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ABSTRACT

Accretion disc theory predicts that an AGN disc becomes self–gravitating and breaks
up into stars at an outer radius Rsg ≃ 12 light-days, with effectively no free parameter.
We present evidence that the longest observed AGN light echoes are all close to 12 d
in the AGN rest frames. These observations give a stringent test of AGN disc theory.
Further monitoring should offer insight into the formation angular momentum of the
gas forming the disc. For distant AGN, observed lags significantly longer than 12 d
give lower limits on their redshifts.

Key words: galaxies: active: supermassive black holes: black hole physics: X–rays:
galaxies

1 INTRODUCTION

Astronomers now generally agree that the centre of almost
every galaxy contains a supermassive black hole (SMBH).
How this hole came to grow, radiate as an active galactic
nucleus (AGN), and influence its host galaxy, are topics of
considerable current interest.

One aspect of this is trying to understand the struc-
tures surrounding the hole. Closest to the hole is the accre-
tion disc, whose gas radiates the accretion luminosity as it
spirals in. This gas ultimately accretes to the hole, growing
its mass and modifying its spin. The existence of a disc of
some kind, where the infalling gas loses angular momentum
to gas further out, is inevitable – we know from the Soltan
relation (Soltan 1982) that the hole gained most of its mass
through luminous accretion of gas, which must have occu-
pied a region at least as large as the current hole’s sphere of
influence:

Rinf =
2GM

σ2
. (1)

Here, M is the current hole mass, and σ is the central veloc-
ity dispersion of the host galaxy. For typical M,σ we have
Rinf & 1 − 10 pc, and it is implausible that this gas some-
how lost all angular momentum and fell radially into the
hole from large distance.

As gas accretes inwards in the disc, the outer parts
of the disc take up its angular momentum and move out-
wards to accumulate at larger radius. But there is a limit to
this process, since the outer parts eventually become self–

gravitating at a sufficiently large mass. The gaseous disc
tends to break up into stars at this point, and no longer
spreads to larger significantly larger radii.

The full disc equations (Collin-Souffrin & Dumont
1990) show that the self–gravity radius is:

Rsg ≃ 3 × 1016 cm, (2)

almost independently of parameters (see the Appendix for
a discussion).

Further out from the central SMBH and its accretion
disc, it is likely that cooler dusty gas, possibly gas left over
from an earlier accretion event, forms a structure with a
toroidal topology. This has inner radius Rtorus ∼ 1 pc and
outer radius of order 10 times this. The largest structure
associated with the SMBH is probably the gas identified
in X-ray absorption spectra as the ‘warm absorber’. This
may have formed from gas originally surrounding the hole
which was swept into a shell by radiation pressure from the
accreting black hole (King & Pounds 2014), stalling at radii
where it becomes optically thin to electron scattering. It has
a characteristic radius ∼ 1 − 100 pc, rather larger than the
black hole’s radius of influence, Rinf .

The most striking property of any of these suggested
structures is that the disc self–gravity radius has an effec-
tively fixed size for every AGN, virtually independent of all
parameters (cf equation 2). This unusually precise estimate
potentially offers a powerful observational test of the whole
picture of AGN accretion and black hole growth.

Promisingly, our own Galaxy does give quantitative
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2 Lobban & King

supporting evidence. There is at least one ring of stars
around Sgr A* at a radius slightly larger than Rsg (e.g.
Genzel et al. 2003). This is what we would expect if an ear-
lier accretion episode created these stars at its self–gravity
limit. As further gas accreted on to Sgr A*, the stars would
have absorbed the angular momentum transported outwards
to Rsg and moved to slightly larger radii.

It is clear that an extension of this kind of test to a
large number of galaxies is currently very unlikely. In the
next Section we discuss a different test, which can probe the
apparently universal relation (equation 2).

2 LAGS

In recent years there has been considerable progress in us-
ing light echoes (reverberation mapping) to investigate AGN
accretion-disc structure (see Cackett, Bentz & Kara 2021
for a review). Reverberation techniques are well established
for studying the geometry and kinematics of diffuse emis-
sion in the more distant broad-line region (BLR). Here, re-
sponses in broad emission lines are measured with respect
to continuum variations on time-scales as long as a few to
hundreds of days, for example in the case of PG quasars (e.g.
Peterson et al. 2004). We can tentatively understand these
very long lags as coming from reprocessing from the AGN
BLR region with characteristic scales, RBLR.

However, similar techniques are now being routinely ap-
plied to mapping the accretion disc itself. Here, the funda-
mental idea is to analyse correlated variations of the emis-
sion signal in distinct continuum bands. The emission ob-
served in different wavelength bands likely predominantly
arises from different sites – e.g. with the X-rays originating
close to the central SMBH, while the thermal UV/optical
disc emission arises from regions at larger radii. Disc rever-
beration studies are typically discussed in terms of ‘accre-
tion disc reprocessing’ models. Here, the X-rays – which are
produced via inverse Comptonisation in a corona of hot elec-
trons, close to the SMBH (Haardt & Maraschi 1991) – may
become thermally ‘reprocessed’ via re-irradiation of the ac-
cretion disc (Guilbert & Rees 1988). This results in the pro-
duction of longer-wavelength photons, where the variability
is coupled – e.g. an increase in X-ray emission results in an
increase in UV/optical flux with a characteristic time delay,
governed by the light-crossing time between the respective
emission sites. As the time delay directly relates to the dis-
tance between the emission sites, this method can be used
to probe the structure of the disc and test various predictive
models of accretion.

