of the
ROYAL ASTRONOMICAL SOCIETY

MNRAS 530, 16031623 (2024)
Advance Access publication 2024 April 4

https://doi.org/10.1093/mnras/stae944

Unveiling energy pathways in AGN accretion flows with the warm corona

model for the soft excess

D. R. Ballantyne “','* V. Sudhakar,' D. Fairfax,">? S. Bianchi ,* B. Czerny,” A. De Rosa " ,°

B. De Marco,” R. Middei “,*° B. Palit,'° P--O. Petrucci,!' A. Rézanska!® and F. Ursini*

L Center for Relativistic Astrophysics, School of Physics, Georgia Institute of Technology, 837 State Street, Atlanta, GA 30332-0430, USA
2Departmem of Physics, Morehouse College, 830 Westview Dr SW, Atlanta, GA 30314, USA

3Department of Aerospace Engineering, University of Michigan, 1320 Beal Avenue, Ann Arbor, MI 48109, USA

4Dipartimento di Matematica e Fisica, Universita degli Studi Roma Tre, Via della Vasca Navale 84, I-00146 Roma, Italy

SCenter for Theoretical Physics, Polish Academy of Sciences, Al. Lotnikov 32/46, PL-02-668 Warsaw, Poland

SINAF - Istituto di Astrofisica e Planetologie Spaziali, Via del Fosso del Cavaliere 100, I-00133 Roma, Italy

7Departament de Fisica, EEBE, Universitat Politécnica de Catalunya, Av. Eduard Maristany 16, E-08019 Barcelona, Spain

8INAF — Osservatorio Astronomico di Roma, Via Frascati 33, 1-00040 Monte Porzio Catone, Italy

9Space Science Data Center, SSDC, ASI, Via del Politecnico snc, I-00133 Roma, Italy

0Nicolaus Copernicus Astronomical Center, Polish Academy of Sciences, Bartycka 18, PL-00-716 Warszawa, Poland

Y Univ. Grenoble Alpes, CNRS, IPAG, F-38000 Grenoble, France

Accepted 2024 April 3. Received 2024 March 13; in original form 2024 January 15

ABSTRACT

The soft excess in active galactic nuclei (AGNs) may arise through a combination of relativistic reflection and the effects of
a warm corona at the surface of the accretion disc. Detailed examination of the soft excess can therefore constrain models of
the transport and dissipation of accretion energy. Here, we analyse 34 XMM—Newton observations from 14 type 1 AGNs with
the REXCOR spectral model that self-consistently combines emission from a warm corona with relativistic reflection assuming a
lamppost corona. The model divides accretion energy between the disc, the warm corona, and the lamppost. The XMM-Newton
observations span a factor of 188 in Eddington ratio (Aops) and 350 in black hole mass, and we find that a warm corona is a
significant contributor to the soft excess for 13 of the 14 AGNs with a mean warm corona heating fraction of 0.51. The REXCOR
fits reveal that the fraction of accretion energy dissipated in the lamppost is anticorrelated with Aqps. In contrast, the relationship
between Aqps and both the optical depth and the heating fraction of the warm corona appears to transition from an anticorrelation
to a correlation at Aqps ¢ & 0.15. Therefore, at least one other physical process in addition to the accretion rate is needed to explain
the evolution of the warm corona. Overall, we find that a warm corona appears to be a crucial depository of accretion energy in

AGNs across a broad range of Aps and black hole mass.
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1 INTRODUCTION

Active galactic nuclei (AGNs) generate their luminosity from the
release of gravitational potential energy as matter moves radially
through an accretion disc. If the accretion flow is radiatively efficient,
then the released energy is locally converted into photons and the
disc shines brightly over a wide range of wavelengths, with the peak
luminosity occurring in the ultraviolet (UV) for most AGNs (e.g.
Pringle 1981; Frank, King & Raine 2002; Shakura & Sunyaev 2009).
In addition to the optically thick thermal emission from the disc,
AGNSs are also strong X-ray emitters with, on average, <20 per cent
of their bolometric luminosity released as a power law at photon
energies 21 keV before rolling over at energies 2100 keV (e.g.
Mushotzky, Done & Pounds 1993; Vasudevan & Fabian 2007, 2009;
Ricci et al. 2017; Duras et al. 2020). This X-ray power law is well
described as originating in an optically thin Comptonizing corona of
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hot electrons situated close to the disc and central black hole (e.g.
Galeev, Rosner & Vaiana 1979; Haardt & Maraschi 1991, 1993;
Petrucci et al. 2001; Fabian et al. 2015, 2017; Kara et al. 2016;
Alston et al. 2020). While the details of how and why accretion
energy flows from the disc into the corona are not fully understood,
it appears that magnetic fields in the disc and corona play a crucial
role (e.g. Merloni & Fabian 2001; Jiang et al. 2019; Gronkiewicz &
Rézanska 2020; Gronkiewicz et al. 2023; Scepi, Begelman & Dexter
2024).

The X-ray spectrum of AGNs contains more complexity than just a
simple power law. Superimposed on the power law are spectral lines
and high-energy curvature consistent with reprocessing of the power
law in optically thick material lying out of the line of sight, a process
generally referred to as X-ray reflection (e.g. Fabian & Ross 2010;
Garcia & Kallman 2010). Moreover, most AGNs show an excess of
emission above the extrapolated power law at energies <2 keV (a
‘soft excess’; e.g. Piconcelli et al. 2005; Winter et al. 2012; Ricci et al.
2017). The soft excess may arise from X-ray reflection (e.g. Crummy
et al. 2006), but it is also possible that a warm corona located near
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the surface of the accretion disc can contribute all or part of the soft
excess (e.g. Magdziarz et al. 1998; Czerny et al. 2003; Rézanska
et al. 2015; Kubota & Done 2018; Middei et al. 2018, 2019, 2020;
Porquet et al. 2018; Ursini et al. 2018, 2020; Xu et al. 2021a). Similar
to the hot corona that produces the X-ray power law, a warm corona
would be heated by accretion processes and Comptonize the thermal
emission from the bulk of the disc. However, the warm corona is
optically thick (with t 2 10), and ~100x cooler than the hot corona
located near the disc (e.g. Petrucci et al. 2018). If it exists, the warm
corona would be another location to which accretion energy liberated
in the disc is transported and dissipated. Therefore, it is important to
determine the properties of any warm coronae in AGNSs in order to
fully understand the flow of energy in an accretion disc.

As the surface of the accretion disc is irradiated by the X-ray power
law, the warm corona properties, and the resulting emission spectrum
from the disc, are determined by the combined influence of both
internal heating in the warm corona and the photoionization effects
of the external X-rays (Ballantyne 2020; Ballantyne & Xiang 2020;
Petrucci et al. 2020). In particular, the fraction of accretion energy
dissipated in the warm corona has a strong impact on the resulting
AGN X-ray spectrum and could be constrained by fitting with an
appropriate model. Recently, the REXCOR model was made publicly
available by Xiang et al. (2022). This spectral model assumes an
optically thick accretion disc that extends to the innermost stable
circular orbit (ISCO) and combines the effects of a warm corona
with ionized relativistic reflection to predict the X-ray spectrum from
the inner region of an AGN accretion disc. By dividing the liberated
accretion energy between the disc, a warm corona, and a lamppost hot
corona,' REXCOR provides an opportunity to quantitatively measure
the fraction of accretion energy dissipated in both the warm and hot
coronae. In this paper, we apply the REXCOR model to a sample of
34 XMM-Newton observations of 14 type 1 AGNs that span a factor
of 188 in Eddington ratio and two decades in black hole mass. By
examining how the REXCOR parameters vary across this sample, we
will be able to better understand the nature of the warm corona in
AGNs and how accretion energy is distributed through the disc.

The next section provides a short review of the assumptions and
parameters of the REXCOR model, and the properties of the XMM—
Newton AGN sample are described in Section 3. The results of fitting
REXCOR models to the AGN sample are presented in Section 4.
The implications of our results on our understanding of the AGN
soft excess and the warm corona model are discussed in Section 5.
Finally, we summarize and draw conclusions in Section 6.

2 REVIEW OF THE REXCOR AGN SPECTRAL
MODEL

The REXCOR model is fully described by Xiang et al. (2022) and
so only a brief review of its features is presented here. A REXCOR
spectrum is calculated from the inner 400 r, (where ry = GM/c? is the
gravitational radius of a black hole with mass M) of an AGN accretion
disc, illuminated by an X-ray power law from a hot corona placed at
a height of & above the central black hole (i.e. a lamppost geometry;
e.g. Matt, Perola & Piro 1991; Martocchia & Matt 1996; Dauser
et al. 2013). The power law has a photon index I" and has low- and
high-energy cut-offs at 30 eV and 300 keV, respectively. The black
hole has a spin a, and the fitting functions of Fukumura & Kazanas
(2007) are used to account for how relativistic light bending affects

!This differs from the Petrucci et al. (2020) model that divides energy between
the disc and the warm corona.
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the illumination of the disc. In addition to this external radiation from
the hot corona, REXCOR also includes internal heating from a warm
corona of Thomson thickness 7 at the surface of the disc. This heated
layer has a fixed density and interacts with the external X-rays and
the thermal blackbody emission arising from the bulk of the disc.

