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A B S T R A C T 

The X-ray spectra of active galactic nuclei (AGNs) often exhibit an excess of emission abo v e the primary power law at energies 
� 2 k eV. Tw o models for the origin of this ‘soft excess’ are ionized relativistic reflection from the inner accretion disc and 

Comptonization of thermal emission in a warm corona. Here, we introduce REXCOR , a new AGN X-ray (0.3–100 keV) spectral 
fitting model that self-consistently combines the effects of both ionized relativistic reflection and the emission from a warm 

corona. In this model, the accretion energy liberated in the inner disc is distributed between a warm corona, a lamppost X-ray 

source, and the accretion disc. The emission and ionized reflection spectrum from the inner 400 r g of the disc is computed, 
incorporating the effects of relativistic light-bending and blurring. The resulting spectra predict a variety of soft excess shapes 
and sizes that depend on the fraction of energy dissipated in the warm corona and lamppost. We illustrate the use of REXCOR 

by fitting to the joint XMM–Newton and NuSTAR observations of the Seyfert 1 galaxies HE 1143-1820 and NGC 4593, and find 

that both objects require a warm corona contribution to the soft excess. Eight REXCOR table models, co v ering dif ferent v alues 
of accretion rate, lamppost height, and black hole spin, are publicly available through the XSPEC website. Systematic use of 
REXCOR will provide insight into the distribution of energy in AGN accretion flows. 

Key words: accretion, accretion discs – galaxies: active – galaxies: Seyfert – X-rays: galaxies. 
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 I N T RO D U C T I O N  

t energies � 2 keV the X-ray spectra of most active galactic nuclei
AGNs) exhibit an excess of emission above what is expected from
he primary hard X-ray power law (e.g. Piconcelli et al. 2005 ; Scott,
tewart & Mateos 2012 ; Winter et al. 2012 ; Ricci et al. 2017 ;
liozzi & Williams 2020 ). This ‘soft excess’ can be modelled as a

hermal emitter (e.g. Turner & Pounds 1989 ; Bianchi et al. 2009 ), but
he resulting temperatures do not appear to vary with the black hole

ass or accretion rates, in contrast with expectations from standard 
ccretion disc theories (e.g. Gierli ́nski & Done 2004 ; Bianchi et al.
009 ). Therefore, the origin of the soft excess is expected to be
losely related to local atomic and radiative processes within the 
ccretion disc (e.g. Gierli ́nski & Done 2004 ; Crummy et al. 2006 ).
he detection of high-frequency soft lags from numerous bright 
eyferts shows that some fraction of the soft excess originates at 
 distance of a few gravitational radii ( r g = GM / c 2 , where M is the
 E-mail: xxiang37@g atech.edu (XX); david.ballantyne@ph ysics.g atech.edu 
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lack hole mass) from the hard X-ray-emitting corona (e.g. De Marco
t al. 2013 ; Kara et al. 2016 ; Cackett, Bentz & Kara 2021 ). 

While these reverberation measurements show that at least some 
art of the soft excess is produced by the reprocessing of irradiating
-rays (a process known as X-ray reflection; Fabian & Ross 2010 ),
ther processes occurring within the accretion disc are likely to 
ontribute to the soft excess (e.g. Keek & Ballantyne 2016 ). Evidence
or this additional component can be seen from the difficulties 
aced by reflection models when fitting broad-band X-ray spectra 
f AGNs (e.g. Matt et al. 2014 ; Porquet et al. 2018 ; Laha & Ghosh
021 ; Xu et al. 2021a ). Although the models provide an adequate
escription of the data, the strength of the soft excess can drive the
odels to extreme conditions, such as high disc densities, large iron

bundances, or small inclination angles (e.g. Crummy et al. 2006 ;
arc ́ıa et al. 2019 ; Jiang et al. 2019 , 2020 ; Middei et al. 2020 ).
herefore, there has been significant interest in determining other 
ources for the soft excess that can alleviate the challenges faced by
 reflection origin. 

In recent years, interest has focused on the idea of a ‘warm
orona’ as an alternative origin for the soft excess. A warm corona
s a Comptonizing layer at the surface of the accretion disc with
 Thomson depth of τ ∼ 10–40 and temperature kT ∼ 0.1–
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mailto:xxiang37@gatech.edu
mailto:david.ballantyne@physics.gatech.edu


354 X. Xiang et al. 

M

Figure 1. A schematic illustration of the ingredients behind the calculation of a REXCOR spectrum. A hot corona in a lamppost geometry is situated at a height h 
abo v e a black hole of mass M and spin a . The lamppost produces a power-law spectrum (with photon-index �) with a luminosity parametrized by f X (equation 3 ). 
The hard X-ray power law illuminates the surface of a thin accretion disc with accretion rate λ. The flux at the disc surface is given by equation ( 5 ) which 
incorporates the effects of lightbending. We consider a column of irradiated gas with Thomson depth τ and constant density n H (equation 1 ). This column is 
also heated by a warm corona which dissipates an energy flux h f D ( r ) (equation 9 ) in the gas. In addition to the internal heating and external X-ray illumination, 
thermal blackbody radiation from the bulk of the disc may enter the slab from below. We compute the X-ray reflection and emission spectrum from this slab at 
radius r , and integrate these spectra over the disc to produce the final REXCOR model, including the effects of relatvistic blurring (see Sections 2.1 and 2.2 for 
complete details). 
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1 The addition of 0.5 to r ISCO is to a v oid the unphysical steep increase in disc 
density predicted by equation ( 1 ). 
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 keV (e.g. Magdziarz et al. 1998 ; Matt et al. 2014 ; Kubota &
one 2018 ; Petrucci et al. 2018 ). This layer, heated by internal
issipation of accretion energy, would produce the soft excess by
cattering the thermal emission from the bulk of the disc as it passes
hrough the warm corona (e.g. Mehdipour et al. 2015 ). Although a
traightforw ard w arm Comptonization model provides a good fit to
he observed soft excess in many AGNs (e.g. Middei et al. 2018 , 2019 ,
020 ; Petrucci et al. 2018 ; Ursini et al. 2020 ), there are concerns
bout the physical plausibility of the scenario. For example, Garc ́ıa
t al. ( 2019 ) argued that thermal disc emission passing through a
1 keV gas should be imprinted with many soft X-ray absorption

ines, which are not observed in AGN spectra. On the theoretical side,
 ́o ̇za ́nska et al. ( 2015 ) and Gronkiewicz & R ́o ̇za ́nska ( 2020 ) showed

hat significant magnetic pressure support is required to produce a τ
10 warm corona in hydrostatic equilibrium. 
Recently, Ballantyne ( 2020 ) found that the hard X-ray power

aw illuminating the surface of a warm corona is crucial to both
eating the layer and providing a base level of ionization in the gas.
s a result of the X-ray heating and ionization, thermal radiation
assing through the warm corona would a v oid being lost to soft
-ray absorption lines. Ballantyne ( 2020 ) also showed that a warm

orona can produce a smooth soft excess, but only for a limited
ange of gas densities and temperatures. The implications of these
esults is that any warm corona must be placed close to the hard
-ray emission region in order to have sufficient ionization, and that

hanges in the soft excess may closely track structural changes in the
arm corona (Ballantyne & Xiang 2020 ). Similar conclusions on the
arm corona properties under the conditions of X-ray illumination
ere found independently by Petrucci et al. ( 2020 ). 
The picture that emerges from these studies is that while relativistic

eflection and a warm corona are both plausible origins for the soft
xcess, the combination of the two scenarios may be a natural output
NRAS 515, 353–368 (2022) 
rom the inner accretion disc of AGNs (e.g. Porquet et al. 2018 ,
021 ; Xu et al. 2021b ). In order to explore this idea further, we
escribe and present in this paper results from REXCOR , a new
ublicly available, phenomenological AGN X-ray fitting model that
elf-consistently includes emission from both a warm corona and
elativistically blurred ionized reflection. Application of REXCOR to
-ray spectral data will show how these two components combine

o produce the soft excess, and lead to constraints on how the
ccretion energy flows between the hot and warm coronae in AGN
iscs. 
We describe the ingredients of REXCOR and how it is calculated in

he next section. An overview of the resulting spectral model and how
he spectra change in response to the model parameters is provided
n Section 3 . We illustrate the use of REXCOR in Section 4 where the
odel is used to fit a series of XMM–Newton and NuSTAR spectra

rom two AGNs, HE 1143-1820 and NGC 4593. Finally, a summary
f the paper is presented in Section 5 . Table models of REXCOR

pectra are available for use by the community at the XSPEC website.

 M O D E L  DESCRI PTI ON  

 REXCOR model is constructed by integrating the reflection and
mission spectrum produced by an AGN accretion disc from an
nner radius ( r in = r ISCO + 0.5, 1 where r ISCO is the radius of the
nnermost stable circular orbit of a prograde accretion disc and all
istances are in units of r g ) to an outer radius, r out = 400. Next, we
rst describe how the spectrum is computed at a specific disc radius
 , and then explain the integration procedure to construct the final

art/stac1646_f1.eps
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pectrum. A schematic diagram of our model set-up, with references 
o the equations described below, is shown in Fig. 1 . 

