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ABSTRACT

Aims. We report estimates of the X-ray coronal size of active galactic nuclei in the lamppost geometry. In this commonly adopted
scenario, the corona is assumed for simplicity to be a point-like X-ray source located on the axis of the accretion disc. However, the
corona must intercept a number of optical/UV seed photons from the disc consistent with the observed X-ray flux, which constrains
its size.

Methods. We employ a relativistic ray-tracing code, originally developed by Dovciak and Done, that calculates the size of a Comp-
tonizing lamppost corona illuminated by a standard thin disc. We assume that the disc extends down to the innermost stable circular
orbit of a non-spinning or a maximally spinning black hole. We apply this method to a sample of 20 Seyfert 1 galaxies using simulta-
neous optical/UV and X-ray archival data from XMM-Newton.

Results. At least for the sources accreting below the Eddington limit, we find that a Comptonizing lamppost corona can generally
exist, but with constraints on its size and height above the event horizon of the black hole depending on the spin. For a maximally
spinning black hole, a solution can almost always be found at any height, while for a non-spinning black hole the height must gener-
ally be higher than 5 gravitational radii. This is because, for a given luminosity, a higher spin implies more seed photons illuminating
the corona, which is due to a larger and hotter inner disc area. The maximal spin solution is favoured, as it predicts an X-ray photon

index in better agreement with the observations.
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1. Introduction

The X-ray emission of active galactic nuclei (AGNs) is thought
to be produced via thermal Comptonization of optical/UV
photons emitted by the accretion disc in a hot corona (e.g.
Haardt & Maraschi 1991). A tight correlation is found between
the X-ray and UV luminosity in quasars, indicating the exis-
tence of a universal coupling between the disc and the corona
(Lusso & Risaliti 2016, 2017). The nature of this coupling is
not fully understood (e.g. Arcodia et al. 2019), however a pos-
sible physical explanation could be the heating of the corona via
reconnection of magnetic fields above the disc (and references
therein Lusso & Risaliti 2017).

The geometry of the hot X-ray corona (i.e. its size and loca-
tion) is poorly known and a matter of debate. Arguably the best
constraints can be obtained from the analysis of microlensing
variability, although this method is currently limited to a few
strongly lensed quasars (e.g. Chartas et al. 2002, 2009, 2016).
Another promising method relies on the X-ray spectral-timing
properties of nearby bright Seyfert galaxies, especially from
the detection of X-ray reverberation lags (Fabian et al. 2009;
Cackett et al. 2014; Kara et al. 2016; De Marco & Ponti 2019).
Such observational constraints are generally consistent with a
compact X-ray source located within a few gravitational radii
of the black hole (e.g. Reis & Miller 2013). In a few bright
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Seyfert galaxies, the spectral modelling of the optical-to-X-
ray continuum also yields similar estimates of the coronal size
(e.g. Petrucci et al. 2013; Done et al. 2013; Porquet et al. 2019).
X-ray polarimetry is also a promising technique to constrain the
geometry of the corona, which influences the polarization signal
(Tamborra et al. 2018). High-sensitivity polarimetric observa-
tions will become possible in the near future thanks to the Imag-
ing X-ray Polarimetry Explorer IXPE; Weisskopf et al. 2016).
The lamppost geometry is a configuration often used to
describe the disc—corona system, where the corona is assumed
to be a point-like X-ray source located on the symmetry axis
of the disc (e.g. Mattetal. 1991; Martocchia & Matt 1996;
Miniutti & Fabian 2004). This could be physically realized by
collisions and shocks within an ejection flow or a failed jet
(Henri & Pelletier 1991; Henri & Petrucci 1997; Ghisellini et al.
2004). This geometry has been assumed in detailed models
for the calculation of reflection spectra (e.g. Dauser et al. 2013;
Garcia et al. 2014; Niedzwiecki et al. 2016) and tested in a num-
ber of sources showing reflection-dominated spectra, such as the
narrow-line Seyfert 1 galaxies 1H 0707-495 (Zoghbi et al. 2010;
Fabian et al. 2012; Dauser et al. 2012; Szanecki et al. 2020) and
IRAS 13224-3809 (Ponti et al. 2010; Chiang et al. 2015). Inter-
estingly, the observed properties of these objects are consis-
tent with the presence of very compact X-ray sources located
close to the black hole. The most extreme spectrum seen from
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1H 0707-495 would require a source lying within 1 gravita-
tional radius of the event horizon of a rapidly spinning black
hole (Fabian et al. 2012; see also Szanecki et al. 2020).