In a standard, optically–thick accretion disc, the radial
temperature dependence is:

T (r) ≈ 6.3 × 105

(

Ṁ

ṀEdd

)1/4

M
−1/4
8

(

r

RS

)−3/4

, (3)

where T is the temperature in K, (Ṁ/ ˙MEdd) is the
accretion rate as a function of the Eddington rate, M8

is the mass of the central black hole in units of 108 M⊙,
and (r/RS) is the radius from the SMBH as a function
of the Schwarzschild radius (see equations 3.20 and 3.21
of Peterson 1997). Combining equation 3 with Wien’s Law

(λmax = 2.9 × 107/T , where λ is the peak effective wave-
length of the given filter in units of Å), provides us with
an estimate of the temperature of the disc at a given ra-
dius. For a black hole with a mass of 108 M⊙, accreting
at L/LEdd = 0.1, this would place the expected emission-
weighted radius of the B-band emission (typically ∼4 400 Å)
at 202.9 RS, or ∼2.3 light-days from the central source. Al-
ternatively, one may replace Wien’s Law with a more real-
istic flux-weighted radius (i.e. assuming that T ∝ R−3/4),
which typically predicts lag separations that are up to a
factor of a few smaller (see Edelson et al. 2019). In either
case, the longer-wavelength emission is expected to be de-
layed, τ , with respect to the shorter-wavelength emission
following the relation: τ ∝ λ4/3 (Cackett, Horne & Winkler
2007). This relation is expected to hold whether the disk is
heated internally or externally (also see Netzer 2013).

The above assumes that the source accretes in the
form of a standard, optically-thick α-disc (i.e. H/R = 0.01,
α = 0.1, and with a central, compact source of X-rays lying
at 6 rg above the mid-plane). For the disc reprocessing model
to be viable requires that the process is energetically con-
sistent. Thermal emission in the UV/optical bands is typi-
cally more luminous than the X-ray emission. As such, the
variations in the lower–luminosity X–ray band must be suf-
ficiently large enough in amplitude to drive smaller varia-
tions in the higher-luminosity, longer-wavelength bands. In
the AGN studied in this context to date, this criterion is usu-
ally satisfied. Other caveats include requirements that the
observed variability is smooth and fast enough that suffi-
cient maxima and minima are sampled in the light curves to
detect the variability on the required time-scales. The vari-
ability must also be of high enough amplitude to be detected
over the intrinsic host galaxy emission, which is typically ex-
pected to be almost constant on these time-scales.

2.1 The cross-correlation function

When searching for correlated time delays between two
separate time series, we typically would like to use
the cross-correlation function [CCF (see Box & Jenkins
1976; Gaskell & Peterson 1987; Maoz & Netzer 1989;
Koratkar & Gaskell 1991)], where one measures the strength
of the correlation coefficient as a function of time delay, τ .
By aligning the most prominent maxima and minima, one
can maximize the value of the CCF, and arrive at the av-
erage time delay. However, in astronomy, data are typically
not evenly sampled. This is often the case when perform-
ing multiwavelength monitoring campaigns on AGN with ei-
ther ground–based or space–based observatories, for reasons
ranging from weather to scheduling constraints. As such,
one workaround is to approximate the CCF using the dis-
crete correlation function (DCF; Edelson & Krolik 1988),
whereby sets of data pairs are binned according to some
∆τ (typically set at half of the average observed sampling
rate). We note that when computing the DCF, the number
of points falling inside each time bin can vary greatly, de-
pending on the sampling of the two time series. As such, the
width of the bins can be varied to achieve statistical signifi-
cance in each bin. This is known as the z-transformed DCF
(ZDCF; Alexander 1997). Alternatively, one can achieve reg-
ular sampling by linearly interpolating between consecutive
data points in one time series in order to measure the CCF
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for any arbitrary value of τ between the interpolated values
in the first series with the real values in the second (and vice-
versa). This is known as the interpolated correlation func-
tion [ICF (Gaskell & Sparke 1986; White & Peterson 1994)].
The advantage of the ICF is that it can achieve greater reso-
lution than its discrete counterpart, assuming that the vari-
ability functions in the two time series are relatively smooth
(see Peterson 2001). Meanwhile, uncertainties on the lag
measurements can be estimated using the ‘flux randomisa-
tion / random subset selection’ (FR/RSS) method outlined
in Peterson et al. (1998). We note that it is common practice
in the literature to quote both the peak, τpeak, and the cen-
troid, τcent, of the CCF, where τcent is typically determined
from all rCCF values that are > 0.8rpeak.

Other methods are also gaining popularity
for searching for time-dependent correlations be-
tween continuum bands. For example, javelin

(Zu, Kochanek & Peterson 2011), which builds upon
damped random-walk models for characterising quasar
variability (Kelly, Bechtold & Siemiginowska 2009;
Koz lowski et al. 2010; MacLeod et al. 2010). The idea
of javelin is to first fit a damped random-walk model to
the reference time series. This model is then smoothed
and shifted to fit the comparison time series, allowing
the best-fitting time delay to be obtained. The model
is found to obtain robust measurements of inter-band
time delays (e.g. Jiang et al. 2017) and compares well
with CCF measurements from disc reverberation studies,
although with some discrepancies in the lag uncertainties
(e.g. Edelson et al. 2019). Other models have also recently
been developed with the aim of testing disc reverberation
mapping based on specific geometries (e.g. the ‘lamppost
model’ of the cream code; Starkey, Horne & Villforth
2016).

