGN
monitored by OzDES for RM. The shaded regions indicate the redshift range over
which the particular emission-line is visible. The ranges are: 0 < z < 0.72 for Hβ ,
0.65 < z < 1.92 for Mg ii, and z > 1.60 for C iv.

redshifts and magnitudes of these targets are shown in Figure 1.7. This sample

was selected from the wider sample of quasars detected by DES (King et al. 2015).

The DES quasar selection is detailed by Tie et al. (2017), and briefly described

here. First, all point sources in the DES fields were identified, and cuts based

on colour were used to select the quasars, from DES Year 1, VISTA Hemisphere

Survey (K band; McMahon et al. 2013), and Wide-Field Infrared Survey (WISE;

Wright et al. 2010) photometry covering the near-infrared to optical wavelength

range. Probabilistic modelling and variability selection were used to further refine

the sample, which has completeness > 85%, measured by comparing the region of
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DES overlapping with the highly complete SDSS Stripe 82 quasar sample (Peters

et al. 2015). The resulting sample of 1263 spectroscopically confirmed quasars was

reduced to our final sample of 735 AGN after screening for sources that fell within

DECam chip gaps, had low flux signal-to-noise, or with emission lines compromised

by the transition between the red and blue arms of AAOmega (King et al. 2015;

Hoormann et al. 2019).

The time-series photometry of the 10 DES deep fields yielded high quality continuum

light curves for our AGN sample, covering a 7-year baseline, in the g, r and i-

bands. The time-series emission line measurements were made using the spectra

obtained by OzDES. Since the sources are at various redshifts, their spectra are

redshifted accordingly, and only certain emission-lines are visible in the 3700−8800 Å

wavelength range of AAOmega. Therefore different emission-lines have to be used for

different sources. To measure the flux from the emission lines, the nearby continuum

level also needs to be measured. The following ranges were defined considering

the visibility of the emission-line and nearby continuum for our sample. The Hβ

emission-line is visible for sources at z < 0.72, Mg ii at 0.65 < z < 1.92 and C iv

at z > 1.60. In the overlapping ranges both emission lines are able to be used

independently to recover the lags.

Spectroscopy requires significantly more time investment than photometry: at least

2×2400s exposures were required for each field to achieve sufficient spectral signal-

to noise for all sources (Childress et al. 2017), as opposed to a total exposure time

of ∼1000s per field for the photometry (Kessler et al. 2015). OzDES was awarded

100 nights in total on the AAT, however, since ∼ 4 nights were required to obtain a

single epoch of data for each of the 10 fields, and ∼ 30% of time was lost due to poor

weather or suboptimal conditions, ∼ 4 spectroscopic epochs have been obtained for

each field per year, with roughly monthly cadence, resulting in 18-25 total epochs,

depending on the field (Lidman et al. 2020).

1.4.2 Results from MOS-RM

OzDES and SDSS-RM conducted similar AGN sample selection, but their obser-

vational strategies had one key difference: cadence. SDSS-RM observed 849 AGN
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at 0.1 < z < 4.5, flux limited to iAB < 21.7 (Shen et al. 2019a), over a 6 month

season (January to July) from 2014 to 2020. As SDSS-RM targeted a single 7 deg2

field, they were able to observe with higher cadence: ∼ 4 days in 2014 (yielding 32

epochs), bimonthly from 2015–17 (12 epochs per year) and monthly from 2018–20

(6 epochs per year) (Shen et al. 2019b). This was done so their lag recovery would

be more sensitive to shorter lags. Here I briefly summarise the available lag results

from these MOS-RM surveys.

As for the SEAMBH program, the Hβ lags recovered by SDSS-RM were found

to lie below the Bentz et al. (2013) relation, as shown in Figure 1.8, significantly

increasing the intrinsic scatter in the relation. However, their AGN did not have

high accretion rates, so it was unclear why this was occurring. Simulations by

Fonseca Alvarez et al. (2020) found that the observed deviation is unlikely to be a

consequence of observation bias (as only one 6-month season of data was available

at the time), and rather ascribed it to a change in the shape of the ionising spectral

energy distribution (SED).

The next MOS-RM results were two C iv lags recovered by OzDES, using the first

four years of data available at the time (Hoormann et al. 2019), which were consistent

with the small sample of existing results. Following this, SDSS-RM recovered dozens

of new lags with Mg ii and C iv, using the first 4 years of their data. However, there

is significant intrinsic scatter in the results (Grier et al. 2019; Homayouni et al. 2020).

This has cast doubt on the reliability of lags recovered with MOS-RM. Partially in

attempt to address this, simulations conducted by Li et al. (2019) and Penton et al.

(2022) compared the performance of the two widely used lag recovery methods, and

investigated the selection criteria of high-quality lags. The recent Mg ii lag results

using the complete OzDES data show reduced intrinsic scatter through the use of

more strict selection criteria (Yu et al. 2021, 2023). The OzDES C iv results using

the complete survey data are currently in preparation, with 25 preliminary lags

recovered for AGN up to z = 2.8.

Aside from results for BLR RM, the DES photometry was also used to recover

accretion disk lags (Mudd et al. 2018; Yu et al. 2020b).
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Figure 1.8: Figure 1 in Fonseca Alvarez et al. (2020): The Hβ R− L relation, with
lag measurements from Bentz et al. (2013) (also shown in Figure 1.4), and more
recent measurements made by Grier et al. (2017); Du et al. (2016, 2018). The black
line shows the best fit R − L relation from Bentz et al. (2013). Many of the lags
from SDSS-RM (red points) and SEAMBH (blue points) lie below this relation.

1.5 Thesis Outline

In this thesis, I explore the next generation of reverberation mapping, with multi-

object surveys. The limited number of measurements made at z > 0.4 encour-

aged MOS-RM surveys to observe hundreds of AGN, to broaden the reverberation-

mapped sample, and constrain R − L relations for Mg ii and C iv. However, these

programs have highlighted the challenges involved with scaling RM up to this

‘industrial-scale’ format. I note that aside from the SDSS-RM Hβ results, no other

MOS-RM results had been published when I started my candidature. The state of

the field has advanced dramatically as the MOS-RM results have been published

over the past 4 years. As such, the work presented in this thesis was conducted

dynamically, as findings were being presented. Here I briefly introduce each of the

chapters of this thesis.
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Chapter 2: Observational window effects on multi-object re-

verberation mapping

In Chapter 2, I investigate how the design of MOS-RM surveys impacts their efficacy.

During preliminary lag recovery for the OzDES RM Program, it became clear that

we would be limited by the low sampling of our survey. Using bespoke simulations,

I examine how lag recovery efficacy changes when the cadence, season length and

baseline of the survey is varied. After identifying the the key factors limiting lag

recovery efficacy, I simulate a grid of AGN over the accessible range of redshift and

luminosity to demonstrate various scenarios for upcoming MOS-RM surveys.

Chapter 3: OzDES Reverberation Mapping Program: Hβ

lags from the 6-year survey

In Chapter 3, I present new reverberation lags measured from the OzDES RM

Program Hβ sample. OzDES notably had lower spectroscopic sampling than earlier

traditional RM surveys, making the recovery of the shorter lags expected for the

Hβ sample particularly challenging. I measure SMBH masses for the successful lag

recoveries, and compare the consistency of our results with earlier measurements

on the R − L relation. In conjunction with the findings from the previous chapter,

these results show promise for future RM programs to make further measurements

which can reduce the intrinsic scatter in this important R− L relation.

Chapter 4: OzDES Reverberation Mapping Program: Stack-

ing analysis with Hβ, Mg II and C IV

In Chapter 4, I apply the stacking technique developed by Fine et al. (2012, 2013)

to recover average reverberation lags across the redshift-luminosity parameter space

probed by the OzDES RM sample. This method is able to overcome some, but not

all, of the issues imposed by the less-than-ideal window function that has limited the

overall individual lag recovery efficacy of OzDES to ∼ 10%. I compare our average

stacked lags with the complete sample of individual RM measurements available for

each emission line, and examine the promising potential of this technique which,
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until now, has had limited use.

Chapter 5: Conclusion

Finally, in Chapter 5, I summarise the results of this thesis and briefly discuss

avenues for future research.
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Abstract

Contemporary reverberation mapping campaigns are employing wide-area photo-

metric data and high-multiplex spectroscopy to efficiently monitor hundreds of ac-

tive galactic nuclei (AGN). However, the interaction of the window function(s) im-

posed by the observation cadence with the reverberation lag and AGN variability

time scales (intrinsic to each source over a range of luminosities) impact our ability

to recover these fundamental physical properties. Time dilation effects due to the

sample source redshift distribution introduces added complexity. We present com-

prehensive analysis of the implications of observational cadence, seasonal gaps and

campaign baseline duration (i.e., the survey window function) for reverberation lag

recovery. We find the presence of a significant seasonal gap dominates the efficacy

of any given campaign strategy for lag recovery across the parameter space, par-

ticularly for those sources with observed-frame lags above 100 days. Using OzDES

as a baseline, we consider the implications of this analysis for the 4MOST/TiDES

campaign providing concurrent follow-up of the LSST deep-drilling fields, as well as

upcoming programs. We conclude that the success of such surveys will be critically

limited by the seasonal visibility of some potential field choices, but show significant

improvement from extending the baseline. Optimising the sample selection to fit

the window function will improve survey efficacy.

2.1 Introduction

The innermost regions of active galactic nuclei (AGN) provide a crucial window for

the understanding of supermassive black hole (SMBH) physics and galaxy evolution.

Within the local Universe, this zone can be resolved to within the gravitational

sphere of influence through the use of the highest angular resolution instruments

(e.g., Gebhardt et al. 2000a; Greene et al. 2010; Gebhardt et al. 2011; Kuo et al.

2011; Event Horizon Telescope Collaboration et al. 2019). Beyond the local Universe

the achievable angular resolution becomes inadequate to resolve the environments

of even the most massive black hole systems. We must turn to indirect techniques

to probe the structure of such systems.
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Reverberation Mapping (RM) provides a powerful opportunity to probe the struc-

ture of even the most distant of these compact systems. By resolving the innermost

regions of AGN in the time-domain, the variable continuum emission from an ac-

cretion disk triggers a reverberation response in the surrounding environment and

this signal can be inverted to reveal otherwise unresolvable physical detail. The

broad line region (BLR) produces an emission-line spectrum in which the flux of the

emission lines reverberates in response to the variability of the ionising continuum

emission (Blandford & McKee 1982; Peterson & Horne 2004). The delay τ , due to

light travel time between the continuum emission from the compact core and the

emission from the BLR, allows the radius of the BLR (RBLR ∼ cτ) to be inferred.

The velocity dispersion of the BLR (∆V ) can be estimated from the width of the

broadened emission lines. The mass of the central black hole (MBH) can then be

measured using the virial theorem:

MBH = f
RBLR∆V 2

G
, (2.1)

where f is the virial coefficient; a dimensionless scale factor that accounts for the

geometry, orientation, and kinematics of the BLR (Woo et al. 2015).

This technique has been used to measure the masses of over 100 SMBHs, establishing

RM as the primary method of SMBH mass measurement at z > 0.1 at present.

The tight correlation found between the AGN luminosity and the radius of the

BLR (R − L relation; e.g., Bentz et al. 2009) has facilitated the use of indirect

virial BH mass estimators using single-epoch spectroscopy (e.g., Shen et al. 2011).

Watson et al. (2011) proposed using the R − L relation to standardise AGN for

use in cosmology. Although RM is a powerful technique with many applications,

its full potential is yet to be reached. Few measurements have been made for the

Mg ii and C iv emission lines, preventing the R − L relations for these lines from

being better constrained. This has also meant that the subset of AGN for which

most RM measurements have been made are limited to local AGN, which are not

representative of the general AGN population (Shen et al. 2008; Shen 2013). It is

necessary to probe the full range of AGN luminosities to improve virial BH mass

estimates for the broader population.
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Time-domain photometric and spectroscopic monitoring is required to successfully

conduct RM of the BLR, since the technique relies on tracing the stochastic vari-

ability of AGN. To mitigate the bias towards local AGN, recent ‘industrial-scale’

RM campaigns have probed new regions of the AGN luminosity-redshift parameter

space, with a particular focus at high-redshifts. This includes the Australian Dark

Energy Survey (OzDES) RM Program (King et al. 2015) and Sloan Digital Sky

Survey RM Project (SDSS-RM, Shen et al. 2015), which began in 2013 and 2014,

respectively. Developments with multi-object spectroscopy have enabled these sur-

veys to monitor large AGN samples. The success of lag recovery is highly dependent

on the observational window, therefore the cadence, season length and baseline must

be optimised to achieve the goals of the survey.

The observational window function (both photometric and spectroscopic) of any

observing campaign imposes structure on the light curve sampling for a RM survey.

Long baseline time-series photometry is readily obtainable through contemporary

wide-field surveys (e.g., Dark Energy Survey, LSST). Obtaining concurrent spec-

troscopy is more challenging, due to the large multiplex of a wide field-of-view

required. Facility choice is furthered restricted by the need for a large telescope

aperture, essential to achieve sufficient signal-to-noise in the spectroscopic data for

practical integration times. Improved facility access, and broad appeal across a

range of survey applications, drives many surveys to equatorial fields to facilitate

access to the survey program from both hemispheres. Observing equatorial fields

immediately restricts field visibility and imposes a significant seasonal gap on the

data.

The RM technique relies on recovering the lag between observed continuum and

emission-line light curves using cross-correlation, which is highly dependent on how

the light curves are sampled. The effect of the observational window on lag recovery

has been studied in a limited capacity. White & Peterson (1994) investigated the

minimum required sampling interval (i.e., cadence) for accurate recovery, and Welsh

(1999) identified improvement with extending the duration of light curves. However

both these studies were limited to studying the recovery for local AGN with lags less
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than a month long, on an individual source basis. For contemporary large-scale sur-

veys, King et al. (2015) and Shen et al. (2015) conducted simulations of the OzDES

and SDSS-RM surveys, respectively. The simulations tested some program alter-

ations and extensions, which highlighted improvements with extending the season

length and baseline, but this was not used to alter the implemented survey design.

Recent RM results from these programs (Grier et al. 2017; Hoormann et al. 2019;

Grier et al. 2019; Homayouni et al. 2020; Yu et al. 2021; Penton et al. 2022) show

how the observational window presents challenges for recovery of these high-z AGN

lags, such as aliasing due to seasonal gaps. In addition, lag recovery depends on the

signal-to-noise of the flux measurements and observed variability of the AGN. After

combining these factors we see how complex lag recovery can be, and the need for

a comprehensive study of how it can be improved.

There are factors in the success of RM which can be controlled, and those that can

not. It is possible that the observed variability of a source is simply unfavourable

(e.g., monotonic behaviour, Kaspi et al. 2007), or that some sources do not rever-

berate ideally (e.g., BLR ‘holiday’, Goad et al. 2016; Dehghanian et al. 2019a). As

more RM surveys are completed, a better understanding of such phenomena can be

achieved. The signal-to-noise of spectroscopic measurements, particularly at high

redshifts, also presents a challenge. Presently RM surveys must focus on the factors

that can be controlled: the survey window. In this work, we present a detailed

investigation of each component of the global window function which describes the

survey sampling. In Section 2.2 we describe the AGN light curve model, window

functions, and lag recovery methods. Section 2.3 presents simulations designed to

probe the 3-dimensional parameter space of cadence, season length and baseline

to see how the accuracy and precision of the lag recovery changes. We then ex-

tend this to a subsample of simulated AGN with a range of expected lags before

conducting high-resolution simulations for a grid of AGN probing a wide region of

redshift-luminosity parameter space. We simulate the efficacy of a future planned

‘industrial-scale’ RM survey and potential extensions that could improve its success.

We discuss the implications and caveats of our work in Section 2.4 and summarise

our key results in Section 2.5.
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2.2 Modelling observational window functions

The DES deep survey targeted legacy supernovae fields across a wide range in dec-

lination, with all regions followed up with multi-object spectroscopy conducted by

OzDES. We model the resulting observational window function for RM using this

contemporary survey as an initial baseline. The OzDES window function is largely

representative of the window functions of current and planned large-scale RM sur-

veys (e.g., Shen et al. 2015; Kollmeier et al. 2017; Brandt et al. 2018; Swann et al.

2019; The MSE Science Team et al. 2019). The custom window functions we ap-

ply probe the window function parameter space by modelling surveys that could be

performed by contemporary facilities. To conduct our simulations, we created mock

AGN light curves to which we could apply our custom window functions. In this

section we introduce the OzDES survey, used as our base model survey, and describe

how we create mock light curves. We then explain the custom window functions,

and the lag recovery methods used for this work.

2.2.1 OzDES Reverberation Mapping Program

As part of the broader Dark Energy Survey (DES), the DES supernovae (SNe)

program repeatedly observed 10 deep fields, covering 27 deg2 of the sky, in the

g, r, i and z filters, with the Dark Energy Camera (DECam) on the 4m Blanco

telescope at Cerro Tololo Inter-American Observatory (CTIO) (Dark Energy Survey

Collaboration et al. 2016). These fields comprise of the ELIAS, XMM-Large Scale

Structure, Chandra deep-field South, and SDSS Stripe 82 fields. The deep fields

were observed over a 5-6 month campaign season (from September to January)

each year, from September 2013 to January 2019. The photometric observations

were obtained, on average, every 6 days during each season. This cadence, designed

principally for detection of transient events such as type-Ia SNe, provides continuum

light curves for AGN reverberation mapping. Wide-field multi-object spectroscopy

for the SNe program was provided by the OzDES program. OzDES performed the

spectroscopic follow-up of the deep fields with the 2dF multi-object fibre positioning

system and the AAOmega spectrograph (Sharp et al. 2006) on the 3.9m Anglo-

Australian Telescope (AAT), with a monthly cadence over the same 6-year baseline
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Figure 2.1: Distribution of redshifts and r band apparent AB magnitudes for the 771
AGN monitored by OzDES for RM, and their expected observed-frame lags from
published R − L relations. The relations from Bentz et al. (2013), Trakhtenbrot &
Netzer (2012) and Hoormann et al. (2019) were used for the Hβ (0< z <0.62), Mg ii
(0.62< z <1.78) and C iv (z >1.78) emission lines, respectively.

(Yuan et al. 2015; Childress et al. 2017; Lidman et al. 2020). The primary scientific

goals of OzDES were to follow-up supernovae discovered by DES, by using their

spectra to determine host-galaxy redshifts and for classification, and to conduct

RM of AGN.

As part of the OzDES RM program, 771 AGN have been monitored, at redshifts

0.12 < z < 4.5 with apparent magnitudes 17.2 < rAB < 22.3. The distributions of

the redshifts and magnitudes of these targets are shown in Figure 2.1, which also

shows the expected observed-frame lags for our sample. The sample was screened

for sources that fell within DECam chip gaps, or with emission lines compromised by

the transition between the red and blue arms of AAOmega (see King et al. 2015; Tie

et al. 2017, for more details). The SDSS-RM sample follows a similar distribution

(Shen et al. 2015).
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We continued photometric observations with DECam in 2019, and spectroscopic

observations with the AAT in 2020. Due to COVID-19 disruptions closing the

observatory in 2020, we continued the photometric observations with DECam in

2021. This will partially bridge the gap to the Legacy Survey of Space and Time

(LSST) conducted with the Vera Rubin Observatory, which will also be observing

the ELIAS, XMM-LSS and Chandra DFS, as three of its four deep-drilling fields.

This will also provide continuity to the spectroscopic follow-up of the LSST deep-

drilling fields by SDSS-V (Kollmeier et al. 2017) and the Time-Domain Extragalactic

Survey (TiDES; Swann et al. 2019), which we discuss in §2.3.3.

2.2.2 Light curves

The damped random walk (DRW) model developed by Kelly et al. (2009) was used to

create simulated continuum light curves. It has been shown to provide an adequate

representation of the intrinsically stochastic behaviour exhibited by AGN, as seen

in their continuum light curves. A DRW is a random walk with an additional

term that pushes deviations back to the mean value. It is characterised by two

parameters, the damping timescale and the amplitude, which are unique to the

source. Koz lowski et al. (2010) and MacLeod et al. (2010) extended this work and

compared this model to more observed AGN light curves, applying the DRW model

to directly constrain the variability parameters. MacLeod et al. (2010) determined

the correlations between the variability parameters and physical AGN properties,

including luminosity and black hole mass, using photometric light curves for ∼8,000

spectroscopically confirmed quasars in the Stripe 82 field, which were monitored

over a 10 year baseline by the Sloan Digital Sky Survey (SDSS). The DRW model

has been widely used for RM simulations (Shen et al. 2015; King et al. 2015; Li et al.

2019; Penton et al. 2022). Although AGN variability has been observed to deviate

from the DRW on short time-scales (Mushotzky et al. 2011; Kasliwal et al. 2015;

Smith et al. 2018), this has been found to not affect lag measurements (Yu et al.

2020b).

The procedure we used to generate the simulated light curves is detailed below

(reproduced from Section 2.1 and A1 in Penton et al. 2022). The required inputs
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are the source redshift and apparent magnitude, from which each of the model

parameters are derived. For each simulated source, the expected rest-frame lag was

estimated using the R − L relations for the Hβ (0< z <0.62) (Bentz et al. 2013),

Mg ii (0.62< z <1.78) (Trakhtenbrot & Netzer 2012) and C iv (z >1.78) (Hoormann

et al. 2019) emission lines, and multiplied by (1 + z) to obtain the input observed-

frame lag, τinput. Unless otherwise stated, the light curves, input lags and timescales

we refer to are in the observed frame.

The simulated AGN light curves were generated with daily cadence of the photomet-

ric and spectroscopic light curves, then appropriately down-sampled by the window

function. The photometric and spectroscopic fluxes have 3% and 10% observational

uncertainties applied, respectively, approximately representative of the DES and

OzDES survey data (Dark Energy Survey Collaboration et al. 2016; Lidman et al.

2020).

Continuum and emission-line light curves

The following parameters are required to model the continuum and emission-line

light curves for an AGN:

• mean of the lightcurve, µ;

• damping timescale, τD, in days;

• long-term structure function, SF∞, in mag;

• lag, τ , in days.

The damping timescale (also referred to as the relaxation time or characteristic

time-scale) is the average time it takes for the random walk to return to the mean.

The amplitude of the DRW can be described a function of the standard deviation

of the DRW known as the structure function, SF (∆t). The simulated light curves

for the OzDES AGN sample need to be generated for a survey baseline of at least

∆t = 7 years. The asymptotic value of the structure function at large ∆t is:

SF (∆t ≫ τD) ≡ SF∞ =
√

2σ (2.2)
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where σ is the long-term standard deviation of the variability.