A small sized corona can also be radiatively compact, mean-
ing a large ratio of luminosity to radius (Guilbert et al. 1983).
This in turns implies a large optical depth for pair produc-
tion. Observational constraints on the coronal parameters so far
obtained suggest that pair production and annihilation may act
as an effective thermostat controlling the coronal temperature
(Fabian et al. 2015, 2017).

However, a Comptonizing corona must intercept a sufficient
number of seed photons (per unit time) to explain the observed
X-ray flux. This, for a given seed photon flux, implies a con-
straint on the solid angle subtended by the corona as seen from
the disc. Dovc¢iak & Done (2016; hereafter DD16) developed a
method to constrain the coronal size from the observed opti-
cal/UV and X-ray fluxes. DD16 developed a relativistic ray-
tracing code that estimates the radius of a spherical X-ray source
located on the symmetry axis of a standard accretion disc that
Comptonizes the soft disc photons. The aim of the present work
is to constrain the size of a Comptonizing lamppost corona in a
statistically significant sample of AGNs using the DD16 code.

The paper is structured as follows. We present the sample in
Sect. 2. In Sect. 3 we discuss the application of the DD16 code
and the main results. We summarise our conclusions in Sect. 4.

2. The sample

In order to test the lamppost geometry with the DD16 code,
we need good constraints on both the disc luminosity and
on the X-ray flux and spectral shape. We therefore focus on
bright, unobscured sources with simultaneous high-quality data
in the optical/UV and X-ray bands. The simultaneity prevents
spurious effects due to inter-band variability. XMM-Newton is
the best instrument to perform this kind of analysis because
it provides both high-quality X-ray spectra with the EPIC-pn
camera (Striider et al. 2001) and optical/UV data with the opti-
cal monitor (OM; Mason et al. 2001). We use the sample of
Seyfert 1 galaxies discussed by Petrucci et al. (2018)'. This sam-
ple includes 22 objects observed by XMM-Newton, with public
data as of April 16, 2014, cross-correlated with the AGNs and
quasars catalogue of Véron-Cetty & Véron (2010). The sources
are further selected using the criteria of the CAIXA catalogue
(Bianchi et al. 2009), namely they are radio-quiet and unob-
scured (column density Ny < 2 x 10*2 cm™2). Moreover, each
source is detected with at least four OM filters in order to con-
strain the optical/UV emission. As the black hole mass is a
required parameter in our case, our sample includes only the
20 sources for which a measurement of the black hole mass is
available (Bianchi et al. 2009), with a total of 96 observations.
The basic properties of the sources are reported in Table 1.

3. Numerical procedure

The DD16 code assumes a standard accretion disc, produc-
ing a multicolor blackbody emission with a Novikov & Thorne

