
Astrophysics and Space Science (2023) 368:8
https://doi.org/10.1007/s10509-023-04165-7

R E S E A R C H

Accretion disks, quasars and cosmology: meandering towards
understanding
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Abstract
As Setti and Woltjer noted back in 1973, one can use quasars to construct the Hubble diagram; however, the actual application
of the idea was not that straightforward. It took years to implement the proposition successfully. Most ways to employ quasars
for cosmology now require an advanced understanding of their structure, step by step. We briefly review this progress, with
unavoidable personal biases, and concentrate on bright unobscured sources. We will mention the problem of the gas flow
character close to the innermost stable circular orbit near the black hole, as discussed five decades ago. This problem later led
to the development of the slim disk scenario and is recently revived in the context of Magnetically Arrested Disks (MAD) and
Standard and Normal Evolution (SANE) models. We also discuss the hot or warm corona issue, which is still under debate
and complicates the analysis of X-ray reflection. We present the scenario of the formation of the low ionization part of the
Broad Line Region as a failed wind powered by radiation pressure acting on dust (Failed Radiatively Driven Dusty Outflow –
FRADO). Next, we examine the cosmological constraints currently achievable with quasars, primarily concentrating on light
echo methods (continuum time delays and spectral-line time delays to the continuum) that are (or should be) incorporating
the progress mentioned above. Finally, we briefly discuss prospects in this lively subject area.
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1 Introduction

The purpose of this article is to describe many steps in our
understanding of how Active Galaxies operate, to finally
open up the possibility to use them as exploratory tools in
cosmology.

This discussion is timely as one recognizes specific
cracks reported in the current picture of the Universe as
represented by the standard �CDM model. The most spec-
tacular of these cracks is the tension in the Hubble con-
stant. Especially between the values derived from some lo-
cal measurements of the Universe expansion (of the order
of 74 km s−1 Mpc−1, see e.g. Wong et al. 2020 and Riess
et al. 2022), and the value expected from the analysis of
the Cosmic Microwave Background (CMB) in the standard
�CDM model, 67.4 ± 0.5 km s−1 Mpc−1 (Planck Collabo-
ration et al. 2020). Other tensions have also been revealed
(for the most recent review, see Abdalla et al. 2022). On the

other hand, some local measurements indicate much less
tension, if any, when compared with the CMB measure-
ments (e.g. Freedman 2021). Therefore, systematic errors in
the measurements could be an issue. In these circumstances,
having more independent methods can help to firmly estab-
lish whether the tensions are genuine and whether we need
new physics to explain the evolution of the Universe. These
efforts would take us beyond the standard �CDM model.

Active Galactic Nuclei (AGN) are very complex systems;
nevertheless, enormous progress has transpired in studying
their nature since the early discovery days of the 1960s
(Schmidt 1963; Salpeter 1964; Lynden-Bell 1969). It is now
well established that a typical AGN contains a supermassive
black hole, which has been imaged, now for the two nearest
sources – M87 and Sgr A* – with the Event Horizon Tele-
scope (Event Horizon Telescope Collaboration et al. 2019,
2022). The intense radiation of AGN is powered by the ac-
cretion process. In bright AGN, the central black hole is sur-
rounded by an optically thick, geometrically thin, and rel-
atively cold accretion disk. Whereas in faint AGN, such asExtended author information available on the last page of the article
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Sgr A* or M87, the accretion flow is in the form of opti-
cally thin and much hotter plasma (see Netzer 2015; Karas
et al. 2021, for recent reviews). The observed level of ac-
tivity depends predominantly on the black hole mass, the
accretion rate, and the viewing angle towards the nucleus
as the AGN system possesses overall axial symmetry (but
not spherical symmetry due to the presence of the disk), the
collimated jet outflow perpendicular to the disk, and the cir-
cumnuclear dusty or molecular torus in the disk plane. These
components are presumed to be present in highly accreting
systems.

Nowadays, broadband spectra of AGN cover all energy
bands, from radio through the IR, optical, up to X-rays, and
frequently to the gamma-ray band. Spectra are complex and
full of atomic features - emission lines and absorption lines,
atomic continua, and pseudocontinua. In addition, AGN are
strongly variable in all wavelength bands. The cores of AGN
are small and observationally unresolved, apart from ex-
tended radio and IR emission. But the variability and rich
spectral features give us insight into the core structure us-
ing light echo studies done in the optical, X-ray, and IR (see
Cackett et al. 2021, for the most recent review). AGN can be
employed for cosmological distance measurements in many
independent ways, but most methods rely on some assump-
tions about their structure.

