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A B S T R A C T 

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 ( λobs ) 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 λobs . In contrast, the relationship 

between λobs and both the optical depth and the heating fraction of the warm corona appears to transition from an anticorrelation 

to a correlation at λobs,t ≈ 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 λobs and black hole mass. 

Key words: accretion, accretion discs – galaxies: active – galaxies: Seyfert – X-rays: galaxies. 
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 INTRODUCTION  

ctive galactic nuclei (AGNs) generate their luminosity from the 
elease of gravitational potential energy as matter mo v es radially 
hrough an accretion disc. If the accretion flow is radiatively efficient, 
hen the released energy is locally converted into photons and the 
isc shines brightly o v er a wide range of wavelengths, with the peak
uminosity occurring in the ultraviolet (UV) for most AGNs (e.g. 
ringle 1981 ; Frank, King & Raine 2002 ; Shakura & Sunyaev 2009 ).
n addition to the optically thick thermal emission from the disc, 
GNs are also strong X-ray emitters with, on average, � 20 per cent
f their bolometric luminosity released as a power law at photon 
nergies � 1 keV before rolling o v er at energies � 100 keV (e.g.
ushotzky, Done & Pounds 1993 ; Vasude v an & Fabian 2007 , 2009 ;
icci et al. 2017 ; Duras et al. 2020 ). This X-ray power law is well
escribed as originating in an optically thin Comptonizing corona of 
 E-mail: david.ballantyne@ph ysics.g atech.edu 
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ot electrons situated close to the disc and central black hole (e.g.
aleev, Rosner & Vaiana 1979 ; Haardt & Maraschi 1991 , 1993 ;
etrucci et al. 2001 ; Fabian et al. 2015 , 2017 ; Kara et al. 2016 ;
lston et al. 2020 ). While the details of how and why accretion

nergy flows from the disc into the corona are not fully understood,
t appears that magnetic fields in the disc and corona play a crucial
ole (e.g. Merloni & Fabian 2001 ; Jiang et al. 2019 ; Gronkiewicz &
 ́o ̇za ́nska 2020 ; Gronkiewicz et al. 2023 ; Scepi, Begelman & Dexter
024 ). 
The X-ray spectrum of AGNs contains more complexity than just a

imple power law. Superimposed on the power law are spectral lines
nd high-energy curvature consistent with reprocessing of the power 
aw in optically thick material lying out of the line of sight, a process
enerally referred to as X-ray reflection (e.g. Fabian & Ross 2010 ;
arc ́ıa & Kallman 2010 ). Moreo v er , most A GNs show an excess of

mission abo v e the e xtrapolated power la w at energies � 2 keV (a
soft excess’; e.g. Piconcelli et al. 2005 ; Winter et al. 2012 ; Ricci et al.
017 ). The soft excess may arise from X-ray reflection (e.g. Crummy
t al. 2006 ), but it is also possible that a warm corona located near
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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he surface of the accretion disc can contribute all or part of the soft
xcess (e.g. Magdziarz et al. 1998 ; Czerny et al. 2003 ; R ́o ̇za ́nska
t al. 2015 ; Kubota & Done 2018 ; Middei et al. 2018 , 2019 , 2020 ;
orquet et al. 2018 ; Ursini et al. 2018 , 2020 ; Xu et al. 2021a ). Similar

o the hot corona that produces the X-ray power law, a warm corona
ould be heated by accretion processes and Comptonize the thermal

mission from the bulk of the disc. Ho we ver, the warm corona is
ptically thick (with τ � 10), and ≈100 × cooler than the hot corona
ocated near the disc (e.g. Petrucci et al. 2018 ). If it exists, the warm
orona would be another location to which accretion energy liberated
n the disc is transported and dissipated. Therefore, it is important to
etermine the properties of any warm coronae in AGNs in order to
ully understand the flow of energy in an accretion disc. 

As the surface of the accretion disc is irradiated by the X-ray power
aw, the warm corona properties, and the resulting emission spectrum
rom the disc, are determined by the combined influence of both
nternal heating in the warm corona and the photoionization effects
f the external X-rays (Ballantyne 2020 ; Ballantyne & Xiang 2020 ;
etrucci et al. 2020 ). In particular, the fraction of accretion energy
issipated in the warm corona has a strong impact on the resulting
GN X-ray spectrum and could be constrained by fitting with an
ppropriate model. Recently, the REXCOR model was made publicly
vailable by Xiang et al. ( 2022 ). This spectral model assumes an
ptically thick accretion disc that extends to the innermost stable
ircular orbit (ISCO) and combines the effects of a warm corona
ith ionized relativistic reflection to predict the X-ray spectrum from

he inner region of an AGN accretion disc. By dividing the liberated
ccretion energy between the disc, a warm corona, and a lamppost hot
orona, 1 REXCOR provides an opportunity to quantitatively measure
he fraction of accretion energy dissipated in both the warm and hot
oronae. In this paper, we apply the REXCOR model to a sample of
4 XMM–Newton observations of 14 type 1 AGNs that span a factor
f 188 in Eddington ratio and two decades in black hole mass. By
xamining how the REXCOR parameters vary across this sample, we
ill be able to better understand the nature of the warm corona in
GNs and how accretion energy is distributed through the disc. 
The next section provides a short re vie w of the assumptions and

arameters of the REXCOR model, and the properties of the XMM–
ewton AGN sample are described in Section 3 . The results of fitting
EXCOR models to the AGN sample are presented in Section 4 .
he implications of our results on our understanding of the AGN
oft excess and the warm corona model are discussed in Section 5 .
inally, we summarize and draw conclusions in Section 6 . 

 REVIEW  OF  THE  REXCOR AGN  SPECTRAL  

ODEL  

he REXCOR model is fully described by Xiang et al. ( 2022 ) and
o only a brief re vie w of its features is presented here. A REXCOR

pectrum is calculated from the inner 400 r g (where r g = GM / c 2 is the
ravitational radius of a black hole with mass M ) of an AGN accretion
isc, illuminated by an X-ray power law from a hot corona placed at
 height of h abo v e the central black hole (i.e. a lamppost geometry;
.g. Matt, Perola & Piro 1991 ; Martocchia & Matt 1996 ; Dauser
t al. 2013 ). The power law has a photon index � and has low- and
igh-energy cut-offs at 30 eV and 300 keV, respectively. The black
ole has a spin a , and the fitting functions of Fukumura & Kazanas
 2007 ) are used to account for how relativistic light bending affects
NRAS 530, 1603–1623 (2024) 

 This differs from the Petrucci et al. ( 2020 ) model that divides energy between 
he disc and the warm corona. 2
he illumination of the disc. In addition to this external radiation from
he hot corona, REXCOR also includes internal heating from a warm
orona of Thomson thickness τ at the surface of the disc. This heated
ayer has a fixed density and interacts with the external X-rays and
he thermal blackbody emission arising from the bulk of the disc. 

In REXCOR the luminosity of the lamppost and the amount of heat
eleased in the warm corona are fixed fractions of the accretion disc
issipation rate D ( r , λ), where r is the radius of the disc (in units of r g )
nd λ is the Eddington ratio (Shakura & Sunyaev 2009 ). A fraction f X 
f D ( r , λ) within r = 10 r g powers the hot corona luminosity, while
n energy flux h f D ( r , λ) is uniformly distributed in the warm corona
ayer of the disc (with Thomson depth τ ). Any remaining flux at a
articular radius, (1 − f X − h f ) D ( r , λ), is injected into the bottom of
he warm corona zone as a blackbody. 

A REXCOR model is computed by splitting the disc into multiple
nnuli and self-consistently calculating the emission from the disc
urface from each annulus. The spectrum of each ring includes (i)
he effects of ionized reflection due to illumination by the power-law
ontinuum produced by the lamppost hot corona, (ii) the emission
nd scattering effects of the warm corona at the disc surface, and
iii) the thermal blackbody produced by the bulk of the disc. The
ffects of relativistic blurring (using the RELCONV LP model with an
nclination angle of 30 ◦; Dauser et al. 2013 ) and the radial change
n disc density are included for each annulus. Finally, the individual
lurred reflection spectra are then integrated to produce a single
pectrum 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

odels impact the resulting spectra in distinct ways. The warm
orona heating fraction h f and optical depth τ both strongly influence
he size, shape, and smoothness of the soft e xcess. F or a giv en
 f , a larger τ will reduce the soft excess strength and smoothness
s the heat released in the warm corona is dissipated in a thicker
ayer of gas. Similarly, for a fixed τ , an increasing h f will yield
 hotter, more ionized warm corona that produces a stronger soft
xcess that extends to higher energies. Changes to the hot corona
eating fraction f X affect the REXCOR model by impacting the size
f the soft e xcess relativ e to the power law, as well as influencing the
onization state of the reflection features in the spectrum (analogous
o the ionization parameter ξ in standard reflection models; Garc ́ıa
 Kallman 2010 ). Finally, the photon index � changes the shape of

he spectra at energies > 2 keV where the impact of the power law is
ost important. 
Xiang et al. ( 2022 ) released eight different REXCOR grids that

iffer in the assumed lamppost height (either 5 or 20 r g ), accretion
ate (either λ = 0.01 or 0.1), and black hole spin (either a = 0.9 or
.99). Each grid contains o v er 20 000 individual spectra, spanning
 broad range of �, τ , f X , and h f . In this paper, we make use
f new REXCOR grids 2 that increases the range of � (from � =
.7–2.2 to 1.5–2.2) with the other parameters unchanged from the
riginal release (0.02 ≤ f X ≤ 0.2; 0 ≤ h f ≤ 0.8; 10 ≤ τ ≤ 30).
herefore, fitting AGN X-ray spectra with REXCOR grids can test for

he presence of a warm corona (i.e. if h f > 0), and constrain how
he accretion energy is divided between the lamppost and the disc
urface. We note that since the REXCOR models assume the presence
f an optically thick accretion disc down to the ISCO and a lamppost
orona, then, by construction, f X is not allowed to be 0, and REX-
OR models al w ays contain a contribution from relativistic ionized
eflection. 
 These expanded grids are now available through the XSPEC website. 



The warm corona model in type 1 AGNs 1605 

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 ( λobs ; estimated by Petrucci et al. 2018 ). All sources are 
radio-quiet type 1 AGNs and have > 150 000 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 ( M BH /M �) Obs ID λobs 

1H 0419 −577 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 12397 + 3333 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 1034 + 396 0.0424 6.41 0675440301 1.691 
UGC 3973 0.0221 7.72 0400070201 0.034 

0400070301 0.025 
0400070401 0.028 
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of h continue to be tested for all observations. 