In REXCOR the luminosity of the lamppost and the amount of heat
released in the warm corona are fixed fractions of the accretion disc
dissipation rate D(r, 1), where r is the radius of the disc (in units of r,)
and A is the Eddington ratio (Shakura & Sunyaev 2009). A fraction fx
of D(r, 1) within r = 10r, powers the hot corona luminosity, while
an energy flux hD(r, 1) is uniformly distributed in the warm corona
layer of the disc (with Thomson depth 7). Any remaining flux at a
particular radius, (1 — fx — hp)D(r, A), is injected into the bottom of
the warm corona zone as a blackbody.

A REXCOR model is computed by splitting the disc into multiple
annuli and self-consistently calculating the emission from the disc
surface from each annulus. The spectrum of each ring includes (i)
the effects of ionized reflection due to illumination by the power-law
continuum produced by the lamppost hot corona, (ii) the emission
and scattering effects of the warm corona at the disc surface, and
(iii) the thermal blackbody produced by the bulk of the disc. The
effects of relativistic blurring (using the RELCONV_LP model with an
inclination angle of 30°; Dauser et al. 2013) and the radial change
in disc density are included for each annulus. Finally, the individual
blurred reflection spectra are then integrated to produce a single
spectrum that can be used to fit data between 0.2 and 100 keV.

As shown by Xiang et al. (2022), the parameters of the REXCOR
models impact the resulting spectra in distinct ways. The warm
corona heating fraction /s and optical depth 7 both strongly influence
the size, shape, and smoothness of the soft excess. For a given
ht, a larger t will reduce the soft excess strength and smoothness
as the heat released in the warm corona is dissipated in a thicker
layer of gas. Similarly, for a fixed t, an increasing h; will yield
a hotter, more ionized warm corona that produces a stronger soft
excess that extends to higher energies. Changes to the hot corona
heating fraction fx affect the REXCOR model by impacting the size
of the soft excess relative to the power law, as well as influencing the
ionization state of the reflection features in the spectrum (analogous
to the ionization parameter £ in standard reflection models; Garcia
& Kallman 2010). Finally, the photon index I" changes the shape of
the spectra at energies >2 keV where the impact of the power law is
most important.

Xiang et al. (2022) released eight different REXCOR grids that
differ in the assumed lamppost height (either 5 or 20 r), accretion
rate (either . = 0.01 or 0.1), and black hole spin (either a = 0.9 or
0.99). Each grid contains over 20 000 individual spectra, spanning
a broad range of I', 7, fx, and k. In this paper, we make use
of new REXCOR grids® that increases the range of I' (from I' =
1.7-2.2 to 1.5-2.2) with the other parameters unchanged from the
original release (0.02 < fx <0.2; 0 < hs < 0.8; 10 < v < 30).
Therefore, fitting AGN X-ray spectra with REXCOR grids can test for
the presence of a warm corona (i.e. if ¢ > 0), and constrain how
the accretion energy is divided between the lamppost and the disc
surface. We note that since the REXCOR models assume the presence
of an optically thick accretion disc down to the ISCO and a lamppost
corona, then, by construction, fx is not allowed to be 0, and REX-
COR models always contain a contribution from relativistic ionized
reflection.

2These expanded grids are now available through the XSPEC website.
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Table 1. Details of the AGN sample including the XMM—-Newton Observa-
tion ID, redshift, black hole mass (from Bianchi et al. 2009), and bolometric
Eddington ratio (Aopbs; estimated by Petrucci et al. 2018). All sources are
radio-quiet type 1 AGNs and have >150000 counts in their 0.3-12 keV
EPIC-pn spectra. Petrucci et al. (2018) provide details on the selection of the
parent sample.

Object Redshift log (Mgu/Mg)  Obs ID Aobs
1H 0419577 0.104 8.58 0604720301 0.156
0604720401  0.128
ESO 198—G24 0.0455 8.48 0305370101  0.012
0067190101  0.013
HE 1029—1401 0.0858 8.73 0203770101  0.102
IRASF 1239743333 0.0435 6.66 0202180201 0.615
Mrk 279 0.0304 7.54 0302480401  0.127
0302480501  0.12
0302480601  0.121
Mrk 335 0.0257 7.15 0600540501  0.186
0600540501  0.172
Mrk 509 0.0343 8.16 0601390201  0.127
0601390301  0.123
0601390401  0.157
0601390501 0.176
0601390601  0.197
0601390701  0.157
0601390801 0.146
0601390901 0.131
0601391001  0.135
0601391101 0.134
Mrk 590 0.0263 7.68 0201020201  0.009
NGC 4593 0.00831 6.73 0109970101  0.053
0059830101  0.075
PG 0804+761 0.1 8.24 0605110101  0.402
PG 1116+215 0.1765 8.53 0201940101  0.384
0554380101  0.404
0554380201 0.373
0554380301 0.425
Q0056—363 0.1641 8.95 0205680101  0.053
RE 10344396 0.0424 6.41 0675440301 1.691
UGC 3973 0.0221 7.72 0400070201  0.034

0400070301  0.025
0400070401  0.028

3 DESCRIPTION OF AGN SAMPLE AND
SPECTRAL FITTING METHOD

REXCOR models are applied to a sample of XMM-Newton observa-
tions of bright, radio-quiet type 1 AGNs. Our sample is drawn from
the one studied by Petrucci et al. (2018), which was selected to have
good UV coverage with the Optical Monitor. The UV photometry is
not used when fitting REXCOR models, so this criterion should not
influence our results.

From this parent sample, we select only those observations with
photon indices inside the REXCOR range and have >150 000 counts
in their European Photon Imaging Camera (EPIC)-pn 0.3-12 keV
spectra. Observations with total counts below this limit did not
provide useful constraints on the key REXCOR parameters (e.g. hy,
fx, and t) despite acceptable fits. Three of the five observations
of NGC 4593 that lie above our count limit (Obs IDs 0740920201,
0740920501, and 0740920601) also give poorly constrained REXCOR
parameters (see also Xiang et al. 2022) and are removed from
further analysis. Our final sample therefore contains 34 XMM-
Newton observations of 14 AGNs and spans over two decades in
both black hole mass and accretion rate. Table 1 provides the details
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of the sample, including the estimated bolometric Eddington ratio
from each observation, A, as determined by Petrucci et al. (2018).

We analyse the same XMM-Newton spectra as Petrucci et al.
(2018), and details of the data reduction are provided in that paper.
For all sources, we fit the 0.3—-12 keV EPIC-pn (Striider et al. 2001)
spectra, except for Mrk 509 that is fit only for energies >0.76 keV
to avoid large features associated with the complex multicomponent
warm absorber (Detmers et al. 2011; Petrucci et al. 2013; Kaastra
et al. 2014). The spectral fits are performed with XSPEC v.12.13.0
(Arnaud 1996) using x? statistics, and error bars are reported using
a Ax? = 2.71 criterion. Each observation is fit with the following
model (in XSPEC notation):

phabs x WA x (powerlaw 4+ REXCOR + xillver),

where phabs is neutral Galactic absorption to the AGN (HI4PI
Collaboration 2016), WA is a XSTAR-derived warm absorber grid
(Walton et al. 2013) located at the redshift of the source, powerlaw is
the primary X-ray continuum?® with photon index T', and xillver is a
neutral reflection spectrum (e.g. Garcia & Kallman 2010) accounting
for reprocessing from material far from the black hole. The photon
index is linked across the powerlaw, xillver, and REXCOR models.
The free parameters of the warm absorber grid are the column density
and ionization parameter. The abundances of the WA, xillver, and
REXCOR models are all fixed to solar. The inclination angle and cut-
off energy of the xillver component are fixed at 30° and 300 keV,
respectively, in order to match the assumptions of REXCOR. The
cflux command is applied to the powerlaw, REXCOR, and xillver
models to determine the 0.3-10 keV normalizations and fluxes of
each component.

The REXCOR grids are separated by the Eddington ratio, with a
set calculated for A = 0.01 and one for A = 0.1. In addition to the
increase in luminosity, the higher value of A corresponds to a lower
disc density (Xiang et al. 2022), as predicted for radiation-pressure-
dominated discs (e.g. Svensson & Zdziarski 1994). As a result, the A
= 0.1 grids predict a more highly ionized disc with weaker reflection
features. Here, we use the A = 0.1 grids for all observations with Aqps
> 0.05 and the A = 0.01 grid otherwise (Appendix C shows that our
results are robust to this choice). Two of the AGN observations are
estimated to have Ao, = 0.053 (Obs ID 0109970101 from NGC 4593
and the one from Q0056—363) and thus we try both sets of REXCOR
grids when fitting this particular data set. We find that the A = 0.01
grids give the lowest x2 for Q0056—363, while the A = 0.1 grids
yield the best fit for the NGC 4593 observation.

For a given A, there are four REXCOR grids covering the two
different values of lamppost height (2 = 5 or 20r,) and black hole
spin (a = 0.9 or 0.99). All four grids are used when fitting the first
observation of an AGN with the results recorded for the grid yielding
the lowest x 2. Once the best fit is determined, the same value of a is
used for any subsequent observation of that AGN,* but both values
of h continue to be tested for all observations.

3As with standard reflection models, this powerlaw component is distinct
from the one used in computing the REXCOR model by Xiang et al. (2022) and
is included to account for the uncertainties in the actual disc/corona geometry
in AGNs. The values of fx measured by the spectral fits are determined by
the shape and features of the REXCOR models, computed in the context of a
lamppost corona (Xiang et al. 2022).

