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ABSTRACT

Aims. We study the half-light radius versus black hole mass as well as the luminosity versus black hole mass relations in active
galactic nuclei (AGN) when the disc is illuminated by the X-ray corona.

Methods. We used KYNSED, a recently developed spectral model for studying broadband spectral energy distribution in AGN. We
considered non-illuminated Novikov-Thorne discs and X-ray illuminated discs based on a Novikov-Thorne temperature radial profile.
We also considered the case where the temperature profile is modified by a colour-correction factor. In the case of X-ray illumination,
we assumed that the X-ray luminosity is equal to the accretion power that is dissipated to the disc below a transition radius and we
computed the half-light radius and the disc luminosity for many black hole masses, as well as a wide range of accretion rates, black
hole spins, X-ray luminosities and heights of the corona.

Results. The half-light radius of X-ray illuminated radii can be up to ~3.5 times greater than the radius of a standard disc, even for
a non-spinning black hole, based on a wide range of model parameters — as long as the transition radius is larger than three times
the radius of the innermost stable circular orbit and the coronal height is greater than ~40 R,. This result is due to the fact that the
absorbed X-rays act as a secondary source of energy, increasing the disc temperature, and mainly at large radii. Non-illuminated discs
are consistent with observations, but only at the 2.5¢0" level. On the other hand, X-ray illuminated discs can explain both the half-light
radius-black hole mass as well as the luminosity-black hole mass relation in AGN, for a wide range of physical parameters. The range
of the parameter space is broader in the case where we consider the colour-correction factor. X-ray illuminated discs can explain the
data when we observe gravitationally lensed quasars mainly face-on, but also if the mean inclination angle is 60°. In addition, we
show that the observed X-ray luminosity of the gravitationally lensed quasars is fully consistent with the X-ray luminosity that is
necessary for heating the disc.

Conclusions. X-ray disc illumination was proposed many years ago to explain various features that are commonly observed in the
X-ray spectra of AGN. Recently, we showed that X-ray illumination of the accretion disc can also explain the observed UV/optical
time-lags in AGN, while in this work, we show that the same model can also account for the quasar micro-lensing disc size problem.

These results support the hypothesis of the disc X-ray illumination in AGN.

Key words. accretion, accretion disks — galaxies: active — quasars: general

1. Introduction

It is widely accepted that active galactic nuclei (AGN) are
powered by the accretion of matter into a supermassive black
hole (BH). Shakura & Sunyaev (1973) and Novikov & Thorne
(1973, hereafter NT) are the standard accretion disc models
that are frequently used to explain the accretion process in
these objects. Since AGN accretion discs cannot be spatially
resolved with ordinary telescopes, we have to rely on tech-
niques other than imaging to measure their size. An exam-
ple of this is gravitational microlensing due to stellar-mass
objects, such as stars in the lensing galaxy, which results
in flux fluctuations. Their amplitude depends on the size of
the emitting source. Thus, the results from optical microlens-
ing observations can be used to measure the accretion disc

* Full Tables 4 and 5 are only available at the CDS via anonymous ftp
to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.
u-strasbg.fr/viz-bin/cat/J/A+A/666/A11

size. Using this technique, disc sizes appear to be systemat-
ically larger than the standard model predictions by a factor
of ~2—-4 (e.g. Pooley et al. 2007; Dai et al. 2010; Morgan et al.
2010; Jiménez-Vicente et al. 2012; Blackburne et al. 2014;
Muiioz et al. 2016; Motta et al. 2017). Various physical expla-
nations have been proposed over the past few years to explain
this difference (e.g. Dexter & Agol 2011; Abolmasov & Shakura
2012; Jiang et al. 2016; Hall et al. 2018; Li et al. 2019).

In particular, AGN are strong X-ray emitters and X-ray illu-
mination of the accretion disc was proposed many years ago in
order to explain the Fe Ko emission line around 6.4 keV and
the spectral hardening above ~10keV (e.g. Pounds et al. 1990;
George & Fabian 1991; Nandra et al. 1991). Since then, X-ray
illumination models of the inner disc have developed consider-
ably and can account for various features in the X-ray spectra of
AGN (i.e. the iron line shape, the Compton hump, and the soft
excess), as well as the detected time-lags of the soft band vari-
ations with respect to the hard photons at high frequencies (e.g.
Fabian et al. 2009).
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Table 1. BH mass, half-light radius, /-band magnitudes, redshift, luminosity distance, and luminosity for the sources in the sample.

Name log(Mgn) log(R1/2) Leorr z Dy log(L3000)
(Mo) (cm) (mag) (Gpo) (ergss™')

QJ 0158 8.2 @ 15.14 +0.3 19.09 +£0.12 1.290 9.3 45.32 +£0.05

HE 0435 8.7 @ 15.94 +£ 0.6 20.76 £ 0.25 1.689 13 44.94(45.10) = 0.10

SBS 0909 8.5® 15.51 +£0.30 @ — 1.378 - -

SDSS 0924 8.0 @ 15.24 +0.35 21.24 +£0.25 1.523 11.4 44.64 +0.10

FBQ 0951 8.95 @ 16.34 + 0.35 17.16 £ 0.11 1.246 8.9 46.00 + 0.04

Q 0957 9.0® 16.42 +0.50 © - 1.416 - -

SDSS 1004 8.6 @ 15.14 £ 0.3 20.97 +£0.44 1.738 13.4 44.89(45.0) £ 0.18

HE 1104 9.4 ® 16.14 = 0.25 18.17+0.31 2.319 19.1 46.31 £0.12

PG 1115 9.1® 16.84 + 0.35 19.52 +£0.27 1.733 13.4 4547 £0.11

RXJ 1131 7.8 @ 1554 +0.2 20.73 £0.11 0.654 4.0 4394 + 0.04

SDSS 1138 7.7® 15.14 £ 0.6 2197+0.19 2445 204 44.85 + 0.08

SBS 1520 8.95 @ 1594 +£ 0.2 1892 +0.13 1.855 14.5 45.78 £ 0.05

WFI 2033 8.6 © 16.26 +0.30 © - 1.661 - -

WFI 2026 9.4 @ 1598 £0.31©@ — 2.223 - -

Q 2237 8.7.® 15.84 £ 0.3 1790+ 0.44 1.695 13 46.09(46.3) £ 0.18

Notes. BH mass measurements are taken from “Morgan et al. (2010), and ® Assef et al. (2011). When not available, we use the measurements
of ©Sluse et al. (2012), and ”Cornachione et al. (2020). “The logarithm of R, (third column) are taken from Morgan et al. (2010, except from
© which are taken from Cornachione & Morgan 2020). Fourth column lists the (unmagnified) /-band magnitudes taken from Morgan et al. (2010).
Redshift and luminosity distances (fifth and sixth column, respectively) are taken from NED, assuming Hy = 67.8 km s7! Mpc", Qaier = 0.308,
Quacuum = 0.692. The NASA/IPAC Extragalactic Database (NED) is funded by the National Aeronautics and Space Administration and operated

by the California Institute of Technology.

The X-ray illumination of the accretion disc makes one
implicit prediction. Since most of the X-rays will be absorbed
by the disc, they will add to its heating. This externally sup-
plied energy will appear in the form of thermal emission at
UV/optical wavelengths, which should be variable (since X-rays
are highly variable in AGN) and correlated with the X-rays,
with some delay. Kammoun et al. (2021a, hereafter K21) stud-
ied in detail the response of a NT disc to X-ray illumination by
a point-like source, located above the central BH, taking into
account all relativistic effects, and using the latest X-ray reflec-
tion models. The observed UV/optical time-lags, which are mea-
sured from recent multi-wavelength monitoring campaigns of
AGN, appear to imply a disc radius that is a few times times
larger than the prediction from standard thin-disc theory. How-
ever, Kammoun et al. (2019, 2021b) showed that when treated
properly, the time-lags within the UV/optical band, in the case
of X-ray illuminated discs, are in agreement with the observa-
tions. The observed time-lags in a few energy bands are larger
than expected, most probably due to the significant contribu-
tion, and longer response, from the broad line region continuum
emission in these bands (see e.g. Korista & Goad 2001, 2019;
Guo et al. 2022; Netzer 2022). We note that the K21 model can
also explain the observed power-spectra in the optical/UV bands
of NGC 5548 (Panagiotou et al. 2020).