' Petrucci et al. (2018) performed spectral analyses to test a “two-

corona” model. In this scenario, the primary X-ray emission is produced
in a hot corona, while the UV and soft X-ray excess below 1-2keV are
produced via Comptonization in a warm (kT ~ 0.5keV) corona above a
nearly passive disc (see also Rézanska et al. 2015; Petrucci et al. 2020).
Although this model is different from the standard disc/hot corona
assumed here, the sample is perfectly suited for our purpose because
the selection criteria are the same.
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(1973) temperature radial profile through the KYNBB model
(Dovciak et al. 2004). The code calculates the photon flux
received by the corona, taking into account all relativistic effects:
the Doppler energy shift between the comoving disc frame and
the corona, the gravitational energy shift, light bending, and
aberration (see also Dovciak et al. 2014). It is assumed that a
fraction (1 — e™") of the incoming seed photons, where 7 is the
Thomson optical depth of the corona, become scattered in the
X-ray band. The Comptonized spectrum emitted by the corona
is calculated with the NTHCOMP model (Zdziarski et al. 1996;
Zycki et al. 1999). Part of the X-ray photons emitted by the
corona illuminate the disc and their reprocessing slightly rises
the temperature; however, this has a negligible effect on the pho-
ton flux (DD16).

From the observed UV and X-ray fluxes, the DD16 code
computes the seed photon flux at the corona fgp (found by inte-
grating over the disc radius) and the X-ray photon flux fx in the
local frame of the lamppost. Details of the calculations can be
found in DD16. Here we simply reiterate the equation for the
coronal radius R.:

fx gL
R./Rg)* = -~ ——
71'( c/ G) fBB 1— e__r»

where Rg = GM/c? is the gravitational radius and g, is the
relativistic energy shift between the corona and the observer?
(see also Dovciak et al. 2004). The optical depth is computed
from the X-ray photon index I' using the model COMPPS
(Poutanen & Svensson 1996), which includes a relativistic treat-
ment for the electron temperature. For a given value of I', we
use COMPPS to derive the optical depth of a spherical corona
that produces a spectrum with that same I" value, assuming a
temperature of 100keV (see DD16 and Sect. 3.1). For example,
photon indices I = 1.5, 1.75, and 2 correspond to optical depths
7= 1.8, 1.2, and 0.85, respectively.

The size of a lamppost corona at a given height is therefore
constrained by the ratio of the observed photon fluxes. Equation
(1) assumes the conservation of the number of photons. Pair pro-
duction and annihilation are therefore neglected, which is a rea-
sonable approximation for low plasma temperatures (<511 keV).
However, pair processes could still play a role in limiting the
maximum temperature that the corona can reach (see Sect. 4).

It must be noted that in NTHCOMP the seed photons illu-
minate the corona isotropically, which is clearly an approx-
imation given the disc—corona geometry. This limitation was
discussed in detail by Zhang et al. (2019), who developed a more
self-consistent Monte Carlo radiative transfer code to calculate
Comptonized spectra in the Kerr spacetime (MONK). Compared
with the DD16 code, Zhang et al. (2019) found slightly larger
coronal sizes, depending on the optical depth 7. This small dis-
crepancy can be simply represented by a correction factor. We
therefore complemented the DD16 computations with the cor-
rection provided by MONK, obtained as follows. For a combina-
tion of black hole spin and corona height, we perform several
Monk simulations with different values of T assuming a corona
radius of 1 Rg (for spherical coronae, the energy spectrum is
not sensitive to the size of the corona; see Zhang et al. 2019).
Given an observed value of the X-ray photon index I'ops, we find
the simulated spectrum that has the same photon index. We then
derive the corona radius Rppj¢ With the DD16 method using the

ey

2 The redshift factor g, is determined by the temporal component of
the Kerr metric: g,, = —[1 — 2r/(r* + a® cos 6)] in Boyer-Lindquist coor-
dinates and geometrised units. As the lamppost is at a height & on the
symmetry axis (6 = 0), we get g, = \/lg_,,l = /1 =2h/(h? + a?).
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Table 1. Basic data of the Seyfert 1 galaxies in our sample (see also Petrucci et al. 2018).

