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A B S T R A C T 

‘Bare’ active galactic nuclei (AGN) are a subclass of Type 1 AGN that show little or no intrinsic absorption. They offer an 

unobscured view of the central regions of the AGN and therefore serve as ideal targets to study the relativistic reflection features 
originating from the innermost regions of the accretion disc. We present a detailed broad-band spectral analysis (0.3–70 keV) of 
one of the most luminous bare AGN in the local Universe, RBS 1124 ( z = 0 . 208) using a new, co-ordinated high signal-to-noise 
observation obtained by XMM –Newton and NuSTAR . The source exhibits a power-law continuum with � ∼ 1.8 along with a soft 
excess below 2 keV, a weak neutral iron line and curvature at high energies ( ∼30 keV). The broad-band spectrum, including the 
soft excess and the high-energy continuum, is well fit by the relativistic reflection model when the accretion disc is allowed to 

have densities of log( n e /cm 

−3 ) � 19 . 2. Our analysis therefore suggests that when high-density effects are considered, relativistic 
reflection remains a viable explanation for the soft excess. 

Key words: black hole physics – galaxies: active – X-rays: individual: RBS 1124. 
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 I N T RO D U C T I O N  

he X-ray spectra of Type 1 AGN are known to exhibit a soft excess
elow 2 keV, a feature characterized by a smooth excess flux o v er
he primary continuum when extrapolated down to lower energies
Arnaud et al. 1985 ; Pounds, Done & Osborne 1995 ; Leighly 1999 ).
he origin of soft excess is still not clear and has been one of the long-
tanding mysteries in X-ray studies of AGN. It was initially believed
o be the high-energy tail of blackblody emission from the inner
isc (Arnaud et al. 1985 ; Magdziarz et al. 1998 ). Ho we ver, the disc
emperatures derived from the models (0.1–0.3 keV) were deemed
oo hot to be considered as thermal emission from the accretion disc
f an AGN (Porquet et al. 2004 ; Miniutti et al. 2009 ). In addition, the
 E-mail: athulyamp9425@gmail.com 

t  

r  

t

Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( http:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
oft excess ‘temperature’ remains constant across several orders of
agnitude of black hole mass and accretion rate (Crummy et al. 2006 ;
onti et al. 2006 ; Done et al. 2012 ). These findings essentially rule out

hermal emission from the disc as the primary origin. Alternatively,
t was later proposed that the soft excess could be produced by a
meared ionized relativistic absorption model, where the absorption
eatures (oxygen edges) due to ionized relativistic winds originating
n the inner parts of the accretion disc are broadened due to the
elativistic motions of the wind (Gierli ́nski & Done 2004 ; Middleton,
one & Gierli ́nski 2007 ). This generates a deficit at ∼1 keV, creating

he appearance of an excess at soft energies and spectral hardening
t higher energies. Ho we ver, simulations of such a wind model in
church & Done ( 2007 ) show sharp features in the spectra and

heir calculations reveal that the winds do not achieve high enough
elativistic speeds to produce absorption that is sufficiently smeared
o explain the soft excess. 
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Currently there are two pre v ailing theories that are commonly 
sed to describe the soft excess: the warm corona model (Magdziarz 
t al. 1998 ; Done et al. 2012 ; Petrucci et al. 2013 ) and the blurred
elativistic reflection model (Crummy et al. 2006 ; Zoghbi, Fabian & 

allo 2008 ; Walton et al. 2013 ). Each of these models adopt
ifferent physical mechanisms to explain the soft excess. The warm 

orona model postulates the soft excess to be the result of Compton
pscattering of disc photons from an additional corona, which is 
uch cooler ( kT e ∼ 0 . 1 keV) and has a much higher optical depth

 τ = 20 –40) compared to the ‘hot’ corona ( kT e > 50 keV, τ � 1)
hat generates the primary continuum. The blurred reflection model, 
n the other hand, implements the effects of special and general 
elativity (Fabian et al. 2000 ) on the forest of emission lines within the
eflection spectrum from an ionized disc at energies < 2 keV (Ross &
abian 2005 ; Garc ́ıa et al. 2013 ), originating close to the innermost
table circular orbit of the supermassive black hole (SMBH). The 
lurred emission lines blend together, thereby reproducing the soft 
xcess. The reflection origin scenario for the soft excess is further
upported by the detection of soft lags, where the soft photons lag
ehind the hard X-ray continuum, as a result of the delay due to
everberation from the accretion disc (Fabian et al. 2009 ; Zoghbi 
t al. 2012 ; Kara et al. 2016 ). 

At present, it remains unclear which model is the primary origin 
f the soft excess. Garc ́ıa et al. ( 2019 ) argued that the relatively
ool temperature of the warm corona should result in numerous 
bsorption features in the soft X-ray band, which do not seem to
e observed. Ho we ver, Petrucci et al. ( 2020 ) later argued that the
arm corona could remain completely ionized, thereby exhibiting 
o absorption/emission features in the soft energy band, if heating 
rom the hot corona, the disc below, and internal heating processes are
onsidered in their radiative transfer code, TITAN. While the debate 
etween the warm corona and relativistic reflection models persists, 
ome studies suggest that a combination of both models provides a 
ore accurate explanation of the soft excess feature (Porquet et al. 

018 , 2021 ; Xu et al. 2021 ; Xiang et al. 2022 ). 
In the context of a reflection scenario for the soft excess, it was

ecently shown that reflection from discs with densities higher than 
0 15 cm 

−3 can contribute towards the soft excess in a second manner
s well. Reflection models by Garc ́ıa et al. ( 2016 ) demonstrated
hat in a disc with higher density ( n e > 10 15 cm 

−3 ) there is a higher
robability for free–free absorption, resulting in a rise in the disc 
emperature. Moreo v er, due to the quadratic dependence of free–free 
eating on density, the free–free continuum emissivity is enhanced, 
eading to a consequent increase in the reflection continuum. With 
his increase in the reflection continuum, along with the temperature 
ise in the disc, gas on the surface of the disc radiates like a
lackbody, which can make a further contribution to the soft excess 
n the reflection interpretation (in addition to the blurred emission 
ines). Integrating variable disc densities with blurred relativistic 
eflection creates the high disc density relativistic reflection model, 
 promising tool for observing and understanding disc density. This 
igh-density reflection model has successfully explained the soft 
xcess component in several AGN without the requirement of any 
dditional Comptonizing component (Jiang et al. 2019 , 2022 ; Xu 
t al. 2021 ; Mallick et al. 2022 ; Yu et al. 2023 ). 

Ho we ver, most of these high-density reflection studies have 
ocused on the soft X-ray band (0 . 3 –10 keV). There have been only a
ew instances where the model was tested with broad-band data sets
f ‘bare’ AGN (which have little-to-no excess absorption above the 
alactic column, and thus provide the best view of the soft excess;
atzeu et al. 2020 ; Porquet et al. 2021 ; Xu et al. 2021 ; Chalise

t al. 2022 ). This limited testing has resulted in a significant ongoing
ebate as to whether the high-density relativistic reflection model can 
dequately fit the broad-band data for these sources. Some analyses 
ave suggested that, while the model can successfully fit data in
he soft band, in some cases it appears to struggle to fit the full
road-band spectrum. For example, Matzeu et al. ( 2020 ) reported
hat the high-density reflection model, though able to fit the soft X-
ay spectrum of Ton S180 with moderate density values (Jiang et al.
019 ), struggled to simultaneously explain both the soft excess and
eatures beyond 10 keV when NuSTAR data was included. Porquet 
t al. ( 2021 ) also report similar results when applying the model to
rk 110. In contrast, for some bare AGN the relativistic reflection
odel can successfully model the available broad-band data (e.g. 
arc ́ıa et al. 2019 ; Xu et al. 2021 ). Given these circumstances, it is

rucial to continue testing the high-density reflection model on broad- 
and observations to fully understand its potential. In this context, we
ecided to assess the high disc density relativistic reflection model 
sing the bare AGN RBS 1124. 
RBS 1124 ( z = 0 . 208), also known as RX J1231.6 + 7044, was

riginally detected as an X-ray source during the ROSAT All Sky
urvey (RASS) , and is one of the most luminous radio-quiet quasars
n the local Universe ( L 2 –10 keV = 6 × 10 44 ergs s −1 ; Miniutti et al.
010 ). It is categorized as a bare AGN with no/minimal intrinsic
bscuration (Walton et al. 2013 ), thereby offering an unobscured 
iew of the central regions of the AGN and an ideal opportunity
o study relativistic reflection features originating from the inner- 

ost regions of the accretion disc. RBS 1124 is spectroscopically 
lassified as a broad line quasi-stellar object (QSO) with an H β

ine width of (4 . 26 ± 1 . 25 ) × 10 3 km s −1 (full width at half maxi-
um; Thomas et al. 1998 ) and an optical luminosity at 5100 Å of
 5100 = 1 . 2 × 10 44 erg s −1 . Miniutti et al. ( 2010 ) estimate the mass
f the black hole to be around 1 . 8 × 10 8 M � using the mass scaling
elationship between H β line width and L 5100 continuum luminosity 
Vestergaard & Peterson 2006 ). 