2.2 Multiwavelength observations

A number of intensive long-term multiwavelength moni-
toring campaigns have now been performed on AGN with
coordinated ground-based programs and space-based mis-
sions such as the Rossi X-ray Timing Explorer (RXTE;
Bradt et al. 1993) and the Neil Gehrels Swift Observatory

(hereafter: Swift; Gehrels et al. 2004). While the number of
campaigns to date is limited because of the long time-scales
needed to sample enough variability, they are growing in
number thanks to series of interesting results. In particu-
lar, challenges to the disc reprocessing scenario have arisen
due a number of measured time delays that appear larger
than expected from predictions of standard accretion disc
models (e.g. Cackett, Horne & Winkler 2007; Edelson et al.
2015). As this suggests that discs appear hotter than ex-
pected at a given radius, the implication is that discs may
be larger in extent than predicted. Such results have been
independently supported by microlensing studies of quasars
(e.g. Mosquera et al. 2013), with some results suggestive of
disc sizes that are up to four times larger than predicted
(Morgan et al. 2010). However, we note that other system-
atic uncertainties are in play, such as SMBH masses and
accretion rates, and so the picture is not entirely clear.

Curiously, it also commonly observed that the optical-
UV correlation is smoother and stronger than when com-
pared to the X-rays. This may be expected if the optical- and

UV-emitting regions are significantly larger in spatial extent
than the compact X-ray source. Additionally, faster modes
of variability are often imprinted on X-ray light curves, for
example through absorption from ionised material in the line
of sight. Typically, this predominantly affects the spectrum
at energies < 2 keV and so, in some cases, the problem can
be alleviated by considering X-rays at harder energies (e.g.
> 2 keV). The less well-constrained variability with the X-
rays has also led to suggestions that the X-rays that we see
are not the same band that drives the reprocessing mecha-
nism – i.e. the driving band could be higher in energy than
the observable 0.3–10 keV band of the Swift X-ray Telescope
(see Edelson et al. 2019) or lower in energy in the unobserv-
able Extreme Ultraviolet (EUV) band (see Gardner & Done
2017).

Nevertheless, since Rsg is thought to be an upper limit
to the size of every AGN accretion disc, and there is a strong
selection effect against measuring lags from accretion discs
highly inclined to the line of sight, it follows that all rever-
beration lags from disc gas should obey:

τ <
Rsg

c
≃ 106 s ≃ 12 d (4)

in the AGN rest frame. Lags from light echoes from sur-
rounding stars may be slightly longer that this. Lags from
the next bigger structure (the torus) should be significantly
longer than this, i.e.:

τ &
0.1 pc

c
& 120 d. (5)

As such, for any AGN accretion disc for which repro-
cessing is dominated by the light-travel time, we should
not expect to observe rest-frame time delays much greater
than ∼12 d from the central driving continuum source,
regardless of properties such as SMBH mass. Here, we
searched the literature for reported disc-reverberation time
delays from known, intensive, multiwavelength monitor-
ing campaigns of AGN. Kammoun, Papadakis & Dovčiak
(2021) define a sample of eight such sources with simultane-
ous X-ray/UV/optical data: Mrk 142, Mrk 509, NGC 2617,
NGC 4151, NGC 4593, NGC 5548, NGC 7469, and Fairall 9.
We summarise the prominent published lags from these
campaigns in Table 1, where the appropriate references for
each campaign are cited in the caption. We also include
MCG+08−11−011, although this study did not have simul-
taneous X-ray data. For NGC 2617, we point the reader to-
wards the results of Shappee et al. (2014), where robust time
lags were obtained, extending up to ∼8 d between the X-ray
and the near-infrared (NIR) bands. However we do not in-
clude these results as the authors were forced to compute
only time delays of < 10 d with javelin to avoid spurious
peaks arising from two light-curve peaks separated by ∼15 d.
We note that some authors quote time delays with respect
to different reference bands. Where possible, we quote the
published values with respect to the X-ray band, and addi-
tionally, any other time delays of interest – i.e. the longest
detected lags and/or those between continuum bands which
have the largest separation in wavelength. We note that,
for the results from Edelson et al. (2019), we quote the re-
sults with respect to the hard X-ray band (HX: 1.5-10 keV),
where they attempt to alleviate any effects of soft X-ray ab-
sorption. We also note that the majority of these time delays
are given in the observed frame – however, the effect of com-
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4 Lobban & King

sological redshift on the magnitude of time delays obtained
from nearby, low-redshift AGN is small. Nevertheless, we en-
sure to convert all reported time delays to the appropriate
rest frame, if not already done so.