4By construction, all observations have comparably good statistics, so the
value of a does not depend on which observation was fit first. The only
exception is NGC 4593, where the second observation (Obs ID 0059830101)
yielded a better constraint on a than the first observation.
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Table 2. Summary of the correlation analysis performed on the REXCOR
parameters and the observed Eddington ratio, Aops. The top part of the table
gives Kendall’s t correlation coefficient and the corresponding p-value for
the relationships with fx (Fig. 1), I' (Fig. 2), and the 0.3—-10 keV flux ratio
(Fig. 4). The lower part of the table provides the average p-values for different
transition Eddington ratios (Aops) When testing if the T—Aops and hp—Aops
relations (Fig. 3) change from a negative to positive correlation at Agps ;.
The error bars on Kendall’s t and p-values are computed from sampling the
uncertainties in each of the REXCOR parameters 10* times. The largest of
the two plotted error bars (or the single error bar for pegged data) is used
to define the symmetric Gaussian uncertainty for each point. All statistical
calculations performed using PYMCCORRELATION (Isobe, Feigelson & Nelson
1986; Privon et al. 2020).

Relationship with Agps Kendall’s T p-value

fx —0.5710:96 16715 x 107°
r 0.26 + 0.06 0.03179963
(0.3-10) keV flux ratio 0.55 £ 0.03 3.2773 x 107°
(0.3-10) keV flux ratio (no 0.53 +£0.03 13735 x 1073

RE 1034+396)

7 and Ay transition Agps (€. Aobs) Mean p-value Mean p-value (no

Mrk 335)
0.10 0.10752¢ 0.08810:215
0.12 0.04675.03 0.04970: 11
0.15 0.0046 00149 0.0050+0018¢
0.20 0.095+0:103 0.12+008¢
4 RESULTS

Tables of the results of the spectral fitting are found in Appendix A
while Appendix B contains plots showing the best-fitting models
and residuals. In this section, we analyse the best-fitting parameters
from the REXCOR models and demonstrate how these change with
the AGN Eddington ratio.> A discussion showing that our model
assumptions do not impact the results in this section is found in
Appendix C.

4.1 Basic properties of fits

Examination of the fit results in Table A1 shows that our assumed
model provides a good description of the spectrum for all 34
observations. The median reduced x? of the sample is 1.20, and
the maximum (1.47) and minimum (0.98) values indicate the model
complexity is appropriate for the data quality. We emphasize that the
goal of this spectral fitting exercise is not to find the best possible
description of each spectrum, but to test if a straightforward model
that includes a REXCOR component is a satisfactory description of
the data. The x? values obtained here clearly show that this is the
case for all 34 observations.

We find that 10 of the 34 observations do not require a warm
absorber component, but Mrk 335 and NGC 4593 are best fit with
two warm absorbers, similar to the results of earlier studies (e.g.
Longinotti et al. 2013; Ursini et al. 2016). Interestingly, the AGN
with the largest estimated Eddington ratio (RE 10344396, Aqps =
1.691) is the only source that does not need a xillver component in
the best-fitting model.

3 A search for correlations with the black hole mass or the estimated physical
accretion rate (M) did not yield any statistically significant relationships.

MNRAS 530, 1603-1623 (2024)

Nine of the 14 AGNs exhibit narrow residuals below 1 keV
after fitting with our baseline model. In these cases, Gaussian
components are added to the model to account for these residuals.
These components are only added if the improvement is significant
at >99.9 pre cent confidence as measured by the F-test. The centroid
energies of the Gaussians correspond to emission lines from highly
ionized C, N, and O (e.g. N vII at ~0.5 keV or N vI at ~0.43 keV).
For almost all observations a single Gaussian is added, but in two
observations of UGC 3973 we find that two emission lines improve
the fit. In one case (1H 0419—577), a Gaussian absorption line at
0.62 keV (likely a blend of O vil and O vIII lines) improves the fit
rather than the addition of a second warm absorber. The fit statistic
is found to be acceptable after the inclusion of these Gaussians,
so further components are not added even if the residuals may
indicate the presence of additional features (Fig. B1). Although these
Gaussians are added to account for clear residuals in the data, they
span such a small range of energies that their presence does not
influence the best-fitting REXCOR parameters.

In all cases the added Gaussians are narrow indicating they
arise from more distant ionized gas than considered by REXCOR.
Our spectral model only includes two sources of emission for
photoionized gas — one REXCOR and one xillver component. Given
the likely complexity of ionized gas around AGNSs, it is not surprising
that these two models cannot entirely account for all the emission
from ionized gas in the observed spectra. Allowing for non-solar
abundances may also account for some of these residuals, although,
apart from Fe, relaxing this assumption is not possible in xillver and
the abundances in the REXCOR models are currently fixed at solar.
Non-solar abundances, as well as allowing changes in the inclination
angle and high-energy cut-off, may also improve the fits at higher
energies (27 keV) for several sources; however, the key REXCOR
parameters (i and 7) are largely determined by the soft excess size
and shape and so the impact of these high-energy residuals will be
minor.

4.2 Relationships with Eddington ratio

The successful REXCOR fits described above give estimates for
how the accretion energy in our sample of AGNs is distributed
between the disc, a warm corona, and the hot, X-ray emitting
corona. It is therefore interesting to consider how changes in the
Eddington ratio of the AGNs will impact the flow of accretion
energy dissipated in the system. We also include in this analysis
the mean values of the REXCOR parameters found by Xiang et al.
(2022) when fitting five joint XMM-Newton/NuSTAR observations
of the quasar HE 1143—1820 with the 7 = 20 REXCOR models.
The statistical analysis is performed using Kendall’s t correlation
coefficient as implemented in PYMCCORRELATION (Isobe et al. 1986;
Privon et al. 2020) with results summarized in Table 2. To compute
the correlation coefficient and p-value uncertainties, we take the
largest of the two error bars on each data point and assume a
symmetric Gaussian distribution about the data that is then sampled
10* times. For data pegged at the upper or lower bounds of our
parameter space, the single error bar is used to define the symmetric
distribution.

Fig. 1 plots fx, the fraction of accretion energy dissipated in the
X-ray emitting hot corona, against A, for all observations in the
sample. Each AGN is shown with a different colour with individual
observations separated by symbol shape. A clear correlation is seen
in the figure with Kendall’s v = —0.571’8:82, which corresponds to
a p-value of 1.6ﬂ§4 x 107° and indicates a statistically significant
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1H0419-577: 0604720301 * MRK509: 0601390801
1H0419-577: 0604720401 # MRK509: 0601390901

® ES0198-G24: 0305370101 4 MRK509: 0601391001

A ES0198-G24: 0067190101 + MRK509: 0601391101
HE1029-1401: 0203770101 ® MRK590: 0201020201

e HE1143-1820: Xiang et al. (2022), h=20 NGC4593: 0109970101

® |RASF12397+3333: 0202180201 NGC4593: 0059830101
MRK279: 0302480401 PG0804+761: 0605110101
MRK279: 0302480501 e PG1116+215: 0201940101
MRK279: 0302480601 ® PG1116+215: 0554380101

® MRK335: 0600540501 A PG1116+215: 0554380201

A MRK335: 0600540601 v PG1116+215: 0554380301

® MRK509: 0601390201 Q0056-363: 0205680101

A MRK509: 0601390301 RE1034+396: 0675440301

v MRK509: 0601390401 ® UGC3973: 0400070201
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Figure 1. The hot corona heating fraction fx versus the observed Eddington ratio Aqbs as determined from fitting the REXCOR spectral model to the AGN sample
listed in Table 1. Each symbol on the plot shows the result from fitting one XMM-Newton spectrum, and multiple observations of the same AGN have symbols with
the same colour. The fx parameter is a measure of the fraction of the accretion power dissipated in the lamppost corona. The REXCOR fits (given in Tables A1-A3

and shown in Fig. B1) result in a clear anticorrelation between fx and Aops, with Kendall’s t = —0.57f8:8§ (a p-value of 1.6f%z x 1079). This result is consistent

with the well-established decrease in X-ray power with Aqps as measured by bolometric corrections (e.g. Vasudevan & Fabian 2009; Duras et al. 2020).

anticorrelation (Table 2).° Physically, this relationship shows that
the fraction of accretion power released in the hot, X-ray emitting
corona drops from 220 per cent when Aqps ~ 0.01 to <5 per cent
when Agps 2 0.2 (e.g. Kubota & Done 2018). Although the range
of fx provided by REXCOR limits a quantitative comparison, these
values and the corresponding relationship are very similar to the ones
found in studies of how the X-ray bolometric correction changes with
Eddington ratio (e.g. Vasudevan & Fabian 2009; Duras et al. 2020).
The fact that fits with the REXCOR model naturally leads to this
relationship from our AGN sample suggesting that REXCOR may re-
alistically describe how the distribution of energy changes with Agps.