.1 The reflection and emission spectrum at radius r 

he calculation of the X-ray spectrum from a disc radius r that
ncludes the effects of both reflection and a warm corona largely 
ollows the procedure described by Ballantyne ( 2020 ) and Bal-
antyne & Xiang ( 2020 ). We compute the reflection and emission
pectrum from a one-dimensional slab located at the surface of an 
ccretion disc with hydrogen number density n H and Thomson depth 
. To determine the density of the slab, the mid-plane density is
omputed following the Svensson & Zdziarski ( 1994 ) radiation- 
ressure-dominated disc solution and then divided by 10 3 to mimic 
he fall-off in density from the mid-plane to the surface (e.g. Jiang
t al. 2019 ). Assuming n H = ρ/ m p , where ρ is the gas density and
 p is the mass of a proton, the hydrogen number density in the slab

s 

 H = (2 . 4 × 10 15 ) 
( η

0 . 1 

)2 ( α

0 . 1 

)−1 
(

M 

M �

)−1 

× λ−2 r 3 / 2 J ( r) −2 cm 

−3 , (1) 

here η is the radiative efficiency of the accretion process, α is 
he Shakura & Sunyaev ( 1973 ) viscosity parameter, and J ( r ) =
 − ( r ISCO / r ) 1/2 . In addition, the Eddington ratio of the AGN
s λ = L bol / L Edd , where L bol is the bolometric luminosity and
 Edd = 4 πGMm p c / σ T is the Eddington luminosity. Throughout 

his paper, both α and η are fixed at 0.1. For simplicity, we 
emo v e the dependence on the black hole spin in equation ( 1 )
y assigning r ISCO = 1.45 when calculating n H . As a result, for
 given black hole mass the disc density depends only on λ and
 . 

The slab of gas at r is illuminated from abo v e by a stationary
-ray-emitting hot corona that is located at a height h (in units of r g )

bo v e the rotational axis of the black hole (i.e. a lamppost geometry;
.g. Matt, Perola & Piro 1991 ; Martocchia & Matt 1996 ; Dauser et al.
013 ). This geometry is consistent with recent reverberation results 
ndicating that the corona must be compact and located close to the
entral black hole (De Marco et al. 2013 ; Kara et al. 2016 ). The hot
orona emits a power-law spectrum with photon index � (i.e. the 
hoton flux ∝ E 

−� ) and exponential cut-off energies at both 30 eV
nd 300 keV to account for its Comptonization origin (e.g. Petrucci 
t al. 2001 ). The highest energy considered by the Ballantyne, Ross & 

abian ( 2001 ) code is 98 keV, so the precise value of the high-energy
oll-o v er has minimal effect on the results. 2 

Each side of the disc produces an energy flux D ( r ) due to
issipation within the disc (Shakura & Sunyaev 1973 ), where 

( r) = (6 . 89 × 10 27 ) 
( η

0 . 1 

)−1 
(

M 

M �

)−1 

× λr −3 J ( r) erg cm 

−2 s −1 . (2) 
 Including the effects of photons at energies > 98 k eV w ould lead to higher 
as temperatures at the surface ( τ � 1) of the slab, in particular for hard ( � 

 2) X-ray power laws (Garc ́ıa et al. 2013 ). As this effect is concentrated at 
he surface of the slab, it does not replace the heating provided by a warm 

orona. 

t

H

T  

τ  

b
 

<  
he total X-ray luminosity of the hot corona is related to a constant
raction f X of D ( r ) within a critical radius r c : 

 X = (1 . 50 × 10 38 ) 
( η

0 . 1 

)−1 
λ

(
M 

M �

)

×
∫ r c 

r ISCO 

f X r 
−3 J ( r )d S( r ) erg s −1 , (3) 

here 

 S = 2 πr 

√ 

r 2 + a 2 + 2 a 2 /r 

r 2 − 2 r + a 2 
d r (4) 

s the proper element of the disc area at the mid-plane (Vincent et al.
016 ) and a is the black hole spin. The critical radius is fixed at
 c = 10 for all models, consistent with the observational evidence 
or a highly compact corona (e.g. Reis & Miller 2013 ), meaning that
egions of the disc at r > r c do not contribute to the hot corona. As
 ( r ) falls rapidly with r , increasing r c beyond 10 has a negligible

ffect on the final model spectra. 
The X-ray flux at the surface of the disc at r is affected by light-

ending, and therefore depends on h and a (e.g. Miniutti & Fabian
004 ; Fukumura & Kazanas 2007 ; Dauser et al. 2013 ). The flux at
adius r is (Ballantyne 2017 ) 

 X ( r) = 

L X F ( r, h ) g 2 lp 

z( M) A 

, (5) 

here F ( r , h ) is given by the Fukumura & Kazanas ( 2007 ) fitting
ormulas for the illumination pattern on the accretion disc, 

 lp = 

r 3 / 2 + a √ 

r 3 + 2 ar 3 / 2 − 3 r 2 

√ 

h 

2 + a 2 − 2 h 

h 

2 + a 2 
(6) 

s the ratio of the photon frequency at the disc to the frequency at the
-ray source (Dauser et al. 2013 ), 

( M) = 

(
GM �

c 2 

)2 (
M 

M �

)2 

(7) 

onverts the area to physical units (Ballantyne 2017 ), and 

 = 

∫ r out 

r ISCO 

F ( r , h ) g 2 lp d S( r ) (8) 

s a normalization factor to ensure the total flux on the disc integrates
o L X . The fluxes computed this way are valid for r > 1.15 and 3 ≤ h

100 because of the use of the Fukumura & Kazanas ( 2007 ) fitting
unctions. 

Light-bending also strongly influences the incident angle, θ i ( r ), of
he radiation on the disc (e.g. Dauser et al. 2013 , their fig. 5) where
adii closer to the black hole are generally irradiated at smaller angles, 
ut most of the disc is illuminated at large θ i . We approximate this
ffect using a straightforward Newtonian description: tan θ i = r / h . 

To include the effects of heating from a warm corona in our
alculation, an energy flux h f D ( r ) is assumed to be uniformly
istributed throughout the constant density slab, which corresponds 
o a heating function (in erg cm 

3 s −1 ) of 

 = 

h f D( r) σT 

τn H 
. (9) 

his function is equi v alent to a constant heating rate per particle o v er
, and n H n e H is the heating rate per unit volume added to the thermal
alance equation (e.g. Ross 1979 , their eq. 7). 
Finally, the remaining energy flux at r , (1 − f X − h f ) D ( r ) when r
 r c , is injected as a blackbody into the lowest zone of the slab with
MNRAS 515, 353–368 (2022) 
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3 As our innermost radial zone is at r ISCO + 0.5, the amount of blurring in the 
final spectrum will be moderately underestimated for a given value of a . Any 
spin estimates obtained by REXCOR should be considered approximate lower 
limits (see also Section 3 ). 
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 temperature given by the standard blackbody relationship. For r >
 c , the energy flux released in the lower zone is (1 − h f ) D ( r ). 

At this point, we can compute the rest-frame reflection and
mission spectrum from the top τ of an accretion disc at radius r
ue to irradiation from the lamppost from abo v e, the blackbody from
elow, and warm corona heating distributed throughout the layer (e.g.
allantyne 2020 ; Ballantyne & Xiang 2020 ). The calculation solves

he thermal and ionization balance of the layer, and includes cooling
ines from C V-VI , N VI-VII , O V-VIII , Mg IX-XII , Si XI-XIV , and Fe XVI-
XVI assuming Solar abundances (e.g. Ross & Fabian 1993 ; Ross,
abian & Young 1999 ; Ballantyne et al. 2001 ). Comptonization of

he outward diffuse X-rays, which includes the blackbody emission
nd scattered photons from the hard power law, is transferred using
 Fokker–Planck operator (Ross, Weaver & McCray 1978 ; Ross
979 ) and is sensitive to the thermal structure of the gas determined
y heating from both the hot and warm coronas. Therefore, any
oft excess in the resulting reflection and emission spectrum self-
onsistently includes the effects of both reflection and the warm
orona. 

.2 Constructing the integrated spectrum 

he final model spectrum is calculated by integrating the spectra
omputed at different r from r in to r out . To do the integration
fficiently, we separate the disc into two regions based on the value
f the ionization parameter of the disc, 

( r ) = 

4 πF X ( r ) 

n H ( r ) 
. (10) 

nside a radius r warm 

, defined by ξ ( r warm 

) = 5 erg s cm 

−1 , the disc
s strongly irradiated and will have a significant surface ionization
radient. We split the range r in ≤ r ≤ r warm 

into 20 annuli with
 step size d r i = ( r warm 

− r in )/20, and use the method described
bo v e to compute the spectrum from each annulus. Ho we ver, the
isc is weakly illuminated beyond r warm 

and the reflection spectrum
s dominated by low-ionization lines and edges, such as a strong
e K α line at 6.4 keV. Since the the shape of the reflection spectrum
ill be dominated by these low-ionization features at r > r warm 

, the
pectrum calculated at r warm 

(scaled to match the appropriate F X ( r ))
s used for all radii in the range r warm 

< r ≤ r out with a step size 
 r o = 5. 
Fig. 2 shows how the values of r warm 

are impacted by different
arameters of the model. In all cases, r warm 

increases with f X , as this
arameter is proportional to the flux irradiating the disc (equation 3 ).
o we ver, the slope of this relation is smaller for lo wer v alues of
(comparing the stars and circles) and h (comparing the solid and

otted lines). In the former case, the lower λ significantly enhances
he disc density (equation 1 ) which is not compensated by the changes
n f X . Therefore, r warm 

is both smaller and less sensitive to f X for low
. In contrast, changes in the lamppost height h affect the radiation
attern on the accretion disc. When h = 5, for example, light-bending
ocuses a large fraction of the flux on to the inner accretion disc, and
he flux at larger radii is reduced (e.g. Dauser et al. 2013 ) leading
o a smaller r warm 

even for large values of f X . A larger h provides a
ore uniform illumination of the disc and so r warm 

is largest in this
ituation. The two panels in Fig. 2 also show that r warm 

has a moderate
ependence on the black hole spin a , in particular when h = 20 (solid
ines), due to L X having a weak dependence on a (equation 3 ). 

