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ABSTRACT

Variable continuum emission from active galactic nuclei (AGNs) can be used to probe the structure of their accretion
discs via reverberation mapping. Assuming a variable, hot inner light source irradiates the surrounding accretion disc,
time delays between different continuum band light curves reveal light-travel times between their respective emission
regions. Inter-band delays measured in several low-luminosity AGNs are ubiquitously ~ 3 times longer than expected
from standard disc theory, with evidence that this size discrepancy may decrease in more luminous AGNs. We have
analysed high-cadence light curves of 9498 of the brightest quasars between redshift 0.3-2.5 in the largest continuum
reverberation study to date. Given the large sample size, we construct bins and fit delays jointly to combine inference
across the parameter space and improve lag detections. We find that the size discrepancy persists in our high-luminosity
sample, and that the previously seen anticorrelation with luminosity is likely driven by wavelength effects. The complex,
non-monotonic wavelength dependence of delay amplitudes strongly suggests that contamination of inter-band delays
by variable diffuse emission is widespread in the AGN population. We test delay behaviour against a variety of quasar
properties finding longer lags in quasars with: higher Eddington ratios, redder colours, larger optical Fe i1 EWs, higher
iron ratios (both UV Fe 11/Mg 11 and optical Fe 11/H 8), C 1v broad absorption troughs, and lower C 1v blueshift.

Key words: accretion, accretion discs - galaxies: active — quasars: general — quasars: supermassive black holes.

1 INTRODUCTION

Investigations of the geometry and kinematics of active galac-
tic nuclei (AGNs) are challenged by our inability to resolve the
compact sizes of their central regions (for notable exceptions
see: Gravity Collaboration 2018; Event Horizon Telescope Col-
laboration 2019). In lieu of spatial resolution, the wavelength-
dependent aperiodic variability and distinct spectral shape of
AGN emission can encode information about the underlying
physical geometry and processes in said systems. Reverberation
mapping (RM; R. D. Blandford & C. F. McKee 1982; S. J. Collier
et al. 1998) aims to decode this hidden spatial structure by cross-
correlating the observed variability of different physical compo-
nents. From the resulting time delays, we can then infer geomet-
ric distances provided that the coherent variability between each
emission region is linked irradiatively.
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Although first implemented within the context of the broad-
line region (BLR; J. Clavel et al. 1991; B. M. Peterson 1993; I.
Wanders et al. 1997), RM has now been used to measure linear
sizes for almost all AGN components from X-ray to infrared (see
E. M. Cackett, M. C. Bentz & E. Kara 2021, for a review), achiev-
ing equivalent microarcsecond spatial resolution. In this work,
we focus on continuum RM in AGN accretion discs, where the
irradiating source is frequently ascribed to be the X-ray corona.
Under this model of a central X-ray ‘lamppost’, delay times be-
tween continuum bands are a measure of the light travel time
between the respective emission regions, as the surrounding disc
instantaneously reprocesses the incident X-ray stimulus. We thus
expect delays to increase with wavelength, as the variable X-ray
emission first reaches the hotter inner disc before the cooler outer
regions.

Intensive campaigns of local type 1 AGNs with high cadences
and wide wavelength coverage report a lag-wavelength depen-
dence consistent with t oc A*3(S. J. Collier et al. 1998; M. M.
Fausnaugh et al. 2017), as is predicted for the widely adopted
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non-relativistic thin-disc model (geometrically thin and optically
thick; N. I. Shakura & R. A. Sunyaev 1973, hereafter SSD for
Shakura and Sunyaev Disc). The normalizations of lags found in
these campaigns are almost universally larger than expected by a
factor ~ 3 (M. M. Fausnaugh et al. 2016; E. M. Cackett et al. 2018;
1. M. McHardy et al. 2018; R. Edelson et al. 2019; F. M. Vincen-
telli et al. 2021). This size discrepancy has been independently
reported in microlensing observations of quasar optical emission
regions (D. Pooley et al. 2007; C. W. Morgan et al. 2010; A. M.
Mosquera & C. S. Kochanek 2011).

The literature has generated many potential explanations for
the observed size discrepancy, including complex disc geometries
(E. Gardner & C. Done 2017; D. A. Starkey et al. 2023), internal
AGN reddening (C. M. Gaskell 2017), disc winds (Y.-P. Li, F. Yuan
& X. Dai 2019; M. Sun et al. 2019), and non-blackbody emission
(P. B. Hall, G. T. Sarrouh & K. Horne 2018). We further describe
here three popular models that we are poised to examine in our
data set:

(i) Diffuse BLR model: Diffuse continuum emission from the
BLR is expected to respond to changes in the ionizing luminosity
from the central engine (K. T. Korista & M. R. Goad 2001; D.
Lawther et al. 2018; K. T. Korista & M. R. Goad 2019), contribut-
ing variable emission across the entire UV-optical spectrum and
lengthening delays (as the BLR is more distant than the accre-
tion disc). This introduces a complex wavelength dependence for
measured lags (hereafter lag spectra) owing to the wavelength-
dependent contribution to continuum bands. Evidence for the
BLR model is seen through excess lag signal surrounding the
Balmer jump (M. M. Fausnaugh et al. 2016; E. M. Cackett et al.
2018); however, the degree to which this effect is present is not
universal across all AGNs (R. Edelson et al. 2019; E. S. Kam-
moun, I. E. Papadakis & M. Dov¢iak 2021a; E. Kara et al. 2023).
Frequency-resolved lags provide further evidence for a more dis-
tant reprocessor as standard cross-correlation delays are domi-
nated by longer time-scale variability consistent with the BLR (E.
M. Cackett, A. Zoghbi & O. Ulrich 2022; C. Lewin et al. 2023). Dif-
fuse BLR continuum emission may even be the dominant signal
in inter-band delays, with BLR models matching several AGN lag
spectra with only minor contributions from an irradiated disc (H.
Netzer 2022; H. Netzer et al. 2024).

(i) K21 model: By considering relativistic coronal irradiation,
local disc ionization and substantial corona heights, E. S. Kam-
moun et al. (2021b) (K21) find the X-ray reprocessing scenario is
consistent with observations, predicting wavelength-dependent
lags (E. S. Kammoun et al. 2021a; E. S. Kammoun et al. 2023),
power spectral densities (PSD; C. Panagiotou et al. 2022a), and
spectral energy distributions (SEDs; E. Kammoun et al. 2024)
in several well-studied AGNs. Using the best-fitting parameters
for NGC 5548 (C. Panagiotou et al. 2025), the K21 model self-
consistently predicts the frequency-resolved lags of E. M. Cackett
et al. (2022) on all but the longest time-scales where UV-optical
variability has been known to exceed the X-ray (P. Uttley et al.
2003).

(iii) CHAR model: M. Sun et al. (2020) propose a model where
the central X-ray corona and the surrounding accretion disc are
magnetically coupled, with coronal variability instead thermal-
ized in the disc through the dissipation of the induced magnetic
turbulence. Coherent fluctuations propagate from the corona to
the disc at the Alfvén velocity, with the stochastic disc emission
response being damped and delayed on the order of the thermal
time-scale as the system re-establishes thermal equilibrium. The
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model is applied to light curves from NGC 5548 (M. M. Faus-
naugh et al. 2016), simultaneously fitting both the measured time
delays and the structure functions of all 18 bands. The CHAR
model further predicts the frequency-resolved lags of several
AGNs (J. Chen, M. Sun & S. Zhou 2024a; J. Chen, M. Sun & Z.-X.
Zhang 2024b).

While the UV-optical emission of AGNs shows clear correlated
behaviour (J. Clavel et al. 1991; J. H. Krolik et al. 1991) with
wavelength-dependent variability (D. E. Vanden Berk et al. 2004;
E. Morganson et al. 2014) and delay structure (M. M. Fausnaugh
et al. 2016; E. M. Cackett et al. 2018), it remains unclear whether
X-ray reprocessing is the dominant mechanism driving these phe-
nomena. Some systems show only low-to-moderate correlation
between X-ray and UV-optical light curves (D. J. K. Buisson et
al. 2018; R. Edelson et al. 2019; A. M. Morales et al. 2019; E.
M. Cackett et al. 2023), particularly on short time-scales (E. R.
Partington et al. 2024). C. Panagiotou, E. Kara & M. Dov¢iak
(2022b) suggest this lack of correlation arises naturally when
considering a dynamical X-ray corona, where the physical prop-
erties and geometric configuration that determine reprocessing
are variable, as may be the case in several AGNs (W. N. Alston
et al. 2020; M. D. Caballero-Garcia et al. 2020; A. Zoghbi, J. M.
Miller & E. Cackett 2021; C. Panagiotou et al. 2022a). Strong
X-ray-UV-optical correlation is only expected if X-ray emission
is sufficiently luminous and disc albedo is sufficiently low (A.
Secunda, Y.-F. Jiang & J. E. Greene 2025). X-ray luminosities can
fall well below this threshold, sometimes requiring X-rays to be
a factor 2 10 more luminous to explain changes in UV-optical
emission (J. Dexter et al. 2019; M. Marculewicz et al. 2023). Ev-
idence for excess variable emission beyond X-ray reprocessing is
predominantly present on longer time-scales (P. Uttley et al. 2003;
E. Breedt et al. 2009; M. W. J. Beard et al. 2025), while short-time-
scale variations can plausibly be accounted for (C. Panagiotou et
al. 2022a; M. Papoutsis et al. 2024; E. R. Partington et al. 2024).

Our picture of coherent AGN variability is further complicated
by the detection of inward-travelling intrinsic disc signals. J. V.
Herndndez Santisteban et al. (2020) first found evidence of this
in Fairall 9, where the low-frequency component (determined by
a quadratic fit) experienced its minima at earlier times in redder
wavelengths. Later, P. Z. Yao et al. (2023) quantitatively measured
Fairall 9’s inward travelling lags, positing a steeper radial disc
scale height profile as the cause for the expectedly long viscous
time-scales falling within the observed ranges. Inward travelling
fluctuations have also been detected in inferred temperature vari-
ations (J. M. M. Neustadt & C. S. Kochanek 2022; Z. Stone & Y.
Shen 2023; J. M. M. Neustadt et al. 2024), while flux light curves
show the commonly seen lamp-post behaviour on short time-
scales.

While intensive studies have provided a wealth of high-quality
data to test interesting and complex accretion theories on, other
works have foregone the intense monitoring of single objects,
exchanging higher wavelength and time resolution for more mod-
est specifications and greatly increased sample size to study a
broader population of AGNs. These studies typically cover more
massive and more luminous AGNs with larger anticipated delays,
owing to an insufficient observational cadence to resolve lags in
the smaller, individually studied AGNs.

In large time-domain survey studies, the presence of a disc
size discrepancy is much less universal. Y.-F. Jiang et al. (2017)
present evidence for the ‘disc too big’ problem in their sample
of 240 quasars using Pan-STARRS] survey data (E. F. Schlafly



et al. 2012), although estimates may be biased by making a sig-
nificance cut which preferentially selects objects with larger lags
given the moderate cadence. Using light curves from the Dark En-
ergy Survey (DES; R. Kessler et al. 2015), D. Mudd et al. (2018) de-
rive continuum lag measurements for 15 quasars, finding agree-
ment with both the reported size issue and the standard theory
with an elevated (but still sub-Eddington; L/Lgqq < 1) accretion
rate due to their large uncertainties. Y. Homayouni et al. (2019)
take a Bayesian approach to estimating a disc size normalization
parameter for their sample of 95 well-defined lags from the first
year of the SDSS-RM campaign (Y. Shen et al. 2015), with re-
sults consistent with SSD predictions within +1.5¢. Z. Yu et al.
(2020a) present accretion disc sizes for 22 quasars in the DES
standard star and supernova C fields, finding agreement with SSD
predictions if the radii probed are weighted by their response to
X-ray stimulus rather than their steady-state flux (this predicts
lags a factor ~ 1.5 larger than the standard luminosity-weighted
assumption).

The larger sample sizes of continuum RM survey studies have
enabled correlating lags with a range of physical parameters, giv-
ing further clues to the origin of inter-band delays. Meta-analysis
combining delays from Y. Homayouni et al. (2019) and Z. Yu
et al. (2020a) with several intensively studied Seyfert galaxies
reports an anticorrelation between the ratio of observed-to-SSD-
predicted lags with luminosity (T. Li et al. 2021). The authors
find that both BLR contamination (if diffuse BLR continuum
equivalent width is anticorrelated with luminosity as is the case
for UV broad-lines; J. A. Baldwin 1977) and the CHAR model can
explain their results. For a sample of 94 AGNs, H. Guo, A. J. Barth
& S. Wang (2022b) produce lags from Zwicky Transient Facility
(ZTF; F. J. Masci et al. 2019) light curves, reporting the presence
of both elevated disc size measurements and an anticorrelation
in the observed-to-SSD-predicted lag ratio with luminosity. The
estimated radius at 5100 A also follows a tight scatter with the
luminosity at 5100 A (Rs109 L4 With o = 0.48 £0.04), sug-
gesting an intrinsic relation between the accretion disc and BLR
sizes (which scale similarly with continuum luminosity; M. C.
Bentz et al. 2013; S. Kaspi et al. 2021; Y. Shen et al. 2024). This con-
clusion is supported by S. Wang, H. Guo & J.-H. Woo (2023), who
collate both continuum disc (Rs109) and BLR (HJ) size estimates
for several objects in the literature (half of which come from H.
Guo et al. 2022b), finding a tight scatter (~0.28 dex) between the
two. H. W. Sharp et al. (2024) further examine the quasars present
in Y. Homayouni et al. (2019), also finding an anticorrelation of
observed-to-SSD-predicted lag ratio with luminosity. However,
they do not find evidence of diffuse BLR or Fe I emission in the
rms spectra and are unable to recreate the tight scatter seen in S.
Wang et al. (2023) when using SDSS-RM derived Hp radii (C. J.
Grier et al. 2017), instead citing the CHAR model as a more likely
explanation.

It is clear that the current state of continuum reverberation
mapping is a complex topic of open discussion. To break degen-
eracies between literature theories, we need to examine lags for a
broad population of AGNs. We tackle this problem by conducting
the largest continuum RM study to date with ~ 9500 of the most
UV-optical luminous spectroscopically confirmed type 1 quasars,
using ~3-d-cadence photometry from the Asteroid Terrestrial-
impact Last Alert System (ATLAS; J. L. Tonry et al. 2018). With
this large and luminous sample we hope to verify whether the
previously seen anticorrelation between the disc size discrepancy
and luminosity persists, and if so, try to discern between the BLR,
K21, and CHAR models.
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In Section 2, we discuss our sample selection process and de-
scribe the structure and cleaning of the ATLAS light curves. Sec-
tion 3 outlines the calculation of theoretical lags and the genera-
tion and verification of simulated light curves for independently
testing our ability to obtain expected results with the ATLAS data
structure. A description of literature-standard RM delay algo-
rithms and our specific implementation of them is provided in
Section 4. Results from the ATLAS data are presented in Section 5
with discussion therein. We adopt a flat ACDM cosmology with
Hy = 70km s~ Mpc™! and 2, = 0.7. All magnitudes presented
are in AB units.