3 As 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 f X 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 ). 
4 By 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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 DESCRIPTION  OF  AGN  SAMPLE  AND  

PECTRAL  FITTING  METHOD  

EXCOR models are applied to a sample of XMM–Newton observa- 
ions of bright, radio-quiet type 1 AGNs. Our sample is drawn from
he one studied by Petrucci et al. ( 2018 ), which was selected to have
ood UV co v erage with the Optical Monitor. The UV photometry is
ot used when fitting REXCOR models, so this criterion should not 
nfluence our results. 

From this parent sample, we select only those observations with 
hoton indices inside the REXCOR range and have > 150 000 counts
n their European Photon Imaging Camera (EPIC)-pn 0.3–12 keV 

pectra. Observations with total counts below this limit did not 
rovide useful constraints on the key REXCOR parameters (e.g. h f , 
 X , and τ ) despite acceptable fits. Three of the five observations
f NGC 4593 that lie abo v e our count limit (Obs IDs 0740920201,
740920501, and 0740920601) also give poorly constrained REXCOR 

arameters (see also Xiang et al. 2022 ) and are remo v ed from
urther analysis. Our final sample therefore contains 34 XMM–
ewton observations of 14 AGNs and spans o v er two decades in
oth black hole mass and accretion rate. Table 1 provides the details
f the sample, including the estimated bolometric Eddington ratio 
rom each observation, λobs , 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.
or all sources, we fit the 0.3–12 keV EPIC-pn (Str ̈uder et al. 2001 )
pectra, except for Mrk 509 that is fit only for energies > 0.76 keV
o a v oid large features associated with the complex multicomponent
arm absorber (Detmers et al. 2011 ; Petrucci et al. 2013 ; Kaastra

t al. 2014 ). The spectral fits are performed with XSPEC v.12.13.0
Arnaud 1996 ) using χ2 statistics, and error bars are reported using
 �χ2 = 2.71 criterion. Each observation is fit with the following
odel (in XSPEC notation): 

habs × WA × ( powerlaw + REXCOR + xillver ) , 

here phabs is neutral Galactic absorption to the AGN (HI4PI 
ollaboration 2016 ), WA is a XSTAR -derived warm absorber grid

Walton et al. 2013 ) located at the redshift of the source, powerlaw is
he primary X-ray continuum 

3 with photon index �, and xillver is a
eutral reflection spectrum (e.g. Garc ́ıa & Kallman 2010 ) accounting
or reprocessing from material far from the black hole. The photon
ndex is linked across the powerlaw , xillver , and REXCOR models.
he free parameters of the warm absorber grid are the column density
nd ionization parameter. The abundances of the WA , xillver , and
EXCOR models are all fixed to solar. The inclination angle and cut-
ff energy of the xillver component are fixed at 30 ◦ and 300 keV,
espectively, in order to match the assumptions of REXCOR . The
flux command is applied to the powerlaw , REXCOR , and xillver
odels to determine the 0.3–10 keV normalizations and fluxes of 

ach component. 
The REXCOR grids are separated by the Eddington ratio, with a

et calculated for λ = 0.01 and one for λ = 0.1. In addition to the
ncrease in luminosity, the higher value of λ corresponds to a lower
isc density (Xiang et al. 2022 ), as predicted for radiation-pressure-
ominated discs (e.g. Svensson & Zdziarski 1994 ). As a result, the λ
 0.1 grids predict a more highly ionized disc with weaker reflection

eatures. Here, we use the λ = 0.1 grids for all observations with λobs 

 0.05 and the λ = 0.01 grid otherwise (Appendix C shows that our
esults are robust to this choice). Two of the AGN observations are
stimated to have λobs = 0.053 (Obs ID 0109970101 from NGC 4593
nd the one from Q0056 −363) and thus we try both sets of REXCOR

rids when fitting this particular data set. We find that the λ = 0.01
rids give the lowest χ2 for Q0056 −363, while the λ = 0.1 grids
ield the best fit for the NGC 4593 observation. 
F or a giv en λ, there are four REXCOR grids co v ering the two

if ferent v alues of lamppost height ( h = 5 or 20 r g ) and black hole
pin ( a = 0.9 or 0.99). All four grids are used when fitting the first
bservation of an AGN with the results recorded for the grid yielding
he lowest χ2 . Once the best fit is determined, the same value of a is
sed for any subsequent observation of that AGN, 4 but both values
MNRAS 530, 1603–1623 (2024) 
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M

Table 2. Summary of the correlation analysis performed on the REXCOR 

parameters and the observed Eddington ratio, λobs . The top part of the table 
gi ves K endall’s τ correlation coef ficient and the corresponding p -v alue for 
the relationships with f X (Fig. 1 ), � (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 ( λobs,t ) when testing if the τ–λobs and h f –λobs 

relations (Fig. 3 ) change from a ne gativ e to positive correlation at λobs,t . 
The error bars on Kendall’s τ and p -values are computed from sampling the 
uncertainties in each of the REXCOR parameters 10 4 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 λobs Kendall’s τ p -value 

f X −0 . 57 + 0 . 06 
−0 . 05 1 . 6 + 16 

−1 . 4 × 10 −6 

� 0.26 ± 0.06 0 . 031 + 0 . 063 
−0 . 023 

(0.3–10) keV flux ratio 0.55 ± 0.03 3 . 2 + 7 . 5 −2 . 2 × 10 −6 

(0.3–10) keV flux ratio (no 
RE 1034 + 396) 

0.53 ± 0.03 1 . 3 + 3 −0 . 9 × 10 −5 

τ and h f transition λobs (i.e. λobs,t ) Mean p -value Mean p -value (no 
Mrk 335) 

0.10 0 . 10 + 0 . 24 
−0 . 08 0 . 088 + 0 . 216 

−0 . 067 

0.12 0 . 046 + 0 . 135 
−0 . 033 0 . 049 + 0 . 111 

−0 . 037 

0.15 0 . 0046 + 0 . 0149 
−0 . 0034 0 . 0050 + 0 . 0186 

−0 . 0039 

0.20 0 . 095 + 0 . 103 
−0 . 060 0 . 12 + 0 . 086 

−0 . 088 
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 RESULTS  

ables of the results of the spectral fitting are found in Appendix A
hile Appendix B contains plots showing the best-fitting models

nd residuals. In this section, we analyse the best-fitting parameters
rom the REXCOR models and demonstrate how these change with
he AGN Eddington ratio. 5 A discussion showing that our model
ssumptions do not impact the results in this section is found in
ppendix C . 

.1 Basic properties of fits 

xamination of the fit results in Table A1 shows that our assumed
odel provides a good description of the spectrum for all 34

bservations. The median reduced χ2 of the sample is 1.20, and
he maximum (1.47) and minimum (0.98) values indicate the model
omplexity is appropriate for the data quality. We emphasize that the
oal of this spectral fitting e x ercise is not to find the best possible
escription of each spectrum, but to test if a straightforward model
hat includes a REXCOR component is a satisfactory description of
he data. The χ2 values obtained here clearly show that this is the
ase for all 34 observations. 

We find that 10 of the 34 observations do not require a warm
bsorber component, but Mrk 335 and NGC 4593 are best fit with
w o w arm absorbers, similar to the results of earlier studies (e.g.
onginotti et al. 2013 ; Ursini et al. 2016 ). Interestingly, the AGN
ith the largest estimated Eddington ratio (RE 1034 + 396, λobs =
.691) is the only source that does not need a xillver component in
he best-fitting model. 
NRAS 530, 1603–1623 (2024) 

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

s  

o  

i  

a  
Nine of the 14 AGNs exhibit narrow residuals below 1 keV
fter fitting with our baseline model. In these cases, Gaussian
omponents are added to the model to account for these residuals.
hese components are only added if the impro v ement is significant
t > 99.9 pre cent confidence as measured by the F-test. The centroid
nergies of the Gaussians correspond to emission lines from highly
onized C, N, and O (e.g. N VII at ≈0.5 keV or N VI at ≈0.43 keV).
or almost all observations a single Gaussian is added, but in two
bservations of UGC 3973 we find that two emission lines impro v e
he fit. In one case (1H 0419 −577), a Gaussian absorption line at
.62 k eV (lik ely a blend of O VII and O VIII lines) impro v es the fit
ather than the addition of a second warm absorber. The fit statistic
s found to be acceptable after the inclusion of these Gaussians,
o further components are not added even if the residuals may
ndicate the presence of additional features (Fig. B1 ). Although these
aussians are added to account for clear residuals in the data, they

pan such a small range of energies that their presence does not
nfluence the best-fitting REXCOR parameters. 

In all cases the added Gaussians are narrow indicating they
rise from more distant ionized gas than considered by REXCOR .
ur spectral model only includes two sources of emission for
hotoionized gas – one REXCOR and one xillver component. Given
he likely complexity of ionized gas around AGNs, it is not surprising
hat these two models cannot entirely account for all the emission
rom ionized gas in the observed spectra. Allowing for non-solar
bundances may also account for some of these residuals, although,
part from Fe, relaxing this assumption is not possible in xillver and
he abundances in the REXCOR models are currently fixed at solar.
on-solar abundances, as well as allowing changes in the inclination

ngle and high-energy cut-off, may also impro v e the fits at higher
nergies ( � 7 keV) for several sources; however, the key REXCOR

arameters ( h f and τ ) are largely determined by the soft excess size
nd shape and so the impact of these high-energy residuals will be
inor. 