These values of r warm 

broadly separate the disc into regions of
onized refection (when r < r warm 

) and neutral reflection (when r >
 warm 

). Thus, we expect models with low r warm 

(i.e. low λ) to produce
NRAS 515, 353–368 (2022) 
pectra that are dominated by neutral reflection features, while those
ith large r warm 

will be dominated by highly ionized reflection. Many
odels, ho we v er, will hav e a mixture of both due to the ionization

radient across the disc. Since r warm 

is determined by the X-ray flux
nd the disc density, it is nearly independent of the warm corona
arameters τ and h f . There is a slight dependence of r warm 

on h f and
in the λ = 0.1 models that occurs when � > 2 and the ionizing

ower of the irradiating spectrum is weakened. In this regime, r warm 

an be reduced from the plotted values by an average of 3.75 per cent,
ith a maximum change of 12 per cent. 
Prior to performing the radial integration, each individual spectrum

rom a disc annulus (from r to r + d r i if r ≤ r warm 

, or from r to r +
 r o if r > r warm 

) is blurred using the RELCONV LP convolution model
Dauser et al. 2013 ) to take into account the relativistic effects seen by
 distant observer. 3 The RELCONV LP model is passed the same values
f h , a , and � as the reflection calculation described in Section 2.1 .
e assume isotropic limb darkening and a disc inclination to the line

f sight of i = 30 ◦. The blurred spectra are then each multiplied by
he proper area of the appropriate annulus using equation ( 4 ) and
hen summed to produce the final REXCOR model in units of erg s −1 .

Before examining the resulting spectra in detail, it is important to
ecognize the limitations of the method presented here. Although the
alculation of the spectrum from each annulus extends to ≈1 eV in
rder to conserve energy (e.g. Ballantyne 2020 ), the limited number
f elements and low-ionization states treated in the code restricts the
ccuracy of the predicted spectra at energies � 0.1 keV. In addition,
he integrated REXCOR model uses the spectrum at r warm 

for r > r warm 

.
herefore, the thermal emission from the disc at these radii will not
e properly included in the final spectrum. As a result, the REXCOR

odel should only be used in the X-ray band, at energies � 0.3 keV.
e focus on this energy range in the remainder of the paper. Lastly,

he lamppost geometry assumed here is only one possible geometry
or the location of the X-ray-emitting corona. Other geometries, in
articular ones with a truncated accretion disc (e.g. Petrucci et al.
013 ; Kubota & Done 2018 ), will predict a different ratio of reflection
nd warm corona emission in the accretion disc spectra than what is
roduced by REXCOR . 

.3 The reXcor grids 

he procedure described abo v e produces a single REXCOR spectrum
iven eight parameters: the black hole mass M , spin a , and accretion
ate λ; the lamppost height h and heating fraction f X ; the photon
ndex �, and the warm corona heating fraction h f and optical depth
. As our goal is to construct grids of models to fit to broad-band
-ray data, this number of parameters is too large to be practical. In

ddition, it is not physically plausible for parameters such as M and
to be realistically measured with such a phenomenological model

sing only X-ray data. Therefore, it is worthwhile examining the
ependence of the final spectra on the model parameters to determine
hich are less important and can be remo v ed from a fitting procedure.
Fig. 3 shows how a REXCOR model depends on four parameters:
 , λ, h , and a . The solid line in each panel shows the same model
ith M = 5 × 10 7 M �, λ = 0.1, h = 20, a = 0.99, h f = 0.4, f X = 0.1,
 = 1.9, and τ = 20. We see that changes in the black hole mass M

panel a) impact the normalization of the REXCOR spectrum, but has
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Figure 2. The value of r warm 

as a function of the X-ray heating fraction f X for dif ferent v alues of h , λ, and a . The reflection and emission spectrum e v aluated 
at r warm 

is used to extend the radial integration to r out . For r < r warm 

the emission and reflection spectrum is computed for 20 annuli between r in and r warm 

. 
As r warm 

is determined by the condition ξ ( r warm 

) = 5 erg s cm 

−1 , it is increased by larger values of f X and λ (which increases the X-ray flux on the disc), and 
decreased by a lower h (where light-bending focuses the flux on to the inner disc). There is also a modest drop in r warm 

with a , in particular at h = 20, due to 
a slight decrease in the X-ray luminosity (equation 3 ). There is a weak dependence of r warm 

on h f and τ when � > 2 and λ = 0.1, which is not shown in the 
figure. In this case, r warm 

is lowered by an average of 3.75 per cent from what is plotted here with a maximum decrease of 12 per cent. 
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 negligible effect on its shape. This is because the spectral shape
s largely determined by the ionization parameter ξ (equation 10 ) 
hich, in this model, is independent of M (Ballantyne 2017 ). The

hange in normalization arises from converting distances from units 
f r g to physical units, so a smaller M has a physically smaller disc
nd produces a less luminous spectrum. Since the black hole mass
ill not impact the determination of the warm corona and reflection 
arameters (e.g. h f or f X ) M is fixed at 5 × 10 7 M � for all REXCOR

odels. 
In contrast to the black hole mass, Fig. 3 (b, c) show that both
and h significantly affect the final REXCOR spectrum. A lower λ

ot only means a smaller X-ray luminosity (equation 3 ), but it also
eads to a denser disc (equation 1 ) and therefore a much smaller ξ
equation 10 ). Similarly, decreasing the lamppost height from h = 20
o h = 5 greatly increases the illumination of the inner accretion disc
ue to the effects of light-bending (e.g. Fukumura & Kazanas 2007 ;
auser et al. 2013 ). Therefore, the disc is much more ionized in the
 = 5 case, which leads to very weak reflection features (Ballantyne
017 ). Ho we ver, rather than having λ and h as two additional fit
arameters, we produce models that consider ‘high’ and ‘low’ values 
n both cases. Therefore, REXCOR grids are calculated for either h =
0 or h = 5. By performing fits with both sets of models, one may be
ble to determine if the data are best described by a large or a small
amppost height. Likewise, we produce REXCOR models for λ = 0.1 
r λ= 0.01, as one of these two values should be applicable for a wide
ange of AGNs (e.g. Vasude v an & Fabian 2007 ; Duras et al. 2020 ). 
Lastly, panel (d) of Fig. 3 shows that the black hole spin has a
elatively minor impact on the REXCOR model. The major effect of
pin would be on the ISCO radius of the accretion disc and the level of
elati vistic blurring suf fered by the emitted spectrum. Ho we ver, when
he inner disc is ionized (as is the case in Fig. 3 ), then the changes in
elativistic blurring on the spectrum are very minor. There is also a
mall drop in normalization when a is lower due to the dependence
f a on the proper area element (equation 4 ). Again, to keep the size
f the grids manageable, this initial release of REXCOR contains grids
or a = 0.99 and a = 0.9 as these values bracket the majority of spins
etermined in bright AGNs (Reynolds 2021 ). 
Table 1 provides a summary of the eight REXCOR grids that are

ublicly available for use in AGN spectral fitting. The grids contain
nly the reflection and emission spectra from the accretion disc model 
escribed abo v e (see Figs 4 and 5 ). A separate power-la w component
with photon-index tied to the REXCOR value) must be included when
tting these models to AGN X-ray data to account for the illuminating
pectrum (Section 4 ). 

 T H E  R E X C O R  SPECTRAL  M O D E L  

ach of the eight REXCOR grids contains 20 570 individual spectral
odels spanning a broad range of f X , �, h f and τ (Table 2 ). This

ection describes how these different parameters, which characterize 
he warm corona and X-ray-emitting lamppost in the model, impact 
MNRAS 515, 353–368 (2022) 
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Figure 3. Examples of how a REXCOR spectrum changes with black hole mass (a), Eddington ratio (b), lamppost height (c), and black hole spin (d). In each 
panel the solid line plots a REXCOR model with the following parameters: M = 5 × 10 7 M �, λ = 0.1, h = 20, a = 0.99, h f = 0.4, f X = 0.1, τ = 20, and � = 1.9. 
Panel (a) shows that the assumed black hole mass only alters the normalization of the REXCOR spectrum. Therefore, the black hole mass is fixed at 5 × 10 7 M �
in all REXCOR models. Both λ and h significantly affect the shape of the model, but can be broadly separated into ‘high’ and ‘low’ cases (i.e. λ = 0.1, h = 20 
and λ = 0.01, h = 5). The black hole spin produces a small impact on the amplitude of the REXCOR spectrum, and leads to minor changes in the spectral shape 
due to changes in the relativistic blurring. As a result, REXCOR grids are only calculated for a = 0.99 and a = 0.9. 