Previous analysis of the Suzaku observation of RBS 1124 showed 
hat the source had a moderately hard power-law continuum with 
hoton index ( �) of 1 . 94 ± 0 . 02 , a soft excess, a broad Fe-K α fluores-
ence line in the 0 . 5 –10 keV band (Krumpe et al. 2010 ; Miniutti et al.
010 ), a Compton hump peaking between 15 –25 keV in the hard X-
ay band (Walton et al. 2013 ; Waddell & Gallo 2020 ), and radiatively
fficient accretion with L Bol /L Edd � 0 . 15. Although Suzaku offered
 broad-band view of the source, Suzaku /PIN is a non-imaging high-
nergy detector (10–70 keV) which is dominated by background, 
ence providing a low signal-to-noise (S/N) ratio. Observations with 
igh S/N broad-band co v erage, combining NuSTAR and XMM –
ewton for example, are vital for determining the presence of 

elativistic reflection from the disc, and for placing the most robust
onstraints on its properties (Risaliti et al. 2013 ; Brenneman et al.
014 ; Walton et al. 2014 ; Kara et al. 2015 ; Marinucci et al. 2016 ;
uisson et al. 2018 ). In this paper, we present a detailed broad-
and spectral analysis (0.3–70 keV) of RBS 1124 using a new, co-
rdinated high S/N observation obtained with XMM –Newton and 
uSTAR . 
In the following sections, we introduce the observations used 

or our analysis (Section 2 ). The data analysis procedures and
he modelling techniques are described in Section 3 . In Section 4
nd 5 , we present the results from our analysis and discuss their
mplications, respectively. 

 OBSERVATI ONS  A N D  DATA  R E D U C T I O N  

e use three new, co-ordinated high S/N observations obtained 
rom XMM –Newton and NuSTAR taken during 2021. The log of
MNRAS 534, 608–620 (2024) 
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Table 1. Summary of the observations of RBS 1124. 

Obs. Mission Instrument Observation Start Date Exposure time (s) 

1 NuSTAR FPMA & FPMB 60 701 055 002 14/12/2021 135952 
2 XMM –Newton PN, MOS & RGS 0 891 804 001 14/12/2021 30312 
3 XMM –Newton PN, MOS & RGS 0 891 804 201 20/12/2021 32117 

Figure 1. NuSTAR (FPMA + FPMB) full band light curve for Obs. 1 with an 
exposure of 135 ks is plotted in blue. XMM –Newton (EPIC-PN) light curves 
for Obs. 2 and 3, in the full energy band, each having an exposure of ∼30 ks, 
are plotted in black and orange colours, respectively. All the light curves are 
binned to 1000 s. 
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he observations are given in Table 1 . During this period the source
id not show any specific variability (see Fig. 1 ) and so we focus our
nalysis on modelling the time-averaged spectrum obtained from
hese observations. We carried out a standard data reduction of the
hree observations and we analyse the data using two of the leading
elativistic reflection models, which will be described in Sections 3.2
nd 3.3 . 

.1 XMM –Newton 

e used observations from the European Photon Imaging Camera
EPIC) and the Reflection Grating Spectrometer (RGS) instruments
nboard XMM –Newton . EPIC includes three X-ray CCD cam-
ras co v ering the 0.3–10 k eV bandpass: tw o Metal Oxide Semi-
onductors (MOS1 and MOS2; Turner et al. 2001 ) and a p-n CCD
PN; Str ̈uder et al. 2001 ). The two RGS detectors (RGS 1 & 2) provide
ispersive high-resolution spectroscopy over the 0.35–2 keV energy
ange (den Herder et al. 2001 ). 

The Observation Data Format files for both the XMM –Newton
bservations were retrieved from the XMM –Newton Science Archive
XSA) and reduced using the standard software package, the Science
nalysis System (SAS), SASVERSION 20.0.0, maintained by the
cience Operations Centre. All EPIC detectors were operated

n Small Window mode for both observations. We then ran the
eduction meta-tasks EMPROC and EPPROC to obtain the calibrated
nd integrated event lists for the MOS and PN detectors, respectively.
he XMMSELECT task was invoked to generate the science products

rom these cleaned ev ent lists. F or the PN observations, a source
egion of 30 ′′ and a background region of 60 ′′ were chosen. For MOS
bservations, a source region of 40 ′′ and a background region of 160 ′′ 

ere chosen. The standard additional filters were used during event
election: we only select events with PATTERN ≤4 (single-double
vents) and PATTERN ≤12 (single-quadruple events) for the PN
nd MOS detectors, respectively, and ran our extraction with FLAG
= 0 to e xclude ev ents close to CCD gaps and/or bad pixels. We

sed the EPATPLOT task to check whether there is any pile-up in
NRAS 534, 608–620 (2024) 
he data, and this was found to be negligible. The response files for
oth PN and MOS detectors were generated using the RMFGEN and
RFGEN tasks. We thus obtained three sets of spectral files (from

he PN, MOS1, and MOS2 detectors) for each observation. We also
hecked the spectra to see if the source e xhibited an y significant
ariability between the two observations. The o v erall shape of the
pectra were similar without any significant variability. We therefore
ombined the PN spectra and the spectra from the MOS detectors
MOS1 and 2) for both epochs using the ADDASCASPEC task, resulting
n a single set of spectral files for the PN detector, and a single set
f spectral files for the combined MOS detectors. The final PN and
OS spectra were rebinned to have a minimum S/N of 10 per energy

in. 
The RGS data were reduced using standard procedures, with

oth spectrometers operating in the ‘Spectroscopy’ mode for both
bserv ations. Clean e v ent lists, light curv es, spectra, and response
les were generated using the RGSPROC task. Standard source and
ackground extraction regions were used. The spectra from RGS 1
nd 2 of both Obs 2 and 3 were merged into a single spectrum using
he RGSCOMBINE task, after ensuring consistency in overall spectral
hape across all four RGS data sets. To maintain maximum spectral
esolution, the RGS data was binned to a minimum of 1 count per
in. 

.2 NuSTAR 

uSTAR (Harrison et al. 2013 ) carries two identical, co-aligned
-ray telescopes that are sensitive over the 3–78 keV band (focal
lane modules A and B; FPMA and FPMB). The data for both
PMA and FPMB were reduced with the NuSTAR Data Analysis
oftware (NUSTARDAS) V 2.0.0, and NuSTAR calibration data base
20221115. The unfiltered event files were initially cleaned with
UPIPELINE . We used the standard depth correction to reduce the

nternal high-energy background, and passages through the South
tlantic Anomaly were remo v ed using the following settings: SAA-
ALC = 3 , SAA = OPTIMIZED , and TENTACLE = YES . Source light
urves, spectra and their associated instrumental responses were
hen extracted from these cleaned event lists using NUPRODUCTS

nd a circular aperture of radius 70 ′′ . The background contribution
as estimated from a larger region of blank sky on the same chip

s RBS 1124. In order to maximize the S/N, we extracted both
he standard ‘science’ data (mode 1) and the ‘spacecraft science’
ata (mode 6), following the procedure outlined by Walton et al.
 2016 ) in the latter case; the mode 6 data provide 19 per cent of
he total good exposure for this observation. After performing the
pectral extraction for FPMA and FPMB separately, these data were
ombined into a single NuSTAR spectrum using ADDASCASPEC , and
he data were rebinned to have a minimum S/N of 5 per energy bin.
he source is detected o v er the 3–70 keV energy range. Considering

ts redshift, it is worth noting that this NuSTAR detection extends to
n intrinsic spectral energy of up to 85 keV, indicating a significant
etection. 
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Figure 2. Left : the broad-band spectrum of RBS 1124 unfolded through a simple power law model. The data plotted in black, orange, and blue shows the PN, 
MOS, and NuSTAR data, respectively. Right : residuals obtained when plotting the data with respect to an absorbed power law. The data is fitted o v er the energy 
ranges 2–4, 7–10, and 30–70 keV and then extrapolated for the broad-band energies. The key signatures include the weak neutral iron line, soft excess and 
curvature at higher energies associated with a high energy cutoff. 
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1 The power law now accounts for the soft excess over the RGS bandpass, 
resulting in a steeper � value than the one obtained in the broad-band analysis 
later on (see Section 4 ). For completeness, we also tried fixing � to the 
value implied by the broad-band analysis ( � = 1 . 8) and reintroducing the 
blackbody component for the soft excess. This did not change any of the 
conclusions regarding the presence of the absorption obtained with the simpler 
power law continuum. 
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 SP ECTR A L  A NALYSIS  