In Table 1, we also include results from a sam-
ple of 21 AGN published by Buisson et al. (2017), quot-
ing the time delays where a significant correlation was
observed. In addition, we include results from other
known multiwavelength monitoring campaigns, including
NGC 3783 (Arévalo et al. 2009; Lira et al. 2011), NGC 4051
(Breedt et al. 2010), MR 2251−178 (Lira et al. 2011),
MCG−6−30−15 (Lira et al. 2015), Mrk 817 (Kara et al.
2021), and Ark 120, which may have one of the longest pub-
lished time delays from a nearby AGN to date (Lobban et al.
2020). With Swift, the V band (5 468 Å) is observed to lag
behind the X-rays with τ = 11.90 ± 7.33 d, while additional
ground-based monitoring with the Skynet Robotic Telescope

Network1 revealed a long delay between the X-rays and the
i band (8 797 Å) of τ = 12.34 ± 4.83 d. Ark 120 has a larger
black hole mass than most sources targeted by these cam-
paigns (MBH = 1.5 ± 0.2 × 108 M⊙; Peterson et al. 2004).
In larger-mass systems, the spatial separation between re-
gions that emit in two given wavelength bands is expected
to be larger – as such, for a given wavelength gap, the
time delay is expected to be longer, up to the ∼12-d limit
stated in equation 4. However, the slower variability of such
larger-mass systems also requires that much longer observ-
ing campaigns are required to obtain robust measurements,
hence the large uncertainties on these values. These uncer-
tainties may be reduced with longer observing campaigns
that sample more peaks and troughs in the light curves
with which to anchor the CCF. On that note, Swift monitor-
ing campaigns of higher-mass AGN do exist – e.g. PDS 456
(MBH ∼ 109 M⊙: Reeves et al. 2009; Nardini et al. 2015)
– however, the UV / optical variability is too slow and/or
weak to be detected (e.g. Reeves et al. 2021). Additionally,
PDS 456 likely accretes at close to the Eddington limit, thus
lengthening the expected time delays between the emission
in two given wavelength bands. Conversely, we note that in
low-mass AGN, such as NGC 4395 (MBH = 3.6 × 105 M⊙;
Bentz & Katz 2015), X-ray-to-UV lags of ∼470 s can be
detected within a single XMM-Newton observation on the
order of ∼1 d using the Optical Monitor (McHardy et al.
2016).

A large sample of 240 quasars in the Pan-STARRS
Medium Deep Fields was also studied by Jiang et al. (2017).
Despite the absence of X-ray data, the authors detect lags
between the g (effective wavelength: ∼4 810 Å) band and
the r (∼6 170 Å), i (∼7 520 Å), and z (∼8 660 Å) bands. A
handful of sources stand out due to the magnitude of their
measured g-to-z-band lags, and we include these in Table 1.
Jiang et al. (2017) also typically find lags that are ∼2-3
times larger than predicted from disc equations. An addi-
tional lag sample was reported by Jha et al. (2021) from
the Zwicky Transient Facility survey, with lag detections
between the g, r, and i bands found in 19 different AGN.
The longest lag reported in their study occurs in the source
denoted as RMID779 and has a magnitude of τ = 9.0+0.0

−2.8 d
between the g and r bands. Again, the authors find evidence

1 https://skynet.unc.edu/

for larger-than-predicted disc sizes, this time by an average
factor of 3.9 across their whole sample.

In addition, a number of large, ground-based surveys
have been performed, focusing primarily on optical and in-
frared bands (as opposed to X-rays). Sergeev et al. (2005)
searched for lags in the V, B, R, R1, and I bands in 14 AGN
using the Crimean Astrophysical Observatory. They found
lags in their sample ranging from tenths of days to several
days. The most interesting result in the context of this pa-
per occurs in the source 1E 0754+3928. Here, Sergeev et al.
(2005) find lag centroids between the B band and the V,
R, R1, and I bands of 12.0 ± 3.6, 17.9+3.2

−3.4, 18.8+3.3
−4.2, and

15.9+4.2
−4.8 d, respectively (where we have converted the quoted

values into the rest frame). The middle two measurements
are clearly greater than 12 d within the quoted 1σ uncer-
tainties. However, the authors also present 3σ uncertainties
— the lags then fall in the ranges: 2.2 − 23.7, 7.4 − 29.7,
5.8 − 31.2, and 0.2 − 30.8 d, respectively, consistent with
< 12 d. Furthermore, there is a significant discrepancy be-
tween the peaks of the lags and their associated centroids,
likely hinting at complex structure within the CCFs. For the
four bands, the (rest-frame-corrected) reported peaks ap-
pear to fall at or around the ∼12-d limit we discuss here: V
= 8.6+6.6

−6.0, R = 10.2+8.8
−1.4, R1 = 11.3+8.5

−2.0, and I = 11.8+6.9
−4.3 d.

We also note that, in their sample, the light curves of
1E 0754+3928 return significantly lower values of the peak
correlation coefficient, which ranges from 0.77 − 0.90 across
the four bands, compared to values that are typically > 0.95
in the case of the remaining 13 sources. Nevertheless, it ap-
pears that 1E 0754+3928 may be a source worthy of fur-
ther investigation in terms of probing the accretion-disc size-
limit.