2 SAMPLE AND DATA

Reverberation mapping replaces spatial resolution with temporal
resolution, and like any telescope, there is a minimum necessary
resolution to probe certain structures. While there is no concrete
agreement on how fine temporal sampling must be in irregularly
sampled light curves, successful campaigns usually have a finer
cadence than the expected delay signal (E. M. Cackett et al. 2021).
Continuum RM at its minimum requires light curves in two
passbands that probe different rest-frame UV-optical emission
regions in the AGN’s accretion disc. While not strictly necessary,
an increased wavelength coverage is desirable to compare delays
between similar physical radii across redshifts and to investigate
the radial profile that sets wavelength dependency.

2.1 Quasar samples

2.1.1 Main sample selection

We construct our parent sample by selecting all spectroscopically
confirmed type 1 quasars in the SDSS DR14 quasar catalogue
(S. Rakshit, C. S. Stalin & J. Kotilainen 2020, hereafter R20) that
lie within the ATLAS field of view (see Section 2.2). From here,
we retain quasars with good-quality spectral decomposition es-
timates of the ALszyy continuum available. This ensures that we
have the best estimates of accretion disc luminosity for our SSD
size predictions, free from iron continuum and line emission
contamination. The sample is further restricted to quasars that
are sufficiently bright (Gaia magnitude R, < 18), unobscured by
Milky Way dust (E(B — V)sgp < 0.1), and persistently low air-
mass (Dec. < 470), retaining quasars with the highest average
signal-to-noise in both ATLAS bands. We further require a BpRp
Excess Factor < 1.4 (implying a coherent point source) to exclude
multiply-imaged quasars. This leaves a sample of 12055 quasars
with bolometric luminosities between 10* and 10 ergs™! that
are strongly correlated with redshift (Fig. 1), as is expected in a
flux-limited sample.

We reject quasars with strong radio counterparts to avoid
potential contaminating variability from jet processes or non-
standard disc structure. Following K. I. Kellermann et al. (1989),
objects with a ratio of radio-to-optical flux (R; 6cm to B band)
greater than 100 are classified as radio loud. The original sam-
ple of K. I. Kellermann et al. (1989) sits at a median redshift
z ~ 0.5, corresponding to approximate rest-frame wavelengths
of 4cm and 3000 A for radio and optical emission, respectively.
The optical luminosity (Lspg) is taken from the R20 catalogue.
We estimate radio emission by cross-matching with the NRAO
VLA Sky Survey (NVSS; J. J. Condon et al. 1998) and the Faint
Images of the Radio Sky at Twenty-centimeters survey (FIRST; R.
H. Becker, R. L. White & D. J. Helfand 1995), taking the brighter
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Figure 1. Parent sample: luminosities and black hole masses versus
redshift compared to the wider SDSS quasar population illustrating our
chosen sample is far among the most luminous. Bolometric luminosities
are estimated from the R20 AL3(gp values using a bolometric correction of
5.15(G. T. Richards et al. 2006). A weaker correlation of black hole mass
with both quantities is present.

1.4 GHz flux of the two within 30 arcsec. We then extrapolate a
rest-frame 4 cm luminosity assuming a mean radio spectral slope
of —0.3 (K. L. Kellermann & G. L. Verschuur 1988). This slope
choice is conservative for steep-spectrum quasars at z < 4, cau-
tiously rejecting a greater number of sources. We make no further
attempts to distinguish between radio-quiet (R < 3) and radio-
intermediate (3 < R < 100) as NVSS and FIRST are not sensitive
enough to make a complete distinction in our sample. This leaves
a remaining 10 950 quasars.

2.1.2 Removing objects with contaminating variability

We remove objects with prominent variability from external
sources that would dilute the disc RM signal. This includes vari-
able PSF contamination from bright neighbours due to atmo-
spheric seeing and possible microlensing events. As quasars have
characteristic variability properties, we can examine objects that
greatly depart from the norm to identify candidates for removal.
Characterization and comparison of quasar variability is per-
formed on the cleaned ATLAS light curve data (refer to Section
2.2 for details).

To prevent contamination from bright nearby sources, objects
are required to be isolated within a 15 arcsec radius in the Gaia
catalogue. To test whether this criterion is sufficient, we com-
pare the ATLAS light curve rms values of quasars with bright
nearby stars (GaiaR,<12.5, <10.0, <7.5, and <5.0 mag within
30, 60, 120, and 240 arcsec, respectively) to the distribution of
rms values for similar quasars (in ALy and z) without bright
nearby sources. We find no bias in rms values for quasars with
bright nearby sources, finding rms values spread uniformly across
the comparison rms cumulative distribution function (CDF) in-
dependent of angular separation. This suggests that the ATLAS
photometry is uncontaminated for our remaining sample.

To search for potential microlensing events, we visually inspect
all 10950 light curve pairs. We find and remove two conspicuous
candidate microlensing events based on this visual inspection,
leaving the detailed analysis to a future paper. Due to the stochas-
tic nature of AGN emission, weak microlensing contamination
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Figure 2. Left: ATLAS colour dependence on redshift. Right: distribu-
tion of colour residuals standardized by redshift-dependent median and
MAD. The median (3MAD) is shown as the solid (dashed) black line
in both panels. Grey points and grey distribution tails represent removed
objects.

can be degenerate with intrinsic fluctuations, even by eye. Thus,
we only remove objects where microlensing contributions ap-
pear significant. These candidate microlensing events are seen in
quasars with the highest fractional changes in flux emission (90th
percentile and above) for their respective luminosity. We further
remove 11 objects whose light curve pairs show notably strange
behaviour or questionable quality.

2.1.3 Removing the dust-reddened tail

Quasars reddened by host galaxy dust will have fainter contin-
uum luminosity estimates, and thus smaller anticipated accretion
disc sizes (C. M. Gaskell 2017; C. M. Gaskell et al. 2023). Quasars
that are systematically reddened compared to the widespread
population are thus removed from our main sample. To deter-
mine this, we derived median ¢ — o colour estimates from each
object’s cleaned NASA/ATLAS light curve pair (see Section 2.2)
using a linear interpolation of a 50-d running median to obtain
time coincident magnitude estimations for all epochs. To correct
for Galactic extinction, we follow R20, choosing the D. J. Schlegel,
D. P. Finkbeiner & M. Davis (1998) dust map and the Milky Way
extinction law of E. L. Fitzpatrick (1999) with Ry = 3.1. This
ensures that derived colours are as indicative of uncorrected dust
extinction in the R20 ALspg estimates as possible. We further
assume that the underlying quasar SEDs are well approximated
by the J. Selsing et al. (2016) composite spectral template when
correcting the ATLAS magnitudes.

The corrected median ¢ — o colour for each object shows a
strong dependence on redshift as prominent line emission mi-
grates through our filters (Fig. 2). Thus, we fit a running median
and median absolute deviation (MAD) with width Az = 0.1 and
remove objects whose median colour lies outside £3MAD from
the running median. This process is repeated a second time as
the proportion of dust reddened quasars was large enough to
influence the initial running median and MAD. Two iterations
were sufficient to produce a convergent, near-symmetric distri-
bution of median colour that contains our main quasar sample
of 9498 objects. Of those removed, 1304 objects belonged to dust-
reddened tail (a similar fraction to that seen in G. T. Richards
et al. 2003) and 135 objects exhibited substantially bluer colour
for their corresponding redshift.



Figure 3. Redshift evolution of Fe1r EW and its ratio to the relevant
low-ionization line in each regime (separated by the black dashed line
Z =0.72). A running median and MAD trend is displayed in grey. The
marginal distributions for each regime are given in the right-hand panels,
along with the distribution medians.

2.1.4 FeIl subsamples

We consider the role iron emission may play in influencing con-
tinuum RM behaviour. While not typically considered in the BLR
contamination framework due to its weaker equivalent width
(EW; Y. Homayouni et al. 2022) and difficulty to characterize
through modelling (H. Netzer 2022), the presence of FeII emis-
sion is expected to increase measured delays (H. Netzer et al.
2024) and potentially provide a better description of Fairall 9 lags
when interpreted with an additional iron BLR reprocessor (R.
Edelson et al. 2024). We also wish to explore delay behaviour
on Rg. = Fell/H B (and its UV analogue Fe11/MgII) as one of
the principal variables by which quasar spectral diversity can be
explained (J. W. Sulentic et al. 2000, 2007). The latter of these two
measures may also serve as a metallicity indicator (G. De Rosa
et al. 2011). We thus define subsamples partitioned by Fe 11 EW
and the ratio of Fe 11 EW to a prominent low-ionization line EW
(Mg 11 or H B) to search for potential delay dependences.

As our sample covers a significant redshift range, we are unable
to compare a single iron complex across the entire sample. We
take Fe 11 estimates from the UV (optical) complex above (below)
a redshift of z = 0.72 (panels 7 and above in later binning). Sim-
ilarly, we choose Mg11 (H B) for our low-ionization line above
(below) this value. This boundary achieves the greatest number
of valid estimates (EW > 0) while aligning with our binning
strategy (see Section 4.3). To be confident in the amount of iron
emission in our sample, we require a median signal-to-noise per
pixel >10 around the relevant 3000 A/5100 A continuum. We also
require uncertainties in UV Fe 11 EW, optical Fe 1t EW, UV Fe11-
to-Mg II ratio, and optical Fe II-to-H f ratio to be less than 10 A,
6A, 0.4, and 0.25, respectively. Fig. 3 shows the redshift evolu-
tion and overall distribution of the iron emission derived quan-
tities. We see no evidence of significant redshift evolution with
these parameters, motivating a single value cut-off to separate
our subsamples. This value is chosen as the median given the
approximately symmetric, unimodal distributions. This leaves a
remaining 4140 (4138) quasars with low (high) Fe 11 EW and 4074
(4074) quasars with low (high) iron ratios.
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dashed lines represent sample cuts for equivalent width and blueshift.
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2.1.5 Outflow subsample

As we extend the redshift range probed past previous stud-
ies, the high-ionization C1v line becomes visible in the SDSS
spectra, with CIv blueshift serving as a diagnostic for strong
wind outflows (K. M. Leighly 2004; G. T. Richards et al. 2011).
We can thus investigate whether quasars with strong winds
exhibit different lag behaviour. To ensure C1v line properties
can be accurately determined, we require a median S/N ratio
>15 around the CIv (1500-1600A) and Mg (2700-2900 A)
lines, with both line luminosity and FWHM being greater than
zero. Objects that show broad UV absorption line features
(BAL_FLAG> 1) are also removed. We further require lines to be
sufficiently prominent (log(EWcj,/A) > 0.8) and not excessively
broad (FWHMc;,/FWHMygii < 3.5) to be confident fitted line
properties represent real line structure (these criteria are visu-
alized in Fig. 4). We calculate C1v blueshift as the blueshift of
the peak C1v emission relative to the blueshift of the peak Mg 11
emission (as Mg1I is the best indicator of the systematic redshift
available in the SDSS spectral range at our redshifts; Y. Shen et al.
2016).

As we wish to test if the presence of a strong outflow affects lag
measurements, we divide our subsample into two bins. Quasars
with C v blueshifts < —1800 km s™! are labelled as having strong
C1v outflows. This threshold is chosen as quasars with these
outflow velocities have systematically lower variability ampli-
tudes compared to the general quasar population (J.-J. Tang et al.
2023), although similar behaviour is seen when separating at
—550kms~! (M. Sun et al. 2018b). Objects with peak C 1v emis-
sion redshifted more than 500km/s relative to MgII velocities
are removed from the subsample as these may be a sign of an
intrinsically different phenomenon rather than having ‘no wind’.
This leaves a remaining 1512 (347) quasars with low (high) C1v
blueshift.

2.2 ATLAS light curves

ATLAS was developed in partnership between NASA and the
University of Hawaii to identify near-Earth and potentially haz-
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ardous asteroids (NEAs and PHAsS, respectively) through the use
of time domain observations. Beginning its program in June
2015, ATLAS started with a single 0.5 m telescope at Haleakala
(ATLAS-HKO) in Hawaii. Shortly after, in February 2017, a sec-
ond identical telescope was added at Mauna Loa (ATLAS-MLO),
also in Hawaii. Both the ATLAS-HKO and ATLAS-MLO units
can view a declination range of —45° < § < 4+90° which, after
accounting for the unobservable sky within 60° of the Sun, leaves
an accessible sky of about 24 500 deg? on any given night. With a
pixel scale of 1.86 arcsec and a 10560 x 10560 CCD, each telescope
can capture 28.9 deg? of sky in a single exposure (excluding the
edge mosaic). This means a single telescope can image the entire
accessible sky in less than 900 exposures, or at 30 s per exposure
(+10 s for readout and re-pointing), within one night. The in-
stallation of an additional two units at Sutherland Observatory in
South Africa and El Sauce Observatory in Chile in early 2022 has
further increased ATLAS coverage in the southern hemisphere
and improved the median cadence.

The ATLAS system uses two broadband filters, cyan (c: 4157 —
6556 A) and orange (0: 5582 — 8249 A), with a limiting 50 mag-
nitude of 19.8 in both bands. Although much broader than the
typical filters used in continuum RM, the observed-frame wave-
lengths probed are similar to the widely used gri filters (Y.-F. Jiang
et al. 2017; D. Mudd et al. 2018; Y. Homayouni et al. 2019; Z. Yu
et al. 2020a; H. Guo et al. 2022b), with approximate conversions
given by c ~ 0.49g + 0.51r and 0 ~ 0.55r + 0.45i (J. L. Tonry
et al. 2018). The ATLAS system also utilizes a unique asymmetric
cadence structure between the bands with cyan measurements
taken only during dark sky periods. Orange band observations are
taken irrespective of lunar phase.

2.2.1 Bespoke ATLAS data set

This work uses a bespoke data set created by the ATLAS team
from their proprietary data products. Light curves are constructed
by first obtaining astrometric and photometric measurements for
sources within every ATLAS science exposure using a specially
modified version of DOPHOT (P. L. Schechter, M. Mateo & A.
Saha 1993; J. Alonso-Garcia et al. 2012). For a detailed description
of the custom DOPHOT implementation and its version-specific
modifications, see section 2 of A. N. Heinze et al. (2018). Summa-
rized briefly, a smooth, spatially varying PSF model of modified
elliptical Gaussians (appropriate for point sources like quasars)
is fit first to the brightest sources. Bright sources are progres-
sively subtracted and the PSF model is refit to allow for better
determination and measurement of fainter objects. Significant
detections in each image, and the associated telescope boresight
pointing, are catalogued allowing us to iteratively crossmatch and
aggregate any measurements within 3.6 arcsec (~2 ATLAS pixels)
of our target positions.