Table 1. There are eight available REXCOR grids calculated for two different values of Eddington ratio, black hole spin, and 
lamppost height. The parameters of all grids are listed in Table 2 . A black hole mass M = 5 × 10 7 M � is used in all grids. 
These table models can be downloaded from the XSPEC website. 

Eddington ratio ( λ) Black hole spin ( a ) Lamppost height ( h ) Filename 

0.01 0 .9 5 r g reXcor l001 a09 h5.fits 
20 r g reXcor l001 a09 h20.fits 

0 .99 5 r g reXcor l001 a099 h5.fits 
20 r g reXcor l001 a099 h20.fits 

0.1 0 .9 5 r g reXcor l01 a09 h5.fits 
20 r g reXcor l01 a09 h20.fits 

0 .99 5 r g reXcor l01 a099 h5.fits 
20 r g reXcor l01 a099 h20.fits 
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he properties of the soft excess and other features in the REXCOR

pectra. We focus here on the results using the a = 0.99 grids, and
he equi v alent figures for two of the a = 0.90 grids are presented in
ppendix A. 
The top half of Fig. 4 plots several example REXCOR spectra from

he λ = 0.1, h = 20, a = 0.99 grid. In each panel the dashed line
lots the same spectrum with h f = 0.4, f X = 0.1, τ = 20, and � =
.9, while the other lines show how this baseline model changes
ue to variations in these four parameters. As expected from Fig. 2 ,
ll the spectra in this grid show features associated with ionized
eflection, such as an ionized Fe K α line and weak emission features
t energies � 1 keV. Ho we ver, v ariations in the model parameters can
NRAS 515, 353–368 (2022) 
ead to major changes to the o v erall spectral shape. Panel (a) shows
hat the strength and smoothness of the soft excess is significantly
ied to the value of the warm corona heating fraction h f . When h f =
, there is no warm coronal heating in the irradiated disc surface, so
ll the accretion flux is distributed between the thermal blackbody
nd the X-ray-emitting lamppost. In this case, the soft excess is
ntirely produced by reflection and exhibits emission and absorption
eatures. Ho we ver, as h f is increased, the gas throughout the layer
s heated and maintains a higher ionization state (Ballantyne 2020 ).
his hotter gas enhances the bremsstrahlung emission from the disc,
s well as Comptonizing the blackbody radiation emanating from
elow, leading to a stronger and smoother soft excess. When h f =

art/stac1646_f3.eps
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Figure 4. (Top) Examples of REXCOR spectra from the grid with λ = 0.1, h = 20, and a = 0.99. The dashed line in each panel plots the same spectrum with 
h f = 0.4, f X = 0.1, τ = 20, and � = 1.9. The different panels show how the spectrum changes to each of these four parameters. A stronger soft excess can be 
obtained by increasing h f or by decreasing τ or f X . For this value of λ and h , significant ionized reflection is expected for most spectra. (Bottom) As abo v e, but 
the spectra are taken from the grid with λ = 0.1 h = 5, and a = 0.99. The lower lamppost height produces significant light-bending that enhances the illuminating 
flux on to the inner accretion disc. The resulting REXCOR spectra are dominated by emission from the highly ionized inner accretion disc. 
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Figure 5. (Top) As in Fig. 4 , but the spectra are taken from the grid with λ = 0.01 h = 20, and a = 0.99. The smaller λ leads to a denser and more weakly 
illuminated disc. The REXCOR spectra are therefore dominated by a lo w-ionization reflector. Ho we ver, a strong soft excess can still be produced with a sufficiently 
large h f or small τ . (Bottom) In this case, h = 5 and the strong light-bending from the low lamppost focuses the radiation on to the inner accretion disc. As a 
result of the steep ionization gradient on the disc, the REXCOR spectra become dominated by neutral reflection close to the black hole (Fig. 2 ). The soft excess 
in this situation is then largely formed by the relativistic blurring of these reflection features (e.g. Crummy et al. 2006 ). Ho we ver, as when h = 20, additional 
warm coronal heating can smooth out and increase the strength of the soft excess. 
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Table 2. The REXCOR grid parameters. The values of f X co v er the range of bolometric corrections observed in many 
AGNs (Vasude v an & Fabian 2007 , 2009 ; Duras et al. 2020 ). The range of h f allows for models with no warm corona 
heating ( h f = 0) or with dissipationless discs ( h f = 0.8 and f X = 0.2). 

Parameter Description Range Step size 

f X lamppost heating fraction 0.02–0.2 0 .02 
� photon index of irradiating power law 1.7–2.2 0 .05 
h f warm corona heating fraction 0.0–0.8 0 .05 
τ warm corona Thomson depth 10–30 2 .0 
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.8, the maximum considered in the model, the heating in the disc
urface is so large that a Comptonized bremsstrahlung spectrum 

e velops. Thus, the v alue of h f can lead to a wide variety of soft
xcess strengths. 

The strength of the reflection signal in a REXCOR spectrum is driven
y f X , the hard X-ray heating fraction. As seen in Fig. 4 (b), changing
 X by an order of magnitude while h f is fixed at 0.4 has the largest
mpact at energies � 1 keV. This means that the relative strength of
he soft excess can be reduced by an increase in f X . At low values of
 X , the irradiated gas is less ionized, leading to significant absorption
bo v e 1 keV. This absorption is reduced as the gas becomes further
onized at larger values of f X (Ross et al. 1999 ), leading to a weaker
ontrast between the soft excess and the higher energy emission. 
he constant h f = 0.4 and τ = 20 ensures that Comptonization is

mportant in smoothing out features in the soft excess. This panel 
lso shows that changes in f X can be approximated as simply varying
he amplitude of the REXCOR model. Therefore, because the black 
ole spin also changes the normalization of the REXCOR spectra 
Fig. 3 d), there is a moderate de generac y between changes in f X 
nd the black hole spin a , in the sense that both parameters can
djust the amplitude of the spectrum. For some data sets lacking an
ndependent spin estimate (in particular, those with ionized spectra 
ith few spectral features), statistically similar fits can be obtained 
ith models that have lower spin, but higher f X and models with
igher spin, but lower f X . With high-quality data, this de generac y
ould be broken, but, in general, we advise against using REXCOR to
easure black hole spin. 
The optical depth of the warm corona heating layer, τ , also impacts

he soft excess (Fig. 4 c). As the heat injected into the warm corona is
xed, a smaller τ will spread the heat into a thinner layer, leading to
 stronger increase in temperature. A larger τ , in contrast, will yield
 cooler corona since the heating is dissipated o v er a thicker column
f gas. These effects can be seen in the three spectra plotted in this
anel, as the τ = 10 spectrum shows the effects of Comptonization 
rom a hotter gas. 

Panel (d) of Fig. 4 illustrates that the photon index � does not affect
he soft excess in the REXCOR models, but is crucial in describing the
 v erall hard X-ray spectral shape. Taken together, the combination 
f these four parameters allows for a wide range of potential AGN
pectral shapes, and, through h f , quantify the contribution of any 
arm corona in the X-ray spectrum. 
The same patterns in the spectra can be seen in the other REXCOR

rids, but the spectra are qualitatively different due to changes in the
llumination conditions. For example, the bottom half of Fig. 4 plots
he same sequence of models as the upper half, but now the lamppost
eight has been reduced to h = 5. In this scenario, the extreme light-
ending that results from the low lamppost height focuses a large 
raction of the flux on to the inner accretion disc making it extremely
onized. The radiation pattern greatly enhances the flux from the 
nner disc and so the integrated spectrum is dominated by the highly
onized inner regions of the disc. As a result, all the spectra produce
 weak ionized Fe K α line that is broadened by both relativistic
lurring and strong Comptonization. The h f = 0 spectrum in panel
a) shows that even with no warm corona, this model produces a
mooth soft excess. 

The upper half of Fig. 5 shows the REXCOR spectra from the
= 0.01, h = 20, a = 0.99 grid. In contrast to Fig. 4 , where λ =

.1, these spectra frequently exhibit hallmarks of neutral reflection, 
ncluding a relativistically broadened Fe K α line at 6.4 keV and
ignificant line emission below 1 keV. The smaller λ yields a denser
nd more weakly irradiated disc (equations 1 and 3 ) which reduces
 warm 

(Fig. 2 ). The gas in the disc surface is much cooler in this
cenario and produces a soft excess with many emission features. 
o we ver, as seen in Fig. 5 (a, c), a sufficiently large h f in a small

nough τ can raise the gas temperature to the point where a smooth
oft excess is generated. In general, it is more challenging for a warm
orona to be an important contributor to the soft excess when the gas
s denser and can cool more efficiently (Ballantyne 2020 ). 