The continuum lightcurve, in magnitudes, is defined by a damped random walk with

a mean µ, and variable term ∆C(t):

C(t) = µ + ∆C(t) (2.3)

where µ is the monochromatic continuum flux density at a given wavelength, con-

verted to an apparent magnitude. The variable term at t = 0 is ∆C(t0) = σG(1),

where σ is as defined in Equation 2.2, and G(1) is a random number drawn from

a Gaussian distribution with a mean of 0 and standard deviation of 1. Subsequent

variable terms are given by:

∆C(ti+1) = ∆C(ti) exp

(−|ti+1 − ti|
τD

)
+ σG(1)

[
1 − exp

(
2|ti+1 − ti|

τD

)] 1
2

(2.4)

Blandford & McKee (1982) interpret the emission-line flux variations as a response

to continuum variations using:

∆L(t) =

∫
Ψ(τ)∆C(t− τ)dτ, (2.5)

where ∆L(t) is the emission-line light-curve flux relative to its mean value, Ψ(τ) is

the transfer function, C(t) is the variable component of the continuum lightcurve

flux and τ is the lag. The transfer function describes the BLR emission-line flux

response to a delta function variation of the continuum flux. It has the effect of

smoothing the emission-line lightcurve and shifting it, relative to the continuum

lightcurve, by the lag τ . We convolve the continuum lightcurve with a top-hat

transfer function to generate the smoothed and shifted emission-line lightcurve. As

the true form of Ψ(τ) is complex and related to the geometry and kinematics of

the BLR (Peterson 2001), we use the top-hat as an approximation. As in Zu et al.

(2011), we use a top-hat transfer function of the form:

Ψ(t) =


1

w
τ − w/2 < t < τ + w/2

0 otherwise

, (2.6)
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Table 2.1: Coefficients of the power law relation defined for the damping timescale
and structure function.

τD SF∞
A 2.4 -0.51
B 0.17 -0.48
C 0.03 0.13
D 0.21 0.18

where w is the width of the top-hat. Following King et al. (2015) we adopt w = 0.1τ .

To generate light curves for the AGN sample monitored by the OzDES RM program,

the four parameters described above (µ, τ, τD, SF∞) were used to create a bespoke

simulation for each source. The parameters were found using the apparent r-band

AB magnitudes and redshifts unique to each source, as described in the following

section.

Variability time-scale, τD, and amplitude, SF∞

MacLeod et al. (2010) determined the following power law relationship between τD

and SF∞ and the physical properties of AGN:

log10(α) = Aα + Bα log10

(
λ

4000

)
+ Cα(Mi + 23)

+ Dα log10

(
MBH

109M⊙

)
(2.7)

where α refers to τD (in days) or SF∞ (in mag), λ (Å) is the rest-frame continuum

wavelength, Mi is the absolute i-band magnitude of the source and MBH is the mass

of the black hole (in solar masses). The coefficients are given in Table 2.1. The

correlations were found after converting timescales to the rest-frame of the sources,

therefore the estimated τD values were multiplied by (1+z) to create simulated light

curves in the observed frame.

The black hole mass that is often used in simulations of this type is that predicted

from the following Gaussian distribution used by MacLeod et al. (2010):

P (log10MBH|Mi) =
1√

2πσ2
MBH

exp[−(log10MBH − log10MBH)2

2σ2
MBH

] (2.8)
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with mean log10MBH = 2.0−0.27Mi and standard deviation σMBH
= 0.58+0.011Mi

which signifies the dispersion in the black hole population.

2.2.3 Window functions

The dominant observational effect on lag recovery is expected to be the survey win-

dow function. For our simulations we apply custom window functions to model

observed light curves. We apply a custom window function that samples the orig-

inal simulated light curves with a desired baseline, season length, and photometric

or spectroscopic cadence (for the continuum and emission-line light curves, respec-

tively). To be representative of the uneven sampling of surveys, we permit a scatter

range for the cadence (e.g., 14± 4 days), drawing the dates from a uniform distri-

bution.

2.2.4 Lag Recovery

One of the most widely used lag recovery techniques is the interpolated cross-

correlation function (ICCF, Gaskell & Peterson 1987). In order to focus on the

effects of the window function over the critical variables, we chose not to use the

more complex JAVELIN (Zu et al. 2011) methodology in this work. For compar-

isons of the ICCF and JAVELIN lag recovery methods, see Li et al. (2019), Yu et al.

(2020b), and Penton et al. (2022).

We use the ICCF method as described by Peterson et al. (1998), and summarised

here. The recovered lag and its uncertainty are measured using the flux randomi-

sation and random subset sampling (FR/RSS) method. Since the ICCF method

does not directly use the flux measurement uncertainties when computing the cross

correlation function (CCF), flux randomisation accounts for the uncertainties by

shifting the original flux values by Gaussian deviates based on the standard devia-

tion on the fluxes. The random subset sampling accounts for the effect of any one

flux measurement on the lag measurements, by randomly selecting light curve points

with replacement (resulting in a sample ∼37% smaller than the original set). Both

the continuum and emission-line light curve are altered by this FR/RSS process.

A CCF is computed with the continuum light curve and the linearly interpolated
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Figure 2.2: Example of the interpolated cross-correlation function (ICCF), applied
to a pair of simulated light curves. The left panels show the simulated continuum
and emission-line light curves. The top right panel shows the cross-correlation func-
tion computed using ICCF, highlighting the section of the CCF used to compute
the centroid, and the peak lag and centroid lag measurement from this CCF. The
bottom right panel shows the cross-correlation centroid distribution (CCCD) in or-
ange, and the cross-correlation peak distribution (CCPD) in blue, with the vertical
lines and shaded regions indicating the recovered lag and its uncertainty, from each
distribution. The red line indicates the input observed-frame lag, τinput, for the
source.

emission-line light curve, which are cross correlated as a function of time lag. The

light curve is linearly interpolated at a specified time lag spacing. Another CCF is

computed using the linearly interpolated continuum light curve and the emission-

line light curve. The final CCF is the average of these two CCF’s. The lag is the

time at which the peak of the final CCF occurs.

A cross-correlation peak distribution (CCPD) is obtained with the lags found from

1000 Monte Carlo realisations of FR/RSS. The recovered lag is taken to be the

median of the CCPD, and the uncertainties are the upper and lower limits which

contain 68.27% of the realisations (equivalent to 1σ uncertainties of a normal dis-

tribution). An example is shown in Figure 2.2. The centroid measurement is also

commonly used, as recommended by Peterson & Horne (2004), which is computed

as the median of the CCF values > 0.8rmax counted out from the peak of the CCF.
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In this work the peak lag was found to be more accurate and consistent than the

centroid lag, when dealing with various CCF shapes (which arise due to varied light

curve sampling). For example, as shown in Figure 2.2, the centroid measurements

were often skewed toward the centre of the lag prior range due to the broad, flat

shape of the CCF, and our use of a non-negative lag prior. We investigate the effect

of the lag prior in §2.3.2.

When computing the CCF, we use the PyCCF python code (Sun et al. 2018), setting

the interpolation grid spacing to be 3 days. We set the rmax threshold to be 0, and

disable the automatic use of the p-value test to set the rmax threshold.

2.3 Results

2.3.1 Window function parameter space

There are three critical components to the observational window function: observa-

tion cadence, the length of the seasonal gap, and the survey duration. In principle

the cadence of photometric and spectroscopic data can be varied independently.

However initial experimentation indicated that, under the assumption that photo-

metric data is highly likely to be available with greater frequency than the associated

spectroscopy, the cadence of said photometry has limited bearing on lag recovery.

We therefore proceed with a simplified model for observational cadence, varying

photometric and spectroscopic observations in lockstep.

To probe the observational window parameter space, we conducted three sets of

simulations: the first keeping the baseline of the survey fixed (reflecting the 6 year

OzDES survey) while varying the cadence and season length, the second keeping

the cadence constant (weekly photometry and monthly spectroscopy) while varying

the baseline and season length, and the third keeping the season length constant (5

months) while varying the cadence and baseline.

To model various survey cadences the light curves were down-sampled sequentially

over 10 levels, ranging from daily photometry and spectroscopy, to weekly photome-

try and monthly spectroscopy. This last down-sampling level approximately models
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Figure 2.3: The fraction of quality lag recoveries, across the window function param-
eter space, for a source with τinput=356 days. The fixed component of the window
function is labelled above each panel. The blank regions are where the baselines of
the light curves were shorter than the lag prior range.
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Figure 2.4: A 2-year section of simulated continuum and emission-line light curves,
at daily cadence, with τinput=356 days. For clarity, the light curve flux errors are
not shown here. The phase-corrected emission-line light curve is shown at the bot-
tom. The darkened portions of the light curves indicate where the continuum and
emission-line light curves overlap within the observing seasons. As the emission-line
light curve lags the continuum by 356 days, the reverberation is seen almost exactly
one year later.
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the DES and OzDES observational cadence. More densely sampled photometry was

chosen as it is more readily obtainable and has been shown to improve lag recov-

ery (Shen et al. 2015). The season length was extended by one month at a time,

starting from 3 months up to the maximum possible season length of 12 months.

The baseline was extended successively by one year, from 1 year to 10 years. Each

window function was applied to 100 pairs of light-curve realisations created for a

source.

To best demonstrate the interactions between the lag and various window function

timescales, we simulated sources with τinput ∼2 months, ∼5 months, ∼12 months,

and ∼18 months.

Our goal is to determine, across the observational parameter space, the fractional

recovery of accurate lag measurements with acceptable precision. For each simulated

input lag value, we consider the fractional recovery rate for each survey window

function realisation. We require a quality lag recovery to be within 10% (and 100

days) of τinput, and ≥ 4 times the statistical uncertainty on the lag measurement

provided by ICCF. Following King et al. (2015), we use a lag prior of 0 to 3τexpected.

Figure 2.3 shows the fraction of quality recoveries for a source with a lag of τinput=

356 days, through the window function parameter space. For this source with a

lag close to one year, there is extensive overlap between the photometry and spec-

troscopy, albeit from campaign seasons in different years, as shown in Figure 2.4.

This lag can be recovered with short seasons and low cadence, with a sufficiently long

baseline. Even subtle variability features seen within short seasons will be directly

observed in the emission-line light curve. The first results from OzDES (Hoormann

et al. 2019) were for C iv sources with observed lags ≈ 1 year, as they could be

reliably recovered when only the first four years of data were recorded.

We repeat this for sources with various input lags. Figure 2.5 shows the fraction

of quality recoveries for a selection of sources with various observed-frame lags,

through the window function parameter space. For a source with an input lag of

τinput = 142 days, there is significant improvement in the fraction of quality recoveries

as the seasonal gap is reduced. As this lag is almost 5 months in the observed frame,

it is challenging to recover when the season length is equal to or shorter than the
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Figure 2.5: Each row presents the fraction of quality lag recoveries for sources with
various input lags, which are labelled above each row, across the window function
parameter space. The fixed component of the window function is labelled above
each panel. The blank regions are where the baseline of the light curves is shorter
than the lag prior range.
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Figure 2.6: A 2-year section of simulated continuum and emission-line light curves,
at daily cadence, with τinput = 142 days. For clarity, the light curve flux errors
are not shown here. The phase-corrected emission-line light curve is shown at the
bottom. The darkened portions of the light curves indicate where the continuum and
emission-line light curves overlap within the observing seasons. As the emission-line
light curve lags the continuum by 142 days, the direct reverberation response begins
when the observing season ends, so it cannot be observed.

lag. The direct response of the broad-line region to the variability of the ionising

continuum occurs mainly outside of the 5-month observing season, as shown in

Figure 2.6. Recovery of a reverberation signal from such a source would therefore

rely on higher-order correlation timescales, such as the variability relaxation time,

as presented by (e.g., Grier et al. 2019; Homayouni et al. 2020; Yu et al. 2021).

We see similar trends for the source with τinput = 500 days (Figure 2.5). This is

expected as this lag coincides with the second seasonal gap. However, the second

order effect due to the damping timescale results in the lag being moderately recov-

erable even with seasonal gaps present, as information is present in the smoother

long-term variations seen on timescales longer than the lag itself.
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For a source with a lag of τinput = 71 days (and with a fixed survey baseline of 6

years) there is significant overlap between the photometric and spectroscopic win-

dow function within each campaign season. Unsurprisingly, we find that increasing

the observational cadence improves the precision of lag recovery, although it has

limited impact on accuracy, which requires closing the seasonal gap (maximising

the overlap between photometry and spectroscopy with each campaign season) to

achieve significant improvement. The light-echo in the emission-line light curve for

this source begins around 71 days, therefore, as with the 142-day lag, we require a

long enough season length to provide sufficient overlap to allow lag recovery. We see

the relatively short lag can still be well recovered with the fixed cadence, if there is

a sufficiently long baseline and extended season length. As the baseline or season

length increase, the chance increases of seeing favourable structure to variability

(i.e., significant large flux excursions from the mean on short timescales).

2.3.2 Quality vs. Quantity

We extend these simulations to a sub-sample of OzDES sources. These sources were

selected based on their expected lags, to cover the range of expected observed-frame

lags for this sample. As most of our sources have expected observed-frame lags up

to 1000 days (Figure 2.1), we set this as the upper limit for these simulations. We

apply window functions that vary one component at a time, using a constant number

of data points. This allows us to directly compare how each component of the

window function affects the recovery of a particular lag. We added approximately

90 photometric epochs and 20 spectroscopic epochs to the base OzDES window

function, by independently changing one component of the original window function.

In addition to applying the base OzDES window function, we conducted three sets of

simulations with the following window function changes: only the season extended

(from 5 to 9 months), with the baseline extended (from 6 to 10 years), and with

increased cadence (from (7,30) to (4,18) days for the (continuum, emission-line)

light curves, respectively).. Lags were recovered for each of 100 pairs of light curve

realisations created for each simulated source.

The top panel of Figure 2.7 shows the median and 1σ scatter of the recovered lags



44
Observational window effects on multi-object reverberation

mapping

200

150

100

50

0

50

100

150

200 OzDES
Season extended 
from 5 to 9 months

200

150

100

50

0

50

100

150

200

In
pu

t -
 R

ec
ov

er
ed

 la
g 

(d
ay

s)

OzDES
Baseline extended
from 6 to 10 years

0 200 400 600 800 1000
Input Observed Lag (days)

200

150

100

50

0

50

100

150

200 OzDES
Cadence increased
from (7,30)d to (4,18)d

Figure 2.7: The median (solid lines) and 1σ scatter (shaded regions) of recovered
lags from 100 realisations, at each input lag. The results of the simulations with the
original OzDES window function are shown in blue, along with the results of the
following window functions (top to bottom): extended season, extended baseline,
and increased cadence. The black dotted lines indicate 10% of the input lag, which
is our criteria for a correct recovery.
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for the simulations in which only the season was extended, compared to the results

with original OzDES window function. The same is shown in the middle panel of

Figure 2.7, for the case with the baseline extended, and in the bottom panel for case

with increased cadence. The lags reported here have been recovered from ICCF

directly, without any recovery criteria applied.

When sampled by the OzDES window function we see the results expected from the

trends observed in §2.3.1. There is broad scatter in the recovered lags where the

input lag is n+1/2 years long, where n is an integer number of years (i.e., coincident

with seasonal gaps). Input lags coinciding with the annual seasonal overlap are

recovered accurately, regardless of the window function applied (at the observational

data densities considered). The scatter in the lags is significantly reduced across

all input lags when the season length is extended. The extension of the baseline

reduces the scatter to a greater extent than increasing the cadence. Although the

lags are recovered more accurately in these latter cases, a considerable number of

lags remain outside the limits for a correct recovery. In these simulations we clearly

see the advantage of extending the season length for a large-scale survey hoping to

recover lags ranging from tens to hundreds of days.

Effect of the lag prior

There is little consistency within the literature for the priors placed on lag recovery

in RM analyses. Whilst there is no objective way to choose a prior, they need to be

wide enough to avoid confirmation bias, but also not so wide as to lose the lag in

noise or aliasing signals. We investigate the effect of changing the lag prior on lag

recovery. Our initial simulations used 0 → 3 times the expected lag τexp (which is

the same as the τinput for our simulations), with a maximum allowed prior of 1300

days (about two-thirds of a 6-year baseline). We repeat the lag estimation process

using the following lag priors, in order of most broad to most narrow:

• ± 1300 days

• ±3τexp, with a lower bound of -1300 and upper bound of 1300 days.

• (1 ± 2)τexp, with a lower bound of 0 and upper bound of 1300 days.
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Figure 2.8: The fraction of quality recoveries for sources with various input lags,
which are labelled on each panel, for simulations run with various priors. The results
are shown for four different window functions. For τinput=140d, the curves for three
of the window functions (OzDES, extended baseline, and increased cadence) are not
visible as they have zero fraction of quality recoveries with all lag priors.

• (1 ± 1.5)τexp, lower bound of 0, upper bound of 1300 days.

• (1 ± 1)τexp, lower bound of 0, upper bound of 1300 days.

• (1 ± 0.75)τexp, lower bound of 0, upper bound of 1300 days.

• (1 ± 0.5)τexp, lower bound of 0, upper bound of 1300 days.

• (1 ± 0.25)τexp, lower bound of 0, upper bound of 1300 days.

Figure 2.8 shows the fraction of quality recoveries with the above priors, for four

sources with various input lags. The sources chosen here have lags similar to the

sources used for the simulations in Figure 2.5. Although a prior of (1 ± 0.75)τexp

maximises the recovered fraction in most cases, this is very narrow and would result

in confirmation bias in RM studies. Overall, when a window function is applied that
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efficiently recovers a particular lag, it is recovered well and the recovery is mostly

unaffected by the prior. This becomes more complex when a lag can be recovered

with a certain window function, but less effectively with other window functions. In

this case, the recovered fraction can vary greatly depending on the prior.

2.3.3 Redshift-Luminosity parameter space

We now consider the extended parameter space of observations required for cosmo-

logical studies. We generate a simulated grid of AGN (similar to Shen et al. 2015;

King et al. 2015; Li et al. 2019), with 16 < mr(AB) < 23 over the redshift interval

0 < z < 5. The redshift-luminosity range slightly exceeds the range covered by

the OzDES and SDSS-RM samples but is inline with what is expected from future

generation surveys (e.g., Kollmeier et al. 2017; Brandt et al. 2018; Swann et al. 2019;

The MSE Science Team et al. 2019). There are also redshift regions where more

than one emission line is visible. These regions are particularly valuable as multiple

lags can be recovered independently for one source, allowing the ionisation strati-

fication of the BLR to be studied. Future surveys conducted with the Maunakea

Spectroscopic Explorer (MSE, The MSE Science Team et al. 2019) will have access

to both the optical and near-infrared bands (J and H). This will allow observa-

tion of the Hβ and Mg ii lines at higher redshifts due to the extended wavelength

coverage, and increase the range over which two or more emission lines are visible

simultaneously for a source. We conduct separate simulations for each emission line,

over the redshift range of the grid for which the emission line will be visible with

future optical and near-IR surveys. We simulate a pair of light curves for each of

100 AGN per bin, with the expected lag for the relevant emission line.

We apply a representative window function of the upcoming LSST and TiDES RM

survey to each AGN across the grid. The 5-year baseline planned for 4MOST/TiDES

survey (Swann et al. 2019) will provide 14± 4 days spectroscopic sampling, combined

with the VRO/LSST RM program (Brandt et al. 2018) which proposes to deliver a

photometric cadence of ∼2 days for each of the four deep-drilling fields. LSST will

be conducted using the Rubin Observatory at Cerro Pachón (-30.2◦), and TiDES by

the VISTA telescope at the Paranal Observatory (-24.6◦). Figure 2.9 shows that the
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Figure 2.9: The maximum seasonal visibility at or above an airmass of 2.0 for the
four proposed deep-drilling fields for LSST, from the Vera Rubin Observatory at
Cerro Pachón (-30.2◦). The fields are required to be visible for at least half an hour
between astronomical (-18◦) twilights. For reference, the visibility is also shown
for hypothetical fields with various declinations, for two right ascensions. At a
declination of -90◦, fields would be observed at an airmass of 2.0 year-round from
this site.

Chandra DFS and ELIAS fields, with the most southerly declination, are visible for

the longest maximum season of ∼9 months. The equatorial COSMOS and XMM-

LSS fields are visible for a maximum of 7.5 and 8 months, respectively. Using the

shortest season, we adopt for our baseline survey the window function with a 5-year

baseline, 7-month season length, photometric cadence of 2 days and spectroscopic

cadence of 14± 4 days.

As previously noted, we define a quality lag recovery to be ≥ 4 times the statistical

uncertainty of the lag measurement provided by ICCF, and within 10% and 100

days of the input lag. The fraction of quality lag recoveries, for this representative

LSST/TiDES window function, is shown in Figure 2.10, as a function of apparent

magnitude and redshift, bounding the probable observable survey parameter space.

We see a banded structure in this visibility map with high recovery fractions achieved

only for sources with observed lags that are out of phase with the seasonal gaps in

the window function. Our grid has a resolution of 0.25 in mr(AB) and 0.05 in
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z, which is significantly higher than previous simulations. This was necessary to

resolve the high-frequency structure. The highest fraction of quality recoveries are

for lags in the region with expected lags between 14 and 180 days, i.e., when the lag

occurs within a single campaign season. This lower limit is set by the spectroscopic

cadence of 14 day, and the upper bound is the length of the season, which is ∼210

days. Beyond this timescale, it becomes challenging to reliably recover lags of longer

duration until we approach lags on order of one year, at which point the photometric

and spectroscopic observations come back into phase. The pattern is repeated for

longer observed-frame lag times at 2 and 3 years, although these bands are fainter

due to the limited baseline.

We have shown in Figure 2.5 that extending the season length (closing the seasonal

gaps in the window function) generates the greatest improvement in lag recovery

rate, followed by extending the survey baseline (§2.3.2). We repeated the simulations

with three season lengths (5, 7 and 9 months) and two baselines (5 and 10 years).

In Figure 2.11 and Figure 2.12, the panels show the results of these simulations with

the various window functions, for Hβ and C iv lags. We do not perform simulations

for Mg ii lags separately as there are few measurements constraining this relation

(Trakhtenbrot & Netzer 2012), with a large scatter in recent results (Homayouni

et al. 2020). Although there are few sources with lags measured with both Hβ and

Mg ii (e.g. Clavel et al. 1991; Metzroth et al. 2006; Homayouni et al. 2020), the lags

are found to be similar. Therefore we extend the range of the Hβ simulations to

also cover the range of visibility of Mg ii with future near-IR facilities.

By extending the baseline to 10 years, the survey becomes much more sensitive to

lags around 1 and 2 years. However, the seasonal gaps are still limiting a significant

region of this parameter space. We see that the gap in quality recoveries around

∼180 days effectively disappears once we extend the season to 9 months. Finally,

when both the baseline and season are extended, we see quality lag recoveries for

almost all AGN across the parameter space, with the fraction decreasing only for

lags longer than 2-3 years. For these longest lags, the lag recovery could benefit

from revising/reducing the lag prior (§2.3.2) or extending the baseline further.
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Figure 2.10: The fraction of quality recoveries across the AGN redshift-luminosity
space, with light curves sampled with a representative LSST and TiDES survey
window function (5-year baseline, 7-month seasons, 2d photometric and 14d spec-
troscopic cadence). The time-lag contours indicated by the coloured lines show
constant expected observed-frame lag through this parameter space, calculated us-
ing published R−L relations for each emission line (Bentz et al. 2013; Trakhtenbrot
& Netzer 2012; Hoormann et al. 2019). The upper limit on the prior is 1500 days,
sources with input lags above this have been masked. For reference, the black verti-
cal lines indicate the redshift at which the respective emission lines are visible at a
wavelength of 1 micron (10000 Å); representing the transition between visible light
and infrared for spectroscopic capabilities. The sensitivity of spectrographs drop off
significantly and systematic errors increase near the edges of the wavelength region.
Note that this effect is not considered in these simulations.
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Figure 2.11: The fraction of quality recoveries across the AGN redshift-luminosity space for Hβ lags, with light curves sampled by the
LSST/TiDES window function labelled on the respective panel. The time-lag contours indicated by the coloured lines show constant
expected observed-frame lag through this parameter space, calculated using the Bentz et al. (2013) R − L relation. Sources with input
lags above the respective prior limits have been masked.
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Figure 2.12: The same as Figure 2.11 shown for C iv lags. The time-lag contours indicated by the coloured lines show constant expected
observed-frame lag through this parameter space, calculated using the Hoormann et al. (2019) R − L relation. Sources with input lags
above the respective prior limits have been masked.
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Table 2.2: The percentage of quality recoveries for a mock target sample from the
visibility maps of each window function, done for each emission line (see Figures
2.11 and 2.12).