The REXCOR fit results lead to a second relationship between the
X-ray spectrum and Aqps that has been previously discussed in the
literature. Fig. 2 shows that the X-ray photon index I"' found by the
REXCOR fits tends to increase with Eddington ratio (e.g. Brandt,
Mathur & Elvis 1997; Shemmer et al. 2006, 2008; Risaliti, Young
& Elvis 2009; Brightman et al. 2013; Ricci et al. 2013; Trakhtenbrot
et al. 2017; Tortosa et al. 2023). As can be seen in the plot, the
strength of this relationship is weaker than the fx one with Kendall’s
T = 0.26 & 0.06 (a p-value of 3.1753 x 1072; Table 2). The large
degree of scatter seen in the figure is similar to that found by other
authors (e.g. Fanali et al. 2013; Trakhtenbrot et al. 2017; Diaz et al.
2023), and is a natural outcome of the origin of the power law in a
dynamic, Comptonizing corona (Ricci et al. 2018). Fitting a linear
function to the data (I' = v log Agps + D) yields ¥y = 0.099 £ 0.038
and b = 1.89 £ 0.04, consistent with earlier measurements
(Ricci et al. 2013; Trakhtenbrot et al. 2017; Tortosa et al. 2023).
This result, along with the fx—Aqbs correlation shown in Fig. 1,
together shows the applied spectral model, built around a REXCOR
component, gives a description of the hard X-ray spectrum of

SIn contrast, fx and the 0.3-10 keV luminosity of the power law (log Lp)
are only modestly correlated with Kendall’s t = —0.37*_'8:82 and p-value =
0.00171'8:88?;. Thus, the fraction of accretion energy dissipated in the hot
corona does not appear to simply translate to the power-law luminosity, but

is more dependent on the Eddington ratio of the system.

9 A P

1.9} %

"4 b _
1.7} 1 } ﬁ ]

1.5 | ) ) ]

1072 107! 10°
Aobs

Figure 2. The relationship between the AGN photon index I" and Eddington
ratio Aops as found from the REXCOR fits (Table Al). The symbols are the
same as in Fig. 1. A moderately significant correlation is found between I"
and Agps (Kendall’s 7 = 0.26 % 0.06, with a p-value of 3.1753 x 1072). The
slope of the '-log A correlation is 0.099 + 0.038, consistent with previous
measurements (e.g. Ricci et al. 2013; Trakhtenbrot et al. 2017; Tortosa et al.
2023).

AGN:ss in agreement with ones found by previous phenomenological
models.

Now that we have demonstrated that the fits recover prior results
on the X-ray characteristics of AGNs, we consider the warm corona
parameters in the REXCOR model and how these change with Agps.
Fig. 3 plots the optical depth t and heating fraction /¢ of the warm
corona as functions of Ays. A key initial finding is that 33 out of the
34 AGN observations (in addition to the results from HE 1143—1820
from Xiang et al. 2022) are fit with /s significantly greater than zero
with the average iy = 0.51. This fact suggests that a warm corona
appears to be a common element of the accretion discs in the AGNs
that comprise our sample, with 250 per cent of the accretion power
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Figure 3. The left panel shows the warm corona optical depth t found from the REXCOR fits plotted against the observed Eddington ratio Aqps of our AGN
sample (Table A1). The right panel plots the fraction of the accretion flux dissipated in the warm corona Af versus Aqhs. The symbols in both panels are the same
as in Fig. 1. Aside from one observation of Mrk 335 (Obs ID 0600540601), all fits give a h significantly greater than zero, indicating that heating in the warm
corona may be important for almost all AGNs in the sample. In both panels, we see evidence for a transition from an anticorrelation with Aqps to a correlation

with Agbs at Aops,c & 0.15 (Table 2).

released in the warm corona. The mean optical depth of the warm
corona is T = 14.4, consistent with values found with fits using
phenomenological models (e.g. Jin et al. 2012; Petrucci et al. 2013,
2018; Yu et al. 2023).

Unlike with fx and I', there is clearly no correlation of 4; and
across the sampled range of Aqys. Rather, there is evidence that both
parameters show a ‘v’-like shape that appears to transition from an
anticorrelation to a correlation between Ay, & 0.1 and 0.2. This ‘v’
shape is most easily seen in the T—Xqps panel, butits presence in the s;—
Aobs plot is supported by the significant correlation we find between
heand © (Kendall’s T = 0.42100%, p-value = 4.573% x 1073), which
suggest that A¢ could follow the same trend with Aqps. Based on
this shape, we search for a transition Aops; Where both ¢ and 7 are
individually anticorrelated with A.ps below this value and correlated
with Aqps above it. We consider Agpsy = 0.10, 0.12, 0.15, and 0.2
and average the four p-values that result from Kendall’s test for each
value of Aohs. A clear minimum’ is found with Aobsy = 0.15 with an
average p-value= 4.61’;54 x 1073 (Table 2). The next largest average
p-value is 10x greater and occurs when Aohs; = 0.12. Thus, there
is potentially a significant change in the relationship of the warm
corona with Aops at Agps¢ = 0.15. The implications of this result are
discussed in detail in Section 5.

Fig. 4 shows one other significant correlation that arises from
the spectral fits: the REXCOR to power law 0.3-10 keV flux ratio
increases with Aqps (Kendall’s T = 0.55 &£ 0.03; p-value = 3.253 X
107%; Table 2). Removing RE 10344396 at Aops = 1.691 from the
sample only reduces Kendall’s t to 0.53 & 0.03 and the correlation
remains significant (p-value = 1.373 x 10~%; Table 2). The flux
ratio increases by a factor of &5 between Aqps = 0.01 and 0.1 and then
rises more gradually. The strengthening of the REXCOR component
relative to the power law is consistent with the increase in the strength
of the soft excess with A, observed (with significant scatter) in
Seyfert galaxies (e.g. Gliozzi & Williams 2020; Waddell & Gallo
2020; Yu et al. 2023). Interestingly, the rise in the relative strength

"These results are unchanged if the two Mrk 335 observations are removed
from the analysis (Table 2).
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Figure 4. The ratio of the 0.3—-10 keV REXCOR and power-law fluxes
obtained from the best fits (Table A1) as a function of Aqps. A significant corre-
lation is found between these two quantities with a p-value of 3.21’;:; x 1076
(Kendall’s 7 = 0.55 + 0.03; Table 2). The correlation persists even after
removing the RE 10344396 point at Aops = 1.691. In this case, the p-value
increases to 1.3:3)‘9 x 1073, The increase in the REXCOR component relative
to the intrinsic power law is consistent with the observed strengthening of the
soft excess in AGNs with higher Eddington ratios (e.g. Gliozzi & Williams
2020; Waddell & Gallo 2020; Yu et al. 2023).

of REXCOR happens over the entire range of A, even though /¢, the
fraction of accretion energy released in the warm corona, reaches
a minimum at Ay &~ 0.1-0.2 (Fig. 3, right). Section 5 presents the
interpretation of the increasing flux ratio, along with the changes in
T and A, in the context of AGN warm coronae.

5 DISCUSSION

The 34 XMM-Newton AGN observations considered in this paper
(Table 1) are all well fit with a spectral model that utilizes the REXCOR
model to account for both the soft excess and relativistic reflection.
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Section 4 showed the resulting relationships between the REXCOR
parameters (fx, the hard X-ray heating fraction; t, the optical depth
of the warm corona; and /¢, the heating fraction of the warm corona)
and the observed Eddington ratio of the AGNs. Appendix C shows
that these relationships are not strongly affected by model-dependent
uncertainties and appear to be robust to changes in assumptions
regarding A, h, or a. Below, we discuss the implications of these
results for understanding the role of warm coronae in AGN accretion
flows.

5.1 The warm corona and the soft excess in AGNs

Abasic, yet crucial, result from our analysis is that s # 0 for all AGNs
in the sample (Table A1), implying that a warm corona is common
in AGNs across a broad range of black hole masses and Eddington
ratios (see e.g. Porquet et al. 2024). However, since the mean Ay =
0.51 the observed soft excess is not entirely a result of the warm
corona as relativistic reflection will also contribute, and, in some
cases (e.g. Mrk 335), even dominate the soft excess. It is reasonable
to believe that modelling of the soft excess in X-ray observations of
AGNs may require both a warm corona and relativistic reflection (e.g.
Porquetetal. 2018,2021; Xu etal. 2021b). Our results naturally agree
with this approach, as both warm corona emission and relativistic
reflection are included in REXCOR by construction. Since both fx
and Ay appear to increase toward small Ay, the fraction of accretion
energy dissipated in the disc is lowest for Aq,s ~ 0.01. The REXCOR
results for AGNs with higher A, suggest that the accretion energy
is distributed more evenly between the disc and the two coronae with
the disc contributing the largest fraction at A,ps ~ 0.1-0.2.

Recently, Gronkiewicz et al. (2023) developed a one-dimensional
theoretical model of an AGN warm corona that includes magnetic
heating and pressure support, Compton and free—free cooling, and
the effects of radiation and gas pressure. Gronkiewicz et al. (2023)
showed that a stable warm corona can develop on the surfaces of AGN
accretion discs and how their properties depend on the accretion rate
and magnetic properties of the disc. Specifically, the model predicts
that the optical depth of the warm corona increases either with the
accretion rate or with the strength of the magnetic viscosity. The
amount of energy released in the warm corona (similar to REXCOR’s
hy) is predicted to reduce with weaker magnetic viscosity, but also
be at its highest value for lower accretion rates.