When the lamppost height is reduced to h = 5 (bottom half of
ig. 5 ), light-bending causes the disc to be strongly illuminated
t small radii, but the ionization parameter of the gas remains
elati vely lo w (Fig. 2 ) resulting in REXCOR spectra dominated by
ighly relativistically blurred neutral reflection which significantly 
ontributes to the soft excess (e.g. Crummy et al. 2006 ). Ho we ver, as
een in panels (a)–(c) of the figure, additional warm coronal heating is
eeded in this scenario to strengthen and smooth out the soft excess.

Overall, Figs 4 and 5 show that the REXCOR grids provide spectra
hat produce a diverse range of spectral shapes, in particular for the
oft excess. The combination of relativistically blurred reflection, an 
onization gradient along the disc, and warm coronal heating lead 
o soft excesses with different strengths, slopes, and smoothness. 
pplying a REXCOR grid to an AGN data set will therefore allow an

stimate of how the accretion power is distributed within the disc. 

 E X A M I N I N G  T H E  SOFT  EXCESS  IN  AG N S  

I TH  R E X C O R  

n this section, we illustrate the use of REXCOR in fitting AGN X-
ay data and demonstrate how the model can constrain interesting 
roperties of the energy flow in AGN accretion discs. We fit several
oint XMM–Newton and NuSTAR spectra of two Seyfert 1 galaxies, 
E 1143-1820 and NGC 4593, that exhibit both reflection features 

nd a significant soft excess (Fig. 6 ). The fits presented below are
erformed with XSPEC v.12.12.0g (Arnaud 1996 ). Uncertainties on 
he fit parameters are the 90 per cent confident level for a single
arameter (i.e. a 
χ2 = 2.71 criterion). 

.1 HE 1143-1820 

he Seyfert 1 HE 1143-1820 ( z = 0.0328) was monitored by XMM–
ewton (Jansen et al. 2001 ) and NuSTAR (Harrison et al. 2013 ) with
MNRAS 515, 353–368 (2022) 
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Figure 6. (Top) Data to model ratios found from the five joint XMM–
Newton / NuSTAR observations of HE 1143-1820 when fit with a simple 
absorbed power law in the energy range 3–6 and 7–20 keV and then 
extrapolated to the full energy band. A prominent Fe K α line, Compton 
reflection hump, and strong soft excess are seen in all observations. (Bottom) 
As in the other panel, but now showing the results for the six observations of 
NGC 4593. 
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ve 20 ks observations, each separated by 2 d. The spectral and
iming analysis of this data set was published by Ursini et al. ( 2020 ),
nd we use the same five sets of EPIC-pn (Str ̈uder et al. 2001 ) and
uSTAR spectra as described in that paper. As REXCOR is unable to
ake predictions at ultraviolet wavelengths, we do not analyse the

ata from XMM–Newton Optical Monitor (Mason et al. 2001 ). 
The Eddington ratio of HE 1143-1820 is estimated to be λ ∼ 0.16–

.2 (Ursini et al. 2020 ), but the object does not have a detectable
road Fe K α line and does not have a black hole spin measurement.
herefore, we choose the λ = 0.1 and a = 0.99 series of REXCOR

rids to fit the data and test both the h = 20 and h = 5 cases. 4 In
ddition to REXCOR , the spectral model includes a cut-of f po wer law
 ZCUTOFFPL ) and neutral reflection from distant material ( XILLVER ;
arc ́ıa et al. 2013 ) which is needed to fit the narrow Fe K α line in the

ource. The cut-off energy in both of these components is fixed 5 at
00 keV (Ursini et al. 2020 ), and the � is tied to the same value as in
he REXCOR model. A solar iron abundance and an inclination angle
f 30 ◦ are assumed in the XILLVER model. Neutral absorption due to
 Galactic column density of N H = 3.47 × 10 20 cm 

−2 (Kalberla et al.
005 ) is included using the PHABS model. 
The five observations are fit simultaneously with �, h f , f X , τ , and

he normalizations of the three spectral components ( ZCUTOFFPL ,
EXCOR , and XILLVER ) free to vary for each observation. To simplify

he procedure, we ignore the small constant offset between the
wo NuSTAR focal plane modules (FPMA and FPMB) in each
bservation (i.e. they are treated as one data group); however, a
ariable normalization constant is applied to the EPIC-pn data.
inally, as discussed by Ursini et al. ( 2020 ), there is a small, energy-
ependent offset in � between XMM–Newton and NuSTAR spectra
NRAS 515, 353–368 (2022) 

 As e xpected, giv en the high ionization of the λ = 0.1 models (Section 2.3 ), 
ts with the a = 0.9 grids result in similar χ2 values as the a = 0.99 models. 
he parameters are also similar, with a 10 per cent rise in τ and a 50 per cent 

ncrease in f X (illustrating the de generac y between f X and a ; Section 3 ). 
 Allo wing the cut-of f energy to v ary did not lead to a significant impro v ement 
n the spectral fit. 

c
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h  
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fi  

a  
f the same source. To correct for this, we follow Ursini et al. ( 2020 )
nd apply a cross-calibration function to the XMM–Newton data
roportional to E 


� , where 
� = � 

XMM − � 

NuSTAR (Ingram et al.
017 ). The results presented below report photon indices and fluxes
sing the NuSTAR data. 
Both the h = 5 and 20 REXCOR models yield very good fits to the

E 1143-1820 data (with reduced χ2 � 1), and the results are shown
n Table 3 and Fig. 7 . We first focus on the best-fitting values for the
hree REXCOR parameters that describe the distribution of accretion
nergy between the warm and hot coronas (i.e. h f , f X , and τ ). The
alues of these parameters do not significantly differ between the h =
 and h = 20 models. Thus, while we are unable to place a constraint
n the lamppost height, the properties of the soft excess in HE 1143-
820 allow a robust measurement of the warm corona properties.
otably, we find that h f 	= 0 in all five observations, which indicates

hat warm corona heating is required to account for the soft excess in
E 1143-1820. The optical depth of the warm corona is consistently

o w and v aries only from ≈10 to ≈12. These v alues are slightly less
han those inferred by Ursini et al. ( 2020 ) (where τ ≈ 17.5) using a

odel which describes the soft excess with only a Comptonization
pectrum. As seen in Fig. 4 , a low value of τ maximizes the heating
ffects for a given h f , and will lead to a stronger and smoother
oft e x ess, as observ ed in HE 1143-1820. The values of f X indicate
hat � 6 per cent of the accretion energy is dissipated in the lamppost
orona, consistent with the observed bolometric corrections in AGNs
t these Eddington ratios (e.g. Duras et al. 2020 ). 

Interestingly, each fit requires the addition of two Gaussian
mission-line components, a broadened one ( σ = 0.06 keV) at
0.43 keV and an unresolved ( σ = 0 keV) at ≈0.9 keV. The lines

re highly statistically significant (with F-test probabilities 
10 −7 ),
 ut ha ve equi v alent widths (EWs) of 3–22 eV. The energy of the
roadened 0.43 keV line is consistent with the N VI triplet, and its
W increases from 11 to 22 eV as the source brightens. This fact,
ombined with its width, suggests that this line is responding to the
hanging ionization state of the inner accretion disc. The soft excess
roduced by REXCOR is comprised of blurred ionized reflection
uperimposed on a Comptonized continuum enhanced by the warm
orona. The REXCOR spectra include emission from N VI , but appears
o underestimate its strength in HE 1143-1820 by ≈10 per cent.
his mismatch is likely a result of fact that transitions in He-like

ons such as N VI are v ery sensitiv e to the temperature, density, and
ptical depth of a plasma (Porquet, Dubau & Grosso 2010 ), and
hese conditions are not correctly described by the REXCOR models
or HE 1143-1820. In contrast, the EW of the narrow 0.9 keV line is
oughly constant across all observations, indicating that it originates
rom an unchanging ionized zone at some distance from the black
ole. The line energy is consistent with arising from Ne IX , which is
ot included in the REXCOR model, and therefore this line had to be
ncluded as a separate component in the fits. The presence of these
mission lines is evidence that the soft excess in HE 1143-1820 is
omprised, in part, from photoionized emission across a range of ion-
zation states. Therefore, given the complexity of emission features in
his energy range, combined with the available number of lines pre-
icted by REXCOR , we expect that the need to add additional Gaussian
omponents will be common when applying REXCOR to AGN data. 

As the five observations of HE 1143-1820 span a factor of ≈2 in
ux, it is interesting to consider how the REXCOR parameters change
s the source changed in brightness. Panels (a)–(c) of Fig. 8 plot τ ,
 f , and f X as a function of the observed 2–10 keV flux of HE 1143-
820 for both the h = 5 (black circles) and h = 20 (red triangles)
ts. There is no evidence for a correlation (i.e. a linear fit returns
 slope consistent with zero) between the these parameters and the

art/stac1646_f6.eps
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Table 3. Results from fitting five XMM–Newton and NuSTAR observations of the Seyfert 1 galaxy HE 1143-1820 with the following spectral model: 
PHABS ∗( ZGA USS1 + ZGA USS2 + ZCUTOFFPL + REXCOR + XILLVER ). An energy-dependent cross-calibration function proportional to E 


� , where 
� = 

� 

XMM − � 

NuSTAR is included in the model (Ursini et al. 2020 ). All five observations of the source were fit simultaneously between 0.3 and 79 keV. These 
fits use the λ = 0.1, a = 0.99, REXCOR grids, with the top half of the table showing the results from the h = 5 grid ( χ2 /dof = 1934/1949) and the lower 
half gives the results from the h = 20 set of models ( χ2 /dof = 1928/1949). The two ZGAUSS components likely arise from N VI and Ne IX , respectively. 
The latter line is unresolved (with σ fixed at 0 keV). The normalization of the lines ( K ) are in units of ph s −1 cm 

−2 , and their equi v alent widths are listed 
as ‘EW’. All fluxes ( F ) are tabulated in units of erg s −1 cm 

−2 . A ‘p’ in the errorbar indicates that the parameter pegged at the upper or lower limit of the 
grid. The photon-indices and fluxes are derived from the NuSTAR spectra. 