The resulting light curves differ from those available on the
ATLAS Forced Photometry Server (Shingles et al. 2021)!, which
instead uses the specialized ATLAS photometry software TPHOT
to re-measure the photometry at the user-provided coordinates.
TPHOT achieves superior performance when measuring photom-
etry from differenced images and is ideal for extracting the light
curves of variable sources, such as supernovae, that coincide
with extended static sources. However, photometry produced by
TPHOT from raw images is susceptible to contamination from

! Available at https://fallingstar-data.com/forcedphot/.
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Table 1. Median per-season values with 16th and 84th percentiles. At
values are provided in observed frame in units of days.

Filter Atmedian Atmin Nepoch (Gf/f)median
15.96 3.97 26 0.04

c 402,35 L.86;51 15° 0.03463

0 2.9677¢5 0.88501 56,3 0.045:03

neighbouring objects and variations in the background flux. As
information about the relative flux variability and total emission
differences between passbands can provide important context for
continuum RM, we prefer using DOPHOT to obtain photometry
from unsubtracted science exposures.

2.2.2 Cleaning individual measurements

To clean the ATLAS light curves, we remove individual photo-
metric observations that are likely not representative of the true
flux. Observations taken before June 2017 are excluded due to de-
graded image quality, with field corrector lenses replaced in May
2017. This reduces our light curve length to a typical 8 seasons
per object. We remove observations around the edge mosaic of
the detector (within 100 pixels of the x or y boundary). Measure-
ments that deviate from point source behaviour (not classified
as either image type 1: point source or type 7: undetermined)
or show large disagreement between aperture photometry and
PSF fit (abs(AP — FIT) < 1.5) are removed. Images with unusual
zeropoints (Myeropoint ¢ [25, 26]), poor seeing (PSF major axis >
4 arcsec), and high background brightness (cyan and orange sky
counts > 1000 and 3000, respectively) are also removed. We ex-
clude observations with relatively large errors (more than twice
the median error in the light curve of a given object). Any re-
maining outlying measurements are determined by subtracting
a running median with a 50-d width and removing observations
outside +4 median absolute deviations (42.70 for a Gaussian
distribution).

2.2.3 Aggregating observations within a night

As the core function of the ATLAS project is to track and con-
strain trajectories for moving objects, ATLAS reduces its nightly
coverage to image each field (up to) four times over the course
of an hour with an individual telescope. Given the steep drop-off
in AGN variability amplitude towards higher frequencies (R. F.
Mushotzky et al. 2011; K. L. Smith et al. 2018), we expect to see no
meaningful variability over the course of an hour relative to the
flux uncertainties, and thus choose to aggregate measurements
over these one-hour windows through inverse variance weight-
ing. We do not aggregate measurements between telescopes on
the same night as observing conditions on any given night may
be dissimilar. Light curve sampling properties after aggregating
within a night are shown in Table 1.

As having fewer than four observations per night could be an
indicator of degraded viewing conditions (the presence of struc-
tured cloud), we wish to determine whether a minimum number
of observations for aggregation is required. Such conditions may
mean that our uncertainties are underestimated, presenting as
non-physical variability that dilutes the desired RM signal. We
compare having one, two, and three observations per night to our
closest source of ground truth: four observations in an aggregated
epoch. The ‘ground truth’ fluxes for comparison are derived from
linear interpolation of a running median with a width of 50 d.


https://fallingstar-data.com/forcedphot/

The difference in flux between aggregating < 4 observations per
night and the estimated ‘ground truth’ is normalized by the asso-
ciated flux uncertainty to compile a set of standardized residuals
across a random 10 per cent subsample of light curves. We do not
find strong evidence of underestimated flux uncertainties with
reduced y? values falling between 0.9 and 1.6 and 0.8 and 1.1 for
the cyan and orange bands, respectively. The slight elevation in
reduced x?2 is more likely due to the imperfect imputation strategy
employed that is insufficient to mimic the intrinsic short-time-
scale variability present.

Using this same framework, we perform a test to identify the
presence of any large discrepancies between data from different
telescopes. Unlike comparing the number of observations per
night, there is not an obvious choice of which telescope closest
resembles the underlying truth. Given our interpolation strategy,
we instead opt to use the telescope with the largest number of
observations in each filter, with this being ATLAS-MLO for cyan
and ATLAS-HKO for orange. We do not find strong evidence
for a measurement offset between telescopes with the mean of
each residual distribution consistent with zero. We do note larger
reduced yx? values in this test (between 0.9 and 2.6 for cyan and
1.0 and 1.6 for orange) but again argue this is due to an imperfect
imputation method that is sensitive to time-sampling density and
separation as, unlike the previous comparison, observations with
the lowest flux uncertainties (four-observations-per-night) are no
longer necessitated to be time coincident with the input ‘ground
truth’ points. This point is further supported by considering that
the input points to the ‘ground truth’ approximation achieve the
lowest reduced x? in both bands and that the cyan ‘ground truth’
has approximately half the number of contributing epochs as
for orange. Even if small biases remain present, we argue this
would have a minor effect on measuring lags, given the statistical
nature of our analysis where epochs are all considered, rather
than isolating a particular feature.

3 SIMULATIONS

Cadence structure and observed photometric noise have a com-
plex relationship with resolving RM lags. To verify that we can
recover the expected X-ray reprocessing signal in the ATLAS light
curves, we simulate comparable light curves for which we know
the underlying truth. As we have observational data to anchor
our simulated light curves, we need only predict a lag for each
object (Section 3.1), and then generate a light curve that mimics
the expected variability structure (Section 3.2). We verify whether
our simulated data suitably characterizes the real data behaviour
in Section 3.3. We also note here that we use the model defined
assuming X-ray irradiation, but it is easily generalized to assume a
different, centrally emitted wavelength like the EUV/FUV, which
is more strongly correlated with the variable UV-optical emission
(E. R. Partington et al. 2024).

3.1 Theoretical lags

With several competing literature models available, we default
to the SSD model as our null hypothesis. We refer back to our
introduction where we motivated this paper, in part, by aiming
to explore whether the anticorrelation of the ratio of observed-
to-expected lags with luminosity extends to the most luminous
quasars. Under the SSD model, intrinsic disc viscosity facilitates
the outward transport of angular momentum, converting gravi-
tational potential energy into heat as the material is accreted in-
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wards. Assuming Keplerian dynamics, a massless disc, and local
blackbody emission, the effective temperature profile of the disc
due to viscous heating is given by (N. I. Shakura & R. A. Sunyaev
1973)

3GMpaM Risco \
Tise(R) = 870 R3 |:1_( R ) ’ @

where Risco is the radius of the innermost stable circular orbit
(ISCO; 6 gravitational radii R, for a non-rotating black hole), o (G)
is the Stefan-Boltzmann (gravitational) constant, and Mgy and M
are the mass and accretion rate of the black hole, respectively.
The lamppost model assumes the surrounding disc is irradiated
by an external X-ray source. While the precise geometry of this
‘lamppost’ is unknown, it is commonplace in continuum RM to
approximate it as a point source sitting at height H above the
central black hole. This simplification is appropriate as E. Gard-
ner & C. Done (2017) show there is little difference between this
approximation and considering a radially extended corona. The
irradiative local temperature contribution at each annulus for a
flat disc is given by (D. A. Starkey, K. Horne & C. Villforth 2016)

Ly(1 — A)H

4 —
nAR%_MmGP+R%W’

@)
where Ly is the luminosity of the X-ray lamppost and A is the
albedo of the disc (assumed to be radially independent). For the
combined local temperature, we include a GR correction factor
assuming a face-on disc inclination to account for gravitational
redshift and time-dilation effects in the observed temperature
profile (T. Hanawa 1989),

Ton(R) = |1~ 2280 [13 (R) + TA(R) )

As the radii discussed here in the X-ray reprocessing scenario
are far larger than the black hole’s ergosphere, we do not correct
for Lense-Thirring effects. Relativistic beaming is also neglected
as this effect is more dominant in edge-on viewing scenarios
not expected with the near face-on assumption of type 1 quasar
geometry.

To estimate expected delays across our discs, we translate our
observed SDSS parameters of mass and continuum luminosity
into a mass-accretion rate. Given a black hole mass estimate, we
apply an iterative solver to determine mass-accretion rate such
that the observed monochromatic rest-frame luminosity ALzgq is
recovered using

L Rou 1672hc?cosi  RdR y
L A5 ehe/XkT@®R) — 1° )

isco

where h and k are the Planck and Boltzmann coefficients, respec-
tively, and the radial temperature profile T(R) is given by equa-
tion (3). An average viewing inclination of i ~ 30° (P. D. Barthel
1989) is assumed to account for the isotropy assumption used
in R20. For objects with poor black hole mass quality flags, we
instead use the median black hole mass of quasars within £0.1
dex AL3p0 and £0.1 redshift. This approximation is appropriate
as black hole mass causes only a second-order effect on expected
delays (see Fig. 6 and surrounding discussion). Temperature pro-
files are evaluated logarithmically in radius, using equation (3)
with the interior radii set to 6R,. The exterior radii are determined
by the R > Risco limit (T o« R=3/*) such that T(Rey) &~ 1500K,
which is a typical dust sublimation temperature for silicate grains
(R. Barvainis 1987). An estimate for the lamppost luminosity is
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Figure 5. Time delay seen by a distant observer along the z-axis for an
X-ray photon reprocessed by the disc where i is the system inclination and
R (0) is the radial (azimuthal) position.

calculated assuming that the monochromatic X-ray luminosity
can be described by a photon index I' = 2 over the 2-10 keV
range with log(Lakev) = (0.71 £ 0.03)log(Ls00) + (5.0 +1.0) (H.
Liu et al. 2021). Here, the Lo is derived from ALszpp assuming
a near ultraviolet (NUV) slope of « = —0.3 (f, ox v*; X. Xie et al.
2016). The lamppost is assumed to be irradiating from a height
H = 10Rg, as the X-ray emitting region is measured to be in the
vicinity of the ISCO (C. W. Morgan et al. 2012; J. A. Blackburne
et al. 2014). The albedo is set to zero, creating an upper bound for
the lamppost contribution, although estimates are not sensitive
to the particular value A € [0, 1) given the temperature profile
in large discs is dominated by internal viscous heating for this
model.

Reverberation mapping frequently assumes a linear relation-
ship between driving D(¢) and response X(t) lights curves, as
given by

X,(6) = f V(DG — T)dr, )

where v/ (t|2) is the transfer function and is given by (S. J. Collier
1998)

S) = / /‘RO“‘ 0B, 0T RdRd6 cosi
t) = T oLy  D?

x &§(t —1(R,i,0)),

(6)

where B, is the Planck function, D is the distance to the AGN,
and ct(R,i,0) = vH?+ R*>+ Hcosi — Rsinicosf (see Fig. 5).
The expected lag between bands is given as difference between
their respective transfer function centroids. Here, we evaluate
the transfer functions for the effective wavelength of each fil-
ter, finding little difference when accounting for the finite filter
widths. We also note a < 0.06 dex difference comparing with
ct(R,i,0) = R(1 + sinicos @), with deviation occurring primar-
ily when Mgy > 10°My. We do not include the first-order GR
correction in the temperature profile when calculating the trans-
fer function, with the responsivity of the disc requiring a more
careful GR consideration not given here (K21).

As accretion rate is somewhat degenerate with black hole mass
when constrained only by continuum luminosity, we test whether

isco
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Figure 6. Ratio of expected delays derived here to those estimated from
equation (9) of M. M. Fausnaugh et al. (2016) for our main quasar sample
in the AL3p00-Mpn plane. Black dashed lines represent quasars of fixed
Eddington ratio L/Leqq-

black hole mass provides strong independent information in the
SSD delay paradigm. We compare our expected lags to those de-
rived using equation (9) of M. M. Fausnaugh et al. (2016) using
X = 5.04%* for converting temperature to radius assuming radii
are weighted by their response to the incident radiation (S. S.
Tie & C. S. Kochanek 2018). This analytical prescription does not
include a dependence on the ISCO (and hence black hole mass),
instead treating MpyM as a scaling parameter (constrained only
by luminosity). Fig. 6 shows the ratio of the two methods has a
weak dependence on black hole mass, with delays that account
for the ISCO geometry deviating by less than 0.1 dex from pure
scaling behaviour (for all bar the highest black hole masses). This
value decreases to 0.05 dex if the corona instead sits at 20R,. This
motivates continuum luminosity and redshift as the main driving
parameters in the SSD X-ray reprocessing theory, setting the scale
of, and the location probed, on the disc, respectively.

3.2 Generating simulated light curves

With the above transfer function machinery, we can generate
simulated light curves for each of the ATLAS bands from a given
X-ray light curve. We assume the null hypothesis that X-ray re-
processing is the dominant variability mechanism and choose to
model X-ray light curves as a random walk (PSD o f~2). Under
linear reprocessing, this ensures the corresponding UV-optical
light curves match the observed random walk variability seen
on rest-frame time-scales of 10-250 d in a subset of our current
quasar sample using ATLAS data (J.-J. Tang, C. Wolf & J. Tonry
2024). Generating light curves through transfer function convo-
lution suppresses short-time-scale variability below the random
walk assumption, especially for the larger discs. Such suppres-
sion is not inconsistent with results from J.-J. Tang et al. (2024),
although the more simple interpretation of a pure random walk
is favoured.

With a specified PSD shape, we use the J. Timmer & M. Konig
(1995) algorithm to generate a random X-ray light curve to con-
volve with the relevant transfer functions for each passband.
Light curves are generated to have an observed-frame sampling of
0.1 d, and have a length at least 10 times the observational base-
line to account for red-noise leakage (the tendency for light curves
to show power on time-scales longer than the observed baseline;
P. Uttley, I. M. McHardy & I. E. Papadakis 2002). Quasars with
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Figure 7. (a) Example transfer function with arbitrary normalization
evaluated for an object with  log(ALszge0/ergs™') = 45.02,
log(Mpu /Mg) = 8.47, z = 0.309, and M = 0.53Mg yr—1. (b) Generated
X-ray light curve (black) with associated cyan and orange fluxes. Flux
values and offsets are arbitrary and chosen for display purposes. (c)
Observed ATLAS light curves for the example object. (d) Calibrated
simulated light curve based on panels b and c. Both panels ¢ and d apply
a —50 Wy offset to cyan epochs for clarity.

similar luminosity and redshift to our sample have shown ran-
dom walk behaviour may extend out to at least the long time-
scales assumed here (Z. Stone et al. 2022). Power on such long
time-scales is inconsistent with X-ray reprocessing in real AGNs
as X-rays exhibit flatter PSD slopes on long time-scales (M. Pao-
lillo et al. 2023; A. Georgakakis et al. 2024; S. A. Prokhorenko et al.
2024), but their inclusion is necessary for calibrating against the
real ATLAS data. We do later compare light curve behaviour with
and without this long-time-scale variability through detrending.