Recently, Dovciak et al. (2022, hereafter D22) published
a new spectral model, named KYNSED', which calculates the
broadband optical/UV/X-ray spectral energy distribution (SED)
in AGN when the accretion disc is illuminated by an X-ray
corona. The model assumes that the accretion power dissipated
in the disc below a transition radius, r, = Rt,/Rgz, is trans-
ferred to the X-ray source (by an as yet unspecified physical

! https://projects.asu.cas.cz/dovciak/kynsed
2 R, = G Mgy/c? is the gravitational radius of a BH with a mass of
Mgy. Distances in units of R, are written in the lower case letter r.
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mechanism). In this way, the model sets a direct link between
the accretion disc and the X-ray source. D22 showed that this
model can fit the mean SED of NGC 5548 well, using data from
the STORM multi-wavelength monitoring campaign from 2014
(Fausnaugh et al. 2016).

In this work, we investigate whether X-ray illuminated discs
can resolve the discrepancy that appears to exist between the size
of the continuum emission region as measured by microlens-
ing observations and the luminosity-based disc sizes. We use
KYNSED to compute the radial disc profiles, the disc half-light
radius, and the luminosity for a wide range of physical param-
eters and we compare the resulting half-light radius versus BH
mass as well as the luminosity versus BH mass relations with the
observations.

The paper is organised as follows. In Sect. 2 we present
the sources and the data we use in this paper. In Sect. 3 we
discuss the half-light radius in standard NT discs (for low and
high spins, taking into account relativistic effects as well as the
colour-correction terms), while in Sect. 4 we discuss the disc
half-light radius in NT discs that are illuminated by X-rays. In
Sect. 5 we present model half-light radius and luminosity for
a wide range of physical parameter values and in Sect. 6.1 we
compare the model predictions with the observations. Finally,
we discuss our results in Sect. 7.

2. Quasar micro-lensing variability sample

We consider the quasar sample of Morgan et al. (2010), which
consists of 11 objects with accretion disc microlensing measure-
ments using multi-epoch light curves. We added half-light radius
measurements for four objects from Cornachione & Morgan
(2020). The sources and data are listed in Table 1. Black hole
mass (Mpy) measurements are taken from the literature. They
are based on the observed C 1V and Mg 11 line widths (HS for RXJ
1131-1231), and locally calibrated virial relations for black hole
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masses. The statistical uncertainties on the BH mass measure-
ments are quite small, but the errors are dominated by systematic
uncertainties. We assumed a systematic uncertainty of 0.3 dex
(e.g. Vestergaard & Peterson 2006) for all the BH mass measure-
ments listed in Table 1. We note that the systematic uncertainty
may be larger and, in fact, the use of CIV width may result in
biased BH mass estimates (Trakhtenbrot & Netzer 2012).

The half-light radius measurements (R;,;) are taken from
Morgan et al. (2010) and Cornachione & Morgan (2020), and
are scaled to 2500 A in the quasar rest frame. The values listed
in Table 1 are not corrected for inclination effects. The disc size
measurements are set by the projected area of the disc. We con-
sidered two possibilities: (a) quasars in the sample are uniformly
distributed over the range cos(8 = 45°) < cos(f) < cos(f = 0°)
and (b) quasars are uniformly distributed over the range cos(6 =
90°) < cos(d) < cos(8 = 0°), where 6 is the disc inclination
angle. Under case (a) quasars are seen preferentially face-on due
to the presence of the molecular torus, while the second possi-
bility corresponds to the hypothesis that there is no torus in these
systems. In case (a), (cos(d)) = 0.85 (i.e. 8 = 30°) and we have
to add log [ V1/ cos(30°)] = 0.03 to log(R2), to account for the
inclination effects, while (cos(d)) = 0.5 (6 = 60°) in case (b);
and we have to add log [ V1/ cos(60°)] = (.15 to the half-radius
measurements.

The fourth column in Table 1 list /-band magnitudes taken
from Morgan et al. (2010). The sources were observed with the
F814W filter on HST, which corresponds to a (median) rest-
frame wavelength of ~3000 A for the sources in the sample. The
magnitudes are corrected for the lens magnification, but not for
the contribution of the Balmer continuum. We applied correc-
tions for the Galactic absorption using the E(B — V) measure-
ments of Schlafly & Finkbeiner (2011), and assuming Ry = 3.1.
Chen et al. (2012) report X-ray absorption by neutral material in
HE 0435 and SDSS 1004 (N ~ 4 x 10 cm™2, in both cases),
and in Q 2237 (Ny = 7*3 x 10 cm™). We used the ratio of
Nu/E(B - V) = 8.3 x 102! (Liszt 2021) to compute the intrin-
sic E(B — V) in these sources, and then the extinction curve of
Czerny et al. (2004) to correct the emitted flux at 3000 A3. We
converted the absorption-corrected magnitudes to fluxes adopt-
ing an /-band magnitude zero point of 2409 Jy (C. Morgan, priv.
comm.). We used the luminosity distances listed in Table 1 to
compute the rest frame 3000 A luminosity (in erg s™'), Lsggo,
from the observed /-band fluxes. The luminosity measurements
are listed at the last column of Table 1. Numbers in parentheses
indicate the intrinsic luminosity when accounting for the extra-
galactic absorption for three sources, as explained above.

Figure 1 shows the logarithm of the observed half-light
radius, log(R),2), and luminosity, log(Lzo), plotted vs log(Mpn)
(top and middle panel, respectively). Black and red circles in the
top panel show the half-light measurements when we assume
case (a) and case (b) uniform distribution of disc inclination
angles (Ri/2, and Ry, respectively). The red squares in the
middle panel of Fig. 1 show the three luminosity measurements
which are corrected for extragalactic reddening. The bottom
panel in the same figure shows a plot of log(Lsno) vs. log(R}/2,a),
i.e. the half-light radius when we assume a median inclination of
30 degrees.

There is a clear positive correlation between disc size and
luminosity with BH mass. We fit the data in the upper two panels

3 This approach assumes absorption intrinsic to the host galaxy,
although this may be due to the lensing galaxy. Nevertheless, the dif-
ference is not significant, given the relatively small Ny.

\
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Fig. 1. Log(R, ) and log(Lsono) vs. log(Mgn) (upper and middle panels,
respectively). Black and red circles in the top panel show R;,; assum-
ing an inclination angle of 30° and 60°, respectively. Red points in the
middle plot show data after correcting for intrinsic absorption as well.
A plot of log(Lsgo) vs. logarithm of half half-light radius is shown in
the bottom panel. Solid lines show the best fit to the data, while dashed
lines show the 10~ confidence regions (see text for details).

Table 2. Summary of the best-fit results to the observed relations shown
in Fig. 1, as reported in Sect. 2.