Name Redshift log Mgy Obs. r Lyv (5-7eV) Lx (2-10keV)  Lx/Lggq
(108 ergs™))  (10¥ ergs™) (1073)
1H 0419-577 0.1040 8.58 8 1.50-1.85 38.0-62.8 21.9-42.2 4.6-8.8
ESO 198-G24 0.0455 8.48 3 1.72-1.84 1.5-2.9 4.6-6.2 1.2-1.7
HE 1029-1401 0.0858 8.73 2 1.80-1.94 75.5-77.5 20.2-33.2 3.0-4.9
IRASF 1239743333  0.0435 6.66 2 2.05-2.3 0.2-0.3 1.9-2.2 32.6-38.6
MRK 279 0.0304 7.54 3 1.78-1.85 32-34 5.1-5.6 11.7-12.7
MRK 335 0.0257 7.15 3 1.52-1.96 2.9-3.8 0.5-0.7 2.9-4.2
MRK 509 0.0343 8.16 16  1.68-1.80 8.2-22.0 8.1-13.9 4.6-7.9
MRK 590 0.0263 7.68 2 1.67-1.77 0.2 0.6-1.0 1.1-1.6
MRK 883 0.0374 7.28 4 1.50-1.90 0.6-1.0 0.3-0.6 1.4-2.6
NGC 4593 0.0090 6.73 7 1.87-1.88 0.1-0.3 0.6 8.5-8.6
PG 0804+761 0.1000 8.24 2 1.50-2.00 108-119 13.8-23.8 6.4-11.1
PG 0844+349 0.0640 7.97 2 1.50-2.12 11.7-13.1 0.7-47.9 0.64.1
PG 1114+445 0.1438 8.59 12 1.51-1.96 19.4-24.9 8.4-19.0 1.7-3.9
PG 1116+215 0.1765 8.53 5 1.83-2.09 206-236 25.9-37.7 6.0-8.8
PG 1351+640 0.0882 7.66 3 1.50-2.01 18.3-23.3 0.7-1.2 1.3-2.1
PG 1402+261 0.1640 7.94 2 1.85-2.04 67.9-68.5 8.9-11.7 8.1-10.7
PG 1440+356 0.0790 7.47 4 2.21-2.39 18.7-22.5 2.6-4.8 6.8-12.8
Q0056-363 0.1641 8.95 3 1.50-2.07 60.9-108 14.8-19.4 1.3-1.7
RE 1034+396 0.0424 6.41 8 2.00-2.39 1.1-1.5 3.14.9 9.4-15.0
UGC 3973 0.0221 7.72 5 1.50-2.09 0.6-1.5 0.5-2.4 0.8-3.6

Notes. In the fourth column we report the number of pointings with XMM-Newton as of April 16, 2014. Mpy is the black hole mass in solar

masses.

input from the corresponding simulated spectrum. The correc-
tion factor is then 1 Rg/Rppie and, in our case, we obtain values
in the range 1.1-1.4 and slightly increasing with height.

3.1. Input physical parameters

The crucial parameter determining the coronal size is the ratio
between the number of Comptonized X-ray photons and the disc
photons seen by the corona (fx/fss of Eq. (1)). As this ratio
increases, the coronal size increases because the corona must
intercept a larger number of disc photons. The photon number
flux emitted by the disc and the corona can be easily inferred
from the corresponding luminosity and spectral shape. For a
Novikov-Thorne disc, the spectral shape is set by the inner disc
radius, the accretion rate, and the black hole mass. We assume
that the inner disc radius is equal to the innermost stable circu-
lar orbit (ISCO) in the Kerr metric, which depends on the black
hole spin (e.g. Misner et al. 1973). For the hot corona, in the
2-10keV band the spectral shape is a power law characterized
by a photon index I'. Finally, the main geometric parameter of
the corona is the height above the event horizon of the black hole
(while the size is computed by the code). A sketch of the lamp-
post configuration is given in Fig. 1. To summarise, the main
input parameters are the black hole mass and spin; the disc lumi-
nosity; the X-ray luminosity and spectral shape; and the coronal
height. Details of the different parameters are given below.