All Obs. Obs. 1 Obs. 2 Obs. 3 Obs. 4 Obs. 5 

log F 2–10 keV −10.65 −10.67 −10.55 −10.56 −10.57 

h = 5 
ZGAUSS1 E 1 (keV) 0 . 43 + 0 . 02 

−0 . 01 

σ 1 (keV) 0.06 ± 0.02 
K 1 ( × 10 −3 ) 0.72 ± 0.03 0.67 ± 0.31 2.0 ± 0.6 1.3 ± 0.5 1 . 5 + 0 . 4 −0 . 5 
EW (eV) 11 11 22 15 15 

ZGAUSS2 E 2 (keV) 0 . 90 + 0 . 02 
−0 . 01 

K 2 ( × 10 −5 ) 4 . 9 + 2 . 5 −2 . 3 3.3 ± 2.7 5 . 7 + 2 . 9 −3 . 0 5 . 6 + 3 . 2 −1 . 6 5 . 6 + 3 . 0 −2 . 7 

EW (eV) 4 3 4 4 3 
ZCUTOFFPL � 1 . 76 + 0 . 04 

−0 . 03 1 . 76 + 0 . 01 
−0 . 02 1 . 75 + 0 . 02 

−0 . 03 1.77 ± 0.03 1.75 ± 0.03 


� −0.042 −0.065 −0.029 −0.045 −0.052 
REXCOR f X 0 . 045 + 0 . 015 

−0 . 006 0.05 ± 0.01 0.060 ± 0.007 0.052 ± 0.012 0.05 ± 0.01 

h f 0.45 ± 0.09 0.39 ± 0.05 0 . 45 + 0 . 1 −0 . 07 0 . 45 + 0 . 14 
−0 . 08 0 . 45 + 0 . 01 

−0 . 04 

τ 11 . 6 + 1 . 4 −1 . 0 10 . 2 + 0 . 8 −0 . 2 p 11 . 3 + 0 . 6 −0 . 8 11 . 1 + 1 . 2 −0 . 8 10 . 4 + 0 . 6 −0 . 4 p 

log F 

PL 
0 . 3 −10 keV −10.42 ± 0.01 −10.45 ± 0.01 −10.33 ± 0.01 −10.33 ± 0.01 −10 . 35 + 0 . 01 

−0 . 003 

log F 

reXcor 
0 . 3 −10 keV −10 . 90 + 0 . 06 

−0 . 05 −10 . 88 + 0 . 05 
−0 . 06 −10 . 72 + 0 . 06 

−0 . 05 −10 . 75 + 0 . 05 
−0 . 06 −10 . 65 + 0 . 04 

−0 . 03 

log F 

xillver 
0 . 3 −10 keV −12 . 08 + 0 . 09 

−0 . 10 −11 . 99 + 0 . 05 
−0 . 08 −12 . 12 + 0 . 09 

−0 . 14 −11 . 96 + 0 . 09 
−0 . 11 −12.07 ± 0.10 

χ2 /dof 1934/1949 

h = 20 
ZGAUSS1 E 1 (keV) 0 . 44 + 0 . 02 

−0 . 03 

σ 1 (keV) 0.06 ± 0.02 

K 1 ( × 10 −3 ) 0 . 62 + 0 . 04 
−0 . 03 0 . 56 + 0 . 04 

−0 . 03 1 . 7 + 1 −0 . 5 1 . 2 + 0 . 7 −0 . 4 1 . 4 + 0 . 8 −0 . 6 

EW (eV) 10 9 21 15 16 

ZGAUSS2 E 2 (keV) 0 . 89 + 0 . 01 
−0 . 02 

K 2 ( × 10 −5 ) 5 . 7 + 2 . 7 −2 . 4 5 . 7 + 3 . 1 −3 . 3 7.0 ± 3.7 6 . 6 + 4 . 2 −3 . 5 6 . 4 + 3 . 5 −3 . 4 

EW (eV) 5 5 4 4 4 

ZCUTOFFPL � 1 . 76 + 0 . 04 
−0 . 03 1.76 ± 0.02 1 . 73 + 0 . 03 

−0 . 02 1 . 77 + 0 . 03 
−0 . 04 1 . 75 + 0 . 03 

−0 . 02 


� −0.040 −0.056 −0.024 −0.042 −0.047 

REXCOR f X 0 . 028 + 0 . 025 
−0 . 008 p 0 . 051 + 0 . 011 

−0 . 016 0 . 050 + 0 . 021 
−0 . 020 0 . 038 + 0 . 024 

−0 . 018 p 0 . 033 + 0 . 018 
−0 . 013 p 

h f 0 . 50 + 0 . 06 
−0 . 08 0 . 36 + 0 . 14 

−0 . 07 0 . 49 + 0 . 08 
−0 . 13 0 . 50 + 0 . 08 

−0 . 14 0 . 52 + 0 . 04 
−0 . 09 

τ 12 . 1 + 1 . 8 −0 . 8 10 . 4 1 . 5 −0 . 4 p 11 . 9 + 1 . 5 −1 . 1 11 . 8 + 1 . 3 −0 . 7 11 . 1 + 0 . 6 −0 . 5 

log F 

PL 
0 . 3 −10 keV −10.42 ± 0.01 −10.46 ± 0.01 −10 . 34 + 0 . 01 

−0 . 02 −10.33 ± 0.02 −10.36 ± 0.01 

log F 

reXcor 
0 . 3 −10 keV −10.90 ± 0.06 −10.86 ± 0.05 −10.71 ± 0.06 −10 . 76 + 0 . 08 

−0 . 06 −10 . 66 + 0 . 06 
−0 . 05 

log F 

xillver 
0 . 3 −10 keV −12 . 13 + 0 . 13 

−0 . 17 −12 . 12 + 0 . 11 
−0 . 15 −12 . 32 + 0 . 19 

−0 . 32 −12 . 02 + 0 . 12 
−0 . 18 −12 . 15 + 0 . 13 

−0 . 18 

χ2 /dof 1928/1949 
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bserved flux in either scenario. Although an increase in the optical 
epth with flux is a common prediction of accretion disc models (e.g.
vensson & Zdziarski 1994 ; Jiang et al. 2019 ), the exact dependence
emains uncertain and it is not obvious if such a relationship extends
o the warm corona. These results are consistent with the fits of
rsini et al. ( 2020 ) using a Comptonization model. It is possible that
bservations spanning a larger range in flux are necessary to detect 
ariations in these parameters. 

The normalization of the REXCOR models is determined by many 
uantities, including the distance to the source, the area of the disc
mission region, the inclination angle of the disc, the black hole mass
nd spin, and the geometry of the X-ray source. As it is impractical
o unravel all these effects to interpret the normalization returned by
he fits, we consider the ratio of the REXCOR and power-law fluxes.
he scenario used to calculate REXCOR spectra would predict a ratio
lose to unity, as the flux from the disc is produced by reprocessing
he luminosity of the lamppost (Section 2 ). Ho we ver, this ratio could
e significantly altered by effects not included in our model, such
s a non-stationary X-ray-emitting corona (e.g. Beloborodov 1999 ), 
 truncated accretion disc (e.g. Kubota & Done 2018 ), or a non-flat
isc surface that could enhance the o v erall reflection strength (e.g.
abian et al. 2002 ). Fig. 8 (d) shows that the total REXCOR flux (in
MNRAS 515, 353–368 (2022) 
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Figure 7. (Left) The upper panel plots the model components predicted from our h = 5 fit (upper half of Table 3 ) for each of the five observations of HE 1143- 
1820. The solid lines plot the total model, while the REXCOR components are shown as the dot–dashed lines. The dotted lines denote the remaining components 
of the model (the cut-of f po wer law, two Gaussian emission line, and XILLVER ). This fit uses the reXcor l01 a099 h5.fits grid. The lower panel shows 
the residuals to the fit in units of σ . (Right) As in the other panel, but for the h = 20 fit (lower half of Table 3 ). This fit uses the reXcor l01 a099 h20.fits 
grid. 

Figure 8. Panels (a), (b), and (c) plot the best-fitting values of τ , h f , and 
f X from the REXCOR fits to HE 1143-1820 (Table 3 and Fig. 7 ) against the 
observed 2–10 keV flux. The results from the h = 5 model are shown as the 
black circles, while the red triangles plot the parameters from the h = 20 
model. The lower panel shows that the fraction of the flux described by both 
the REXCOR and XILLVER models remains relatively unchanged in each of the 
five observations for both the h = 5 and h = 20 models. 