n this section, we analyse the time-averaged spectrum in the 
road-band energy range (0.3–70 keV) and describe the model-setup 
rocedure for fitting the spectrum. XSPEC V 12.12.1 (Arnaud 1996 ) is
sed to analyse our data and the errors we quote are the 90 per cent
onfidence interval for a single parameter of interest. Throughout 
his work, we use the tbabs neutral absorption code (Wilms, Allen &

cCray 2000 ) to model neutral hydrogen absorption within our 
alaxy along the line of sight. The equi v alent neutral hydrogen

olumn density value ( N H ) is fixed to 1.5 × 10 20 cm 

−2 based
n Winkel et al. ( 2016 ). We also include a constant component
o account for the cross-normalization factors between the three 
etectors (PN, MOS, and NuSTAR ) for the joint fit. 
The unfolded XMM –Newton + NuSTAR spectrum of RBS 1124, 

bserved during December 2021, is shown in the left panel of Fig.
 . To start, we employed a simple power law model modified by
alactic absorption which we fit to the energy ranges of 2–4, 7–10,

nd 30–70 keV to emphasize the spectral features abo v e the power-
aw continuuum; these are the energy ranges in which the primary 
GN continuum is expected to be the dominant emission component. 
e then extrapolate this fit to the full bandpass considered here (0.3–

0 keV). The resulting data/model ratio is shown in the right panel of
ig. 2 . The source spectrum is characterized by a primary continuum
f � = 1 . 72. The source shows a soft excess below 1.5 keV with
eference to the power law . We also detect a faint excess emission
t ∼5 . 4 keV (observed frame), which is associated with the neutral
ron line after accounting for the cosmological redshift of RBS 1124. 
long with these features, we also observe curvature at high energies, 
hich may indicate that we see the high-energy cutoff related to the

lectron temperature of the corona. Based on the residuals, we next 
nvestigate the presence of iron emission and update the broad-band 
-ray spectral model. 

.1 RGS spectral analysis 

efore proceeding with the broad-band analysis of the source, we 
rst present a brief analysis of the RGS data to confirm the ‘bare’
ature of RBS 1124. The soft excess component is dominant across
he energy range co v ered by RGS (0 . 35 –2 keV), as seen in the right
anel of Fig. 2 . The merged RGS spectrum was initially modelled
sing the phenomenological baseline model, combining power law 
nd blackbody components to address the primary continuum and the 
oft e xcess, respectiv ely. Howev er, the blac kbody contrib ution was
nconstrained, and the continuum was well described by the power 
aw alone, with no impro v ement from the blackbody inclusion. We
herefore use the simpler power law continuum modified by Galactic 
bsorption. 

Due to the low count rates per channel in the RGS data, we
se the Cash statistic (Cash 1979 ) for spectral fitting. This model
roduced a good fit, with a C-statistic of 2834.5 for 2813 degrees
f freedom (d.o.f) and a � of 2.00 ± 0.05. 1 There were no obvious
ind signatures in the RGS spectrum. Ho we ver, slight residuals at
0 . 6 keV were observed (as shown in Fig. 3 ). To investiagte these

esiduals, we added the multiplicative XSTAR table model to the 
ower law model. This addition resulted in a marginal impro v ement
ith a � C-statistic of −12 for 3 d.o.f. 
The best-fitting model parameters correspond to a moderately- 

onized, low column density, ultrafast outflowing wind, with log 
 ξ erg cm s −1 ) = 1 . 6 ± 0 . 2, N H = 3 . 7 + 3 . 0 

−2 . 4 × 10 20 cm 

−2 , and ν =
 . 09 ± 0 . 01 c, respecti vely. Ho we ver, this marginal improvement in
he fit statistics is not significant. Moreo v er, the combination of such
 fast outflow velocity with a low-ionization parameter is unusual, 
nd not typical of most of the ‘ultrafast’ outflows claimed in literature
Tombesi et al. 2010 ; Gofford et al. 2013 ; Reeves et al. 2018 ).
herefore, we also performed fits with the outflow velocity set to zero
nd the ionization parameter capped at an upper limit of 3 to closely
imic a typical warm absorber (McKernan, Yaqoob & Reynolds 

007 ; Laha et al. 2014 ; Gallo, Miller & Costantini 2023 ). We found
hat including an ionized absorber with lo w outflo w velocity did not
mpro v e the fit at all. The upper limit on the column density was
onstrained to N H < 6 × 10 21 cm 

−2 , placing RBS 1124 at the lower
nd of the N H distribution seen in warm absorbers from other systems
Laha et al. 2014 ; Yamada et al. 2024 ), thereby affirming the ‘bare’
ature of RBS 1124. 
MNRAS 534, 608–620 (2024) 
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M

Figure 3. The spectral fit of RGS data using a simple power law modified by 
Galactic absorption is shown in the upper panel. The black points represent the 
data, and the red solid line represents the model. The bottom panel illustrates 
the residuals against the absorbed power law model. The RGS spectrum has 
been rebinned for plotting purposes. 
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No significant emission lines were detected in the RGS spectrum,
ncluding the O VII triplet recently reported in similar bare AGN
Reeves et al. 2016 ; Porquet et al. 2024 ). Assuming a line width ( σ )
f 3.5 eV 

2 , the most conserv ati ve upper limit on the equi v alent width
EW) of the O VII triplet emission was constrained to EW < 3 . 8 eV
or a forbidden transition at a rest-frame energy of 561 eV. This limit
s comparable to the constraints reported by Reeves et al. ( 2016 )
nd Porquet et al. ( 2024 ) for the O VII intercombination and resonant
ines, respectively, with EWs < 3 . 3 eV and < 3 . 1 eV. This suggests
hat while features of similar strength could be consistent with our
ata, we do not detect them in RBS 1124. 

.2 Iron emission 

he data show an emission line at ∼6 . 4 keV in the rest frame of RBS
124 (see Fig. 2 ). This feature is naturally interpreted as fluorescent
mission from iron (George & Fabian 1991 ; Nandra et al. 2007 ).
ince the line is weak, we initially model it using a basic redshifted
aussian model, zgauss . We tried fitting the data in the 2–10 keV

nergy band using the model tbabs ×(zgauss + power law) , leaving
he width of the emission line free to vary. We could only find an
pper limit for the line width, σ < 0.3 keV. We therefore fixed the
ine width to σ = 1 eV, i.e. below our spectral resolution, assuming
 narrow core iron line. This model combination gave a good fit with
 χ2 of 981 for 996 d.o.f. and a line EW of 42 ± 17 eV. This EW
nd L 2 –10 keV = 6 × 10 44 erg s −1 (Miniutti et al. 2010 ) agree with the
W-luminosity trend seen for AGN narrow iron emission lines due

o the X-ray Baldwin effect (a known anticorrelation between the
W of the narrow emission line from neutral iron and 2–10 keV
-ray luminosity of AGN, also known as the Iw asaw a–Taniguchi

ffect; Iw asaw a & Taniguchi 1993 ; Bianchi et al. 2007 ). We also
NRAS 534, 608–620 (2024) 

 The line width is fixed at σ = 3 . 5 eV based on the broad lines observed in 
his source (FWHM (H β) ∼ 4250 km s −1 ; Grupe et al. 2004 ), which is also 
onsistent with the widths of the lines from the O VII triplet in Reeves et al. 
 2016 ) and Porquet et al. ( 2024 ). 

e
4

m
5

v
m

ried adding a second, broad Gaussian line with a fixed line width in
he source frame of 1 keV in order to test for the presence of a broad
omponent. The inclusion of this broad Gaussian did not impro v e
he fit. The upper limit for the EW of the broad line is estimated
o be � 75 eV, which is significantly lower than the typical EWs of
he broad iron line exhibited by unobscured AGN (EW ∼ 200 eV;
eeves 2003 ; Guainazzi, Bianchi & Dov ̌ciak 2006 ). 