Hβ C iv
WF 5 years 10 years 5 years 10 years
5 months 18.6 63.3 18.9 53.0
7 months 38.5 82.7 61.0 95.2
9 months 54.5 87.7 92.7 99.8

Survey efficacy and the R− L relation

We defined a mock target sample using the redshifts and apparent r-band magni-

tudes of the OzDES RM sample (see Figure 2.1). Each mock target was randomly

selected from the respective redshift-luminosity bin on the simulation grid. We cal-

culated the percentage of sources with a quality lag recovery. Table 2.2 shows the

mean percentage for each window function simulation.

The visibility maps created from our simulations show banding structure in AGN

luminosity-redshift space for lag recovery efficacy. This identifies regions of this pa-

rameter space where reverberation mapping is more likely to be successful, and we

use this to inform survey planning. This would require understanding the biases

introduced by the specific window function, as certain lags, and therefore certain

luminosity-redshift bins, will be over-represented when constraining new R−L rela-

tions. We defined a ‘visible’ mock sample comprised of sources in the mock sample

selected from a redshift-luminosity bin with an overall fraction of quality recoveries

≥ 0.5. The R − L relation was constrained using the full mock sample, and again

using only the ‘visible’ mock sample, using the Bivariate Correlated Errors and In-

trinsic Scatter (BCES) code (Akritas & Bershady 1996; Nemmen et al. 2012). This

result is shown in Figure 2.13 for each window function of the C iv simulations, with

the respective R−L relation fit parameters provided in Table 2.3. The scatter in the

recovered lags from the mock samples is reduced significantly as the season length

and baseline are extended. The dynamic range in luminosity of the ‘visible’ mock

sample is limited when the season length and baseline are short. As a result of sta-

tistical leverage, the slope of the recovered R−L relation is shallower. Although the

scatter in the recovered lags is greater for the full mock sample, the slope recovered

for the R− L relation is consistent within the fitting error.
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Figure 2.13: The recovered lags and respective uncertainties for the full mock target
sample (black), and ‘visible’ subsample (red), from each window function simulation.
The C iv R−L relations constrained using the full mock sample and using only the
‘visible’ subsample are shown, along with the input R− L relation from Hoormann
et al. (2019). The slopes for each relation are provided in the legend on each panel.



2.4 Discussion 55

Table 2.3: The best fit slope and intercept parameters of the R − L relation fits in
Figure 2.13.

Full sample ‘Visible’ sample
WF (season, baseline) α β α β

5 months, 5 years 0.476 ± 0.019 0.828 ± 0.032 0.403 ± 0.029 0.911 ± 0.034
5 months, 10 years 0.474 ± 0.006 0.838 ± 0.009 0.483 ± 0.004 0.828 ± 0.007
7 months, 5 years 0.467 ± 0.01 0.854 ± 0.016 0.45 ± 0.006 0.875 ± 0.009
7 months, 10 years 0.491 ± 0.007 0.817 ± 0.012 0.484 ± 0.001 0.841 ± 0.006
9 months, 5 years 0.495 ± 0.01 0.812 ± 0.017 0.476 ± 0.003 0.841 ± 0.006
9 months, 10 years 0.487 ± 0.001 0.823 ± 0.002 0.487 ± 0.001 0.823 ± 0.002

2.4 Discussion

It is evident that the window function has a significant effect on the reverberation

mapping lag recovery over a range of AGN intrinsic and observed properties.

• Cadence: Improvement in the precision of lag recovery gained by increasing

the observational cadence is an expected result, as previous studies have also

shown (White & Peterson 1994; Shen et al. 2015; King et al. 2015). This

is particularly pronounced for sources with shorter lag times (for which low

observational cadence is not readily compensated through simply extending

the survey baseline). However, for sources with longer observational lags, the

baseline is critical even if only modestly sampled. This naturally suggests a

multi-tiered observational strategy when resources are restricted (typically the

case for spectroscopy), similar to that used by SDSS-RM (Shen et al. 2015).

• Baseline: The effect of the baseline on the ability to recover long lags had

been predicted (Shen et al. 2015; King et al. 2015), although current surveys

are only now reaching sufficient baselines to confirm such assumptions (Shen

et al. 2019b; Hoormann et al. 2019).

• Season length: While the limits imposed by seasonal gaps had been recog-

nised previously (Zu et al. 2011; King et al. 2015), their impact had not been

fully appreciated until recent industrial-scale surveys delivered their early re-

sults, which required implementing alias removal techniques (Grier et al. 2019;

Homayouni et al. 2020).
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This has motivated our work to investigate the interplay of each of these obser-

vational window function components in more detail. A large portion of sources

observed by current industrial-scale RM surveys have expected observed-frame lags

in the sub-year range, as seen in Figure 2.1, leaving them vulnerable to the impact

of seasonal gaps. This is a cause of concern for current and future surveys, which

have or are expected to have significant seasonal gaps, as it limits the number of

lags that can be reliably recovered.

2.4.1 LSST/TiDES

From the population simulations conducted with the LSST/TiDES window function,

we were able to predict the efficacy of this RM survey. The TiDES sample comprises

700 AGN at r < 21 and z < 2.5 (Swann et al. 2019). Focusing on this region of

the parameter space, we see that the season length imposes critical limitations on

the areas where the survey would be able to successfully recover quality lags. We

demonstrated the vast improvement apparent with altered window functions where

the baseline or seasons were extended. As LSST is planned to operate for 10 years,

it is feasible to extend the TiDES program to cover the same baseline. However,

the field visibility cannot not be changed, therefore the efficacy in certain redshift-

luminosity ranges will be restricted for the equatorial fields. Significant seasonal

gaps may not cause as much of an issue for sources with long relaxation times.

However, this would require long survey baselines, of at least 6 years; beyond what

is currently planned.

As shown in Figure 2.9, the south celestial pole, and hence circumpolar fields, are

visible year-round from the Rubin Observatory, but at a zenith angle of 60◦ (airmass

of 2.0). From Paranal Observatory, the south celestial pole lies at a zenith angle

of 65◦ (airmass of 2.4). Unless we build facilities further north or south, or at the

poles, the high airmass makes it difficult to achieve the signal-to-noise required.

In addition, the atmospheric dispersion correction (ADC) is difficult at these high

air masses, and many spectrographs do not have an ADC that can reach 60◦. For

example, 4MOST corrects only up to 55◦ zenith angle (de Jong et al. 2019). The

absence of legacy data for circumpolar fields presents a further challenge. Our
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Figure 2.14: Probability of quality lag recoveries made with both emission lines,
for each window function. This was generated by multiplying the visibility maps
shown in Figures 2.11 and 2.12. The vertical black lines indicate the maximum
redshift range over which either Hβ or Mg ii can be seen at visible wavelengths
(0 < z ∼< 2.65). With infrared capabilities, Hβ can be observed up to z ∼2.5, and
Mg ii to z = 5 (as shown in Figure 2.10); therefore all three lines can be seen from
1.5 < z < 2.5.

simulations show that 9-month seasons bridge the seasonal gap sufficiently (e.g.,

Table 2.2: 99.8% quality recoveries for CIV mock sample with 10 year baseline and

9 month season), meaning no source is critically dependent on closing the remaining

gap of three months.

• Recovering the R−L relation: Optimising surveys ultimately depends on the

science goals. For RM studies this would be not only to recover as many lags

as possible for a sample, but also to ensure measurements are made across a

range of luminosity, to anchor both ends of the R − L relationship, for each

line. The lower luminosity ends of the relations for Mg ii and C iv still lack

measurements, as the expected observed-frame lags are short. The window

functions of recent surveys have not been optimised to recover these short lags.

As shown in Figure 2.13, the baseline length is important for this, particularly

when seasonal gaps are present.
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• Multi-line measurements: Other science goals include recovering lags for mul-

tiple emission lines, to study the ionisation stratification of the BLR (Dietrich

et al. 1993; Peterson & Horne 2004). Considering the banding structure we

see in the visibility maps (Figures 2.10-2.12) when there are significant sea-

sonal gaps, we need to see if there are regions of the parameter space that

have high likelihood of lag recovery while two (or more) lines are visible. As

Hβ and Mg ii have similar expected lags, the bands of high efficacy overlap

for redshift regions where both lines can be seen. However for Mg ii and C iv,

although both lines can be seen over a wider range in redshift (Figure 2.10),

there is less overlap between the bands of high efficacy on the visibility maps.

The visibility map showing the probability of quality lag recoveries with both

lines is shown in Figure 2.14, for each window function. For Mg ii and C iv,

the number of redshift-luminosity bins with a high probability of providing

multi-line measurements greatly increases with near-IR coverage.

2.4.2 Comparing to data

We compare the results of these simulations to recent lag recoveries from the pioneer-

ing ‘industrial-scale’ OzDES and SDSS-RM surveys (Grier et al. 2017; Hoormann

et al. 2019; Grier et al. 2019; Homayouni et al. 2020; Yu et al. 2021). In Figure

2.15, the sources with published high-quality lags from OzDES and SDSS-RM are

overlaid on the visibility maps for the respective emission lines. We define a ‘visi-

ble’ sample, as previously done for the mock sample, comprising sources which lay

on redshift-luminosity bins with a fraction of quality recoveries ≥ 0.5. The R − L

relations recovered using the full and ‘visible’ published samples are shown in Fig-

ure 2.16. A significantly shallower slope for the Mg ii R − L relation was found

by Homayouni et al. (2020), which they suggest could be attributed to the larger

intrinsic scatter in the recovered lags. The ‘visible’ samples do not have less scatter,

although the number of data points is limited. We note that all the published lags

were recovered using JAVELIN (Zu et al. 2011), which could cause some discrepancy

with our predictions, which were performed using ICCF. There are many Mg ii and

C iv lags that lie in the seasonal gaps. These sources have been observed to vary

smoothly on multi-year timescales, allowing the lag to be recovered with little to
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Figure 2.15: Sources with published high quality lag measurements from the OzDES
and SDSS-RM surveys (Grier et al. 2017; Hoormann et al. 2019; Grier et al. 2019;
Homayouni et al. 2020; Yu et al. 2021) overlaid on the respective visibility map for
each emission line. The ‘visible’ subsample, lying on bins with a fraction of quality
recoveries ≥0.5, is in red.

no overlap between the continuum and emission-line light curves. Our use of the

DRW light curve model may not appropriately represent this variability over longer

timescales. Although the seasonal gap lag recoveries are judged to be reliable, we

should expect to see a similar number of recoveries that do lie on regions of high

‘visibility’, which is not the case for the current sample of Mg ii and C iv lags. It is

possible that this issue will be alleviated with future results from the longer baseline

data from these surveys, which should also help to confirm seasonal gap lags. If the

issue remains, it confirms the need for future surveys to ensure the seasonal gaps are

reduced as much as possible, to see if this is the cause for the lack of high quality

lag measurements from multi-object RM surveys in the regions we predict to be

‘visible’.

We acknowledge our simulations are idealised, and the following effects should be
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appreciated. The broad-line region emission response has been observed to demon-

strate non-reverberating behaviour, such as the BLR ‘holiday’ (Goad et al. 2016;

Dehghanian et al. 2019a). The light curve model we used does not include these

deviations, as they are still poorly understood. Recently Stone et al. (2022b) have

found that the DRW damping timescale, τD, constrained with 20-year light curves,

continues to increase as the baseline of the light curves increases. They also observe

smooth, long-term variations in some sources, leading them to suggest that the cur-

rent DRW model may be insufficient for these sources. The significant seasonal

gaps in the window function of the data may also preclude proper convergence of

the DRW model parameters. A large sample of emission-line light curves is required

to better model reverberation in AGN light curves in future work.

2.5 Summary

We present results of comprehensive simulations which demonstrate the impact of

each component of the global observational window function on reverberation map-

ping lag recovery. From individual sources to a population of AGN, we illustrate the

detrimental impact of seasonal gaps. Reverberation mapping surveys should priori-

tise observing fields with longer seasonal visibility, not only to improve lag recovery

for more sources, but also to mitigate signal aliasing. We note that seasonal gaps

may not affect lag recovery as much for sources with long variability timescales, but

long baseline monitoring is required in such cases.

There are complex interactions between the window function, emission-line lag and

the relaxation time of the variability, which are further complicated by the redshift

time dilation effects. As industrial-scale RM surveys target large AGN samples over

wide redshift and luminosity distributions, it will be difficult to find a ‘one-size-fits-

all’ solution to survey design. Careful optimisation of target lists of sources to be

monitored will likely deliver significant survey success rates. Future surveys should

consider a multi-tiered observing strategy to ensure that the window function is

optimised for a more diverse range of sources. Extending the wavelength range of

spectrographs to the near-IR will be a critical requirement for joint emission-line lag

analyses.
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Abstract

Reverberation mapping measurements have been used to constrain the relationship

between the size of the broad-line region and luminosity of active galactic nuclei

(AGN). This R−L relation is used to estimate single-epoch virial black hole masses,

and has been proposed for use to standardise AGN to determine cosmological dis-

tances. We present reverberation measurements made with Hβ from the six-year

Australian Dark Energy Survey (OzDES) Reverberation Mapping Program. We

successfully recover reverberation lags for eight AGN at 0.12 < z < 0.71, probing

higher redshifts than the bulk of Hβ measurements made to date. Our fit to the

R−L relation has a slope of α = 0.41±0.03 and an intrinsic scatter of σ = 0.23±0.02

dex. The results from our multi-object spectroscopic survey are consistent with pre-

vious measurements made by dedicated source-by-source campaigns, and with the

observed dependence on accretion rate. Future surveys, including LSST, TiDES and

SDSS-V, which will be revisiting some of our observed fields, will be able to build

on the results of our first-generation multi-object reverberation mapping survey.

3.1 Introduction

Reverberation Mapping (RM) has been established as the leading technique for

direct determination of black hole masses (MBH) in active galactic nuclei (AGN)

outside of the local Universe. Reverberation measurements anchor the scaling rela-

tions used to estimate single-epoch virial BH masses (Vestergaard 2002; Vestergaard

& Peterson 2006). Over the past decade, RM programs conducted by the Australian

Dark Energy Survey (OzDES) and Sloan Digital Sky Survey (SDSS) have leveraged

high-multiplexed spectroscopy to perform RM on an ‘industrial’ scale, aiming to in-

crease the number of measurements available by an order of magnitude (King et al.
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2015; Shen et al. 2015). These programs have resulted in over one hundred new lag

measurements, while also identifying and addressing the complexities of performing

RM on such large scales.

As reverberation mapping resolves the innermost regions of AGN in the time-

domain, rather than spatially, it allows the study of these regions out to high red-

shifts. RM utilises the difference in the light travel time between the variation of

the continuum emission from the accretion disk around the central supermassive

black hole (SMBH) and the reprocessed emission from the photoionised broad-line

region (BLR) (Blandford & McKee 1982; Peterson 1993). The time-delay, τ , can be

measured using multi-epoch photometry and spectroscopy to probe the continuum

and BLR response respectively in order to infer the radius of the BLR (RBLR = cτ).

Together with the BLR velocity dispersion, ∆V 2, inferred from the width of the

emission line, this can be used to estimate the mass of the SMBH using the virial

product:

MBH = f
RBLR∆V 2

G
(3.1)

The geometry, orientation, and kinematics of the BLR are encapsulated by the di-

mensionless scale factor f , which is calibrated using sources with independent mea-

surements from RM and the MBH−σ∗ relation (Ferrarese & Merritt 2000; Gebhardt

et al. 2000a; Onken et al. 2004; Woo et al. 2015).

Due to the intensity of observational resources required, early programs targeted

a small number of local AGN with campaign durations of less than one year. To

achieve the fidelity required for RM, they observed bright, highly varying AGN. As a

result, the targeted samples are typically biased towards AGN in the local Universe

(z < 0.3). Lag measurements were made for 63 AGN with the Hβ line (e.g., Peterson

et al. 1998; Kaspi et al. 2000; Peterson & Horne 2004; Bentz et al. 2009). These

measurements were used to constrain the relationship between the AGN luminosity

and the radius of the BLR (R−L relation), which exhibited relatively low intrinsic

scatter, with a slope consistent with that expected by photoionisation physics (Bentz

et al. 2009, 2013). This relation calibrates secondary mass-scaling relations used to

estimate single-epoch virial BH masses for samples of thousands of AGN (e.g. SDSS

DR7 quasar catalogue, Shen et al. 2011). The R−L relation has also been proposed
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as a way to standardise AGN for use as luminosity distance indicators for cosmology

(Watson et al. 2011; Mart́ınez-Aldama et al. 2019; Khadka et al. 2022).

These BH mass estimates have a significant ∼0.5 dex uncertainty, due to our limited

understanding of BLR geometry and kinematics and the small sample of reverbera-

tion measurements, among other factors (Shen 2013). The former issue is addressed

by conducting observationally intensive velocity-resolved RM (e.g. Bentz et al. 2010;

Grier et al. 2013a; Pancoast et al. 2014b; Du et al. 2018; U et al. 2022), and using

dynamical modelling methods (e.g. CARAMEL, Pancoast et al. 2014a); as well as

spectroastrometry of the BLR in local AGN (e.g. GRAVITY, Gravity Collaboration

et al. 2018). Other programs are targeting a more diverse range of sources. The

super-Eddington accreting massive black holes (SEAMBH) program has observed

over 40 luminous AGN (Du et al. 2014; Wang et al. 2014a; Du et al. 2015, 2016,

2018; Hu et al. 2021). The updated R−L relation using these Hβ measurements has

increased intrinsic scatter, and an observed dependence on accretion rate. However,

these programs are still only targeting AGN at z < 0.4.

The SDSS-RM Project and our OzDES-RM Program have pioneered RM on an

‘industrial-scale’, observing hundreds of AGN probing a wide range of AGN lumi-

nosities and redshifts. These programs have added over 100 new lag measurements,

and have enabled the Mg ii and C iv R − L relations to be constrained with sta-

tistically significant samples (Grier et al. 2017; Hoormann et al. 2019; Grier et al.

2019; Homayouni et al. 2020; Yu et al. 2021, 2023, Penton et al. in prep). The

first generation of multi-object RM surveys have however highlighted problems with

monitoring hundreds of targets. This includes challenges both with data quality

(signal-to-noise, limited temporal coverage; Malik et al. 2022) as well as with rever-

beration lag recovery techniques and biases such as aliasing (Li et al. 2019; Penton

et al. 2022).

OzDES focused mainly on high redshift AGN; however, about 10% of the sample

contains Hβ emission within the spectroscopic window. This will allow comparison

of our OzDES measurements with the large sample of existing Hβ measurements, in

order to examine the consistency of multi-object RM with earlier dedicated source-

by-source observations. We present the Hβ lag results from our 6-year survey.
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Section 3.2 details the observations obtained by OzDES and the data calibration

procedures. In Section 3.3 we describe the techniques we used for lag recovery and

the selection criteria we apply to define our final sample. In Section 3.4 we present

our successful lag measurements and black hole masses, as well as an updated R−L

relationship, and discuss these results in Section 3.5. We summarize our results

and then present an outlook for the future work in Section 3.6. Throughout this

work we adopt a flat ΛCDM cosmology, with ΩΛ = 0.7, ΩM = 0.3, and H0 = 70

km s−1 Mpc−1.

3.2 Data

The Australian Dark Energy Survey (OzDES) provided follow-up spectroscopic ob-

servations of the 10 supernova fields observed by the Dark Energy Survey (DES).

The DES supernova fields are located in the ELAIS, XMM-Large Scale Structure,

Chandra deep-field South, and SDSS Stripe 82 regions (Kessler et al. 2015; Morgan-

son et al. 2018). These fields were observed in the griz filters with the Dark Energy

Camera (DECam) on the 4-metre Blanco telescope at Cerro Tololo Inter-American

Observatory (CTIO) (Flaugher et al. 2015). From 2013 to early 2018, the fields were

observed with ∼6 day cadence over a 5-6 month season (August to January), with

additional science verification data taken in late 2012 to early 2013, and additional

data taken on a monthly cadence in late 2018. OzDES conducted follow-up multi-

object spectroscopic observations with the 2dF multi-object fibre positioning system

and the AAOmega spectrograph (3700-8800 Å, Sharp et al. 2006) on the 3.9-metre

Anglo-Australian Telescope (AAT) (Yuan et al. 2015; Childress et al. 2017; Lidman

et al. 2020). The OzDES observations were made over the same 5-6 month season

with approximately monthly cadence from 2013 to 2019.

3.2.1 Target sample

After completing the final data reduction for our survey, the OzDES RM Program

sample comprises 735 AGN (reduced from an initial sample of 771 due to a change in

the location of the DECam inter-chip gaps between survey definition and campaign

observations), with redshifts ranging up to z ∼ 4, and with apparent magnitudes
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Figure 3.1: Distribution of redshifts and monochromatic luminosities at 5100 Å for
the 735 AGN in the OzDES RM sample. The Hβ sample extends to z = 0.75, with
15 sources overlapping with our Mg ii sample.

17.2 < rAB < 22.3 mag. The redshift and luminosity distribution of these AGN is

shown in Figure 3.1.

Of these 735 AGN, the Hβ line and nearby continuum falls within the AAOmega

spectral range for 78 sources. The expected observer-frame lags for the Hβ sample

(governed by luminosity and time-dilation) range from ∼20 days to just over 200

days. In previous analyses, our emission-line flux measurements were made using

spectra that were co-added by observing run (Hoormann et al. 2019) (typically 4-

7 days during dark time each month). However, some fields were observed over

multiple nights within a single observing run. To maximise the cadence of our

sampling we treated the spectra obtained on different nights as separate epochs for

our emission-line light curves. This is particularly valuable for rapidly reverberating

sources. The redshift and luminosity range of our Hβ sample, and Hβ measurements

from the literature are shown in Figure 3.2.

We do not measure the continuum luminosity directly from the spectra due to fibre

aperture effects from variable atmospheric seeing and fibre placement uncertainties.
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Figure 3.2: The redshift and luminosity distribution for the OzDES Hβ sample (open
diamonds), final sample (filled diamonds, see §3.4), and existing measurements from
Bentz et al. (2013, and references therein); SDSS-RM (Grier et al. 2017, quality 4
and 5); SEAMBH (Du et al. 2014; Wang et al. 2014a; Du et al. 2015, 2016, 2018;
Hu et al. 2021); Lick AGN Monitoring Project (LAMP, U et al. 2022); and other
measurements from Bentz et al. (2009); Barth et al. (2013); Bentz et al. (2014);
Pei et al. (2014); Lu et al. (2016); Bentz et al. (2016a,b); Fausnaugh et al. (2017);
Zhang et al. (2019); Rakshit et al. (2019); Li et al. (2021), of which measurements
published before 2019 are compiled by Mart́ınez-Aldama et al. (2019).