Black hole mass and spin. For each source, the black hole
mass is taken from the CAIXA catalogue (Bianchi et al. 2009).
The mass determines the Eddington luminosity Lggg and the
spectral shape of the emission from the Novikov-Thorne disc.
Concerning the black hole spin a, we tested the two extreme
cases a = 0 (Schwarzschild) and a = 0.998 (maximally rotating;
Thorne 1974). The inner disc radius is equal to 6 Rg fora = 0
and to 1.24 Rg for a = 0.998.

Disc luminosity. The disc emission is modelled through
the KYNBB code (Dovciak et al. 2004), which describes a
blackbody-like spectrum from an accretion disc around a black
hole, assuming a Novikov-Thorne temperature profile. The spec-
trum is determined by two parameters, namely the black hole
mass and the accretion rate or the luminosity in a given energy
band. We used the UV luminosity in the 5-7 eV range, roughly
covering the bandpass of the UVM2 and UVW?2 filters of the
XMM-Newton/OM. For such a small energy range, the lumi-
nosity is not strongly model-dependent. Therefore, for each
source we estimated the 5—7 eV luminosity from the best fits of
Petrucci et al. (2018), who assumed a multicolour disc black-
body. We note that Petrucci et al. (2018) subtracted the main
non-nuclear contributions, namely those from the host galaxy
and the broad-line region; in any case, these components peak in
the optical band and do not strongly contribute to the UV emis-
sion. For the disc, we also assume an inclination angle of 30 deg
to the symmetry axis. However, this parameter does not strongly
affect the results (see DD16).

X-ray spectrum and luminosity. The X-ray emission from
the corona is modelled through the NTHCOMP code, whose rele-
vant input parameters are: the observed photon index; the elec-
tron temperature, fixed at 100 keV (the temperature sets the high
energy cut-off, which affects the total X-ray flux especially for
low photon indices); the normalization, given by the observed
2-10keV luminosity; the temperature of the seed photons, esti-
mated as Epeac/2.82 where Epeqx is the peak energy of the disc
spectrum computed at the corona. This latter parameter sets the
low-energy cut-off, which affects the total X-ray flux especially
for high photon indices. We used the results of Petrucci et al.
(2018), who fitted the XMM-Newton/pn data with NTHCOMP,
also assuming a coronal temperature of 100keV. The optical
depths computed by the code are in the range 0.5-2, consis-
tent with values commonly measured applying Comptonization
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Fig. 1. Sketch of the lamppost configuration. The corona has a radius
R, and is located at a height of H — ry above the event horizon.

models in spherical geometry (Tortosaetal. 2018; see also
Ursini et al. 2019).

Coronal height. The centre of the corona is at a height H
above the disc. We performed calculations assuming four differ-
ent values, namely H = 2.5, 5, 10, and 30 in units of gravitational
radii.

3.2. Results

The Eddington ratio. First of all, we checked the consis-
tency between the output physical parameters calculated by the
code and the assumed model. In particular, the Eddington ratio
€gdd = Lbol/Lpaa (Where Lyg is the bolometric luminosity of
the disc) should not exceed unity, as this could conflict with the
hypothesis of a standard Novikov-Thorne disc (see Sect. 4). The
bolometric luminosity is the total luminosity of the KYNBB com-
ponent integrated over the disc radius. In Fig. 2 we plot eggq ver-
sus the black hole mass. For a given mass, a larger value of the
inner disc radius yields a smaller bolometric luminosity, because
the disc has a smaller area while the observed UV luminosity
is the same. As a result, the Eddington ratio for spin a = 0 is
smaller by a factor of two to three than for a = 0.998. How-
ever, in both cases we obtain eggg < 1 for 13 sources out of 20.
The highest Eddington ratio is found in the narrow-line Seyfert
1 RE 10344396, with the caveat that the black hole mass is quite
uncertain in this source (Czerny et al. 2016).