To calibrate the generated UV-optical light curves we sample
epochs through linear interpolation to match the observed sam-
pling distribution before normalizing to the mean and variance
of the real light curves. Each simulated epoch is given the corre-
sponding observed flux uncertainty and is permuted with Gaus-
sian noise accordingly. The resulting set of light curves have near-
identical fractional variability to their observed counterparts with
known delay and variability structure as specified by standard X-
ray reprocessing theory. This process is illustrated for an example
object in Fig. 7.

3.3 Inter-band correlation properties

We further verify whether our simulations mimic the true AT-
LAS data by comparing the peak inter-band correlation (ry.x —
calculated using ICCF; see Section 4.1) distribution between the
two light curve sets. We make these comparisons on two different
time-scales: on light curves with and without detrending (using
independent quadratic fits in each band). As sample cuts based
on observed light curve correlation are frequently made within
the literature (Y. Homayouni et al. 2019; H. Guo et al. 2022b), we
also examine whether the inter-band correlation of UV-optical
emission may be related to the expected lag magnitude.

In the detrended light curves, the pairwise distribution of
inter-band correlations is largely symmetric about the one-to-one
line with dispersion increasing towards lower rp,x values (Fig.
8). With a strong anticorrelation between ry.x and the median
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Figure 8. Pairwise distribution of ICCF-derived rmax values in the
observed and simulated data sets. Values are shown for light curves
both with (blue) and without (orange) quadratic detrending. Associated
marginal distributions are shown as well.

cyan/orange relative flux uncertainty, the observed diversity and
dispersion is plausibly explained by our photometric precision.
Light curves with small flux uncertainties will show correlated
behaviour irrespective of strong momentary stochastic variability.
As quadratic detrending depends on the realized variability and
does not filter particular frequencies directly, the inter-band cor-
relation in noisier light curves is strongly subject to how much of
the total attributed variance (normalizing on fractional variabil-
ity) remains after detrending. We also note the real ATLAS data
has a higher concentration of objects with rmax € [0.4,0.7] and
the simulated data having a higher concentration of objects in the
rmax < 0.4 tail. At face value, this is unexpected as real AGN light
curves may contain some level of non-correlated variability not
associated with continuum reverberation, whereas our simulated
light curves are intrinsically correlated. Normalizing simulated
light curves to have near identical fractional variability preserves
only the total amount of variability relative to the noise, but
not on which time-scales that variability is attributed. Given we
are comparing short-time-scale behaviour in the detrended light
curves, it is likely the lower average inter-band correlation in our
simulated data set comes from overestimating the power of very
long time-scale variability (which is then removed). Additionally,
the increased inter-band correlation in the real data may be in-
fluenced to the partial overlap of the ATLAS filters, whereas the
simulated data considers the distinct effective wavelengths only.
At this stage we have no reason to suspect either that the intrin-
sic correlations of UV-optical variability differ significantly from
those simulated here on short time-scales or that this variety of
correlation cannot be explained by light curve properties, plausi-
bly allowing for sample cuts based on ry,.x (see further discussion
in Section 4.3).

When comparing the longer time-scale behaviour of the orig-
inal cleaned light curves, we see a much smaller level of in-
trinsic scatter between the simulated and real sets (Fig. 8). This
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is expected as without detrending, inter-band correlation is less
dependent on the realized variability and is more dependent on
the light curve properties (i.e. fractional variability and cadence)
which are conserved. We do note however that the inter-band
correlation in this simulated data is higher than in the real, with
the fraction of light curve pairs with a peak correlation rpax <
0.6 being 1.51 per cent and 14.5 per cent, respectively. This bias
towards stronger inter-band correlation in the simulated data
is seen most strongly in objects with lower luminosities and at
higher redshifts. As it remains unclear whether this is an unex-
plained dependence on magnitude or a genuine departure from
correlated behaviour, we analyse light curves both with and with-
out detrending (see Appendix A for comparison).

4 ESTIMATING TIME DELAYS

Most common RM algorithms in the literature aim to measure the
centroid of the transfer function, either by calculating the cross-
correlation function (CCF) empirically (e.g. ICCF; Section 4.1)
or by assuming a functional form for the transfer function (e.g.
JAVELIN; Section 4.2). All methods considered here assume a
static geometry (lag behaviour is not a function of time), the
relationship between light curves is linear (equation 5), and that
variability is wide-sense stationary (variability structure is not a
function of time). In this section we not only detail our imple-
mentation of delay algorithms but also demonstrate improved
delay measurements through joint inference (Section 4.3) on our
simulated data set (Section 3.2). Further discussion on creating
sample cuts based on light curve properties is also provided.

4.1 ICCF

The interpolated cross-correlation function (ICCF; B. M. Peterson
et al. 1998) attempts to solve our unevenly sampled light curve
problem in a pairwise fashion, projecting sampled times from the
reference light curve (with an added delay) onto the response.
The response light curve is then linearly interpolated to estimate
the flux that corresponds to the projected reference times. The
Pearson correlation coefficient can then be applied, iterating over
a number of delays to construct the CCF; the centroid of which
(tcent) is ideally equivalent to the centroid of the transfer func-
tion (A. P. Koratkar & C. M. Gaskell 1991) and is thus taken as
our delay estimate. Uncertainties of t.en: are built up over many
Monte Carlo (MC) simulations using random subset selection
(RSS; sampling epochs with replacement) and flux randomiza-
tion (FR; permuting fluxes by their uncertainties) during each
MC realization. We use the Cython implementation of ICCF?
developed by M. Sun, C. J. Grier & B. M. Peterson (2018a), which
reduces flux uncertainties by a factor n'/2 for each time the as-
sociated epochs are selected during RSS (W. F. Welsh 1999). Our
final lag estimate is taken as the median of the resulting cross-
correlation centroid distribution (CCCD), with errors given by
the 16th and 84th percentiles.

We default to using detrended light curves in our ICCF anal-
ysis, finding this preprocessing is a necessary step for recovering
delays, reflecting previous recommendations (W. F. Welsh 1999).
We choose to globally detrend using an independent quadratic fit
for each filter, as is common within the reverberation mapping
sphere (I. M. McHardy et al. 2014; M. M. Fausnaugh et al. 2016;

2 Available at https://bitbucket.org/cgrier/python_ccf_code.
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J. V. Hernandez Santisteban et al. 2020; R. Edelson et al. 2024).
We implement the default two-interpolation strategy which cal-
culates the CCF as the average of the individual CCFs produced
when each passband is treated as the interpolated response curve.
We do not alter the default thresholds for peak correlation signif-
icance (rmax > 0.2; also the lower bound of our short-time-scale
Ymax distribution) or the boundaries for calculating the CCF cen-
troid value (r > 0.8rmax). CCFsare calculated across £100d in 1-d
increments, building up 10000 MC samples using FR+RSS. We
see no difference in results when extending the search range to
£200 d. We also do not consider any anti-aliasing weighting of the
CCF (see C. J. Grier et al. 2017; Q. Yang et al. 2020, for examples)
as the range of lags explored is far less than the length of our light
curves. Such methods become important when exploring delays
with minimal overlapping points between light curves by down-
weighting correlations that arise spuriously from the low sample
counts.

4.2 JAVELIN

JAVELIN® (Y. Zu, C. S. Kochanek & B. M. Peterson 2011) is an
RM algorithm that models noisy light curves with a Gaussian
process (G. B. Rybicki & W. H. Press 1992). Light curve values
y = s + n + Lq are represented as a combination of inherent sig-
nal s, observational noise n, and a general trend Lq (by default
the mean flux value in each passband) and are comprised of both
the driving (D(¢)) and response (X (¢)) curve observations. Entries
of the signal covariance matrix S = (ss) are calculated assuming
the driving curve follows a damped random walk (DRW),

(D(t), D)) = ogye 1701/ 0

where oprw is the variability amplitude on short time-scales and
Tprw i8S the decorrelation time-scale. The covariance between ob-
servations in different bands, or within the response band, can
then be calculated through appropriate convolution of the DRW
kernel and the transfer function as the light curves, and hence
the covariances, are assumed to be linearly related (equation
5).JAVELIN assumes the true transfer function can be represented
by a tophat function with parameters A, t, and w representing the
scale, temporal shift (lag), and smoothing width, respectively.

By assuming Gaussian likelihoods for the signal, noise, and
linear terms, and marginalizing over s and q, the likelihood of
observing the data given the DRW kernel and tophat function
parameters p is evaluated as

Tc—l
P(ylp) o £ = |S+ N|"V2|L"C™'L|"/?exp (‘%) - @

where N is the covariance matrix of the noise terms, C = S + N,
and C7! is the component of C orthogonal to the fitted linear pa-
rameters q. Equation (7) is passed to a Markov Chain Monte Carlo
(MCMC) sampler to build up posteriors of model parameters, of
which the 16th, 50th, and 84th percentiles are taken as our lower
bound, estimate, and upper bound. In practice, DRW priors are
first obtained by running JAVELIN on just the reference curve.
Our JAVELIN analysis uses light curves without detrending (see
Appendix A discussion), finding delays are better constrained
without this preprocessing step. JAVELIN is also prone to alias-
ing (M. M. Fausnaugh et al. 2016; Z. Yu et al. 2020b) and will
return spurious peaks at lags that prevent overlap between light

3 Available at https://github.com/nye17/javelin.
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curves as there is no data to reject the proposed parameters. For
this reason, outlier exclusion is essential, particularly for those
with small uncertainties, as JAVELIN will prefer aligning outliers
present in both light curves, or placing the outlier in observational
gaps if present in only one light curve. Given the seasonal gaps
present in our data, we restrict lag searches to be between £50 d
to prevent aliasing. We find little evidence that lags outside of this
window are present in our sample (as shown by ICCF centroids).
Unlike ICCF’s centroid calculations, JAVELIN does not rely on
neighbouring points to estimate lags and thus this smaller search
width is chosen.

4.3 Binning and stacking

It is common for large, survey-based continuum RM studies to
derive robust lags for only a fraction of their candidate light
curves (see Table 2). Given that measuring a delay depends heav-
ily on observed light curve properties such as sampling rate, flux
uncertainty, and momentary stochastic variability, it is reason-
able to assume that we are still in a regime limited by our data
capabilities rather than probing two classes of AGNs, with and
without inherent time delays. Previously, light curves that could
not constrain a delay were discarded. We describe here a method
to extract the information present in these discarded light curves
to improve the measurement of the underlying continuum RM
signals present in our data set.

In order to accurately constrain lag estimates as a function
of our sampled parameter space, we combine inference through
stacking. This allows us to marginalize over influential physi-
cal properties and states that are not well constrained (orienta-
tion, line/diffuse continuum emission, spin, etc). This includes
time-dependent phenomena such as disc-wind column density
(E. Kara et al. 2021; C. Lewin et al. 2024), coronal properties
(W. N. Alston et al. 2020; M. D. Caballero-Garcia et al. 2020; C.
Panagiotou et al. 2022a), and momentary stochastic variability.
Stacking is already implicit when light curves are analysed as
a whole, as delays themselves can be time-varying (C. Lewin
et al. 2024). Declination effects such as season length, airmass-
dependent average seeing, and photometric quality are also mit-
igated. The remaining lags are then presented for the ‘average’
AGN as a function of known parameters.

Evidence of complex wavelength dependence in lag spectra (M.
M. Fausnaugh et al. 2016; E. M. Cackett et al. 2018) prioritizes
binning resolution in wavelength over luminosity, which has a
monotonic relation with delay magnitude (H. Guo et al. 2022b;
S. Wang et al. 2023). We thus divide our sample space into 10
uniform bins of 1/(1 + z) before further dividing the space into 5
uniform bins of log AL3pgo. After conditioning on 1/(1 + z), each
luminosity bin sees scatter of £0.2 dex in ALszp. As discussed
in Section 3.1, we do not control for black hole mass as its ef-
fect is subdominant for the majority of our sample in the SSD
prescription. We also test a further 28 1/(1 + z) bins shifted one-
quarter out of phase to verify trends are independent of Poisson
noise from binning choices, although only the independent bins
are presented throughout.

Stacking increases the amount of discriminatory information
that may be lacking for a single object approach. To stack lag
information we take an approach similar to that of previous BLR
RM work (S. Fine et al. 2013; J. Li et al. 2017; U. Malik et al. 2024)
by combining information at the inference level. Specifically,
for ICCF we leverage the Pearson cross-correlation coefficient’s
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equivalent representation as the mean product of standard scores,

1 w Xigr =X\ (Y =) 8
N(r)—l?( S )( Sy ) ®)

=1

rxy(f) =

where x;, (), X (), and oy (o) are the flux at time ¢;, mean flux,
and standard deviation of each light curve, respectively. With this
representation, we can combine CCF estimates between similar
quasars as

Fsack(T) = Z?/I:I(N.i(f)— 1)r;(r)
stack Z]jw:l Nj(r) -
M N;() X i , .
i+, — Xj i — )
“aeE L)

©)

where i indexes the observations for each quasar and j indexes
each quasar in the bin. This construction is equivalent to having
a much longer observational baseline of an individual ‘class’ of
quasar discs while enforcing a level of stationarity through de-
trending (see Section 4.1) and preventing interpolation between
the constituent objects. Such an approach has the added benefit
of addressing limitations in the ICCF centroid measurement due
to the finite sampling of the underlying autocorrelation function
(W. F. Welsh 1999). We do not choose to stack by season as well
as by object, as the large anticipated lags in our discs require
computing cross-correlations at lags that greatly diminish the
number of overlapping epochs in a single season.

To verify whether stacking CCFs offers improved lag detection
capability, we apply the method to the detrended data set simu-
lated in Section 3. Fig. 9 (top) compares the stacked approach to
several other implementations of ICCF, illustrating the following:
Panel A shows that with the available quality of our light curves,
we are unable to accurately constrain the underlying lags by ap-
plying ICCF to light curve pairs individually. For Panel B, if we
apply quality cuts - requiring positive lags, > 1o significance, and
low percentage errors (|(tsq — T16)/Ts0| < 1) — we preferentially
select longer lags and bias our recovered lag distribution. Panel
C instead restricts lags based on detrended light curve inter-band
correlation, showing a distribution of lags that appears approxi-
mately unbiased, albeit with lower significance at the short de-
lay end. Panel D makes a similar cut to Panel C, instead based

on detrended orange band variability (measured as ,/S* — (02)

where S? is the light curve variance and (02) is mean squared flux
uncertainty). The orange band is chosen to probe the underlying
short-time-scale variability as it is much more densely sampled
than cyan. A similar effect is seen in the variability-selected lag
distribution, as short-time-scale inter-band correlation and vari-
ability probe similar principles: the amount of signal present rel-
ative to the noise. In Panel E, combining posterior samples also
alleviates the bias, but does little to further constrain the inherent
lag distribution except for the longest lags. Panel F shows that
to more accurately constrain the true lag distribution, we must
stack at the inference level i.e. with cross-correlation functions.
Slight improvement is again offered in Panel G as we restrict the
constituent light curves to have detrended inter-band correlation
greater than 0.5. This threshold is chosen as it retains ~ 2/3 of the
sample, keeping sample statistics high. The resulting distribution
appears to achieve slightly better performance for short delays
when compared to Panel F stacking.