Data sets Intercept Slope y*/d.of.
R1/2,a vs. Mgy 1589 +0.11 0.97 +£0.30 11.5/13
Rijp vs. Mph 16.01 £0.11 097 =+0.30 11.5/13
Lsooo vs. My 4553 +0.16 1.57+034 11.6/9
Lsp00 VS. Mgl ™ 4560+0.14 1.43+0.38 11.8/8
L3ooo vs. Ri/2a 4590+0.20 1.60+0.55 16.5/8

Notes. (VBest-fit results to the luminosity vs BH mass relation when we
exclude RXJ 1131 and we consider intrinsic absorption to three quasars
(i.e. results listed in this row are the ay ops—2 and by ops—2 values reported
in the text).

of Fig. 1 with a straight line taking the form: ¥ = a + b[X — 8.7],
where X =log(Mgn), and Y =log(R,,2). We normalized Mgy at
=5 x 108 M, (i.e. log(Mgpy) =8.7) to minimize the error on a
and b. The fit was done in the log—log space, using the fiteyx
routine of Press et al. (2007), which takes into account the error
on both variables. The best-fit results in case (a) are: ajjzops =
15.89 £0.11, b1 2,06 = 0.97 £0.30, and y?> = 11.5/13 degrees of
freedom (d.o.f.). The best-fit normalization in case (b) is 16.01 +
0.11, while the best-fit slope and the best-fit /\{2 remain the same
as in case (a). The best-fit results are also listed in Table 2.
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Fig. 2. Radial disc flux profile (from one side of the disc) at 2500 A for Mgy = 108 My, ritggq = 0.2, 6 = 40°, a* = 0 and 1 (left and right panels,
respectively). We consider different radial profiles: simple approximations and the proper NT radial temperature dependence (red and dotted blue
lines); the radial profile when we include the temperature colour correction factor of Done et al. (2012) (solid blue line); and when all relativistic
effects are included (black lines). The latter are the profiles observed at infinity. The vertical lines show the location of Rj/»med for the various

radial profiles (see Sect. 3 for details).

The black and red solid lines in the upper panel of Fig. 1
show the best-fit linear model to the log(R/2,4)/10g(R1/21) Vs.
log(Mpy) data. The dashed black lines show the 1o~ confidence
limits of the best-fit relation to the log(R1/2,2) vs. log(Mpn) data,
taking into account both the error on a and b. We note that we
do not show the respective lines for the log(R;,2) vs. log(Mpn)
data to maintain clarity.

The best-fit results for the log(Lsggo) vs. log(Mpy) plot are:
apobs = 45.53 £ 0.16, by gps = 1.57 £0.34 (x> = 11.6/9 d.o.f.).
The black solid line in the middle panel of Fig. 1 shows the best-
fit line. The red solid line in the same panel shows the best-fit line
when we consider the red points and we exclude the RXJ 1131
measurement. This is the source with the lowest redshift among
all sources in the sample, and its observed flux corresponds to
rest frame flux at ~5000 A, which is quite longer than the rest
frame wavelength of the other sources. The best-fit results in
this case are apops—2 = 45.60 + 0.14, by ops—2 = 1.43 + 0.38
()(2 = 11.1/8 d.o.f.) and are consistent, within 1o, with the
results from the best-fit to the original data. The dashed red
lines show the 1o confidence limits of the best-fit relation in
the latter case, taking into account the error on ap gns—» and
bL,obs—Z-

The bottom panel in Fig. 1 shows that L3 and Ry, are also
positively correlated. We fit the data with a straight line of the
form: log(Lsooo)= a+b[log(R}2,.)—16]. We normalized the R; >,
data to Ry, = 10'® cm to minimize the error on @ and b. The
best-fit results are: apr,, = 45.9 £ 0.2, bLg,,, = 1.6 £ 0.55, and
x? = 16.5 for 8 d.o.f. The solid and dashed lines show the best-
fit, and the 1o confidence region. The best-fit results indicate
that the main-driver for the L3goo vs. R;/2 relation is the positive
relation of these parameters with BH mass. If R, o« Mgy and
Ligoo o (Mpg)'0, then we expect Lapgp o<(R] /2)1'6, as observed.
Given this, and the fact that the error of the best-fit parameters to
the L3ppp vs. Mpy relation is larger than in the other two relations
(mainly the error on the slope), we concentrate below on the
study of the disc size and luminosity vs. Mpy relations.

3. Half-light radius of standard discs

The disc half-light radius at wavelength A, Ry ,, is defined
as:

All, page 4 of 10
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where Risco is the radius of the innermost stable circular orbit
(ISCO), and F,(R) is the monochromatic flux, at wavelength A,
emitted from radius R. In principle, this should be the flux as
detected by the observer (including all relativistic effects in the
propagation of light from the disc to the observer), which is not
necessarily the same as the flux emitted by the disc in its rest
frame. Below (and in the next section), we discuss the half-light
radius when the disc flux is cosidered under various assump-
tions; namely, the flux emitted in the rest frame of the disc,
with and without assuming colour-correction terms, and the flux
observed by a distant observer.

First, we used KYNSED to compute the disc flux as a function
of radius and then the model half-right radius, R} /2 mod, When the
disc is not illuminated by the X-ray source*. When X-ray illumi-
nation is turned off, KYNSED calculates the SED of a plane par-
allel, Keplerian, geometrically-thin and optically-thick accretion
disc around a BH of mass Mgy and spin a* (), with an accretion
rate of ritgqq. Figure 2 shows the flux radial profile in the case of
an AGN with Mgy = 10® My, ritggg = 0.2, a* = 0 and 1 (left
and right panels, respectively). The inclination angle, 6, is set
to 40°. The red lines show the flux radial profile when the disc
temperature is estimated ignoring the relativistic factors (which
is usually the case). The dotted blue lines show the flux profile
when the temperature is properly computed, following the NT
prescription. The radial profile is systematically smaller in the
latter case, although the difference is not significant, except at
radii smaller than ~20 R, when a* = 0O (left panel in Fig. 2).

The solid blue line in both panels shows the flux radial
profile when we take into account the colour-correction factor,
feol, of Done et al. (2012). For the BH mass and accretion rate
we assumed, the NT disc temperature, Tnt(R), is larger than
3 x 10* K in the inner part. Therefore, f.,; > 1 and the actual

4 All half-radius model calculations in this paper are done for 1 =
2500 A, so that we compare the model with the data listed in Table 1.
Hence, R)/2moq refer to the model half-radius measured at 2500 A.

> a* = Jc/G Mgy 2, where J is the angular momentum of the BH. The
spin parameter is smaller or equal to 1 (see e.g. Misner et al. 1973).
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Fig. 3. Magenta lines show the radial flux profile (for one side of the
disc) at 2500 A (as seen at infinity) when the disc is illuminated by an
X-ray corona at h = 20 R, and R, = 3Rjsco for BH with a* = 1.
All other model parameters are the same as in Fig. 2. Dotted and solid
lines indicate the profile for a NT disc and when we assume the colour
correction factor of Done et al. (2012), respectively. The black lines are
the same as the black lines in Fig. 2, and are shown for comparison. The
vertical dashed lines show the location of R, mq for each radial profile.

disc temperature is higher than Txp(R) (see Done et al. 2012).
As a result, the disc flux at 2500 A is decreased in the inner disc,
as most of the disc photons are now emitted at higher frequen-
cies. Then, f.o arrives at unity at distances ~70 and 40 Ry, for
spin 0 and 1, respectively. It is for this reason that the dotted and
solid blue lines in Fig. 2 are identical at larger radii.

The red and blue lines in Fig. 2 show the flux radial profile
in the rest frame of the disc. However, a distant observer will
detect the black lines (in the same panels) that show the disc
flux radial profile at infinity, namely, taking into account all the
relativistic effects (gravitational and Doppler shifts, aberration,
light bending etc). Relativistic effects are not important in the
case of a Schwarzschild BH (the black and blue lines are almost
identical at all radii), but they become significant in the inner
part of a maximally rotating BH (at 7 < 6 R,).