From the average r-band magnitude and redshift of the AGN, we estimated the

monochromatic continuum flux at 5100 Å using the DECam r-band filter transmis-

sion curve and the SDSS quasar template (Vanden Berk et al. 2001). The template

is scaled to the magnitude of the source, assuming Lbol = 9λLλ (5100 Å) (Kaspi

et al. 2000).

3.2.2 Flux calibration and measurements

The DES photometry is calibrated consistently through to Y6 using the DES data

reduction pipeline (Morganson et al. 2018; Burke et al. 2018). We perform a spec-

trophotometric flux calibration and line flux measurement following Hoormann et al.
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(2019). The local continuum windows for continuum subtraction are 4760 to 4790 Å

and 5100 to 5130 Å. The calibration uncertainties of the line flux were measured

using the F-star warping function method as detailed in Yu et al. (2021).

3.3 Lag recovery and reliability

3.3.1 Time series analysis

To measure the reverberation lags for our sample we use the interpolated cross-

correlation function (ICCF; Gaskell & Peterson 1987) and JAVELIN (Zu et al.

2011, 2013) methodologies. The JAVELIN method models the AGN continuum

variability using a damped random walk (DRW; Kelly et al. 2009; Koz lowski et al.

2010; MacLeod et al. 2010). It assumes the emission-line light curve is a scaled,

smoothed and shifted version of the continuum light curve, that can be described by

the convolution of the continuum with a top-hat transfer function. Using Markov

Chain Monte Carlo (MCMC), it constrains the characteristic variability amplitude

and damping timescale of the continuum light curve. Applying this DRW fit as a

prior, it simultaneously fits both the continuum and emission-line light curves, to

derive the posterior distributions of the transfer function parameters: lag, top-hat

width and scale factor, as well as an updated DRW amplitude and timescale. We

allow these parameters to vary freely, while setting a lag prior of [-3τexp, 3τexp], where

τexp is the expected Hβ lag for the source using the Bentz et al. (2013) R−L relation.

We use the PyCCF code to perform the ICCF method (Sun et al. 2018). This

linearly interpolates the continuum and emission-line light curves over a user de-

fined grid spacing, and cross-correlates the interpolated light curves as a function of

time-lag. The centroid of the cross-correlation function (CCF) is computed as the

median of the CCF values > 0.8rmax counted out from the peak of the CCF, rmax. A

cross-correlation centroid distribution (CCCD) is obtained from 10,000 Monte Carlo

realisations of the flux randomisation and random subset sampling (FR/RSS) pro-

cess (Peterson et al. 1998), which accounts for the flux measurement uncertainties

and potentially spurious correlations between light curve points. Following Hoor-

mann et al. (2019), we set the interpolation grid spacing to 3 days, and the rmax
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threshold to 0.5. We use the same lag prior as for JAVELIN, from [-3τexp, 3τexp].

The recovered lag, τ , with lower and upper uncertainties, στ , are taken to be median

and 16th and 84th percentiles of the lag probability distribution functions (PDF)

from JAVELIN and PyCCF.

3.3.2 Null hypothesis test

Our survey window function for the (expected) short Hβ lags is less than ideal

and the signal-to-noise of the spectroscopy is only modest. We wish to test the

null hypothesis that our lag recovery is not simply a product of the interaction of

the window function with underlying red-noise correlation in the photometric light

curves (an underlying assumption of any RM technique). Therefore, we do not re-

port extensive light curve simulations of the Hβ sample (as per U et al. 2022), as

this would simply reuse the same window function properties with the added un-

certainty of the appropriateness of the variability model for our sources. Instead we

randomised the spectroscopic light curves (with flux values shuffled while retaining

the dates of observation), and cross correlated this with the original photometric

light curve. We find the rmax value of the cross correlation coefficient r at the peak

of the CCF, and compare it to that found from the CCF of the original light curves.

After 1000 iterations, the p-value was calculated as the fraction of rmax values which

exceeded the original rmax.

By randomising the emission-line light curves we generate uncorrelated light curves

that do not posses a reverberation signature. We chose to randomise the observed

spectroscopic light curve, rather than using simulated light curve realisations, as

done by U et al. (2022). Simulated light curve realisations have the same variability

timescale and underlying lag as the source, and therefore may result in significant

spurious correlations at random lag values.

Figure 3.3 shows the results of this test applied to each of the Hβ sources. We

see that below a rmax of 0.6, there are always a significant number of uncorrelated

signals which exceed this rmax, resulting in high p-values. Therefore we can not trust

a result which has a rmax below 0.6.
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Figure 3.3: p-value vs. rmax for our 78 AGN. The rmax is of the original pair of light
curves. The shaded region indicates our selection criteria requiring a p-value < 0.05
and rmax > 0.6.

3.3.3 Selection criteria

Based on the results of simulations from Li et al. (2019), Yu et al. (2020b) and

Penton et al. (2022), we adopt the lag and uncertainties from JAVELIN as the

final lag. We define a successful lag recovery as meeting the following criteria:

• The upper and lower lag uncertainties στ,JAV are less than |τJAV|, or 30 days,

whichever is greater

• τPyCCF lies within the 2στ,JAV uncertainties

• p-value < 0.05 and rmax > 0.6
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As the expected lags of our sources range from ∼20 to 200d, we use a relative rather

than absolute cut on the lag uncertainties. We require the lags recovered from

JAVELIN and PyCCF to agree in an attempt to exclude cases where PDF’s are

flat or have significant aliasing peaks. Our p-test and rmax criteria ensure there is

significant correlation between the light curves that is unlikely to be spurious.

3.4 Results

We successfully measure lags for five Hβ sources with the criteria listed in §3.3.3.

The recovered lags are given in Table 3.1. We present the light curves, and the

lag distributions for each of the five sources in Figures 3.4 and 3.5. The re-scaled

and phase-shifted light curves for each of the sources display visually discernible

reverberation. For each source, there is overlap between the phase-shifted light

curves. In most cases, the lag PDF’s from PyCCF and JAVELIN agree, although

there is significant scatter in the PyCCF CCCD’s for some sources. However, even

for these cases, the JAVELIN lag is well defined, which is consistent with the finding

that JAVELIN is better able to recover short lags than PyCCF (Li et al. 2019).
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Figure 3.4: For each source, the upper-left panel shows the DECam g-band con-
tinuum light curve, and lower-left panel the Hβ emission-line light curve, with the
continuum light curve phase-shifted by the JAVELIN lag. The fluxes have been
re-scaled. The upper-right panel shows the cross-correlation function computed us-
ing PyCCF. The lower-right panel shows the cross-correlation centroid distribution
(CCCD) from PyCCF in blue, and the lag posterior from JAVELIN in orange, with
the vertical solid and dashed lines indicating the recovered lag and upper and lower
uncertainties from each method.
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Figure 3.5: Same as for Figure 3.4.
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Table 3.1: Results for our final sample of eight AGN. Columns left to right: DES name (J2000), redshift, observer-frame JAVELIN lag,
observer-frame PyCCF lag, p-value, monochromatic luminosity at 5100Å, line dispersion measured from mean spectrum, virial black hole

mass, and dimensionless accretion rate.

Source z τJAV τPyCCF p-value log(λL5100) σmean MBH Ṁ

(days) (days) (erg s−1) (km s−1) (×107M)

DES J002802.42-424913.52 0.127 18+3
−3 16+10

−18 0.000 43.67 1393 ± 3 2.64+0.85
−0.87 1.43

DES J024347.34-005354.84 0.237 34+1
−2 32+19

−13 0.000 43.74 1658 ± 6 6.62+1.87
−1.89 0.28

DES J022330.16-054758.06 0.354 22+27
−20 21+34

−47 0.002 43.85 1846 ± 11 4.86+6.12
−4.62 0.79

DES J002904.43-425243.04 0.644 98+27
−57 87+31

−177 0.002 44.61 1851 ± 4 17.8+7.0
−11.4 0.80

DES J022617.85-043108.99 0.707 67+49
−18 33+73

−80 0.006 44.70 1691 ± 8 9.78+7.60
−3.76 3.63

DES J034028.46-292902.41 0.310 51+9
−6 54+24

−22 0.002 44.43 1732 ± 5 10.3+3.3
−3.1 1.30

DES J022249.67-051453.01 0.314 25+7
−5 29+45

−55 0.005 44.07 1883 ± 5 5.99+2.28
−2.00 1.08

DES 003954.13-440509.97 0.332 48+12
−7 56+17

−37 0.001 43.92 1856 ± 11 10.9+4.1
−3.4 0.20
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3.4.1 Additional sources

After visually inspecting the lag recoveries from our full Hβ sample, we identified

eight sources with lag PDF’s of comparable quality to the sample that passed our

selection criteria, but with JAVELIN aliasing peaks. This signal is produced as an

artefact of the survey window function; predominantly the seasonal gaps. These

aliasing peaks do not coincide with a peak in the PyCCF CCCD or CCF, and always

occur at negative lags coincident with the seasonal gaps in the observational cam-

paign (∼ −150 to −250 days). We show the light curves and lag PDF’s of these

sources in Figures 3.6, 3.7 and 3.8. For most sources, there is good agreement in

the light curves phase-shifted by the positive recovered lag. For three of the eight

sources (Figure 3.6), there is overlap between the photometric and spectroscopic ob-

servations, while the light curves for the other five (Figure 3.7 and Figure 3.8) shift

such that the spectroscopic observations fall wholly within gaps in the photometric

observations. For comparison, we phase-shifted the continuum light curve by the lag

at which the negative JAVELIN peak occurs. We show the light curves phase-shifted

by both the positive lag and the negative lag in Figure 3.9 and Figure 3.10. In some

cases, the light curves show smooth multi-year variations, for which the negatively

phase-shifted light curves do seem to reasonably interpolate between the seasonal

gaps; however, there is no coincident peak in the PyCCF CCCD.

If we omit the negative peaks in the JAVELIN PDF’s, five of the eight sources pass our

selection criteria, and therefore illustrate comparable quality to the sample recovered

originally. Given there is no physical motivation for a negative reverberation lag,

and the negative aliasing peaks seem to be an artefact of the JAVELIN method alone,

we choose to include the three sources that demonstrate overlap between their light

curves when shifted by the positive lag in our final sample. We provide the lags for

these three sources in Table 3.1. At this stage we choose not to include the other

two sources, DES J024533.65-000744.91 and DES J004009.06-431255.29, which have

positive lags that cause the phase-shifted light curves to land completely within the

seasonal gaps. The three sources that do not pass all our selection criteria only fail

the rmax criterion, although we note that their rmax are above 0.5. The phase-shifted

light curves for these three sources also fall within the seasonal gaps. High cadence
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Figure 3.6: Same as for Figure 3.4, for sources with JAVELIN aliasing signals. The
orange vertical dotted lines indicate the negative aliasing peak in the JAVELIN PDF,
for which we show the phase shifted light curves in Figure 3.9. These three sources
are included in the final sample.
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Figure 3.7: Same as for Figure 3.6. These sources are not included in the final
sample.

monitoring to resolve shorter term variations, and observing over longer seasons will

be required to reliably recover these lags.

Figure 3.2 shows the redshift and luminosity distribution of our final recovered

sample of eight AGN, compared with existing measurements. Our sample probes

higher redshifts, and spans 1 dex in luminosity.
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Figure 3.8: Same as for Figure 3.6. These sources are not included in the final
sample.

3.4.2 Black hole masses and the R− L relation

We measured the Hβ line-width using the line dispersion of the mean spectra.

Although Hβ line-width measurements are commonly made using the root mean

squared (rms) spectra, the signal-to-noise of our spectra are insufficient to support

this approach. We measure MBH for our final sample of eight AGN using Equation

4.1 and a virial factor f = 4.47 (Woo et al. 2015), and give these in Table 3.1, along

with the line dispersion measurements.

We constrain the R−L relation as shown in Figure 3.11. Our best fit to the existing

data and our final sample is

log(RBLR/lt − day) = K + α log(λLλ)/1044[erg s−1] (3.2)

with slope α = 0.41±0.03, K = 1.33±0.02, and an intrinsic scatter of σ = 0.23±0.02
dex.
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Figure 3.9: The emission-line light curve (black) and phase-shifted continuum light
curve (orange) for the additional three sources we include in our final sample. The
top and bottom panels show the continuum shifted by the positive and negative lag,
respectively. For each source there is overlap between the light curves phase-shifted
by the positive lag, while the negative lag shifts the continuum light curves wholly
within the seasonal gaps of the emission-line light curve.
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Figure 3.10: The emission-line light curve (black) and phase-shifted continuum light
curve (orange) for the five sources in Figure 3.7 and Figure 3.8, which we do not
include in our final sample. The top and bottom panels show the continuum shifted
by the positive and negative lag, respectively. For each source, in both cases there
is no overlap between the photometric and spectroscopic observations.
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Figure 3.11: Radius-Luminosity relation for Hβ using our final sample of eight new
AGN together with existing measurements from Bentz et al. (2013, and references
therein); SDSS-RM (Grier et al. 2017, quality 4 and 5); SEAMBH (Du et al. 2014;
Wang et al. 2014a; Du et al. 2015, 2016, 2018; Hu et al. 2021); Lick AGN Monitoring
Project (LAMP, U et al. 2022); and other measurements from Bentz et al. (2009);
Barth et al. (2013); Bentz et al. (2014); Pei et al. (2014); Lu et al. (2016); Bentz
et al. (2016a,b); Fausnaugh et al. (2017); Zhang et al. (2019); Rakshit et al. (2019);
Li et al. (2021), of which measurements published before 2019 are compiled by
Mart́ınez-Aldama et al. (2019). The slope of the relation is given in the legend,
along with the slopes constrained previously by Bentz et al. (2013) and Du et al.
(2018). All sources in the OzDES sample have low accretion rates, apart from our
highest luminosity measurement (right-most black point), which has a moderately
high accretion rate (Table 3.1).

The SEAMBH program targeted highly accreting AGN at z < 0.4 (Du et al. 2014;

Wang et al. 2014a; Du et al. 2015, 2016, 2018; Hu et al. 2021). SEAMBH found

that highly accreting AGN have systematically shorter reverberation lags. They

proposed that accretion rate explains the observed deviation from the steeper R−L

relation from the Bentz et al. (2013) compilation of earlier results. Following Du

et al. (2018), we measure the dimensionless accretion rate of our sample using the

estimator derived from the standard thin accretion disk model (Shakura & Sunyaev
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1973):

Ṁ = 20.1

(
l44

cos (i)

)3/2

m−2
7 , (3.3)

where l44 = L5100/1044 erg s−1, m7 = MBH/107 M, and the inclination angle of the

disk to the line of sight is taken to be cos(i) = 0.75. All but one of our sources have

low accretion rates, which is consistent with the observed agreement between our

results and the Bentz et al. (2013) relation, which was constrained using mainly low-

accretion sources. One of our sources is on the lower boundary of what SEAMBH

define to be highly accreting, and is consistent with both the low-accretion and

high-accretion samples.

3.5 Discussion

The primary goal of the OzDES RM Program was to make RM measurements at high

redshifts, with the Mg ii and C iv lines. Our monthly cadence was sufficient for this,

due to the intrinsically longer reverberation lags for these high ionisation lines, and

the increased time dilation for such sources that are typically at higher redshifts than

our Hβ sample. Simulations showed the OzDES observational cadence was likely

insufficient to provide a full sample of Hβ RM measurements (King et al. 2015;

Malik et al. 2022). Since our survey is not as sensitive to these shorter lags, some of

our selection criteria are not as strict as other analyses. Some of the uncertainties

on the lags we have recovered are considerably larger than previous works, as we

lack the temporal resolution to recover lags precisely.

Our new measurements are more consistent with the Bentz et al. (2013) slope than

the SDSS-RM Hβ sample (Grier et al. 2017), although our sample has a similar

redshift-luminosity distribution to SDSS-RM. As discussed by Grier et al. (2017),

the SDSS-RM lags may underestimate MBH due to selection effects from having

only a single campaign season of observation which limits the lag search window

to 100d. Our OzDES analysis is based on a 7 years of photometry and 6 years of

spectroscopy but with lower observational cadence. However, simulations by Fon-

seca Alvarez et al. (2020) suggest this deviation is not due to observational biases.

They attribute the deviation of their sample to changes in the UV/optical spectral
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energy distribution (SED), although this was not measured directly. The only sig-

nificant difference between the OzDES and SDSS-RM samples and lag analyses is

the baseline and cadence of the light curve data.

Simulations presented by Malik et al. (2022) modelled survey window functions for

OzDES and upcoming surveys, and investigated lag recovery efficacy with degraded

or increased sampling. They find that with low sampling the scatter in the recovered

R − L relation is increased, however there is no systematic offset from the input

slope (see Figure 13 in Malik et al. 2022). For sources with shorter expected lags

and with a less-than-ideal cadence, they did not systematically recover longer lags.

In the case that these idealised simulations are not representative of the data, it is

possible that with our cadence we may not be as sensitive to shorter lags if they

were present. Upcoming surveys, including the Time-Domain Extragalactic Survey

(TiDES; Swann et al. 2019) and SDSS-V Black Hole Mapper (Kollmeier et al. 2017),

which will be spectroscopically following up the Legacy Survey of Space and Time

(LSST) deep-drilling fields, will be revisiting most of the OzDES fields with shorter

spectroscopic cadence. These programs can investigate any potential discrepancies

with our results due to the longer cadence of OzDES.

3.6 Summary

We successfully recover reverberation lags with Hβ for eight AGN from the six-year

observations from DES and OzDES. These results from our multi-object survey

are consistent with previous Hβ analyses done with source-by-source observations,

including the early results compiled in Bentz et al. (2013). Our observations seem

inconsistent with the large scatter observed in the SDSS-RM Hβ sample (Grier et al.

2017), although the only significant difference between our analyses is the baseline

and cadence of the survey data. Our sample includes only one moderately high

accretion rate source, and the location of our final sample on the R − L relation is

consistent with earlier measurements with similar source accretion rates. This work

compliments the higher redshift results for the rest of the OzDES RM sample of 735

AGN, made with the Mg ii (Yu et al. 2021, 2023) and C iv lines (Hoormann et al.

2019; Penton et al. 2022, Penton et al. in prep), which will be used to recalibrate
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black hole mass-scaling relations for those emission lines.

The Hβ sample is highly sensitive to the observational window function. Additional

campaign seasons seem to help, but higher cadence and observing over longer seasons

is necessary to reliably recover these lags. Future surveys, including TiDES (Swann

et al. 2019) and SDSS-V BHM (Kollmeier et al. 2017), which will be following up

LSST, will observe some of the same fields as OzDES. These surveys can follow up

with a more suitable window function (Malik et al. 2022). In order to anchor the

ends of the Hβ R−L relation, future programs will need to target lower luminosity

sources at 1041 < λLλ (5100 Å) < 1043 ergs s−1, and higher luminosity sources at

λLλ (5100 Å) > 1045 ergs s−1. The challenge is to have a survey area large enough to

observe local sources at low luminosity, and the rare local high luminosity sources.

This is especially difficult for multi-object RM surveys, but by extending spectral

coverage into the red-optical and infra-red range, such surveys can access the greater

volume for such sources at higher redshifts with Hβ.
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Abstract

Reverberation mapping is the leading technique used to measure direct black hole

masses outside of the local Universe. Additionally, reverberation measurements

calibrate secondary mass-scaling relations used to estimate single-epoch virial black

hole masses. The Australian Dark Energy Survey (OzDES) conducted one of the first

multi-object reverberation mapping surveys, monitoring 735 AGN up to z ∼ 4, over

6 years. The limited temporal coverage of the OzDES data has hindered recovery of

individual measurements for some classes of sources, particularly those with shorter

reverberation lags or lags that fall within campaign season gaps. To alleviate this

limitation, we perform a stacking analysis of the cross-correlation functions of sources

with similar intrinsic properties to recover average composite reverberation lags.

This analysis leads to the recovery of average lags in each redshift-luminosity bin

across our sample. We present the average lags recovered for the Hβ, Mg ii and C iv

samples, as well as multi-line measurements for redshift bins where two lines are

accessible. The stacking analysis is consistent with the Radius-Luminosity relations

for each line. Our results for the Hβ sample demonstrate that stacking has the

potential to improve upon constraints on the R−L relation, which have been derived

only from individual source measurements until now.

4.1 Introduction

Reverberation mapping is a powerful technique that can resolve the cores of active

galactic nuclei (AGN) in the time domain. The accretion disk around the central

supermassive black hole (SMBH) produces intrinsically variable emission at UV-

optical wavelengths. The surrounding broad-line region (BLR) is ionised by this

continuum emission, which drives a reverberation response in the emission-line flux

from the BLR on time-scales of weeks to months (Blandford & McKee 1982; Peterson

1993). Multi-epoch photometric and spectroscopic observations can be used to trace

the variability of the continuum and the emission-line response, respectively.

The size difference between the accretion disk (light-days to weeks) and the BLR
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(light-weeks to months) introduces a delay in the response of the BLR to the vari-

ation in the ionising flux. The delay, i.e. reverberation lag, τ , can be recovered by

cross-correlating the two light curves, in order to measure the radius of the BLR

(RBLR = cτ). The velocity dispersion of the BLR (∆V ) can be estimated from the

width of the broadened emission lines. The mass of the central black hole (MBH)

can then be measured using the virial theorem:

MBH = f
RBLR∆V 2

G
, (4.1)

where f is the virial coefficient; a dimensionless scale factor that accounts for the

geometry, orientation, and kinematics of the BLR (Woo et al. 2015).

Reverberation mapping (RM) is presently the only method that can be used to di-

rectly measure SMBH masses beyond the local Universe, as other techniques are

reliant on resolving the gravitational sphere-of-influence of the black hole, which

remains challenging even with high angular resolution instruments (e.g., Gebhardt

et al. 2000a, 2011; Kuo et al. 2011; Event Horizon Telescope Collaboration et al.

2019). However, RM is by nature observationally intensive. It requires repeated

observation over the relevant variability time-scales of AGN in order to ensure the

light-curve variability and reverberation lag are resolved (Horne et al. 2004). Early

surveys monitored AGN on a source-by-source basis, making observations over sev-

eral months to years. Lag measurements were made for dozens of sources, using

the Hβ line (e.g., Peterson et al. 1998; Kaspi et al. 2000; Peterson & Horne 2004;

Bentz et al. 2009). From these measurements, a tight correlation was found be-

tween the AGN luminosity and the radius of the BLR (R − L relation; e.g., Bentz

et al. 2009, 2013). Lags recovered using higher ionisation emission lines (e.g., C iv)

were found to be shorter than lags recovered using lower ionisation emission lines

(e.g., Hβ), demonstrating the ionisation stratification of the BLR (Gaskell & Sparke

1986; Dietrich et al. 1993). The R−L relation is importantly used to calibrate sec-

ondary mass-scaling relations to estimate single-epoch virial BH masses (e.g., Shen

et al. 2011), and has also been proposed as a way to standardise AGN for use as a

cosmological distance indicators (Watson et al. 2011; Mart́ınez-Aldama et al. 2019).

