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ABSTRACT

Powered by supermassive black holes at their centers, quasars are among the most luminous objects in the Universe, serving as
important probes of cosmic history and galaxy evolution. The size of the accretion disc surrounding the black hole is a critical
parameter for understanding quasar physics and their potential use as standard candles in cosmology. However, direct measurements
of accretion disc sizes have so far been confined to the Local Universe (z < 0.2), limiting our understanding of quasars during the
peak of cosmic activity. Here, we report the first direct measurement of the accretion disc size in the quasar QSO J0455-4216 at
z = 2.66, when the Universe was only ∼2 Gyrs old. Medium-band filters mounted on the MPG/ESO 2.2-metre telescope at La Silla
Observatory were used to isolate continuum emission regions during a six-month monitoring campaign. The light curves exhibit
pronounced variability features and enabled the detection of inter-band time delays from different parts of the disc. We mapped the
disc and located its ultraviolet-emitting outermost region at 3.02+0.33

−0.57 light-days from the black hole (∼500 AU). Given a supermassive
black hole 900 million times the mass of the Sun, these measurements validate accretion disc theory at an unprecedented redshift and
pave the way for efficient black hole mass estimates, reducing decades-long spectroscopic reverberation campaigns to just a few years
or less.
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1. Introduction

Gas accretion is a fundamental process in the Universe, under-
pinning many of the phenomena we observe today. From the
formation and evolution of cosmic filaments within large-scale
structures (Vossberg et al. 2019) to the birth of stars and planets
(Haffert et al. 2019) in galaxies, and even the dynamics of com-
pact objects, gas accretion drives cosmic evolution (Scoville et al.
2023; Soliman et al. 2023). At the centres of most galaxies lie
supermassive black holes (SMBHs; Ferrarese & Merritt 2000;
Mountrichas 2023), which, under certain conditions, can become
the most luminous objects in the Universe. These active galactic
nuclei (AGNs or quasars) emerge when the SMBH accretes matter
at high rates, forming a radiatively efficient and geometrically thin
accretion disc (Netzer & Trakhtenbrot 2014). This phase is criti-
cal for understanding the growth of SMBHs throughout the his-
tory of the universe since significant mass accumulation can occur
during these periods (Trakhtenbrot et al. 2011). The Shakura &
Sunyaev (Shakura & Sunyaev 1973) accretion disc theory (SS73)
is commonly used to describe this process, although other frame-
works exist (Abramowicz & Fragile 2013). However, accretion
discs in high-redshift quasars remain spatially unresolved by cur-
rent observational technologies, necessitating indirect methods
to infer their properties. One such method is reverberation map-
ping (RM) in its spectroscopic (Gaskell & Sparke 1986; Peterson
1993) and photometric forms (Haas et al. 2011; Pozo Nuñez et al.
2012). It takes advantage of variability, rather than spatial reso-
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lution, significantly advancing our understanding of the size and
structure of accretion discs in AGN within the Local Universe.

Here, we present the results of a dedicated photometric RM
campaign focussed on the quasar QSO J0455-4216 (z = 2.66;
Lira et al. 2018) conducted using medium-band filters mounted
on the MPG/ESO La Silla 2.2 m telescope. The filters were care-
fully selected to study the variability of the continuum, while
minimizing contamination of emission lines from the broad-line
region (BLR; Pozo Nuñez et al. 2017; Chelouche et al. 2019;
Pozo Nuñez et al. 2019). The high quality of our light curves and
the distinct variability features enabled us to examine the tem-
poral structure of the emission and the origins of the observed
delays in unprecedented detail. Our analysis reveals that the disc
transfer function is capable of reproducing the main features in
the observed light curves, with indications that the contributions
from the BLR and diffuse continuum regions are limited. This
result supports the interpretation that the wavelength-dependent
delays observed in QSO J0455-4216 are largely governed by the
disc reprocessing geometry, rather than substantial reprocessing
in the BLR or diffuse continuum regions.

2. Observations and data

Photometric observations of QSO J0455-4216 were conducted
between October 2023 and April 2024 using the Wide Field
Imager (WFI) camera mounted on the MPG/ESO La Silla 2.2-
meter telescope as part of an ongoing reverberation mapping cam-
paign focussed on high-redshift quasars. This luminous and mas-
sive quasar (Lbol = 8.25 × 1047 erg s−1 and MBH = 8.9 × 108 M�)
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Fig. 1. Multi-band light curves of QSO J0455-4216. Variability of
around 7% is observed across all wavelengths for the entire campaign
(6 months), while a smaller variability of about 5% is present within
individual months of observations. Micro-variability on the order of
2%–3% is evident on timescales of days, with delayed features between
bands of a few days. For comparison, the light curve of a representative
reference star in the field used in constructing the AGN light curves is
shown at the bottom. Dotted lines indicate a 1% variability and all light
curves are vertically shifted for clarity.

was selected because it was part of one of the longest (>10 years)
RM campaigns monitoring the CIV BLR (Lira et al. 2018). The
WFI is outfitted with a set of 26 medium-band filters, four of
which were specifically selected for these observations based on
the redshift of QSO J0455-4216, to capture primarily AGN con-
tinuum variations. These filters have central wavelengths (and
FWHM) of 4858 (315), 5315 (255), 6043 (277), and 7705 (257) Å,
enabling efficient observations, while minimizing contamination
from emission lines (see Fig. A.2). The images were reduced using
standard procedures for image processing, including bias sub-
traction, flat-field correction, astrometry, and correction for astro-
metric distortions. The light curves were extracted using aperture
photometry relative to six non-variable stars located within a 20′
radius around QSO J0455-4216. Figure 1 shows the normalized
light curves of QSO J0455-4216, including a representative ref-
erence star in the field. The high quality achieved in the reduced
images allows us to measure the nuclear flux with a photometric
precision of 0.2–0.3 per cent.

In addition to the photometric monitoring, we obtained an
optical spectrum of QSO J0455–4216 on 14 February 2024 with
the Goodman Spectrograph (Clemens et al. 2004), mounted on
the 4.1-m Southern Astrophysical Research (SOAR) Telescope.
The data reduction included bias subtraction, flat-field correc-
tion, cosmic ray removal, sky subtraction, and a wavelength and
flux calibration. We refer to Appendix A for more details on the
data reduction.