.3 Broad-band analysis 

fter focusing on the iron band specifically, we now explore whether
he high-density relativistic reflection model offers a viable interpre-
ation of the soft excess in RBS 1124. We use the Comptonization
odel nthcomp (Zdziarski, Johnson & Magdziarz 1996 ; Życki,
one & Smith 1999 ) for the primary continuum of the source.
he effects of cosmological redshift are convolved with the primary
ontinuum using the zashift model. The weak neutral iron line, which
s likely a result of distant reflection from the torus, is fitted using
he table model borus 3 (Balokovi ́c, Garc ́ıa & Cabral 2019 ). The
orus model assumes the reprocessing medium to have a spherical
eometry with conical cutouts at the poles. Considering the bare
ature of RBS 1124, we set up the borus component in a way
hat its co v ering f actor, cos( θtor ) is al w ays less than the inclination
ngle, cos( θinc ). This ensures that the distant reflection is computed
ssuming that we do not look through the torus itself, but rather it
s out of our line of sight. The photon index ( �) and the electron
emperature ( kT e ) values are linked between the nthcomp and the
orus model components. 
We try to model the disc reflection using two currently prominent

eflection models: xillverCp (Garc ́ıa & Kallman 2010 ; Garc ́ıa et al.
013 ) and reflionx 4 (Ross & Fabian 2005 ). xillverCp is an extension
f xillver – an ionized reflection table model (Garc ́ıa & Kallman
010 ) and is included in the RELXILL family of models (Garc ́ıa
t al. 2014 ). reflionx is an ionized reflection table model developed
y Ross & Fabian ( 2005 ). The latest versions of both models use
thcomp as the incident primary continuum and allow the disc density
o vary within the range 10 15 –10 20 cm 

−3 . While using either model,
he key parameters describing the ionizing continuum, i.e. � and
T e , are tied to the rele v ant parameters in the nthcomp component.
he other key reflection parameters, such as the iron abundance
 A Fe ) 5 , ionization parameter ( ξ ) and density ( n e ) of the disc are
eft free to vary. In order to apply the relativistic effects to the
on-relativistic reflection spectrum, we use the convolution model
elconv (Dauser et al. 2010 , 2013 ). The relconv model assumes
he emissivity profile of the accretion disc to have a broken power
aw in the form: ε( r) ∝ r −q in for r in ≤ r ≤ r br and ε( r) ∝ r −q out for
 br ≤ r ≤ r out , where q in and q out denote the inner emissivity index
nd outer emissivity inde x, respectiv ely. r in , r out , and r br are the inner
adius, outer radius and the break radius of the accretion disc. We
llow r br , q in , the spin parameter ( a ∗) and the inclination angle ( i ) to
ary, while we assume that for r > r br the emissivity can be well
pproximated by the Newtonian limit, and thus adopt a fixed value
f q out = 3 for the outer emissivity index (Reynolds & Begelman
We use the borus12 v190815a.fits file available at https://sites.astro.caltech. 
du/ ∼mislavb/ download/ 
 We use the reflionx HD nthcomp v2.fits file available at https://www. 
ichaelparker.space/reflionx-models . 
 We assume ( A Fe ) borus = 0 . 7 × ( A Fe ) xillver/ reflionx , to account for the varying 
alues assumed for the solar abundance of iron in borus and xillver/reflionx 
odel components. 

https://sites.astro.caltech.edu/~mislavb/download/
https://www.michaelparker.space/reflionx-models
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Figure 4. The relative contributions from various model components from Model 1 (left) and Model 2 (right). Red dash-dotted lines denotes the Comptonized 
continuum, green dotted lines denote the distant reflection, and blue dashed lines denote the relativistic reflection. 

Table 2. Best-fitting parameters obtained from the broad-band analysis of 
XMM –Newton + NuSTAR data of RBS 1124 using Models 1 and 2. All errors 
are quoted at 90 per cent confidence level. 

Model Parameters 1 2 

nthComp � 1 . 76 + 0 . 03 
−0 . 02 1 . 80 + 0 . 02 

−0 . 01 

kT e (keV) > 41 > 34 

Norm ( ×10 −3 ) 1 . 40 + 0 . 30 
−0 . 10 1 . 75 + 0 . 18 

−0 . 01 

borus log ( N H cm 

−2 ) 23 . 19 + 0 . 29 
−0 . 16 23 . 12 + 0 . 24 

−0 . 14 

C factor 0 . 92 −0 . 29 0 . 93 −0 . 28 

relconv q in 5 . 01 + 2 . 49 
−0 . 16 > 3 . 94 

R br ( R ISCO ) > 4 . 85 > 3 . 01 
a ∗ > 0 . 865 > 0 . 236 

i ( deg ) < 42 . 84 < 39 . 41 

xillverCp log ( ξ erg cm s −1 ) 3 . 11 + 0 . 06 
−0 . 13 –

log ( n e /cm 

−3 ) > 19 . 85 –

A Fe (solar) 0 . 93 + 0 . 39 
−0 . 20 –

Norm ( ×10 −5 ) 1 . 17 + 0 . 42 
−0 . 40 –

reflionx log ( ξ erg cm s −1 ) – 2 . 85 + 0 . 13 
−0 . 16 

log ( n e /cm 

−3 ) – 19 . 48 + 0 . 28 
−0 . 31 

A Fe (solar) – 0 . 62 + 0 . 12 
−0 . 11 

Norm ( ×10 −2 ) – 1 . 78 + 0 . 02 
−0 . 70 

Reflection fraction (R) 0 . 44 + 0 . 33 
−0 . 21 0 . 17 + 0 . 20 

−0 . 12 

χ2 /d.o.f. 1913.9/1894 1909.7/1894 
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Figure 5. Data-to-model ratio for the best fit obtained from Model 1 (top) 
and Model 2 (bottom). Note that the colours have the same meanings as in 
Fig. 2 . 
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997 ; Fabian et al. 2012b ). We therefore have two resultant models
o describe the relativistic reflection component within the broad- 
and spectrum: relconv ⊗xillverCp (hereafter referred to as Model 
) and r elconv ⊗r eflionx (Model 2). It is worth noting that Model 1
an essentially be replaced by relxillCp , which is also a part of the
road RELXILL model ensemble (Garc ́ıa et al. 2013 ). Ho we ver,
uch a substitution cannot be extended to reflionx . To maintain 
onsistency between the two models considered here, we opt to use 
 elconv ⊗xillverCp/r eflionx . 

Model 1, along with the tbabs , nthcomp , and borus components
iscussed abo v e, giv es an e xcellent fit with χ2 / d . o . f. of 1913.9/1894.
he relative contributions from the different model components for 

he best-fitting parameter combination in Model 1 are shown in the 
eft panel of Fig. 4 and the best-fitting parameter constraints are 
iven in Table 2 . The model fits all the features in the broad-band
nergy range relatively well. However the data at higher energies 
lightly deviate from the fit. The data-to-model ratio plot for Model
 is shown in panel M1 of Fig. 5 . Model 2 gives a slightly improved
t with a �χ2 of −3 and also fits the data at higher energies (see
anel M2 in Fig. 5 ). The relative contributions for the best-fitting
arameters in Model 2 and these parameter constraints are again 
resented in Fig. 4 and Table 2 , respectively. The results obtained
rom each fit are discussed in Section 4 . 

Along with parameters directly included in the models used here, 
e also compute the reflection fraction ( R = �/ 2 π ) for both our
odel fits following the methodology described in Walton et al. 

 2013 ). The reflection fraction provides insights into the geometry of
he disc–corona system. Reflection fraction ( R) conventionally refers 
o the ratio of the reflected flux ( F Ref ) to the Comptonized flux ( F Com 

).
or a semi-infinite slab in an ideal non-relativistic scenario, the 
ccretion disc co v ers a solid angle ( �) of 2 π steradians as seen from
he corona, which is traditionally defined as a reflection fraction of 1.
o estimate the reflection fractions implied by our fits, we calculate 

he flux ratios between the reflection and the primary continuum in the 
MNRAS 534, 608–620 (2024) 
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Figure 6. Variation of fit-statistic by stepping the spin parameter a ∗ away 
from the best fit for both Model 1 (red) and Model 2 (black). The dotted 
lines signify the 90 per cent, 95 per cent, and 99 per cent confidence intervals, 
respectively. 
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5–50 keV band (as this energy band is dominated by the Compton
cattering processes and is not strongly influenced by the ionization
tate of the disc) prior to the application of any relativistic blurring,
nd then compare this to the equi v alent flux ratio predicted by the
illverCp model for R = 1 for the same set of key spectral parameters
 �, i, ξ and A Fe ). These values are also reported in Table 2 . Note
hat even though they are based on a flux ratio, since they are scaled
o the R = 1 case from xillverCp they should be broadly analogous
o the definition of the reflection fraction discussed in Dauser et al.
 2016 ), as opposed to the reflection ‘strength’ also discussed in that
ork (which is a flux ratio), even if our definitions are not exactly

he same. 
We also perform Markov chain Monte Carlo (MCMC) analysis to

xplore the parameter space to get robust constraints on parameters.
he CHAIN command within XSPEC was invoked to do the MCMC
nalysis. We use the Goodman–Weare (GW) algorithm with 60
 alk ers and a chain length of 30 000 for each w alk er and a burn

ength of 5000, thus giving a total chain length of 1500 000. Errors
or the parameters quoted in Table 2 are estimated based on these
hain values. The integrated posterior distribution for each parameter
s as shown in Figs A1 and A2 (in Appendix A ) for Models 1 and
, respectively. Error estimates for several parameters are consistent
cross both the models. 