2 Inner boundary condition of the accretion
disk surrounding a black hole

The crucial step forward in studies of the accretion pro-
cess onto a black hole happened with Shakura and Sunyaev
(1973), who found a simple and elegant way to parameterize
the viscosity acting in a cold accretion disk. The original for-
mulation of the model used the Newtonian description of the
gravitational field of a black hole. However, at that time, the
trajectories of the orbits in the Schwarzschild metric (non-
rotating black hole) and in the equatorial plane of the Kerr
metric (rotating black holes) were already known (Bardeen
et al. 1972) and the pivotal role of - the innermost stable
circular orbit (ISCO), was recognized. The existence of the
ISCO is a characteristic property of general relativity (GR)
that is absent in the Newtonian theory of gravity. Shakura &
Sunyaev imposed ISCO position as the innermost radius of
the disk where the viscous torque can be assumed to vanish.
The flow description close to the ISCO and below it, is not
incorporated in the Shakura and Sunyaev (1973) model.

This limitation started a discussion about what is actually
happening in the inner region and how the flow proceeds to-
wards the black hole horizon (e.g. Fishbone and Moncrief
1976; Paczynski and Bisnovatyi-Kogan 1981; Loska 1982),
and the problem of the transition between the Keplerian disk
above the ISCO and the flow through the ISCO towards

the black hole horizon was solved in full by Muchotrzeb
and Paczynski (1982) (note that Muchotrzeb is the maiden
name of the first author of this paper). This solution required
the introduction of key terms into the dynamical and energy
equations: (i) the description of the gravitational field in the
pseudo-Newtonian approximation (which predicts the exis-
tence of an ISCO like in the Schwarzschild metric); (ii) the
radial pressure gradient that allows for the deviation from
Keplerian flow when pressure suddenly drops; and (iii) the
advection term. This formalism finally revealed the nature
of the accretion flow: the outer disk is roughly Keplerian, as
in Shakura and Sunyaev (1973), with a relatively slow ra-
dial velocity; close to the ISCO the inflow accelerates. Soon
after crossing the ISCO the flow changes from subsonic to
supersonic, and the angular momentum becomes roughly
constant, so not much dissipation occurs below the ISCO.
The solution showed that the model of Shakura and Sunyaev
(1973) describes the cold disk flow well, and the departure
in the dissipation profile is not very large up to the accretion
rate corresponding to the Eddington luminosity.

The conclusion that the viscous torque is close to zero
at ISCO in the case of thin disks was generally accepted,
even if the paper was based on the viscosity parametriza-
tion introduced by Shakura and Sunyaev (1973), and, since
1991, it is well established that the accretion disk viscos-
ity is, in fact, caused by the magnetorotational instability
(Balbus and Hawley 1991). However, there may be excep-
tions from this general statement (see Stoeger 1976, and
subsequent references). First, it was noticed that too large
a value of the viscosity parameter leads to transonic flow
well above the ISCO. Hence, all numerical solutions are
ambiguous after crossing the sonic radius since the topol-
ogy of the solution changes (Muchotrzeb 1983; Matsumoto
et al. 1984; Muchotrzeb-Czerny 1986). Also, Afshordi and
Paczyński (2003) acknowledge that if a strong magnetic
field is present, the flow conditions at the ISCO can vary.

Standard cold accretion disks are not the only form of the
flow onto black holes. At high accretion rates, a slim disk
develops, which will be discussed in the next section. While
at lower accretion rates, a hot, geometrically thick and op-
tically thin flow develops (Ichimaru 1977; Narayan and Yi
1994). There, a strong magnetic field can be present, so two
branches of solutions must be considered: Magnetically Ar-
rested Disks (MADs), where the strong magnetic field mod-
ulates or stops the flow (Narayan et al. 2003), and the Stan-
dard And Normal Evolution (SANE) solutions, where the
torque close to the ISCO remains small.

3 Stability of the radiation-pressure
dominated accretion disk

Soon after the introduction of such an elegant, simple,
and practical accretion disk model by Shakura and Sun-
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yaev (1973), somewhat paradoxically, it was shown that
those disks are thermally (Pringle et al. 1973) and viscously
(Lightman and Eardley 1974) unstable. These instabilities
happens when radiation pressure dominates over gas pres-
sure (see also Shakura and Sunyaev 1976 for a combined
study of these two instabilities). This scenario is not only
expected at high accretion rates in the case of binary black
holes but even at moderate accretion rates in AGN. It had
a lasting effect on the use of the standard accretion disk in
AGN theory since many researchers considered that the in-
stability must lead to disk destruction. On the other hand,
broad-band spectra of bright AGN clearly showed the pres-
ence of the Big Blue Bump that dominates in the optical/UV
band, which was fitted using a standard disk, eventually with
some modifications (e.g. Malkan 1983; Czerny and Elvis
1987). More recent broad-band spectra are of such high
quality and allow for a determination of all disk parameters,
including the spin of the black hole, which affects the ex-
act position of the ISCO (e.g. Czerny et al. 2011; Capellupo
et al. 2015). The issue of disk stability is still not resolved.
But significant steps have been made in this direction.