The most intriguing aspect of the spectral fitting results shown
in Section 4.2 is that the optical depth and heating fraction of the
warm corona may potentially transition from decreasing to increasing
with Aops at Aghst & 0.15. Although a direct comparison with the
theoretical results of Gronkiewicz et al. (2023) is not possible, the
trends seen in Fig. 3 appear to be consistent with the scenario where
the strength of the magnetic viscosity in AGN discs is relatively
large at low accretion rates but decreases with Agps until Agpsy =
0.15, at which point it remains unchanged or only evolves slowly.
According to the model of Gronkiewicz et al. (2023), this would
explain why t and /; are large at low Aqps, drop to a minimum at
Aobst = 0.15 before increasing with higher accretion rates. Stronger
magnetic viscosity at low Aq,s could also be a potential explanation
for the larger values of fx in this regime (Fig. 1) as it may lead to
increasing magnetic buoyancy (Gronkiewicz et al. 2023) resulting in
more efficient heating in the optically thin, X-ray emitting corona.

The increase in the relative strength of the REXCOR component
with Aqps (Fig. 4) does not follow any of the correlations of
the REXCOR parameters. In particular, although this correlation is
consistent with the observed strengthening of the soft excess with
Aobs (€.g. Gliozzi & Williams 2020; Waddell & Gallo 2020; Yu et al.
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2023), it is not related to the amount of heat dissipated in the warm
corona (). One plausible interpretation of the increase in the 0.3—
10 keV flux ratio is that it results from a growth in the radial size of
the warm corona in the AGN accretion disc. That is, the warm corona
spans a small radial range at low Aqps than at large Aqhs. A physically
smaller warm corona will produce a smaller flux compared to the
power law even if it has a large value of /¢, while a warm corona that
takes up more area will naturally yield a larger flux compared to the
power law. The theoretical model of Gronkiewicz et al. (2023) does
predict that the size of a warm corona will increase with accretion
rate, which provides some support for this interpretation.

The acceptable spectral fits and the resulting relationships with Aops
show that studying AGNs with models such as REXCOR can produce
insight into the energy dissipation processes in the accretion flow.
However, more theoretical work is needed in order to provide a clear
understanding of the physical processes. While the Gronkiewicz et al.
(2023) model suggests a potential interpretation for the behaviours
of fx, t, and A, this will likely be revised as more detailed models
are developed. The ‘v’ shape suggested by Fig. 3 indicates that at
least one other physical parameter in addition to Ay is needed to
describe the warm corona heating process. The relatively high degree
of scatter observed in all figures also points to a significant amount
of object-to-object variability (e.g. the low ks seen from Mrk 335),
which might be expected with such a dynamical environment as
a magnetic, radiation-dominated accretion disc. Future REXCOR
studies that focus on multiple observations of a single AGN (that
ideally span a wide range of A,,s) may be the best strategy for more
clearly revealing the relationships affecting the warm and hot coronae
in AGNs.

5.2 Coronal height, black hole spin, and Mrk 335

We comment here on three other results that arise from our anal-
ysis. First, 21 of the 34 observations produce a constraint on the
relative height of the lamppost corona used in the REXCOR model
(Table Al). These 21 observations are from 11 individual AGNs,
with three sources preferring a ‘high’ coronal height (1H 0419—-577,
Mrk 509, and NGC 4593), while six are best fit with a ‘low’ height
(IRASF 12397+3333, ESO 198—G24, Mrk 335, PG 0804+761,
Q0056—363, and RE 1034+4396) and two AGNs have heights
that appear to change between observations (PG 11164215 and
UGC 3973). The six AGNs that prefer the 7 = 5 REXCOR models
span a broad range in X, consistent with the results from X-ray
reverberation that a low lamppost height may be common across
the span of AGN activity (e.g. De Marco et al. 2013; Kara et al.
2016). Recent X-ray polarization measurements from the Imaging
X-ray Polarimetry Explorer (IXPE) suggest a more complex corona
geometry in AGNs than an idealized spherical lamppost (e.g. Gianolli
et al. 2023). Our results, therefore, may be best interpreted as
favouring a geometry where the corona is compact and situated
close enough to the black hole that light-bending effects impact the
illumination pattern on the disc (e.g. Reis & Miller 2013; Ballantyne
2017).

While the REXCOR fits are able to distinguish between the two
values of black hole spin (@ = 0.9 and 0.99) in 10 AGNs in our
sample, these should not be considered as spin measurements for
these sources. Xiang et al. (2022) describe a degeneracy between fx
and spin in the REXCOR models, so it is challenging to use REXCOR
fits to constrain spin unless the spectrum is strongly affected by
relativistic blurring effects. In that case, the difference between the a
= 0.9 and 0.99 models may be sufficient to distinguish between the
two spin values. Mrk 335 is the only AGN in our sample where such
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a measurement is plausible as Ay is small enough (Table A1) that the
full spectrum, including the soft excess, is predicted to be dominated
by relativistic reflection. We find that the REXCOR fits significantly
prefer the a = 0.9 models over the a = 0.99 ones for Mrk 335 (the
average Ax> = +19 when using the a = 0.99 REXCOR model).
Keek & Ballantyne (2016) also found a black hole spin of a ~ 0.9
for Mrk 335 via multi-epoch spectral fitting of five XMM—-Newton
observations using data only above 3 keV, providing some support
for the value of the spin.

Lastly, it is interesting to consider why the two Mrk 335 obser-
vations have the lowest values of k¢ (indicating a weak, but not
absent, warm corona) in the entire sample. These two observations
occurred when the AGN was in an ‘intermediate’ flux state after
being in a short-lived ‘low’ flux state, and were the first X-ray
observations of the source to find a multicomponent outflowing warm
absorber (Longinotti et al. 2013). It is possible that the accretion
disc in Mrk 335 was in a transitory state during these observations
as the AGN evolved back to its historical flux level. It is also
likely that warm corona properties may exhibit significant object-
to-object variability. A future REXCOR analysis of archival Mrk 335
observations would be able to more ably capture the evolution of the
warm corona in this source.

Recently, Zoghbi & Miller (2023) estimated that the size of the
region producing the soft excess in Mrk 335 is ~2—4 x larger than the
hot corona emission region. Although those authors were analysing
more recent Neutron Star Interior Composition Explorer (NICER)
data of Mrk 335, their estimated size is consistent with the assumed
REXCOR geometry (i.e. a compact hot corona with a radially extended
warm corona). While the &; values are found to be small in these two
Mrk 335 observations analysed here, the observed flux ratios are well
in the middle of the distribution (Fig. 4). These results support the
idea that the size of the warm corona is not strictly determined by the
instantaneous energy flux dissipated within the layer, but is rather a
function of the overall accretion properties of the system.

5.3 Caveats

The results presented and discussed above are subject to the assump-
tions and limitations of the REXCOR spectral model. In particular,
REXCOR assumes a straightforward lamppost corona that is now
disfavoured by IXPE observations (e.g. Gianolli et al. 2023), and
a constant density warm corona with a fixed heating fraction. The
spectral model is limited to only fitting X-ray data. By construction,
the accretion disc must always power the lamppost corona and the
disc always extends to the ISCO, so fx can never equal O and A
cannot take arbitrarily large values. In practice, this means that while
we can test for the case where the soft excess is entirely the result
of relativistic reflection (i.e. 4y = 0), we are unable to test for a
scenario where there is no relativistic reflection and the warm corona
produces the entire soft excess. The REXCOR grids are calculated for
only two values of A while the sample spans a range in Ao of 188.
These caveats must be kept in mind when considering any of our
quantitative results (e.g. the mean 4 = 0.51). We hope that this work
will spur development of new accretion disc—corona models that can
relax some of these assumptions.

6 CONCLUSIONS

Unravelling the origin of the soft excess in AGNs is an opportunity
to increase our understanding of accretion disc physics using only
broad-band X-ray spectroscopy. As the soft excess can be explained
by a mix of relativistic reflection and emission from a warm corona,
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then studying how this combination changes across a broad sample of
AGNs should give clues on the flow of accretion energy in the inner
disc. In this paper, we report the results of such an experiment. We
apply the REXCOR spectral model, which self-consistently includes
the effects of both reflection and a warm corona (Xiang et al. 2022),
to a sample of 34 XMM—Newton observations of 14 type 1 AGNss that
span a range of 188 in Eddington ratio and 350 in black hole mass.
The fit parameters of the REXCOR model (/¢, the heating fraction of
the warm corona; 7, the optical depth of the warm corona; and fx,
the heating fraction of the lamppost corona) have the potential to
provide significant insights into the energetics of coronal heating in
AGNSs.
The key findings of this experiment are as follows.

(1) A basic spectral model that combines REXCOR, a powerlaw
with cut-offs at low and high energy, and a xillver continuum (for
distant reflection), all potentially modified by a warm absorber, gives
acceptable fits to all 34 observations (with reduced x2? between
0.98 and 1.47; Tables A1-A3 and Appendix B). All fits assume
solar abundances, a high-energy cut-off energy of 300 keV, and an
inclination angle of 30°. The warm corona parameters are largely
determined by the soft excess size and shape and will therefore be
minimally impacted by these assumptions.

(ii) A significant anticorrelation is found between fx and Aqps, the
estimated Eddington ratio of the AGNs (Fig. 1), indicating that the
fraction of accretion energy dissipated in the X-ray emitting corona
falls with Aops. This is consistent with the observed changes in the
X-ray bolometric correction (e.g. Duras et al. 2020).

(iii) The photon index and A, are correlated with moderate
significance (Fig. 2). The slope and intercept of the relationship
are consistent with previous measurements (e.g. Tortosa et al. 2023).