3. Results and discussion

3.1. Optical light curves and time delays

The observed light curves (Fig. 1) exhibit a variability with
an amplitude of about 7% and typical uncertainty measure-
ments of 0.2%. Given the high luminosity and redshift of this
quasar, its short-timescale variability may be classified as micro-
variability. Furthermore, the light curves exhibit highly corre-
lated features, with a Pearson correlation coefficient of 0.9.
This strong correlation suggests that the variability originates

Fig. 2. Observed time delay spectrum. The shaded regions represent
the time delay (τ) probability distributions obtained using the GPCC
method (Pozo Nuñez et al. 2023b), with black dots indicating the most
likely delay corresponding to the peak of each distribution. The solid
line denotes the expected delay from an optically thick, geometrically
thin accretion disc irradiated by a lamp post geometry. A summary of
the physical parameters used in the model, including the black hole
mass (MBH), luminosity (λLλ1350 ), and redshift (z), is provided.

from regions with similar physical conditions, with the primary
distinction being the time delay between them. The measured
time delays to the reference wavelength 4858 Å are shown in
Fig. 2. The delay spectrum follows a trend consistent with pre-
dictions derived from a SS73 thin accretion disc model irra-
diated by a so-called lamp-post geometry (Cackett et al. 2007;
Edelson et al. 2019; Kammoun et al. 2023; Pozo Nuñez et al.
2023a). Additional delay measurements obtained using various
methods (Fig. B.1) yielded a comparable trend, underscoring the
robustness of the observed delay spectrum.

3.2. Modelling the accretion disc response

The high quality of the light curves and the distinct variabil-
ity features enabled us to examine the temporal structure of
the emission and the origins of the observed delays in unprece-
dented detail. While variability is often attributed to the disc’s
reprocessing layer, recent studies have shown that optical contin-
uum time delays can be significantly affected by diffuse contin-
uum emission (DCE) from BLR clouds (Korista & Goad 2019;
Chelouche et al. 2019; Netzer 2022). Thus, even though the
delayed emission largely reflects accretion disc reprocessing,
a non-negligible DCE component could bias the inferred lag
spectrum if left unaccounted for. To disentangle these effects,
we reconstructed the transfer functions associated with both the
inner accretion disc and the extended reprocessing region of the
BLR. In doing so, we explicitly considered the contributions
from DCE and line emission. This approach allows us to test
whether the observed variability can be fully explained by the
accretion disc or if a fraction of the emission at different wave-
lengths arises from diffuse, extended BLR gas.

To interpret the wavelength-dependent continuum time
delays, we adopted the standard SS73 thin accretion disc
model combined with a lamp-post geometry, in which a com-
pact corona illuminates a geometrically thin, optically thick
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Fig. 3. Left: Normalized accretion disc transfer functions Ψ(τ|λ) for
the four photometric bands: 4858 Å (blue), 5315 Å (green), 6043 Å
(orange), and 7705 Å (red). As predicted by standard thin-disc (SS73)
and lamp-post models, the transfer functions broaden with increas-
ing wavelength. Longer-wavelength emission arises from larger radii,
resulting in longer time delays due to the greater light travel distance.
Right: Observed normalized continuum light curves (points with error
bars) compared with model predictions. Dashed lines show the results
from a single-band modelling approach, in which a latent signal is
inferred independently for each filter. Solid black lines show the model
light curves computed from the joint GPCC-inferred latent signal, con-
volved with the corresponding transfer functions. The shaded regions
represent the 1σ uncertainties propagated through the model scaling
process; see Appendix C.1 for details.

disc. A detailed description of the model implementation
is provided in Appendix C.1. We used the black hole mass,
MBH = (8.9 ± 1.8) × 108 M�, derived from the CIV line veloc-
ity dispersion of 3865 ± 176 km s−1 measured in the SOAR
spectrum, employing the single-epoch scaling relation from
Vestergaard & Peterson (2006). This value is consistent, within
the uncertainties, with the SE mass of 1.88 × 109 M� reported by
Lira et al. (2018). The bolometric luminosity and, consequently,
the accretion rate, Ṁ, was estimated using the rest-frame 1350 Å
continuum, traced by our observed 4858 Å band. Specifically, we
adopted the bolometric correction, LBol = 3.81 × λLλ(1350 Å),
following Panda et al. (2024a). The monochromatic luminosity,
λLλ at 1350 Å is 8.25 × 1046 erg s−1, which shows no significant
difference from the 7.59 × 1046 erg s−1 reported by Lira et al.
(2018) nearly a decade ago.

The accretion disc transfer functions are shown in Fig. 3,
with the corresponding model’s light curves compared to the
observed continuum variability. Our aim is not to provide a best-
fit model for the light curves, as we kept the physical parame-
ters fixed and we did not optimize them. Instead, we focus on
demonstrating how well the models resemble the observed light
curves in a qualitative way. The model light curves are computed
by convolving disc transfer functions with latent driving signals.
We explore two approaches: a single-band approach, where the
latent signal is inferred independently for each filter, and a joint
analysis, where a single latent signal is reconstructed simulta-
neously using all filters via the GPCC method. The single-band
modelling is particularly useful in practical scenarios where only
a few filters may be available. In contrast, the joint approach
offers a more physically consistent reconstruction of the com-
mon ionizing source. More details are given in Appendix C.1.

While the models closely match the observed light curves
at shorter wavelengths, a noticeable discrepancy arises in the
7705 Å band. The model at this wavelength appears more
smeared out compared to the sharper variability features seen in
the observations. This implies that the 7705 Å emission may not

Fig. 4. Left: DCE transfer function, centred at 162 light days based on
the mean emissivity radius of the CIV BLR, is significantly broader
than the accretion disc transfer function at 5315 Å shown in the inset.
Its pronounced double-peaked structure is expected from a disc-like
BLR geometry (i = 40◦), resulting in longer and more complex light-
travel delays than in the compact inner accretion disc region. Right:
Observed light curve at 5315 Å (green points) compared to various mod-
els. The pure accretion disc model (i = 0◦; blue) reproduces variability
consistent with the expected broadening from the disc transfer func-
tion alone. Introducing a moderate 3.9% DCE contribution (magenta)
slightly smooths the variability amplitude. Increasing the DCE fraction
to 50% (orange) or 100% (red) overly smooths the light curve, failing
to replicate its sharp variability features; see Appendix C for details.

be dominated by the outermost disc regions as anticipated. This
discrepancy can be attributed to the broader transfer function at
longer wavelengths, which naturally smooths the signal as the
light-travel time delays span a wider range of radii in the outer
disc. If, however, we artificially narrow the transfer function for
the 7705 Å band to resemble those of the shorter wavelengths,
the model reproduces the observed variability more accurately
(not shown). This suggests that the emission contributing to the
7705 Å band might not strictly originate from the outermost
regions of the accretion disc, as predicted by the standard SS73
theory. Instead, it could trace contributions from regions closer
to the inner disc, where the variability remains sharper. This sce-
nario could also explain the deviation seen for the 7705 Å band
in the time delay spectrum shown in Fig. 2.