Other large disc-lag surveys that have been studied in-
clude those published by Mudd et al. (2018) and Yu et al.
(2020), as part of the Dark Energy Survey, who report lags
from samples of 15 and 22 luminous quasars, respectively.
In both cases, the authors report lags in the r, i, and z

bands, relative to the g band, using light curves acquired
with the Dark Energy Camera (Flaugher et al. 2015) on
the Victor M. Blanco 4m Telescope. In both surveys, all re-
ported lags are typically just a few days in magnitude, with
the longest lag occurring in DES J0328−2817: τ = 7.7+1.1

−1.2 d
between the g and z bands. Meanwhile, Homayouni et al.
(2019) recently reported on the Sloan Digital Sky Survey
Reverberation-Mapping (SDSS-RM) project, which is mon-
itoring 849 quasars in a single field. They find 95 quasars
with well-defined lags, 33 of which exhibit lags which are
detected at the > 2σ level, using both CCF methods and
javelin. Aside from 4 spuriously large CCF lags that have
very low / negative signal-to-noise and/or are not realised
in the complementary javelin methods, Homayouni et al.
(2019) find lags all typically in the range of a few tenths
of days to a few days with the longest reliable lags in their
sample having magnitudes that are consistent with τ = 12 d
[i.e. 12.8+20.5

−5.5 and 17.7+24.9
−9.1 d (7.8+0.6

−1.1 d with javelin)].

Some authors have since suggested that the observed
lags in the UV and optical bandpasses do not, in fact, solely
originate in the disc, but instead may arise from reprocessing
of EUV emission via bound-free transitions in optically-thick
BLR clouds (e.g. see Korista & Goad 2001; Gardner & Done
2017). Excesses in the 3 000-4 000 Å band of lag spectra have
given support to this hypothesis (e.g. Cackett et al. 2018;
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Source Bands τ (d) Source Bands τ (d)

∗1E 0754.6+3928a B (4 353 Å)-V (5 477 Å) 12.0± 3.6 Mrk509a,k HX-W2 (1 928 Å) −4.94+1.39
−2.02

B (4 353 Å)-R (6 349 Å) 17.9+3.2
−3.4 B (4 353 Å)-R1 (7 865 Å) 7.26+1.63

−1.87

B (4 353 Å)-R1 (7 865 Å) 18.8+3.3
−4.2 B (4 353 Å)-I (8 797 Å) 8.82+1.78

−2.39

B (4 353 Å)-I (8 797 Å) 15.9+4.2
−4.8 Mrk817l W2 (1 928 Å)-z (8 700 Å) 5.15+1.14

−1.32

3C 390.3a B (4 353 Å)-R (6 349 Å) 7.68+1.39
−1.84 NGC2617g X-5 100 Å 2.47+0.81

−0.88

B (4 353 Å)-R1 (7 865 Å) 8.97+1.43
−1.89 5 100 Å-z (8 982 Å) 0.86+0.64

−0.61

B (4 353 Å)-I (8 797 Å) 8.92+1.40
−2.62 NGC3516d X-W2 (1 928Å) 1.6± 1.5

Ark 120b X-V (5 468 Å) 11.9± 7.3 NGC3783h X-B (4 500 Å) 6.6+7.2
−6.0

X-i (8 797 Å) 12.3± 4.8 NGC4051m X-R (6 500 Å) 2.8+0.6
−0.7

†DESJ0328−2738c g (4 720 Å)-i (7 835 Å) 7.7+1.1
−1.2 NGC4151k HX-W2 (1 928 Å) 3.32+0.35

−0.27

Fairall 9d,e X-V (5 468 Å) 4.2± 2.8 W2 (1 928 Å)-V (5 468 Å) 0.96+0.51
−0.50

W2 (1 928 Å)-zs (8 700 Å) 7.03+1.19
−1.01 NGC4593k HX-W2 (1 928 Å) 0.60+0.11

−0.12

IRAS 13224−3809d X-W2 (1 928Å) 6.4± 3.7 W2 (1 928 Å)-V (5 468 Å) 0.35+0.27
−0.30

MCG−06−30−15f B (4 500 Å)-J (12 200 Å) 13.5± 4.3 NGC5548a,k HX-W2 (1 928 Å) 4.55+0.72
−1.19

MCG+08−11−011a,g u (3 449 Å)-5 100 Å −0.66+0.60
−0.68 W2 (1 928 Å)-V (5 468 Å) 1.41+0.43

−0.41

5 100 Å-z (8 982 Å) 1.94+0.48
−0.57 B (4 353 Å)-R (6 349 Å) 10.7+1.4

−0.8

MR2251−178h B (4 500 Å)-J (12 200 Å) 9.0+4.0
−3.5 B (4 353 Å)-R1 (7 865 Å) 8.5+1.5

−1.1

Mrk110i BAT-g (4 770 Å) 9.43+1.27
−1.53 B (4 353 Å)-I (8 797 Å) 10.2+2.1

−1.0

g (4 770 Å)-z (9 132 Å) 8.01+1.10
−0.70 NGC6814n X-B (4 329Å) 2.6+1.3

−1.5

*X-B (4 329Å) 7.75± 3.35 NGC7469o X-6 962 Å 2.2± 0.8

Mrk142j X-W2 (1 928 Å) 2.09+0.40
−0.34

†SDSS J1415+5409p g (4 750 Å)-i (7 630 Å) 17.7+24.9
−9.1

W2 (1 928 Å)-z (8 700 Å) 2.08+0.64
−0.73

†SDSS J1420+5216p g (4 750 Å)-i (7 630 Å) 12.8+20.5
−5.5

Pan-STARRS Medium Deep Field (Jiang et al. 2017)
J022144.75−033138.8 g-z 13.8± 0.3 J142336.76+523932.8 g-z 11.7± 0.8
J084536.18+453453.6 g-z 12.0± 3.3 J141104.86+520516.8 g-z 14.2± 0.8
J083836.14+435053.3 g-z 12.6± 0.8 J141856.19+535844.9 g-z 14.3± 0.3
J100421.01+013647.3 g-z 12.1± 0.8 J142106.26+534406.9 g-z 11.9± 0.3