Figure 9. The upper panel plots the model components predicted from our 
best fit (Table 4 ) for each of the six observations of NGC 4593. The solid lines 
plot the total model, while the REXCOR components are shown as the dot–
dashed lines. The dotted lines denote the remaining components of the model 
(the cut-of f po wer law, two Gaussian emission lines, and XILLVER ). This 
model uses the reXcor l001 a099 h20.fits grid. The lower panel 
shows the residuals to the fit in units of σ . 
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he 0.3–10 keV band) in the HE 1143-1820 fits is a factor of ≈0.4
f the power-law flux, independent of the assumed coronal height.
his flux ratiocould be explained by a moderately outflowing corona

Beloborodov 1999 ) or a truncated disc. Finally, we find that the flux
f the XILLVER model is ≈0.02 × less than the power-law flux in the
ange 0.3–10 keV because of the very small albedo of dense, neutral
as in this energy range. 

.2 NGC 4593 

s a second example, we apply the REXCOR model to NGC 4593
 z = 0.0831), a Seyfert 1 with λ ≈ 0.04 (Vasude v an & Fabian 2009 ).
imilar to HE 1143-1820, NGC 4593 has five coordinated 20 ks
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Table 4. Results from fitting five XMM–Newton and NuSTAR observations of the Seyfert 1 galaxy NGC 4593 with the following spectral model: 
PHABS ∗WA ∗( ZGA USS1 + ZGA USS2 + ZCUTOFFPL + REXCOR + XILLVER ), where WA denotes a warm absorber table model (Walton et al. 2013 ). An 
energy-dependent cross-calibration function proportional to E 


� , where 
� = � 

XMM − � 

NuSTAR is included in the model (Ursini et al. 2020 ). The first 
observation is split in two (e.g. Ursini et al. 2016 ) and all six spectra are fit simultaneously between 0.3 and 79 keV. This fit uses the λ = 0.01, a = 0.99, 
h = 20 REXCOR grid. The two ZGAUSS components have σ = 0 keV with normalizations ( K ) in units of ph s −1 cm 

−2 . All fluxes ( F ) are tabulated in units 
of erg s −1 cm 

−2 . A ‘p’ in the errorbar indicates that the parameter pegged at the upper or lower limit of the grid. The photon-indices and fluxes are derived 
from the NuSTAR spectra. 

All Obs. Obs. 1a Obs. 1b Obs. 2 Obs. 3 Obs. 4 Obs. 5 

WA N H ( × 10 21 cm 

−2 ) 2 . 75 + 0 . 38 
−0 . 39 

log ξ (erg s cm 

−1 ) 2 . 33 + 0 . 06 
−0 . 05 

XILLVER A Fe 2 . 7 + 0 . 5 −0 . 2 

ZGAUSS1 E 1 (keV) 0.47 ± 0.01 
K 1 ( × 10 −4 ) 3 . 6 + 2 . 1 −2 . 6 0.02 + 3 −0.2 p 2 + 1 −1 . 9 0 . 01 + 2 −0 . 01 p 3 . 4 + 1 . 7 −2 . 5 2 . 2 + 3 . 0 −1 . 1 

EW (eV) 10 0 11 0 9 5 
ZGAUSS2 E 2 (keV) 0.65 ± 0.01 

K 2 ( × 10 −4 ) 1 . 7 + 0 . 8 −0 . 7 1 . 1 + 0 . 5 −0 . 7 0 . 7 + 0 . 2 −0 . 4 1.2 ± 0.4 2 . 1 + 0 . 7 −0 . 8 2 . 3 + 0 . 3 −1 

EW (eV) 9 6 7 12 10 11 

ZCUTOFFPL � 1.84 ± 0.04 1 . 82 + 0 . 03 
−0 . 06 1 . 76 + 0 . 05 

−0 . 01 1 . 75 + 0 . 04 
−0 . 03 1 . 84 + 0 . 02 

−0 . 03 1.84 ± 0.03 
E cut (keV) > 240 > 210 > 140 > 240 > 700 > 410 

� −0.025 −0.065 −0.065 −0.045 −0.021 −0.016 

REXCOR f X 0 . 060 + 0 . 14 p 
−0 . 040 p 0 . 02 + 0 . 066 

−0 p 0 . 02 + 0 . 067 
−0 p 0 . 029 + 0 . 152 

−0 . 008 0 . 060 + 0 . 098 
−0 . 040 p 0 . 021 + 0 . 1 −0 . 001 p 

h f 0 . 50 + 0 . 13 
−0 . 19 0 . 50 + 0 . 19 

−0 . 23 0 . 38 + 0 . 10 
−0 . 23 0 . 47 + 0 . 21 

−0 . 38 0 . 60 + 0 . 11 
−0 . 15 0 . 45 + 0 . 23 

−0 . 21 

τ 22 . 2 + 7 . 8 p −8 . 2 24 . 5 + 5 . 5 p −10 . 8 30 + 0 p −14 . 3 27 . 8 + 2 . 2 p −17 . 6 28 . 1 + 1 . 9 p −9 . 8 23 . 4 + 6 . 6 p −4 . 8 

log F 

PL 
0 . 3 −10 keV −10 . 34 + 0 . 02 

−0 . 01 −10.41 ± 0.01 −10.58 ± 0.01 −10.58 ± 0.01 −10.31 ± 0.01 −10.31 ± 0.01 

log F 

reXcor 
0 . 3 −10 keV −11 . 52 + 0 . 07 

−0 . 06 −11 . 59 + 0 . 07 
−0 . 08 −11 . 70 + 0 . 06 

−0 . 05 −11 . 69 + 0 . 05 
−0 . 08 −11 . 46 + 0 . 04 

−0 . 05 −11 . 47 + 0 . 04 
−0 . 06 

log F 

xillver 
0 . 3 −10 keV −12 . 07 + 0 . 10 

−0 . 16 −11 . 96 + 0 . 09 
−0 . 14 −12.02 ± 0.08 −11.96 ± 0.10 −11.89 ± 0.08 −11 . 95 + 0 . 05 

−0 . 10 

log F 2-10 keV −10.6 −10.66 −10.8 −10.79 −10.5644 −10.5645 
χ2 /dof 2450/2271 
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MM–Newton and NuSTAR observations that span a factor of ≈2 in 
ux (Ursini et al. 2016 ; Middei et al. 2019 ). The first observation
aught the source rapidly declining in flux, and so Ursini et al. ( 2016 )
plit this observation into two in order to isolate the low count-rate
e gion which e xhibits a hard spectral shape. The resulting six EPIC-
n and NuSTAR spectra are analysed here. 
We apply a similar spectral model to NGC 4593 as with HE 1143-

820: neutral absorption with PHABS ( N H = 1.89 × 10 22 cm 

−2 ;
alberla et al. 2005 ), a neutral XILLVER model to account for
istant reflection, a cut-of f po wer law, and REXCOR . Given the
ower Eddington ratio in this source, we use the λ = 0.01 REXCOR

rids. Although the source sho ws e vidence for a broadened Fe K α

ine (Brenneman et al. 2007 ; Ursini et al. 2016 ), a spin estimate
oes not exist. Therefore, we begin our analysis with the a = 0.99
EXCOR grids, but also test the result with the a = 0.9 grids. In
ddition, NGC 4593 has been previously fit with tw o w arm absorbers
Brenneman et al. 2007 ; Ursini et al. 2016 ) and a photoionized emitter
Ursini et al. 2016 ) to account for the observed soft X-ray spectral
omplexity. Therefore, we include a warm absorber table model 
alculated with XSTAR (Walton et al. 2013 ) in our fit, but we find
hat a distinct photoionized plasma emission model is not required. 
n contrast with the HE 1143-1820 fits, the cut-off energy of the
CUTOFFPL model (which is tied to the corresponding parameter 
n XILLVER ) is allowed to vary in each observation as Ursini et al.
 2016 ) found that the cut-off energy is large and variable in these
bservations. Similarly, the iron abundance of the XILLVER model is 
llowed to vary, although the value is the same for all observations. 