.2 Relationships with Eddington ratio 

he successful REXCOR fits described abo v e giv e estimates for
ow the accretion energy in our sample of AGNs is distributed
etween the disc, a warm corona, and the hot, X-ray emitting
orona. It is therefore interesting to consider how changes in the
ddington ratio of the AGNs will impact the flow of accretion
nergy dissipated in the system. We also include in this analysis
he mean values of the REXCOR parameters found by Xiang et al.
 2022 ) when fitting five joint XMM–Newton/NuSTAR observations
f the quasar HE 1143 −1820 with the h = 20 REXCOR models.
he statistical analysis is performed using Kendall’s τ correlation
oefficient as implemented in PYMCCORRELATION (Isobe et al. 1986 ;
rivon et al. 2020 ) with results summarized in T able 2 . T o compute

he correlation coefficient and p -value uncertainties, we take the
argest of the two error bars on each data point and assume a
ymmetric Gaussian distribution about the data that is then sampled
0 4 times. For data pegged at the upper or lower bounds of our
arameter space, the single error bar is used to define the symmetric
istribution. 
Fig. 1 plots f X , the fraction of accretion energy dissipated in the

-ray emitting hot corona, against λobs for all observations in the
ample. Each AGN is shown with a different colour with individual
bservations separated by symbol shape. A clear correlation is seen
n the figure with Kendall’s τ = −0 . 57 + 0 . 06 

−0 . 05 , which corresponds to
 p -value of 1 . 6 + 16 

−1 . 4 × 10 −6 and indicates a statistically significant
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Figure 1. The hot corona heating fraction f X versus the observed Eddington ratio λobs 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 f X 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 f X and λobs , with Kendall’s τ = −0 . 57 + 0 . 06 

−0 . 05 (a p -value of 1 . 6 + 16 
−1 . 4 × 10 −6 ). This result is consistent 

with the well-established decrease in X-ray power with λobs as measured by bolometric corrections (e.g. Vasudevan & Fabian 2009 ; Duras et al. 2020 ). 
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Figure 2. The relationship between the AGN photon index � and Eddington 
ratio λobs as found from the REXCOR fits (Table A1 ). The symbols are the 
same as in Fig. 1 . A moderately significant correlation is found between � 

and λobs (Kendall’s τ = 0.26 ± 0.06, with a p -value of 3 . 1 + 6 . 3 −2 . 3 × 10 −2 ). The 
slope of the �–log λ correlation is 0.099 ± 0.038, consistent with previous 
measurements (e.g. Ricci et al. 2013 ; Trakhtenbrot et al. 2017 ; Tortosa et al. 
2023 ). 
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nticorrelation (Table 2 ). 6 Physically, this relationship shows that 
he fraction of accretion power released in the hot, X-ray emitting 
orona drops from � 20 per cent when λobs ∼ 0.01 to � 5 per cent
hen λobs � 0 . 2 (e.g. Kubota & Done 2018 ). Although the range
f f X provided by REXCOR limits a quantitative comparison, these 
alues and the corresponding relationship are very similar to the ones 
ound in studies of how the X-ray bolometric correction changes with 
ddington ratio (e.g. Vasude v an & Fabian 2009 ; Duras et al. 2020 ).
he fact that fits with the REXCOR model naturally leads to this

elationship from our AGN sample suggesting that REXCOR may re- 
listically describe how the distribution of energy changes with λobs . 

The REXCOR fit results lead to a second relationship between the 
-ray spectrum and λobs that has been previously discussed in the 

iterature. Fig. 2 shows that the X-ray photon index � found by the
EXCOR fits tends to increase with Eddington ratio (e.g. Brandt, 
athur & Elvis 1997 ; Shemmer et al. 2006 , 2008 ; Risaliti, Young
 Elvis 2009 ; Brightman et al. 2013 ; Ricci et al. 2013 ; Trakhtenbrot

t al. 2017 ; Tortosa et al. 2023 ). As can be seen in the plot, the
trength of this relationship is weaker than the f X one with Kendall’s
= 0.26 ± 0.06 (a p -value of 3 . 1 + 6 . 3 

−2 . 3 × 10 −2 ; Table 2 ). The large
egree of scatter seen in the figure is similar to that found by other
uthors (e.g. Fanali et al. 2013 ; Trakhtenbrot et al. 2017 ; Diaz et al.
023 ), and is a natural outcome of the origin of the power law in a
ynamic, Comptonizing corona (Ricci et al. 2018 ). Fitting a linear 
unction to the data ( � = ψ log λobs + b ) yields ψ = 0.099 ± 0.038
nd b = 1.89 ± 0.04, consistent with earlier measurements 
Ricci et al. 2013 ; Trakhtenbrot et al. 2017 ; Tortosa et al. 2023 ).
his result, along with the f X –λobs correlation shown in Fig. 1 ,

ogether shows the applied spectral model, built around a REXCOR 

omponent, gives a description of the hard X-ray spectrum of 
 In contrast, f X and the 0.3–10 keV luminosity of the power law (log L pl ) 
re only modestly correlated with Kendall’s τ = −0 . 37 + 0 . 07 

−0 . 06 and p -value = 

 . 0017 + 0 . 0093 
−0 . 0015 . Thus, the fraction of accretion energy dissipated in the hot 

orona does not appear to simply translate to the power-law luminosity, but 
s more dependent on the Eddington ratio of the system. 
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GNs in agreement with ones found by previous phenomenological 
odels. 
Now that we have demonstrated that the fits reco v er prior results

n the X-ray characteristics of AGNs, we consider the warm corona
arameters in the REXCOR model and how these change with λobs .
ig. 3 plots the optical depth τ and heating fraction h f of the warm
orona as functions of λobs . A key initial finding is that 33 out of the
4 AGN observations (in addition to the results from HE 1143 −1820
rom Xiang et al. 2022 ) are fit with h f significantly greater than zero
ith the average h f = 0.51. This fact suggests that a warm corona

ppears to be a common element of the accretion discs in the AGNs
hat comprise our sample, with ≈50 per cent of the accretion power
MNRAS 530, 1603–1623 (2024) 
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M

Figure 3. The left panel shows the warm corona optical depth τ found from the REXCOR fits plotted against the observed Eddington ratio λobs of our AGN 

sample (Table A1 ). The right panel plots the fraction of the accretion flux dissipated in the warm corona h f versus λobs . 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 f 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 λobs to a correlation 
with λobs at λobs,t ≈ 0.15 (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 λobs . A significant corre- 
lation is found between these two quantities with a p -value of 3 . 2 + 7 . 5 −2 . 2 × 10 −6 

(Kendall’s τ = 0.55 ± 0.03; Table 2 ). The correlation persists even after 
removing the RE 1034 + 396 point at λobs = 1.691. In this case, the p -value 
increases to 1 . 3 + 3 −0 . 9 × 10 −5 . 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 ). 
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eleased in the warm corona. The mean optical depth of the warm
orona is τ = 14.4, consistent with values found with fits using
henomenological models (e.g. Jin et al. 2012 ; Petrucci et al. 2013 ,
018 ; Yu et al. 2023 ). 
Unlike with f X and �, there is clearly no correlation of h f and τ

cross the sampled range of λobs . Rather, there is evidence that both
arameters show a ‘v’-like shape that appears to transition from an
nticorrelation to a correlation between λobs ≈ 0.1 and 0.2. This ‘v’
hape is most easily seen in the τ–λobs panel, but its presence in the h f –
obs plot is supported by the significant correlation we find between
 f and τ (Kendall’s τ = 0 . 42 + 0 . 07 

−0 . 08 , p -value = 4 . 5 + 39 
−4 . 2 × 10 −5 ), which

uggest that h f could follow the same trend with λobs . Based on
his shape, we search for a transition λobs,t where both h f and τ are
ndividually anticorrelated with λobs below this value and correlated
ith λobs abo v e it. We consider λobs,t = 0.10, 0.12, 0.15, and 0.2

nd average the four p -values that result from Kendall’s test for each
alue of λobs,t . A clear minimum 

7 is found with λobs,t = 0.15 with an
verage p -value = 4 . 6 + 15 

−3 . 4 × 10 −3 (Table 2 ). The next largest average
 -value is 10 × greater and occurs when λobs,t = 0.12. Thus, there
s potentially a significant change in the relationship of the warm
orona with λobs at λobs,t = 0.15. The implications of this result are
iscussed in detail in Section 5 . 
Fig. 4 shows one other significant correlation that arises from

he spectral fits: the REXCOR to power law 0.3–10 keV flux ratio
ncreases with λobs (Kendall’s τ = 0.55 ± 0.03; p -value = 3 . 2 + 7 . 5 

−2 . 2 ×
0 −6 ; Table 2 ). Removing RE 1034 + 396 at λobs = 1.691 from the
ample only reduces Kendall’s τ to 0.53 ± 0.03 and the correlation
emains significant ( p -value = 1 . 3 + 3 

−0 . 9 × 10 −5 ; Table 2 ). The flux
atio increases by a factor of ≈5 between λobs ≈ 0.01 and 0.1 and then
ises more gradually. The strengthening of the REXCOR component
elative to the power law is consistent with the increase in the strength
f the soft excess with λobs observed (with significant scatter) in
eyfert galaxies (e.g. Gliozzi & Williams 2020 ; Waddell & Gallo
020 ; Yu et al. 2023 ). Interestingly, the rise in the relative strength
NRAS 530, 1603–1623 (2024) 

 These results are unchanged if the two Mrk 335 observations are remo v ed 
rom the analysis (Table 2 ). 

5

T  

(  

m  
f REXCOR happens o v er the entire range of λobs even though h f , the
raction of accretion energy released in the warm corona, reaches
 minimum at λobs ≈ 0.1–0.2 (Fig. 3 , right). Section 5 presents the
nterpretation of the increasing flux ratio, along with the changes in

and h f , in the context of AGN warm coronae. 

 DISCUSSION  

he 34 XMM–Newton AGN observations considered in this paper
Table 1 ) are all well fit with a spectral model that utilizes the REXCOR

odel to account for both the soft excess and relativistic reflection.



The warm corona model in type 1 AGNs 1609 

S
p  

o  

a  

t
u
r  

r
fl

5

A  

i  

i  

r  

0  

c
c  

t  

A
P  

w
r
a  

e  

r
i  

t

t
h
t  

s
a
a
t  

a
a  

h  

b

i  

w
w
t  

t  

t
l
0
A  

e  

λ

m
f  

i
m

w  

t
c
λ  

2  

c
1  

t  

s  

s  

p  

t  

p  

p  

r

s  

i
H  

u
(  

o  

a  

l  

d
o  

o  

w
a
s  

i  

c
i

5

W  

y  

r  

(  

w  

M  

(  

Q  

t  

U  

s  

r
t  

2
X  

g
e  

f  

c  

i  

2
 

v  

s
t
a  

fi  

r  

=  

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/530/2/1603/7640859 by guest on 23 N
ovem

ber 2024
ection 4 showed the resulting relationships between the REXCOR 

arameters ( f X , the hard X-ray heating fraction; τ , the optical depth
f the warm corona; and h f , the heating fraction of the warm corona)
nd the observed Eddington ratio of the AGNs. Appendix C shows
hat these relationships are not strongly affected by model-dependent 
ncertainties and appear to be robust to changes in assumptions 
egarding λ, h , or a . Below, we discuss the implications of these
esults for understanding the role of warm coronae in AGN accretion 
ows. 