 RESU LTS  

odels 1 and 2 produce equally good fits with χ2 /d.o.f. ∼ 1 . 01 and
he parameters obtained from both the models are broadly consistent
see Table 2 ). � values of 1 . 76 + 0 . 03 

−0 . 02 and 1 . 80 + 0 . 02 
−0 . 01 , obtained from

odels 1 and 2 respectively, are in fair agreement with the � value
btained by previous works ( � ∼ 1 . 85; Miniutti et al. 2010 ; Walton
t al. 2013 ). Both models predict a high-density disc for RBS 1124
ith log( n e /cm 

−3 ) > 19 . 2. While Model 1 could only achieve a
ower limit to the density value, Model 2 provides two-sided limits
n the density with log( n e /cm 

−3 ) = 19 . 48 + 0 . 28 
−0 . 31 . We observe that, for

 given density value, the reflionx model generates higher flux for
he reflected continuum at energies below 1 keV compared to the
illverCp model, which allows it to effectively account for the soft
xcess at slightly lower densities within the range covered by these
odels. Consequently, its lower best-fitting density allows reflionx

o provide two-sided constraints, while its higher best-fitting density
eans the xillverCp confidence limits run up against the current

pper limit of the model. 
Model 1 prefers a highly spinning black hole ( a ∗ > 0 . 865),

hereas Model 2 presents notably weaker constraints on the spin
 a ∗ > 0 . 236). Variation in χ2 as a function of a ∗, obtained by
tepping a ∗ using the STEPPAR command in XSPEC , for Models 1 and
 are presented in the Fig. 6 . This is related to the same issue as
ighlighted abo v e; the stronger reflection continuum at low energies
n reflionx means this model does not need to rely so heavily on the
ine emission to reproduce the o v erall soft X-ray flux. In contrast,
illverCp shows a stronger need for extreme line broadening in order
o produce a smooth soft excess, as the lines make a larger relative
ontribution to the soft excess. The different relativ e lev els of the
eflection continuum at low energies in the two models relates to
ifferences in the fine details of the calculations performed, e.g.
he atomic physics included, the treatment of scattering, and the
reatment of resonant emission lines. These factors dictate the level
f photoionized absorption, the strength of key emission lines and the
nergy at which the low-energy continuum from free–free emission
eaks, all of which can impact the flux of the reflection model at the
owest energies in the observed bandpass in particular. 
NRAS 534, 608–620 (2024) 
Model 1 yields an iron abundance ( A Fe ) in the range 0.7–1.2,
onsistent with the solar value, while Model 2 shows an abundance
alue < 0 . 7. Both are lower than the constraint obtained previously
 A Fe = 2 . 7 + 1 . 8 

−0 . 9 ; Walton et al. 2013 ). This difference may be attributed
o the implementation of a variable-disc density model in this work.
ccording to discussions in Tomsick et al. ( 2018 ) and Jiang et al.

 2019 ), the high-density disc model leads to an increase in the
ontinuum within the reflection component around the iron line, thus
i ving lo wer iron abundances when compared to the results obtained
tting older models in which the density was fixed to 10 15 cm 

−3 .
he emissivity index could not be well constrained in our analysis.
 lower limit of 3.94 was obtained from Model 2. The break radius

s also poorly constrained, with R br > 3 . 01 R ISCO . High ionization
alues were obtained from our fit, while the previous analyses of the
ource find lower values for ionization ( ξ ≤ 100 erg cm s −1 ; Miniutti
t al. 2010 ; Walton et al. 2013 ; Tripathi et al. 2019 ). Our reflection
odelling implies that the source is viewed at a low inclination

 i < 43 ◦), which is in line with broad expectations for the unified
odel given the bare nature of RBS 1124. 

 DI SCUSSI ON  

e present a broad-band (0.3–70 keV) spectral analysis of the broad
ine Sy 1 AGN RBS 1124, using a new co-ordinated XMM –Newton
nd NuSTAR observation. The spectrum exhibits features typically
bserved in ‘bare’ AGN: a soft excess and weak distant reflection
long with the primary X-ray continuum. Our work focuses on
nvestigating the relativistic reflection model for the soft excess seen
n this source, given the ongoing debate in the literature regarding its
bility to explain the broad-band data sets available for bare AGN
Garc ́ıa et al. 2019 ; Matzeu et al. 2020 ; Porquet et al. 2021 ; Xu
t al. 2021 ). We emphasize that the warm corona model remains
 well-established alternative for the soft excess. Ho we ver, there
s not a corresponding debate, as this model is invariably capable
f reproducing the broad-band spectrum for bare AGN, since the
oft and hard X-ray components are essentially de-coupled from
 fitting perspective. In this context, we concentrate on testing
he compatibility of the high-density reflection model with the
road-band data for RBS 1124, focusing on whether this model
an reproduce the full spectral range. This study marks the first
pplication of variable-density relativistic reflection models to RBS
124, and we test both of the reflection models commonly used
n the recent literature ( xillver and reflionx ). As discussed in more
etail below, we find that high-density relativistic reflection model
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an indeed reproduce the broad-band spectrum seen from this bare 
GN. 
Previous studies of this source used fixed density relativistic reflec- 

ion models ( n e = 10 15 cm 

−3 ) to describe the broad-band spectrum
Miniutti et al. 2009 ; Walton et al. 2013 ; Tripathi et al. 2019 ). These
odels solely relied on the relativistic blurring of emission lines 

o explain the soft excess, resulting in tighter constraints on earlier 
pin measurements. Our analysis yields spin constraints that, while 
ormally weaker than these previous relativistic blurring studies, are 
ikely more realistic owing to the higher S/N data o v er a broader
andpass and the inclusion of disc density as a free parameter in our
odels. Similarly, prior studies inferred varying reflection fractions 

sing low S/N Suzaku PIN data: Walton et al. ( 2013 ) inferred a large
eflection fraction for RBS 1124 ( R ∼ 3), while Miniutti et al. ( 2009 )
ound a much lo wer v alue ( R � 0 . 4) from the same data. Our results
ith the much better NuSTAR high-energy data suggest the latter 

nterpretation is more reliable. 

.1 General properties of the primary continuum 

he corona around an SMBH is characterized by tw o k ey pa-
ameters: photon index ( �) and high-energy cut-off ( E cut ). E cut 

s directly associated with the plasma temperature ( kT e ) by the
elation E cut = (2 − 3) kT e (Petrucci et al. 2001 ). The parameters
 and kT e are directly estimated from the spectral fitting through the
omptonizing model component. Our best-fitting model indicates 
 � = 1 . 80 ± 0 . 01 for the primary continuum of RBS 1124, which
grees well with the typical value of 1 . 80 ± 0 . 02 seen in unobscured
GN (Ricci et al. 2017 ; see also Nandra & Pounds 1994 ). We
btain a lower limit on kT e ( > 34 keV) from our best fit. Note
hat although � had been e xtensiv ely monitored previously for this
ource (see Section 4 ), kT e could not be previously constrained due to
imitations on co v erage and data quality in the high-energy band-pass
rior to NuSTAR . The relation between E cut for the Comptonizing 
lasma and Eddington ratio ( λEdd ) was investigated by Ricci et al.
 2018 ) by studying a sample of 317 unobscured AGN. Their results
how a median value of E cut = 160 ± 41 keV for the sample for
ources with λEdd > 0 . 1. For a bolometric luminosity ( L Bol ) of
 . 4 × 10 45 erg s −1 (Grupe et al. 2004 ) and an Eddington luminosity
 L Edd ) of 2 . 3 × 10 46 erg s −1 given the mass 1 . 8 × 10 8 M � (Miniutti
t al. 2010 ), RBS 1124 is inferred to be accreting with λEdd of 0.145.
ur E cut and λEdd values are consistent with Ricci et al. ( 2018 ).
hese results indicate that RBS 1124 shows the typical plasma 
haracteristics exhibited by unobscured AGN. 