The red-dashed vertical lines in Fig. 2 indicate the half-light
radius that corresponds to the red lines. This is the half-light
radius that is usually computed, without considering relativistic
effects and the colour-correction factor. It is equal to 2.44 X R,_,
where R, is the scale length of the disc flux profile (see e.g.
Eq. (2) in Morgan et al. 2010). The black vertical lines in the
same panels indicate R} 2 mod 1n the case of a NT disc as observed
at infinity (dot-dashed lines) and when we also consider a colour-
correction factor (black dashed lines). For this particular choice
of model parameters, R| 2 mod increases by a factor of ~1.35 and
1.5, for a* = 0 and 1, respectively, when compared to R} /2 mod
that is computed analytically.

4. Half-light radius of X-ray illuminated discs

We assumed an X-ray source that is point-like (lamp-post geom-
etry) and located at a height, i, above the BH, on its rotational
axis. We further assume that the X-ray source emits isotropi-
cally in its rest-frame. Part of the X-rays are emitted towards the
disc, where they are either absorbed or reflected. With KYNSED,
we can calculate the SED when the X-ray luminosity is a free

model parameter and when the power that heats the corona is
linked to the power that is released by the accretion process. In
the latter case, the power dissipated by the accretion flow below
a’transition’ radius, Ry, is assumed to be transferred to the X-ray
corona. The X-ray luminosity is not a free parameter any more.
Instead, it depends on Ry and rizggg (for a given BH mass). We
chose the second option to study the size of X-ray illuminated
discs.

The X-ray energy spectrum is considered to be a power law
with a photon index I', which extends from a low-energy, Ey, up
to a high-energy cut-off, E.,. The high energy cut-off is deter-
mined by the corona temperature, and is a free parameter of
the model. The low-energy cut-off is set by the mean energy
of the disc photons which enter the corona. With KYNSED, we
estimate the accretion disc spectrum taking into account the
X-ray flux that is absorbed by each disc element. However, at
the same time, the X-ray luminosity, hence the X-rays absorbed
by the disc, depend on the spectrum of the disc photons enter-
ing the corona. KYNSED utilizes an iterative process to solve
this impasse, where the disc spectrum and E, are computed
repeatedly until £y does not change by more than 1% (see D22
for details). Once Ej is set, the model determines the incident
X-ray flux in each disc element and it computes the ionisation
state of the disc (all models in this work were computed assum-
ing a disc density of 10'> cm™3). This determines the amount of
X-rays that will be reflected and, finally, the amount of X-rays
that are absorbed by the disc (see K21 for a detailed description
of this process).

The absorbed X-ray flux is an additional source of heat-
ing for the disc. In fact, X-ray absorption is the only source of
heating for the disc below Ry if we assume that all the accre-
tion power that is dissipated at these radii is transferred to the
corona. At the same time, the disc emission at radii larger than
Ry is enhanced because the local temperature is now higher than
Tnt(R) as a result of the extra heating provided by the X-rays.

As an example, the magenta lines in Fig.3 show the disc
flux radial profile (at infinity) when the disc is illuminated by
an X-ray corona at h = 20 Ry (¢ = 1, and the other physi-
cal parameters are the same as in Fig.2). The transition radius
is Ry = 3Risco, which implies that 0.47 of the total accretion
luminosity is transferred to the corona. The black lines in this
figure show the radial profile when Ry = Risco, that is, the disc
flux radial profile when it is not illuminated by the X-rays (as
observed at infinity). These are the same as the black lines in the
right panel of Fig. 2.

The black and magenta dotted lines in Fig. 3 clearly show
that the NT disc flux at all radii greater than Ry increases when
X-rays illuminate the disc, because the disc is hotter due to X-ray
absorption. The black and magenta solid lines in the same figure
show that the disc flux increases at radii larger than the radius
where foor = 1 (~40 R,, in this case). At smaller radii, down
to Ry, feol > 1, and the wavelength for some of the disc photons
that were originally emitted at 2500 A is now shorter. Hence, the
magenta and black solid lines in Fig. 3 are comparable at these
radii. A discontinuity appears at R = Ry, in the case of the X-ray
illuminated disc radial profiles (magenta lines in Fig.3). This
is because the disc at lower radii is heated by X-ray absorption
only, and the temperature is smaller than Txt(R) in this case.

The vertical dashed lines in Fig. 3 show the location of
Ri/2.mod- The half-light radius increases when X-rays irradiate
the disc, mainly because of the flux increase at large radii. The
half-light radius when we also consider the colour-correction
factor is almost two times larger than the half-light radius that
is computed analytically (i.e. comparing the magenta vertical
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dashed line in Fig. 3 and the vertical red dashed line in the right
panel of Fig. 2). Actually, as we show below, the half-light radius
can be even larger than this factor, even for Schwarzschild BHs,
when X-rays illuminate the disc.

5. Model disc half-light radius and luminosity

The main parameters of KYNSED are a*, #igqq, Rir/Risco, 6, and
the height of the X-ray corona, . We used KYNSED and com-
puted R /2.mod at 2500 A, as well as the disc luminosity at 3000 A
(L3ooo,mod)6 in three different cases: (a) NT disc, (b) NT disc illu-
minated by X-rays, and (c) NT disc which is illuminated by
the X-rays, and we assumed the colour-correction term given
by Done et al. (2012), both before and after X-ray illumination
(model NT, NT/X, and NT/X+fcol, respectively.) In all cases,
we computed the half-light radius and the disc luminosity for
all combinations of the model parameter values listed in Table 3
(there are 5250 pairs of Rj/2.mod and L3poomod, for each inclina-
tion). The range of BH mass values we consider is similar to the
range of the BH mass estimates for the quasars in the sample.
We did not consider accretion rates smaller than a few percent
or close to the Eddington accretion rate, because the NT solu-
tion may not be appropriate in these cases. We did not consider a
coronal height smaller than 5 R, and higher than 100 R, because
the X-ray illumination effects are not significant in either case
(see e.g. K21). As for R;/Risco, we did not consider values
greater than 12 because even at Ry/Risco = 12 more than
70-80% of the total accretion power that is dissipated to the disc
is transferred to the corona, depending on spin (see Fig. 1 in
D22). The calculations were done assuming an X-ray spectral
photon index of I' = 2 and a high energy cut-off of 300keV
(we verified that the results do not change if we assume different
values of these parameters, which mainly define the shape of the
X-ray spectrum). Tables 4 and 5 list the NT, NT+fcol, NT/X, and
NT/X+fcol model half-light radius and luminosity, respectively,
for all model parameters that we considered in this work.

Figure 4 shows the ratio of Ry, y7/x/R1/2,n7, namely, the
ratio of the half-light radius of a NT, X-ray irradiated disc over
the half-light radius of a non-illuminated NT disc (for the same
Mgy, a*, igqq, and 6). The half-light radius increases by a factor
up to ~3.5 when a NT disc is illuminated by the X-rays. We
stress that we take into account all the relativistic effects when
we compute the ratio. This ratio would be larger if we would
compare Rj,; of an X-ray illuminated disc and the half-light
radius computed with the simplified equations that are often used
in practice, especially in the case of high BH spins.

The ratio is maximized at a high R,; (when the power trans-
ferred to the corona is great) and coronal height, since the frac-
tion of the thermally reprocessed component over the total disc
flux is also at maximum in this case (see Sect. 4.3 in K21). We
note that NT X-ray illuminated discs may also appear smaller
than NT discs when Ry, is very large and the coronal height is
smaller than ~10-20 R,. In this case, a large part of the disc
is heated only from X-ray absorption. Since the coronal height
is low, X-rays illuminate significantly the inner disc only. As a
result, the flux is concentrated towards small radii and the half-
light radius is smaller than the NT disc. Black and red points in
the top left panel Fig. 4 show the ratio of Ry 2 n7/x/R1/2,n7 When
0 = 30° and 60°, respectively. The ratio is practically the same,
irrespective of the disc inclination.