3.1 Slim disk theory

Introduction of all terms necessary to describe the accretion
disk close to the ISCO (Muchotrzeb and Paczynski 1982)
led in a straightforward way to an important insight into the
disk stability although this took a few more years to real-
ize. Abramowicz et al. (1988) showed that when the ac-
cretion rate exceeds the critical rate (corresponding to the
Eddington luminosity for spherical accretion) the advection
term becomes important. And an increasing fraction of en-
ergy dissipated in the disk is carried inward under the black
hole horizon instead of being reemitted locally by the disk.
The accretion disk is geometrically thicker than the stan-
dard disk, although not very thick (hence the name slim
disk). The emitted total radiation flux saturates with the ever-
increasing accretion rate, and the cooling mechanism stabi-
lizes the disk; a new advection-dominated solution branch
emerges. First models assumed the pseudo-Newtonian po-
tential, but later 1+1-D models in the full GR formalism,
were also constructed (Sądowski et al. 2011). These newer
models included: (i) a proper radial structure in the equato-
rial plane; and (ii) the whole complexity of the disk’s vertical
structure earlier calculated in Newtonian models.1

The introduction of the slim disk concept encouraged the
use of accretion disk models in AGN studies since the fate
of the disk under immense radiation pressure was clear. At
a given radius, the disk was stable when the gas dominated
- at higher accretion rates, it was unstable, but at still higher

1E.g. Różańska et al. 1999 that already included complex opacity ta-
bles including molecules and dust grains, vertical convection with ele-
ments of the mixing-length theory, etc.

accretion rates, it became stable again, with the three solu-
tion branches covering the whole parameter range. Since the
transition between the branches depends on the radius, local
stability or instability does not imply a global behaviour, but
they provide a direct model prediction. If the accretion rate
is so low that radiation pressure is never important the disk
is globally stable. On the other hand, if the accretion rate is
higher, the disk model shows the clear time dependence of a
limit-cycle character, with the disk structure oscillating be-
tween the lower, colder gas-dominated branch and the upper,
hotter advection-dominated branch. Such models assuming
either a standard viscosity law as in Shakura and Sunyaev
(1973) or simple modifications of this law were studied by
several groups (e.g. Szuszkiewicz and Miller 1998; Honma
et al. 1991; Janiuk et al. 2002; Grzędzielski et al. 2017).

3.2 Models of the limit cycle and the comparison to
the observational data

The introduction of the slim disk concept showed that the
worst that can happen to an unstable disk is an onset of limit-
cycle behavior. However, the parametrization introduced by
Shakura and Sunyaev (1973) was just a simple scaling idea.
Here, the radiation pressure instability strongly depends on
the form of adopted scaling (for example, scaling of the vis-
cous torque with only the magnetic pressure in equipartition
with gas switches off the instability independently of the
level of radiation, Sakimoto and Coroniti 1981). The best
test of how the effective scaling of the viscous torque works
in various objects is to test the models against observational
data and to compare the stability parameter range, the out-
burst amplitudes, and the timescales. In the case of Galac-
tic black hole binaries, tests are relatively simple since the
timescale of the predicted limit cycle is very short (tens to
a few thousands of seconds). Moreover, the models based
on the radiation pressure instability well describe the heart-
beat states in this case (e.g. Janiuk et al. 2000, 2002, 2015;
Rawat et al. 2022). When we go to larger black hole masses,
the model offers an interesting possibility of explaining the
400-day period in one source (HLX-1), which most likely
contains an intermediate-mass black hole (e.g. Sun et al.
2016; Wu et al. 2016). The application of this variability
mechanism to AGN is based primarily on statistical studies
(e.g. Czerny et al. 2009), or radio images (e.g. Schawinski
et al. 2015), as the expected timescale of the process was
hundreds to thousands of years. The general pattern across
the entire black hole mass range is well-illustrated by Wu
et al. (2016).

Recently, there were several observations suggesting sud-
den changes in the innermost structure of some galactic nu-
clei, in the form of the appearance or the disappearance of
broad emission lines (e.g. López-Navas et al. 2022; Green
et al. 2022), a sudden change of X-ray properties (Matt
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Fig. 1 Left panel: The distribution of the Eddington ratio in a sam-
ple of Changing-Look AGN listed by Panda and Śniegowska (2022),
with the median value of logL/LEdd = −2.21; other lines mark one-
sigma error. Right panel: an exemplary model of the lightcurve from
the accretion disk (blue line) and corona (black line) as inferred from