.2 Soft excess and the high disc density of RBS 1124 

he soft excess has consistently appeared as a prominent charac- 
eristic in the X-ray spectra of unobscured Sy1 AGN accreting 
ith λEdd ≥ 0 . 01, yet its true origin remains unclear. Currently, 

wo leading models, namely the the warm corona model and the 
elativistic reflection model, try to explain the origin of the soft
xcess. Both models adopt distinct physical assumptions about the 
rigin of this emission, with diverse insights into the properties of
he inner accretion flow. The warm corona model invokes a radially 
tratified accretion flow, and thus potentially provides insight into 
ow this stratification occurs (Petrucci et al. 2013 ; Kubota & Done
018 ). In contrast, the relativistic reflection interpretation invokes 
eprocessing of the hard X-ray radiation by the innermost accretion 
ow, and potentially provides insight into the ionization state and 
omposition of the accretion flow as well as the geometry of the
lluminating X-ray source. The high-density models are a recent 
volution of this latter interpretation (Garc ́ıa et al. 2013 ; Walton
t al. 2013 ; Mallick et al. 2022 ). 

Reflection from the inner disc also gives information about the 
pin of the black hole, by assessing the extent of the relativistic
ffects that broaden the observed reflection spectrum (Iw asaw a et al.
996 ; Crummy et al. 2006 ; Walton et al. 2013 ; Reynolds 2021 ). The
pin measurements of SMBHs serve as important tracers of their 
rowth history, as their formation and evolutionary trajectories are 
eflected on the mass and spin of the SMBHs (Piotrowska et al.
024 ). For instance, SMBHs formed via steady radiati vely-ef ficient 
ccretion are expected to exhibit rapid rotation. On the other hand,
MBHs formed via mergers are expected to exhibit moderate spin 
alues, as the merger events typically reduce spin of the black
ole (Hughes & Blandford 2003 ; Volonteri et al. 2005 ; Pacucci &
oeb 2020 ). Therefore, a comprehensive mass-spin distribution of 
MBHs would help distinguish the different evolutionary paths they 
av e followed. Moreo v er, spin of the black hole may influence
ts efficiency in generating powerful relativistic jets (Blandford & 

najek 1977 ) making robust spin measurements all the more crucial.
tudying the relativistic reflection from the innermost accretion disc 

s the leading method for measuring black hole spin in active galaxies,
nd so it is critical to assess the degree to which the soft excess is
elated to this emission. 

A key part of determining the origin of the soft excess is testing
hese models against the best data available. For the reflection model,
his requires broad-band spectroscopy as soft excess is assumed to be
art of the broader reflection spectrum, which has key features in the
ron band and in the hard X-ray band. We focus on testing this model
sing our new broad-band data set on the bare AGN RBS 1124 along
ith the very latest variable-density reflection models. It is worth 
oting again that there are still only limited instances where high
/N broad-band spectra are available for the bare AGN that are

deally suited to such observational tests, and that there are various
onflicting claims in the literature about whether the reflection model 
rovides acceptable fits to the data in these cases (Porquet et al. 2018 ;
arc ́ıa et al. 2019 ). We find that the reflection model does indeed fit

he broad-band data well for RBS 1124, and seems to give broadly
ensible results in terms of the primary continuum properties (see 
ection 3.3 ) and the inferred inclination of i < 43 ◦ is as expected
or a bare AGN based on the unified model (Antonucci 1993 ), both
f which are useful sanity checks. 
Another key characteristic of the more recent evolution of the 

elativistic reflection model is that it offers a rare opportunity to
lace observational constraints on the density of the inner disc (Jiang
t al. 2019 ; Mallick et al. 2022 ). The density of a radiation pressure
ominated accretion disc, as described by equation 8 in the disc–
orona model of Svensson & Zdziarski ( 1994 ), is given by 

 e = 

1 

σT 

256 
√ 

2 

27 
α−1 R 

3 / 2 ṁ 

−2 [1 − ( R in /R) 1 / 2 ] −2 ξ ′ (1 − f ) −3 , (1) 

here σT = 6 . 64 × 10 −25 cm 

2 is the Thomson cross-section; ṁ is
he dimensionless accretion rate expressed in terms of the Eddington 
uminosity ( ̇m = Ṁ c 2 L 

−1 
Edd ), R in is the inner radius of the disc and

s set to R ISCO of a maximally spinning black hole; R s is the
chwarzschild radius; R is the disc radius in units of R s ; α is the
iscosity parameter of the disc and is set to 0.1; ξ ′ is the conversion
actor in the radiative diffusion equation and chosen to be 1 and f
s the ratio of power dissipated to the corona from the disc varies
etween 0 and 1 (reducing to the standard thin disc solution of
hakura & Sunyaev 1973 in the former limit). As a key parameter in

his disc–corona model, accurate determinations of density play a key 
ole in determining its viability. We cannot statistically distinguish 
MNRAS 534, 608–620 (2024) 
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M

Figure 7. Variation of the disc density log( n e /cm 

−3 ) with respect to the 
product of mass of the black hole ( m BH ) and ṁ 

2 (where ṁ = Ṁ c 2 L 

−1 
Edd is the 

dimensionless accretion rate expressed in terms of the Eddington luminosity). 
The points in the background correspond to a combined sample of 17 Sy 1 
AGN (Jiang et al. 2019 ) and 13 low mass AGN from (Mallick et al. 2022 ), 
plotted in black and blue points, respectively. Sy 1 IRAS 13 224 (Jiang et al. 
2022 ), Sy 1 AGN Mrk 1044 (Mallick et al. 2018 ), and ESO 362-G18 (Xu 
et al. 2021 ) are additionally included in the background sample as triangle, 
diamond, and star shaped data points, respectively. Upward and downward 
arrows indicate that only lower and upper density limits could be derived from 

the analysis. The upward arrow in red, highlighted in the foreground, shows 
the position of RBS 1124 in the diagram. The solid lines denote solutions of 
the density of the radiation pressure dominated accretion disc for f values of 
0 , 0 . 4 , 0 . 7 , 0 . 9, and 0.99. See text for details. 
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etween the reflionx and xillver reflection models, but the combined
mplication of our analysis is that RBS 1124 has an inner disc density
og ( n e /cm 

−3 ) ≥ 19 . 2. 
Among the relatively small sample of other AGN where variable-

ensity reflection models have been applied (Jiang et al. 2019 ;
allick et al. 2022 ), a broad anticorrelation has been observed

etween the density ( n e ) and the mass of the SMBH ( m BH ). RBS
124, hosting a SMBH with a mass of 1 . 8 × 10 8 M �, initially seems
o stand apart from other Sy 1 AGN as our results suggest it has a high
ensity for the inner disc with log( n e /cm 

−3 ) > 19 . 2. Nevertheless,
or a radiation pressure dominated accretion disc, the density of the
isc is expected to be anticorrelated to both m BH and ṁ 

2 , by the
elation log( n e ) ∝ − log( m BH ṁ 

2 ), based on equation ( 1 ). 
In case of RBS 1124, for ṁ = 0 . 145, we estimate log( m BH ṁ 

2 ) =
 . 57 ± 0 . 6 dex 6 Fig. 7 shows log( n e /cm 

−3 ) versus log( m BH ṁ 

2 ) for
 combined sample of Type 1 AGN from Mallick et al. ( 2018 ),
iang et al. ( 2019 ), Xu et al. ( 2021 ), Mallick et al. ( 2022 ), and Jiang
t al. ( 2022 ). The red arrow in the figure represents the constraints
e can place for RBS 1124, indicating its position relative to the
NRAS 534, 608–620 (2024) 

 We assume that the uncertainty here is dominated by uncertainty in the 
lack hole mass. The quoted uncertainty therefore combines in quadrature 
he 0.4 dex scatter on the scaling relation between m BH , L 5100 , and H β line 
idth (Vestergaard & Peterson 2006 ) used to estimate the mass of RBS 1124, 

nd the 0.4 dex uncertainty on the reverberation mapping results used to 
alibrate this scaling relation (Peterson 2014 ). 

5

I  

p  

2  

a  

p  

K  
est of the Sy 1 AGN shown. Although the density of RBS 1124
btained from our analysis is relatively high compared to other
GN, it still generally adheres to the anticorrelation proposed by
vensson & Zdziarski ( 1994 ), considering the wide scatter observed

n other AGN. The solid lines in the figure represent solutions for
he density of a radiation pressure dominated disc (equation 1 )
or dif ferent v alues of f . Gi ven the position of RBS 1124 in the
og( n e /cm 

−3 ) versus log( m BH ṁ 

2 ) plane, it can be inferred that more
han 90 per cent of the power is dissipated to the corona from the
isc. While the coronal dissipation fraction in RBS 1124 seems high
ompared to the Jiang et al. ( 2019 ) sample, such high values have
een seen previously. IRAS 13224–3809 (Jiang et al. 2022 ) and
rk 509 (Garc ́ıa et al. 2019 ) both exhibit dissipation fraction values

xceeding 0.85. A similar study on a group of high-mass NLSy1s
t high redshifts revealed that more than 95 per cent of the power
eems to be dissipated in the corona in the case of E1346 + 266 (Yu
t al. 2023 ). 