6 All model luminosity calculations are done for 4 = 3000 1°\, so that
we compare the model with the flux data listed in Table 1, at the rest
frame of each source.
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Table 3. Model parameter values we used to compute Rj/>mod, and
L3000,m0d-

Parameter Parameter values

Mgy (X108 M,) 0316, 1,3.16, 10, 31.6
ar 0, 0.3, 0.5, 0.8, 0.998

FEdd 0.05,0.1,0.2,0.3,0.5, 0.8
h (in Ry) 5, 10, 20, 40, 60, 80, 100
Ru/Risco 1.5,2,3,6,12

0 30°,60°
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Fig. 4. Ratio of the half-light radius in the case when X-rays illuminate
a NT disc (NT/X model) over the half-light radius in the case of the non-
illuminated NT disc. Black and red points in the top left panel show the
ratio of Ryxn1/x/Ri/2nt When in the inclination is 30 and 60 degrees,
respectively.

Figure 5 shows plots of logarithm of Rj/2med (in cm) and
L3000.mod (in erg s71) as a function of log(Mpy) for the three
models and all the model parameters we considered (i.e. all BH
spins, X-ray luminosity, coronal height, etc). There is a positive
correlation between R/2mod and L3ppo.mod With Mpy, similar to
what is observed, in all three cases. The black and red points
in the top-left panel show the half-light radius in the case when
the disc inclination is 30 and 60 degrees, respectively. The red
points are slightly shifted to the right for clarity reasons. The
half-light radius does not depend (significantly) on the inclina-
tion. The flux profile changes, but mainly in normalization, and
in such a way that the half-light radius remains constant. Notice-
able differences appear at very large inclinations (above 80°) and
high spins, when the flux from the inner part of the accretion
disc behind the black hole is highly amplified due to strong light
bending effect. Black and red points in the lower panel show
L3000.mod When the disc inclination is 30° and 60°, respectively
(red points are slightly shifted for clarity reasons). The black
solid line in the upper panels shows the best-fit lines to the R;/2,
vs. Mgy relation. The line in the bottom panels is the (ar obs—2,
by obs—2) best-fit line (see Sect. 2).

The bottom panels in Fig. 5 show that all three models are
consistent with the observed luminosity-BH mass relation for
the gravitationally lensed quasars in our sample. On the other
hand, the half-light radius versus BH mass model predictions
are flatter than the observed relation in the case of the NT model
(although they are consistent within 1o top-left panel). The
NT model predicts smaller half-light radii for sources with BH
mass larger than ~4 x 10% M. This is mainly because the disc



L. E. Papadakis et al.: X-ray illuminated accretion discs and quasar microlensing disc sizes

Table 4. NT, NT+fcol, NT/X, and NT/X+fcol model half-light radius (at 2500 A), for all the model parameter combinations we considered.

Mgy ¢ a  mia ReRisco h RY,  RYLrel RV Ry
(108 My) (Ry) (10" cm) (10 cem) (10" cm) (10" cm)
0.316 30 0.0 0.05 - - 3.95 4.87 - -
0.316 30 0.0 0.05 1.50 5 — - 3.98 4.87
0.316 30 0.0 0.05 2.0 5 - - 4.03 4.87
0.316 30 0.0 0.05 3.0 5 - - 4.14 4.87
Notes. The full table is available online at the CDS.
Table 5. NT, NT+fcol, NT/X, and the NT/X+fcol model luminosity (at 3000 A).
Mgy 6 @ g Re/Risco b log(LYY ) log(LYHoh log<L§’0TO/?XA> log(L§()T0gX§f°°‘>
(10° Mo) (Ry) (ergs ) (ergs) (ergs
0.316 30 0.0 0.05 - - 43.88 43.81 - -
0.316 30 0.0 0.05 1.50 5 - - 43.88 43.81
0.316 30 0.0 0.05 2.0 5 - - 43.88 43.82
0.316 30 0.0 0.05 3.0 5 - - 43.88 43.82

Notes. The full table is available online at the CDS.

temperature decreases with increasing BH mass (for the same
accretion rate). The NT/X and NT/X+fcol models are consis-
tent with the observations (middle and right panels, respec-
tively). The X-ray illumination makes the disc hotter at larger
radii and the half-light radius increases accordingly (see Fig. 4).
As a result, many model parameter combinations can result in
R1/2.moa—Mzn and L3ooo,moda—Mpn relations which are consistent
with the observations.

6. Comparison between models and the
observations

6.1. Constraints from the observed half-light and luminosity
versus Mgy relations

Each combination of riggq, h, a*, and Ry /Risco, (figqaq and
a*, for the NT model) results in a set of five (Ri/2,mod, MBH)
and (L3p00.mod> M) values, for the five BH masses that we
consider here. In order to investigate whether the models are
consistent with the data we need to investigate whether there
is a plausible range of model parameters that can result in
(Rl/2,mod7 MBH) and (LSOOO,mOda MBH) sets of pOiIltS, both of
which are within the respective 1o~ confidence regions defined
by the best-fit lines to the data (as indicated by the dashed lines
in Fig. 5).

First, we identified all the parameter combinations which
result in (Ry/2,mod,» Mer) points which are within the 1o confi-
dence region for all the five BH masses. For example, in the case
of the NT/X model, we identified all the (ritgqq, h, a*, Ry/Risco)
combinations that result in R/ mod values, which are within the
dashed lines plotted in the top middle panel of Fig. 5, for all the
five BH masses. Then, we considered the predicted L3ogomod Val-
ues for these parameters and we checked whether all the respec-
tive five (L3o00.mod Mpr) points are also within the 1o~ confidence
region (indicated by the dashed lines in the bottom-middle panel
of Fig. 5). We accept that a model is consistent with the data at
the 10 level if there are model parameters for which the five sets
of (L3000,mod» Mar) and (R1/2,mod» Mpn) pairs are both within the
1o confidence region of the best-fit lines to the data. The range

NT disc + illumination
T

NT disc (noillumination)
L7 N N B B

NT disc (fcol from D12) + illum.

R

log(R,,,)

3F.,

G B IR
7 75 8 85 9 95 107 75 8 85 9 95 107 75 8 85 9 95 10
log(Mg,,) logMg,,) logMg,)

Fig. 5. Plot of R;/2mod and of Lpoomoa VS. log(Mpn) (upper and lower
panels, respectively) in the case of a NT disc (left panels), the NT/X
model (middle panels), and the NT/X+fcol model (right panels). Black
and red points in the fop left panel show the half-light radius for disc
inclination 30 and 60 degrees, respectively. Black and red points in the
bottom panels indicate the model predictions for § = 30° and 6 = 60°,
respectively (R;/2moa are almost identical for both inclinations). Lines
show the best fits to the data, and the 1-o- confidence regions (see text
for details).

of these model parameters should be representative of the 1o
confidence region of the ‘best-fit” model parameters. Our results
are listed in Table 6.

There are no NT model parameters that can result in sets
of (R]/Z,mod7 MBH) and (L3000,m0d7 MBH) pOthS that will simul-
taneously be consistent with the half-light radius and luminos-
ity versus BH mass observations at the 1o~ level. We found that
the NT model is consistent (at 107) with the observed half-light
radius vs. BH mass relation when rggg > 0.5 and a* < 0.3.
High accretion rates are necessary for the NT discs to explain
the measured half-light radius of the quasars in the sample. How-
ever, such high accretion rate results in too high luminosity. In
fact, the NT model can explain the observed luminosity of the
sources in the sample (at the 1o level), only if rizggq is smaller
than 0.5. In other words, the NT disc models that can explain the
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Table 6. Parameter range for the NT,NT/X and NT/X+fcol models that
result in (Ry/2.mod» Mpr) and (L3p00.mod. Mpu) points which are consistent
with both the observed Ry, vs. Mgy and the L3p vs. Mgy relations,
within 1o, and 2.50 for the NT model (parameter values listed in paren-
thesis for this model).