A non-negligible contribution from DCE, which is expected
to originate in the BLR, could affect the delay measurements.
To assess this possibility, we performed photoionisation sim-
ulations to quantify the wavelength-dependent contribution of
DCE to the observed flux. In modelling the temporal variabil-
ity, we account for this inferred DCE by assuming a BLR com-
posed of clouds in Keplerian orbits within a disc-like geometry
(Pozo Nuñez et al. 2023a). The DCE contribution to the variabil-
ity is incorporated as an additional convolved component, with
its fractional contribution derived from our photoionisation sim-
ulations (see Appendix C.2 for details).

Figure 4 illustrates the effect of DCE on the observed variabil-
ity and highlights how its inclusion modifies the overall light curve
compared to a pure accretion disc model. In the left panel, we
show the DCE transfer function, assuming a centroid correspond-
ing to the mean emissivity radius of the CIV BLR as obtained
by Lira et al. (2018), which is 162 light days. For comparison,
the inset shows the much narrower AD transfer function for the
5315 Å band, which reflects the light-travel time delays across the
AD. The sharp difference in the widths of the two transfer func-
tions highlights the inherently longer delays and broader smooth-
ing effects associated with the BLR DCE component compared
to the accretion disc. In the right panel, we compare the observed
light curve to several model scenarios. The blue curve shows
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the model light curve considering only the AD contribution,
demonstrating the expected variability amplitude and structure
from the AD transfer function alone. A modest DCE contribution
slightly smooths the variability amplitude, but still qualitatively
matches the observed light curve. For illustrative purposes, we
also included models with higher DCE contributions. As the frac-
tional contribution of DCE increases, the amplitude becomes
progressively damped and the light curve is smoothed, clearly
departing from the variability patterns predicted by the accretion
disc alone. A 50% DCE contribution already produces a signif-
icant smoothing effect, which reduces the variability amplitude
far beyond what is seen in the 7705 Å light curve. This indicates
that while the AD model captures the overall variability trends at
shorter wavelengths, it does not fully account for the sharper fea-
tures observed at longer wavelengths. Consequently, an additional
mechanism or emission component must be invoked to explain
the variability structure at 7705 Å. Nevertheless, the overall agree-
ment between the observed variability patterns and the accretion
disc model provides compelling evidence that, for the first time,
the continuum time delays at this high redshift are predominantly
governed by the accretion disc itself.

From the measured delay spectrum (Fig. 2), we determined a
mean responsivity radius of the accretion disc of 4.75+1.12

−1.05 light-
days in the observer’s frame. This provides the first direct mea-
surement of the accretion disc size for a quasar at z = 2.66.
Comparing this result with the CIV BLR mean responsivity
radius of 592+122

−38 light-days obtained from reverberation map-
ping (Lira et al. 2018), we found that the BLR is approximately
125 times larger than the accretion disc. This ratio is consistent
with the theoretically predicted value of 150, assuming the cho-
sen continuum wavelength is closer to the CIV emission line
rather than to the disc’s mean emissivity radius (Panda et al.
2024b). We note that in Panda et al. (2024b), disc sizes were
modelled using a thermal reprocessing framework and recovered
through simulated photometric monitoring under realistic obser-
vational conditions. By comparing these recovered disc sizes to
observed CIV BLR lags, we derived a size–size relation that
incorporates luminosity and redshift dependencies, thereby pro-
viding a theoretical basis for the observed separation between
disc and BLR reverberation lags.

This scaling relationship is particularly significant as it estab-
lishes a direct link between the accretion disc size, which can
be measured efficiently over a six-month photometric monitoring
campaign, and the BLR size. By coupling this result with single-
epoch CIV line velocity dispersion measurements, the black hole
mass can be estimated without the need for decades-long spectro-
scopic monitoring of the BLR. This breakthrough highlights the
potential for accretion disc size measurements to serve as a faster
and more efficient proxy for BLR-based black hole mass deter-
minations, particularly for high-redshift quasars, where monitor-
ing timescales are otherwise prohibitive. However, to determine
whether this scaling factor of ∼125−150 is universal across dif-
ferent quasars, it will be essential to monitor a larger sample of
sources at high redshifts. Such an effort will allow us to test the
robustness of this relationship and explore any dependencies on
black hole mass, accretion rate, or quasar properties. Future time-
domain surveys and high-cadence monitoring campaigns will be
crucial in addressing this question and solidifying the role of
accretion disc measurements in black hole mass estimation.

Data availability

Light curves are available at the CDS via https://cdsarc.
cds.unistra.fr/viz-bin/cat/J/A+A/700/L8

The movie associated to Fig. C.1 is available at
https://www.aanda.org
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2023, MNRAS, 526, 138
Korista, K. T., & Goad, M. R. 2001, ApJ, 553, 695
Korista, K. T., & Goad, M. R. 2019, MNRAS, 489, 5284
Kubota, A., & Done, C. 2018, MNRAS, 480, 1247
Lang, D., Hogg, D. W., Mierle, K., Blanton, M., & Roweis, S. 2010, AJ, 139,

1782
Lira, P., Kaspi, S., Netzer, H., et al. 2018, ApJ, 865, 56
Mountrichas, G. 2023, A&A, 672, A98
Netzer, H. 2022, MNRAS, 509, 2637
Netzer, H., & Trakhtenbrot, B. 2014, MNRAS, 438, 672
Panda, S., Kozłowski, S., Gromadzki, M., et al. 2024a, ApJS, 272, 11
Panda, S., Pozo Nuñez, F., Bañados, E., & Heidt, J. 2024b, ApJ, 968, L16
Peterson, B. M. 1993, PASP, 105, 247
Peterson, B. M., Ferrarese, L., Gilbert, K. M., et al. 2004, ApJ, 613, 682
Pozo Nuñez, F., Ramolla, M., Westhues, C., et al. 2012, A&A, 545, A84
Pozo Nuñez, F., Chelouche, D., Kaspi, S., & Niv, S. 2017, PASP, 129, 094101
Pozo Nuñez, F., Gianniotis, N., Blex, J., et al. 2019, MNRAS, 490, 3936
Pozo Nuñez, F., Bruckmann, C., Deesamutara, S., et al. 2023a, MNRAS, 522,