The fit procedure for NGC 4593 is the same as for HE 1143-
820, including the use of the 
� cross-calibration function to 
ccount for the small offset in the XMM–Newton and NuSTAR photon 
ndices. As before, we report fluxes and � from the NuSTAR data.
he best-fitting model (with χ2 /dof = 2450/2271) is obtained with 

he reXcor l001 a099 h20.fits grid and is shown in Fig. 9
ith the results tabulated in Table 4 . The h = 5 grid yields a worse
t ( χ2 /dof = 2472/2271), with similar average values of f X and h f as

he h = 20 model. The average value of τ drops from 26 with the h =
0 grid to 17 with the h = 5 models. Overall, it appears that a higher
oronal height is preferred in NGC 4593. Ho we ver, fits using a = 0.9
rids do not appreciably change the goodness of fit compared to the
 = 0.99 grids, so we are unable to provide a constraint on the black
ole spin. Interestingly, the best-fitting model requires only a single, 
oderately ionized warm absorber. When a second warm absorber 
as added to the model, its column density was driven to very low
 alues, ef fecti v ely eliminating an y impact on the spectrum. 
The REXCOR spectra in the NGC 4593 fit show many features of

eflection from a weakly ionized accretion disc. This is a result of
he λ = 0.01, h = 20 grid which naturally produces spectra with a
elatively small ionized zone (Fig. 2 ). Nevertheless, Table 4 shows
hat h f ∼ 0.5 in all observations which indicates that warm corona
eating is necessary to satisfactorily account for the observed soft 
xcess. Fig. 5 (a) shows that heating at this level typically raises
he soft emission at energies � 1 keV. The warm corona depth in
GC 4593 are typically quite large with τ � 20 and hitting the upper

imit of 30 in each observ ation. A large v alue of τ for the warm
orona is consistent with the fits of Middei et al. ( 2019 ) using a
omptonization model. As discussed in Section 3 , a large value of τ

preads out the heat from a given h f which will limit the temperature
ncrease in the corona. The average value of τ found for NGC 4593
s 26, much larger than the mean τ of 11 measured in the higher λ
E 1143-1820 with a stronger and smoother soft excess. Finally, we
MNRAS 515, 353–368 (2022) 
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M

Figure 10. As in Fig. 8 , but now plotting the results from our fits to NGC 4593 
(Table 4 ). 

fi  

t  

i
 

m  

f  

t  

w  

(  

a  

m  

b  

i  

t  

o
 

t  

e  

w  

o  

C  

a  

c
 

r  

t  

t  

a  

R  

l  

t  

d  

a  

(  

r  

a  

l  

f

5

T  

A  

c  

a  

r  

a  

i  

o  

e  

e  

a  

w  

l  

s
 

a  

h  

t  

p  

t  

f  

d  

o  

t
 

X  

1  

p  

i  

e  

h  

i  

r  

w  

d  

R  

t  

s  

2  

1  

o  

c  

o
 

c  

t  

e  

c  

b  

i  

2  

(  

b  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/515/1/353/6608886 by C
N

R
S user on 07 April 2023
nd that the value of f X in NGC 4593 is frequently consistent with
he lower limit of the grids, f X ∼ 0.02, indicating that the lamppost
s receiving a small fraction of the accretion power. 

Fig. 9 shows that the soft excess predicted by the REXCOR

odel is imprinted with several broadened emission features arising
rom reflection off the disc. This structured soft excess appears
o eliminate the need for a second warm absorber component, as
ell as the photoionized emitter, that was used in earlier models

Brenneman et al. 2007 ; Ursini et al. 2016 ). The need for these
dditional models lik ely w as a result of assuming a smooth spectral
odel for the soft excess (such as a Comptonized model, or a

remsstrahlung spectrum). Ho we ver, the REXCOR model naturally
ncludes both photoionized and Comptonized emission, in addition
o bremsstrahlung, and therefore yields a more straightforward model
f the spectrum. 
As in HE 1143-1820, two Gaussian emission lines are needed in

he final model, but, in this case, both lines are narrow. The lower
nergy line (at 0.46 keV) is weak (with a normalization consistent
ith zero in Obs. 1b and 3), and could be associated with a blend
f the Ly β line and the radiative recombination continuum from
 VI . The 0.65 keV line is likely O VIII Ly α, and is also weak with
n EW ∼10 eV. These lines will originate in distant ionized gas not
onnected to the REXCOR model. 

The top three panels of Fig. 10 sho ws ho w the three REXCOR pa-
ameters vary with the observed 2–10 keV flux of NGC 4593. Similar
o HE 1143-1820, none of the parameters show any correlations with
he observed flux. Fig. 10 (d) shows the flux ratios of the REXCOR

nd XILLVER model components relative to the power-law model. The
EXCOR 0.3–10 keV flux is consistently ≈7 per cent of the power-

aw flux, while the XILLVER flux varies between 2 and 4 per cent of
he power law. This low value of the REXCOR flux ratio is largely
NRAS 515, 353–368 (2022) 
ue to the low-ionization state of the inner accretion disc. X-rays
bsorbed at � 1 keV will be thermalized and re-emitted at < 0.3 keV
e.g. Ross et al. 1999 ), leading to a reduction in the REXCOR flux
atio. As the disc becomes more ionized, fewer hard X-rays can be
bsorbed and reprocessed in this way. This effect likely explains the
ower REXCOR ratio found in the NGC 4593 fits compared to those
or HE 1143-1820 (Fig. 8 ). 

 SUMMARY  

his paper introduces a new phenomenological spectral model of
GNs, REXCOR , that self-consistently combines the effects of a warm
orona with the X-ray reflection spectrum from the inner 400 r g of an
ccretion disc. The goal of REXCOR is to simultaneously fit both the
elativistic reflection signal and the soft excess in AGNs. The model
ssumes the disc is irradiated by a lamppost X-ray source, and takes
nto account relativistic light-bending and the ionization gradient
n the surface of the disc. To produce a warm corona, accretion
nergy is injected into the irradiated disc surface, altering the
mission and reflection spectrum due to enhanced Comptonization
nd bremsstrahlung emission. The flux released in the lamppost, the
arm corona, and the bulk of the accretion disc must sum to the total

ocal dissipation rate. REXCOR spectra can be used to model AGN
pectra at energies � 0.3 keV. 

In this initial release, a total of eight REXCOR table models are
vailable (Table 1 ), separated by specific values of the lamppost
eight ( h ), the accretion rate ( λ), and the black hole spin ( a ). Each
able model contains 20 570 REXCOR spectra (Table 2 ) that are
arametrized by the photon-index of the irradiating spectrum ( �),
he lamppost heating fraction ( f X ), and the warm corona heating
raction ( h f ) and Thomson depth ( τ ). These last three parameters
escribe changes in the warm corona properties and the distribution
f energy in the accretion disc. As a result, varying h f , f X , and τ lead
o wide range of possible soft excess shapes and sizes (Section 3 ). 

We illustrate the use of REXCOR by showing fits to the joint
MM–Newton and NuSTAR monitoring campaigns of the Seyfert
s HE 1143-1820 and NGC 4593 (Section 4 ). The REXCOR model
rovides a good fit to the soft excess in both AGNs with h f ≈ 0.5,
ndicating that a warm corona is an important contributor to the soft
xcess in both sources. The optical depth of the warm corona is much
igher ( τ ≈ 26) in the low Eddington ratio AGN NGC 4593 than
n more rapidly accreting HE 1143-1820 ( τ ≈ 11). Examining this
elationship, and searching for others, using a wide range of AGNs
ill lead to new insights into how the energy of the accretion flow is
istributed in AGNs. In contrast, it appears to be challenging to use
EXCOR grids to provide robust constraints on the black hole spin or

he height of the lamppost corona without additional information (e.g.
pectral-timing analysis from STROBE-X observations; Ray et al.
019 ). Ho we ver, the deri ved warm corona parameters of HE 1143-
820 and NGC 4593 are largely insensitive to changes in either h
r a . Thus, REXCOR may be confidently used to determine the warm
orona properties of AGNs that lack a black hole spin measurement
r an estimate of the coronal height. 
Compelling evidence now exists that the soft excess in AGNs

an be explained by the combination of relativistic reflection from
he accretion disc with Comptonization in a warm corona (e.g. Xu
t al. 2021b ). Systematic use of the REXCOR model will allow for a
omprehensive test of this idea. REXCOR is designed for use with any
road-band AGN X-ray spectrum with a good soft X-ray response,
ncluding future observations by XRISM (XRISM Science Team
020 ), Athena (Nandra et al. 2013 ), and, potentially, STROBE-X
Ray et al. 2019 ). We expect that the application of REXCOR to
oth archi v al and future data sets may finally lead to an impro v ed
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nderstanding of the soft excess puzzle in AGNs. Future planned 
eleases of REXCOR will include a wider range of black hole spins,
lus the ability to consider non-Solar abundances. 
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PPENDI X  A :  A D D I T I O NA L  EXAMPLES  F RO M  

H E  REXC O R G R I D S  

e present examples of the REXCOR model spectra from two of the
 = 0.90 grids. The lower black hole spin increases the radius of the
SCO and reduces the amount of relativistic blurring impacting the 
odel spectra. As a result, the largest impact on the REXCOR models

s on the spectra that emerge from the inner disc. Ho we ver, the inner
isc is highly ionized when λ = 0.1 (Fig. 2 ), so the largest impact
f the lower spin occurs in the λ = 0.01 REXCOR models (Fig. A1 .)
omparing the spectra shown in this figure to the corresponding 
nes in Fig. 5 shows that the lower spin reduces the blurring of the
eflection features. In addition, the lower spin somewhat reduces the 
uminosity of the lamppost (equation 3 ), which leads to a drop in
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M

Figure A1. As in Fig. 4 , but the spectra are taken from the grid with λ = 0.01 and a = 0.90. The top figure shows the results with h = 20 and the lower one 
plots models with h = 5. The smaller spin leads to less relativistic blurring when compared to the equivalent a = 0.99 spectra in Fig. 5 . 
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he ionization state of the disc. Therefore, the a = 0.9 spectra have
 larger contribution from neutral reflection in the final model. As
entioned in Section 3 , the drop in the the REXCOR amplitude due

o a lower a can be compensated, in part, by increasing f X . This
e generac y limits the ability to use REXCOR to constrain black hole
NRAS 515, 353–368 (2022) 
pin. The effects of the warm corona parameters (e.g. h f , τ ) are
naffected by the lower spin. 
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