Through the advent of wide-field photometric surveys such as the Dark Energy
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Survey, (DES, Dark Energy Survey Collaboration et al. 2016), multi-epoch photo-

metric data for large samples of AGN has become readily available. Concurrent

observations can be made with multi-object spectrographs, however the demand for

these instruments is high and therefore limits the number of epochs which can be

feasibly acquired. The Australian Dark Energy Survey (OzDES) and Sloan Digital

Sky Survey Reverberation Mapping (SDSS-RM) Project have conducted the first

multi-object RM surveys, observing hundreds of AGN probing a wide range of AGN

luminosities and redshifts (King et al. 2015; Shen et al. 2015). These programs have

delivered over one hundred new lag measurements (Grier et al. 2017; Hoormann

et al. 2019; Grier et al. 2019; Homayouni et al. 2020; Yu et al. 2021, 2023; Malik

et al. 2023, Penton et al. in prep). This allowed the Mg ii and C iv R− L relations

to be constrained for the first time using statistically significant samples, however

there is significant scatter in the measurements. This is mostly due to challenges

with data quality (low signal-to-noise, limited sampling; see Malik et al. 2022) and

lag recovery reliability (Li et al. 2019; Penton et al. 2022). These factors have limited

the lag recovery efficacy of each survey to about 10-25%.

Stacking can be used to combine the cross-correlation signals of physically similar

AGN to recover average lags for these objects. The technique was first applied

by Fine et al. (2012, 2013) using only two spectroscopic epochs, which yielded a

marginal result. After demonstrating the success of the technique with the Bentz

et al. (2013) Hβ sample, Li et al. (2017) measured composite lags with Hα, Hβ, He ii

and Mg ii using a subset of the SDSS-RM sample. Stacked averages are not swayed

by the systematic errors from individual sources. Their consistency (or not) with

the measurements made for individual sources is therefore important. Additionally,

with the wide redshift range covered by our sample, the gaps in the observational

window function can be filled in to some extent. Therefore, stacking leverages the

data in a way that cannot be done with traditional individual measurements.

We present a stacked lag analysis of the entire OzDES sample, for the Hβ, Mg ii and

C iv lines. Section 4.2 details the observations obtained by OzDES and the data

calibration procedures. In Section 4.3 we describe the technique used to recover
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stacked lags. In Section 4.4 we present our average lag measurements, and compar-

isons with individual measurements on the respective R − L relationships for each

emission line. We summarize our results and the discuss the outlook to the future

in Section 4.5.

Throughout this work we adopt a flat ΛCDM cosmology, with ΩΛ = 0.7, ΩM = 0.3,

and H0 = 70 km s−1 Mpc−1.

4.2 Data

Our photometric data were obtained as part of the Dark Energy Survey (DES)

Supernova Program, which observed 10 deep fields covering 27 deg2, comprising the

ELAIS, XMM-LSS, Chandra deep-field South, and SDSS Stripe 82 fields (Kessler

et al. 2015; Morganson et al. 2018). These fields were observed in the griz filters,

with the Dark Energy Camera (DECam) on the 4m Blanco telescope at Cerro Tololo

Inter-American Observatory (CTIO) (Flaugher et al. 2015). The fields were observed

with ∼6 day cadence over a 5-6 month season (August to January) from 2013 to

2018, with additional science verification data taken in 2012. The OzDES project

(Yuan et al. 2015; Childress et al. 2017; Lidman et al. 2020) conducted follow-up

spectroscopic observations with the 2dF multi-object fibre positioning system and

the AAOmega spectrograph (3700-8800 Å, Sharp et al. 2006) on the 3.9m Anglo-

Australian Telescope (AAT), taken with approximately monthly cadence over the

same seasons, from 2013 to 2019. After the conclusion of the Supernova Program,

additional DECam observations were taken monthly in the 2018-19 season, taking

the baseline of our photometric light curves to 7 years.

The OzDES Reverberation Mapping sample comprises 735 AGN, ranging from 0.1 <

z < 4.0, with apparent magnitudes 17.2 < rAB < 22.3 (Tie et al. 2017). Of these 735

AGN, we removed 9 of the 78 AGN from the Hβ sample due to broad-absorption

lines (BALs) or incorrect classification as a Type 1 AGN, 3 of the 453 AGN from the

Mg ii sample for the same reason (these sources overlapped with the Hβ sample),

and 88 of the 378 AGN from the C iv sample due to BALs. These sources were

included in the initial survey selection to improve the source density on the sky and
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Figure 4.1: Distribution of redshifts and monochromatic luminosity at 5100 Å for
the 690 AGN in the OzDES RM sample. The Hβ sample extends to z = 0.75, with
13 sources overlapping with our Mg ii sample. The Mg ii sample extends to z = 1.92,
with 106 sources overlapping with our C iv sample.

study BAL variability, but have proven challenging for reverberation analysis. The

final sample we use in this analysis comprises 69 Hβ sources, 450 Mg ii sources, and

290 C iv sources (690 AGN in total). The redshift and luminosity distribution of

these targets is shown in Figure 4.1.

As done for the individual lag measurements made by Yu et al. (2023) and Malik

et al. (2023), for the Hβ and Mg ii samples we measure the emission-line flux from

spectra obtained on different nights as separate epochs in order to maximise the

cadence of our sampling for our emission-line light curves. As we have lower signal-

to-noise for the C iv sample, we co-add the spectra over each observing run (typically

4-7 nights during dark time each month), as done by Hoormann et al. (2019).

We do not measure the continuum luminosity directly from the spectra due to fibre

aperture effects from variable atmospheric seeing and fibre placement uncertainties.

From the average r-band magnitude and redshift of the AGN, we estimated the

monochromatic continuum flux at rest frame 5100 Å, 3000 Å and 1350 Å using the
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DECam r-band filter transmission curve and the SDSS quasar template (Vanden

Berk et al. 2001). The template is scaled to the magnitude of the source, assuming

Lbol = 9λLλ (5100 Å) (Kaspi et al. 2000). The source properties for the OzDES

sample used in this work are provided in Appendix A and complete sample charac-

teristics for the final OzDES RM sample will be provided in a future OzDES RM

Program paper.

The DES photometry is calibrated using the DES data reduction pipeline (Morgan-

son et al. 2018; Burke et al. 2018). We perform a spectrophotometric flux calibration

following Hoormann et al. (2019). For the Hβ and C iv samples, we measure the

line fluxes as done by Hoormann et al. (2019). For the continuum subtraction, the

local continuum windows we use for Hβ are 4760 to 4790 Å and 5100 to 5130 Å,

and for C iv are 1450 to 1460 Å and 1780 to 1790 Å. For the Mg ii sample, the iron

subtraction and line flux measurement is performed as detailed in Yu et al. (2023).

The calibration uncertainties of the line flux for each line are measured using the

F-star warping function method as detailed in Yu et al. (2021).

4.3 Lag recovery method

As reverberation lags should be dependent on the intrinsic AGN luminosity alone

(at least to first order), we bin the sources by their continuum luminosity. Further

details are provided for each emission-line subsample in §4.4.

For each source in a redshift-luminosity bin, we covert the observation dates to the

rest frame of the source by dividing by (1+z). We use the PyCCF code to perform

the interpolated cross-correlation function method for each individual source (ICCF;

Gaskell & Peterson 1987; Sun et al. 2018). The continuum and emission-line light

curves of each source are linearly interpolated to a grid spacing of 3 days. The

interpolated light curves are cross-correlated as a function of time-lag. We then

average the cross-correlation functions (CCF) of each source in the bin to obtain

the stacked CCF. We search for lags over a (rest-frame) lag range of [−100, 300]

days for Hβ and C iv, and [−100, 500] days for Mg ii as it has a longer expected lag

for our sample.
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We measure the average lag and its uncertainties by bootstrapping the sample in

each bin. We perform the above procedure to calculate the stacked CCF’s for each

bootstrapped re-sample of the original binned sample. We repeat this 1000 times,

and record the peak of each CCF (rmax) to build the bootstrap distribution, from

which we adopt the median and 16th and 84th percentiles of this distribution as the

recovered average stacked lag, τ , and lower and upper uncertainties, στ , for the bin.

Following Li et al. (2017), we shuffle the spectroscopic epochs and repeat the stacking

for 100 Monte Carlo realisations, and compare the stacked CCF produced by these

uncorrelated light curves to the original stacked CCF. This is similar to the null

hypothesis test used by Malik et al. (2023) to check that the lag recovery is not

simply a product of the interaction of the window function with underlying red-noise

correlation in the photometric light curves, considering the relatively low sampling

density and modest signal-to-noise of our light curves.

4.4 Results

We present the results of our stacking analysis for each emission line sample in

the OzDES RM sample, and a multi-line analysis of the subsamples for which two

emission-lines are present. With the basic assumption that the lag of a source is

dependent on the intrinsic AGN luminosity alone, by using the stacking method we

are assuming the lags of each source within a bin are similar (in the rest-frame)

so that we recover a representative average lag for these AGN. Since the binned

sources are at different redshifts, when the light curve data is converted to the rest-

frame, different variability and reverberation time-scales are probed by each source

through their unique rest-frame observational window function. By stacking we can

partially circumvent the usual impact of the sparse sampling (particularly the 7-

month seasonal gaps) in the light curves of any one source, as we are combining the

CCF’s for all sources in a bin. We compare the average lag measurements to the

sample of existing individual lag measurements on the respective R−L relations for

each line.
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Figure 4.2: The luminosity bins for the Hβ sample, labelled with the number of
binned sources. Within each bin, the standard deviation of the expected lags for
the individual sources (measured using the source luminosity and the Bentz et al.
(2013) R − L relation for Hβ) is ∼10% of the expected mean lag for the binned
sample (measured as the mean of the expected lags for the individual sources).

4.4.1 Hβ

We divide our sample into five luminosity bins of equal size, as shown in Figure 4.2.

The size of the bins were chosen as to maximise the number of sources in each bin

while avoiding introducing a broad underlying distribution in the expected lags. The

highest luminosity source was excluded from the analysis for this reason. Although

there are a relatively small number of sources stacked in each bin, particularly when

compared to stacking done by Fine et al. (2012, 2013), the signal-to-noise of our

stacked CCF’s are sufficiently high as we have much more light curve data.

The stacked CCF’s for each bin of the Hβ sample are shown in Figure 4.3, alongside

the total number of overlapping light curve epochs as a function of time-lag for all

sources stacked within the bin. As the observation dates of each source in a bin

are converted to the rest-frame of the source, and there is a distribution of source

redshifts within each bin, the total light curve sampling of the stacked sample begins
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Figure 4.3: Left column: The coloured solid lines are the stacked cross correlation
functions (CCF) for each of the five luminosity bins for the Hβ sample. The colours
correspond to the respective bins in Figure 4.2. The 1σ scatter of the bootstrapped
CCF’s is shown by the coloured shaded region. The vertical dashed and dotted
lines indicate the recovered average lag and its uncertainty, as measured from the
bootstrap distribution (coloured histogram). The black solid line and grey shaded
area show the mean and 1σ scatter of the CCF’s generated using the randomised
spectroscopic light curves following the procedure described in §4.3. Right column:
The number of overlapping spectroscopic and photometric epochs as a function of
time lag, in total for each source in the corresponding bin. The expected mean lag
for the bin is indicated by the black dashed line.



4.4 Results 99

1041 1042 1043 1044 1045 1046

λLλ(5100 Å)[erg s−1]

100

101

102

103

R
es

t-
fr

am
e 

H
β
 L

ag
 (d

ay
s)

0.55 ± 0.03 Bentz+13
0.43 ± 0.03 SEAMBH
Bentz+13
SDSS-RM
SEAMBH
LAMP
Other
OzDES
OzDES Stacked
OzDES Stacked multi-line

Figure 4.4: The Radius-Luminosity relation for Hβ (dotted lines), including the
stacked average lag measurements made using the OzDES Hβ sample, and existing
individual lag measurements from Bentz et al. (2013, and references therein); SDSS-
RM (Grier et al. 2017, quality 4 and 5); SEAMBH (Du et al. 2014; Wang et al.
2014a; Du et al. 2015, 2016, 2018; Hu et al. 2021); Lick AGN Monitoring Project
(LAMP, U et al. 2022); and other measurements from Bentz et al. (2009); Barth et al.
(2013); Bentz et al. (2014); Pei et al. (2014); Lu et al. (2016); Bentz et al. (2016a,b);
Fausnaugh et al. (2017); Zhang et al. (2019); Rakshit et al. (2019); Li et al. (2021),
of which measurements published before 2019 are compiled by Mart́ınez-Aldama
et al. (2019). The multi-line average lag measurement is presented in §4.4.4.

to in-fill the rest frame observational gap imposed by the observed frame 7-month

seasonal gap present in the individual observed light curves.

Comparing the stacked CCF, and its scatter measured from bootstrapping, to the

stacked CCF’s after light curve randomisation, we see significant correlation signal

present. This implies that the signal is not dominated by the correlation of any

individual source. In all cases there is one major peak present, however, the lowest
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luminosity bin (blue) has a flatter CCF. There is limited but non-zero data overlap

around the expected mean lags for the two highest luminosity bins, as they coincide

with the first seasonal gap in our light curves. However, we recover significant

average lags in each of these bins. This demonstrates the ability of stacking to

overcome the limitations imposed by sparse sampling, which impede lag recovery

for individual sources.

We plot the recovered average lags from each luminosity bin on the R− L relation,

as shown in Figure 4.4. Our stacked measurements are consistent with the Bentz

et al. (2013) slope, which agrees with the physically motivated slope of ∼0.5. The

uncertainty in the average lags are consistent to the uncertainties in the eight lags

recovered for individual sources (Malik et al. 2023), and are inconsistent with the

distribution of the SDSS-RM measurements (Grier et al. 2017; Li et al. 2017), for

which shorter lags are recovered. Given the similarities of our programs and sample

selection, the reason for this discrepancy is unclear. Although the main difference

between the surveys is the baseline and cadence of the data, simulations by Fonseca

Alvarez et al. (2020) and Malik et al. (2022) find that this does not bias the lag

recovery of SDSS-RM to shorter lags, or OzDES to longer lags. For our composite

lags we bin across our entire Hβ sample, and do not reject any sources based on

light curve signal-to-noise, or any other criteria.

As a test, we repeated the stacking after excluding all the objects with individual

recovered lags (Malik et al. 2023). We show the results of this test in §4.6. Although

the average lag uncertainties increase after the exclusion, the lags remain in close

agreement with those from the original analysis.

4.4.2 Mg II

The three luminosity bins used for the Mg ii sample are shown in Figure 4.5. The

lowest and highest luminosity bins are slightly wider to include sources close to the

edge of the bin. Ten sources were excluded from the analysis to optimise the bin

densities and reduced smoothing of the stacked CCF’s. Larger luminosity bins were

required to achieve adequate signal-to-noise in the stacked CCF’s for this sample.

We present the stacked CCF’s in Figure 4.6. The strength of the correlation signals
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Figure 4.5: The luminosity bins for the Mg ii sample, labelled with the number of
binned sources. Within each bin, the standard deviation of the expected lags for
the individual sources (measured using the source luminosity and the Trakhtenbrot
& Netzer (2012) R−L relation for Mg ii) is ∼20% of the expected mean lag for the
binned sample.

in each bin are lower than for the Hβ sample, however, comparing to the randomised

CCF’s we can see there is significant signal present. The signal-to-noise of the

Mg ii light-curve input data is lower than for the Hβ sample, as the Mg ii sample is

fainter and requires subtraction of Fe ii from the emission-line (Yu et al. 2021, 2023).

However, we have 450 AGN in the Mg ii sample, and are therefore stacking many

more sources in each bin. Since sample size is not the limiting factor in this case,

the lower signal-to-noise of the Mg ii line light curves must be producing weaker

stacked cross correlation signals. In the lowest luminosity bin, the signal is flat and

no clear peak is present. For the other two bins a dominant peak is present, and the

bootstrap distributions are adequately constrained to recover average lags.

We plot the recovered average lags from each luminosity bin on the Mg ii R − L

relation in Figure 4.7, along with the 25 individual measurements made with this
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Figure 4.6: Left column: The coloured solid lines are the stacked cross correlation
functions (CCF) for each of the three luminosity bins for the Mg ii sample. The
colours correspond to the respective bins in Figure 4.5. The 1σ scatter of the boot-
strapped CCF’s is shown by the coloured shaded region. The vertical dashed and
dotted lines indicate the recovered average lag and its uncertainty, as measured
from the bootstrap distribution (coloured histogram). The black solid line and grey
shaded area show the mean and 1σ scatter of the CCF’s generated using the ran-
domised spectroscopic light curves following the procedure described in the text.
Right column: The number of overlapping spectroscopic and photometric epochs
as a function of time lag, in total for each source in the corresponding bin. The
expected mean lag for the bin is indicated by the black dashed line.

sample by Yu et al. (2023). The average lags are in agreement with the recent

results from Homayouni et al. (2020) and Yu et al. (2023). There is a progression

to longer lags with higher luminosities with the intermediate and highest luminosity

bins, however, the mean lag in the lowest bin is not well constrained. As shown

in Figure 4.6, there is limited data coverage over the expected mean lags for the

lowest luminosity bin (blue), which coincides with the first seasonal gap in our light
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Figure 4.7: Radius-Luminosity relation for Mg ii, with existing individual lag mea-
surements from Metzroth et al. (2006); Lira et al. (2018); Czerny et al. (2019);
Zajaček et al. (2020, 2021) and SDSS-RM (Homayouni et al. 2020, gold sample),
along with the OzDES individual measurements (Yu et al. 2023), and our stacked
average lag measurements. The multi-line average lag measurements are presented
in §4.4.4.

curves. The time-dilation distribution over the binned sample is not sufficient to ‘fill

in’ the short timescales, but it is able to sufficiently bridge the second seasonal gap.

This could explain why the the recovered average lag for the lowest luminosity bin is

not as consistent with the individual OzDES measurements, but they are consistent

for two higher luminosity bins. The average lags for the lowest and intermediate

luminosity bins are formally consistent with both the steeper R−L relation measured

by Trakhtenbrot & Netzer (2012), and the shallower relation recently constrained by

Yu et al. (2023), however, the better constrained mean lag for the highest luminosity

bin is only consistent with the shallower relation.
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Figure 4.8: The luminosity bins for the C iv sample, labelled with the number of
binned sources. Within each bin, the standard deviation of the expected lags for the
individual sources (measured using the source luminosity and the Hoormann et al.
(2019) R − L relation for C iv) is ∼15% of the expected mean lag for the binned
sample.

4.4.3 C IV

As for the previous samples, we present the luminosity bins for the C iv sample in

Figure 4.8, and the stacked CCF results in Figure 4.9. As required for Mg ii, larger

luminosity bins were necessary to achieve sufficient signal-to-noise after stacking,

and nine sources were excluded from the analysis to avoid overly wide bins in lu-

minosity. The OzDES C iv sample has lower signal-to-noise than the Hβ and Mg ii

samples, as the AGN are faint. The bootstrap distributions are not well constrained

for the lowest or highest luminosity bins. However, Li et al. (2017) found that the

mean recovered lag remains stable when the light curve signal-to-noise is degraded,

although the uncertainty increases proportionally with the decline. Therefore we

continue to recover the average lags and compare with individual source measure-

ments.
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Figure 4.9: Left column: The coloured solid lines are the stacked cross correlation
functions (CCF) for each of the three luminosity bins for the C iv sample. The
colours correspond to the respective bins in Figure 4.8. The 1σ scatter of the boot-
strapped CCF’s is shown by the coloured shaded region. The vertical dashed and
dotted lines indicate the recovered average lag and its uncertainty, as measured
from the bootstrap distribution (coloured histogram). The black solid line and grey
shaded area show the mean and 1σ scatter of the CCF’s generated using the ran-
domised spectroscopic light curves following the procedure described in the text.
Right column: The number of overlapping spectroscopic and photometric epochs
as a function of time lag, in total for each source in the corresponding bin. The
expected mean lag for the bin is indicated by the black dashed line.

We plot the stacked average lags from the C iv sample alongside existing measure-

ments from the literature in Figure 4.10. Although the uncertainties on the average

lags from the intermediate and highest luminosity bins are large, they are in agree-

ment with the R − L relations constrained by Hoormann et al. (2019) and Grier

et al. (2019). As discussed for the Mg ii sample, the time dilation over the binned

samples does not sufficiently bridge the first of the 7-month seasonal gaps in our
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Figure 4.10: Radius-Luminosity relation for C iv, with our stacked average lags
and existing individual lag measurements from Peterson et al. (2005, and references
therein); Kaspi et al. (2007); Trevese et al. (2014); Lira et al. (2018), and SDSS-
RM (Grier et al. 2019; Shen et al. 2019b, gold sample), Kaspi et al. (2021), along
with the OzDES individual measurements (Hoormann et al. 2019). The multi-line
average lag measurement is presented in §4.4.4.

light curves. With the shorter expected lags for C iv, the average lags for the lowest

luminosity bin coincides with this gap. In addition to the lower signal-to-noise of the

light curves, this may be contributing to the poorer quality of the stacked CCF’s.

It is unclear why the average lag recovered for the lowest luminosity bin is much

longer than expected, and it is inconsistent with the progression to longer lags with

high luminosities seen by the lags in the other two bins.

4.4.4 Multi-line measurements

Both the Hβ and Mg ii lines are visible for 13 AGN, and Mg ii and C iv for 106

AGN (see Figure 4.1). We attempt to recover average lags independently with each
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Figure 4.11: The stacked cross correlation functions (CCF) for the multi-line sample
with both Hβ and Mg ii, comprising 13 AGN.

line, in order to compare the lag ratios to investigate the ionisation stratification of

the BLR.

We repeated the stacking procedure for the sample of 13 AGN with the Hβ and Mg ii

light curves. As there are few sources we do not bin them by luminosity. We present

the stacked CCF’s for each line in Figure 4.11. We measure an average lag of 66+18
−9

days for the Hβ sample, and an average lag of 68+75
−54 days for the Mg ii sample. We

formally recover a Mg ii to Hβ lag ratio of 1.03, however the inherent uncertainty

is significant due to the large uncertainty of the Mg ii average lag. This result is

broadly consistent with the expectation that these two BLRs are approximately

cospatial. This ratio is consistent with previous multi-line measurements made by
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Figure 4.12: The stacked cross correlation functions (CCF) for the multi-line sample
with both Mg ii and C iv, comprising 106 AGN.

Homayouni et al. (2020), who found that Mg ii is emitted from a similar or slightly

larger region than Hβ in several individual sources, as well as Clavel et al. (1991)

and Czerny et al. (2019).

We repeated this for the sample of 106 AGN with Mg ii and C iv, and present

the stacked CCF’s in Figure 4.12. The signal-to-noise was insufficient to divide

the sample into two luminosity bins. Although the lags are not well constrained

(particularly for the C iv sample), we measure an average Mg ii lag of 173+123
−36 days,

and an average C iv lag of 75+162
−75 days. We formally recover a Mg ii to C iv lag ratio

of 2.31. The average lags are broadly consistent with the BLR stratification model,

and the multi-line comparison made for a single source by Homayouni et al. (2020).
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Table 4.1: The average lags for each luminosity bin or multi-line sample, for each
emission-line sample from the OzDES RM Program. Luminosities are given in erg
s−1, and average lags are in the rest frame.