MNRAS 548, 1-27 (2026)
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Table 2. Number of candidate objects versus the number of successful lags for different cadences (in units of days) and data sources from previous
survey continuum RM studies. Bracketed counts are for a more stringent success definition.

Paper Neand Niags Almedian Data source
This work 9498 ~3—4 ATLAS
Y.-F. Jiang et al. (2017) 240 102 ~3 PanSTARRS1
D. Mudd et al. (2018) 771 152 ~7 DES

Y. Homayouni et al. (2019) 222 95(33) ~2.5 SDSS RM
Z.Yu et al. (2020a) 802 22 ~1 DES

H. Guo et al. (2022b) 455 94(38) ~3-4 ZTF

9D. Mudd et al. (2018) select based on variability, not lag measurements.
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Figure 9. (a) We apply ICCF (top) and JAVELIN (bottom) to each simula

ted light curve pair in our sample individually, plotting the recovered versus

simulated underlying delay. Error bars are not displayed for clarity. (b) Similar to panel a, but restricting to recovered lags to be >0 at the 1o level and
have |(tg4 — 116)/750| < 1.(c) Similar to panel a, but requiring detrended light curve inter-band correlation to be in the top 1 per cent. (d) Similar to panel
a, but keeping only objects with the 1 per cent most variable objects based on detrended orange-band light curves. (¢) Binned posterior samples from the
individual applications to each constituent object. (f) Identical binning to panel e, instead of applying the stacked ICCF approach. (g) Identical to panel
f, requiring the constituent objects to have a detrended light curve inter-band correlation > 0.5.

We can apply an analogous method to stacking with JAVELIN as
we did with ICCF. Under the reasonable assumption that epochs
in each object are independent from every other object, we can
combine the likelihood functions of all objects within the bin to
infer a joint parameter set

M
log Lyack = »_log L. (10)

j=1
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Quasars with similar luminosity and redshift will have similar
variability (oprw and tprw) and transfer function (A, t and w)
parameters, allowing these quantities to be jointly estimated. Any
dispersion in estimating oprw and tprw due to the range of ob-
served momentary variability is not expected to influence results
as the importance of these parameters for recovering lags is minor
(Z. Yu et al. 2020D).

We conduct near-identical tests on the simulated light curves
without detrending to verify the benefit of stacking JAVELIN (Fig.
9, bottom). The behaviour seen here broadly mirrors that of the



ICCF comparisons. Bar a few outliers, the core distribution of
uncertainties produced by JAVELIN is consistently smaller than
for ICCEF, as is noted in several other studies (e.g. R. Edelson et
al. 2019; Z. Yu et al. 2020b, see also Appendix B). Interestingly,
JAVELIN individual applications performed better when cut by
short-time-scale inter-band correlation and fractional variability
even though JAVELIN is applied to light curves without detrend-
ing.

Despite the (albeit minor) improvement in recovering simu-
lated lags when cutting by short-time-scale inter-band correla-
tion, we prefer the full stacked approach used in panels f of
Fig. 9 for our further analysis. Fig. 10 shows that the short-time-
scale inter-band correlation is correlated with luminosity at fixed
redshift which is expected as brighter quasars will have smaller
photometric uncertainties on average. Requiring that rpax > 0.5
thus asymmetrically removes a larger number of quasars from
the lower luminosity bins. Fig. 10 also displays the median colour
residual relative to the redshift trend identified in Fig. 2 across
the available parameter space. We see that cutting by inter-band
correlation will also preferentially make bins bluer on average
by removing red sources (particularly in low-luminosity bins)
and thus altering our final results through a colour-dependent
effect (see Section 5.5). We note that the correlation-dependent
behaviour seen here, and in the following discussion, is also re-
flected in the long-time-scale inter-band correlation (which is not
shown for brevity).

To investigate whether the link between short-time-scale inter-
band correlation with quasar residual colour is driven by cyan
light curve quality (the limiting band), we match blue quasars
(Ac— € [-3, —1)) and red quasars (A._, € [1, 3]) based on their
nearest median cyan relative flux error (o./ f.) counterpart with
a maximum difference of 0.005. Quasars can be matched to
multiple colour counterparts but duplicate matches are dropped.
We divide this matched sample into the previously described
1/(1 + z) bins and confirm with a one-sided z-test that the me-
dian orange percent flux error (o,/ f5) is larger among the bluer
quasars when controlling for o,/ f. as expected. We repeat this
test now for short-time-scale inter-band correlation and find
that redder quasars still have significantly lower correlations (in
all bar panels 3/4) even with comparable cyan, and more pre-
cise orange, light curves. This suggests that lower inter-band
correlation is an intrinsic trait of redder quasars rather than
a data-driven property. Interestingly, we see similar behaviour
(albeit with smaller test statistics) in the simulated data set.
As the simulated data is fundamentally correlated by design
with identical sampling and flux uncertainties as the real light
curves, this dependence must be encoded through the variability
amplitude.

‘We test whether the fractional variability of the real light curves
(to which our simulations are anchored) differs significantly with
residual quasar colour. The fractional variability is significantly
lower in redder quasars in both the cyan and orange bands (except
panel 4). This is especially surprising for the orange passband
where the relative errors are smaller in redder quasars (with
comparable cyan errors to bluer counterparts). This behaviour is
consistent with dust reddening if the redder quasars are intrinsi-
cally brighter and thus less variable (B. C. Kelly, J. Bechtold & A.
Siemiginowska 2009; T. Simm et al. 2016; K. Chanchaiworawit &
V. Sarajedini 2024). Alternatively, the reduced variability could be
explained by a higher Eddington ratio (C. L. MacLeod et al. 2010;
B. C. Kelly et al. 2013; S. Koztowski 2016) as we find a correlation
between residual colour and Eddington ratio in our sample. In
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spite of controlling for relative flux error (i.e. magnitude for a
uniform survey exposure time) and redshift (i.e. distance), we
can still see a statistical difference in luminosity for some bins,
with redder quasars appearing more (less) luminous in high (low)
redshift bins. We retest binning by both 1/(1 + z) and ALszpg as
described for the delay analysis above. Of the 50 independent bins
we use to compare, we drop 15 for having fewer than 10 unique
quasar pairs. Of the remaining 35 bins, 19 bins have statistically
less well correlated red quasars and 13 bins have statistically less
inter-band correlation and fractional variability while not having
significantly higher luminosity. There does not appear to be a
pattern across the parameter space with significance (bar panels
3/4 containing no significant bins).

While stacking delay estimates at the inference level offers
clear utility in constraining the underlying delay distribution,
it suffers from a lack of flexibility. Delay experiments must be
chosen prior to analysis. Testing for delay dependence on any new
physical parametrization requires re-binning and stacked lags to
be re-calculated. This becomes computationally expensive on the
large data sets where the stacked methodology is most applicable.
Individual lags only need to be derived once and correlations
can be drawn easily thereafter and are thus preferred when data
quality allows (unlike here; see Fig. 9).

4.4 Multipeaked behaviour

Delay distributions possessing multiple peaks is a known issue
in AGN time delay analysis. These multimodal distributions can
be produced in the presence of semirepeating features, particular
cadence structures, or poor sample statistics when exploring de-
lays that cause minimal overlap between light curves. The delay
distributions in this study are no exception. We wish to identify
which measurements may contain artificial signal not associated
with real reverberation.

A common approach to remove signal aliases is to smooth
delay distributions with a Gaussian kernel before identifying a
primary peak and adjacent troughs. A weighting scheme can also
be applied to down-weight potentially spurious signals at lags that
cause minimal overlap. New lag estimates can then be derived
from the truncated distribution subject to possessing a minimum
probability mass (C. J. Grier et al. 2017; Y. Homayouni et al. 2019;
Q. Yang et al. 2020).

Given our use of a stacked delay analysis, it is entirely plausible
to observe multiple peaks in the recovered lag distributions - par-
ticularly in bins with low counts where the inherent distribution
may not be unimodal. Disentangling which peaks are artificial
and which are real becomes difficult in all but the most obvi-
ous cases (many peaks separated at regular intervals) without a
complete catalogue of predictors that can influence delays on the
order of separations seen. As such, we choose not to remove bins
that display multiple peaks in their lag distributions, but instead
reduce the opacity (i.e. visual weighting) in all further plots. This
way, bins that observe potentially real diverse lag behaviour are
not discounted, but are not given the same standing as bins that
are perhaps better marginalized and representative of the average
quasar in that parameter space. The number of peaks here is
classified from the number of local maxima in a smoothed pos-
terior lag distribution that exceed 10 per cent of the peak density.
Smoothed distributions are obtained through convolution with a
Gaussian kernel with a two-day width. We provide discussion on
what light curve properties influence the detection of multiple
posterior peaks for each delay algorithm in Appendix B.

MNRAS 548, 1-27 (2026)
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Figure 10. Short-time-scale inter-band correlation versus luminosity for each of the representative set of independent 1/(1 + z) bins (with displayed
wavelengths given by the filter edges at the 1/(1 + z) mid-point). Each hexagon is coloured by the median colour residual in units of the redshift-
dependent spread (MAD) shown in Fig. 2. Bluer quasars on average have stronger short-time-scale inter-band correlation. The black dashed line

represents the rmax > 0.5 cut imposed for the stacking.

5 RESULTS AND DISCUSSION

Armed with the relevant tools to predict (Section 3.1) and mea-
sure inter-band continuum delays (Section 4) in our sample, we
can now explore what properties influence lags in real AGNs.
Enabled by the SDSS spectral measurements (R20) and ATLAS-
derived colours (Section 2.1.3) we can also use new and pre-
viously described (e.g. Sections 2.1.4 and 2.1.5) subsamples to
further investigate time delay behaviour.

5.1 Main sample

We begin our continuum delay analysis with the main sample,
where we have the largest number of statistics available and the
best chance of constraining robust lag measurements. This sam-
ple also has the widest coverage in luminosity and redshift avail-
able to us. One of the defining goals of this work was to extend
the dynamic range of AGN luminosities for which continuum
delay measurements are available, and thus explore whether the
anticorrelation of observed-to-expected delays with continuum
luminosity persists in our highly luminous sample.

Given the inherent correlation between luminosity and red-
shift in our flux-limited sample, we choose to explore lag de-
pendence on luminosity while controlling for rest-frame prop-
erties. Fig. 11 provides this comparison for the binning strategy
described in Section 4.3. Here, luminosity is translated into units
of the predicted SSD delay (with increasing luminosity predict-
ing larger delays) for the given redshift range. This allows for
easy interpretation of whether lag dependence on luminosity is
steeper or flatter than that of the SSD paradigm. The inherent
correlation between luminosity and redshift remains encoded as
predicted lags migrate to larger values with decreasing rest-frame
wavelength. The dynamic range of continuum luminosity within
each 1/(1 + z) bin sits between 1 and 1.5 dex as measured by the
difference in median ALy between the most and least luminous
bins.

From Fig. 11 we qualitatively observe that the measured delays
scale as expected with luminosity in the SSD paradigm, and that
when controlling for redshift, the previously reported anticor-
relation is not observed. As most constituent light curves have
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approximately the same length, and all objects within a panel
have similar redshifts, direct comparisons between lags are valid
as we have controlled for the rest-frame wavelengths and time-
scales probed. These results disfavour the CHAR model for ex-
plaining the larger-than-expected lags as, for a fixed observing
duration, it predicts delay times should decrease towards the SSD
expectation as luminosity increases (M. Sun et al. 2020; T. Li
et al. 2021; J. Chen et al. 2024b). Previous association of the BLR
model with the apparent luminosity-t,ps/tssp anticorrelation is
predicated on a Baldwin effect for nebular emission (T. Li et al.
2021; H. Guo et al. 2022b). While broad Balmer lines do not show
this behaviour across the general AGN population (Raki¢ et al.
2017; R20), we do detect a weak anticorrelation in our sample for
quasars that have valid H 8 measurements; however, the mag-
nitude of this effect is small and on the order of the intrinsic
scatter in H 8 EW. It remains unclear how the expected diffuse
contamination changes with luminosity, with the contribution to
delays potentially growing with increasing (X-ray) luminosity (F.
M. Vincentelli et al. 2022).

Our observations comparing the stacked ICCF and JAVELIN
methods broadly reflect those made in the literature for single-
object applications. Delay estimates agree under the quoted un-
certainties in most bins, with JAVELIN often displaying smaller
uncertainties (e.g. R. Edelson et al. 2019; Z. Yu et al. 2020b).
We present only JAVELIN measurements for the remainder of
this work, preferring this algorithm for its smaller scatter around
the a priori assumption that delays should follow a power-law
scaling. JAVELIN also exhibits multimodal delay posteriors less
frequently than ICCF (see Appendix B for more discussion).

We dive further to examine an apparent amplitude trend as we
move through our redshift bins. Fig. 12 shows the mean delay
amplitude relative to the SSD prediction in each redshift bin. With
no strong visual evidence that luminosity-scaling deviates from
the SSD prediction, we choose this null hypothesis to normalize
the delay amplitudes to compare between redshifts and remove
the inherent luminosity correlation. The displayed uncertainties
in the mean ratios are given by the scatter around the expected re-
lation as there are clearly systematic uncertainties beyond quoted
errors (with most panels possessing significant x? values when
compared to the mean ratio under the quoted uncertainties).
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mid-point. Low opacity indicates delayed posteriors with multiple peaks (Section 4.4).
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Figure 12. The mean (and RMS) observed-to-predicted ratio of JAVELIN
lags in each panel of Fig. 11 against each filter’s effective wavelength at
the 1/(1 + z) mid-points. A non-monotonic amplitude behaviour with
wavelength is observed. The global wavelength dependence is re-encoded
with a (1 +z)~*3 term in the bottom panel. The black dashed and red
dash-dotted lines again represent one and three times the SSD prediction.