Model (6) TMEdd a’ h(Rg) Ri/Risco
NT 30° - - - -
(NT/2.50) (30°) (0.1-0.5) (<0.8) — -
NT 60° - — — -
(NT/2.50) (60°) (0.2-0.5) (<0.8) — -
NT/X 30° <0.1 0-0.998 >40 >6
NT/X 60° <03 <0.5 >20 >6
NT/X+ feol 30° <0.2 0-0.998 >40 >6
NT/X+ feor 60° <03 <0.5 >40 >3

observed half-light radius values are "too’ bright when compared
with the observed luminosity of the sources. We found that the
NT model is consistent with the observations at the 2.50 level,
for the parameter values that are listed in parentheses in Table 6.
On the other hand, X-ray illuminated discs are consistent (at
1o) with the data. The extra power that heats the disc due to
X-ray illumination can explain the observed R;;, values with
lower accretion rates, thus explaining the observed luminos-
ity at the same time. The range of the parameter values that
are consistent with the data is broadly similar for both models.
We cannot put strong constraints on the spin of the quasars,
except in the case of NT/X and NT/X+ f,,; models, which pre-
dict spins smaller than 0.5. On the other hand, the illuminated
disc models predict relatively low accretion rates (<0.3-0.2).
Actually, the accretion rates that we find are consistent with
what is observed for sources of similar mass and redshift range
(see e.g. Kollmeier et al. 2006; Lusso et al. 2012; Nobuta et al.
2012; Capellupo et al. 2015). In addition, the models predict
great coronal heights, which is expected, since the disc heating is
more efficient when the coronal height is great (see K21). They
also require that R;/Risco > 6, which implies that at least 50%
of the accretion power that is released on the disc is transferred to
the corona. We note that even in this case, the disc is quite more
luminous than the X-ray corona, as at least half of the X-ray
luminosity is directed away from the observer, towards the disc
(if the X-ray source is emitting isotropically in its rest frame).

6.2. Constraints from the X-ray luminosity

As a final test for the X—tray illumination models (i.e. NT/X-fcol
and NT/X models), we computed the model X-ray luminosity
and we compared it with the observations. We considered four
BH masses (1, 5, 10, and 50 x 108 M), with a* = 0,0.3, and
0.5, and three accretion rates (rgqgq = 0.01,0.05, and 0.1). We
considered two transition radii (R, = 6 and 12 Risco), and a
coronal height of 60, 80, and 100 R,. As we show above, these
are the physical parameters that would result in half-radius—Mpy
and luminosity—Mpy relations consistent with the data, in the
case of X-ray illuminated discs.

We ran KYNSED for each combination of the parameter space,
and we computed the X-ray luminosity in the 10-50 keV band,
Lxmod,10-50 (in erg s7h), assuming ¢ = 30°, I’ = 1.8, and
E.y = 150 keV. Grey circles in Fig. 6 show the results. We note
that the hard X-ray luminosity is almost identical in the case
of the NT/X and the NT/X+fcol models. The colour-correction
factor affects the optical/UV part of the spectrum (and not the
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Fig. 6. 10—50 keV luminosity as a function of BH mass. The grey circles
show the model predictions, estimated using KYNSED for various combi-
nations of height, a*, g4, and R;. The red squares show the observed
values for QJ 0158, HE 0435, SDSS 0924, SDSS 1004, HE 1104, and
Q 2237, from Chen et al. (2012) (see text for details).

X-rays), except in cases of very low coronal height, and high
spins (even in this case, the difference is less than 10%). In
general, Lxmod,10-50 increases with BH mass, as expected. It
also increases with #iggq. The Lxmod.10-50 values appear in pairs
for each ritpqq; the larger luminosity corresponds to the larger
Ry;. The coronal height does not affect significantly the X-ray
luminosity since we have considered heights larger than 10R,
(see Fig. A.5 in D22). The same is true for a* (see Fig. A.l
in D22).

The red points in the same figure indicate the observed
X-ray luminosity in the (rest-frame) 10-50 keV band,
Lxobs.10-50, for six quasars. The measurements are taken from
Chen et al. (2012), who presented the results from the analysis of
Chandra monitoring data of six gravitationally lensed quasars,
which also belong in our sample (namely: QJ 0158, HE 0435,
SDSS 0924, SDSS 1004, HE 1104, and Q 2237). These authors
measured the X-ray luminosity (corrected for magnification) in
various bands. We chose to compare the model with the measure-
ments in the 10-50 keV band, in order to minimize any compli-
cations due to the (possible) presence of absorption, either in the
host or the lensing galaxy.

Figure 6 shows that the model predictions are fully consistent
with observations. We stress that the model X-ray luminosity
plotted in this figure is the one that is needed to heat the disc
so that the disc size and luminosity remains consistent with the
observations. In other words, Fig. 6 confirms that the sources in
the sample have the necessary X-ray luminosity to heat the disc
by the amount that is required to explain the observed half-light
radii (and UV luminosity) of the quasars in our sample.

7. Discussion and conclusions

We studied the half-light radius versus BH mass and the disc
luminosity versus BH mass relations in the case of a NT accre-
tion disc as well as a NT disc that is illuminated by X-rays.
We also considered the case of a colour-correction factor, as
proposed by Done et al. (2012). We used KYNSED, which is a
recently developed model for the broad-band SED of AGN. It
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computes the SED in the case when the X-ray corona is located
on the spin axis of the BH, and illuminates the disc. It takes into
account all the GR effects, as well as the disc ionisation, when
computing the X-ray reflection spectra, and, hence, the amount
of the X-rays that are absorbed by the disc.

One of our main results is that the half-light radius can
increase by a factor of up to ~3.5 when the disc is illuminated
by X-rays, even when a* = 0. This is because a large part of the
incident X-rays is absorbed and acts as an extra source of power
to heat the disc. Consequently, the disc temperature is higher
than the temperature predicted by the standard NT disc theory
and the flux profile is shifted to larger radii.

Figure 4 shows that the half-light radius of a NT disc can
increase by a factor of ~3 if Ry/Risco = 6. Such a transi-
tion radius implies that ~55-65% of the power that is released
by accretion in the disc is transferred to the corona (for spin
one and zero, respectively). We note that even if most of the
power is transferred to the corona, the observed disc luminosity
is expected to be larger than the X-ray luminosity — if the corona
emits isotropically in its rest frame. In this case, at least half of
the corona luminosity is emitted towards the disc, hence, it is
absorbed and heats the disc, thereby increasing its luminosity.

A significant increase in the value of R;,, is not expected
every time Ry /Risco > 6, as it depends on the other physical
parameters of the system. For example, the bottom-right panel
in the same figure shows that for a significant increase in the
half-light radius of the order of 2.5 or more, it is necessary for
Ri:/Risco > 6 and for the coronal height to be greater than 40R,.
As the coronal height increases, the amount of X-ray illumina-
tion (and, hence, the X-ray absorption as well) increases. This
is due to projection effects, which compensate any losses due to
the increased distance between the corona and the outer disc (see
K21 for a more detailed discussion on this effect). Consequently,
the amplitude of the disc temperature profile (and, hence, R;,,)
increases with increasing height.