(iv) The average value of A in the sample is 0.51, which shows that
warm corona heating is important for modelling the soft excess in
nearly all AGNs in the sample. Only the two Mrk 335 observations
have h; < 0.1, indicating that relativistic reflection dominates the
soft excess in those observations. Thus, our analysis explicitly
demonstrates that the soft excess in AGNs can be successfully
modelled by combining the effects of a warm corona with relativistic
reflection.

(v) The optical depth t and heating fraction % of the warm corona
both show evidence for a ‘v’-like relationship with Aqps, transitioning
from an apparent anticorrelation to a positive one at Aghst ~ 0.15
(Fig. 3 and Table 2). This result suggests that at least one other
physical property, in addition to the Eddington ratio, is important in
determining the properties of the warm corona, e.g. the strength of
the magnetic viscosity in the disc (Section 5.1; Gronkiewicz et al.
2023).

(vi) The flux of the REXCOR component increases relative to the
power law for sources with larger Aqps (Fig. 4), following the known
trend for the soft excess to appear stronger in more rapidly accreting
AGNs (e.g. Gliozzi & Williams 2020). This can be most readily
interpreted as the radial extent of the warm corona increases with
Agbs-

(vii) The majority of the AGNs in the sample prefer REXCOR
models with a low lamppost height (h = 57,), rather than ones that
assume 1 = 20, (Section 5.2), indicating that most AGN coronae
are compact and lie close to the black hole, regardless of the exact
geometry of the corona.

These findings provide strong evidence that both relativistic
reflection and a warm corona can accurately describe the soft excess
across arange of AGNs. In addition, the REXCOR parameters provide
a means by which to study how the accretion energy is distributed in
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accretion flows. Future theoretical work on warm coronae is needed
to explain the ‘v’-shaped relationships between the warm corona
properties and the Eddington ratio, as at least one other physical
property must be involved. Applying the REXCOR model to a single
AGN with multiple high-quality spectra will reduce the effects of
object-to-object variability and may clarify some of the relationships
presented here. Overall, our results show that careful analysis of the
AGN soft excess will yield important new insights into the physics
of accretion discs.
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APPENDIX A: BEST-FITTING PARAMETERS

This appendix presents the best-fitting parameters from the AGN
sample. The results are presented in three tables, where Table Al
lists the main REXCOR parameters as well as the overall x? of the
fit, Table A2 contains the fluxes of the three continuum components
in the spectra model as well as details of any additional Gaussian
emission lines added to the model, and Table A3 provides the warm
absorber parameters.

Table Al. The parameters obtained from the REXCOR component of the best-fitting spectral model: the warm corona heating fraction /¢, the lamppost heating
fraction fx, the optical depth of the warm corona 7, and the photon index I'. For each AGN we test REXCOR models with black hole spin a = 0.9 or 0.99, as
well as coronal heights 7 = 5rg or 20 ry with the model giving the smallest x? entered in the table. For AGNs with more than one observation, the spin that
leads to the lowest x 2 for the first observation is used for any subsequent observations. A 1’ (‘") symbol by the Observation ID indicates that the fit with the
other value of & (a) has a Ax? < 6 compared to the tabulated model. A ‘p’ in the error bar denotes a parameter pegging at the boundary of the REXCOR grid.
All observations are fit between 0.3 and 12 keV, except for Mrk 509 that is fit between 0.76 and 12 keV to avoid the complex warm absorber features at lower

energies.
Object Obs ID a h (rg) he fx T r x2/dof
1H 0419-577 0604720301 0.99 20 0.4575:03 0.02870:904 10.4709 1.54 +0.03 332/266
0604720401 0.99 20 0.4610:03 0.027 £ 0.007 10249 1.54 £0.03 253/259
ESO 198—G24 0305370101 0.9 5 0.80%07 0.20707 27.0149 1.70 £ 0.02 282/271
0067190101 F 5 0.80%0% 0.19%0 007 20.0+42 1.75 £ 0.03 331/252
HE 1029—1401 0203770101 F* 0.99 20 0.67+0.03  0.040700% 15.9117 1761002 313/266
IRASF 123973333 0202180201* 0.9 5 0.8070%,  0.032 4 0.003 18.1°03 2.16 £ 0.02 313/238
Mrk 279 03024804017 0.99 20 0.44+0.08 0.10+0:0) 14.1+18 1.83+0:2 326/270
0302480501 5 0.35751 0.13750 14.0740 1.75 £ 0.02 361/270
0302480601 20 0.507932 0.1075:93 159726 1.83 +0.03 287/264
Mrk 335 0600540501 0.9 0.0875:02 0.0327900° 11754 1.8375:03 268/247
0600540601 0.0275:93 0.06479%3% 109757 1.76 + 0.02 343/256
Mrk 509 0601390201* 0.99 20 0.367507 0.0687001¢ 105402 1787502 269/248
0601390301* 20 0.4375:07 0.069 10010 1074058 1.77 + 0.03 321/250
0601390401* 20 042£0.06  0.058 £ 0.009 107497 1.82 £ 0.03 359/250
0601390501* 20 0434+004 005140006 105703 1.73 £ 0.03 367/249
0601390601* 20 0.4475:0> 0.051 % 0.005 10.9%0¢ 1.79 + 0.03 305/250
0601390701 F* 20 0.441007 0.05470.907 10.445%, 1.78 + 0.03 3551250
0601390801* 20 0.43%07 0.05670.00% 10.5797 1.80 % 0.03 326/249
0601390901* 20 0.4575:06 0.05179083 10.0707 1.78 + 0.03 304/248
0601391001* 20 0.3775:9¢ 0.061%3:015 10.410%, 1.8075:02 275250
0601391101* 20 0.447507 0.05679012 104405 1.74 + 0.03 286/247
Mrk 590 0201020201 0.99 5 0.8070h 020707 24.0M9% L64+00% 256/259
NGC 4593 0109970101t 0.9 20 0.5079:28 0.07979028 141743 177 £ 0.04 286/254
0059830101* 20 0.3710:11 0.093%0:39 15.8757 1.85 £ 0.01 332/268
PG 08044761 0605110101 0.99 5 0.4573000 0040 £ 0.002 10.5792 1777503 260/246
PG 11164215 0201940101 0.99 20 0.55 £ 0.01 0.020797% 14.0 £ 0.2 1.94 + 0.04 302/260
05543801017 20 0.6475% 0.020%(" 20.0133 2.03 £ 0.04 326/246
05543802017 5 0.50+0:0) 0.04070:9% 14743 1.83 £0.04 284/248
05543803017 5 0.5075:97 0.04079007 15.053} 1.89 + 0.04 302/237
Q0056363 0205680101 0.99 5 0.80707, 0.0439008 13.7704 1.87 +0.05 300/242
RE 1034+396 0675440301 0.99 5 0.6870004 0.020+0:7 30797 1.9+ 0.1 206/143
UGC 3973 0400070201 0.99 5 0.39750 0.20%07 10.0%5 1.99 + 0.03 286/255
04000703017 5 0.7575% 020707 16.5+ 0.3 1.74 + 0.06 270/246
0400070401 20 0.80%" 0.1510:01 20.0M48 1.79+0:04 248/244
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Table A2. In this table, we provide the 0.3—10 keV fluxes (F, in erg cm~2 s~!) of the REXCOR, powerlaw, and xillver components from the best-fitting models
in Table Al. The fluxes are determined using the ‘cflux’ command in XSPEC. RE 10344396 did not require a xillver contribution to the best-fitting model.
In addition, the energy (E, in keV) and normalization (K, in photons em~2 571 of any narrow (o = 0) Gaussian emission lines added to the model are also
tabulated. Most sources only required one line, but UGC 3973 required an additional line. These lines correspond to emission features from highly ionized C,
N, and O. Empty entries are denoted with ‘—’.