GLADIS code computations for the case of black-hole mass 108 M�
and a small outer radius 50 Rg . In this case, the characteristic timescale
of the limit cycle caused by radiation pressure instability is short, of
order of a month. The lightcurve is very complex

et al. 2003), or the appearance of radio activity (e.g. Ny-
land et al. 2020). The term “Changing Look AGN” was in-
troduced (Matt et al. 2003) although it is unclear if a single
mechanism is responsible for all these changes. These phe-
nomenon may be partly caused by temporary obscuration
(Goodrich 1989) although recent studies seem to imply in-
trinsic variations in the sources (e.g. Sheng et al. 2017) on
the basis of IR observations. Another possibility is to have
a tidal disruption of a star close to the supermassive black
hole (Zhang 2021). In some other sources, however, the phe-
nomenon appears to be semi-regular on the timescales of a
few years where the typical value of the Eddington ratio in
these sources is of the order of 1% of the Eddington limit
(see Fig. 1, left panel, and Panda and Śniegowska 2022, for
the most recent compilation). Multiple outbursts on a yearly
timescale may be related to the relatively narrow radiation
pressure instability zone (Sniegowska et al. 2020), although
more recent computations with the GLADIS code (Janiuk
2020) indicate that in order to have such short timescales it is
necessary to additionally reduce the outer radius of the disk
to prevent the instability zone from spreading (see Fig. 1,
right panel, for an example).

This could be the case if the disk was actually formed by
(i) a tidal disruption event or (ii) if a secondary relatively
massive black hole is present in the equatorial plane of the
disk that could open a gap in the disk (Śniegowska et al.
2022, also Štolc et al. 2023, submitted). The most extreme
case of the semi-periodic activity of AGN are the Quasi-
Periodic Eruptions (QPEs) observed in a growing number of
sources (e.g. Miniutti et al. 2019; Chakraborty et al. 2021;
King 2022). Modeling them with radiation pressure insta-
bility requires extreme parameters (Śniegowska et al. 2022),

so a TDE of a very compact star like a white dwarf is a very
attractive alternative (Miniutti et al. 2022). In principle, a re-
current star-disk or a compact remnant-disk interaction can
also address some of the QPE properties. In addition, 2D
and 3D GRMHD models imply the quasi-regular phenom-
ena associated with nuclear outflows and jets (Suková et al.
2021).

3.3 Numerical MHD simulations and the soft X-ray
corona

An alternative way to establish if the radiation pressure
instability develops in accretion disks and leads to the
outbursts is to model the time-dependent behavior of the
disk numerically. This can be achieved through magneto-
hydrodynamic (MHD) simulations which account for the
viscous torque acting in the disk without referring to ad
hoc viscosity prescriptions. However, such simulations are
very complex and computationally demanding. Computa-
tions performed in a shearing-box approximation did not
show the instability (Turner 2004), and first global compu-
tations confirmed that conclusion (Hirose et al. 2009). In
contrast, later simulations with a denser grid exhibited the
presence of instability (Jiang et al. 2013): the effect is sen-
sitive to the details of the simulations, including the cooling
description (and opacity), the initial magnetic field, the grid,
and the duration of the computations. Most recent calcula-
tions suggest large variations in the predominantly thermal
timescales (Jiang and Blaes 2020).

The radiation pressure instability may actually be damped
when the magnetic field is substantial. There is research that
suggests that instead of entering the limit cycle, the disk be-
comes strongly vertically stratified, with an inner, cold disk
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and an outer warm, optically thick and magnetically dom-
inated corona (e.g. Czerny et al. 2003; Kubota and Done
2018; Różańska et al. 2015). This model is an attractive ex-
planation of the presence of the soft X-ray excess in most
bright AGN (see e.g., Petrucci et al. 2020, and references
therein). Thus, the issue of the radiation pressure instability
in accretion disks is yet, in completeness, to be solved.

4 Broad Line Region

Unobscured high-luminosity AGN show strong and broad
Balmer lines (Schmidt 1963). Such emission lines are ab-
sent, or lines are double-peaked in Low Luminosity AGN
where the inner part of the flow is in the form of hot
advection-dominated accretion flow (ADAF; see e.g. Li
et al. 2016, and references therein). These broad emission
features come from clouds orbiting the black hole at a few
hundred gravitational radii.2 In addition, this region has ex-
tended structure and is stratified, as inferred from light echo
studies that indicate a range of time delays between the
continuum and the various emission lines in a given object
(Wandel et al. 1999). The fact that broad lines also exist
when a colder disk is present strongly suggests a link be-
tween cloud formation and the standard disk itself (e.g. Cz-
erny et al. 2004).

The broad lines are, phenomenologically, divided into
two populations: High Ionization Lines (HIL) coming from
hotter lower-density clouds and Low Ionization Lines (LIL)
originating from cooler and denser mediums. Measured time
delays are shorter for HIL like He II and C IV, and longer for
LIL represented by Balmer lines and Mg II emission (Pe-
terson and Wandel 1999; Panda et al. 2019; Panda 2021;
Zajaček et al. 2021; Panda 2022).

An attractive way of explaining the origin of the irradi-
ated material was proposed by Murray et al. (1995) who,
developed a model of the line-driven wind from accretion
disks. This model is a very efficient driving mechanism and
a natural source of HIL. Later numerical studies supported
the wind launching mechanism (Proga et al. 2000), and re-
cent, more advanced simulations address the issue of cloud
formation due to thermal instability in such a wind (Waters
et al. 2022).