Such systematic uncertainty is likely caused by not controlling for
all confounding parameters in our binning. The resulting mean
delay amplitudes show a significant, non-monotonic dependence

on redshift. Such behaviour is likely a wavelength effect rather
than a resonant time-scale. This disfavours the K21 model as the
sole and primary explanation for unexpectedly large disc sizes
as it predicts a monotonic relationship with wavelength. Given
that Fig. 12 provides a differential estimate of the lag spectra, it is
difficult to rule out whether the underlying disc sizes are inflated
and whether the K21 model is still applicable. The BLR model,
however, offers a natural way to explain both the overall size
discrepancy and the non-monotonic amplitude behaviour with
wavelength.

Panel 10 of Fig. 11 shows an elevated lag normalization con-
sistent with those seen in intensively studied Seyfert galaxies (M.
M. Fausnaugh et al. 2016; R. Edelson et al. 2019), but it is unclear
whether direct comparison is appropriate given our much longer
light curve lengths (R. Edelson et al. 2024). Photoionization mod-
els of the BLR predict that the Paschen continuum should con-
tribute significantly to the variable optical-NIR emission (K. T.
Korista & M. R. Goad 2019; H. Netzer 2022), and may thus explain
the extended delay signals of panel 10. While there is tentative
evidence for a Paschen jump in the lag spectrum of NGC 4593
(E. M. Cackett et al. 2018), there is little evidence for a Paschen
jump in AGN SEDs. This can be reconciled if the Paschen jump
is counterbalanced by a blending of high-order Paschen lines (H.
Guo et al. 2022a), with diffuse emission from this series predicted
to make a significant contribution to the total flux (F. M. Vincen-
telli et al. 2021; H. Guo et al. 2022a).

Photometric contamination from diffuse emission can explain
the convex lag amplitude function in A (Fig. 12), with a local
minimum where the ATLAS filters straddle the Balmer jump.
The observed delay is minimized when the Balmer continuum
contributes significantly to the leading cyan filter and not the
orange. Such excess contributions around the Balmer jump have
been seen in local type 1 Seyferts through an excess lag signal in
the U-band (M. M. Fausnaugh et al. 2016; E. M. Cackett et al.
2018; R. Edelson et al. 2019), although the degree of this effect is
not universal (E. S. Kammoun et al. 2021a; E. Kara et al. 2023).
Given its presence in our large population study, this suggests
contamination from the diffuse BLR emission is widespread. We
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Figure 13. Log ratio of measured-to-expected lags in each bin against
continuum luminosity. Points are colour and opacity coded by their
1/(1 + z) bin and multipeaked status, respectively, with one and three
times the SSD prediction shown as before. An anticorrelation between
the two is seen either side of the Balmer jump.

do not test for delay behaviour as a function of Balmer continuum
strength directly as the R20 spectral fitting does not take into
account Balmer edge shifts from higher electron number densi-
ties and Doppler broadening which can be required in order to
accurately measure Balmer continuum contributions (C. Jin et al.
2012).

The decrease in delay amplitude shortwards of 300 nm can be
explained by the decreasing contribution to total flux from the
diffuse Balmer continuum relative to the disc continuum emis-
sion. Ly« emission is not expected to contribute substantially
to panel 1 (Fig. 11) delays as only the higher redshift objects
in this bin will probe Ly«, and the effect will be washed out
due to the broad nature of our photometric filters. Detailed pho-
toionization calculations are beyond the scope of this paper but
are necessary for verifying the interpretation given here. These
findings are consistent with F. Pozo Nuifiez et al. (2025) where
similar rest-frame wavelength delays (to panel 1) are consistent
with the SSD model in a similarly bright and massive quasar
(Lpot = 8.27 x 10”ergs™! and Mpy = 8.9 x 108M,,) using care-
fully chosen medium band filters that avoid BLR emission.

The complex delay amplitude dependence on wavelength also
offers a way to reconcile the lack of luminosity-tops/7ssp anticor-
relation seen here with previous studies. Fig. 13 displays the ratio
of observed-to-expected delays in the traditional comparison with
luminosity. We see an apparent anticorrelation with luminosity
when we split before and after panel 6. This anticorrelation is sig-
nificant for the higher redshift bins, while the lack of significant
correlation detected in lower redshift bins is perhaps unsurpris-
ing given the lower number statistics and higher uncertainties.
This two population behaviour is more evident in our analysis as
the close separation of our filters makes us particularly sensitive
to deviations from the generally observed T o A*/3 trend (S. J.
Collier et al. 1998; M. M. Fausnaugh et al. 2016). Previous survey
studies that do not explore as high redshifts, and either use more
widely separated filters (Y. Homayouni et al. 2019; H. W. Sharp
etal. 2024) or normalize over several passbands (Z. Yu et al. 2020a;
H. Guo et al. 2022b), are more strongly dominated by the overall
wavelength trend and are less sensitive to local deviations, plau-
sibly smoothing out the dependence we see here into a general
luminosity anticorrelation.
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5.2 Eddington ratio dependence

The N. I. Shakura & R. A. Sunyaev (1973) disc is the prevailing
paradigm for observers modelling accretion in AGNs. The model
is, in part, predicated on the assumptions of a thin disc (disc scale
height Hp <« R) that is radiatively efficient (all viscous heat can
be dissipated radiatively from the disc surface) and where gas
follows Keplerian orbits (there is negligible interaction between
neighbouring annuli). For large Eddington ratios (L/Lgdq > 0.3,
the requirement to be geometrically thin is violated (A. Laor &
H. Netzer 1989). In such highly accreting discs (dubbed slim
discs), the local scale height is appreciable (but still Hp < R) and
advective cooling along the equatorial plane becomes significant
(M. A. Abramowicz et al. 1988; M. A. Abramowicz & P. C. Fragile
2013).

We aim to test for differences in accretion disc structure
with Eddington ratio using inter-band time delays. To do this,
we limit our subsample to those objects that have high-quality
(QUALITY_MBH = 0) black hole measurements using either
Mg11 or H g lines. We prefer Mg 11 derived masses in our high-
redshift bins as C1v derived masses can be overestimated, par-
ticularly in quasars with high C1v blueshift (L. Coatman et al.
2016). This choice also ensures that derived Eddington ratios
are comparable across a wider range of bins. We transition to
using H B-derived masses exclusively when z < 0.72 (panels 7-
10) as more quasars have valid black hole measurements in this
region (compared to Mg 11). To separate our subsamples we chose
a cut-off of L/Lgqq = 0.2 as significant changes in the ionizing
continuum behaviour are seen above this value (M. J. Temple et
al. 2023).

Fig.14 shows a preference for quasars with higher Eddington
ratios to exhibit longer delays. Given that we control for contin-
uum luminosity in our binning, an alternative interpretation is
that quasars with larger Mgy possess shorter delays. We disfavour
this interpretation given the weak predicted dependence of the
disc time delay on Mgy for fixed luminosity (Fig. 6).

Higher Eddington ratio quasars may have longer delays as a re-
sult of possessing slim (rather than thin) discs. When the photon
diffusion time-scale in the vertical direction exceeds the viscous
inflow time-scale, photons become ‘trapped’ with their energy
being advected into the black hole. The photon trapping radius
within which this effect is expected is given by (K.-y. Watarai
2006),

Ry ~ 102 " R 11
tr ™7 (100) £ ( )
where 1t = M/Mei = Mc?/Lgag = L/nLgaa. In this regime
where advective cooling dominates (R < Ry), the radiative
efficiency decreases relative to a thin disc, with the effective
temperature instead following a shallower T oc R™Y/? relation
(J.-M. Wang & Y.-Y. Zhou 1999; K.-y. Watarai 2006). As a result,
less light is emitted from the inner radii and the delay signal is
weighted towards larger distances. The degree of this effect is
thus dependent on how much of the relevant emitting region
falls within the photon trapping radius. This picture is somewhat
complicated by slim discs having sufficiently fast radial velocities
to allow optically thick thermal emission within the ISCO (M.
A. Abramowicz et al. 1988), which can emit beyond the peak
temperature of the equivalent SSD description for large accretion
rates. However, this interpretation is likely still valid as, due to
the small spatial size of the region, the overall SED is still redder
than that of the thin disc (S. Mineshige et al. 2000), requiring
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Figure 14. Observed-frame stacked JAVELIN delays versus one (black dashed line) and three (red dash-dotted line) times zssp. Delays are split between
high (blue circle) and low (orange triangles) Eddington ratios, with low opacity points reflecting multimodal posterior distributions (Section 4.4). The
stated wavelength ranges are the filter extents at each panel’s 1/(1 + z) mid-point. Higher Eddington ratio sources display longer lags.

some net reduction in flux in the inner region that produces the
UV continuum.

To reason whether the reduced radiative efficiency of slim
discs can explain the lag-Eddington ratio dependence we see,
we first estimate the photon trapping radius using equation (11).
To convert our previously estimated Eddington ratio to the rele-
vant m parameter, we use n = 1/25 following S. Mineshige et al.
(2000) for L/Lgqq < 2. We then compare the estimated Ry to
the responsivity-weighted radius of the orange passband R, (c
times the orange transfer function centroid), finding only 42.4
per cent of the sample have R/R, > 0.1, and of those quasars,
89.8 per cent are in bins 1-3. It is difficult to quantify what effect
on the expected delay this ratio will translate to without mod-
elling the temperature profiles explicitly as analytic prescriptions
often fail to describe the innermost regions when r1 < 100 (K.-
y. Watarai 2006). Irrespective, we see that significant fractions
of the expected emitting region are only expected to be affected
by photon trapping at larger redshifts where the ATLAS filters
probe the inner radii. As we see examples of larger lags in higher
Eddington ratio quasars across the entire redshift range, photon
trapping is unlikely to be the sole driver of the effect seen.

It is unclear whether an alternative explanation lies in the rela-
tion between disc scale height and Eddington ratio. As Eddington
ratio increases, so does the predicted scale height of the disc (M.
A. Abramowicz et al. 1988; A. Laor & H. Netzer 1989) but with
a concave radial profile (02Hp/0R? < 0). Only in the case of a
convex disc scale height profile (0>°Hp/dR? > 0) do we expect
delay times to grow (D. A. Starkey et al. 2023) as the incident
angle of X-rays onto the disc becomes stronger at larger radii (as
opposed to the concave case where the disc is self-shielding and
has the steepest incidence angle in the inner regions). Clearly,
more complex modelling is needed to rule out whether Eddington
ratio-dependent delays can be explained by structural changes in
the accretion disc over other potential confounding effects.

Given the large degree of diffuse BLR contamination in our
continuum delays, the observed Eddington ratio dependence may
only indirectly trace accretion disc changes and instead be pri-
marily driven by changes in BLR structure. Eddington ratio has

been identified as the primary driver of spectroscopic diversity
in AGNs as categorized by the four-dimensional eigenvector 1
(4DEL1) space (T. A. Boroson & R. F. Green 1992; J. W. Sulentic
et al. 2000, 2007; P. Marziani et al. 2010). This highlights a key
dependence of BLR structure on L/Lggq (possibly through BLR
column density; X.-B. Dong et al. 2011). Detailed theoretical work
modelling BLR structure is beyond the scope of this paper but is
necessary to help disentangle how much of our measured inter-
band delays belong to the BLR and how much residual accretion
disc signals will depend on Eddington ratio.

5.3 Iron contamination

Motivated by the presence of broad line emission in our con-
tinuum delays (Section 5.1), we explore whether the relative
strength of iron emission in our quasars influences the recov-
ered inter-band delays. As reverberation mapping lags having
been successfully measured for the optical Fell complex (A.
J. Barth et al. 2013), some fraction of iron emission must re-
spond to variations in the ionizing continuum and contaminate
our inter-band continuum delays. As one of the most distant
BLR regions (A. J. Barth et al. 2013; D. Chelouche et al. 2014;
M. Marinello et al. 2016), Fe Il emission may have an appre-
ciable effect on our measured delays even with smaller EWs
(<200 A).

We measure lags using the Feur EW divided subsets con-
structed in Section 2.1.4, finding longer delays in quasars with
stronger optical Fe 11 emission and no discernible difference with
UV Fe11 (Fig. 15). The FWHM of the UV and optical iron com-
plexes are comparable in magnitude and correlated across the
AGN population (C. Hu et al. 2008; H. A. N. Le & J.-H. Woo
2019; J. Kovagevi¢-Dojeinovi¢ & L. C. Popovi¢ 2015), suggesting
these two complexes originate from similar regions within the
BLR. However, the emission behaviour between the two regimes
differs, with the UV iron complex emitting more asymmetrically
(emitted preferentially towards the centre) due to the higher
optical depths and optical iron emission being more isotropic
(G. J. Ferland et al. 2009), reconciling previous issues with the
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Figure 15. Similar to Fig. 14, but now split by Fe 11 EW. Higher optical Fe i1 EW sources display longer lags, with no notable difference when splitting

by UV Fe11 EW.

UV/optical emission ratio (J. A. Baldwin et al. 2004). The two
regimes are also expected to behave differently at the high column
densities required to explain the systematic redshifts of Fe 11 (C.
Hu et al. 2008; H. A. N. Le & J.-H. Woo 2019). At these high densi-
ties, optical Fe I1 emission (relative to H 8) is expected to increase
with increasing column density (which is the theorized connector
between L/Lgqq and BLR spectral properties X.-B. Dong et al.
2011), whereas UV Fe 1 emission (relative to H 8) saturates (G.
J. Ferland et al. 2009). Reflecting previous literature (X.-B. Dong
et al. 2011), we also see a moderate correlation between optical
Fe1r EW and L/Lgqq and weak anticorrelation between UV Fe 11
and L/Lgqq. As the EWs between the UV and optical complexes
are of similar magnitude and show no redshift evolution (Fig. 3),
a delay dependence on optical Fe 1l and not UV is likely due to
confounding factors from the systemic differences in their physics
rather than a differing degree of continuum band contamination
to our delays. More theoretical modelling is needed to rule out
whether the effect seen here may be due to optical FelI repro-
cessing.