Table 1. Selected time lags with the largest magnitudes and/or arising from some of the most prominent long-term monitoring campaigns
reported in the literature, up to September 2021. For each source, the fundamental criteria for selection are those lags which are either
observed to be the longest and/or arise from emission bands that have the largest separation in wavelength. The lower portion of the
table shows the longest time delays from the Jiang et al. (2017) study (source names are in SDSS format). Refs: aSergeev et al. (2005);
bLobban et al. (2020); cYu et al. (2020); dBuisson et al. (2017); eHernández Santisteban (2020); fLira et al. (2015); gFausnaugh et al.
(2018); hLira et al. (2011); iVincentelli et al. (2021) *[also see Lobban et al. (in prep.)]; jCackett et al. (2020); kEdelson et al. (2019);
lKara et al. (2021); mBreedt et al. (2010); nTroyer et al. (2016); oPahari et al. (2020); pHomayouni et al. (2019). Note that BAT in the
Mrk110 result refers to the Burst Alert Telescope on-board Swift (15–50 keV). In the case of the Pan-STARRS survey, we quote the
eight longest time delays, which are all observed between the g (4 810 Å) and z (8 660 Å) bands. All quoted values are obtained from
CCF analyses where possible, although in some cases – e.g. the Jiang et al. (2017) Pan-STARRS results – the javelin code was used.
All lag values are given in the rest frame. ∗See the text for additional notes on this particular source (Section 2.2). †Full source names
are provided in Shen et al. (2015) and Yu et al. (2020).

Edelson et al. 2015, 2019), where these enhanced time de-
lays at or around the Balmer jump are discussed in the con-
text of additional lag contributions from the BLR. We also
note that longer-time-scale variations, separate from disc re-
processing, can also distort CCF measurements (e.g. Welsh
1999). See McHardy et al. (2018) and Pahari et al. (2020)
for a discussion on filtering out long-time-scale variations in
order to separate out the shorter-time-scale lags, which may
be more suitable for detecting the effects of disc reprocess-
ing, and also seed photon variations (which may produce
opposite-direction lags to disc reprocessing). However, we
note that – in some cases – such an approach may filter
out the potential to observe any time lags at or around the
∼12-d limit.

In Fig. 1, we generate a histogram of – to the best of
our knowledge – all continuum-band time delays from in-
tensive multiwavelength monitoring campaigns published in
the literature to date. We include lag measurements from
all sources listed in Table 1, plus those from surveys such as
the 39 Pan-STARRS quasar sub-sample (Jiang et al. 2017)

and those from Sergeev et al. (2005), Mudd et al. (2018),
Homayouni et al. (2019) and Yu et al. (2020). The major-
ity of measurements are lag centroids derived from cross-
correlation functions, although the Pan-STARRS lags are
obtained using javelin due to the highly irregular sampling
in the light curves. We consider all claimed time lags de-
rived from campaigns that have baselines long enough to, in
principle, observe time delays of ∼12 d or longer.

We include all claimed lags between continuum bands
with a measured time delay that is not consistent with zero.
A handful of measurements are negative relative to the usual
convention in the sense that the shorter-wavelength emis-
sion lags behind the longer-wavelength emission. While such
measurements may be at odds with the standard disc repro-
cessing model (see above), we include the magnitude of these
lags as, if they do arise from disc gas and are governed by
the light-crossing time, they should still be expected to obey
τ . 12 d. Nevertheless, excluding these few results does not
have any significant impact. For each lag, we also correct
for time dilation due to the cosmological redshift, if it is not
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6 Lobban & King

Figure 1. Histogram showing observed multiwavelength time
lags obtained from the literature. The bin-size is 2 d. The red,
vertical dashed line represents the ∼12-d cut-off for accretion-
disc gas. There is a clear drop-off at around this value. Note that
all lags are plotted in the rest frame, adjusted by the factor (1+z),
where z is the redshift. See Section 2.2 for details.

otherwise stated by the authors that such a correction has
already been performed. Overall, this results in 399 indi-
vidual rest-frame lag measurements from 123 different AGN
/ quasars, across a multitude of wavelength bands, all ob-
tained from data acquired by a wide array of space-based
and ground-based observatories.