In stars, the line-driven wind is not the only mechanism,
and most massive winds come from stars with dusty en-
velopes like AGB stars. Therefore Czerny and Hryniewicz
(2011) proposed a dust-driven wind as a source of material
for LIL in AGN. The effective temperature of the accretion
disk decreases with the radius, and at some distance, it drops
below the dust sublimation temperature, which is of order

2Where the gravitational radius Rg = GM/c2, and G is the gravita-
tional constant, M is the black hole mass, and c is the speed of light.

1000 K. This is not yet the region that is traditionally identi-
fied with the dusty torus since the AGN disk is not strongly
irradiated due to its flat geometry (Loska et al. 2004). The
dusty torus distance is estimated for efficient irradiation by
the central regions. However, in the Czerny and Hryniewicz
(2011) model, when the material is lifted high above the
disk, it becomes irradiated, dust evaporates, and falls bal-
listically back towards the disk, thus forming the FRADO
- Failed Radiatively Accelerated Dusty Outflow. We show
the sketch of the model in Fig. 2, left panel. The onset of
the dusty wind is uniquely determined by the sublimation
temperature. This distance from the black hole does not de-
pend solely on the black hole mass and accretion rate, but on
a combination of these two parameters set by the absolute
monochromatic luminosity. This is one of the great advan-
tages of this model.

Numerical 2.5-D computations of cloud motion under
dust radiation pressure show that the cloud motion is com-
plex and depends strongly on parameters like the black hole
mass, the accretion rate, the viewing angle towards the nu-
cleus, and the metallicity of the material (Naddaf et al. 2021;
Müller et al. 2022; Naddaf and Czerny 2022). At low accre-
tion rates, the wind has the character of a failed wind, with
a relatively small vertical velocity component on top of the
azimuthal motion. But, at high accretion rates and/or high
metallicities at some range of radii, an escaping wind forms
with a vertical velocity comparable to the azimuthal compo-
nent (see Fig. 2, right panel). Such an escaping wind forms
a structure similar to the one proposed by Elvis (2000). A
similar geometrical structure was also recently put forward
by Hönig (2019) for the IR and sub-mm band, although this
structure is located at a larger distance from the black hole
by a factor of 10–100 as compared to the region implied by
the FRADO.

The stability of the BLR clouds within the FRADO
model was recently investigated by Müller et al. (2022)
(see their Appendix), who also pointed to the potential pro-
longation of the clouds due to tidal forces acting on an
orbital timescale. Despite the fast development of Kelvin-
Helmholtz instability, cloud ablation, evaporation, and tidal
stretching within one orbital timescale, thermal instability
acting on the two-phase hot-cold medium (Krolik et al.
1981) is expected to lead to the condensation of the hot
phase onto the colder cloud core. This way, the cloud is
pressure-confined by the surrounding hot medium and can
survive for a sufficiently long time so that it eventually col-
lides with the disk as it falls back.

It remains to be seen if the HIL, LIL, and torus out-
flows form separated nested structures. This scenario could
be tested further by light echo studies and computational
models which combine line driving and dust driving mech-
anisms. Launching an outflow at such large distances as re-
quired by the Hönig (2019) model will additionally require
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Fig. 2 Left panel: The sketch of the FRADO model of the dynam-
ics in the BLR. Dusty clouds are lifted and then fall back onto
the disk due to the increase in the gravitational vertical component
with height or, in addition, due to dust evaporation and the loss of
radiation-pressure support. The blue line marks the trajectory of a
dusty cloud, whereas the red line represents a dustless cloud in a bal-
listic motion. Right panel: Actual cloud trajectories for a black hole

mass of 108 M�, Eddington ratio of 1, and metallicity equal to 5 times
the Solar value. A narrow stream of escaping clouds forms, with the
red-shaded part denoting a dustless stream, while the blue-shaded part
is dusty, and the failed wind develops in the outer part. All clouds
are initially in Keplerian motion, and later on, angular momentum is
preserved during the 3-D orbital motion

modification of the structure of the outer disk, which is pos-
sibly related to gravitational instability (see e.g. Thompson
et al. 2005; Czerny et al. 2016).

5 Cosmology with quasars

A general idea that quasars should be suitable for cosmology
to test the properties of the Universe was already published
in 1973 by Setti & Woltjer in their paper titled Hubble Di-
agram for Quasars (Setti and Woltjer 1973). However, at
that time, it was far too early for an actual practical use of
the proposed method, based on just plotting V -magnitude
of radio-loud quasars against redshift z. With progress in
the understanding of AGN structure, and numerous observa-
tions of a different character, several methods were proposed
to use quasars for distance measurements and tracing the
Universe expansion. Most of these methods are discussed
in the review by Czerny et al. (2018). In this review, we
will concentrate on the methods based on light-echo stud-
ies. These methods can be divided into two main groups:
(i) accretion disk continuum delay mapping, and (ii) broad
emission line time delays with respect to the continuum.