The corona size. In Fig. 3 we show the ratio of the com-
puted coronal radius to the height above the horizon. For spin
a = 0, this ratio is greater than 1 for heights H = 2.5 and 5 Rg,
indicating that in these cases the corona cannot intercept enough
seed photons to produce the observed X-ray flux. On the other
hand, the corona can almost always fit within 30 Rg. For spin
a = 0.998, instead, the corona can almost always fit within 5
Rg, and even within 2.5 Rg in a limited number of sources. One
major caveat is that the optical/UV emission of super-Eddington
sources might be not well described by a Novikov-Thorne disc,
as mentioned above. The coronal radii of those sources with
€sad < 1 that are consistent with the lamppost geometry are plot-
ted in Fig. 4. The corresponding light-crossing time ¢ in units of
ks is plotted in Fig. 5.

The photon index. Physical Comptonization models that
take into account the energetic coupling between corona and disc
predict a relationship between the X-ray spectral index and the
Compton amplification factor A, namely the ratio between the
total luminosity of the corona and the soft luminosity from the
disc that enters the corona (e.g Haardt & Maraschi 1991). In gen-
eral, the Compton amplification depends crucially on geometry
(see also Petrucci et al. 2013, 2018). In the lamppost configura-
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tion, there is an inverse relation between the coronal radius and
A: for a given luminosity, a bigger corona will intercept more
disc photons, meaning that the Compton amplification factor will
decrease. This is the basis for a self-consistency check a posteri-
ori of our results. Numerical simulations (Beloborodov 1999a,b;
Malzac et al. 2001) show that the relationship between the pho-
ton index I' and the Compton amplification factor is fitted by a
simple function:

I(A) = CA -1)°, 2

with C ~ 2 and ¢ ~ 0.1. This relationship is obtained assuming
a radiatively coupled disc—corona system based on the balance
between heating via magnetic dissipation and Compton cooling
(see also Haardt & Maraschi 1993).

The Compton amplification is calculated by the DD16 code,
from the flux of the disc photons intercepted by the corona. We
calculated the expected photon index (labelled 'y, in the follow-
ing) from Eq. (2) assuming C = 2.33 and 6 = 0.1 (Beloborodov
1999a,b)*. The expected photon index can be compared with the
observed one (I'ps). As A is computed within the code assuming
Lobs, we would expect I'exp = I'ops, With the caveat that Eq. (2)
does not take into account general relativistic effects. We plot in
Fig. 6 T'eyp versus I'gps. For a = 0, we mostly have I'gps > Texp.
On the other hand, for a = 0.998 and a height of 2.5 Rg we
mostly have I'gys < I'eyp. The best agreement is found in the case
a = 0.998 and intermediate heights (5 or 10 Rg).

To summarise, we consider the lamppost corona on top of a
standard disc to be consistent with the observations when: (a)
the Eddington ratio is <1, (b) the corona fits within at least
one of the tested heights, and (c) the difference |[exp — bl is
not too large. A reasonable condition is [Iexp — I'gps| < 0.2,
keeping in mind that I'ey, is the result of a simple analytical
approximation and that the uncertainties on ',y are in the range
0.01-0.20 (Petrucci et al. 2018). We report in Table 2 the sources
that satisfy these constraints for all of their observations consid-
ered here. Conditions (a) and (b) are satisfied by eight sources
for a = 0 and eleven sources for a = 0.998. Including condi-
tion (c) leaves us with only two sources for a = 0 (Mrk 279 and
Mrk 509) and five sources for a = 0.998 (Mrk 279, Mrk 509,
1H 0419-577, HE 1029-1401 and NGC 4593).