From Fig. 1, it is clear that the majority of multi-
wavelength continuum-band time delays published in the
literature to date are of the order of a few days or less.
We note that there is a strong bias towards shorter time
delays simply because such lags arise from sources with
higher variability amplitude on short time-scales. In other
words, most monitoring campaigns have targeted smaller-
mass AGN, which vary faster, thus i) making the variability
signal easier to pick out, and b) requiring light-curve base-
lines that are of an achievable length with the current gen-
eration of observatories and archival data. Additionally, the
shape of the histogram will be skewed heavily by sources
which have been observed more often and with a greater
number of wavelength bands, thus revealing more lag detec-
tions. However, the crucial point is that there is currently
a clear drop-off as we approach the approximate disc-size
limit defined in equation 4 (as noted by the vertical dashed
line). As such, Fig. 1 serves to demonstrate that time delays
between accretion-disc continuum bands of around 12 d or
more are either absent or rare, with just a small handful at
or around that limit. Those lags which are observed to be at
or slightly longer than 12 d have either: i) large errors, or ii)
smaller errors but have been obtained using javelin, which
Edelson et al. (2019) state systematically returns smaller er-
rors than CCF method (and from more-irregularly-sampled
light curves).

3 DISCUSSION

Table 1 and Fig. 1 offer remarkable support for the idea that
the longest observed X-ray/UV/optical continuum lags in
AGN correspond to reverberation from structures very close
to the expected disc self–gravity radius, Rsg, about 12 light-
days from the central black hole. This value has effectively
no free parameter, and is quite distinct in scale from both
the AGN torus (& 100 d) and the still more distant warm
absorber gas, making this observation a stringent test of
theoretical understanding of how AGN accrete.

Gas accumulates at this radius as successive AGN feed-
ing episodes rid themselves of angular momentum. Much
of this gas must form stars, and as successive disc feeding
events are probably randomly oriented, the stars must have a
roughly spherical distribution. They move slowly outwards
as those with orbits close to the plane of the current disc
event absorb angular momentum from it, and all the stars
presumably scatter each other gravitationally. Although the
lags are probably mainly from the outer accretion disc, there
may be a component from this stellar distribution. Then,
detailed monitoring of lags might potentially constrain the
initial angular momentum of the disc-feeding events them-
selves. The orbital period of these stars is:

P & 95M
−1/2
8 yr, (6)

where M8 is the black-hole mass in units of 108 M⊙. Evi-
dently, detecting the imprint of this is unlikely except con-
ceivably for the most massive known AGN.

The fixed maximum rest-frame lag, Rsg/c, constitutes a
standard interval. For distant AGN its observed value should
be 12(1 + z) d, in principle offering an independent lower
limit on the redshift, z, if the observed lag significantly ex-
ceeds 12 d.

In equation (5), we suggest that the next-longest con-
tinuum lags should arise from the more distant, dusty
toroidal structure, typically at distances of tens to hundreds
of light-days from the central black hole (see Landt et al.
2011, 2019 and references therein), following a well-defined
radius-luminosity relation expected for dust sublimation
(Oknyanskij & Horne 2001). Curiously, results from a hand-
ful of studies appear to be consistent with this picture. For
example, Breedt et al. (2010) detect secondary peaks be-
tween the X-ray and optical bandpasses in NGC 4051. While
the primary peak shows the optical emission lagging behind
the X-rays with a delay of τ = 2.4+0.9

−1.6 d, the secondary peak
is much larger, with τ = 38.9+2.7

−8.4 d. Breedt et al. (2010) find
that this secondary time delay is consistent with the dust
sublimation radius in NGC 4051 and so may be the optical
signature of the next-largest structure; i.e. the inner edge of
the torus.

Likewise, in NGC 3783, Lira et al. (2011) find time de-
lays between the X-ray and B bands of τ = 6.6+7.2

−6.0 d, while
the delays to the NIR bands (J, H, and K) extend to 40-
80 d. Meanwhile, in the case of MCG−6−30−15, Lira et al.
(2015) find lags between the optical B band and the NIR J,
H, and K bands of 13.5±4.3, 20.0±4.0, and 26.1±3.7 d, re-
spectively. The black-hole mass in MCG−6−30−15 is low
(MBH = 3 × 106 M⊙; McHardy et al. 2005) – as such,
the accretion-disc lags (e.g. X-ray–B) are much smaller,
and consistent with zero. Therefore, these are examples of
sources in which a significant gap appears between what are
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likely to be continuum-band lags associated with the ac-
cretion disc and the larger-scale dusty torus. In addition,
Suganuma et al. (2006) search for time delays between the
optical and NIR (J, H, K) bands in three additional sources,
also finding much longer time delays: NGC 5548: 47-53 d;
NGC 3227: ∼20 d; NGC 7469: 65-87 d. Meanwhile, further
dedicated dust-reverberation campaigns and imaging sur-
veys (e.g. Koshida et al. 2014; Lyu, Rieke & Smith 2019;
Minezaki et al. 2019; Yang et al. 2020) continue to build up
a large sample of long, correlated time delays from the dis-
tant, toroidal structures that surround AGN (also see Netzer
2015). Such results help to build up evidence for a picture in
which accretion-disc gas may extend out to ∼12 light-days,
while continuum-band lags may be observed with signifi-
cantly longer time delays, relative to the black-hole mass of
the source.

In addition, as mentioned in Section 2.2, there are sug-
gestions in the literature that some observed optical and UV
lags may be contaminated by the diffuse continuum arising
from optically-thick clouds in the BLR (e.g. Korista & Goad
2001; Gardner & Done 2017). In particular, this can affect
the 3 000-4 000 Å band (near to the Balmer jump), with ex-
cesses in the observed lag spectra often observed here (e.g.
Cackett et al. 2018; Edelson et al. 2015, 2019). We note that
enhanced time delays arising from BLR contributions – as
opposed to continuum reprocessing in the accretion disc it-
self – may also imply that, in some cases, true accretion disc
lags are even shorter than observed lag measurements imply,
lending additional support to the hypothesis of this paper.