Object Obs ID log F (REXCOR) log F (powerlaw) log F (xillver) E (keV) K (x107%)
1H 0419577 0604720301 —10.88700) —10.71 £ 0.01 <—12.75 0.62 + 0.01 2744
0604720401 —10.95 + 0.02 ~10.73 £ 0.01 <—12.78 0.62 £ 0.01 -1978
ESO 198—G24 0305370101 —11.8310:06 —10.78 £ 0.01 —12.2770:5¢ 0.88 + 0.02 13+05
0067190101 —11.821703} —10.64 £ 0.01 —12.5779% 0.51 £ 0.02 7.8+£29
HE 1029-1401 0203770101 —10.977502 —10.50 £ 0.01 —12.187912 0.51 +0.01 3747
IRASF 1239743333 0202180201 —11.79 £0.10 —10.91 £ 0.01 —12.697032 0.481000, 16£2
Mrk 279 0302480401 —10.98+0:03 —10.33 £ 0.01 —11.85+007 0.47 +0.01 441
0302480501 —11.0410:04 —10.35+0:003 —11.88 £ 0.06 0.46 + 0.01 0te
0302480601 —10.9975:06 —10.36 £ 0.01 —11.80+0:08 0.47 + 0.01 26744
Mrk 335 0600540501 —11.34 £ 0.02 —11.11 £ 0.01 12314007 - -
0600540601 —11.44 £0.02 —11.16 £ 0.01 —12.4710:97 - -
Mrk 509 0601390201 —10.6410:03 —10.15 £ 0.01 —11.8870:9 - -
0601390301 —10.5810:03 —10.15 £ 0.01 —11.8470:08 - -
0601390401 —10.48 £0.03 —10.09 £ 0.01 11767057 - -
0601390501 —10.46 £ 0.02 —10.22 £ 0.01 —11.97799 - -
0601390601 —10.387002 —10.13 £ 0.01 ~11.837008 - -
0601390701 —10.47 £ 0.03 —10.08 £ 0.01 ~11.8270%8 - -
0601390801 —10.49 £ 0.03 —10.10 £ 0.01 ~11.7875:57 - -
0601390901 —10.43+0:05 —10.07 £ 0.01 —11.7870:%7 - -
0601391001 —-10.51+0:02 —10.14 £ 0.01 —11.79+0:07 - -
0601391101 —10.49 £ 0.04 —10.09 £ 0.01 —11.8470:% - -
Mrk 590 0201020201 —12.027515 —10.97 £ 0.01 —12.287008 0.8610:03 124+05
NGC 4593 0109970101 —10.8070%3 -10.177002 —11.647919 0.45 +0.01 56118
0059830101 -10.9750¢ —10.15 £ 0.01 —11.55 £0.05 0.46 + 0.01 47+13
PG 0804-+761 0605110101 —10.8870003 —10.79 & 0.004 —12.3970-12 0.44 +0.01 75183
PG 11164215 0201940101 1147755 —11.20 £ 0.01 —12.74150) - -
0554380101 ~11.35 £ 0.03 ~11.02 £ 0.01 —12.527014 - -
0554380201 —11.49+0:03 —11.11 £ 0.01 —12.6910:1¢ - -
0554380301 —11.48 £ 0.02 —11.24 £ 0.01 —12.617943 - -
Q0056—363 0205680101 —11.64 + 0.04 —11.29 + 0.02 —12.817913 - -
RE 10344396 0675440301 —10.85700%5 —11.687502 - - -
UGC 3973 0400070201 —-10.961003 ~10.36 + 0.01 —11.87751% 0.48 £ 0.01 37+
0774508, 71
0400070301 —11.12+001 —10.48 £ 0.01 —11.95+007 0.77 + 0.01 43¢,
0400070401 —11.03*5:0¢ —10.51730) ~11.95711 0.47 £0.01 357!
0775551 28716
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Table A3. The column density (Vg in cm~2) and ionization parameter (&,

inerg s~

cm™!) of any warm absorber in the best-fitting model (Table A1).

Observations that did not require a warm absorber are omitted from the table.
Mrk 335 and NGC 4593 both required two warm absorbers. A ‘p’ in the error
bar denotes a parameter pegging at the boundary of the warm absorber grid.

Object Obs ID Nu log &
1H 0419—577 0604720301 4.673, x 102 0.85702
0604720401 38179 x 1020 0.737033
IRASF 12397+3333 020218201 6.170% x 1021 1.83 £0.02
Mrk 279 0302480401 29010 % 102 1.6870%
0302480501 1_31—8:2 % 1020 04_-8.,;37
0302480601 1504 x 1020 005707,
Mrk 335 0600540501 4.8%0% % 102! 1.89 £ 0.03
L1738 <102 291753
0600540601 LITOT x 102 1.87750
1374 x 102 2.86709%
Mrk 509 0601390901 L1539 x 102 2.03752
0601391101 64740 5 1020 2267028
NGC 4593 0109970101 3.5 x 1020 0.501038
38702 x 101 2.0675%
0059830101 54712 %102 0.747930
3.0M0% x 1020 2.1670%
PG 0804+761 0605110101 LOF0Y x 102 0637021
PG 1116+215 0201940101 2.6 +04 x 10* 07
0554380101 3,5fg:g x 1020 0&?,11
0554380201 3.1703 x 102 0707
0554380301 41403 x 10% Oigﬁ"
Q0056363 0205680101 LOTGY x 100 0%
RE 10344396 0675440301 LOTE) x 102 021703}
UGC 3973 0400070201 52103 % 1020 1.697002
0400070301 6.0702 x 1021 1691096
0400070401 6.1709 x 1021 1.7370%4

MNRAS 530, 1603-1623 (2024)

APPENDIX B: PLOTS OF BEST FITS

Fig. B1 plots the best-fitting spectrum for each observation using
the model described in Section 3. The upper portion of each panel
shows the total spectrum (solid line), plus the contributions from the
power law (short-dashed line), the REXCOR model (dot—dashed line),
and the xillver distant reflector (dotted line). Any Gaussian lines are
shown as dot—dot—dashed lines. The lower part of each panel plots
the residuals from the best-fitting model in units of o'. The parameters
of the best-fitting model are listed in Tables A1-A3.
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Figure B1. The upper part of each panel plots the spectral model found from the best fit to each observation in our sample (Tables A1-A3). The solid line
shows the total model, while the short-dashed, dot—dashed, and dotted lines plot the powerlaw, REXCOR, and xillver components, respectively. Any Gaussian
lines are shown using dot—dot—dashed lines.
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Figure B1. continued.

Table C1. As in Table Al, but now showing the results when the A = 0.1 REXCOR grids are used when fitting the seven observations of AGNs that were
originally fit with A = 0.01 REXCOR models. The last column shows the change in x> and degrees of freedom that result from using the A = 0.1 REXCOR grids.
A ‘p’ in the error bar denotes a parameter pegging at the boundary of the REXCOR grid.

Object Obs ID a h(rg) 7x T r A%/ Adof

ESO 198—G24 0305370101 0.99 5 0.137012 0.1500°7 10.5758) 1727502 —8/0
0067190101 5 0.72739% 0.20%07, 300797, 1767504 ~7/0

0.06 +0, 0.5 0.02

Mrk 590 0201020201 0.99 5 0.02%5.05, 0.207%, 10.0757 1.697003 —9/+2

Q0056—363 0205680101 0.9 20 0.55 £ 0.01 0.0207¢:%% 105702 1775008 +6/0

UGC 3973 0400070201 0.9 20 0.6510:0 020707, 27.6%93 2.03700 —5/0
0400070301 20 0.71 +0.01 0.2070P. 30.0797 1.779% —17/-2
0400070401 20 0.32+02 0.19700)7 134748 1.817993 +8/0

APPENDIX C: MODEL-DEPENDENT EFFECTS

The results presented in Section 4 focus on the REXCOR parameters
related to the distribution of accretion energy. However, the REXCOR
models also depend on the assumed Eddington ratio, the height of the
hot corona (situated as a ‘lamppost’ above the black hole), and the
spin of the black hole. In this appendix, we discuss how our results
may depend on these other parameters.

MNRAS 530, 1603-1623 (2024)

C1 The Eddington ratio, A

As mentioned in Section 3, we used the . = 0.01 REXCOR grids
when fitting observations with A < 0.05. Following the predictions
of standard accretion theory (e.g. Shakura & Sunyaev 2009), the A =
0.01 REXCOR models are calculated with a denser accretion disc than
the & = 0.1 models. This fact, combined with the lower luminosity,
predicts a less ionized reflection and emission spectrum for a given
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Table C2. As in Table A2, but now showing the results when the A = 0.1 REXCOR grids are used when fitting the seven observations that were originally fit
with the A = 0.01 grids. Note that Mrk 590 no longer requires a Gaussian emission line. The ’f” indicates the line width was fixed at 0 keV.

Object Obs ID log F (REXCOR) log F (powerlaw)  logF (xillver) E (keV) K(x107%) o (keV)
ESO 198—G24 0305370101 ~11.82 £0.07 —10.78 £ 0.01 12267007 0.50 + 0.01 51718 o
0067190101 -11.917912 —10.64 £ 0.01 —12.577930 0.51 +0.01 9.9%39 of

Mrk 590 0201020201 —12.157910 —10.97 £ 0.01 —12.24750¢ - -

Q0056363 0205680101 —11.4970:04 —11.331003 12931013 - - -
UGC 3973 0400070201 —10.97+0:01 —10.34 £ 0.01 —11.8310:06 0.48 + 0.01 521 o
0.77 £ 0.01 229133 o
0400070301 —11.1370:97 —10.47 + 0.01 —11.97+0:19 0.50 + 0.02 18412 o
077400 132763 o
0400070401 -10.9175:53 —10.54%00) —11.9410-19 0.48 +0.01 4312 o
0.77 + 0.01 36720 o

Table C3. As in Table A3, but now showing the results when the 1 =
0.1 REXCOR grids are used when fitting the seven observations that were
originally fit with the A = 0.01 models. A ‘p’ in the error bar denotes a
parameter pegging at the boundary of the warm absorber grid.

Object Obs ID Nu logé

Q0056—363 0205680101 3.7404 1020 075,°

UGC 3973 0400070201 6410151020 1,69 +£0.04
0400070301 6.5%03 x 102! 1667043
0400070401 7603 x 102! 1724983

Jfx and k¢ (Xiang et al. 2022). Therefore, it is possible that the high
values of &y and fx found in observations with Aqps < 0.05 are just a
result of this choice and are not required by the data.