.1 The warm corona and the soft excess in AGNs 

 basic, yet crucial, result from our analysis is that h f �= 0 for all AGNs
n the sample (Table A1 ), implying that a warm corona is common
n AGNs across a broad range of black hole masses and Eddington
atios (see e.g. Porquet et al. 2024 ). Ho we ver, since the mean h f =
.51 the observed soft excess is not entirely a result of the warm
orona as relativistic reflection will also contribute, and, in some 
ases (e.g. Mrk 335), even dominate the soft excess. It is reasonable
o believe that modelling of the soft excess in X-ray observations of
GNs may require both a warm corona and relativistic reflection (e.g. 
orquet et al. 2018 , 2021 ; Xu et al. 2021b ). Our results naturally agree
ith this approach, as both warm corona emission and relativistic 

eflection are included in REXCOR by construction. Since both f X 
nd h f appear to increase toward small λobs , the fraction of accretion
nergy dissipated in the disc is lowest for λobs ∼ 0.01. The REXCOR

esults for AGNs with higher λobs suggest that the accretion energy 
s distributed more evenly between the disc and the two coronae with
he disc contributing the largest fraction at λobs ≈ 0.1–0.2. 

Recently, Gronkiewicz et al. ( 2023 ) developed a one-dimensional 
heoretical model of an AGN warm corona that includes magnetic 
eating and pressure support, Compton and free–free cooling, and 
he effects of radiation and gas pressure. Gronkiewicz et al. ( 2023 )
howed that a stable warm corona can develop on the surfaces of AGN 

ccretion discs and how their properties depend on the accretion rate 
nd magnetic properties of the disc. Specifically, the model predicts 
hat the optical depth of the warm corona increases either with the
ccretion rate or with the strength of the magnetic viscosity. The 
mount of energy released in the warm corona (similar to REXCOR ’s
 f ) is predicted to reduce with weaker magnetic viscosity, but also
e at its highest value for lower accretion rates. 
The most intriguing aspect of the spectral fitting results shown 

n Section 4.2 is that the optical depth and heating fraction of the
arm corona may potentially transition from decreasing to increasing 
ith λobs at λobs,t ≈ 0.15. Although a direct comparison with the 

heoretical results of Gronkiewicz et al. ( 2023 ) is not possible, the
rends seen in Fig. 3 appear to be consistent with the scenario where
he strength of the magnetic viscosity in AGN discs is relatively 
arge at low accretion rates but decreases with λobs until λobs,t ≈
.15, at which point it remains unchanged or only evolves slowly. 
ccording to the model of Gronkiewicz et al. ( 2023 ), this would

xplain why τ and h f are large at low λobs , drop to a minimum at
obs,t ≈ 0.15 before increasing with higher accretion rates. Stronger 
agnetic viscosity at low λobs could also be a potential explanation 

or the larger values of f X in this regime (Fig. 1 ) as it may lead to
ncreasing magnetic buoyancy (Gronkiewicz et al. 2023 ) resulting in 

ore efficient heating in the optically thin, X-ray emitting corona. 
The increase in the relative strength of the REXCOR component 

ith λobs (Fig. 4 ) does not follow any of the correlations of
he REXCOR parameters. In particular, although this correlation is 
onsistent with the observed strengthening of the soft excess with 
obs (e.g. Gliozzi & Williams 2020 ; Waddell & Gallo 2020 ; Yu et al.
023 ), it is not related to the amount of heat dissipated in the warm
orona ( h f ). One plausible interpretation of the increase in the 0.3–
0 keV flux ratio is that it results from a growth in the radial size of
he warm corona in the AGN accretion disc. That is, the warm corona
pans a small radial range at low λobs than at large λobs . A physically
maller warm corona will produce a smaller flux compared to the
ower law even if it has a large value of h f , while a warm corona that
akes up more area will naturally yield a larger flux compared to the
ower law. The theoretical model of Gronkiewicz et al. ( 2023 ) does
redict that the size of a warm corona will increase with accretion
ate, which provides some support for this interpretation. 

The acceptable spectral fits and the resulting relationships with λobs 

how that studying AGNs with models such as REXCOR can produce
nsight into the energy dissipation processes in the accretion flow. 
o we ver, more theoretical work is needed in order to provide a clear
nderstanding of the physical processes. While the Gronkiewicz et al. 
 2023 ) model suggests a potential interpretation for the behaviours
f f X , τ , and h f , this will likely be revised as more detailed models
re developed. The ‘v’ shape suggested by Fig. 3 indicates that at
east one other physical parameter in addition to λobs is needed to
escribe the warm corona heating process. The relatively high degree 
f scatter observed in all figures also points to a significant amount
f object-to-object variability (e.g. the low h f seen from Mrk 335),
hich might be expected with such a dynamical environment as 
 magnetic, radiation-dominated accretion disc. Future REXCOR 

tudies that focus on multiple observations of a single AGN (that
deally span a wide range of λobs ) may be the best strategy for more
learly revealing the relationships affecting the warm and hot coronae 
n AGNs. 

.2 Coronal height, black hole spin, and Mrk 335 

e comment here on three other results that arise from our anal-
sis. First, 21 of the 34 observations produce a constraint on the
elative height of the lamppost corona used in the REXCOR model
Table A1 ). These 21 observations are from 11 individual AGNs,
ith three sources preferring a ‘high’ coronal height (1H 0419 −577,
rk 509, and NGC 4593), while six are best fit with a ‘low’ height

IRASF 12397 + 3333, ESO 198 −G24, Mrk 335, PG 0804 + 761,
0056 −363, and RE 1034 + 396) and two AGNs have heights

hat appear to change between observations (PG 1116 + 215 and
GC 3973). The six AGNs that prefer the h = 5 REXCOR models

pan a broad range in λobs , consistent with the results from X-ray
everberation that a low lamppost height may be common across 
he span of AGN activity (e.g. De Marco et al. 2013 ; Kara et al.
016 ). Recent X-ray polarization measurements from the Imaging 
-ray Polarimetry Explorer ( IXPE ) suggest a more complex corona
eometry in AGNs than an idealized spherical lamppost (e.g. Gianolli 
t al. 2023 ). Our results, therefore, may be best interpreted as
a v ouring a geometry where the corona is compact and situated
lose enough to the black hole that light-bending effects impact the
llumination pattern on the disc (e.g. Reis & Miller 2013 ; Ballantyne
017 ). 
While the REXCOR fits are able to distinguish between the two

alues of black hole spin ( a = 0.9 and 0.99) in 10 AGNs in our
ample, these should not be considered as spin measurements for 
hese sources. Xiang et al. ( 2022 ) describe a de generac y between f X 
nd spin in the REXCOR models, so it is challenging to use REXCOR

ts to constrain spin unless the spectrum is strongly affected by
elativistic blurring effects. In that case, the difference between the a
 0.9 and 0.99 models may be sufficient to distinguish between the

wo spin values. Mrk 335 is the only AGN in our sample where such
MNRAS 530, 1603–1623 (2024) 
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 measurement is plausible as h f is small enough (Table A1 ) that the
ull spectrum, including the soft excess, is predicted to be dominated
y relativistic reflection. We find that the REXCOR fits significantly
refer the a = 0.9 models o v er the a = 0.99 ones for Mrk 335 (the
verage �χ2 = + 19 when using the a = 0.99 REXCOR model).
eek & Ballantyne ( 2016 ) also found a black hole spin of a ≈ 0.9

or Mrk 335 via multi-epoch spectral fitting of five XMM–Newton
bservations using data only abo v e 3 keV, providing some support
or the value of the spin. 

Lastly, it is interesting to consider why the two Mrk 335 obser-
ations have the lowest values of h f (indicating a weak, but not
bsent, warm corona) in the entire sample. These two observations
ccurred when the AGN was in an ‘intermediate’ flux state after
eing in a short-lived ‘low’ flux state, and were the first X-ray
bservations of the source to find a multicomponent outflowing warm
bsorber (Longinotti et al. 2013 ). It is possible that the accretion
isc in Mrk 335 was in a transitory state during these observations
s the AGN evolved back to its historical flux level. It is also
ik ely that w arm corona properties may exhibit significant object-
o-object variability. A future REXCOR analysis of archival Mrk 335
bservations would be able to more ably capture the evolution of the
arm corona in this source. 
Recently, Zoghbi & Miller ( 2023 ) estimated that the size of the

egion producing the soft excess in Mrk 335 is ∼2–4 × larger than the
ot corona emission region. Although those authors were analysing
ore recent Neutron Star Interior Composition Explorer ( NICER )

ata of Mrk 335, their estimated size is consistent with the assumed
EXCOR geometry (i.e. a compact hot corona with a radially extended
arm corona). While the h f values are found to be small in these two
rk 335 observations analysed here, the observed flux ratios are well

n the middle of the distribution (Fig. 4 ). These results support the
dea that the size of the warm corona is not strictly determined by the
nstantaneous energy flux dissipated within the layer, but is rather a
unction of the o v erall accretion properties of the system. 

.3 Caveats 

he results presented and discussed abo v e are subject to the assump-
ions and limitations of the REXCOR spectral model. In particular,
EXCOR assumes a straightforward lamppost corona that is now
isfa v oured by IXPE observations (e.g. Gianolli et al. 2023 ), and
 constant density warm corona with a fixed heating fraction. The
pectral model is limited to only fitting X-ray data. By construction,
he accretion disc must al w ays power the lamppost corona and the
isc al w ays extends to the ISCO, so f X can never equal 0 and h f 
annot take arbitrarily large values. In practice, this means that while
e can test for the case where the soft excess is entirely the result
f relativistic reflection (i.e. h f = 0), we are unable to test for a
cenario where there is no relativistic reflection and the warm corona
roduces the entire soft excess. The REXCOR grids are calculated for
nly two values of λ while the sample spans a range in λobs of 188.
hese caveats must be kept in mind when considering any of our
uantitative results (e.g. the mean h f = 0.51). We hope that this work
ill spur development of new accretion disc–corona models that can

elax some of these assumptions. 