At present, the second method is more advanced, al-
though it was proposed only in 2011 (Watson et al. 2011;
Haas et al. 2011). In this method, one uses the general
linear parametrization between the radius of the BLR and
the monochromatic absolute luminosity. This radius - lumi-
nosity relation has two free parameters - the proportional-

ity constant and the intecept. Such correlations are estab-
lished for a few strong emission lines. Two examples of
such trends, for Mg II and C IV sources, are shown in
Fig. 3, together with the best linear fit. In principle, mod-
els like FRADO (discussed in Sect. 4) allow us to avoid
this parametrization. Although the region is extended, and
not easily replaced with the effective radius, making the
parametric approach safer. Cosmological constraints derived
based on Mg II and C IV emission lines are basically consis-
tent (so far) with the standard �CDM model and do not im-
ply any tension (Zajaček et al. 2021; Khadka et al. 2021; Cao
et al. 2022). The Fe II strength has been shown in previous
studies to reproduce the accretion rate effect - the shorter-
than-expected lags at higher luminosities is proportional to
the accretion rate (Du and Wang 2019; Panda 2022). But,
taking into account the additional dependence of the time
delay on the Fe II strength does not improve the cosmologi-
cal constraints (Khadka et al. 2022b).

The use of the Hβ line for this purpose is also possible
in principle but faces more problems - either related to the
fact that time-delay measurements are collected from vari-
ous groups using different time-delay techniques or due to
the strong dependence of the delay on the source accretion
rate (e.g. Martínez-Aldama et al. 2019; Khadka et al. 2021).
The location on the Hubble diagram of all the quasars stud-
ied by us is shown in Fig. 4. We can see that the scatter
seems larger for the Hβ subsample. The number of AGN
with available time-delay measurements is of order a 100,
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Fig. 3 The radius-luminosity relation for the Mg II (left panel, 94
sources, see Khadka et al. 2021 and Yu et al. 2022) and C IV (right
panel, 38 sources, see Kaspi et al. 2021 and Cao et al. 2022) samples in
the spatially flat �CDM model (H0 = 70 km s−1 Mpc−1, �m0 = 0.3).
For the Mg II radius-luminosity relation, the sources are color-coded
by the relative Fe II strength (logRFeII), i.e. for those which the mea-

surement is available (66 sources). For the C IV radius-luminosity re-
lation, sources are colour-coded according to the estimated Eddington
ratio (logλEdd). The shaded grey areas around the best fit lines stand
for 1σ and 2σ confidence intervals. The best-fit radius-luminosity rela-
tion parameters, the vertical RMS scatter and the reduced χ2 are given
in each panel

Fig. 4 The location of quasars studied by Khadka et al. (2021), Cao
et al. (2022) and Khadka et al. (2022a) on the Hubble diagram, with
Hβ sources divided into high and low Eddington ration subsamples.
Numbers in parentheses show the number of measurements. The black
line shows the flat �CDM cosmological model favored by the com-
mon fit of AGN (Mg II, C IV), chronometry and baryon acoustic
oscillations (Cao et al. 2022), with cosmological parameter values
H0 = 68.86 km s−1 Mpc−1 and �m = 0.295

and this can also contribute to relatively weak constraints
provided so far by quasars in the context of this method.

These radius-luminosity relations, for various emission
lines, can also be combined with other independent local
tracers of the Universe expansion. For example, the Hub-
ble constant determined from chronometric measurements
of the Universe expansion, baryon acoustic oscillation data,
lower-redshift Type Ia supernovae, Mg II reverberation-
measured quasars, quasar angular sizes, H II starburst galax-
ies, and Amati-correlated gamma-ray burst data, gives the
value of 69.7 ± 1.2 km s−1 Mpc−1. This value is consistent
with the Planck CMB data value (Cao and Ratra 2022).

The first light-echo-based method was proposed back in
1999 (Collier et al. 1999), but the applications towards Cos-
mology were not successful since the derived Hubble con-
stant was far too low (Cackett et al. 2007). This is generally

known as the ‘too large disk size issue’, identified indepen-
dently through light echo and microlensing studies. Recent
dense monitorings of a number of sources are beginning to
indicate that the problem might be related to the additional
reprocessing of the disk photons by the surrounding plasma,
including the BLR itself that contaminates the signal by
scattering (see Fig. 5, left panel), absorption, and subsequent
re-emission of the photons in the form of broad emission
lines as well as Balmer continuum (Chelouche et al. 2019;
Netzer 2022). The estimated time delay also depends on the
position of the irradiating source, the accretion disk albedo
and the color correction to the disk effective temperature
(Kammoun et al. 2021).

One way to distinguish between the effect of the posi-
tion of the irradiating source and the contamination by the
scattering medium (see Fig. 5) is discussed in Jaiswal et al.
(2022). However, in some sources, the effect may also be
related to an incorrect estimate of the black hole mass (Pozo
Nuñez et al. 2014, 2019).