Hβ

Binned sample Average lag (days)

43.45<log(λLλ) <43.77 18+3
−3

43.77<log(λLλ) <44.09 42+15
−9

44.09<log(λLλ) <44.41 63+9
−36

44.41<log(λLλ) <44.73 57+9
−18

44.73<log(λLλ) <45.05 84+15
−18

multi-line Hβ + Mg ii 66+18
−9

Mg ii

Binned sample Average lag (days)

44.40<log(λLλ) <45.00 152+33
−60

45.00<log(λLλ) <45.50 137+63
−39

45.50<log(λLλ) <46.10 206+3
−51

multi-line Mg ii + Hβ 68+75
−54

multi-line Mg ii + C iv 173+123
−36

C iv

Binned sample Average lag (days)

44.90<log(λLλ) <45.50 123+12
−15

45.50<log(λLλ) <46.00 30+42
−0

46.00<log(λLλ) <46.60 87+174
−42

multi-line C iv + Mg ii 75+162
−75

We include the average lags recovered from the multi-line samples on the respective

R−L plots presented in Figure 4.4, Figure 4.7 and Figure 4.10. We also provide all

average lags recovered in this work from each multi-line and emission line sample in

Table 4.1.

4.5 Summary

We use the stacking technique developed by Fine et al. (2012, 2013) to measure

average lags in luminosity bins for the Hβ, Mg ii and C iv samples from the OzDES

Reverberation Mapping Program. By utilising the bulk of our sample to recover
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composite lags, we avoid the potential selection biases in the lag recovery for indi-

vidual sources. We successfully recover significant cross-correlation signals for each

emission-line sample:

• The average lags from each luminosity bin of the Hβ sample are consistent

with the R − L relation constrained by Bentz et al. (2013), and the size of

the uncertainties on the average lags are on par with that of individual mea-

surements, despite the relatively small number of sources stacked in each bin.

This provides confidence in the individual measurements, and demonstrates

the potential for stacked RM analyses to improve upon constraints which have

thus far been made with individual source measurements alone.

• For Mg ii and C iv, the stacked cross-correlations are weaker, but still present

above the correlation signal generated using randomised light curves. Further

data or larger samples are required to recover significant average lags for these

samples across each luminosity bin.

• From our multi-line analysis, we measure a Mg ii to Hβ lag ratio that is consis-

tent with earlier findings that the size of each of these line-emitting regions is

similar. Our average lags for the Mg ii and C iv multi-line sample are not well-

constrained due to the limited sample size, however, the lag ratio we recover

is largely consistent with the BLR ionisation stratification model.

Stacking can be applied beyond RM-specific surveys. It can be done with just a

few spectroscopic epochs, using large AGN samples, provided the continuum be-

haviour is well sampled. With LSST forthcoming, high cadence photometry of the

deep-drilling fields will yield quality continuum light curves for tens of thousands of

AGN. The SDSS-V Black Hole Mapper (BHM) will be spectroscopically following

these fields. In addition to their dedicated RM survey of ∼ 1, 000 AGN, SDSS-

V BHM will monitor 25,000 AGN over multiple epochs, which will be combined

with earlier SDSS spectra (Kollmeier et al. 2017). The Time Domain Extragalactic

Survey (TiDES) will also be following up these fields to conduct an RM survey of

∼ 700 AGN up to z ∼ 2.5 (Swann et al. 2019). Stacking analyses of these future,

large samples has promise to significantly extend the reverberation mapping results

from these projects. Although the improved signal-to-noise and survey sampling of
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these future programs are expected to yield an increased number of higher quality

individual lag measurements than the first generation of multi-object RM surveys,

these datasets can benefit from the ability of stacking to alleviate the impact of the

unavoidable seasonal gaps on lag recovery (Malik et al. 2022). Stacking also presents

an opportunity to combine all large time-domain datasets to recover average lags

that are potentially more robust than individual lags, which remain challenging to

recover reliably, particularly at high redshift.
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Hβ excluding objects with individual lags

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Redshift

43.50

43.75

44.00

44.25

44.50

44.75

45.00

45.25

lo
g
λ
L
λ
(5

1
00

Å)
[e

rg
s−

1
]

n= 12

n= 13

n= 17

n= 13

n= 5

Figure 4.13: The same as Figure 4.2 after excluding sources with individual lag
recoveries.

The luminosity bins for the Hβ sample excluding sources with individual lags are

shown in Figure 4.13, and the stacked CCF’s and average lags for this reduced sample

are given in Figure 4.14 and Figure 4.15. Only the two lowest (blue and orange) and

second highest (red) luminosity bins had objects excluded. The stacked CCF peaks
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remain intact for each of these bins, although the signal-to-noise degrades slightly,

which is to expected as the size of the stacked sample decreased by ∼one sixth.

The average lags are in close agreement to those recovered in the original analysis

in §4.4.1. This test indicates that the results from stacking are not dominated by

objects with high quality individual lags, although their addition does considerably

improve the lag uncertainties for the final result.
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5
Conclusion

Reverberation mapping is the only black hole mass measurement method that can

be applied outside the local Universe, however, it is an observationally expensive en-

deavour. Although the earliest RM campaigns began in the 1980’s, it is for this rea-

son that RM measurements have remained limited in many respects, until recently.

Over the last decade, the first multi-object RM surveys have been undertaken with

the primary objective of probing a wider range of AGN properties and recovering

more reliable RM measurements and BH masses. In this thesis, I have explored the

complexities of scaling up the traditional reverberation mapping technique for appli-

cation through MOS surveys. In Chapter 2, I conducted comprehensive simulations

to probe the effect of each component of the observational window function on the

overall efficacy of MOS-RM surveys. In Chapter 3, I recovered Hβ lags from one of

the first MOS-RM surveys: the OzDES RM Program. In Chapter 4, I used a novel

stacking method to recover average lags across the bulk of the OzDES RM AGN

117
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sample. Here I summarise these chapters and highlight the key takeaways from each

project, and how it connects to the wider field of RM and AGN research. I then

discuss the next frontiers of future research stemming from this work, and conclude

with some final remarks on this thesis.

5.1 Observational window effects on multi-object

reverberation mapping

In Chapter 2, I investigated the impact of survey design on the efficacy of MOS-

RM surveys. Whereas early, traditional RM surveys had dedicated monitoring of

select individual objects, scaling this method up to samples of hundreds of AGN is

complicated, as each object has a unique reverberation lag, variability time-scales,

and redshift-dependent time-dilation. Given all sources are sampled through the

same observational window, it is challenging to monitor each satisfactorily to achieve

robust lag recovery.

Although the first generation of MOS-RM surveys did use simulations to forecast

their lag recovery efficacy, they only tested a limited range of design modifications;

most of which conformed to existing survey restrictions (often dictated by other

science programs). I conducted exhaustive simulations varying each component of

the global observation window function for MOS-RM surveys: the cadence, seasonal

length and baseline. I identified the seasonal length as the key factor limiting the

efficacy of the contemporaneous OzDES RM and SDSS-RM surveys. These find-

ings emphasise the importance of prioritising observing fields with longer seasonal

visibility in MOS-RM surveys. This not only recovers lags for a greater number

of sources but also helps to mitigate signal aliasing, thus improving lag reliability

and reducing scatter in the R − L relation. I found that sources with long vari-

ability timescales may be less affected by seasonal gaps, although extended baseline

monitoring remains crucial in such cases.

In cases where the sampling window cannot be improved, careful optimisation of

target source lists will likely yield higher survey efficacies. By using a multi-tiered

observing strategy future surveys can allocate their limited observational resources
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more effectively, to optimise lag recovery for diverse classes of objects. Additionally,

extending the wavelength range of spectrographs to the near-infrared is crucial for

conducting joint emission-line lag analyses. This expansion in wavelength coverage

will allow us to examine the consistency of virial BH masses obtained with multiple

emission lines.

In this work I have highlighted the importance of extending the seasonal visibility

of survey fields, optimising target selection, and extending wavelength coverage.

The insights gained from this work will inform future MOS-RM survey designs and

improve our ability to measure more, reliable reverberation lags in AGN.

5.2 OzDES Reverberation Mapping Program:

Hβ lags from the 6-year survey

In Chapter 3, I recovered lags from the Hβ sample monitored by the OzDES RM

Program, which conducted one of the first MOS-RM surveys. This 6-year survey

was primarily designed to recover lags for higher-redshift sources accessible with the

Mg ii and C iv lines; a regime which lacked RM measurements. However, recovering

lags from the Hβ sample was essential as most RM measurements had only been

made using this line, which OzDES needed as a point of comparison. In light of

the findings from the previous chapter, I was aware that it would be challenging to

recover the shorter lags expected for the Hβ sample as the observational window

was less than ideal.

I used two lag recovery methods to successfully recover lags for eight AGN from

the OzDES RM Hβ sample. I found that these results were consistent with the

sample of measurements made by earlier traditional RM surveys, which observed

AGN with dedicated monitoring on a source-by-source basis (Grier et al. 2013a).

The OzDES results were also consistent with the observed dependence of lags on

source accretion rate. Interestingly, the OzDES results appear inconsistent with

those from the SDSS-RM Hβ sample (Grier et al. 2017), which conducted a similar

MOS-RM survey, likely due to the limited baseline of their Y1 data.

Given the modest signal-to-noise and sampling of the OzDES data, some of our
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recoveries are not as robust as the existing sample. I emphasise that additional

observations at higher cadence and over a longer observing season are required to

recover higher quality lags for these sources. Given the TiDES and SDSS-V BHM

programs will be observing some of the same fields (Swann et al. 2019; Kollmeier

et al. 2017), they can improve upon the results presented here. I also emphasise

the importance for future surveys to extend the dynamic range in luminosity of Hβ

measurements, which calibrate this important R− L relation.

I successfully recovered lags and measured BH masses for eight AGN at 0.12 < z <

0.71 from the OzDES Hβ sample, which are notably at higher redshifts than the

bulk of existing measurements with this emission line. This work complements the

lag recovery effort for the rest of the OzDES RM sample, with the Mg ii and C iv

emission lines (Hoormann et al. 2019; Yu et al. 2021; Penton et al. 2022; Yu et al.

2023). These results contribute to the ongoing efforts to refine BH mass-scaling

relations. This work further highlights the impact of the observational window

function and the need for improved survey designs.

5.3 OzDES Reverberation Mapping Program:

Stacking analysis with Hβ, Mg II and C IV

In Chapter 4, I perform a stacking analysis to recover average lags across the bulk of

the OzDES RM sample. This technique was developed by Fine et al. (2012, 2013) to

maximise the information extracted from large AGN samples that lacked sufficient

spectroscopic epochs to recover individual lags. As elucidated in the preceding

chapters, the observational window of the OzDES RM Program has significantly

impeded the effectiveness of lag recovery for individual lags, resulting in an overall

survey efficacy of only ∼ 10%.

I used the stacking technique to measure average reverberation lags using the Hβ,

Mg ii, and C iv lines across the redshift-luminosity regime probed by the full OzDES

RM AGN sample. Stacking circumvents the selection biases present in the lag

recovery for individual sources, and is able to partially overcome the gaps in the

observational window. I recover significant average lags in each luminosity bin for
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the Hβ sample, which are consistent with the Bentz et al. (2013) R−L relation, and

have low scatter and small uncertainties; signalling their potential to provide better

constraints on the R−L relation. For the Mg ii and C iv samples, there is significant

signal in the stacked cross-correlations, however, the data quality was insufficient to

recover well-constrained average lags. The findings from the multi-line analysis are

broadly consistent with the BLR ionisation stratification model.

The forthcoming large time-domain surveys, including LSST, SDSS-V BHM and

TiDES, will increase the AGN sample size and improve the spectroscopic signal-

to-noise. However, as demonstrated in Chapter 2, they will likely remain affected

by inevitable seasonal gaps. This may have been a contributing factor to the large

scatter in the RM measurements made by OzDES and SDSS-RM, particularly for

C iv. With improved data quality, and the potential to combine these large datasets,

future stacking analyses could concentrate this information to produce robust aver-

age lag measurements that supplement or surpass efforts using traditional individual

measurements.

In this work I recovered average lags across the entire OzDES RM sample by utilis-

ing a stacking analysis, to supplement the individual lag recovery effort. The most

significant results, for the Hβ sample, demonstrate potential to facilitate better con-

straints on the R − L relation. These results demonstrate that individual source

measurements can be complemented and strengthened by the statistical power pro-

vided by stacking techniques.

5.4 Future Work

5.4.1 More from the OzDES RM Program and DES

The lag recovery effort using the full program data from the OzDES RM Program has

almost been completed for each emission-line sample. The survey has recovered 62

new reverberation lags and BH masses for AGN at 0.1< z <2.8. This is comparable

to the total number of RM measurements that existed at the time of the program’s

commencement. This includes 8 measurements with Hβ (Chapter 3, Malik et al.

2023), 25 with Mg ii (Yu et al. 2021, 2023) and 29 with C iv (Hoormann et al. 2019;



122 Conclusion

Penton et al. 2022, Penton et al. in prep).

These measurements will be combined with the latest results from SDSS-RM (Shen

et al. 2023) and the existing sample of RM lags, which will be used to constrain

updated R − L relations for each emission line. Following this, OzDES will pursue

the main science goals of the program: measuring single-epoch virial BH masses to

infer the BH mass function, and testing the application of AGN as a high-redshift

standardisable candle.

There are further avenues of science beyond these key goals, which can be facilitated

by this rich dataset. The high-quality, multi-band photometric light curves obtained

by DES have been used to conduct continuum RM to measure accretion disk sizes

(Mudd et al. 2018; Yu et al. 2020a). This can be applied to the full 7-year light

curves available for each of the DES SN fields. This data has also been combined

with other legacy data in these fields to produce photometric light curves with a

20-year baseline, which were used to revisit the DRW variability model in AGN

(Stone et al. 2022a).

5.4.2 Second-generation of MOS-RM

As we enter the era of time-domain astronomy, there are several upcoming surveys

that plan to conduct MOS-RM. These surveys will build upon the achievements of

the first-generation MOS-RM programs undertaken by OzDES and SDSS-RM. The

SDSS-V Black Hole Mapper, which began in 2021, is conducting a spectroscopic

RM program in both the northern and southern hemispheres (Fries et al. 2023).

Between the two observatories, it is targeting the four LSST deep-drilling fields,

and continuing monitoring of the SDSS-RM field. Across these fields, the BHM

RM program is targeting ∼ 1000 AGN (Kollmeier et al. 2017). With LSST to

commence late 2024, high cadence photometry of the four deep-drilling fields will

yield continuum light curves for thousands of AGN. The Time Domain Extragalactic

Survey (TiDES) will begin spectroscopic follow-up of these deep-drilling fields in

2024 as part of its 5-year RM program targeting ∼ 700 AGN up to z ∼ 2.5 (Swann

et al. 2019).

This work has repeatedly demonstrated the importance for these surveys to consider
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the impact of their observational window on reverberation lag recovery. The obser-

vation strategies for LSST and TiDES are not yet confirmed, however the SDSS-V

BHM RM program RM has obtained approximately 5-7 epochs per month over a

5-7 month season each year (Almeida et al. 2023). This is the maximum length

where the respective field is visible for at least 2 hours below an airmass of 1.4. As

demonstrated in this work, these large seasonal gaps will reduce lag recovery efficacy

and reliability.

5.4.3 SMBH masses in the ELT era

An overview of the available SMBH mass measurement methods was given in Section

1.2. Presently, RM is the only method which can be used to measure BH masses

beyond z ∼ 0.2. In the upcoming era of extremely large telescopes, including the

Giant Magellan Telescope (GMT) and European Extremely Large Telescope (E-

ELT), these large apertures (> 25m), aided by adaptive optics, should achieve 10 mas

angular resolution or better (Johns et al. 2012). If sufficient sensitivity can be

achieved, these facilities will allow measurement of stellar and gas dynamical SMBH

masses out to z ∼ 10 or beyond (GMT Science Advisory Committee 2018; Gültekin

et al. 2019). However, these high redshift measurements will be very observationally

intensive, therefore MOS-RM will be necessary to complement these efforts in order

to increase the sample of SMBH masses, and improve calibration of single-epoch

virial BH mass estimators for survey-wide application.

5.5 Final remarks

Multiplexed spectroscopy and wide-field photometry have enabled the traditionally

resource-intensive RM method to be performed more efficiently and with improved

synergy with other science programs. As a result, the first generation of MOS-RM

surveys have more than tripled the total number of RM measurements. However,

the scaling up of RM to this industrial scale has not been without its challenges.

In this thesis, I measured new lags and BH masses using the full program data

obtained by the OzDES RM Program. However, the less-than-ideal observational
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window of the survey limited the overall lag recovery efficacy. In light of this, I

explored how the design of MOS-RM surveys can optimised to better capture AGN

variability in order to facilitate more, reliable lag measurements. To compensate for

the limitations of the OzDES data, I used a stacking analysis to leverage the bulk

AGN sample in order to extract the maximum information from our data.

Reverberation mapping will remain an observationally expensive endeavour, but one

that is necessary to extend direct BH mass measurements to the furthest reaches

of the Universe. I hope the insights from this work will inform the design of future

MOS-RM surveys, so that we can unlock the full, unmatched potential of RM to

reveal the nature of supermassive black holes and their environments.
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Appendix

Appendix

This appendix contains supplementary material to the work presented in Chapter

4.

A Source properties

The source properties are given for the Hβ sample of 69 AGN in Table A1, the Mg ii

sample of 450 AGN in Table A2, and the C iv sample of 290 AGN in Table A3.
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Table A1: Properties for our OzDES Hβ stacking sample. Columns left to right:
DES name (J2000), redshift, r-band apparent AB magnitude, monochromatic lumi-
nosity at 5100Å. The superscript a flags sources which also have Mg ii data.

DES ID z mr log(λL5100) (erg s−1)
DES J002802.42-424913.52 0.127 17.88 43.67
DES J033633.16-284027.18 0.129 17.73 43.74
DES J022024.92-061731.51 0.139 18.04 43.69
DES J003515.60-433357.64 0.145 17.75 43.84
DES J003245.59-421441.67 0.183 18.85 43.62
DES J025007.02+002525.49 0.198 18.02 44.03
DES J024347.34-005354.84 0.237 19.19 43.73
DES J024340.97-002601.16 0.268 19.16 43.86
DES J025021.72-005413.02 0.271 19.87 43.59
DES J025211.61-003629.35 0.294 20.10 43.58
DES J034028.46-292902.41 0.310 18.09 44.43
DES J022249.67-051453.01 0.314 19.03 44.07
DES J025240.59-002117.04 0.315 20.37 43.53
DES J022851.50-051223.00 0.317 18.01 44.48
DES J003954.13-440509.97 0.332 19.53 43.92
DES J022330.16-054758.06 0.354 19.87 43.85
DES J024325.53-000412.67 0.356 20.47 43.62
DES J024902.03-004322.43 0.360 20.75 43.52
DES J024320.36-001825.41 0.373 19.47 44.07
DES J024519.82-010245.63 0.381 20.46 43.69
DES J024225.86-004142.50 0.383 20.74 43.59
DES J003622.82-424759.11 0.390 21.02 43.49
DES J004009.06-431255.29 0.434 19.04 44.40
DES J003834.47-433807.12 0.453 20.61 43.82
DES J025042.90-004138.74 0.457 20.54 43.86
DES J022258.90-045852.28 0.466 19.77 44.20
DES J024712.89-011106.21 0.486 20.56 43.92
DES J024211.93-010959.69 0.488 20.18 44.08
DES J024538.29-004705.32 0.488 20.49 43.96
DES J003017.47-422446.39 0.491 18.48 44.77
DES J022133.82-054842.69 0.501 18.77 44.67
DES J024643.04-013149.55 0.502 19.32 44.45
DES J033002.93-273248.31 0.527 20.33 44.10
DES J003552.21-423352.14 0.530 21.29 43.72
DES J022019.61-060729.77 0.541 20.07 44.23
DES J021910.57-055114.76 0.558 19.49 44.49
DES J025119.79-004831.62 0.559 19.98 44.30
DES J033758.00-294618.46 0.561 19.27 44.58
DES J024939.57+000700.39 0.564 20.90 43.94
DES J024646.73-001220.60 0.564 19.73 44.41
DES J022717.88-051623.78 0.566 20.87 43.95
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Table A1: Hβ sample

DES ID z mr log(λL5100) (erg s−1)
DES J033946.12-295030.94 0.582 20.33 44.20
DES J003114.43-424227.81 0.591 20.53 44.13
DES J033905.07-292134.36 0.600 18.66 44.89
DES J022329.27-045451.85 0.604 20.78 44.05
DES J033738.50-272306.75 0.613 18.60 44.94
DES J022246.23-041450.67 0.614 19.94 44.40
DES J024651.86-010732.56 0.622 20.36 44.25
DES J033910.13-264311.77 0.622 21.39 43.84
DES J024442.77-004223.14 0.628 19.92 44.43
DES J021923.29-045148.69 0.630 19.36 44.66
DES J033051.45-271254.90 0.633 20.24 44.31
DES J032718.70-281857.85 0.634 19.52 44.60
DES J002904.43-425243.04 0.644 19.54 44.61
DES J021820.49-050426.42 0.650 19.59 44.60
DES J034056.37-293339.67 0.652 20.44 44.26
DES J003013.70-425733.44 a 0.654 20.31 44.32
DES J024533.65-000744.91 a 0.655 19.66 44.58
DES J003010.25-423356.22 a 0.667 20.14 44.40
DES J003231.39-433511.71 a 0.679 20.39 44.32
DES J004334.89-440546.53 a 0.681 19.62 44.63
DES J021952.14-040919.86 a 0.692 20.30 44.37
DES J022452.19-040519.38 a 0.695 19.85 44.55
DES J002906.71-423904.49 a 0.703 18.69 45.03
DES J021514.27-053321.33 a 0.703 20.01 44.50
DES J033819.34-274346.33 a 0.706 18.81 44.98
DES J022617.85-043108.99 a 0.708 19.52 44.70
DES J021524.99-045353.83 a 0.714 20.51 44.31
DES J021808.24-045845.20 a 0.716 18.18 45.25
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Table A2: Properties for our OzDES Mg ii stacking sample. Columns left to right:
DES name (J2000), redshift, r-band apparent AB magnitude, monochromatic lu-
minosity at 3000Å. The superscript a flags sources which also have Hβ data, and b
flags sources which also have C iv data.