 CONCLUSIONS  

nravelling the origin of the soft excess in AGNs is an opportunity
o increase our understanding of accretion disc physics using only
road-band X-ray spectroscopy. As the soft excess can be explained
y a mix of relativistic reflection and emission from a warm corona,
NRAS 530, 1603–1623 (2024) 
hen studying how this combination changes across a broad sample of
GNs should give clues on the flow of accretion energy in the inner
isc. In this paper, we report the results of such an experiment. We
pply the REXCOR spectral model, which self-consistently includes
he effects of both reflection and a warm corona (Xiang et al. 2022 ),
o a sample of 34 XMM–Newton observations of 14 type 1 AGNs that
pan a range of 188 in Eddington ratio and 350 in black hole mass.
he fit parameters of the REXCOR model ( h f , the heating fraction of

he warm corona; τ , the optical depth of the warm corona; and f X ,
he heating fraction of the lamppost corona) have the potential to
rovide significant insights into the energetics of coronal heating in
GNs. 
The key findings of this experiment are as follows. 

(i) A basic spectral model that combines REXCOR , a powerlaw
ith cut-offs at low and high energy, and a xillver continuum (for
istant reflection), all potentially modified by a warm absorber, gives
cceptable fits to all 34 observations (with reduced χ2 between
.98 and 1.47; Tables A1 –A3 and Appendix B ). All fits assume
olar abundances, a high-energy cut-off energy of 300 keV, and an
nclination angle of 30 ◦. The warm corona parameters are largely
etermined by the soft excess size and shape and will therefore be
inimally impacted by these assumptions. 
(ii) A significant anticorrelation is found between f X and λobs , the

stimated Eddington ratio of the AGNs (Fig. 1 ), indicating that the
raction of accretion energy dissipated in the X-ray emitting corona
alls with λobs . This is consistent with the observed changes in the
-ray bolometric correction (e.g. Duras et al. 2020 ). 
(iii) The photon index and λobs are correlated with moderate

ignificance (Fig. 2 ). The slope and intercept of the relationship
re consistent with previous measurements (e.g. Tortosa et al. 2023 ).

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

eflection. 
(v) The optical depth τ and heating fraction h f of the warm corona

oth show evidence for a ‘v’-like relationship with λobs , transitioning
rom an apparent anticorrelation to a positive one at λobs,t ≈ 0.15
Fig. 3 and Table 2 ). This result suggests that at least one other
hysical property, in addition to the Eddington ratio, is important in
etermining the properties of the warm corona, e.g. the strength of
he magnetic viscosity in the disc (Section 5.1 ; Gronkiewicz et al.
023 ). 
(vi) The flux of the REXCOR component increases relative to the

ower law for sources with larger λobs (Fig. 4 ), following the known
rend for the soft excess to appear stronger in more rapidly accreting
GNs (e.g. Gliozzi & Williams 2020 ). This can be most readily

nterpreted as the radial extent of the warm corona increases with
obs . 
(vii) The majority of the AGNs in the sample prefer REXCOR

odels with a low lamppost height ( h = 5 r g ), rather than ones that
ssume h = 20 r g (Section 5.2 ), indicating that most AGN coronae
re compact and lie close to the black hole, regardless of the exact
eometry of the corona. 

These findings provide strong evidence that both relativistic
eflection and a warm corona can accurately describe the soft excess
cross a range of AGNs. In addition, the REXCOR parameters provide
 means by which to study how the accretion energy is distributed in
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ccretion flows. Future theoretical work on warm coronae is needed 
o explain the ‘v’-shaped relationships between the warm corona 
roperties and the Eddington ratio, as at least one other physical 
roperty must be involved. Applying the REXCOR model to a single 
GN with multiple high-quality spectra will reduce the effects of 
bject-to-object variability and may clarify some of the relationships 
resented here. Overall, our results show that careful analysis of the 
GN soft excess will yield important new insights into the physics
f accretion discs. 
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able A1. The parameters obtained from the REXCOR component of the best-fittin
raction f X , the optical depth of the warm corona τ , and the photon index �. For e
ell as coronal heights h = 5 r g or 20 r g with the model giving the smallest χ2 en

eads to the lowest χ2 for the first observation is used for any subsequent observati
ther value of h ( a ) has a �χ2 < 6 compared to the tabulated model. A ‘ p ’ in the 
ll observations are fit between 0.3 and 12 keV, except for Mrk 509 that is fit betw

nergies. 

bject Obs ID a h ( r g ) h

H 0419 −577 0604720301 0.99 20 0 . 45 +−
0604720401 0.99 20 0 . 46 +−

SO 198 −G24 0305370101 0.99 5 0 . 80 +−
0067190101 † 5 0 . 80 +−

E 1029 −1401 0203770101 † ∗ 0.99 20 0.67 ±
RASF 12397 + 3333 0202180201 ∗ 0.99 5 0 . 80 +−

rk 279 0302480401 † 0.99 20 0 . 44 +−
0302480501 † 5 0 . 35 +−
0302480601 † 20 0 . 50 +−

rk 335 0600540501 0.9 5 0 . 08 +−
0600540601 5 0 . 02 +−

rk 509 0601390201 ∗ 0.99 20 0 . 36 +−
0601390301 ∗ 20 0 . 43 +−
0601390401 ∗ 20 0.42 ±
0601390501 ∗ 20 0.43 ±
0601390601 ∗ 20 0 . 44 +−
0601390701 † ∗ 20 0 . 44 +−
0601390801 ∗ 20 0 . 43 +−
0601390901 ∗ 20 0 . 45 +−
0601391001 ∗ 20 0 . 37 +−
0601391101 ∗ 20 0 . 44 +−

rk 590 0201020201 † 0.99 5 0 . 80 +−
GC 4593 0109970101 † ∗ 0.9 20 0 . 50 +−

0059830101 ∗ 20 0 . 37 +−
G 0804 + 761 0605110101 0.99 5 0 . 45 +−
G 1116 + 215 0201940101 0.99 20 0.55 ±

0554380101 † 20 0 . 64 +−
0554380201 † 5 0 . 50 +−
0554380301 † 5 0 . 50 +−

0056 −363 0205680101 0.99 5 0 . 80 +−
E 1034 + 396 0675440301 0.99 5 0 . 68 +−
GC 3973 0400070201 0.99 5 0 . 39 +−

0400070301 † 5 0 . 75 +−
0400070401 † 20 0 . 80 +−
PPENDIX  A:  BEST-FITTING  PARAMETERS  

his appendix presents the best-fitting parameters from the AGN
ample. The results are presented in three tables, where Table A1
ists the main REXCOR parameters as well as the o v erall χ2 of the
t, Table A2 contains the fluxes of the three continuum components

n the spectra model as well as details of any additional Gaussian
mission lines added to the model, and Table A3 provides the warm
bsorber parameters. 
g spectral model: the warm corona heating fraction h f , the lamppost heating 
ach AGN we test REXCOR models with black hole spin a = 0.9 or 0.99, as 
tered in the table. For AGNs with more than one observation, the spin that 
ons. A ‘ † ’ (‘ ∗’) symbol by the Observation ID indicates that the fit with the 
error bar denotes a parameter pegging at the boundary of the REXCOR grid. 
een 0.76 and 12 keV to a v oid the complex warm absorber features at lower 

 f f X τ � χ2 /dof 

 0 . 03 
0 . 02 0 . 028 + 0 . 004 

−0 . 005 10 . 4 + 0 . 6 −0 . 4 p 1.54 ± 0.03 332/266 
 0 . 04 
0 . 03 0.027 ± 0.007 10 . 2 + 1 . 0 −0 . 2 p 1.54 ± 0.03 253/259 
 0 p 
0 . 05 0 . 20 + 0 p −0 . 06 27 . 0 + 1 . 0 −8 . 0 1.70 ± 0.02 282/271 
 0 p 
0 . 07 0 . 19 + 0 . 01 p 

−0 . 025 20 . 0 + 4 . 2 −4 . 8 1.75 ± 0.03 331/252 

0.03 0 . 040 + 0 . 034 
−0 . 020 p 15 . 9 + 1 . 7 −1 . 2 1 . 76 + 0 . 03 

−0 . 05 313/266 
 0 p 
0 . 02 0.032 ± 0.003 18 . 1 + 1 . 3 −0 . 3 2.16 ± 0.02 313/238 
 0 . 08 
0 . 14 0 . 10 + 0 . 01 

−0 . 02 14 . 1 + 1 . 6 −2 . 3 1 . 83 + 0 . 02 
−0 . 03 326/270 

 0 . 14 
0 . 11 0 . 13 + 0 . 05 

−0 . 01 14 . 0 + 4 . 1 −1 . 0 1.75 ± 0.02 361/270 
 0 . 12 
0 . 21 0 . 10 + 0 . 03 

−0 . 04 15 . 9 + 2 . 6 −4 . 0 1.83 ± 0.03 287/264 
 0 . 02 
0 . 03 0 . 032 + 0 . 009 

−0 . 008 11 . 1 + 0 . 4 −0 . 6 1 . 83 + 0 . 03 
−0 . 02 268/247 

 0 . 03 
0 . 02 0 . 064 + 0 . 03 

−0 . 018 10 . 9 + 0 . 7 −0 . 3 1.76 ± 0.02 343/256 
 0 . 07 
0 . 04 0 . 068 + 0 . 016 

−0 . 011 10 . 5 + 0 . 9 −0 . 5 p 1 . 78 + 0 . 02 
−0 . 03 269/248 

 0 . 07 
0 . 06 0 . 069 + 0 . 010 

−0 . 011 10 . 7 + 0 . 8 −0 . 7 p 1.77 ± 0.03 321/250 

0.06 0.058 ± 0.009 10 . 7 + 0 . 7 −0 . 7 p 1.82 ± 0.03 359/250 

0.04 0.051 ± 0.006 10 . 5 + 0 . 5 −0 . 5 p 1.73 ± 0.03 367/249 
 0 . 05 
0 . 04 0.051 ± 0.005 10 . 9 + 0 . 6 −0 . 5 1.79 ± 0.03 305/250 
 0 . 07 
0 . 04 0 . 054 + 0 . 007 

−0 . 005 10 . 4 + 0 . 8 −0 . 4 p 1.78 ± 0.03 355/250 
 0 . 07 
0 . 05 0 . 056 + 0 . 008 

−0 . 007 10 . 5 + 0 . 7 −0 . 5 p 1.80 ± 0.03 326/249 
 0 . 06 
0 . 04 0 . 051 + 0 . 013 

−0 . 007 10 . 0 + 0 . 9 −0 p 1.78 ± 0.03 304/248 
 0 . 06 
0 . 03 0 . 061 + 0 . 010 