We aim to examine a delay dependence on BLR structure more
directly by using Ry, a principal variable in classifying AGN spec-
troscopic diversity (J. W. Sulentic et al. 2000; P. Marziani et al.
2010). We measure delays for the Ry, divided subsets established
in Section 2.1.4. As expected (due to the inherent correlation with
L/Lgqq), we find longer lags in quasars with higher FeI ratios
(in both the optical and UV regimes; Fig. 16). Fig. 17 shows the
distribution of Eddington ratios in our quasars for the optical
plane of the 4DE1 space and its UV analogue. Broadly following
theoretical predictions for the optical diagnostics (R. Zamanov
& P. Marziani 2002), we see our quasars are in a regime where
Eddington ratio is more strongly separated by H 8 FWHM than
Rr.. We still do see appreciable Eddington ratio separation by
subdividing at the median optical R, value, confirming that the
distributions and mean values of log(L/Lg4q) are significantly
different with a Kolmogorov-Smirnov test and two-sample -test,
respectively. We note that this separation in Eddington ratio is
also present with UV R, but to a much lesser degree, perhaps
owing to the weaker relationship between the UV Fe II emission
and Eddington ratio.
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Despite the much weaker relationship with Eddington ratio,
the UV Rg-divided subset achieves a similar magnitude effect on
inter-band delays to dividing directly by Eddington ratio (com-
paring panels 1-6 in Figs 14 and 16). As the ratio of UV Fe 11 EW
to Mg 11 EW may serve as a proxy for chemical enrichment (G. De
Rosa et al. 2011), this may signal a metallicity dependence in our
delays (although this ratio is dependent on excitation conditions
in the BLR and not solely on Fe abundance; J. A. Baldwin et al.
2004). Discs with high iron content may have inherently differ-
ent disc structure (Y.-F. Jiang, S. W. Davis & J. M. Stone 2016) with
more powerful intrinsic disc variability (Y.-F. Jiang & O. Blaes
2020). If such a metallicity dependence is present, it runs counter
to the previously seen anticorrelation of continuum delays with
Fe 11/Mg 11 EW ratio (Y.-F. Jiang et al. 2017). We, however, have a
much larger sample size to simultaneously control for luminosity
and wavelength effects. Unfortunately, we lack the sensitivity to
further divide our sample to separate out the potential UV Rg.
effect from the L/Lgqq effect and any other BLR structural depen-
dencies.

5.4 High outflow lags

The physical conditions in AGNs can give rise to outflowing
winds as material is ejected from the accretion disc. Such a model
is generally used to explain the blueshifted C1v absorption (N.
Murray et al. 1995) and emission (K. M. Leighly 2004; G. T.
Richards et al. 2011) features seen in the ultraviolet spectra of
AGNs. Evidence for C 1v outflows is often more strongly present
in high mass, high Eddington ratio AGNs (A. L. Rankine et al.
2020; M. J. Temple et al. 2023) where the ionizing continuum is
softer (as indicated by decreased He i1 EW) and radiation line-
driving mechanisms are likely dominant (M. Giustini & D. Proga
2019).

The presence of disc winds may help explain the inter-band
delay behaviour seen here and in the literature. The ejection
of material from the disc creates a radially dependent mass-
accretion rate, flattening the temperature profile and requiring
hotter overall normalization in the outer disc to recover observed
luminosities. In this picture, a greater fraction of the variable and
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Figure 17. Distribution of quasars in the plane of low-ionization line
FWHM and iron ratio. The distribution is coloured by the median
log(L/Lgqq), illustrating the correlation with Rp.. This correlation is less
strong with the UV R, diagnostic.

static emission comes from more distant radii than expected in
the SSD model, explaining the inflated size measurements (Y.-
P. Li et al. 2019; M. Sun et al. 2019). Alternatively, this spectral
reddening could shorten delays, with a weaker ionizing contin-
uum (for fixed UV-optical luminosity) lessening the contribution
from variable BLR emission to continuum band delays (H. Netzer
2025).

The effects of winds on continuum-band delays are generally
discussed in the context of quasars with broad absorption lines
(BAL quasars) in the UV or high column density obscuration in
the X-ray. Both properties are variable on the time-scales of days
to years, with the two often varying in tandem (J. Ebrero et al.
2016; M. Mehdipour et al. 2022; E. R. Partington et al. 2023).
These obscuring winds have been linked to longer continuum (C.
Lewin et al. 2024, 2025) and UV BLR delays (Y. Homayouni et al.
2024). This correlation is interpreted as the ejected material re-
processing the incident X-ray/disc emission (C. Lewin et al. 2025)
which has the potential to explain the increased delay signal seen
in AGNs (S. Hagen & C. Done 2023; S. Hagen, C. Done & R.
Edelson 2024).

Given the lack of available time-coincident observations of
any X-ray obscuring or UV absorbing winds in our large sample,
we test for disc wind effects in our lags via a proxy: strong C1v
emission line outflows. Reconstructed BAL quasar C IV emission
line profiles are co-located with their non-BAL counterparts in
C1v EW-blueshift space, with a corresponding non-BAL quasar
available with equivalent properties (luminosity, black hole mass,
Eddington ratio, He1r EW) for each BAL quasar (A. L. Rank-
ine et al. 2020). This suggests that these two classes of quasars
are not distinct but come from the same underlying population.
Observing a broad absorption trough may thus be a phase or
time-dependent property, with several AGNs seen transitioning
between BAL and non-BAL states (N. Filiz Ak et al. 2012; J. A.
Rogerson et al. 2018; Sameer et al. 2019). By splitting our sample
by C1v emission line blueshift, we hope to preferentially select a
population of quasars with the largest potential effect should they
enter a BAL state, as the strongest absorption troughs are seen in
quasars with more blueshifted C 1v emission (A. L. Rankine et al.
2020; P. Rodriguez Hidalgo & A. L. Rankine 2022).

For our subsample of quasars with good quality C1v blueshift
measurements, we split our sample according to Section 2.1.5.
This maintains reasonable sample sizes in panels 1-3 of our bin-
ning scheme. We redefine our five uniform log(ALsp0) bins to
reflect the changes in luminosity range. Without redistributing
objects, we do not have sufficient sample counts in our lowest and
highest luminosity bins. Having only three bins per rest-frame
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panel inhibits our ability to assess if trends are real or spurious
under the uncertainties. High C 1v blueshift bins do have notably
lower counts across the parameter space.

Fig.18 (left) compares delays measured in quasars with and
without strong C1v emission line outflows. Overall, delays are
consistent with the more well-constrained main sample, al-
though there is larger scatter in the more blueshifted C1v bins
likely owing to the smaller number statistics. A slight preference
for longer lags in quasars with more blueshifted C1v emission
is seen in panels 1 and 2, with an inversion of this behaviour in
panel 3. Such rapid changes in behaviour at adjacent redshifts
imply a localized wavelength effect, perhaps stemming from the
direct contamination of the cyan filter by the C1v line. As C1v
blueshift is anticorrelated with equivalent width, it is difficult to
disentangle the effects of the two line properties for the contami-
nated redshift bins. If the default behaviour implies longer lags in
quasars with less blueshifted (i.e. larger EW) C1v emission (i.e.
panel 3), then the shorter delays observed in panels 1 and 2 may
stem from the greater contribution from the more distant BLR
to the leading cyan band. This conclusion is difficult to verify as
there is only one uncontaminated redshift bin with correspond-
ing C1v information available.

Physical explanations for longer lags in our low blueshift popu-
lations may lie in the link between C 1v morphology and the SED
of the EUV continuum (M. J. Temple et al. 2023). C 1v blueshift
is anticorrelated with the Herm EW (A. Baskin, A. Laor & F.
Hamann 2015; A. L. Rankine et al. 2020; M. J. Temple et al. 2023)
which, as a recombination line, serves as a proxy for the number
of ionizing photons above 54 eV. Thus, higher C 1v may signal a
softer/less luminous ionizing continuum, which would result in
a smaller Lyigryse /Laisk and measured delay (H. Netzer 2025). How-
ever, a delay dependence on other ionizing continuum proxies
(L[O 11 ]/L(H B)) has not been observed (H. W. Sharp et al. 2024).
Alternatively, He It EW may probe the BLR covering fraction seen
by the EUV continuum (although the former interpretation is
favoured; see discussion in A. Baskin, A. Laor & F. Hamann
2013). Quasars with less blueshifted C 1v emission (weaker He I
EW) would then have larger BLR covering fractions and thus
longer delays (H. Netzer 2022). Interestingly, we confirm with a
non-equal variance two-sample ¢-test that the high C 1v blueshift
objects have, on average, larger Eddington ratios. Again, with
only one band not directly probing C 1v emission it is difficult to
ascertain whether this is a universal trend acting in opposition to
the previously seen Eddington ratio dependence (Section 5.2) and
the C1v connection to the 4DE1 space (J. W. Sulentic et al. 2000,
2007).

We discuss an alternate hypothesis that longer lags are seen in
our low C1v blueshift sample due to contamination from BAL
quasars. While the fraction of quasars with broad absorption
troughs increases with C 1v emission line blueshift for fixed EW,
this fraction peaks below our chosen cut-off blueshift (see fig.
10 of A. L. Rankine et al. 2020). While quasars displaying broad
absorption troughs in C1v were removed from this subsample,
as this phenomenon is time-varying, our C 1V separated sample
may achieve a greater current fraction of BAL quasars in weakly
blueshifted C 1v bins. This may explain our previous interpreta-
tion of longer delays in these bins with previous evidence that
disc wind obscuration increases delay times (C. Lewin et al. 2024,
2025).

We attempt to probe delays in BAL quasars directly from their
historical SDSS flags. HiBALSs, which show absorption troughs
for high-ionization lines such as C1v, make up only 7 per cent
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of our sample in the three highest redshift bins (with no infor-
mation available at lower redshifts). We compare lags derived
from only these historic BALs to a non-BAL sample (removing
LoBALSs, HiBALs, and those whose status was unmeasurable)
in Fig. 18 (right). Results are broadly consistent with HiBAL
quasars exhibiting longer delays at the available wavelengths,
although these delays are less well constrained with such low
sample counts (some equivalent HiBAL bins are empty). Fur-
ther dispersion is expected as we use potentially outdated in-
formation about the time-variant BAL states. As our CIV in-
formation is obtained from observed-frame optical spectra, we
are unable to investigate whether this behaviour extends to
longer wavelengths as has been seen in other studies (C. Lewin
et al. 2024, 2025), highlighting the challenges of survey-based
investigations into disc wind properties. Clearly, future contin-
uum RM campaigns with coincident disc wind measurements
and more precise/wider wavelength coverage photometry are
needed to investigate the role of disc winds in inter-band delay
measurements.

5.5 Colouring lags by residual colour

While the standard model of N. I. Shakura & R. A. Sunyaev
(1973) accretion discs broadly explains the shape and strength of
AGN UV-optical continua, it fails to capture spectral behaviour
in detail. The NUV and FUV continuum slopes of AGNs are often
redder than predicted (E. W. Bonning et al. 2007; S. W. Davis, J.-H.
Woo & O. M. Blaes 2007) and appear bounded below the expected
a =1/3 (f, o v*) slope (X. Xie et al. 2016). Potential reasons for
the unexpectedly red continua include advection cooling in the
disc (H. Netzer & B. Trakhtenbrot 2014; A. Kubota & C. Done
2019), disc-wind outflows (O. Slone & H. Netzer 2012; A. Laor &
S. W. Davis 2014), and dust reddening (G. T. Richards et al. 2003;
D. M. Capellupo et al. 2015; D. Baron et al. 2016; X. Xie et al.
2016), all of which may induce longer lags. As such, we search
for a colour dependence in continuum delays here.

In Section 2.1.3, we established a broad distribution of colour in
our sample relative to a redshift-dependent median. After remov-
ing the red-tail, this distribution is approximately Gaussian. We
divide this residual colour distribution into three uniform bins
with the resulting lags shown in Fig. 19. We see delays are often
ordered by their residual colour, with redder quasars possessing
longer lags. The magnitude and coherence of this observed effect
is not uniform across our parameter space. The largest scatter
is seen in the lowest redshift bins where we have the smaller
number statistics (binning in 1/(1 + z)) and residual host-galaxy
contamination is most likely present. It is difficult to disentangle
whether this behaviour is separate from that seen in Section 5.2 as
several redshift bins have significant Spearman rank correlations
between Eddington ratio and residual colour (higher Eddington
ratio quasars are redder). With the larger scatter observed here in
the colour-separated delays, further subdividing this sample by
multicollinear explanatory variables is beyond the limits of our
data.

Internal AGN reddening presents a potential explanation for
these colour-dependent lags. Redder residual colours would then
indicate AGNs experience a larger degree of dust extinction and
have their luminosity more greatly underestimated (and hence
underestimating their delay times; C. M. Gaskell 2017; C. M.
Gaskell et al. 2023). As we control for the observed luminosity,
this presents as redder quasars having longer delays in their re-
spective panels. The hypothesis of dust reddening driving the ob-
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Figure 19. Similar to Fig. 14, now split by quasar residual colour into bluer, average, and redder quasars, respectively. Longer delays are seen in quasars

with increasingly red colours.

served delayed behaviour would be strongly supported if the red-
tail quasars excluded in Section 2.1.3 exhibited the longest lags.
Quasars belonging to the red-tail of the residual colour distribu-
tion are thought to be strong evidence of dust extinction in AGNs
(G. T. Richards et al. 2003). As a consequence of this dust redden-
ing, these very red quasars are among the faintest in our sample
with many hovering just above the minimum GaiaR, magnitude
(R, < 18). As GaiaR,, occupies similar wavelengths as the ATLAS
orange band, these very red quasars will be even fainter in the
cyan band, which is the limiting passband in this analysis. As a
result, there is insufficient signal to constrain delays for quasars in
the dust-reddened tail using ATLAS data, even with our stacked
methodology. The future Legacy Survey of Space and Time (LSST;
7. Ivezi¢ et al. 2019) will offer a fantastic opportunity to study
these very red quasars with its superior photometric sensitivity.
If dust reddening was responsible for colour-dependent delays,
then this may open up the exciting prospect of using continuum
delays to measure reddening laws in quasars.

With evidence of diffuse nebular emission contaminating our
delays, the observed colour-dependent lags may alternatively be
explained by a varying BLR covering factor. Quasars with larger
BLR covering factors would possess more strongly emitting BLR

regions relative to the accretion disc, lengthening delays (H. Net-
zer 2022). Such spectral signatures would also then be expected
in the time-average SEDs and photometric colours. In this pic-
ture, our colour dependence has a more nuanced interpretation
(unlike with the dust reddening case which is largely monotonic
with wavelength), as our colours are derived at a fixed observed-
frame wavelength. As the Balmer and Paschen continua are red-
der than the underlying disc continuum, when both filters probe
the same nebular emission, quasars with larger BLR covering
factors would appear redder and have longer delays. When fil-
ters straddle the Balmer jump, quasars with larger covering fac-
tors would have larger nebular emission contributions to the
cyan filter, making the time-averaged photometric colours appear
more blue and shortening the observed inter-band delay. As we
only have two filters, the differential delay operator that provides
evidence for this non-monotonic wavelength behaviour (Fig. 6)
does not rule out larger delay signatures in an absolute sense.
For example, redder quasars in panel 8 of Fig. 19 are seen to be
at least a factor three larger than anticipated in the SSD. This
same (spanning the Balmer jump) wavelength range is where the
observed-to-predicted delay ratio experiences its minima in our
main sample delays, perhaps signalling that the underlying disc
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lags (with less BLR contamination, i.e. redder residual colours
at this redshift) are still larger than previously anticipated. This
difference is more easily reconciled without revisions to accretion
disc theory in the dust extinction picture which behaves similarly
at all wavelengths.