2002
Pozo Nuñez, F., Gianniotis, N., & Polsterer, K. L. 2023b, A&A, 674, A83
Rodríguez-Pascual, P. M., Alloin, D., Clavel, J., et al. 1997, ApJS, 110, 9
Sarkar, A., Ferland, G. J., Chatzikos, M., et al. 2021, ApJ, 907, 12
Schlafly, E. F., & Finkbeiner, D. P. 2011, ApJ, 737, 103
Scoville, N., Faisst, A., Weaver, J., et al. 2023, ApJ, 943, 82
Sergeev, S. G., Doroshenko, V. T., Golubinskiy, Y. V., Merkulova, N. I., &

Sergeeva, E. A. 2005, ApJ, 622, 129
Shakura, N. I., & Sunyaev, R. A. 1973, A&A, 24, 337
Soliman, N. H., Macciò, A. V., & Blank, M. 2023, MNRAS, 525, 12
Trakhtenbrot, B., Netzer, H., Lira, P., & Shemmer, O. 2011, ApJ, 730, 7
Vestergaard, M., & Peterson, B. M. 2006, ApJ, 641, 689
Vossberg, A.-C. E., Cantalupo, S., & Pezzulli, G. 2019, MNRAS, 489, 2130
Welsh, W. F. 1999, PASP, 111, 1347
Zu, Y., Kochanek, C. S., & Peterson, B. M. 2011, ApJ, 735, 80

L8, page 4 of 9

https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/700/L8
https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/700/L8
https://www.aanda.org/10.1051/0004-6361/202555421/olm
http://linker.aanda.org/10.1051/0004-6361/202555421/1
http://linker.aanda.org/10.1051/0004-6361/202555421/2
http://linker.aanda.org/10.1051/0004-6361/202555421/3
http://linker.aanda.org/10.1051/0004-6361/202555421/4
http://linker.aanda.org/10.1051/0004-6361/202555421/5
http://linker.aanda.org/10.1051/0004-6361/202555421/6
http://linker.aanda.org/10.1051/0004-6361/202555421/7
http://linker.aanda.org/10.1051/0004-6361/202555421/8
http://linker.aanda.org/10.1051/0004-6361/202555421/9
http://linker.aanda.org/10.1051/0004-6361/202555421/10
http://linker.aanda.org/10.1051/0004-6361/202555421/10
http://linker.aanda.org/10.1051/0004-6361/202555421/11
http://linker.aanda.org/10.1051/0004-6361/202555421/12
http://linker.aanda.org/10.1051/0004-6361/202555421/13
http://linker.aanda.org/10.1051/0004-6361/202555421/14
http://linker.aanda.org/10.1051/0004-6361/202555421/15
http://linker.aanda.org/10.1051/0004-6361/202555421/16
http://linker.aanda.org/10.1051/0004-6361/202555421/17
http://linker.aanda.org/10.1051/0004-6361/202555421/18
http://linker.aanda.org/10.1051/0004-6361/202555421/19
http://linker.aanda.org/10.1051/0004-6361/202555421/20
http://linker.aanda.org/10.1051/0004-6361/202555421/21
http://linker.aanda.org/10.1051/0004-6361/202555421/22
http://linker.aanda.org/10.1051/0004-6361/202555421/22
http://linker.aanda.org/10.1051/0004-6361/202555421/23
http://linker.aanda.org/10.1051/0004-6361/202555421/24
http://linker.aanda.org/10.1051/0004-6361/202555421/25
http://linker.aanda.org/10.1051/0004-6361/202555421/26
http://linker.aanda.org/10.1051/0004-6361/202555421/27
http://linker.aanda.org/10.1051/0004-6361/202555421/28
http://linker.aanda.org/10.1051/0004-6361/202555421/29
http://linker.aanda.org/10.1051/0004-6361/202555421/30
http://linker.aanda.org/10.1051/0004-6361/202555421/31
http://linker.aanda.org/10.1051/0004-6361/202555421/32
http://linker.aanda.org/10.1051/0004-6361/202555421/33
http://linker.aanda.org/10.1051/0004-6361/202555421/34
http://linker.aanda.org/10.1051/0004-6361/202555421/34
http://linker.aanda.org/10.1051/0004-6361/202555421/35
http://linker.aanda.org/10.1051/0004-6361/202555421/36
http://linker.aanda.org/10.1051/0004-6361/202555421/37
http://linker.aanda.org/10.1051/0004-6361/202555421/38
http://linker.aanda.org/10.1051/0004-6361/202555421/39
http://linker.aanda.org/10.1051/0004-6361/202555421/40
http://linker.aanda.org/10.1051/0004-6361/202555421/41
http://linker.aanda.org/10.1051/0004-6361/202555421/42
http://linker.aanda.org/10.1051/0004-6361/202555421/43
http://linker.aanda.org/10.1051/0004-6361/202555421/44
http://linker.aanda.org/10.1051/0004-6361/202555421/45
http://linker.aanda.org/10.1051/0004-6361/202555421/46
http://linker.aanda.org/10.1051/0004-6361/202555421/47


Pozo Nuñez, F., et al.: A&A, 700, L8 (2025)

Appendix A: Data reduction

A.1. WFI images

The 2.2-meter telescope is equipped with the Wide Field Imager
(WFI) camera, which has a field of view of 34′ × 33′, recorded
by eight CCDs, each providing a pixel scale of 0.238′′/pixel.
The WFI data reduction was carried out using standard IRAF
packages alongside custom-developed routines, combined with
tools from SExtractor (Bertin & Arnouts 1996) and Astrome-
try.net (Lang et al. 2010). These were integrated into an auto-
mated pipeline designed for accurate source detection and image
quality assessment, following the detailed recipes outlined in
Pozo Nuñez et al. (2017).