−0 . 009 10 . 4 + 0 . 8 −0 . 4 p 1 . 80 + 0 . 02 
−0 . 03 275/250 

 0 . 07 
0 . 04 0 . 056 + 0 . 012 

−0 . 006 10 . 4 + 0 . 9 −0 . 4 p 1.74 ± 0.03 286/247 
 0 p 
0 . 06 0 . 20 + 0 p −0 . 008 24 . 0 + 0 . 8 −4 . 5 1 . 64 + 0 . 03 

−0 . 04 256/259 
 0 . 16 
0 . 02 0 . 079 + 0 . 028 

−0 . 017 14 . 1 + 4 . 5 −1 . 1 1.77 ± 0.04 286/254 
 0 . 11 
0 . 05 0 . 093 + 0 . 104 

−0 . 040 15 . 8 + 8 . 7 −2 . 8 1.85 ± 0.01 332/268 
 0 . 001 
0 . 01 0.040 ± 0.002 10 . 5 + 0 . 2 −0 . 3 1 . 77 + 0 . 03 

−0 . 01 260/246 
0.01 0 . 020 + 0 . 004 

−0 p 14.0 ± 0.2 1.94 ± 0.04 302/260 
 0 . 05 
0 . 02 0 . 020 + 0 . 012 

−0 p 20 . 0 + 3 . 3 −1 . 0 2.03 ± 0.04 326/246 
 0 . 01 
0 . 02 0 . 040 + 0 . 005 

−0 . 006 14 . 7 + 1 . 3 −0 . 4 1.83 ± 0.04 284/248 
 0 . 07 
0 . 01 0 . 040 + 0 . 007 

−0 . 003 15 . 0 + 3 . 1 −0 . 4 1.89 ± 0.04 302/237 
 0 p 
0 . 04 0 . 043 + 0 . 008 

−0 . 003 13 . 7 + 0 . 4 −0 . 9 1.87 ± 0.05 300/242 
 0 . 004 
0 . 02 0 . 020 + 0 . 007 

−0 p 30 + 0 p −1 1.9 ± 0.1 206/143 
 0 . 05 
0 . 03 0 . 20 + 0 p −0 . 010 10 . 0 + 1 . 8 −0 p 1.99 ± 0.03 286/255 
 0 . 01 
0 . 02 0 . 20 + 0 p −0 . 006 16.5 ± 0.3 1.74 ± 0.06 270/246 
 0 p 
0 . 07 0 . 15 + 0 . 04 

−0 . 01 20 . 0 + 4 . 8 −1 . 5 1 . 79 + 0 . 04 
−0 . 05 248/244 
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Table A2. In this table, we provide the 0.3–10 keV fluxes ( F , in erg cm 
−2 s −1 ) of the REXCOR , powerlaw , and xillver components from the best-fitting models 

in Table A1 . The fluxes are determined using the ‘cflux’ command in XSPEC . RE 1034 + 396 did not require a xillver contribution to the best-fitting model. 
In addition, the energy ( E , in keV) and normalization ( K , in photons cm 

−2 s −1 ) of any narrow ( σ = 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 ( ×10 −5 ) 

1H 0419 −577 0604720301 −10 . 88 + 0 . 01 
−0 . 02 −10.71 ± 0.01 < −12.75 0.62 ± 0.01 −27 ± 4 

0604720401 −10.95 ± 0.02 −10.73 ± 0.01 < −12.78 0.62 ± 0.01 −19 + 6 −7 
ESO 198 −G24 0305370101 −11 . 83 + 0 . 06 

−0 . 07 −10.78 ± 0.01 −12 . 27 + 0 . 06 
−0 . 08 0.88 ± 0.02 1.3 ± 0.5 

0067190101 −11 . 82 + 0 . 21 
−0 . 24 −10.64 ± 0.01 −12 . 57 + 0 . 21 

−0 . 40 0.51 ± 0.02 7.8 ± 2.9 

HE 1029 −1401 0203770101 −10 . 97 + 0 . 02 
−0 . 05 −10.50 ± 0.01 −12 . 18 + 0 . 12 

−0 . 16 0.51 ± 0.01 37 ± 7 

IRASF 12397 + 3333 0202180201 −11.79 ± 0.10 −10.91 ± 0.01 −12 . 69 + 0 . 12 
−0 . 21 0 . 48 + 0 . 01 

−0 . 004 16 ± 2 

Mrk 279 0302480401 −10 . 98 + 0 . 05 
−0 . 04 −10.33 ± 0.01 −11 . 85 + 0 . 07 

−0 . 08 0.47 ± 0.01 44 + 7 −6 

0302480501 −11 . 04 + 0 . 04 
−0 . 03 −10 . 35 + 0 . 003 

−0 . 01 −11.88 ± 0.06 0.46 ± 0.01 22 + 12 
−6 

0302480601 −10 . 99 + 0 . 06 
−0 . 05 −10.36 ± 0.01 −11 . 80 + 0 . 08 

−0 . 11 0.47 ± 0.01 26 + 14 
−8 

Mrk 335 0600540501 −11.34 ± 0.02 −11.11 ± 0.01 −12 . 31 + 0 . 07 
−0 . 08 – –

0600540601 −11.44 ± 0.02 −11.16 ± 0.01 −12 . 47 + 0 . 07 
−0 . 09 – –

Mrk 509 0601390201 −10 . 64 + 0 . 03 
−0 . 04 −10.15 ± 0.01 −11 . 88 + 0 . 09 

−0 . 11 – –

0601390301 −10 . 58 + 0 . 03 
−0 . 04 −10.15 ± 0.01 −11 . 84 + 0 . 08 

−0 . 09 – –

0601390401 −10.48 ± 0.03 −10.09 ± 0.01 −11 . 76 + 0 . 07 
−0 . 09 – –

0601390501 −10.46 ± 0.02 −10.22 ± 0.01 −11 . 97 + 0 . 09 
−0 . 12 – –

0601390601 −10 . 38 + 0 . 02 
−0 . 03 −10.13 ± 0.01 −11 . 83 + 0 . 08 

−0 . 10 – –

0601390701 −10.47 ± 0.03 −10.08 ± 0.01 −11 . 82 + 0 . 08 
−0 . 09 – –

0601390801 −10.49 ± 0.03 −10.10 ± 0.01 −11 . 78 + 0 . 07 
−0 . 09 – –

0601390901 −10 . 43 + 0 . 05 
−0 . 06 −10.07 ± 0.01 −11 . 78 + 0 . 07 

−0 . 09 – –

0601391001 −10 . 51 + 0 . 02 
−0 . 03 −10.14 ± 0.01 −11 . 79 + 0 . 07 

−0 . 08 – –

0601391101 −10.49 ± 0.04 −10.09 ± 0.01 −11 . 84 + 0 . 09 
−0 . 10 – –

Mrk 590 0201020201 −12 . 02 + 0 . 14 
−0 . 10 −10.97 ± 0.01 −12 . 28 + 0 . 08 

−0 . 09 0 . 86 + 0 . 05 
−0 . 03 1.2 ± 0.5 

NGC 4593 0109970101 −10 . 80 + 0 . 03 
−0 . 07 −10 . 17 + 0 . 02 

−0 . 01 −11 . 64 + 0 . 10 
−0 . 13 0.45 ± 0.01 56 + 18 

−22 

0059830101 −10 . 97 + 0 . 04 
−0 . 06 −10.15 ± 0.01 −11.55 ± 0.05 0.46 ± 0.01 47 ± 13 

PG 0804 + 761 0605110101 −10 . 88 + 0 . 004 
−0 . 003 −10.79 ± 0.004 −12 . 39 + 0 . 12 

−0 . 17 0.44 ± 0.01 75 + 13 
−8 

PG 1116 + 215 0201940101 −11 . 47 + 0 . 03 
−0 . 02 −11.20 ± 0.01 −12 . 74 + 0 . 11 

−0 . 20 – –

0554380101 −11.35 ± 0.03 −11.02 ± 0.01 −12 . 52 + 0 . 14 
−0 . 19 – –

0554380201 −11 . 49 + 0 . 03 
−0 . 02 −11.11 ± 0.01 −12 . 69 + 0 . 14 

−0 . 26 – –

0554380301 −11.48 ± 0.02 −11.24 ± 0.01 −12 . 61 + 0 . 13 
−0 . 07 – –

Q0056 −363 0205680101 −11.64 ± 0.04 −11.29 ± 0.02 −12 . 81 + 0 . 13 
−0 . 17 – –

RE 1034 + 396 0675440301 −10 . 85 + 0 . 01 
−0 . 005 −11 . 68 + 0 . 02 

−0 . 05 – – –

UGC 3973 0400070201 −10 . 96 + 0 . 03 
−0 . 04 −10.36 ± 0.01 −11 . 87 + 0 . 10 

−0 . 13 0.48 ± 0.01 37 + 14 
−11 

0 . 77 + 0 . 01 
−0 . 004 171 + 22 

−36 

0400070301 −11 . 12 + 0 . 01 
−0 . 02 −10.48 ± 0.01 −11 . 95 + 0 . 07 

−0 . 08 0.77 ± 0.01 43 + 6 −11 

0400070401 −11 . 03 + 0 . 06 
−0 . 05 −10 . 51 + 0 . 01 

−0 . 02 −11 . 95 + 0 . 11 
−0 . 15 0.47 ± 0.01 35 + 11 

−9 

0 . 77 + 0 . 02 
−0 . 01 28 + 71 

−16 
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Table A3. The column density ( N H in cm 
−2 ) and ionization parameter ( ξ , 

in erg s −1 cm 
−1 ) 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 N H log ξ

1H 0419 −577 0604720301 4 . 6 + 2 −1 . 4 × 10 20 0 . 85 + 0 . 29 
−0 . 49 

0604720401 3 . 8 + 3 . 6 −1 . 2 × 10 20 0 . 73 + 0 . 49 
−0 . 73 p 

IRASF 12397 + 3333 020218201 6 . 1 + 0 . 8 −0 . 6 × 10 21 1.83 ± 0.02 
Mrk 279 0302480401 2 . 9 + 1 . 0 −1 . 1 × 10 20 1 . 68 + 0 . 08 

−0 . 36 

0302480501 1 . 8 + 0 . 6 −0 . 5 × 10 20 0 + 0 . 37 
−0 p 

0302480601 1 . 5 + 0 . 4 −1 . 5 p × 10 20 0 . 05 + 0 . 5 −0 . 05 p 

Mrk 335 0600540501 4 . 8 + 0 . 8 −0 . 9 × 10 21 1.89 ± 0.03 
1 . 1 + 3 . 6 −0 . 8 × 10 22 2 . 91 + 0 . 25 