4. Discussion and conclusions

The estimates of the DD16 code indicate that, at least for the
sub-Eddington sources, the lamppost Comptonizing corona is
generally a viable scenario. However, such a corona can only
exist beyond a certain height above the event horizon, depend-
ing on inner disc radius. If the disc is extended down to the ISCO
of a maximally spinning black hole, the corona can be located
down to a height of H = 2.5 Rg, having a radius smaller than
H — rg = 1.44 Rg, at least for sources with egqgq = 0.1 (see
Fig. 3). A coronal height of 5 Rg is a physically consistent value
in almost all sources analysed here. On the other hand, for a non-
spinning black hole, the corona cannot fit within a height of 5 Rg.
For €44 = 0.04, the corona can be at H = 10 Rg, having a radius
smaller than H — rq = 8 Rg.

The observed spectral shape can also provide some con-
straints on the coronal geometry, comparing the observed photon

3 Beloborodov (1999a,b) performed calculations of dynamic coronae
applying both a simple analytical model and the numerical code of
Coppi (1992) in the case of a spherical blob. We obtain very similar
results using the parameters of Malzac et al. (2001), who performed
more detailed Monte Carlo simulations assuming a cylindrical geom-
etry for the corona.
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mass in units of 10® solar masses.
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Fig. 3. Ratio of the coronal radius to the height above the event horizon plotted against Eddington ratio.

index with that predicted from the Compton amplification. The
best agreement between observed and expected photon indices is
found for maximal spin and heights of 5 Rg or larger. This solu-
tion is therefore favoured, while assuming a low spin predicts
a spectrum mostly flatter than observed for the sources consid-
ered here. On the other hand, for a high spin and a height of 2.5

R¢ the predicted spectrum is mostly steeper than observed. We
note that the number of sources with a spectral shape roughly
consistent with the expectation, for all of their observations, is
not high: if a = 0.998, these sources amount to 5 out of the
11 for which the corona can geometrically fit. This could indi-
cate that a spherical corona on the disc axis might not always
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Fig. 5. Light-crossing time ¢ of the corona, in units of kiloseconds, versus Eddington ratio.

represent a good model. Future X-ray polarimetric observations
will be crucial to constrain the geometry and distinguish between
the possible configurations of the corona (Tamborra et al. 2018;
Marinucci et al. 2019).

From the coronal radii, we calculated the dimensionless
compactness parameter { = Lo /R.mec®, where L is the
luminosity of the corona (see the plot in Fig. 7). Following
Fabian et al. (2015), we computed the luminosity in the 0.1-
200 keV band of the NTHCOMP model (very close to a power law
with a sharp cut-off at 100keV). The corona is always consis-
tent with being radiatively compact, in the sense that £ is always
>10. We mostly find estimates of £ between ~100 and ~1000,
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consistent with the observational constraints that are generally
found with NuSTAR (Fabian et al. 2015, 2017). For a given com-
pactness, there exists a maximum temperature below which pair
equilibrium is possible; above this temperature, pair production
becomes a runaway process. Therefore, especially in the case
of large compactness, observation of the X-ray source strongly
constrains the temperature, because even a few photons above
511keV are sufficient to produce runaway pair production. We
note that our assumption of a 100 keV temperature is consistent
with pair equilibrium, because it would place the sources below
the pair runaway line for a spherical corona (Fabian et al. 2015,
2017).
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Table 2. Sources satisfying different constraints for all of their observa-
tions considered here (see Table 1).

Oh
~
~
=3
~
~
(¢]
~

(2)

MRK 279
MRK 509
1H 0419-577
HE 1029-1401
NGC 4593
MRK 883
PG 0844+349
PG 1114+445
Q0056-363
MRK 590
ESO 198-G24
IRASF 12397+3333
UGC 3973
Tot. 13

XX XX XX\
-3 N N N N N N N N N NN
TXXX XXX NNNNS

20X XXX NNNAX NN\ [T o

2

—_—
—

5

Notes. (a) egqa < 1, (b) corona fits within at least one height, (c) [T'exp —
Lops| < 0.2.