6 SUMMARY AND OUTLOOK

We have analysed high-cadence ATLAS light curves to measure
some of the most precise population-level inter-band continuum
delays for ~9500 of the most UV-optical luminous quasars in the
sky. With our large sample size, we were able to correlate delays
over a range of quasar properties and help break degeneracies
between several population literature models. We summarize the
main findings of this work as follows:

(i) We test our ability to recover continuum band delays on
simulated data and demonstrate that selecting delays based on
significance introduces a bias towards longer lags (Fig. 9). When
we combine posterior estimates without significance cuts, no bias
is introduced, but with our data, the delay uncertainties are very
large. Only by stacking delay information at the inference level,
rather than combining individual posteriors, do we greatly im-
prove our ability to measure the underlying signal. Some benefit
is seen on the simulated data set when analysing only the more
well-correlated light curves, but we show that the inter-band
correlation is dependent on quasar colour (relative to a redshift-
dependent median; Fig. 10). As such, cutting by correlation biases
our sample towards bluer quasars.

(ii) Using the stacked methodology, we compile lags across a
range of redshifts (z ~ 0.3-2.5) and luminosities (AL3p ~ 10*-
10*7ergs™!). When we compare quasars within a given redshift
bin, we do not see an anticorrelation between the disc size dis-
crepancy and luminosity (Fig. 11). These findings disfavour the
CHAR model to explain our delays which predicts the aforemen-
tioned anticorrelation when controlling for light curve duration
and wavelength as done here. We further find a non-monotonic
trend of delay amplitude with rest-frame wavelength, disfavour-
ing the K21 model as the primary source of elevated disc sizes as
it predicts a monotonic change. We find our results are naturally
explained by diffuse contamination from the BLR, suggesting it
is commonplace in the wider AGN population.

(iii) After separating our sample by Eddington ratio, we ob-
served that quasars with higher Eddington ratios often prefer
longer lags (Fig. 14). This behaviour is observed across our red-
shift range, suggesting it is not solely driven by the advection
cooling of slim discs, which is expected to contribute significantly
only at higher redshifts in our sample. The increasing delay mag-
nitude is also unlikely to be from changes in disc scale height
with increasing Eddington ratio as the scale height profiles in
slim discs are predicted to be concave (M. A. Abramowicz et al.
1988; A. Laor & H. Netzer 1989) and thus produce shorter delays
(D. A. Starkey et al. 2023). Instead, given the strong evidence for
diffuse contamination in our delays, the observed Eddington ratio
dependence likely stems from its connection to BLR structure and
the 4DE1 space (J. W. Sulentic et al. 2007; P. Marziani et al. 2010).

(iv) We find evidence that delay magnitude increases with op-
tical Fe 11 EW, but not UV Fe 11 EW. Given the similar equivalent
width of the two regimes (and the lack of redshift dependence;
Fig. 3), we believe this is less likely to be evidence of a direct
response by the iron BLR, but instead related to BLR structure as
UV Fe 11is less dependent on L/Lgq4q than the optical complex (X.-
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B. Dong et al. 2011). We further find longer delays in quasars with
larger Rr. = Fe1I/H 8 (and the UV analogue Fe 11/Mg I11) which is
a principal variable in explaining AGN spectroscopic diversity (J.
W. Sulentic et al. 2000, 2007). As we see a similar magnitude effect
with Fe 11/Mg 11 as L/Lgq4q, While the two are more weakly related
(Fig. 17), this may signal a possible metallicity dependence in our
lags (G. De Rosa et al. 2011; J. Shin et al. 2019).

(v) Motivated by recent observations linking disc winds to ex-
cess continuum delays (C. Lewin et al. 2024, 2025), we test to
see if delays change with C1v emission line blueshift. We see
evidence that quasars with smaller C1v blueshifts have longer
lags, with this relationship inverting when the C1v line enters
the cyan band (Fig. 18, left). However, this relationship is difficult
to verify with only one panel not directly probing CIv emis-
sion and considering its inconsistency with the Eddington ratio
and 4DE] interpretation. We additionally examine the effect of
broad absorption lines by comparing delays between historically
confirmed BAL and non-BAL quasars. We find some evidence
of longer delays in BAL quasars, although this relation is more
tenuous given the low sample counts and transient nature of
BALSs. This transient nature may help explain our C 1v results as
BAL frequency is highest in the low C 1v blueshift subset of our
division of the C v EW-blueshift plane (A. L. Rankine et al. 2020).

(vi) We find a tendency for quasars with redder continua to
have longer lags (Fig. 19). There are several plausible mechanisms
that can create redder continua, including: slim discs, disc winds,
and dust reddening. We explored the first two mechanisms in-
dependently (see points iii and v, respectively). We are unable to
quantify whether residual colour or Eddington ratio is the driver
behind this trend, with both potentially being explained through
either dust reddening or a varying BLR covering factor. The hy-
pothesis of dust reddening would be more strongly supported
if quasars in the dust-reddened tail displayed the longest lags.
However, we are unable to further test this hypothesis as these
highly reddened quasars have the lowest SNR.

We have shown that lags may depend on several physical pa-
rameters, and disentangling them will require more precise mea-
surements over a larger parameter space than given here. While
we have shown how to extract a greater degree of signal from
light curves that individually struggle to constrain lags, testing
for all the different dependencies is expensive and non-feasible
(only so much independent information can be extracted). The
upcoming LSST survey will provide an excellent opportunity to
further study inter-band continuum delays and correlate them
with several physical parameters simultaneously as its superior
photometric precision will allow for measuring delays in thou-
sands of AGN individually (A. B. Kovacevi¢ et al. 2022; F. Pozo
Nuiiez et al. 2023). The deeper photometry of LSST will also allow
us to examine delays in the dust-reddened tail of the AGN colour
distribution, further shedding light onto the potential role of dust
extinction in continuum RM.
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APPENDIX A: DELAY PIPELINE DEPENDENCY

We investigate what influence our analysis pipeline choices have
over the measured delays to ensure that we are not introducing
any systematic biases through these decisions. We choose the
main sample as our representative validation set for the real data.
This sample is where we have the greatest number of statistics
and thus where any potential biases may be best separated from
noise. Two possible concerns include whether homogenous de-
trending of light curves removes genuine physical variability and
whether binning without concern for cadence suppresses short-
term features. Both, if present, would distort the correlation struc-
ture and hence our inter-band delays. As such, we display our
fiducial choices alongside two other comparative applications of
ICCF and JAVELIN with/without binning and without stacking
(Fig. A1).

Results from ICCF seem to qualitatively prefer the detrended
approach in more panels (1, 6-10) than not (2-5) based on the
a priori expectation that delays follow a power-law scaling with
luminosity at fixed redshift. We additionally compare ICCF per-
formance with and without detrending on the simulated data set
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and find detrending is necessary for lag recovery, reflecting ear-
lier recommendations in the literature (W. F. Welsh 1999). This
detrending helps remove the low-frequency components of light
curves, which contribute more significantly than high-frequency
components to the construction of the CCF (W. F. Welsh 1999;
R. Vio & W. Wamsteker 2001), thus improving our ability to con-
strain delays on short time-scales. We find detrending important
here as a form of local normalization, which helps reduce spu-
rious correlations in time series with large autocorrelation (R.
T. Dean & W. T. M. Dunsmuir 2016), as is common for systems
like AGNs where physical limitations of variability impose depen-
dence on previous epochs (B. C. Kelly et al. 2009).

In Fig. Al, we see JAVELIN performs better on light curves
without detrending. Detrending here appears to introduce a sys-
tematic bias towards smaller lags (most notably in panels 5-10).
Again, this behaviour is reflected in the simulated data. JAVELIN
is biased when additional sources of variability are present that
are not described by the assumed linear response (one light curve
is a shifted, smoothed, and scaled version of the other; equation
5). As we detrend each filter independently with a quadratic fit,
we may be artificially introducing additional long-term variability
outside of the model assumption, particularly in noisier light
curves where the common long-term trends may be masked (we
see a notable decrease in inter-band correlation when detrending;
see Fig. 8).

Our findings suggest that each algorithm does not optimally
perform on the same light curve set, with or without detrend-
ing. Ideally, we would compare these methods on the same set
of curves as detrending removes some longer term variability
that may be associated with reprocessing from the BLR (E. M.
Cackett et al. 2022; C. Lewin et al. 2023) or intrinsic disc vari-
ability (P. Uttley et al. 2003; E. Breedt et al. 2009; J. V. Hernan-
dez Santisteban et al. 2020) that propagates oppositely to X-ray
reprocessing lags (P. Z. Yao et al. 2023; J. M. M. Neustadt et al.
2024). We find that this mismatched comparison is necessary to
compute reliable lags with each method. We also note that these
recommendations are also verified on simulated data for which
only the disc reprocessing scenario is present. Given this, and
the overall consistency between detrending and not detrending
with each algorithm, we do not see strong evidence that choosing
one or the other significantly biases the presence of other delay
phenomena.

Previously, we discussed (see Section 4.3) how selecting indi-
vidual inter-band delays based on significance cuts, inter-band
correlation, and fractional variability can bias the population dis-
tribution of lags. Thus, to compare our stacked lags to the individ-
ual object measurements, we compute running median (and 16th
and 84th percentile) trends based on the complete, individual lag
population. Individual delays are measured using the optimal de-
trending choice for each algorithm in the stacking scenario. Fig.
A1 shows that the joint distribution of individual JAVELIN delays
is remarkably similar to the stacked approach, but with much
larger uncertainty. While the distribution of individual ICCF de-
lays broadly matches those of the stacked approach under the
uncertainties, the individual estimates do seem to favour shorter
delays. It is difficult to verify whether stacking ICCF is smoothing
out short-time-scale structure in the CCF and lengthening delays
without also testing a finer time step resolution in the CCF, but
given the consistency with the JAVELIN lags, we find it more likely
that the individual ICCF estimates are biased.

Given our success with inferring joint delays, we test whether
delays can be further improved by renormalizing light curves to

MNRAS 548, 1-27 (2026)
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Figure A1l. Comparison between the detrended and not detrended stacked delay approaches for ICCF (top) and JAVELIN (bottom) for the main sample.
A running median (and 16th and 84th percentiles) derived from applying each algorithm to the individual light curve pairs is also displayed. Delays with

multiple peaks in their posterior distributions have reduced opacity.

a common scale (by dividing by their maximum value). Renor-
malization does not affect ICCF as light curves are renormalized
in calculating the Pearson correlation coefficient. For JAVELIN,
we observe this renormalization has an adverse effect on the
recovered delays in both the real and simulated data. This effect
is more notable in light curves without detrending as we may
artificially inflate the importance of light curves that do not show
strong long-term variability, with the shorter time-scale fluctua-
tions being closer to the order of the photometric noise, and hence
diluting the signal.

APPENDIX B: LIGHT CURVE PROPERTIES
AND THEIR INFLUENCE ON JOINT DELAYS

During our analysis, we identified that jointly fit delays were
poorly constrained in some bins. These bins are identified by ei-
ther possessing much larger uncertainties than their peers and/or
multiple peaksin the posterior delay distributions. We compile all
the lags measured during this work on real data finding approx-
imately 27 per cent of ICCF and 11 per cent of JAVELIN delays
possess more than one posterior peak (as defined in Section 4.4).
The < 9 per cent of bins with delay semi-amplitude uncertainties
(Atg4-16/2) larger than 10 d belong almost exclusively to this
multipeaked population.
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We investigate which light properties influence whether mea-
sured delays are poorly constrained by fitting a random forest
model to predict whether a delay distribution will have multi-
ple peaks using properties such as the number of constituent
light curve pairs, the level of long and short-time-scale inter-
band correlation, and the median relative uncertainty, fractional
variability, and (median/minimum) cadence in each passband.
The models achieve Area Under the Curve (AUC) scores on a 25
per cent (of all delays) validation set of 0.84 and 0.90 for ICCF and
JAVELIN, respectively. We compute permutation feature impor-
tances for each model, identifying important predictors in long-
time-scale inter-band correlation and median relative photomet-
ric error for JAVELIN, and short-time-scale inter-band correla-
tion for ICCF. We see visually that the distributions of these pre-
dictors between unimodal and multimodal delay populations dif-
fer and confirm with a Kolmogorov-Smirnov test. For JAVELIN,
multipeaked behaviour occurs in regions with high inter-band
correlation and low median relative photometric error. While
these regions are where we would expect to best constrain lags,
the additional important requirement is that the bin has a small
number of objects (< 20). We compare the composite distribution
of individual JAVELIN runs to the joint fit for several offending
bins finding that JAVELIN either begins to resolve the individual
delay signals or struggles to converge when the individual signals
are confidently disparate and few in number. Whether this dis-
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Figure B1. Semi-amplitude (uncertainty) of measured stacked delays
against the number of contributing light curve pairs in each bin using
both ICCF (blue) and JAVELIN (orange). Power laws with freely varying
amplitude and slope are fit to each algorithm (solid lines), along with a
fixed N~1/2 relation intersecting the median error (dashed lines). Bins
where posterior lag distributions showed more than one peak are indi-
cated by stars rather than circles.

parate behaviour spuriously arises from our random sampling of
an unfavourable variability episode or some uncontrolled binning
parameter is unclear. At this stage, there does not appear to be
any systematic issues with JAVELIN that are not explained by
poor sample statistics. For ICCF, multimodal posteriors occur
regardless of the number of constituent objects, primarily when
short-time-scale inter-band correlation is low and spurious peaks
in the CCF become more common. As such, ICCF does not per-
form equally well across our parameter space, disfavouring faint
and redder objects and reaffirming our choice in JAVELIN as the
preferred lag algorithm.

The remainder of the quoted stacked delay uncertainties out-
side multimodal bins can be largely explained by the number of
constituent light curve pairs contributing to the estimate. Fig. B1
shows both ICCF and JAVELIN posterior delay semi-amplitudes
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Figure B2. Comparison of the semi-amplitudes measured by the stacked
approach to those derived from the expected SSD delay distribution
in each bin. The black dashed line represents the one-to-one relation.
Similarly, bins where posterior lag distributions showed more than one
peak are indicated by stars rather than circles in blue (orange) for ICCF
(JAVELIN).

scale more shallowly than expected for a statistical noise-limited
system (ox 1/+/N, where N is the number of objects), although
a visual comparison maintains oc 1/+/N is still somewhat con-
sistent. The displayed fits do not include the multimodal mea-
surements (shown by stars) which are seen to have systemati-
cally larger uncertainties as expected. While the quoted uncer-
tainties do improve with increased number statistics, they appear
bounded by the inherent dispersion in the predicted SSD delay
distribution (Fig. B2), suggesting delay errors are not significantly
underestimated. Although we do note as per our discussion in
Section 5.1, we are likely limited by systematic uncertainties re-
garding our bin compositions.
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