An analysis of different aperture sizes was conducted to
account for the dependence on PSF quality, while minimizing
both the host-galaxy contribution and sky background contam-
ination. We found that an aperture radius of 1.5′′ around the
nucleus optimizes the signal-to-noise ratio and results in the
lowest absolute scatter in the flux measurements. For compar-
ison, we also applied image subtraction techniques using the
algorithms implemented in the ISIS package (Alard 2000). This
method involves constructing a reference frame from the coad-
dition of high-quality images, matching the PSF of individual
frames with a spatially variable kernel, and subtracting the con-
volved reference frame from individual images to isolate the
AGN variable flux. While image subtraction achieves a simi-
lar photometric precision of 0.2–0.5 per cent, its performance is
sensitive to the quality of the PSF kernel, which depends on the
density of stars in the field (Pozo Nuñez et al. 2017). The field
of QSO J0455-4216, with ∼ 20 stars, has fewer stars than more
crowded fields (e.g. ∼ 1000 in local Seyfert galaxies), result-
ing in slightly reduced precision. Given the minimal differences
in performance and for the sake of clarity, only the light curves
derived from aperture photometry are presented in Fig. 1.

The absolute flux calibration was performed using non-
variable stars flagged for high quality from the DES Data
Release 2 catalogue, located in the same field as QSO J0455-
4216. The fluxes were corrected for atmospheric extinction at the
La Silla Observatory (Burki et al. 1995) and for Galactic fore-
ground extinction using the recalibrated dust extinction maps
from Schlafly & Finkbeiner (2011), adopting E(B−V) = 0.044
as obtained from the NED extinction calculator for the line of
sight to QSO J0455-4216.

A.2. Assessment of photometric systematics

To ensure the reliability of the AGN light curves and rule out
the possibility that the observed variability is driven by system-
atic effects, we conducted a detailed analysis of potential sources
of photometric error. This includes evaluating the behavior of
the reference stars, the stability of the seeing, and the potential
impact of PSF variations on aperture photometry. Figure A.1
(left) shows the normalized light curves of the AGN and the
six reference stars in all four filters used for monitoring: 4858Å,
5315Å, 6043Å, and 7705Å. The AGN exhibits clear and signifi-
cant variability on timescales of weeks, with amplitudes between
5% and 8%. In contrast, the reference stars remain photometri-
cally stable, with root-mean-square (RMS) fluctuations typically
in the range 0.2–0.5%, and maximum deviations below 1%.

Across all filters, the AGN variability is substantially larger
than that of the reference stars. The latter show no long-term
trends or coherent low-frequency variations, consistent with the
absence of red noise. Pairwise Pearson correlation coefficients
computed among all reference stars yielded negligible values

(e.g. r = −0.004, p = 0.97), indicating that the stars do not
share common variability patterns that could hint at systematic
errors.

To explore whether seeing variations could affect the pho-
tometry, we examined the correlation between AGN flux and
seeing (FWHM) for each band. Figure A.1 (right) shows the
AGN light curves overlaid with the corresponding seeing mea-
surements (dashed lines). The computed Pearson correlation
coefficients are

– Filter 860: r = −0.130, p = 0.296,
– Filter 875: r = −0.213, p = 0.067,
– Filter 864: r = 0.043, p = 0.719,
– Filter 849: r = 0.057, p = 0.627.

These results indicate weak and statistically insignificant
correlations between seeing and AGN flux in all filters (|r| <
0.22, p > 0.05). Moreover, the median seeing values in all bands
are comfortably below the adopted aperture diameter of 3′′ (1.5′′

radius): 1.217′′ (4858Å), 1.20′′ (5315Å), 1.17′′ (6043Å), and
1.11′′ (7705Å). This confirms that the photometric aperture cap-
tures the full AGN flux without significant seeing-related losses.

A.3. SOAR spectrum

The optical spectrum of QSO J0455-4216 was observed using
the 4.1m Southern Astrophysical Research (SOAR1) Telescope
on February 14, 2024 (Proposal Code: SO2024A-013 – PI:
Panda). The observations were performed with the Goodman
Spectrograph (Clemens et al. 2004) in its Blue Camera (M1
mode) configuration. We employed the 400 SYZY grating, pro-
viding a resolving power of about 1000 at 5000 Å, covering a
wavelength range of 3031 − 6500 Å. The data were obtained
in spectroscopic mode with a long slit of width 1.0′′, in three
exposures of 15 minutes each. The detector was operated with
a read noise of 3.69 e− and a gain of 0.56 e−/ADU with a
1 × 1 binning mode, yielding high spatial resolution. The obser-
vation was conducted at an average airmass of 1.32, with atmo-
spheric conditions of approximately 19◦C and 23.5% relative
humidity. The data reduction was carried out using the Good-
man Spectroscopic Pipeline2 (version 1.3.8). After the initial
bias subtraction, flat-field correction, and cosmic ray rejection,
we performed the wavelength calibration using a polynomial fit
to the arc lamp spectrum, achieving an RMS accuracy of 0.512Å.
Sky subtraction, 1D extraction, and flux calibration were sub-
sequently applied. The final spectrum, extracted from an aper-
ture spanning 1.7738′′, was flux-calibrated using standard star
observations and corrected for telluric absorption using com-
bined frames. Wavelength calibration was performed using a
comparison lamp (HgArNe) exposure taken immediately after
the target observation. Figure A.2 shows the effective transmis-
sion and position of the medium-band filters together with the
SOAR spectrum of QSO J0455-4216.

Appendix B: Time series analysis

To estimate the time delays between the continuum bands, we
applied five different methods: the interpolated cross-correlation

1 Based in part on observations obtained at the Southern Astrophys-
ical Research (SOAR) telescope, which is a joint project of the Min-
istério da Ciência, Tecnologia e Inovações (MCTI/LNA) do Brasil, the
US National Science Foundation’s NOIRLab, the University of North
Carolina at Chapel Hill (UNC), and Michigan State University (MSU).
2 https://soardocs.readthedocs.io/projects/
goodman-pipeline/en/latest/overview.html
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Fig. A.1. Left: Normalized light curves of the AGN (colored lines) and the six reference stars (colored dots) for all filters, ordered from reddest
(top:7705 Å) to bluest (bottom:4858 Å). The reference stars exhibit photometric stability throughout the campaign, supporting the robustness of
the AGN variability measurement. Right: Comparison of AGN normalized light curves (colored solid lines) with seeing (FWHM, black dashed
line) for each filter. No significant correlation is observed between the two quantities in any filter.

function (ICCF), the Z-transformed discrete correlation func-
tion (ZDCF), the Von-Neumann (VN) estimator, JAVELIN, and
the Gaussian Process Cross-Correlation (GPCC) method. In all
cases, we used the shortest-wavelength band as the reference
light curve.