DES ID z mr log(λL3000) (erg s−1)
DES J003013.70-425733.44 a 0.654 20.31 44.47
DES J024533.65-000744.91 a 0.655 19.66 44.73
DES J003010.25-423356.22 a 0.667 20.14 44.56
DES J003231.39-433511.71 a 0.679 20.39 44.47
DES J004334.89-440546.53 a 0.681 19.62 44.78
DES J021952.14-040919.86 a 0.692 20.30 44.53
DES J022452.19-040519.38 a 0.695 19.85 44.71
DES J002906.71-423904.49 a 0.703 18.69 45.18
DES J021514.27-053321.33 a 0.703 20.01 44.66
DES J033819.34-274346.33 a 0.706 18.81 45.14
DES J022617.85-043108.99 a 0.708 19.52 44.86
DES J021524.99-045353.83 a 0.714 20.51 44.47
DES J021808.24-045845.20 a 0.716 18.18 45.40
DES J033545.58-293216.49 0.724 20.30 44.56
DES J024126.71-004526.12 0.727 18.92 45.12
DES J033227.00-274105.28 0.730 19.81 44.77
DES J024727.97-013008.97 0.741 20.26 44.60
DES J022421.67-064613.71 0.755 20.48 44.53
DES J032724.94-274202.77 0.756 19.78 44.81
DES J021902.96-062107.22 0.758 20.42 44.55
DES J022244.40-043346.88 0.761 19.23 45.03
DES J025048.65+000207.62 0.766 19.12 45.08
DES J003155.93-434225.34 0.768 19.30 45.01
DES J021705.51-042253.46 0.788 20.24 44.66
DES J033459.10-293317.41 0.801 19.99 44.77
DES J032850.20-271207.84 0.802 19.42 45.00
DES J003350.95-435606.17 0.806 19.61 44.93
DES J022155.25-064916.59 0.807 18.06 45.55
DES J024801.09-004015.63 0.811 20.05 44.76
DES J025146.78-004035.49 0.813 19.63 44.93
DES J022326.46-045705.99 0.825 20.72 44.50
DES J025100.99+004802.99 0.829 20.03 44.78
DES J021628.43-040147.11 0.831 19.52 44.99
DES J033246.02-282232.12 0.839 20.07 44.78
DES J033328.93-275641.20 0.839 20.29 44.69
DES J022255.89-051351.61 0.849 19.01 45.21
DES J004042.70-440341.05 0.851 19.78 44.91
DES J033332.81-282220.34 0.858 19.14 45.17
DES J024637.94-004105.24 0.859 20.10 44.79
DES J033137.70-284808.03 0.862 21.68 44.16
DES J033230.63-284750.36 0.862 20.70 44.55
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Table A2: Mg ii sample

DES ID z mr log(λL3000) (erg s−1)
DES J033235.64-290202.05 0.866 19.33 45.10
DES J003527.80-443411.36 0.869 19.90 44.88
DES J002831.10-421538.06 0.871 18.98 45.25
DES J033523.52-280723.67 0.871 17.25 45.94
DES J003331.34-441039.28 0.878 19.64 44.99
DES J004020.36-432053.98 0.880 19.49 45.05
DES J002641.26-424900.31 0.882 19.95 44.87
DES J021557.63-045009.52 0.884 18.73 45.36
DES J003301.72-440750.87 0.886 19.86 44.91
DES J024831.08-005025.58 0.887 20.42 44.69
DES J002951.05-433629.34 0.892 20.66 44.60
DES J002702.17-431755.99 0.900 20.15 44.81
DES J021413.01-042930.02 0.901 19.08 45.24
DES J024159.74-010512.38 0.904 20.16 44.81
DES J024357.90-011330.42 0.905 20.22 44.79
DES J022440.72-043657.71 0.907 20.14 44.82
DES J025217.48-005249.30 0.912 20.52 44.67
DES J002930.76-432724.34 0.914 18.35 45.54
DES J003437.73-424318.36 0.915 19.09 45.25
DES J033520.08-284258.52 0.931 20.14 44.84
DES J003435.26-441127.90 0.933 19.40 45.14
DES J024425.38-004652.99 0.937 18.90 45.34
DES J003809.48-435241.29 0.937 19.40 45.14
DES J033435.50-282812.24 0.940 19.88 44.95
DES J002926.51-431250.54 0.944 18.96 45.33
DES J002917.61-433759.92 0.951 18.58 45.48
DES J024237.79-012354.10 0.957 19.65 45.06
DES J033435.49-283631.56 0.963 20.09 44.89
DES J022049.53-053731.08 0.974 20.00 44.94
DES J022344.57-064039.01 0.983 20.83 44.61
DES J022712.98-044636.25 0.983 18.13 45.69
DES J033945.79-275333.88 0.984 21.29 44.43
DES J033404.10-275629.92 0.984 20.75 44.65
DES J033339.36-281724.26 0.987 20.02 44.94
DES J033509.98-283255.27 0.993 18.03 45.74
DES J002933.85-435240.66 0.995 18.06 45.73
DES J022114.78-050832.95 0.996 20.60 44.72
DES J032853.99-281706.94 1.000 20.29 44.84
DES J024514.00-003535.43 1.005 19.41 45.20
DES J025237.80-004627.79 1.008 19.49 45.17
DES J021500.22-043007.46 1.012 19.76 45.06
DES J024300.44-003030.10 1.018 20.52 44.76
DES J022449.86-043025.80 1.024 20.44 44.80
DES J024924.67+002536.38 1.025 19.93 45.00
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Table A2: Mg ii sample

DES ID z mr log(λL3000) (erg s−1)
DES J033531.95-271825.19 1.029 19.14 45.32
DES J033408.25-274337.81 1.029 20.69 44.70
DES J003914.17-443844.22 1.033 19.62 45.13
DES J033854.56-291001.97 1.049 20.21 44.91
DES J032831.40-285249.79 1.050 20.47 44.80
DES J022104.63-044239.89 1.052 20.25 44.89
DES J002826.18-433829.09 1.063 20.90 44.64
DES J003710.86-444048.06 1.067 18.53 45.59
DES J033810.75-275153.11 1.077 19.45 45.23
DES J033948.28-275438.98 1.077 17.51 46.01
DES J021817.44-045112.40 1.083 19.25 45.32
DES J002949.39-434806.73 1.088 19.29 45.31
DES J025228.55+003109.14 1.110 18.81 45.52
DES J025128.38+001144.60 1.117 20.17 44.98
DES J033045.54-284150.29 1.119 19.57 45.22
DES J003145.76-421747.61 1.129 19.38 45.30
DES J003834.04-432457.69 1.133 20.29 44.94
DES J034020.28-291750.48 1.135 18.28 45.75
DES J003536.95-443104.40 1.136 20.06 45.04
DES J002639.87-432307.71 1.139 19.58 45.23
DES J024617.07-000602.60 1.143 18.42 45.70
DES J003452.22-434613.99 1.146 20.77 44.76
DES J024854.80+001054.04 1.146 19.57 45.24
DES J033836.19-295113.53 1.148 20.95 44.69
DES J003444.53-433749.06 1.153 20.12 45.03
DES J021631.35-043207.93 1.155 19.74 45.18
DES J022501.68-040754.18 1.157 19.67 45.21
DES J003332.28-430526.16 1.159 18.53 45.67
DES J022718.54-053124.86 1.159 21.06 44.66
DES J033350.23-284244.42 1.161 21.12 44.63
DES J021849.86-035835.29 1.162 19.18 45.41
DES J033612.01-290152.96 1.164 19.58 45.25
DES J033353.02-283022.38 1.165 18.51 45.68
DES J033429.54-293904.49 1.167 20.57 44.86
DES J033416.89-274504.73 1.168 20.12 45.04
DES J033719.99-262418.84 1.169 19.56 45.27
DES J003725.23-431710.85 1.173 19.94 45.12
DES J022556.83-045853.05 1.180 21.09 44.66
DES J022823.19-041223.67 1.181 17.57 46.07
DES J022533.79-050801.95 1.183 18.40 45.74
DES J033744.23-262559.74 1.187 18.85 45.56
DES J025036.99-002408.04 1.195 20.68 44.84
DES J033335.92-264915.24 1.199 19.99 45.12
DES J024840.98-001228.80 1.199 19.11 45.47
DES J003848.77-434518.55 1.200 21.03 44.70
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Table A2: Mg ii sample

DES ID z mr log(λL3000) (erg s−1)
DES J003549.87-424526.29 1.208 20.26 45.02
DES J033627.43-294149.95 1.218 18.59 45.69
DES J022212.40-061246.20 1.220 20.71 44.85
DES J022108.60-061753.21 1.225 20.00 45.13
DES J033534.69-283149.26 1.225 19.71 45.25
DES J022134.35-062941.64 1.228 20.71 44.85
DES J024544.78-004415.24 1.229 19.82 45.21
DES J022423.52-065001.40 1.229 20.15 45.08
DES J022023.48-064959.19 1.232 20.35 45.00
DES J033525.23-270200.72 1.233 19.31 45.42
DES J022055.16-060136.43 1.234 20.55 44.92
DES J003703.65-434759.50 1.236 19.87 45.20
DES J004111.46-441014.38 1.237 20.20 45.06
DES J033211.42-284323.98 1.237 21.86 44.40
DES J033928.30-291714.73 1.241 20.08 45.12
DES J003125.94-434743.50 1.243 20.25 45.05
DES J024918.24-001731.03 1.244 19.82 45.22
DES J021906.15-063000.89 1.250 20.12 45.10
DES J002743.35-425258.79 1.252 19.94 45.18
DES J033635.40-273427.02 1.254 20.17 45.09
DES J003322.53-442412.38 1.257 19.47 45.37
DES J022445.39-065556.80 1.261 21.11 44.72
DES J022115.87-062217.45 1.273 18.82 45.64
DES J024306.66-002531.29 1.279 20.36 45.03
DES J022245.85-041932.10 1.283 20.61 44.93
DES J034106.19-291410.86 1.287 21.20 44.70
DES J022529.40-050946.39 1.288 20.93 44.81
DES J024939.57-001157.73 1.295 20.97 44.80
DES J024621.09-000152.02 1.296 18.64 45.73
DES J021957.86-060534.66 1.296 20.74 44.89
DES J025323.64+000446.97 1.297 20.18 45.12
DES J022024.34-061401.95 1.297 21.31 44.66
DES J033911.64-290601.76 1.298 20.06 45.16
DES J025224.97+001308.30 1.300 20.68 44.92
DES J003819.73-443134.02 1.305 18.80 45.67
DES J024455.17-002501.41 1.308 19.29 45.48
DES J034032.74-270521.33 1.310 20.91 44.83
DES J024811.51-012609.51 1.313 19.29 45.48
DES J003639.49-430400.30 1.317 20.20 45.12
DES J033308.48-285832.12 1.318 19.72 45.31
DES J025005.69-004054.86 1.320 20.41 45.04
DES J033030.59-282135.43 1.322 18.89 45.65
DES J022024.93-053744.40 1.322 21.14 44.75
DES J003245.16-440451.51 1.323 20.84 44.87
DES J033216.20-273930.61 1.324 20.60 44.96
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Table A2: Mg ii sample

DES ID z mr log(λL3000) (erg s−1)
DES J033525.44-265531.09 1.325 17.55 46.19
DES J033939.33-272454.08 1.325 19.19 45.53
DES J033303.99-271531.43 1.329 20.13 45.16
DES J033533.91-264847.02 1.330 20.25 45.11
DES J002855.47-434210.06 1.331 20.14 45.15
DES J024214.97-003131.71 1.332 19.93 45.24
DES J033057.32-284737.42 1.335 20.99 44.81
DES J033635.49-263735.76 1.336 19.99 45.22
DES J033824.55-263527.10 1.340 19.65 45.35
DES J024652.16-011242.95 1.340 19.44 45.44
DES J024326.61-002056.06 1.345 20.51 45.01
DES J022351.09-053750.25 1.347 18.61 45.77
DES J033723.98-294917.22 1.351 19.00 45.62
DES J022446.16-050827.57 1.357 18.85 45.69
DES J022436.17-065912.26 1.360 20.78 44.91
DES J022419.74-062142.31 1.361 18.52 45.82
DES J025324.69-002655.67 1.364 19.41 45.47
DES J003922.97-430230.45 1.369 19.71 45.35
DES J024234.93-010351.83 1.371 19.46 45.45
DES J025252.02-002211.61 1.371 20.68 44.96
DES J025318.92+001559.61 1.374 20.92 44.87
DES J002857.80-424644.03 1.377 18.74 45.74
DES J033923.53-265229.48 1.379 20.57 45.01
DES J034027.16-285641.30 1.379 18.74 45.74
DES J004055.63-441249.41 1.383 20.42 45.08
DES J033444.13-264215.40 1.384 19.57 45.42
DES J003738.22-443838.25 1.385 20.13 45.19
DES J025145.09-004639.64 1.386 19.81 45.32
DES J021749.09-041215.57 1.386 20.13 45.19
DES J022815.08-041942.59 1.387 20.10 45.21
DES J024746.99-011334.42 1.389 20.63 44.99
DES J003814.08-433314.92 1.390 18.27 45.94
DES J022032.25-044217.60 1.401 20.25 45.16
DES J021451.07-044236.60 1.401 20.97 44.87
DES J022446.95-055739.13 1.409 20.88 44.91
DES J022402.07-062943.14 1.412 20.17 45.20
DES J022124.53-050205.23 1.415 19.02 45.66
DES J032942.54-272012.09 1.415 19.94 45.29
DES J003827.69-433518.19 1.419 19.96 45.28
DES J022436.64-063255.90 1.423 20.95 44.89
DES J024935.55-001336.76 1.423 19.99 45.28
DES J024606.20-005531.75 1.426 20.38 45.12
DES J003052.76-430301.10 1.428 19.39 45.52
DES J024929.19-002104.15 1.428 19.00 45.67
DES J022216.72-041719.73 1.432 19.89 45.32
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Table A2: Mg ii sample

DES ID z mr log(λL3000) (erg s−1)
DES J033918.13-293008.14 1.436 21.12 44.83
DES J024340.09-001749.37 1.436 19.68 45.41
DES J024753.20-002137.75 1.437 20.16 45.22
DES J024212.65-010339.46 1.438 20.77 44.97
DES J033435.10-262635.67 1.441 19.45 45.50
DES J021939.92-061407.00 1.446 20.60 45.05
DES J022041.19-055039.80 1.454 20.27 45.19
DES J022006.60-061936.36 1.460 19.83 45.37
DES J033630.87-291753.39 1.462 19.63 45.45
DES J024820.90-002546.67 1.463 19.98 45.31
DES J025030.77-000801.72 1.466 18.31 45.98
DES J002940.83-424308.05 1.472 19.66 45.44
DES J025024.52-001419.03 1.472 19.98 45.31
DES J033310.16-282433.18 1.476 20.99 44.91
DES J003253.01-435626.33 1.476 20.01 45.30
DES J022644.23-040720.13 1.479 19.76 45.41
DES J003035.42-433249.60 1.480 18.77 45.80
DES J024944.09+003317.50 1.480 19.71 45.43
DES J003053.45-432344.99 1.490 20.58 45.09
DES J033213.36-283621.03 1.492 20.36 45.18
DES J003232.61-433303.00 1.492 19.77 45.41
DES J032604.02-275629.36 1.494 18.53 45.91
DES J022429.11-045807.69 1.498 20.30 45.20
DES J003621.41-435139.13 1.501 20.21 45.24
DES J034101.59-293056.44 1.504 20.49 45.13
DES J022350.77-043158.10 1.504 19.90 45.37
DES J021620.91-053417.45 1.508 20.11 45.29
DES J033253.86-283139.33 1.509 20.61 45.09
DES J024959.77-000104.11 1.512 20.09 45.30
DES J024920.97+004206.39 1.524 20.66 45.08
DES J021630.87-042051.45 1.528 19.90 45.39
DES J024455.45-011500.42 1.529 20.51 45.15
DES J033951.49-291713.89 1.530 20.83 45.02
DES J032643.99-280657.07 1.532 19.73 45.46
DES J004232.48-440757.18 1.532 18.38 46.00
DES J003207.44-433049.00 1.533 19.65 45.50
DES J033400.71-271540.89 1.538 20.04 45.35
DES J003254.85-420236.96 1.541 20.28 45.25
DES J022338.53-063246.90 1.546 21.24 44.88
DES J025311.70-004241.62 1.547 20.36 45.23
DES J022059.48-044917.03 1.547 18.51 45.97
DES J033355.67-282651.58 1.551 20.39 45.22
DES J033853.03-271735.34 1.553 21.16 44.91
DES J022509.54-040838.19 1.553 20.43 45.21
DES J003006.53-435107.85 1.555 20.46 45.20



144 Appendix

Table A2: Mg ii sample

DES ID z mr log(λL3000) (erg s−1)
DES J022520.75-041246.56 1.559 20.38 45.23
DES J022154.21-061941.56 1.559 20.13 45.33
DES J021612.83-044634.12 1.560 19.86 45.44
DES J003433.01-423342.34 1.561 20.28 45.27
DES J033410.83-280949.16 1.562 21.54 44.77
DES J033058.53-275148.31 1.562 20.90 45.03
DES J025318.76+000414.19 1.563 20.15 45.33
DES J033101.15-275125.44 1.563 19.12 45.74
DES J004016.88-442556.16 1.565 20.24 45.29
DES J003829.91-434454.27 1.567 17.83 46.26
DES J003858.70-443045.51 1.569 19.95 45.41
DES J003653.08-435441.53 1.572 19.32 45.67
DES J033211.64-273726.16 1.574 19.22 45.71
DES J033325.92-290142.07 1.574 20.77 45.09
DES J022422.63-061943.20 1.575 21.53 44.78
DES J002939.03-431253.68 1.577 20.70 45.12
DES J033553.51-275044.68 1.578 18.99 45.80
DES J025148.53-004637.61 1.579 19.50 45.60
DES J003413.73-432600.36 1.588 21.23 44.91
DES J022733.98-042523.34 1.590 20.57 45.18
DES J032801.84-273815.71 1.590 20.14 45.35
DES J003952.64-442753.23 1.591 20.03 45.40
DES J003254.79-423926.69 1.597 19.28 45.70
DES J003307.13-424912.19 1.598 20.49 45.22
DES J024603.67-003211.73 b 1.601 18.99 45.82
DES J033304.62-291230.05 b 1.603 20.19 45.34
DES J024823.76-010002.36 1.603 20.48 45.23
DES J022152.62-062834.38 b 1.604 20.96 45.03
DES J033617.72-300224.76 b 1.605 19.88 45.47
DES J033604.07-292659.88 b 1.610 20.07 45.39
DES J021505.09-045855.98 1.610 19.33 45.69
DES J033721.40-292323.42 b 1.612 19.99 45.43
DES J033918.18-293142.92 b 1.612 21.04 45.01
DES J033407.62-291607.55 b 1.615 19.59 45.59
DES J002950.78-423801.20 b 1.616 20.69 45.15
DES J003723.59-442258.09 b 1.618 19.98 45.44
DES J033139.43-284939.85 1.619 20.93 45.06
DES J003426.66-422807.96 1.622 21.07 45.00
DES J022016.53-043209.15 1.624 21.22 44.94
DES J025225.52+003405.92 1.624 19.97 45.44
DES J021600.36-043829.30 b 1.624 20.33 45.30
DES J033220.31-280214.82 1.625 21.11 44.99
DES J021947.13-043754.70 b 1.626 20.63 45.18
DES J033835.80-274224.52 b 1.629 20.00 45.44
DES J003501.58-425344.26 b 1.632 19.98 45.45
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Table A2: Mg ii sample

DES ID z mr log(λL3000) (erg s−1)
DES J003454.09-425716.21 b 1.633 20.62 45.19
DES J022247.88-043330.04 b 1.635 20.24 45.34
DES J003234.33-431937.83 b 1.641 19.40 45.68
DES J022224.82-062626.69 b 1.641 20.16 45.38
DES J025254.18-001119.67 b 1.641 21.25 44.94
DES J022716.52-050008.33 b 1.642 20.50 45.24
DES J022337.73-062354.60 1.646 20.91 45.08
DES J034044.75-270720.15 1.647 21.14 44.99
DES J024207.50-004423.41 1.647 22.32 44.52
DES J033437.58-275826.84 b 1.648 18.69 45.97
DES J022008.73-045905.31 b 1.649 20.52 45.24
DES J033657.91-274244.39 b 1.649 20.14 45.39
DES J003015.00-430333.45 b 1.650 19.97 45.46
DES J022029.60-051022.59 b 1.652 20.68 45.18
DES J024422.20-011247.11 1.654 20.14 45.40
DES J022228.25-060547.60 1.658 20.34 45.32
DES J022319.01-070927.36 1.659 21.32 44.93
DES J003143.64-425420.21 b 1.662 20.03 45.44
DES J022208.15-065550.48 1.662 21.12 45.01
DES J003245.74-431453.18 1.671 20.78 45.15
DES J003548.43-431444.38 b 1.673 20.47 45.27
DES J022424.16-043229.83 b 1.674 20.32 45.34
DES J025340.94+001110.20 b 1.675 18.31 46.14
DES J024906.74+000823.79 1.677 20.68 45.19
DES J003956.32-442047.73 b 1.680 20.08 45.44
DES J021439.12-051355.34 1.683 20.96 45.08
DES J033903.66-293326.48 b 1.684 21.85 44.73
DES J003948.24-445323.16 b 1.684 19.59 45.63
DES J025429.12-000404.45 1.685 21.98 44.68
DES J003635.93-434636.05 b 1.689 19.90 45.51
DES J025220.53+002735.19 b 1.690 19.86 45.53
DES J033341.61-284603.55 1.693 21.02 45.07
DES J021902.58-044628.33 b 1.694 19.92 45.51
DES J025356.07+001057.54 b 1.695 19.47 45.69
DES J003325.69-434826.13 b 1.696 20.26 45.37
DES J024527.72-010602.84 b 1.696 20.05 45.46
DES J003030.66-420243.68 1.696 20.65 45.22
DES J033457.77-274956.61 1.700 21.58 44.85
DES J022445.77-061149.99 b 1.701 20.19 45.40
DES J003213.12-434553.39 1.706 17.34 46.55
DES J003256.53-441451.15 1.708 19.89 45.53
DES J022907.98-045102.02 1.714 20.91 45.12
DES J022014.98-062253.15 b 1.716 19.91 45.52
DES J024207.18-002818.79 1.716 19.83 45.56
DES J003721.82-443051.40 1.716 20.33 45.36
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Table A2: Mg ii sample

DES ID z mr log(λL3000) (erg s−1)
DES J003221.43-423908.40 1.719 21.21 45.01
DES J024632.55-003439.14 b 1.724 19.87 45.55
DES J022134.97-070831.84 b 1.728 20.70 45.22
DES J032940.47-275143.61 b 1.730 19.87 45.55
DES J022602.20-061626.10 b 1.736 19.97 45.51
DES J003734.68-441539.48 1.738 20.15 45.44
DES J024611.20-003134.33 1.738 20.52 45.29
DES J021647.25-044029.81 1.746 21.58 44.87
DES J003206.50-425325.23 b 1.750 19.84 45.57
DES J033814.33-294213.78 b 1.750 19.94 45.53
DES J002920.73-420425.08 1.750 19.66 45.64
DES J033453.60-264121.34 b 1.751 20.14 45.45
DES J033817.74-290324.90 b 1.753 19.61 45.67
DES J021732.31-052950.95 1.755 21.84 44.77
DES J033211.80-284257.07 1.755 20.26 45.41
DES J022115.04-043155.51 b 1.757 21.33 44.98
DES J033452.89-265215.54 b 1.757 19.10 45.87
DES J033451.51-280041.23 1.758 21.49 44.92
DES J022117.44-063856.45 b 1.763 19.83 45.58
DES J024140.99-012712.41 1.768 20.33 45.39
DES J024257.19-004549.41 b 1.770 21.08 45.09
DES J022119.91-045948.62 b 1.770 20.76 45.22
DES J003120.86-425145.98 b 1.771 20.14 45.47
DES J002859.58-423239.47 1.776 19.43 45.75
DES J022024.08-045709.48 1.776 19.84 45.59
DES J033912.33-293043.57 1.778 21.35 44.98
DES J004029.04-441704.97 b 1.783 20.04 45.51
DES J003255.12-435757.56 b 1.784 20.07 45.50
DES J022533.36-065917.56 1.784 18.95 45.95
DES J032759.97-271921.90 b 1.785 20.37 45.38
DES J024222.95-011527.57 b 1.785 20.24 45.43
DES J032914.81-290130.69 1.787 20.50 45.33
DES J033328.60-290314.66 b 1.787 19.58 45.70
DES J022027.32-045115.53 b 1.788 21.14 45.08
DES J033922.52-292857.78 1.789 21.27 45.02
DES J022002.08-050101.91 b 1.791 19.69 45.66
DES J022751.50-044252.66 b 1.795 20.60 45.30
DES J003939.41-444612.90 b 1.797 20.17 45.47
DES J022503.11-065258.79 b 1.798 20.09 45.50
DES J032835.62-274406.09 b 1.800 19.94 45.56
DES J033722.89-274020.85 b 1.804 19.93 45.57
DES J003921.57-441844.65 1.813 19.91 45.58
DES J003920.50-440441.16 b 1.814 19.79 45.63
DES J003739.59-432521.40 b 1.815 20.40 45.39
DES J022231.63-043256.29 1.816 19.67 45.68
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Table A2: Mg ii sample