We conducted a detailed study of the model R;,, — Mgy
and Lo — Mgy plots for a wide range of parameters (listed
in Table 3) and we compared them with the observed ‘half-
light radius versus BH mass’ and ‘luminosity versus BH mass’
relations, using data for 15 quasars with available microlens-
ing variability observations. We found that non-illuminated NT
accretion disc models are in agreement with the observations but
only at the 2.50 level. We get a better agreement with the obser-
vations if we assume that the disc is illuminated by the X-rays. In
this case, NT discs are consistent with the observations, within
1o, irrespective of whether we assume a colour-correction factor
(or not) and of whether the discs are preferentially seen face-on
or whether the sources are randomly distributed at all inclina-
tions. Our best-fit results are listed in Table 6. In both NT/X
and NT/X+fcol models, the results indicate that the accretion
rate of the sources is less than ~0.3 of the Eddington limit,
Ry /Risco 2 6, and the coronal height is larger than ~40R,. This
lower limit on the coronal height is probably model dependent.
The disc in the current model is parallel plane. The ratio of the
disc height over disc radius is small in the standard disc models
(i.e. it is not zero). Therefore, as the radius increases, the disc
height is also expected to increase, leading to a ‘flaring’ disc in
the outer parts. We expect smaller coronal heights to illuminate
the disc more efficiently in this situation and we plan to investi-
gate this issue in the future.

Regarding the colour-correction factor, we considered the
prescription of Done et al. (2012). The f, factor is related to the
disc opacity, which is determined by the structure of the NT disc.
Therefore, it is not clear what the correct colour correction fac-

tor is when the disc is illuminated by X-rays. The fact that both
a NT disc and a disc with the given f,, prescription is consistent
with the observations when illuminated by X-rays indicates that
the exact colour-correction factor does not affect the main con-
clusion of our results — namely, that X-ray illumination of the
accretion disc in AGN is needed to explain the observations.

The current sample of quasars with measured half-light
radius is small. Given the size of the sample, we cannot make
a general conclusion about the importance of X-ray illumina-
tion in AGN. This should depend on the amount of the power
that is transferred to the corona as well as on the coronal height.
These parameters must be related to the mechanism that creates
and heats the X-ray corona. It is possible that R /Risco and the
coronal height will be the same in all quasars. However, since
the mechanism is currently unknown, we cannot be certain of
the above. It may also be possible that depending on the accre-
tion rate, there may be a wide range of Ry /Risco and coronal
heights in AGN. This would imply that X-ray illumination may
not be important in other AGN, but we cannot make solid pre-
dictions based on the current work.

We note that we have not considered the possibility of
internal absorption (in the optical/UV bands). For example,
Gaskell et al. (2004) estimate that the typical reddening for a
face-on AGN can be up to E(B — V) ~ 0.3. Although this may
be an overestimate of the reddening for the typical AGN (see
e.g. Baron et al. 2016), we can assume this value just to give
an example as to how absorption can influence our results. The
upper limit of rigqq ~ 0.2 that we get in the case of 6 = 30°
for the NT/X-fcol model, is mainly set by the observed lumi-
nosity at 3000 A. Since the disc luminosity is proportional to
Tigqd, @ higher accretion rate will predict luminosity larger than
observed. Hoowever, if we assume that the observed luminos-
ity at 3000 A is ~2—2.5 times lower than the intrinsic one (due
to absorption), then the intrinsic accretion rate could be up to
mggg ~ 0.4—0.5. Such absorption would imply an extinction
of Asppp ~ 0.75—1, respectively. Assuming the quasar extinc-
tion curve of Czerny et al. (2004), this would correspond to an
E(B—-V)of0.14-0.18.

In summary, when the disc is illuminated by X-rays, the
disc emission in the UV/optical is consistent with a multicolour
blackbody emission, with a temperature profile determined by
the accretion power dissipated in the disc plus the power due
to X-ray absorption. As a result, the disc temperature increases
at larger radii, when compared to the standard-disc model tem-
perature, and the disc appears to be ‘larger’ than expected. This
effect can explain the apparent discrepancy between the disc size
as determined by microlensing observations and the luminosity-
black hole mass relation of gravitationally lensed quasars.

The X-ray illumination of the disc can also explain the
apparent discrepancy between the standard disc model and the
observed UV/optical time-lags measured from recent monitor-
ing campaigns (see Kammoun et al. 2021b). There are some dif-
ferences between the model used by Kammoun et al. (2021b)
and the model we use in the current work. The X-ray luminos-
ity was a free parameter in Kammoun et al. (2021b), and was
not part of the power that is available for the disc heating due
to the accretion process. In addition, Kammoun et al. (2021b)
assumed f.o = 2.4, while we assume the colour-correction factor
of Done et al. (2012). We are currently developing a new code to
fit the optical/UV time lags, for any combination of the X-ray
heating source, spin, and colour-correction term. These results
will be published soon. Our preliminary results show that we
can fit the optical/UV time-lags assuming X-ray disc illumina-
tion and the same assumptions we adopt in this work.
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Our results offer strong support to the X-ray disc illumina-
tion hypothesis in AGN. We plan additional tests of the disc
X-ray illumination hypothesis by considering broadband AGN
SEDs (in particular, SEDs that include short wavelength data).
Although it is not straightforward to use KYNSED to fit SEDs for
individual AGN if they have been constructed using contempo-
raneous data (see the discussion in Sect. 5.5 in D22), we plan to
study AGN composite SEDs published over the past few years,
as well as the observed L,y vs. Lyy relation (or, equivalently
the aox vs. Lysg 4 relation) in quasars. These tests ought to pro-
vide further constraints on the current model and may aid in
developing it further.

Acknowledgements. We thank H. Netzer, the referee, for his helpful and con-
structive comments that helped us improve the manuscript significantly. L.E.P.
acknowledges support by the project “Support of the international collabora-
tion in astronomy (ASU mobility)” with the number: CZ. 02.2.69/0.0/0.0/18—
053/0016972. ASU mobility is co-financed by the European Union. M.D. thanks
for the support from the GACR project 21-06825X and the institutional support
from RVO:67985815. E.S.K. acknowledges financial support from the Centre
National d’Etudes Spatiales (CNES).

References

Abolmasov, P., & Shakura, N. I. 2012, MNRAS, 427, 1867

Assef, R. J., Denney, K. D., Kochanek, C. S., et al. 2011, ApJ, 742, 93

Baron, D., Stern, J., Poznanski, D., & Netzer, H. 2016, ApJ, 832, 8

Blackburne, J. A., Kochanek, C. S., Chen, B., Dai, X., & Chartas, G. 2014, ApJ,
789, 125

Capellupo, D. M., Netzer, H., Lira, P., Trakhtenbrot, B., & Mejia-Restrepo, J.
2015, MNRAS, 446, 3427

Chen, B., Dai, X., Kochanek, C. S., et al. 2012, ApJ, 755, 24

Cornachione, M. A., & Morgan, C. W. 2020, ApJ, 895, 93

Cornachione, M. A., Morgan, C. W., Millon, M., et al. 2020, ApJ, 895, 125

Czerny, B., Li, J., Loska, Z., & Szczerba, R. 2004, MNRAS, 348, L54

Dai, X., Kochanek, C. S., Chartas, G., et al. 2010, ApJ, 709, 278

Dexter, J., & Agol, E. 2011, ApJ, 727, 1L.24

Done, C., Davis, S. W., Jin, C., Blaes, O., & Ward, M. 2012, MNRAS, 420,
1848

Dovciak, M., Papadakis, I. E., Kammoun, E. S., & Zhang, W. 2022, A&A, 661,
A135

Fabian, A. C., Zoghbi, A., Ross, R. R., et al. 2009, Nature, 459, 540

All, page 10 of 10

Fausnaugh, M. M., Denney, K. D., Barth, A. J., et al. 2016, ApJ, 821, 56

Gaskell, C. M., Goosmann, R. W., Antonucci, R., & Whysong, D. H. 2004, ApJ,
616, 147