To determine how sensitive the warm corona parameters are to the
assumed Eddington ratio of the REXCOR models, we refit all seven
observations that were originally fit with the A = 0.01 models with
the lower density A = 0.1 REXCOR grids, and the results are tabulated
in Tables C1-C3 that follow the same format as Tables A1-A3. The
rightmost column of Table C1 shows the change in x2, as well as any
difference in the degrees of freedom, when the A = 0.01 REXCOR
grids are replaced with A = 0.1 grids. To determine how significant
these different fits are from the original ones, we use the Bayesian
information criterion (BIC; Schwarz 1978; Liddle 2004), which for
x? statistics is BIC = x? + kIn(N), where k is the number of
parameters and N is the number of data points (e.g. Yamada et al.
2023). If the ABIC between two models is <6, then there is only
marginal evidence for one model being preferred over the other
(Mukherjee et al. 1998). In all of our cases, N is the same between
the two models, and only two observations (Mrk 590 and UGC 3973
[Obs ID 0400070301]) have a different number of parameters. For
the remaining five observations the ABIC is equivalent to A 2.

Examination of Table C1 shows that using the > = 0.1 REXCOR
grids leads to a larger x? for Q0056—363 and one observation
of UGC 3973 (Obs ID 0400070401) compared to the fits using
the original A = 0.01 grids. According to the ABIC criterion, the
differences in x? are large enough to conclude that the model in
Table Al is preferred. The remaining five observations all result in a
decrease in x 2 using the A = 0.1 grid. Fig. C1 replots the relationships
with Aops shown in Section 4 with the REXCOR parameters from these
five observations replaced with the values from Table C1.

The most significant change in the REXCOR parameters occurs in
the two observations with the lowest Aqps in the sample (Mrk 590

and ESO 198—G24 [Obs ID 0305370101]). In both cases, & and ©
fall to much lower values than was originally found with the A =
0.01 REXCOR grids. Interestingly, the parameters found in the other
ESO 198—G24 observation (Obs ID 0067190101) are consistent
with the prior fit, despite having essentially the same Aqps (Table 1).
If this new fit for Obs ID 0305370101 is a better representation of
the coronal properties, then it would imply that AGN coronae can be
substantially different in the same object even at approximately the
same Aops.

The impact of these changes on our statistical analysis is shown
in Table C4.

Comparing these values to the ones in Table 2 shows that the
three correlations with Ay,s described in Section 4 are retained here
at comparable levels of significance. However, the evidence for ‘v’-
shaped relationships of T and & with Aqps is lost unless Mrk 590 and
ESO 198—G24 (Obs ID 0305370101) are omitted from the analysis.
Therefore, we conclude that the results described in Section 4 are
robust to changing the assumed A in the REXCOR modelling, except
at Eddington ratios <0.01. It is possible that at these accretion rates,
the disc is transitioning away from an optically thick flow (driven,
perhaps, by the unknown second parameter needed to explain the
warm corona evolution), and the REXCOR model would no longer be
applicable.

For completeness, we also perform the opposite experiment where
the 27 observations best fit with the A = 0.1 REXCOR grids are refit
using the A = 0.01 models. A large majority of the 27 observations
are poorly fit with these higher density, less ionized models, with
the median Ax? = +19.4. Only five of the observations have a
Ax? < 6, with just two of these giving a negative A x2: Mrk 279,
Obs ID 03022480501 (Ax? = —0.2) and PG 11164215, Obs ID
0554380301 (Ax? = —3.5). In both these cases, i and fx are at
their maximum values, showing that the fit was searching for the
most ionized model available in the grid. Therefore, it is likely
that the slight improvement in the fit statistic in these two cases
is not significant. The other three observations with Ax? < 6
includes another PG 11164215 spectrum (Obs ID 0554380201),
which showed the same behaviour as the other observation just
discussed, and two Mrk 590 observations (Obs ID 0601390701
and 0601391001). In the two Mrk 590 observations, ks increased
from ~0.4 (as found in the A = 0.1 REXCOR grids) to iz ~ 0.6—
0.7, with fx and t largely unchanged. However, as the eight other
Mrk 590 observations are poorly fit with the high-density REXCOR
grid, we conclude that this source is best described using the A = 0.1
models.
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Table C4. As in Table 2, but now showing the results of the correlation analysis when the REXCOR results for the five observations with negative Ax? in
Table C1 are used in the analysis (Fig. C1). The significance of the three relationships with Aqps presented in the top half of the table are relatively unaffected
with this change. Evidence for the ‘v’-shape transition in the t and A relationships with Agps is lost after switching in the new values, but is recovered after

removing the two low Aqps sources that exhibited the largest change in /¢ and 7.

Relationship with Aops Kendall’s © p-value

fx —0.56 % 0.06 2.873L x 10°°
r 0.24 %+ 0.06 0.05010:5%7
(0.3-10) keV flux ratio 0.56 %+ 0.03 2.8756 x 10°°
(0.3-10) keV flux ratio (no RE 1034+396) 0.53 + 0.03 11728 x 1073

T and hy transition Agps (i.€. Aobst) Mean p-value

Mean p-value (no Mrk 590 and ESO 198—G24 [Obs ID

0305370101])
010 032138 0.16+0%
0.12 0.36 + 0.14 0.0627340%
0.15 01010} 0.007 506
0.20 0.167514 0.12+0%8
C2 The coronal height, h with Agys seen in Fig. 3. The & = 20 and 5 fits both give a reduced x?2

For a specific A (either A = 0.1 or 0.01), there are REXCOR grids
calculated for two specific heights of the hot, X-ray emitting corona:
h =5 or 20r, (Xiang et al. 2022). The purpose of these grids is
not to make a measurement of %, per se, but to distinguish between
a low lamppost (at 2~ = 5) and a high lamppost (at & = 20), since
they lead to different illumination patterns on the accretion disc (e.g.
Fukumura & Kazanas 2007; Dauser et al. 2013; Ballantyne 2017).

Table A1 shows the value of & for the REXCOR grid that gives the
lowest x2. In 13 of the 34 observations (those indicated with a 1
symbol by the Obs ID) fits with the alternative coronal height have
aA X2 < 6, which, based on the ABIC criterion described above,
means that one value of & cannot be preferred over the other. In 9
out of the 13 observations, the warm corona parameters found with
the alternative & are consistent with the ones shown in Table A 1. For
UGC 3973 (Obs ID 040070301) the fit with & = 20 gives T = 23.375%
(rather than 16.5 £ 0.3), which is still consistent with the observed
trends seen in Fig. 3. A value of 4 = 5 when fitting observation (Obs
ID 0601390701 of Mrk 509 pushes k¢ to 0.76, T to 16.8, and fx down
to 0.02. When /4 = 20 observation (Obs ID 030248501) of Mrk 279
yields T = 23.873¢, inconsistent with the value of = 147} found
when 4 = 5. This new value of t would pull this observation away
from the ‘v’ shape seen in Fig. 3, reducing its significance. However,
all the other observations of Mrk 509 and Mrk 279 give consistent
REXCOR parameters when fit with either coronal height. Although
we cannot rule out variability intrinsic to the source, since all the
observations of these objects have approximately the same Aqps, We
expect that the best-fitting values shown in Table A1 remain the most
likely results.

Lastly, a coronal height of # = 5 decreases both 7 and A
for UGC 3973 (Obs ID 0400070401) to 10.6¥57 and 0.43%(},
respectively. These values are similar to the ones found in Obs ID
0400070201 of the same source, and are inconsistent with the trends

MNRAS 530, 1603-1623 (2024)

~ 1 and so it is difficult to distinguish the two cases. However, this is
the only observation where a difference in 4 may plausibly increase
the scatter in the T—Xqps and sy—Xqps planes.

C3 The black hole spin, a

The REXCOR grids provide different choices for the black hole spin,
a = 0.9 and 0.99 (Xiang et al. 2022). As with the corona height,
the purpose is not to measure a black hole spin with these models,
but to test if the data require a maximal spin as compared to a black
hole that is simply rapidly spinning. In the REXCOR model, a higher
spin not only increases the relativistic blurring and light-bending
effects, but it also increases the flux dissipated into the coronae
(which are fractions of the dissipation rate D(r, A); Section 2). This
effect can be compensated for by reducing fx, so there is a moderate
degeneracy between a and fx in the REXCOR model (Xiang et al.
2022).

Each AGN in the sample was fit with REXCOR grids using both
values of a with the one associated with lowest x2 model listed in
Table A1. If an AGN has more than one observation, then the value
of a found in the first observation was used for subsequent fits. For
four AGNs (HE 1029—1401, IRASF 1239743333, Mrk 509, and
NGC 4593; indicated with a “x’ symbol by the Obs ID in Table A1),
assuming the alternative spin when fitting gives a A x> < 6, indicating
that either value of a may be considered acceptable. In the cases of
HE 1029—-1401, IRASF 12397+3333, and NGC 4593, the resulting
values of fx, kg, I', and t are all consistent irrespective of the choice
of a. For Mrk 509, assuming a = 0.9 increases fx by ~0.02 in each
of the observations compared to the values listed in Table Al with
the other parameters consistent with the previous results. According
to Fig. 4, such a modest change in fx for the Mrk 509 observations
would not alter the observed trend between fx and Aqps.
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Figure C1. As in Figs 1-4, but now using the results of Table C1 for the five observations that give a negative A2 when using the A = 0.1 REXCOR grids.
The most significant changes in the REXCOR parameters occur in two of the lowest Aqps in our sample (Mrk 590 and ESO 198—G24 [Obs ID 0305370101]).

The resulting statistical analysis is shown in Table C4, which shows that the fx—Aobs, '=Aobs, and the flux ratio—Aqps correlations remain significant, but the

‘v’-shaped t—Aobs and hg—Xohs relationships are retained only when omitting Mrk 590 and ESO 198—G24 [Obs ID 0305370101].
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