.3 Reflection strength 

he reflection strength gives information about the geometry of the
orona and the proximity of the inner edge of the accretion disc
o the central black hole. A compact corona located right abo v e
he event horizon of a rapidly spinning SMBH can exhibit high
eflection strengths, due to the effects of light bending (Miniutti &
 abian 2004 ; F abian et al. 2012a ; Dauser et al. 2014 , 2016 ; Parker
t al. 2014 ; Walton et al. 2021 ). The reflection strength ho we ver
ends to converge to the standard non-relativistic case ( R = 1), for
ources with low-spin or when the compact corona is located at a
arger height (Dauser et al. 2016 ). The impact of the black hole
pin and height of the corona on the reflection strength has been
 xtensiv ely studied for a lamp-post model of the corona, which is
ikely a simplified representation of the real coronal geometry for
any AGN. In our work, we do not prescribe any specific coronal

eometry. Instead, we assume a broken po wer-law emissi vity profile
or the reflected spectrum, a profile that can be produced by a range
f coronal geometries. 
Although the spin and emissivity index values could not be

ightly constrained, our fits did establish lower limits for both
arameters. Our analysis suggests a moderately spinning black hole
ith a ∗ > 0 . 236 and an emissivity index q 1 � 3 . 94. These values

ypically correspond to standard reflection strength ∼1 (Magdziarz &
dziarski 1995 ). Ho we ver, our estimates sho w reflection strength
alues of 0.4 and 0.2 for Models 1 and 2, respectively, consistent
ith the findings of Miniutti et al. ( 2010 ) who estimated an R value
f 0.4. These values, significantly less than 1, could be indicative of an
utflowing corona (Beloborodov 1999 ), where corona is accelerated
way from the disc at mildly relativistic velocities by radiation
ressure (Gallo et al. 2007 ; Gonzalez et al. 2020 ; Wilkins et al. 2022 ).
onsequently, coronal X-rays are preferentially emitted upward,
way from the disc, resulting in direct observation as continuum
mission, leading to diminished illumination of the disc and a reduced
eflection strength. 

.4 Absence of obser v able wind signatures 

onized wide-angle outflows are ubiquitous features in accretion-
owered sources (Blandford & Payne 1982 ; Proga, Stone & Kallman
000 ; Proga & Kallman 2004 ; Giustini & Proga 2019 ). AGN
ccreting at moderate – high accretion rates ( ̇m > 0 . 1) are expected in
articular to launch radiation-driven accretion disc winds (Proga &
allman 2004 ; Risaliti & Elvis 2010 ). These winds manifest as
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lueshifted absorption lines in the spectrum of X-ray sources (Ueda 
t al. 2004 ; Cappi 2006 ; Miller et al. 2006 ; Schurch, Done &
roga 2009 ) and are commonly observed in AGN (Reynolds 1997 ;
renshaw, Kraemer & George 2003 ; Tombesi et al. 2010 ; Laha et al.
014 ). 
The absence of detectable wind signatures in RBS 1124, despite 

ts moderately high mass accretion rate ( ̇m ∼ 0 . 14), is somewhat
nexpected. While we cannot definitively conclude the absence of 
inds based solely on X-ray spectroscopy, we can propose plausible 

xplanations for their absence in the X-ray spectrum. One plausible 
xplanation is the viewing angle, which in the case of RBS 1124 is
lose to face-on, consistent with its Type 1 classification as per the
nification theory. In Type 1 systems with equatorial winds, our line 
f sight may not directly intercept with the winds. Ho we ver, there
ould be other sight lines where the winds are observable. Optical 
pectroscopic studies of the source could offer further insights into 
he nature of the outflows in the system. For instance, RBS 1055 is one
f the brightest radio-quiet AGN detected in the ROSAT surv e y, with
 luminosity of log( L ( 0 . 5 –2 keV ) / [ erg s −1 ]) = 45.3 and λEdd = 0 . 13,
roadly similar to RBS 1124. It also exhibits comparable spectral 
haracteristics to RBS 1124, including a soft excess and a narrow 

nresolved iron emission line, but no obvious detections of wind 
eatures in the X-ray spectrum (Krumpe et al. 2010 ). Nevertheless, 
BS 1055 showed blue-shifted O[ III ] lines in the optical spectrum,

uggesting outflows in the Narrow Line Region, possibly driven 
y winds from the accretion disc (Marinucci et al. 2022 ). Further
nalysis through optical spectroscopy can provide additional insights 
nto the presence or absence of outflows in RBS 1124, but is beyond
he scope of this work. 

O N C L U S I O N S  

e have performed a detailed spectral analysis of new, broad-band 
0.3–70 keV) X-ray data of the ‘bare’ AGN RBS 1124 obtained by
MM –Newton and NuSTAR in coordination. With the help of the 
road co v erage and high S/N data from XMM –Newton and NuSTAR ,
e are able to place robust constraints on various properties of the

ource. 

(i) The spectral analysis reveals a moderately hard power-law 

ontinuum with � ∼ 1.8 along with a soft excess below 2 keV, a
eak neutral iron line, and curvature at high energies. The high- 
ensity relativistic reflection model ef fecti v ely e xplains the o v erall
road-band spectral continuum, while the iron line was attributed to 
 distant reflection. 

(ii) Both variants of the high-density relativistic reflection models, 
illverCp and reflionx , fit the data well. Ho we v er the y pro vide
ifferent spin constraints: a ∗ > 0 . 835 for Model 1 and a ∗ > 0 . 236
or Model 2. This discrepancy is driven by differences in the fine
etails of the calculations included in each model, which result in 
ifferent reflection continuum fluxes at low energies ( < 1 keV). In
urn, this results in a different relative contribution to the overall flux
f the soft excess from low-energy emission lines, and thus differing 
egrees of relativistic blurring required to produce a smooth soft 
xcess. 

(iii) These models require RBS 1124 to have a high disc density, 
og( n e /cm 

−3 ) ≥ 19 . 2. Despite high density, RBS 1124 broadly
dheres to the anticorrelation between log( n e /cm 

−3 ) and log( m BH ṁ 

2 )
xpected for a radiation pressure dominated accretion disc. More than 
0 per cent of the disc accretion power is inferred to be dissipated to
he corona. 
(iv) Our estimates of a low reflection fraction from the source 
 R < 0 . 5) are consistent with the findings of Miniutti et al. ( 2010 )
nd may suggest the presence of an outflowing corona. 

(v) Despite a moderately high mass accretion rate, no detectable 
ind signatures are observed in the X-ray spectrum of RBS 1124. We

peculate that this absence could be attributed to the face-on viewing
ngle of the source. Further studies of the source through optical
pectroscopy could reveal additional insights into its outflows. 

C K N OW L E D G E M E N T S  

e thank the referee for their useful suggestions that helped us
mpro v e the clarity of the paper. JJ acknowledges support from the
everhulme Trust, the Isaac Newton Trust and St Edmund’s College, 
niversity of Cambridge. CR acknowledges support from F ondec yt 
egular grant 1230345 and ANIDBASAL project FB210003. PK 

cknowledges the support provided by NASA through the NASA 

ubble Fellowship grant HST-HF2-51534.001-A awarded by the 
pace Telescope Science Institute, which is operated by the Associa- 

ion of Universities for Research in Astronomy, Incorporated, under 
 ASA contract N AS5-26555. This research has made use of data
btained with NuSTAR , a project led by Caltech, funded by NASA
nd managed by the NASA Jet Propulsion Laboratory (JPL), and has
tilized the NUSTARDAS software package, jointly developed by the 
pace Science Data Centre (SSDC; Italy) and Caltech (USA). This 
esearch has also made use of data obtained with XMM –Newton ,
n ESA science mission with instruments and contributions directly 
unded by ESA Member States. 

ATA  AVAI LABI LI TY  

ll the data utilized in this article are publicly available 
hrough ESA’s XSA ( ht tps://www.cosmos.esa.int /web/xmm-newto 
/xsa ) NASA’s HEASARC archive ( https://heasarc.gsfc.nasa.gov/). 