The main limitation of the model used in this work is likely
the assumption of a standard, geometrically thin accretion disc.
Indeed, super-Eddington sources are thought to be powered
by advection-dominated slim/thick discs rather than by stan-
dard thin discs (e.g. Paczynisky & Wiita 1980; Abramowicz et al.
1988; Mineshige et al. 2000; Du et al. 2014; Castell6-Mor et al.
2016). On the other hand, an Eddington ratio much lower
than unity might suggest the presence of a radiatively inef-
ficient accretion flow (e.g. Narayan & Yi 1994). However, at
least for the sources with egqq in the range 0.01-1, the standard
disc assumption is realistic (e.g. Czerny & Naddaf Moghaddam
2018). We note that Petrucci et al. (2018) discuss a physical sce-
nario in which the disc is sandwiched by a warm Comptonizing

corona, with a temperature in the range 0.1-1 keV, to account for
the soft X-ray excess seen in many unobscured Seyfert galaxies
(see also Middei et al. 2019; Ursini et al. 2020). However, the
photon rate from the warm corona, and therefore the distribution
of seed photons seen by the hot corona, is always dominated by
optical-UV photons. Therefore, assuming a standard disc as the
illumination source for the hot corona would be a fair approxi-
mation also in this case.

We also note that the model does not take into account
the disc—corona energetic coupling, in particular the fact that
a fraction of the accretion power has to be channelled into the
corona to provide its heating, thus reducing the disc flux by
the same amount. However, this should not strongly alter our
results, because the X-ray luminosity is generally a small frac-
tion (10% or less) of the bolometric luminosity. The coronal radi-
ation reflected by the accretion disc is also not currently com-
puted by the code, and will be implemented in future work. The
reflection component can in principle carry significant informa-
tion on the geometry of the corona. For example, the profile of
the ubiquitous Fe K « emission line at ~6.4keV can be broad-
ened and skewed (e.g. Nandra et al. 2007, which is often inter-
preted as a general relativistic effect of reflection off the inner
disc (e.g. Tanaka et al. 1995, but see also Miller et al. 2008).
Combining spectral and timing analyses of the X-ray continuum
and reflection component can yield constraints on the height of
the corona, the inner disc radius, and their temporal evolution:
for instance, Kara et al. (2019) report a shrinking of the corona
in a stellar-mass black hole (but see also Mahmoud et al. 2019;
Kajava et al. 2019), while Caballero-Garcia et al. (2020) report
coronal height variations in a narrow-line Seyfert 1. Further stud-
ies will be needed to understand the dynamical properties of the
corona.

Another source of uncertainty is the black hole mass, because
the luminosity and the spectral shape of the disc emission, as well
as the Eddington ratio, depend crucially on this parameter. Around
50% of the objects in our sample have reverberation-based mea-
surements of the black hole mass, while the other measurements
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Fig. 7. Compactness ¢ vs. Eddington ratio.

are based on the width of the HB emission line (Bianchi et al.
2009; Ponti et al. 2012). The former method yields mass uncer-
tainties of a factor of <3 (Peterson et al. 2004), but the latter
method yields larger uncertainties (Ponti et al. 2012). This can
potentially affect the results. For example, Done & Jin (2016)
discussed the case of the narrow-line Seyfert 1 1H 0707-495 in
detail. For this source, the spectral-timing models based on rela-
tivistic reflection in the lamppost geometry require a high black
hole spin (@ = 0.998) and a mass of 2 x 10°® M, (Fabian et al.
2012). These parameters imply a highly super-Eddington regime.
However, Done & Jin (2016) also found a sub-Eddington solution
assuming low spin (a = 0) and a mass of 1 X 10’ M. In general,
we can expect smaller accretion rates if the black hole masses are
larger than currently estimated, and so the corona size could in
turn be underestimated in these cases. Future extensions of our
results will be possible as further, robust measurements of black
hole masses become available.
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