George, I. M., & Fabian, A. C. 1991, MNRAS, 249, 352

Guo, H., Barth, A. J., Korista, K. T., et al. 2022, ApJ, 927, 60

Hall, P. B., Sarrouh, G. T., & Horne, K. 2018, ApJ, 854, 93

Jiang, Y.-F,, Davis, S. W., & Stone, J. M. 2016, ApJ, 827, 10

Jiménez-Vicente, J., Mediavilla, E., Mufioz, J. A., & Kochanek, C. S. 2012, ApJ,
751, 106

Kammoun, E. S., Papadakis, 1. E., & Dov¢iak, M. 2019, ApJ, 879, L24

Kammoun, E. S., Dovéiak, M., Papadakis, I. E., Caballero-Garcia, M. D., &
Karas, V. 2021a, ApJ, 907, 20

Kammoun, E. S., Papadakis, I. E., & Dovciak, M. 2021b, MNRAS, 503,
4163

Kollmeier, J. A., Onken, C. A., Kochanek, C. S, et al. 2006, ApJ, 648, 128

Korista, K. T., & Goad, M. R. 2001, ApJ, 553, 695

Korista, K. T., & Goad, M. R. 2019, MNRAS, 489, 5284

Li, Y.-P, Yuan, F,, & Dai, X. 2019, MNRAS, 483, 2275

Liszt, H. 2021, ApJ, 908, 127

Lusso, E., Comastri, A., Simmons, B. D., et al. 2012, MNRAS, 425, 623

Misner, C. W., Thorne, K. S., & Wheeler, J. A. 1973, Gravitation (Princeton
University Press)

Morgan, C. W., Kochanek, C. S., Morgan, N. D., & Falco, E. E. 2010, ApJ, 712,
1129

Motta, V., Mediavilla, E., Rojas, K., et al. 2017, ApJ, 835, 132

Muiioz, J. A., Vives-Arias, H., Mosquera, A. M., et al. 2016, ApJ, 817, 155

Nandra, K., Pounds, K. A., Stewart, G. C., et al. 1991, MNRAS, 248, 760

Netzer, H. 2022, MNRAS, 509, 2637

Nobuta, K., Akiyama, M., Ueda, Y., et al. 2012, ApJ, 761, 143

Novikov, I. D., & Thorne, K. S. 1973, in Black Holes (Les Astres Occlus), eds.
C. Dewitt, & B. S. Dewitt, 343

Panagiotou, C., Papadakis, I. E., Kammoun, E. S., & Dov¢iak, M. 2020,
MNRAS, 499, 1998

Pooley, D., Blackburne, J. A., Rappaport, S., & Schechter, P. L. 2007, ApJ, 661,
19

Pounds, K. A., Nandra, K., Stewart, G. C., George, I. M., & Fabian, A. C. 1990,
Nature, 344, 132

Press, W. H., Teukolsky, S. A., Vetterling, W. T., & Flannery, B. P. 2007,
Numerical Recipes 3rd Edition: The Art of Scientific Computing (Cambridge
University Press)

Schlafly, E. F., & Finkbeiner, D. P. 2011, ApJ, 737, 103

Shakura, N. I., & Sunyaev, R. A. 1973, A&A, 24, 337

Sluse, D., Hutsemékers, D., Courbin, F., Meylan, G., & Wambsganss, J. 2012,
A&A, 544, A62

Trakhtenbrot, B., & Netzer, H. 2012, MNRAS, 427, 3081

Vestergaard, M., & Peterson, B. M. 2006, ApJ, 641, 689


http://linker.aanda.org/10.1051/0004-6361/202142962/1
http://linker.aanda.org/10.1051/0004-6361/202142962/2
http://linker.aanda.org/10.1051/0004-6361/202142962/3
http://linker.aanda.org/10.1051/0004-6361/202142962/4
http://linker.aanda.org/10.1051/0004-6361/202142962/4
http://linker.aanda.org/10.1051/0004-6361/202142962/5
http://linker.aanda.org/10.1051/0004-6361/202142962/6
http://linker.aanda.org/10.1051/0004-6361/202142962/7
http://linker.aanda.org/10.1051/0004-6361/202142962/8
http://linker.aanda.org/10.1051/0004-6361/202142962/9
http://linker.aanda.org/10.1051/0004-6361/202142962/10
http://linker.aanda.org/10.1051/0004-6361/202142962/11
http://linker.aanda.org/10.1051/0004-6361/202142962/12
http://linker.aanda.org/10.1051/0004-6361/202142962/12
http://linker.aanda.org/10.1051/0004-6361/202142962/13
http://linker.aanda.org/10.1051/0004-6361/202142962/13
http://linker.aanda.org/10.1051/0004-6361/202142962/14
http://linker.aanda.org/10.1051/0004-6361/202142962/15
http://linker.aanda.org/10.1051/0004-6361/202142962/16
http://linker.aanda.org/10.1051/0004-6361/202142962/16
http://linker.aanda.org/10.1051/0004-6361/202142962/17
http://linker.aanda.org/10.1051/0004-6361/202142962/18
http://linker.aanda.org/10.1051/0004-6361/202142962/19
http://linker.aanda.org/10.1051/0004-6361/202142962/20
http://linker.aanda.org/10.1051/0004-6361/202142962/21
http://linker.aanda.org/10.1051/0004-6361/202142962/21
http://linker.aanda.org/10.1051/0004-6361/202142962/22
http://linker.aanda.org/10.1051/0004-6361/202142962/23
http://linker.aanda.org/10.1051/0004-6361/202142962/24
http://linker.aanda.org/10.1051/0004-6361/202142962/24
http://linker.aanda.org/10.1051/0004-6361/202142962/25
http://linker.aanda.org/10.1051/0004-6361/202142962/26
http://linker.aanda.org/10.1051/0004-6361/202142962/27
http://linker.aanda.org/10.1051/0004-6361/202142962/28
http://linker.aanda.org/10.1051/0004-6361/202142962/29
http://linker.aanda.org/10.1051/0004-6361/202142962/30
http://linker.aanda.org/10.1051/0004-6361/202142962/31
http://linker.aanda.org/10.1051/0004-6361/202142962/32
http://linker.aanda.org/10.1051/0004-6361/202142962/32
http://linker.aanda.org/10.1051/0004-6361/202142962/33
http://linker.aanda.org/10.1051/0004-6361/202142962/34
http://linker.aanda.org/10.1051/0004-6361/202142962/35
http://linker.aanda.org/10.1051/0004-6361/202142962/36
http://linker.aanda.org/10.1051/0004-6361/202142962/37
http://linker.aanda.org/10.1051/0004-6361/202142962/38
http://linker.aanda.org/10.1051/0004-6361/202142962/39
http://linker.aanda.org/10.1051/0004-6361/202142962/40
http://linker.aanda.org/10.1051/0004-6361/202142962/40
http://linker.aanda.org/10.1051/0004-6361/202142962/41
http://linker.aanda.org/10.1051/0004-6361/202142962/42
http://linker.aanda.org/10.1051/0004-6361/202142962/43
http://linker.aanda.org/10.1051/0004-6361/202142962/44
http://linker.aanda.org/10.1051/0004-6361/202142962/45
http://linker.aanda.org/10.1051/0004-6361/202142962/46
http://linker.aanda.org/10.1051/0004-6361/202142962/47

	Introduction
	Quasar micro-lensing variability sample
	Half-light radius of standard discs
	Half-light radius of X-ray illuminated discs
	Model disc half-light radius and luminosity
	Comparison between models and the observations
	Constraints from the observed half-light and luminosity versus MBH relations
	Constraints from the X-ray luminosity

	Discussion and conclusions
	References