DES ID z mr log(λL3000) (erg s−1)
DES J033047.84-281521.39 1.818 21.53 44.94
DES J034001.87-270136.24 1.819 21.05 45.13
DES J004156.96-435856.50 1.821 20.36 45.41
DES J024635.61-000850.46 b 1.822 19.26 45.85
DES J033002.51-274858.28 b 1.823 20.70 45.27
DES J033017.79-280231.25 1.823 20.61 45.31
DES J033548.18-290943.65 b 1.826 20.33 45.42
DES J022352.09-064029.96 b 1.827 20.50 45.35
DES J022409.89-044718.00 b 1.832 20.11 45.51
DES J033319.58-290431.65 b 1.833 20.73 45.27
DES J024716.32-010401.36 b 1.834 21.10 45.12
DES J021958.13-041707.68 1.837 21.09 45.12
DES J033222.47-285935.09 b 1.837 20.68 45.29
DES J033301.69-275818.80 b 1.840 20.94 45.19
DES J004014.18-431716.29 b 1.842 19.87 45.62
DES J021643.70-052236.21 1.844 20.57 45.34
DES J021903.49-043935.00 b 1.845 20.48 45.37
DES J033539.94-265025.37 1.846 19.68 45.69
DES J024737.50-000458.97 b 1.847 19.88 45.62
DES J024608.67-013933.97 b 1.848 19.68 45.70
DES J022515.35-044008.91 b 1.850 19.82 45.64
DES J025038.68-004739.06 b 1.856 18.67 46.10
DES J002729.28-431501.02 b 1.863 19.67 45.71
DES J024723.54-002536.48 b 1.864 19.42 45.81
DES J022845.57-043350.18 b 1.864 17.41 46.61
DES J024748.87-000147.41 b 1.868 19.58 45.75
DES J024133.65-010724.20 b 1.874 20.86 45.24
DES J003940.80-443718.32 b 1.875 19.49 45.79
DES J024838.93-000325.87 1.876 20.61 45.34
DES J022047.63-051835.83 b 1.878 19.55 45.77
DES J021544.02-053607.56 1.885 21.31 45.06
DES J025513.03+000639.59 1.885 19.78 45.68
DES J021707.96-055152.07 b 1.885 19.70 45.71
DES J033145.20-275435.75 b 1.891 21.19 45.12
DES J033225.90-282208.45 1.894 21.55 44.97
DES J022213.31-041030.05 1.903 20.14 45.54
DES J024242.50-002212.87 b 1.904 20.57 45.37
DES J022828.19-040044.25 b 1.905 18.31 46.28
DES J003626.44-430820.66 b 1.907 19.80 45.68
DES J022050.39-061748.80 b 1.908 21.89 44.85
DES J021953.45-061123.39 b 1.910 19.90 45.64
DES J003150.13-432726.88 b 1.912 18.68 46.13
DES J022328.88-040134.71 b 1.915 19.82 45.68
DES J033739.88-272045.97 b 1.916 19.21 45.92
DES J033924.44-271250.15 b 1.918 20.52 45.40
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Table A2: Mg ii sample

DES ID z mr log(λL3000) (erg s−1)
DES J025428.31+002418.43 b 1.918 20.42 45.44
DES J033415.37-265535.62 b 1.922 19.85 45.67
DES J033011.77-283636.65 b 1.922 20.99 45.21
DES J022327.85-040119.16 b 1.922 20.81 45.29
DES J024639.22-012731.85 b 1.923 20.34 45.47

Table A3: Properties for our OzDES C iv stacking sample. Columns left to right:
DES name (J2000), redshift, r-band apparent AB magnitude, monochromatic lumi-
nosity at 1350Å. The superscript b flags sources which also have Mg ii data.

DES ID z mr log(λL1350) (erg s−1)
DES J024603.67-003211.73 a 1.601 18.99 45.93
DES J033304.62-291230.05 a 1.603 20.19 45.45
DES J022152.62-062834.38 a 1.604 20.96 45.14
DES J033617.72-300224.76 a 1.605 19.88 45.57
DES J033604.07-292659.88 a 1.610 20.07 45.50
DES J033721.40-292323.42 a 1.612 19.99 45.53
DES J033918.18-293142.92 a 1.612 21.04 45.11
DES J033407.62-291607.55 a 1.615 19.59 45.70
DES J002950.78-423801.20 a 1.616 20.69 45.26
DES J003723.59-442258.09 a 1.618 19.98 45.54
DES J021600.36-043829.30 a 1.624 20.33 45.41
DES J021947.13-043754.70 a 1.626 20.63 45.29
DES J033835.80-274224.52 a 1.629 20.00 45.54
DES J003501.58-425344.26 a 1.632 19.98 45.55
DES J003454.09-425716.21 a 1.633 20.62 45.30
DES J022247.88-043330.04 a 1.635 20.24 45.45
DES J003234.33-431937.83 a 1.641 19.40 45.79
DES J022224.82-062626.69 a 1.641 20.16 45.48
DES J025254.18-001119.67 a 1.641 21.25 45.05
DES J022716.52-050008.33 a 1.642 20.50 45.35
DES J033437.58-275826.84 a 1.648 18.69 46.08
DES J022008.73-045905.31 a 1.649 20.52 45.35
DES J033657.91-274244.39 a 1.649 20.14 45.50
DES J003015.00-430333.45 a 1.650 19.97 45.57
DES J022029.60-051022.59 a 1.652 20.68 45.28
DES J003143.64-425420.21 a 1.662 20.03 45.55
DES J003548.43-431444.38 a 1.673 20.47 45.38
DES J022424.16-043229.83 a 1.674 20.32 45.44
DES J025340.94+001110.20 a 1.675 18.31 46.25
DES J003956.32-442047.73 a 1.680 20.08 45.54
DES J033903.66-293326.48 a 1.684 21.85 44.84
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Table A3: C iv sample

DES ID z mr log(λL1350) (erg s−1)
DES J003948.24-445323.16 a 1.684 19.59 45.74
DES J003635.93-434636.05 a 1.689 19.90 45.62
DES J025220.53+002735.19 a 1.690 19.86 45.63
DES J021902.58-044628.33 a 1.694 19.92 45.61
DES J025356.07+001057.54 a 1.695 19.47 45.79
DES J003325.69-434826.13 a 1.696 20.26 45.48
DES J024527.72-010602.84 a 1.696 20.05 45.56
DES J022445.77-061149.99 a 1.701 20.19 45.51
DES J022014.98-062253.15 a 1.716 19.91 45.63
DES J024632.55-003439.14 a 1.724 19.87 45.65
DES J022134.97-070831.84 a 1.728 20.70 45.32
DES J032940.47-275143.61 a 1.730 19.87 45.66
DES J022602.20-061626.10 a 1.736 19.97 45.62
DES J003206.50-425325.23 a 1.750 19.84 45.68
DES J033814.33-294213.78 a 1.750 19.94 45.64
DES J033453.60-264121.34 a 1.751 20.14 45.56
DES J033817.74-290324.90 a 1.753 19.61 45.77
DES J022115.04-043155.51 a 1.757 21.33 45.09
DES J033452.89-265215.54 a 1.757 19.10 45.98
DES J022117.44-063856.45 a 1.763 19.83 45.69
DES J024257.19-004549.41 a 1.770 21.08 45.20
DES J022119.91-045948.62 a 1.770 20.76 45.32
DES J003120.86-425145.98 a 1.771 20.14 45.57
DES J004029.04-441704.97 a 1.783 20.04 45.62
DES J003255.12-435757.56 a 1.784 20.07 45.61
DES J032759.97-271921.90 a 1.785 20.37 45.49
DES J024222.95-011527.57 a 1.785 20.24 45.54
DES J033328.60-290314.66 a 1.787 19.58 45.80
DES J022027.32-045115.53 a 1.788 21.14 45.18
DES J022002.08-050101.91 a 1.791 19.69 45.76
DES J022751.50-044252.66 a 1.795 20.60 45.40
DES J003939.41-444612.90 a 1.797 20.17 45.58
DES J022503.11-065258.79 a 1.798 20.09 45.61
DES J032835.62-274406.09 a 1.800 19.94 45.67
DES J033722.89-274020.85 a 1.804 19.93 45.67
DES J003920.50-440441.16 a 1.814 19.79 45.74
DES J003739.59-432521.40 a 1.815 20.40 45.49
DES J024635.61-000850.46 a 1.822 19.26 45.95
DES J033002.51-274858.28 a 1.823 20.70 45.38
DES J033548.18-290943.65 a 1.826 20.33 45.53
DES J022352.09-064029.96 a 1.827 20.50 45.46
DES J022409.89-044718.00 a 1.832 20.11 45.62
DES J033319.58-290431.65 a 1.833 20.73 45.37
DES J024716.32-010401.36 a 1.834 21.10 45.23
DES J033222.47-285935.09 a 1.837 20.68 45.40
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Table A3: C iv sample

DES ID z mr log(λL1350) (erg s−1)
DES J033301.69-275818.80 a 1.840 20.94 45.29
DES J004014.18-431716.29 a 1.842 19.87 45.72
DES J021903.49-043935.00 a 1.845 20.48 45.48
DES J024737.50-000458.97 a 1.847 19.88 45.72
DES J024608.67-013933.97 a 1.848 19.68 45.80
DES J022515.35-044008.91 a 1.850 19.82 45.75
DES J025038.68-004739.06 a 1.856 18.67 46.21
DES J002729.28-431501.02 a 1.863 19.67 45.81
DES J024723.54-002536.48 a 1.864 19.42 45.92
DES J022845.57-043350.18 a 1.864 17.41 46.72
DES J024748.87-000147.41 a 1.868 19.58 45.85
DES J024133.65-010724.20 a 1.874 20.86 45.34
DES J003940.80-443718.32 a 1.875 19.49 45.89
DES J022047.63-051835.83 a 1.878 19.55 45.87
DES J021707.96-055152.07 a 1.885 19.70 45.82
DES J033145.20-275435.75 a 1.891 21.19 45.22
DES J024242.50-002212.87 a 1.904 20.57 45.48
DES J022828.19-040044.25 a 1.905 18.31 46.38
DES J003626.44-430820.66 a 1.907 19.80 45.79
DES J022050.39-061748.80 a 1.908 21.89 44.95
DES J021953.45-061123.39 a 1.910 19.90 45.75
DES J003150.13-432726.88 a 1.912 18.68 46.24
DES J022328.88-040134.71 a 1.915 19.82 45.78
DES J033739.88-272045.97 a 1.916 19.21 46.03
DES J033924.44-271250.15 a 1.918 20.52 45.51
DES J025428.31+002418.43 a 1.918 20.42 45.55
DES J033415.37-265535.62 a 1.922 19.85 45.78
DES J033011.77-283636.65 a 1.922 20.99 45.32
DES J022327.85-040119.16 a 1.922 20.81 45.39
DES J024639.22-012731.85 a 1.923 20.34 45.58
DES J022250.47-060104.89 1.925 21.54 45.10
DES J022206.47-060746.70 1.927 20.89 45.36
DES J022514.39-044700.14 1.928 18.83 46.19
DES J034005.69-292312.82 1.928 19.04 46.10
DES J033701.63-282753.94 1.933 20.20 45.64
DES J034016.06-270925.57 1.935 19.72 45.84
DES J033832.50-291215.65 1.935 20.77 45.41
DES J022537.03-050109.34 1.936 20.03 45.71
DES J033316.17-292917.48 1.947 19.95 45.75
DES J033607.36-263207.88 1.948 20.02 45.72
DES J033401.79-265054.28 1.952 19.72 45.84
DES J033232.00-280309.98 1.954 19.98 45.74
DES J025233.79+004340.74 1.954 20.60 45.49
DES J033646.40-291617.17 1.956 20.47 45.54
DES J033052.19-274926.84 1.958 21.49 45.14
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Table A3: C iv sample

DES ID z mr log(λL1350) (erg s−1)
DES J033559.60-280324.41 1.965 20.60 45.49
DES J024918.63+000548.34 1.966 20.66 45.47
DES J033650.66-293142.07 1.972 21.68 45.06
DES J032926.49-271844.01 1.978 20.33 45.61
DES J021949.99-064208.13 1.984 19.93 45.77
DES J033839.06-292351.17 1.987 20.33 45.61
DES J025159.70-005159.89 1.988 21.84 45.01
DES J022812.23-043227.58 1.992 21.04 45.33
DES J004016.18-435116.09 1.995 19.98 45.75
DES J033912.95-273516.85 2.006 20.08 45.72
DES J032821.07-282055.17 2.011 19.50 45.95
DES J022352.19-043031.68 2.012 19.75 45.85
DES J033040.28-274203.95 2.013 19.96 45.77
DES J022657.24-035944.42 2.018 20.17 45.68
DES J025019.26+003100.81 2.018 20.26 45.65
DES J022530.19-065458.19 2.030 19.49 45.96
DES J032703.62-274425.27 2.031 19.45 45.98
DES J022034.93-052956.02 2.036 18.20 46.48
DES J034036.10-284811.29 2.039 20.13 45.71
DES J022629.26-043057.07 2.040 20.18 45.69
DES J002959.21-434835.24 2.041 17.77 46.65
DES J022045.50-045121.91 2.045 19.92 45.80
DES J021935.78-064227.17 2.060 21.83 45.04
DES J003146.74-423601.03 2.061 19.54 45.95
DES J033635.40-280828.78 2.067 20.28 45.66
DES J021905.63-055958.78 2.069 20.11 45.73
DES J003549.05-440236.08 2.072 19.23 46.08
DES J021957.25-043952.46 2.077 18.90 46.22
DES J004143.04-440234.42 2.081 20.32 45.65
DES J024453.25-011256.33 2.083 20.73 45.49
DES J024344.30-000201.08 2.083 20.04 45.77
DES J032602.35-281031.00 2.085 20.01 45.78
DES J021850.07-050954.10 2.091 19.52 45.98
DES J021921.81-043642.21 2.092 20.04 45.77
DES J021941.16-044100.36 2.096 21.15 45.33
DES J033015.97-280219.79 2.097 20.18 45.72
DES J004022.52-442820.25 2.100 19.42 46.02
DES J022431.59-052818.78 2.102 17.53 46.78
DES J024628.49-004457.13 2.104 19.94 45.81
DES J003848.52-440202.07 2.105 19.72 45.90
DES J024357.91-005447.75 2.105 21.03 45.38
DES J022044.45-050905.95 2.108 21.19 45.32
DES J025209.79+000549.21 2.108 19.95 45.81
DES J024756.35-001555.92 2.119 18.70 46.32
DES J022813.61-042251.65 2.121 19.63 45.95
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Table A3: C iv sample

DES ID z mr log(λL1350) (erg s−1)
DES J033640.29-284423.00 2.124 20.80 45.48
DES J024739.11-005221.01 2.124 20.50 45.60
DES J022411.52-060915.92 2.128 19.82 45.87
DES J024550.79-004328.13 2.131 20.52 45.59
DES J003816.16-434647.44 2.141 19.54 45.99
DES J003936.81-443439.72 2.144 19.97 45.82
DES J022219.46-062539.66 2.146 19.04 46.19
DES J032829.96-274212.23 2.150 20.12 45.76
DES J024632.44-003214.12 2.152 18.89 46.25
DES J021441.86-043709.03 2.152 22.17 44.94
DES J022028.95-045802.58 2.153 20.53 45.60
DES J033326.24-275829.85 2.161 20.53 45.60
DES J022351.07-044729.93 2.163 20.93 45.44
DES J033217.15-271956.41 2.169 19.24 46.12
DES J032923.16-280022.78 2.175 19.77 45.91
DES J002913.21-433044.56 2.180 20.11 45.78
DES J025335.12-003039.26 2.184 20.41 45.66
DES J032939.97-284952.40 2.188 20.22 45.73
DES J024557.22-000823.36 2.199 20.05 45.81
DES J022001.63-052216.92 2.219 20.17 45.77
DES J003320.08-430428.45 2.231 20.19 45.76
DES J024840.78-003548.15 2.235 18.89 46.28
DES J022358.64-045351.63 2.235 20.29 45.72
DES J003448.83-442519.26 2.237 20.13 45.79
DES J033852.79-282256.93 2.246 19.78 45.93
DES J022402.32-061740.34 2.246 19.91 45.88
DES J002907.77-420916.39 2.247 20.77 45.54
DES J024907.29-000649.35 2.251 20.31 45.72
DES J003743.89-434715.68 2.257 19.60 46.01
DES J022725.81-033837.75 2.257 18.20 46.57
DES J021757.52-045059.15 2.257 20.73 45.56
DES J003516.08-432451.82 2.260 19.47 46.06
DES J022557.62-045005.32 2.271 19.55 46.03
DES J022229.62-044941.93 2.275 21.22 45.37
DES J033604.00-274203.95 2.277 21.41 45.29
DES J022729.22-043227.66 2.280 19.75 45.96
DES J033655.83-290218.23 2.283 19.41 46.09
DES J024204.58-003835.64 2.287 20.21 45.77
DES J022451.98-041210.79 2.294 20.14 45.80
DES J022612.64-043401.32 2.306 21.08 45.43
DES J022748.85-042820.90 2.311 20.08 45.84
DES J022410.96-050653.95 2.315 20.66 45.60
DES J024950.74-004224.16 2.317 20.45 45.69
DES J024520.05-004534.45 2.321 20.79 45.55
DES J021730.92-041823.54 2.322 19.75 45.97
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Table A3: C iv sample

DES ID z mr log(λL1350) (erg s−1)
DES J033843.76-294922.54 2.328 20.67 45.60
DES J022824.68-041545.71 2.328 19.63 46.02
DES J003436.78-440043.41 2.330 19.58 46.04
DES J025128.73-002650.64 2.330 19.95 45.89
DES J022055.10-061842.21 2.340 21.09 45.44
DES J024337.15-002340.17 2.347 19.36 46.14
DES J033822.77-275910.73 2.349 19.64 46.02
DES J024505.03-003441.97 2.350 20.60 45.64
DES J025033.20+003829.22 2.364 19.96 45.90
DES J004056.56-431446.40 2.384 19.56 46.07
DES J033734.80-294213.92 2.390 19.84 45.96
DES J033953.34-270053.36 2.410 18.53 46.49
DES J003430.47-433311.36 2.415 20.75 45.60
DES J025102.06-004142.78 2.425 22.15 45.05
DES J032942.28-281906.69 2.436 20.42 45.74
DES J033605.57-290354.17 2.450 20.17 45.85
DES J022354.81-044814.94 2.452 18.74 46.42
DES J022014.33-042917.10 2.458 19.30 46.20
DES J024511.94-011317.50 2.462 20.46 45.74
DES J024757.67+001542.65 2.467 20.87 45.57
DES J033430.30-275958.91 2.472 21.32 45.40
DES J022540.58-043825.15 2.477 20.27 45.82
DES J032640.93-283206.80 2.492 20.28 45.82
DES J024717.40-000052.27 2.497 20.30 45.81
DES J003017.36-423144.34 2.497 20.00 45.93
DES J003957.42-434107.92 2.500 20.14 45.88
DES J033237.62-271448.07 2.519 20.30 45.82
DES J033608.10-285245.81 2.522 20.30 45.82
DES J003145.23-424618.45 2.523 20.70 45.66
DES J033545.52-275451.69 2.540 20.28 45.83
DES J003341.34-420811.51 2.541 19.80 46.02
DES J033216.69-272411.37 2.547 19.77 46.04
DES J022259.87-063326.65 2.563 20.60 45.71
DES J003547.38-430558.81 2.565 20.03 45.94
DES J022434.33-043200.27 2.568 20.06 45.93
DES J033518.30-275304.01 2.576 19.33 46.22
DES J003530.07-444539.88 2.587 20.06 45.93
DES J003352.72-425452.55 2.593 19.10 46.32
DES J033331.37-275634.38 2.602 20.37 45.81
DES J024719.59-003313.11 2.607 20.48 45.77
DES J032739.71-281934.84 2.616 20.18 45.89
DES J034121.52-265901.04 2.621 19.44 46.19
DES J021457.21-043011.44 2.636 18.34 46.63
DES J022104.88-060728.52 2.648 20.05 45.95
DES J022631.82-045127.47 2.655 20.77 45.66
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Table A3: C iv sample

DES ID z mr log(λL1350) (erg s−1)
DES J022330.15-043004.09 2.677 20.78 45.66
DES J021719.45-052305.27 2.695 19.36 46.23
DES J022034.52-045132.47 2.732 20.40 45.83
DES J033944.09-284604.07 2.744 19.33 46.27
DES J022620.86-045946.48 2.745 21.30 45.48
DES J025223.48-003623.57 2.769 20.20 45.93
DES J033526.38-285747.93 2.770 18.08 46.78
DES J033938.51-291019.54 2.778 21.16 45.55
DES J021921.22-044315.03 2.794 20.17 45.95
DES J022636.07-043428.92 2.801 19.88 46.07
DES J022354.85-054839.89 2.814 19.31 46.30
DES J021659.87-053203.49 2.818 17.60 46.99
DES J022305.97-054015.26 2.823 20.04 46.01
DES J022321.26-055600.27 2.846 21.55 45.42
DES J022255.51-044410.32 2.871 20.31 45.92
DES J033720.58-272434.70 2.896 20.16 45.99
DES J003255.24-430948.41 3.010 19.57 46.26
DES J022423.43-070627.92 3.030 21.48 45.50
DES J003318.29-434301.10 3.082 19.31 46.38
DES J033246.76-280846.78 3.180 19.17 46.47
DES J021438.15-052024.38 3.214 20.93 45.77
DES J025250.10+000830.68 3.237 20.27 46.04
DES J003133.50-422953.97 3.248 20.62 45.90
DES J021906.24-041933.94 3.330 21.60 45.54
DES J033712.16-285146.74 3.364 20.33 46.06
DES J003411.44-424329.48 3.373 20.83 45.86
DES J002926.44-420752.35 3.403 19.71 46.32
DES J022543.53-042834.48 3.411 20.64 45.95
DES J024325.96-003145.11 3.435 19.63 46.36
DES J022133.35-065713.47 3.440 20.16 46.15
DES J034122.60-291302.04 3.470 20.33 46.09
DES J033512.61-292351.14 3.712 19.98 46.27
DES J024509.76-010001.28 3.807 20.58 46.05
DES J022144.21-062745.18 3.856 20.14 46.24
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