6 Future prospects

The amount of observational data will continue to increase
in coming years. Several large, ground-based optical sur-
veys are now in operation (e.g. Zwicky Transient Facility,
ZTF, Bellm et al. 2019), and others will start operating in
the near future (e.g. Vera Rubin Observatory and its Legacy
Survey of Space and Time – LSST, Ivezić et al. 2019, Panda
et al. 2019, Kovacevic et al. 2022). Some of these surveys
have the general character of all-sky surveys, while some are
focused on searching for transient sources or even specifi-
cally on reverberation mapping of AGN (e.g. Sloan Digital
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Fig. 5 Left panel: Schematic picture of disk illumination by the
corona and the subsequent scattering of disk photons in the inter-
cloud medium. Right panel: The simulated time delay for a lamp-post
model, with the source located at a distance of 5 Rg or 100 Rg with
no BLR scattering, and with the effect of scattering of 30% of photons
by the BLR included. The shape of the delay curve is clearly different.

Other model parameters considered in calculations are black hole mass
of 108 M�, Eddington ratio of 1, inclination angle of 30 degrees, and
the luminosity of the corona is 3.78 × 1046 erg s−1. The BLR response
shape is a half Gaussian function with peak at 5 days and a width of 10
days

Sky Survey Reverberation Mapping - SDSS-RM, Homay-
ouni et al. 2020). These surveys will increase the number of
known AGN by ten times and the number of measured time
delays by a factor of a hundred or more. Therefore, statistical
errors in all measurements will decrease, which is particu-
larly important for cosmology and the tension issue. How-
ever, accuracy and precision do not have the same
meaning, and the issue of possible systematic effects will
become increasingly important.

Therefore, massive studies through extensive surveys are
necessary, but there is also room for dedicated campaigns
on selected sources, particularly for reverberation mapping
of AGN. Valuable campaigns are underway using dense and
multi-band monitoring as they shed light on the complexity
of radiation reprocessing in AGN (e.g. Edelson et al. 2015,
2019; Kriss et al. 2019; Vincentelli et al. 2022), and similar
studies are expected in the future, e.g. by using smaller UV
telescopes (Werner et al. 2022). Also, in massive surveys,
extreme sources – very faint or very bright – are under-
represented, and play a crucial role in determining trends
like radius-luminosity relations. Nearby, faint sources re-
quire very dense monitoring, while bright distant quasars
require long monitoring of several years to measure the de-
lay of the broad emission lines (e.g. Lira et al. 2018; Czerny
et al. 2019; Zajaček et al. 2020, 2021; Prince et al. 2022).
The time delay for the continuum has not been measured
so far for distant quasars and can be done best with dedi-
cated telescopes. Such dedicated, source-oriented monitor-
ing combined with extensive simulations can also provide
correction factors for massive surveys. We plan to carry out
such monitoring effort at the Observatory Cerro Armazones
(OCA) as a part of the program planned in our ERC project.
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Czerny, B., Nikołajuk, M., Różańska, A., et al.: Universal spec-
tral shape of high accretion rate AGN. Astron. Astrophys. 412,
317–329 (2003). https://doi.org/10.1051/0004-6361:20031441.
arXiv:astro-ph/0309242 [astro-ph]
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Khadka, N., Yu, Z., Zajaček, M., et al.: Standardizing reverberation-
measured Mg II time-lag quasars, by using the radius-luminosity
relation, and constraining cosmological model parameters. Mon.
Not. R. Astron. Soc. 508(4), 4722–4737 (2021). https://doi.org/
10.1093/mnras/stab2807. arXiv:2106.11136 [astro-ph.CO]

Khadka, N., Martínez-Aldama, M.L., Zajaček, M., et al.: Do
reverberation-measured Hβ quasars provide a useful test of cos-
mology? Mon. Not. R. Astron. Soc. 513(2), 1985–2005 (2022a).
https://doi.org/10.1093/mnras/stac914. arXiv:2112.00052 [astro-
ph.CO]
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plications of reverberation-mapped quasars in cosmology. Front.
Astron. Space Sci. 6, 75 (2019). https://doi.org/10.3389/fspas.
2019.00075. arXiv:1909.05572 [astro-ph.HE]

Peterson, B.M., Wandel, A.: Keplerian motion of Broad-Line Region
gas as evidence for supermassive black holes in active galactic
nuclei. Astrophys. J. Lett. 521(2), L95–L98 (1999). https://doi.
org/10.1086/312190. arXiv:astro-ph/9905382 [astro-ph]

Petrucci, P.O., Gronkiewicz, D., Rozanska, A., et al.: Radiation spectra
of warm and optically thick coronae in AGNs. Astron. Astrophys.
634, A85 (2020). https://doi.org/10.1051/0004-6361/201937011.
arXiv:2001.02026 [astro-ph.HE]

Planck Collaboration, Aghanim, N., Akrami, Y., et al.: Planck 2018
results. VI. Cosmological parameters. Astron. Astrophys. 641,
A6 (2020). https://doi.org/10.1051/0004-6361/201833910. arXiv:
1807.06209 [astro-ph.CO]