−0 . 17 

0600540601 1 . 1 + 0 . 1 −0 . 1 × 10 22 1 . 87 + 0 . 03 
−0 . 01 

1 . 3 + 1 −0 . 9 × 10 22 2 . 86 + 0 . 06 
−0 . 13 

Mrk 509 0601390901 1 . 1 + 1 . 0 −0 . 7 × 10 21 2 . 03 + 0 . 22 
−0 . 08 

0601391101 6 . 4 + 4 . 0 −3 . 3 × 10 20 2 . 26 + 0 . 28 
−0 . 22 

NGC 4593 0109970101 3 . 5 + 4 . 1 −1 . 2 × 10 20 0 . 50 + 0 . 58 
−0 . 38 

3 . 8 + 1 . 2 −0 . 7 × 10 21 2 . 06 + 0 . 04 
−0 . 05 

0059830101 5 . 4 + 1 . 2 −1 . 6 × 10 20 0 . 74 + 0 . 20 
−0 . 18 

3 . 0 + 0 . 4 −0 . 5 × 10 21 2 . 16 + 0 . 05 
−0 . 08 

PG 0804 + 761 0605110101 1 . 0 + 0 . 3 −0 p × 10 20 0 . 63 + 0 . 21 
−0 . 63 p 

PG 1116 + 215 0201940101 2.6 ± 0.4 × 10 20 0 + 0 . 13 
−0 p 

0554380101 3 . 5 + 0 . 6 −0 . 5 × 10 20 0 + 0 . 11 
0 p 

0554380201 3 . 1 + 0 . 5 −0 . 4 × 10 20 0 + 0 . 37 
−0 p 

0554380301 4 . 1 + 0 . 5 −0 . 4 × 10 20 0 + 0 . 20 
−0 p 

Q0056 −363 0205680101 1 . 0 + 1 . 0 −0 p × 10 20 0 + 0 . 82 
−0 p 

RE 1034 + 396 0675440301 1 . 0 + 1 . 3 −0 p × 10 20 0 . 21 + 0 . 31 
−0 . 21 p 

UGC 3973 0400070201 5 . 2 + 0 . 3 −0 . 5 × 10 21 1 . 69 + 0 . 02 
−0 . 04 

0400070301 6 . 0 + 0 . 2 −0 . 5 × 10 21 1 . 69 + 0 . 06 
−0 . 03 

0400070401 6 . 1 + 0 . 9 −0 . 6 × 10 21 1 . 73 + 0 . 04 
−0 . 03 
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PPENDIX  B:  PLOTS  OF  BEST  FITS  

ig. B1 plots the best-fitting spectrum for each observation using
he model described in Section 3 . The upper portion of each panel
hows the total spectrum (solid line), plus the contributions from the
ower law (short-dashed line), the REXCOR model (dot–dashed line),
nd the xillver distant reflector (dotted line). Any Gaussian lines are
hown as dot–dot–dashed lines. The lower part of each panel plots
he residuals from the best-fitting model in units of σ . The parameters
f 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, respectiv ely. An y Gaussian 
lines are shown using dot–dot–dashed lines. 
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MNRAS 530, 1603–1623 (2024) 

Figure B1. continued . 
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MNRAS 530, 1603–1623 (2024) 

Figure B1. continued . 
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MNRAS 530, 1603–1623 (2024) 

Figure B1. continued . 
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MNRAS 530, 1603–1623 (2024) 

Figure B1. continued . 
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Figure B1. continued . 

Table C1. As in Table A1 , but now showing the results when the λ = 0.1 REXCOR grids are used when fitting the seven observations of AGNs that were 
originally fit with λ = 0.01 REXCOR models. The last column shows the change in χ2 and degrees of freedom that result from using the λ = 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 ( r g ) h f f X τ � �χ2 / � dof 

ESO 198 −G24 0305370101 0.99 5 0 . 13 + 0 . 12 
−0 . 04 0 . 15 + 0 . 05 p 

−0 . 03 10 . 5 + 1 . 8 −0 . 5 p 1 . 72 + 0 . 02 
−0 . 02 −8/0 

0067190101 5 0 . 72 + 0 . 06 
−0 . 22 0 . 20 + 0 p −0 . 09 30 . 0 + 0 p −13 . 7 1 . 76 + 0 . 04 

−0 . 03 −7/0 

Mrk 590 0201020201 0.99 5 0 . 02 + 0 . 06 
−0 . 02 p 0 . 20 + 0 p −0 . 04 10 . 0 + 0 . 5 −0 p 1 . 69 + 0 . 02 

−0 . 03 −9/ + 2 

Q0056 −363 0205680101 0.99 20 0.55 ± 0.01 0 . 020 + 0 . 008 
−0 p 10 . 5 + 0 . 4 −0 . 5 p 1 . 77 + 0 . 08 

−0 . 06 + 6/0 

UGC 3973 0400070201 0.99 20 0 . 65 + 0 . 03 
−0 . 09 0 . 20 + 0 p −0 . 01 27 . 6 + 0 . 5 −2 . 2 2 . 03 + 0 . 01 

−0 . 02 −5/0 

0400070301 20 0.71 ± 0.01 0 . 20 + 0 p −0 . 05 30 . 0 + 0 p −2 . 7 1 . 77 + 0 . 04 
−0 . 03 −17/ −2 

0400070401 20 0 . 32 + 0 . 26 
−0 . 09 0 . 19 + 0 . 01 p 

−0 . 04 13 . 4 + 4 . 8 −0 . 3 1 . 81 + 0 . 03 
−0 . 06 + 8/0 
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PPENDIX  C:  MODEL-DEPENDENT  EFFECTS  

he results presented in Section 4 focus on the REXCOR parameters
elated to the distribution of accretion energy. Ho we ver, the REXCOR

odels also depend on the assumed Eddington ratio, the height of the
ot corona (situated as a ‘lamppost’ abo v e the black hole), and the
pin of the black hole. In this appendix, we discuss how our results
ay depend on these other parameters. 
NRAS 530, 1603–1623 (2024) 
1 The Eddington ratio, λ

s mentioned in Section 3 , we used the λ = 0.01 REXCOR grids
hen fitting observations with λobs < 0.05. Following the predictions
f standard accretion theory (e.g. Shakura & Sunyaev 2009 ), the λ =
.01 REXCOR models are calculated with a denser accretion disc than
he λ = 0.1 models. This fact, combined with the lower luminosity,
redicts 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 λ = 0.1 REXCOR grids are used when fitting the seven observations that were originally fit 
with the λ = 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 ) log F ( xillver ) E (keV) K ( ×10 −5 ) σ (keV) 

ESO 198 −G24 0305370101 −11.82 ± 0.07 −10.78 ± 0.01 −12 . 26 + 0 . 07 
−0 . 08 0.50 ± 0.01 5 . 1 + 1 . 8 −1 . 7 0 f 

0067190101 −11 . 91 + 0 . 12 
−0 . 19 −10.64 ± 0.01 −12 . 57 + 0 . 20 

−0 . 39 0.51 ± 0.01 9 . 9 + 3 . 0 −3 . 2 0 f 

Mrk 590 0201020201 −12 . 15 + 0 . 11 
−0 . 10 −10.97 ± 0.01 −12 . 24 + 0 . 06 

−0 . 08 – – –

Q0056 −363 0205680101 −11 . 49 + 0 . 04 
−0 . 06 −11 . 33 + 0 . 03 

−0 . 02 −12 . 93 + 0 . 15 
−0 . 18 – – –

UGC 3973 0400070201 −10 . 97 + 0 . 01 
−0 . 03 −10.34 ± 0.01 −11 . 83 + 0 . 06 

−0 . 11 0.48 ± 0.01 52 15 
−8 0 f 

0.77 ± 0.01 229 + 54 
−83 0 f 

0400070301 −11 . 13 + 0 . 07 
−0 . 04 −10.47 ± 0.01 −11 . 97 + 0 . 10 

−0 . 14 0.50 ± 0.02 18 + 12 
−7 0 f 

0 . 77 + 0 . 01 
−0 . 02 132 + 63 

−16 0 f 

0400070401 −10 . 91 + 0 . 04 
−0 . 02 −10 . 54 + 0 . 01 

−0 . 02 −11 . 94 + 0 . 10 
−0 . 13 0.48 ± 0.01 43 + 12 

−9 0 f 

0.77 ± 0.01 36 + 20 
−6 0 f 

Table C3. As in Table A3 , but no w sho wing the results when the λ = 

0.1 REXCOR grids are used when fitting the seven observations that were 
originally fit with the λ = 0.01 models. A ‘ p ’ in the error bar denotes a 
parameter pegging at the boundary of the warm absorber grid. 

Object Obs ID N H log ξ

Q0056 −363 0205680101 3 . 7 + 0 . 4 −0 . 6 × 10 20 0 + 0 . 16 
−0 p 

UGC 3973 0400070201 6 . 4 + 0 . 1 −0 . 6 × 10 21 1.69 ± 0.04 
0400070301 6 . 5 + 0 . 3 −0 . 2 × 10 21 1 . 66 + 0 . 02 

−0 . 12 

0400070401 7 . 6 + 0 . 5 −0 . 9 × 10 21 1 . 72 + 0 . 05 
−0 . 03 
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 X and h f (Xiang et al. 2022 ). Therefore, it is possible that the high
alues of h f and f X found in observations with λobs < 0.05 are just a
esult of this choice and are not required by the data. 

To determine how sensitive the warm corona parameters are to the 
ssumed Eddington ratio of the REXCOR models, we refit all seven 
bservations that were originally fit with the λ = 0.01 models with 
he lower density λ = 0.1 REXCOR grids, and the results are tabulated
n Tables C1 –C3 that follow the same format as Tables A1 –A3 . The
ightmost column of Table C1 shows the change in χ2 , as well as any
ifference in the degrees of freedom, when the λ = 0.01 REXCOR

rids are replaced with λ = 0.1 grids. To determine how significant 
hese different fits are from the original ones, we use the Bayesian
nformation criterion (BIC; Schwarz 1978 ; Liddle 2004 ), which for

2 statistics is BIC = χ2 + k ln ( N ), where k is the number of
arameters and N is the number of data points (e.g. Yamada et al.
023 ). If the � BIC between two models is <6, then there is only
arginal evidence for one model being preferred o v er the other

Mukherjee et al. 1998 ). In all of our cases, N is the same between
he two models, and only two observations (Mrk 590 and UGC 3973
Obs ID 0400070301]) have a different number of parameters. For 
he remaining five observations the � BIC is equivalent to �χ2 . 