The ICCF (Gaskell & Peterson 1987) method measures time
delays by cross-correlating two unevenly sampled light curves.
One light curve is linearly interpolated while the other remains
unaltered and this process is then reversed. The cross-correlation
function, R(τ), is computed over a range of lags, τ. We deter-
mined the time delay as the centroid of the cross-correlation
function above a threshold of R ≥ 0.8Rmax, where Rmax is the
peak correlation coefficient. To avoid artifacts caused by the lin-
ear interpolation of the data, we used an interpolation step of 2
days which corresponds to the mean sampling cadence of the
light curves.

The ZDCF (Alexander 1997) method improves upon the
traditional discrete correlation function (DCF) by addressing
uneven sampling more effectively. Instead of binning time-
delay pairs uniformly, ZDCF uses equal population bins, which
improves the statistical robustness of the correlation estimates.
Fisher’s z-transform is applied to derive confidence levels for
the correlation coefficients. As with the ICCF, the time lag was
determined using the centroid of the ZDCF above 0.8Rmax.

To complement the cross-correlation methods, we also
employed the Von-Neumann (VN) estimator (Chelouche et al.

2017), a statistical estimator that avoids interpolation and bin-
ning by quantifying the degree of randomness within a combined
light curve. It computes a statisticVN(τ) defined as

VN (τ) =
1

N − 1

N−1∑
i=1

[F(ti) − F(ti+1)]2

Wi,i+1
, (B.1)

where Wi,i+1 = 1/[σ2
lc(ti) +σ2

lc(ti+1)] accounts for the flux uncer-
tainties σlc. The optimal time delay τ0 is obtained as the lag that
minimizesVN (τ) over the predefined search range.

For ICCF, ZDCF, and VN, we estimated uncertainties
using flux randomization and random subset selection (FR/RSS;
Peterson et al. 2004; Welsh 1999). We generated 2000 mock
light curves by resampling the original data N times with
replacement (bootstrap), such that each mock curve contains N
points with some epochs duplicated and others omitted–resulting
in ∼63% unique epochs on average. Flux values were perturbed
with Gaussian noise based on their measurement uncertainties.
We then computed the ICCF and ZDCF centroids, and the VN
dispersion statistic, for each mock pair, and estimated uncertain-
ties from the central 68% range of the resulting lag distributions.

JAVELIN (Zu et al. 2011) employs a Bayesian framework,
representing the driving light curve as a damped random walk
(DRW) and the target light curve as a shifted, scaled, and
smoothed response using a top-hat transfer function. Using
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Fig. A.2. Effective transmission of the medium-band filters used in the
monitoring. The coloured lines show the transmission profiles of the
WFI medium-band filters. These profiles represent the measured filter
transmission functions and do not include convolution with the quan-
tum efficiency of the WFI camera. Overlaid in black is the spectrum
of QSO J0455-4216 observed with SOAR, with relevant emission lines
indicated. These filters predominantly capture the AGN continuum vari-
ations free of strong emission lines near the Civ and Ciii] features. In
particular, the 4858Å band measures the rest-frame flux at 1350Å and is
used as a reference to determine time delays. The 6043Å filter includes
the HeIIλ1640 emission line and a local absorption feature; however,
together they contribute less than 2% of the integrated flux in this band
and are not expected to significantly affect the measured continuum
time delays. The portion of the spectrum extending beyond the maxi-
mum coverage of Goodman Spectrograph in its Blue configuration (>
6500Å) is shown in magenta and taken from Lira et al. (2018) (private
communication).

Markov chain Monte Carlo (MCMC) sampling, JAVELIN
obtains posterior distributions for the lag, scaling factor, and
DRW parameters. The final lag is the centroid of the posterior
distribution, and its width defines the uncertainty. This method
naturally incorporates observational noise and irregular sam-
pling.

Finally, we applied the Gaussian process cross-correlation
(GPCC) method (Pozo Nuñez et al. 2023b), a newly developed
approach that models the light curves probabilistically using
Gaussian processes (GPs). The observed flux in each light curve
is expressed as

yl(t) = αl f (t − τl) + bl + εl, (B.2)

where αl and bl are scaling and offset parameters, τl is the time
delay, and εl is Gaussian noise. The latent signal f (t) is mod-
elled as a zero-mean GP with a covariance kernel kρ(t, t′), which
describes the temporal correlations in the variability. GPCC
jointly estimates the time delays by maximizing the likelihood
of the observed data and delivers posterior probability distribu-
tions for the lags. By incorporating observational errors, irregu-
lar sampling, and physically motivated priors (e.g. the AD/BLR
size-luminosity relation), GPCC ensures a robust and probabilis-
tic estimation of the delays.

The time delay measurements obtained by these various
methods are shown in Fig. B.1. The combination of multiple,
independent techniques enables cross-verification, helping us to

Fig. B.1. Observed time delay spectrum for multiple delay estima-
tion methods. Time delays were measured using the interpolated
cross-correlation function (ICCF; Gaskell & Peterson 1987 black cir-
cles), JAVELIN (Zu et al. 2011) damped random walk modelling
(blue squares), the z-transformed discrete correlation function (ZDCF;
Alexander 1997 yellow triangles), and the von Neumann statistical esti-
mator (VN; Chelouche et al. 2017 red open circles), with error bars cor-
responding to 1σ uncertainties. A small shift in wavelength has been
introduced for clarity. The close agreement between delays obtained
by different methods demonstrates the robustness of the measurements,
supporting the reliability of the wavelength-dependent delay structure
observed in the quasar’s variability.

identify systematic biases and ensuring the robustness of our
conclusions.