Pozo Nuñez, F., Haas, M., Ramolla, M., et al.: Modelling photomet-
ric reverberation data: a disk-like broad-line region and a po-
tentially larger black hole mass for 3C 120. Astron. Astrophys.
568, A36 (2014). https://doi.org/10.1051/0004-6361/201322736.
arXiv:1309.7873 [astro-ph.CO]

Pozo Nuñez, F., Gianniotis, N., Blex, J., et al.: Optical continuum pho-
tometric reverberation mapping of the Seyfert-1 galaxy Mrk509.

https://doi.org/10.1093/mnras/sty1890
http://arxiv.org/abs/arXiv:1804.00171
https://doi.org/10.3847/0004-637X/830/2/78
https://doi.org/10.3847/0004-637X/830/2/78
http://arxiv.org/abs/arXiv:1606.06029
https://doi.org/10.1086/181377
https://doi.org/10.1086/181377
https://doi.org/10.3847/1538-4357/aada45
http://arxiv.org/abs/arXiv:1806.08358
http://arxiv.org/abs/arXiv:1806.08358
https://doi.org/10.1093/mnrasl/slac033
https://doi.org/10.1093/mnrasl/slac033
http://arxiv.org/abs/arXiv:2203.15040
https://doi.org/10.1111/j.1365-2966.2004.08387.x
https://doi.org/10.1111/j.1365-2966.2004.08387.x
http://arxiv.org/abs/arXiv:astro-ph/0409221
https://doi.org/10.1038/223690a0
https://doi.org/10.1086/160981
https://doi.org/10.3847/1538-4357/ab3728
https://doi.org/10.3847/1538-4357/ab3728
http://arxiv.org/abs/arXiv:1903.09687
https://doi.org/10.1046/j.1365-8711.2003.06539.x
http://arxiv.org/abs/arXiv:astro-ph/0302328
http://arxiv.org/abs/arXiv:astro-ph/0302328
https://doi.org/10.1038/s41586-019-1556-x
https://doi.org/10.1038/s41586-019-1556-x
http://arxiv.org/abs/arXiv:1909.04693
http://arxiv.org/abs/arXiv:2207.07511
https://doi.org/10.3847/1538-4357/ac660a
https://doi.org/10.3847/1538-4357/ac660a
http://arxiv.org/abs/arXiv:2204.05361
https://doi.org/10.1086/176238
https://doi.org/10.1086/176238
https://doi.org/10.1051/0004-6361/202142806
http://arxiv.org/abs/arXiv:2111.14963
https://doi.org/10.3847/1538-4357/ac139d
http://arxiv.org/abs/arXiv:2102.00336
http://arxiv.org/abs/arXiv:2102.00336
https://doi.org/10.1086/187381
https://doi.org/10.1086/187381
http://arxiv.org/abs/arXiv:astro-ph/9403052
https://doi.org/10.1093/pasj/55.6.L69
https://doi.org/10.1093/pasj/55.6.L69
http://arxiv.org/abs/arXiv:astro-ph/0305029
https://doi.org/10.1146/annurev-astro-082214-122302
https://doi.org/10.1146/annurev-astro-082214-122302
http://arxiv.org/abs/arXiv:1505.00811
https://doi.org/10.1093/mnras/stab3133
https://doi.org/10.1093/mnras/stab3133
http://arxiv.org/abs/arXiv:2110.05512
https://doi.org/10.3847/1538-4357/abc341
http://arxiv.org/abs/arXiv:2011.08872
http://arxiv.org/abs/arXiv:2011.08872
https://doi.org/10.1051/0004-6361/202140393
https://doi.org/10.1051/0004-6361/202140393
http://arxiv.org/abs/arXiv:2004.13113
https://doi.org/10.3389/fspas.2022.850409
http://arxiv.org/abs/arXiv:2202.05782
http://arxiv.org/abs/arXiv:2202.05782
http://arxiv.org/abs/arXiv:2206.10056
https://doi.org/10.3389/fspas.2019.00075
https://doi.org/10.3389/fspas.2019.00075
http://arxiv.org/abs/arXiv:1909.05572
https://doi.org/10.1086/312190
https://doi.org/10.1086/312190
http://arxiv.org/abs/arXiv:astro-ph/9905382
https://doi.org/10.1051/0004-6361/201937011
http://arxiv.org/abs/arXiv:2001.02026
https://doi.org/10.1051/0004-6361/201833910
http://arxiv.org/abs/arXiv:1807.06209
http://arxiv.org/abs/arXiv:1807.06209
https://doi.org/10.1051/0004-6361/201322736
http://arxiv.org/abs/arXiv:1309.7873


8 Page 12 of 13 B. Czerny et al.

Mon. Not. R. Astron. Soc. 490(3), 3936–3951 (2019). https://doi.
org/10.1093/mnras/stz2830. arXiv:1912.10319 [astro-ph.GA]
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