Examination of Table C1 shows that using the λ = 0.1 REXCOR

rids leads to a larger χ2 for Q0056 −363 and one observation 
f UGC 3973 (Obs ID 0400070401) compared to the fits using
he original λ = 0.01 grids. According to the � BIC criterion, the
ifferences in χ2 are large enough to conclude that the model in 
able A1 is preferred. The remaining five observations all result in a
ecrease in χ2 using the λ = 0.1 grid. Fig. C1 replots the relationships
ith λobs shown in Section 4 with the REXCOR parameters from these 
ve observations replaced with the values from Table C1 . 
The most significant change in the REXCOR parameters occurs in 

he two observations with the lowest λobs in the sample (Mrk 590 
nd ESO 198 −G24 [Obs ID 0305370101]). In both cases, h f and τ
all to much lo wer v alues than was originally found with the λ =
.01 REXCOR grids. Interestingly, the parameters found in the other 
SO 198 −G24 observation (Obs ID 0067190101) are consistent 
ith the prior fit, despite having essentially the same λobs (Table 1 ).

f this new fit for Obs ID 0305370101 is a better representation of
he coronal properties, then it would imply that AGN coronae can be
ubstantially different in the same object even at approximately the 
ame λobs . 

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

Comparing these values to the ones in Table 2 shows that the
hree correlations with λobs described in Section 4 are retained here 
t comparable levels of significance. However, the evidence for ‘v’- 
haped relationships of τ and h f with λobs is lost unless Mrk 590 and
SO 198 −G24 (Obs ID 0305370101) are omitted from the analysis.
herefore, we conclude that the results described in Section 4 are

obust to changing the assumed λ in the REXCOR modelling, except 
t Eddington ratios � 0 . 01. It is possible that at these accretion rates,
he disc is transitioning away from an optically thick flow (driven,
erhaps, by the unknown second parameter needed to explain the 
arm corona evolution), and the REXCOR model would no longer be

pplicable. 
For completeness, we also perform the opposite experiment where 

he 27 observations best fit with the λ = 0.1 REXCOR grids are refit
sing the λ = 0.01 models. A large majority of the 27 observations
re poorly fit with these higher density, less ionized models, with
he median �χ2 = + 19.4. Only five of the observations have a
χ2 < 6, with just two of these giving a ne gativ e �χ2 : Mrk 279,
bs ID 03022480501 ( �χ2 = −0.2) and PG 1116 + 215, Obs ID
554380301 ( �χ2 = −3.5). In both these cases, h f and f X are at
heir maximum v alues, sho wing that the fit was searching for the

ost ionized model available in the grid. Therefore, it is likely
hat the slight impro v ement in the fit statistic in these two cases
s not significant. The other three observations with �χ2 < 6 
ncludes another PG 1116 + 215 spectrum (Obs ID 0554380201), 
hich showed the same behaviour as the other observation just 
iscussed, and two Mrk 590 observations (Obs ID 0601390701 
nd 0601391001). In the two Mrk 590 observations, h f increased 
rom ≈0.4 (as found in the λ = 0.1 REXCOR grids) to h f ≈ 0.6–
.7, with f X and τ largely unchanged. Ho we ver, as the eight other
rk 590 observations are poorly fit with the high-density REXCOR 

rid, we conclude that this source is best described using the λ = 0.1
MNRAS 530, 1603–1623 (2024) 
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M

Table C4. As in Table 2 , but now showing the results of the correlation analysis when the REXCOR results for the five observations with ne gativ e �χ2 in 
Table C1 are used in the analysis (Fig. C1 ). The significance of the three relationships with λobs presented in the top half of the table are relatively unaffected 
with this change. Evidence for the ‘v’-shape transition in the τ and h f relationships with λobs is lost after switching in the new values, but is reco v ered after 
removing the two low λobs sources that exhibited the largest change in h f and τ . 

Relationship with λobs Kendall’s τ p -value 

f X −0.56 ± 0.06 2 . 8 + 31 
−2 . 5 × 10 −6 

� 0.24 ± 0.06 0 . 050 + 0 . 097 
−0 . 037 

(0.3–10) keV flux ratio 0.56 ± 0.03 2 . 8 + 6 . 6 −2 . 0 × 10 −6 

(0.3–10) keV flux ratio (no RE 1034 + 396) 0.53 ± 0.03 1 . 1 + 2 . 6 −0 . 8 × 10 −5 

τ and h f transition λobs (i.e. λobs,t ) Mean p -value Mean p -value (no Mrk 590 and ESO 198 −G24 [Obs ID 

0305370101]) 
0.10 0 . 32 + 0 . 26 

−0 . 18 0 . 16 + 0 . 33 
−0 . 13 

0.12 0.36 ± 0.14 0 . 062 + 0 . 199 
−0 . 049 

0.15 0 . 10 + 0 . 11 
−0 . 06 0 . 007 + 0 . 024 

−0 . 005 

0.20 0 . 16 + 0 . 14 
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2 The coronal height, h 

or a specific λ (either λ = 0.1 or 0.01), there are REXCOR grids
alculated for two specific heights of the hot, X-ray emitting corona:
 = 5 or 20 r g (Xiang et al. 2022 ). The purpose of these grids is
ot to make a measurement of h , per se, but to distinguish between
 low lamppost (at h = 5) and a high lamppost (at h = 20), since
hey lead to different illumination patterns on the accretion disc (e.g.
ukumura & Kazanas 2007 ; Dauser et al. 2013 ; Ballantyne 2017 ). 
Table A1 shows the value of h for the REXCOR grid that gives the

owest χ2 . In 13 of the 34 observations (those indicated with a †
ymbol by the Obs ID) fits with the alternative coronal height have
 �χ2 < 6, which, based on the � BIC criterion described abo v e,
eans that one value of h cannot be preferred o v er the other. In 9

ut of the 13 observations, the warm corona parameters found with
he alternative h are consistent with the ones shown in Table A1 . For
GC 3973 (Obs ID 040070301) the fit with h = 20 gives τ = 23 . 3 + 0 . 4 

−3 . 3 

rather than 16.5 ± 0.3), which is still consistent with the observed
rends seen in Fig. 3 . A value of h = 5 when fitting observation (Obs
D 0601390701 of Mrk 509 pushes h f to 0.76, τ to 16.8, and f X down
o 0.02. When h = 20 observation (Obs ID 030248501) of Mrk 279
ields τ = 23 . 8 + 5 . 6 

−3 . 8 , inconsistent with the value of τ = 14 + 4 . 1 
−1 found

hen h = 5. This new value of τ would pull this observation away
rom the ‘v’ shape seen in Fig. 3 , reducing its significance. Ho we ver,
ll the other observations of Mrk 509 and Mrk 279 give consistent
EXCOR parameters when fit with either coronal height. Although
e cannot rule out variability intrinsic to the source, since all the
bservations of these objects have approximately the same λobs , we
xpect that the best-fitting values shown in Table A1 remain the most
ikely results. 

Lastly, a coronal height of h = 5 decreases both τ and h f 
or UGC 3973 (Obs ID 0400070401) to 10 . 6 + 1 . 7 

−0 . 6 p and 0 . 43 + 0 . 14 
−0 . 11 ,

especti vely. These v alues are similar to the ones found in Obs ID
400070201 of the same source, and are inconsistent with the trends
NRAS 530, 1603–1623 (2024) 
ith λobs seen in Fig. 3 . The h = 20 and 5 fits both give a reduced χ2 

1 and so it is difficult to distinguish the two cases. Ho we ver, this is
he only observation where a difference in h may plausibly increase
he scatter in the τ–λobs and h f –λobs planes. 

3 The black hole spin, a 

he REXCOR grids provide different choices for the black hole spin,
 = 0.9 and 0.99 (Xiang et al. 2022 ). As with the corona height,
he purpose is not to measure a black hole spin with these models,
ut to test if the data require a maximal spin as compared to a black
ole that is simply rapidly spinning. In the REXCOR model, a higher
pin not only increases the relativistic blurring and light-bending
ffects, but it also increases the flux dissipated into the coronae
which are fractions of the dissipation rate D ( r , λ); Section 2 ). This
ffect can be compensated for by reducing f X , so there is a moderate
e generac y between a and f X in the REXCOR model (Xiang et al.
022 ). 
Each AGN in the sample was fit with REXCOR grids using both

alues of a with the one associated with lowest χ2 model listed in
able A1 . If an AGN has more than one observation, then the value
f a found in the first observation was used for subsequent fits. For
our AGNs (HE 1029 −1401, IRASF 12397 + 3333, Mrk 509, and
GC 4593; indicated with a ‘ ∗’ symbol by the Obs ID in Table A1 ),

ssuming the alternative spin when fitting gives a �χ2 < 6, indicating
hat either value of a may be considered acceptable. In the cases of
E 1029 −1401, IRASF 12397 + 3333, and NGC 4593, the resulting
alues of f X , h f , �, and τ are all consistent irrespective of the choice
f a . For Mrk 509, assuming a = 0.9 increases f X by ≈0.02 in each
f the observations compared to the values listed in Table A1 with
he other parameters consistent with the previous results. According
o Fig. 4 , such a modest change in f X for the Mrk 509 observations
ould not alter the observed trend between f X and λobs . 
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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 �χ2 when using the λ = 0.1 REXCOR grids. 
The most significant changes in the REXCOR parameters occur in two of the lowest λobs 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 f X –λobs , �–λobs , and the flux ratio–λobs correlations remain significant, but the 
‘v’-shaped τ–λobs and h f –λobs relationships are retained only when omitting Mrk 590 and ESO 198 −G24 [Obs ID 0305370101]. 

This paper has been typeset from a T E 
X/L A T E 

X file prepared by the author. 

© 2024 The Author(s). 
Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the Creative Commons Attribution License 
( https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/530/2/1603/7640859 by guest on 23 N
ovem

ber 2024

https://creativecommons.org/licenses/by/4.0/

	1 INTRODUCTION
	2 REVIEW OF THE reXcor AGN SPECTRAL MODEL
	3 DESCRIPTION OF AGN SAMPLE AND SPECTRAL FITTING METHOD
	4 RESULTS
	5 DISCUSSION
	6 CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES
	APPENDIX A: BEST-FITTING PARAMETERS
	APPENDIX B: PLOTS OF BEST FITS
	APPENDIX C: MODEL-DEPENDENT EFFECTS