Appendix C: Modelling

C.1. Accretion disc reprocessed light curve

To model the wavelength-dependent continuum time delays,
we adopted the standard SS73 thin accretion disc framework
in combination with a lamp-post geometry, following the for-
malism described in Pozo Nuñez et al. (2023a). In brief, this
scenario describes a geometrically thin, optically thick accre-
tion disc extending from the innermost stable circular orbit at
rin ∼ 6Rg to an outer radius rout, illuminated by a compact X-
ray emitting corona located at a fixed height h above the black
hole along its rotational axis. In this framework, the local disc
temperature reflects the combined contribution of internal vis-
cous heating and external irradiation. While the canonical scal-
ing T (r) ∝ (MBHṀ)1/4r−3/4 describes the viscous heating alone,
irradiation from the corona elevates the temperature above this
level, modifying the overall profile.

The thermal energy radiated at each radius results from a
combination of internal viscous heating and external irradiation
by the corona. The total emission can be modelled as black-
body radiation integrated over the radial extent of the disc. The
observed continuum flux at each wavelength is obtained by con-
volving the driving X-ray light curve with the accretion disc
transfer function.

The variability in the driving continuum is modelled as a
stochastic process with a power spectral density P(ν) ∝ ν−2, cor-
responding to a random walk process (Pozo Nuñez et al. 2023a).
The observed continuum flux Fc(λ, t) at wavelength λ is obtained
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Table B.1. Time-delay measurements in observer-frame days using ICCF, ZDCF, JAVELIN, VN, and the GPCC model.

Filter λobs [Å] Mean Flux [mJy] Fvar ICCF JAVELIN ZDCF VN GPCC

860 4858 0.22 0.018 0.00+0.49
−0.49 0.02+0.19

−0.17 0.00+0.57
−0.56 0.00+0.40

−0.40 0.00 ± 0.30
875 5315 0.13 0.012 2.40+0.98

−0.97 2.70+1.87
−1.46 2.10+1.23

−1.84 2.51+0.52
−1.48 2.59 ± 0.87

864 6043 0.19 0.018 4.50+1.11
−1.10 5.20+1.57

−1.74 4.89+1.99
−1.97 5.60+1.60

−2.40 4.75 ± 1.08
849 7705 0.12 0.015 10.80+2.02

−4.99 11.60+0.95
−2.88 11.20+3.52

−4.26 10.60+2.40
−4.20 11.51 ± 2.67

Notes. GPCC delays are reported as the mode of the posterior distribution, with uncertainties corresponding to the 68% highest posterior den-
sity (HPD) interval. The table also includes the mean flux density (in mJy) of the light curves and the fractional variability Fvar following
Rodríguez-Pascual et al. (1997).

by convolving the driving X-ray light curve Fx(t) with the accre-
tion disc transfer function, Ψ(τ|λ), expressed as

Fc(λ, t) =

∫ ∞
0

Ψ(τ|λ)Fx(t − τ) dτ, (C.1)

where the transfer function, Ψ(τ|λ), incorporates the light-travel
delays across the disc. The time delay for a radius, r, inclination,
i, and azimuthal angle, φ, in the lamp-post geometry is given by
(Sergeev et al. 2005):

τ(r, φ, i) =
1
c

[√
r2 + h2 + r sin i cos φ + h cos i

]
, (C.2)

where c is the speed of light and h is the height of the corona
above the disc. In the following, we assume i = 0◦, since the
inclination has only a marginal effect on the centroid of the trans-
fer function (Pozo Nuñez et al. 2023a).

To explore how well the disc reprocessing scenario can
account for the observed variability at different wavelengths,
we implemented two modelling approaches. In the first, each
observed AGN light curve was treated independently. For each
photometric band, we inferred a latent driving signal directly
from the corresponding light curve, without assuming a com-
mon origin across bands. This approach remains agnostic about
the physical nature of the driver, which is particularly valuable
in practical situations where only a small number of bands are
available. This methodology is similar to that implemented in
RM tools such as JAVELIN, which can also model each light
curve independently using a damped random walk as the latent
driving process. Moreover, this single-band modelling strategy
ensures that the light curves can be analyzed even in reduced-
filter settings, without requiring a complete or uniform multi-
band dataset. It also avoids introducing biases that could arise
from assuming a shared underlying signal, which may be diffi-
cult to constrain in the presence of sparse or uneven sampling.
The inferred latent signal was then convolved with the corre-
sponding disc response function Ψ(τ|λ) to produce model light
curves for each band. These reconstructions are shown as dotted
lines in Fig. 3 (right panel).

In the second approach, we adopted a joint modelling frame-
work in which a single latent driving signal was inferred from
the full set of AGN light curves across all bands simultane-
ously using the GPCC method. This joint analysis is designed
to reconstruct a common underlying variability pattern while
accounting for the wavelength-dependent time delays encoded
in the disc transfer functions. Figure 3 (right) shows both the
original per-band models (dotted lines) and the updated GPCC-
based joint models (solid black lines with shaded uncertainties),
allowing a direct comparison between the two approaches. The

shaded regions (“error snakes") in the model light curves repre-
sent the 1σ uncertainties resulting from propagating the obser-
vational errors through the model scaling process. Specifically,
the model flux is scaled to match the observed light curves using
a linear transformation, where the scaling parameters and their
uncertainties are determined via curve fitting. The propagated
uncertainties on the scaled model flux are computed using the
covariance matrix of the fit parameters. These regions provide a
visual representation of the uncertainty in the model prediction.
The joint modelling yields particularly good agreement with the
light curves at the two shortest wavelengths (4858Å and 5315Å
), comparable to the quality of the fits obtained with the inferred
latent signal in the original single-band approach. In contrast, the
longer-wavelength bands (6043Å and 7705Å ) show less accu-
rate fits, which may suggest that the outer regions of the accre-
tion disc, where these wavelengths originate, respond differently
or are affected by additional processes not fully captured by the
standard reverberation model. While the GPCC model ensures
physical consistency by enforcing a shared driver, its perfor-
mance varies across wavelengths, potentially indicating that the
emission at longer wavelengths is not fully governed by the same
reprocessing mechanism as the shorter ones. This could reflect
additional contributions from reprocessing on larger scales, or
even wavelength-dependent deviations from the assumed disc
geometry. These possibilities are beyond the scope of the cur-
rent model but merit further investigation in future work.