Finally, while disc lags that are ∼12 d or longer are
very rare in the literature, we note the caveat that, given
the nature of most monitoring campaigns, there are many
cases where we might not expect to observe such a lag, even
if it was present. For example, most multiwavelength ob-
serving campaigns target AGN with lower-mass black holes
where the characteristic variability time scales are faster
and, therefore, time delays can be detected from shorter
observation baselines, placing less of a burden on observato-
ries. In smaller-mass systems, the distance between respec-
tive emission sites is smaller, and so the emission from the
outer disc can lie out of the reach of observatories such as
Swift, which can only observe out to the V band. Mean-
while, larger-mass systems – where the outer-disc emission
falls within the observable bandpass – often vary too slowly
for significant lags to be detected given a typical campaign
length, and so rarely feature in targeted campaigns. Ad-
ditionally, the predicted time delays are also a function of
accretion rate, with lower-rate sources expected to have a
steeper radial-temperature dependence for a given black-
hole mass (assuming a standard thin disc), and therefore
shorter time delays between two given emission bands. As
such, we note that, while disc lags of 12 d or more are absent
or rare, this is also biased by observers’ choices of targets
and observing-campaign designs. However, with some care-
ful choices of source and observing strategies, it should be
possible to further robustly test the expected ∼12 light-day
limit for accretion-disc gas from self-gravitational consider-
ations.

ACKNOWLEDGMENTS

This research has made use of the NASA Astronomical
Data System (ADS) and the NASA Extragalactic Database
(NED). AL is a current ESA research fellow.

APPENDIX: DISC SELF–GRAVITY

The ‘vertical’ (z) component of gravitational force from the
black hole at the disc surface is ∼ GMH/R3 at disc radius
R, where H is the scaleheight, while that from self–gravity
is ∼ GρH3/H2

∼ GρH , where ρ is the local disc density.
Self–gravity begins to dominate when

ρ ∼
M

R3
(6)

[Frank, King & Raine 2002, eqn (5.52)]. Since the outer
parts of the disc carry most of its mass, we can rewrite this
as:

Mdisc ∼ πR2Hρ ∼
H

R
M. (6)

The full disc equations (Collin-Souffrin & Dumont
1990) show that in the outer parts of an AGN disc,

H

R
≃ 10−3, (6)

virtually independent of all parameters. This arises because
the disc equations imply H/R = cs/vK ∝ T

1/2
c /vK ∝

T 1/2τ 1/2/vK ∝ (τ/R)1/8 ∼ constant, where cs, vK , Tc, τ are
respectively the sound speed, Kepler velocity, central tem-
perature and vertical optical depth of the disc. Then, the
maximum disc mass is ∼ 10−3M .

Using the full disc equations gives
(Collin-Souffrin & Dumont 1990):

Rsg = 3 × 1016α
14/27
0.1 ṁ8/27M

1/27
8 cm, (6)

where α0.1 = α/0.1 and ṁ = Ṁ/ṀEdd with ṀEdd the ac-
cretion rate giving the Eddington luminosity for black–hole
accretion efficiency, η = 0.1.

This is another remarkably constant quantity, which
arises since the full disc equations show that Rsg is mainly
sensitive to (H/R)2, which as we have seen above is, itself,
almost constant.
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Mújica (Singapore: World Scientific)

Peterson B. M., Wanders I., Horne K., Collier S., Alexander
T., Kaspi S., Maoz D., 1998, PASP, 110, 660

Peterson B. M. et al., 2004, ApJ, 613, 682
Reeves J. N. et al., 2009, ApJ, 701, 493
Reeves J. N., Braito V., Porquet D., Lobban A. P., Matzeu
G. A., Nardini E., 2021, MNRAS, 500, 1974

Sergeev S. G., Doroshenko V. T., Golubinskiy Yu. V.,
Merkulova N. I., Sergeeva E. A., 2005, ApJ, 622, 129

Shappee B. J. et al., 2014, ApJ, 788, 48
Shen Y. et al., 2015, ApJ, 805, 96
Soltan, A. 1982, MNRAS, 200, 115
Starkey D. A., Horne K., Villforth C., 2016, MNRAS, 456,
1960

Suganuma M. et al., 2006, ApJ, 639, 46
Troyer J., Starkey D., Cackett E. M., Bentz M. C., Goad
M. R., Horne K., Seals J. E., 2016, MNRAS, 456, 4040

Vincentelli F. M. et al., 2021, MNRAS, 504, 4337
Welsh W. F., 1999, PASP, 111, 1347
White R. J., Peterson B. M., 1994, PASP, 106, 879
Yang Q. et al., 2020, ApJ, 900, 58
Yu Z. et al., 2020, ApJS, 246, 16
Zu Y., Kochanek C. S., Peterson B. M., 2011, ApJ, 735, 80

© 0000 RAS, MNRAS 000, 000–000

http://arxiv.org/abs/2109.05036

	1 Introduction
	2 Lags
	2.1 The cross-correlation function
	2.2 Multiwavelength observations

	3 Discussion