C.2. DCE and photoionization simulations

The DCE is primarily composed of hydrogen/helium free-
bound continua, free-free emission, and scattering processes
including electron and Lyα Rayleigh scattering (Korista & Goad
2001). Its presence has been observed as an excess in the lag
spectrum, most prominently at shorter wavelengths near the
Balmer limit and at longer wavelengths near the onset of the
Paschen lines, but with contributions predicted across a broad
spectral range (1000–10000Å). The simulations were carried
out using the CLOUDY photoionisation code (version C23.01;
Gunasekera et al. 2023), which models the physical conditions
of ionized gas and its resulting emission spectra. CLOUDY self-
consistently calculates the radiative transfer and emission pro-
cesses in photoionised clouds under a wide range of condi-
tions. In our setup, we assumed a hydrogen density of nH =
1012 cm−3, typical of BLR clouds (Bruhweiler & Verner 2008;
Sarkar et al. 2021), and located the cloud at a mean emissivity
radius of 162 light-days in the rest-frame, as determined from
the reverberation mapping of the CIV line (Lira et al. 2018). The
model adopts a single-cloud approximation with a column den-
sity of 1023 cm−2, and explores a range of hydrogen densities
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(1010−1014 cm−3) to determine the best match with the observed
spectrum. The covering fraction is set to 20% (Korista & Goad
2019). The incident ionizing continuum was taken as a standard
SS73 AGN spectral energy distribution, coupled with a warm
comptonising coronal component (Kubota & Done 2018) mod-
elled using the black hole mass and Eddington ratio obtained
from the spectral fitting. The incident SS73 AGN continuum
illuminates the cloud and produces a combination of transmit-
ted, reflected, and diffuse emissions. This DCE, arising primarily
from hydrogen and helium free-bound processes and scatter-
ing, was extracted to analyze its fractional contribution to the
observed continuum variability. Figure C.1 (top panel) shows the
luminosity contributions from the different components, includ-
ing the incident emission, which represents the intrinsic contin-
uum irradiating the BLR clouds, and the diffuse emission, arising
from photoionised gas within the BLR. These results correspond
to a single-cloud photoionisation model with nH = 1012 cm−3,
column density of 1023 cm−2, solar metallicity, and a fixed dis-
tance of 162 light-days. A constant covering fraction of 20%
is assumed, and no additional kinematic broadening is applied
beyond CLOUDY’s default spectral binning of 1 Å. The sum
of all components, including transmitted, reflected, and diffuse
contributions, is shown alongside the observed total emission,
derived from our photometric light curves. There is a good qual-
itative agreement between the observed and modelled emissions.
The bottom panel in Fig. C.1 shows the fractional contribution
of the DCE, as a function of wavelength. The black circles repre-
sent the effective DCE fractions integrated over the photometric
filter bands used in this study. The DCE contribution is approx-
imately 2.3% at 4858 Å, 3.9% at 5315 Å, 8.3% at 6043 Å, and
26.3% at 7705 Å. These values indicate that the DCE contribu-
tion is small at shorter wavelengths but increases significantly
toward longer wavelengths.

To account for the inferred DCE in the temporal variability
model, we assume the BLR is composed of clouds in Keplerian
orbits within a disc-like geometry, following Pozo Nuñez et al.
(2023a). The BLR is inclined at 40◦, and its radial extent is con-
strained to Rmax/Rmin = 2.0. The DCE contribution to the vari-
ability is incorporated as an additional convolved component,
with its fractional contribution derived from our photoionisation
simulations.

The final total continuum light curve is given as

FTotal(t) = γFAD(t) + β [FAD(t) ∗ ΨDCE(τ)] , (C.3)

where FAD(t) is the result of convolving the random walk driving
light curve Fx(t) with the transfer function for the accretion disc,
ΨAD(τ), and ΨDCE(τ) is the DCE transfer function. Here, γ = 1−
β, with β representing the fractional contribution of DCE derived
from our photoionisation simulations. A value of β = 1 implies
a pure DCE-dominated scenario, while β = 0 corresponds to a
pure accretion disc contribution.

The derived DCE fractions (Fig. C.1 bottom panel) are incor-
porated into Eq. C.3 as the parameter β to compute the total con-
tinuum light curves. This approach ensures that the wavelength-
dependent diffuse continuum emission is properly accounted for
alongside the accretion disc variability, providing a more com-
plete picture of the observed continuum emission. Figure 4 show
the effect of DCE on the observed variability compared to a
pure accretion disc model. The variability produced by the pure
accretion disc model is consistent with the expected temporal
broadening imposed by the disc transfer function alone. Incorpo-
rating a modest diffuse continuum emission (DCE) contribution
of 3.9% (as estimated from our photoionisation simulations)

Fig. C.1. Photoionisation simulations and DCE fraction. Top: Lumi-
nosity contributions from various components are shown as a function
of wavelength. The blue curve represents the incident emission, i.e.
the intrinsic continuum irradiating the BLR clouds. The green curve
shows the diffuse emission from photoionised gas within the BLR. The
orange curve is the sum of transmitted, reflected, and diffuse compo-
nents. The black curve represents the total emission model (sum of all
components), which is in good qualitative agreement with the observed
total emission (black circles) derived from the photometric light curves.
Bottom: Fractional contribution of DCE to the total emission is plot-
ted in magenta. Prominent DCE features linked to major BLR emis-
sion regions are marked in the bottom panel. The black circles indicate
the effective DCE fractions integrated over the photometric filter bands
employed in this study (see text for details). An accompanying anima-
tion is available online, illustrating the full range of DCE contributions
and their progressive impact on the light curve.

introduces a slight smoothing effect on the variability ampli-
tude (magenta). In contrast, increasing the DCE fraction to 50%
(orange) or 100% (red) results in excessive smoothing, which
fails to reproduce the observed sharp features in the light curve.
The other photometric bands are not shown here, as even at
7705 Å, where the DCE contribution is 26.3%, the resulting
light curve would still not explain the sharper variability fea-
tures observed. These findings suggest that while a modest DCE
component should be included for a more accurate description,
it does not dominate the emission. The baseline accretion disc
model (SS73 and lamp-post geometry) still provides a good
qualitative match to the observed variability.

L8, page 9 of 9

https://www.aanda.org/10.1051/0004-6361/202555421/olm

	Introduction
	Observations and data
	Results and discussion
	Optical light curves and time delays
	Modelling the accretion disc response

	Data availability
	References
	Data reduction
	WFI images
	Assessment of photometric systematics
	SOAR spectrum

	Time series analysis
	Modelling
	Accretion disc reprocessed light curve
	DCE and photoionization simulations