EFERENCES  

ntonucci R. , 1993, ARA&A , 31, 473 
rnaud K. A. , 1996, in Jacoby G. H., Barnes J., eds, ASP Conf. Ser. Vol. 101,

Astronomical Data Analysis Software and Systems V. Astron. Soc. Pac., 
San Francisco, p. 17 

rnaud K. A. et al., 1985, MNRAS , 217, 105 
alokovi ́c M. , Garc ́ıa J. A., Cabral S. E., 2019, Res. Notes Am. Astron. Soc. ,

3, 173 
eloborodov A. M. , 1999, ApJ , 510, L123 
ianchi S. , Guainazzi M., Matt G., Fonseca Bonilla N., 2007, A&A , 467,

L19 
landford R. D. , Payne D. G., 1982, MNRAS , 199, 883 
landford R. D. , Znajek R. L., 1977, MNRAS , 179, 433 
renneman L. W. et al., 2014, ApJ , 788, 61 
uisson D. J. K. et al., 2018, MNRAS , 480, 3689 
appi M. , 2006, Astron. Nachr. , 327, 1012 
ash W. , 1979, ApJ , 228, 939 
halise S. , Lohfink A. M., Chauhan J., Russell T. D., Buisson D. J. K., Mallick

L., 2022, MNRAS , 517, 4788 
renshaw D. M. , Kraemer S. B., George I. M., 2003, ARA&A , 41, 117 
rummy J. , Fabian A. C., Gallo L., Ross R. R., 2006, MNRAS , 365, 1067 
auser T. , Wilms J., Reynolds C. S., Brenneman L. W., 2010, MNRAS , 409,

1534 
auser T. , Garcia J., Wilms J., B ̈ock M., Brenneman L. W., Falanga M.,

Fukumura K., Reynolds C. S., 2013, MNRAS , 430, 1694 
auser T. , Garcia J., Parker M. L., Fabian A. C., Wilms J., 2014, MNRAS ,

444, L100 
auser T. , Garc ́ıa J., Walton D. J., Eikmann W., Kallman T., McClintock J.,

Wilms J., 2016, A&A , 590, A76 
MNRAS 534, 608–620 (2024) 

https://www.cosmos.esa.int/web/xmm-newton/xsa
https://heasarc.gsfc.nasa.gov/
http://dx.doi.org/10.1146/annurev.aa.31.090193.002353
http://dx.doi.org/10.1093/mnras/217.1.105
http://dx.doi.org/10.3847/2515-5172/ab578e
http://dx.doi.org/10.1086/311810
http://dx.doi.org/10.1051/0004-6361:20077331
http://dx.doi.org/10.1093/mnras/199.4.883
http://dx.doi.org/10.1093/mnras/179.3.433
http://dx.doi.org/10.1088/0004-637X/788/1/61
http://dx.doi.org/10.1093/mnras/sty2081
http://dx.doi.org/10.1002/asna.200610639
http://dx.doi.org/10.1086/156922
http://dx.doi.org/10.1093/mnras/stac2953
http://dx.doi.org/10.1146/annurev.astro.41.082801.100328
http://dx.doi.org/10.1111/j.1365-2966.2005.09844.x
http://dx.doi.org/10.1111/j.1365-2966.2010.17393.x
http://dx.doi.org/10.1093/mnras/sts710
http://dx.doi.org/10.1093/mnrasl/slu125
http://dx.doi.org/10.1051/0004-6361/201628135


618 A. Madathil-Pottayil et al. 

M

d
D
F  

F
F
F
G  

G
G
G  

G
G  

G
G
G
G
G  

G  

G  

G
H
H
I
I  

J
J  

K
K  

K
K
L  

L
M
M  

M
M
M
M  

M
M
M
M  

M
M  

M  

N
N  

P
P
P
P

P
P
P
P  

P  

P
P  

P  

P
P
P
R  

R  

R  

R
R
R
R
R
R
R
R
S
S
S
S
S
T  

T  

T
T
T
U  

V
V
W
W  

W
W
W
W  

W
W  

X
X  

Y
Y  

Z  

Z
Z  

Z

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/534/1/608/7754166 by guest on 18 O
ctober 2024
en Herder J. W. et al., 2001, A&A , 365, L7 
one C. , Davis S. W., Jin C., Blaes O., Ward M., 2012, MNRAS , 420, 1848 
 abian A. C. , Iwasa wa K., Re ynolds C. S., Young A. J., 2000, PASP , 112,

1145 
abian A. C. et al., 2009, Nature , 459, 540 
abian A. C. et al., 2012a, MNRAS , 419, 116 
abian A. C. et al., 2012b, MNRAS , 424, 217 
allo L. C. , Brandt W. N., Costantini E., Fabian A. C., 2007, MNRAS , 377,

1375 
allo L. C. , Miller J. M., Costantini E., 2023, preprint ( arXiv:2302.10930 ) 
arc ́ıa J. , Kallman T. R., 2010, ApJ , 718, 695 
arc ́ıa J. , Dauser T., Reynolds C. S., Kallman T. R., McClintock J. E., Wilms

J., Eikmann W., 2013, ApJ , 768, 146 
arc ́ıa J. et al., 2014, ApJ , 782, 76 
arc ́ıa J. A. , Fabian A. C., Kallman T. R., Dauser T., Parker M. L., McClintock

J. E., Steiner J. F., Wilms J., 2016, MNRAS , 462, 751 
arc ́ıa J. A. et al., 2019, ApJ , 871, 88 
eorge I. M. , Fabian A. C., 1991, MNRAS , 249, 352 
ierli ́nski M. , Done C., 2004, MNRAS , 349, L7 
iustini M. , Proga D., 2019, A&A , 630, A94 
of ford J. , Ree ves J. N., T ombesi F ., Braito V., Turner T. J., Miller L., Cappi

M., 2013, MNRAS , 430, 60 
onzalez A. G. , Gallo L. C., Kosec P., Fabian A. C., Alston W. N., Berton

M., Wilkins D. R., 2020, MNRAS , 496, 3708 
rupe D. , Wills B. J., Leighly K. M., Meusinger H., 2004, AJ , 127,

156 
uainazzi M. , Bianchi S., Dov ̌ciak M., 2006, Astron. Nachr. , 327, 1032 
arrison F. A. et al., 2013, ApJ , 770, 103 
ughes S. A. , Blandford R. D., 2003, ApJ , 585, L101 

w asaw a K. , Taniguchi Y., 1993, ApJ , 413, L15 
w asaw a K. , Fabian A. C., Mushotzky R. F., Brandt W . N., A waki H., Kunieda

H., 1996, MNRAS, 279, 837 
iang J. et al., 2019, MNRAS , 489, 3436 
iang J. , Dauser T., Fabian A. C., Alston W. N., Gallo L. C., Parker M. L.,

Reynolds C. S., 2022, MNRAS , 514, 1107 
ara E. et al., 2015, MNRAS , 449, 234 
ara E. , Alston W. N., Fabian A. C., Cackett E. M., Uttley P., Reynolds C.

S., Zoghbi A., 2016, MNRAS , 462, 511 
rumpe M. , Lamer G., Markowitz A., Corral A., 2010, ApJ , 725, 2444 
ubota A. , Done C., 2018, MNRAS , 480, 1247 
aha S. , Guainazzi M., Dewangan G. C., Chakra v orty S., Kembha vi A. K.,

2014, MNRAS , 441, 2613 
eighly K. M. , 1999, ApJS , 125, 297 
agdziarz P. , Zdziarski A. A., 1995, MNRAS , 273, 837 
agdziarz P. , Blaes O. M., Zdziarski A. A., Johnson W. N., Smith D. A.,

1998, MNRAS , 301, 179 
allick L. et al., 2018, MNRAS , 479, 615 
allick L. et al., 2022, MNRAS , 513, 4361 
arinucci A. et al., 2016, MNRAS , 456, L94 
arinucci A. , Vietri G., Piconcelli E., Bianchi S., Guainazzi M., Lanzuisi G.,

Stern D., Vignali C., 2022, A&A , 666, A169 
atzeu G. A. et al., 2020, MNRAS , 497, 2352 
cKernan B. , Yaqoob T., Reynolds C. S., 2007, MNRAS , 379, 1359 
iddleton M. , Done C., Gierli ́nski M., 2007, MNRAS , 381, 1426 
iller J. M. , Raymond J., Fabian A., Steeghs D., Homan J., Reynolds C., van

der Klis M., Wijnands R., 2006, Nature , 441, 953 
iniutti G. , Fabian A. C., 2004, MNRAS , 349, 1435 
iniutti G. , Ponti G., Greene J. E., Ho L. C., Fabian A. C., Iw asaw a K., 2009,

MNRAS , 394, 443 
iniutti G. , Piconcelli E., Bianchi S., Vignali C., Bozzo E., 2010, MNRAS ,

401, 1315 
andra K. , Pounds K. A., 1994, MNRAS , 268, 405 
andra K. , O’Neill P. M., George I. M., Reeves J. N., 2007, MNRAS , 382,

194 
acucci F. , Loeb A., 2020, ApJ , 895, 95 
arker M. L. et al., 2014, MNRAS , 443, 1723 
eterson B. M. , 2014, Space Sci. Rev. , 183, 253 
etrucci P. O. et al., 2001, ApJ , 556, 716 
NRAS 534, 608–620 (2024) 
etrucci P. O. et al., 2013, A&A , 549, A73 
etrucci P. O. et al., 2020, A&A , 634, A85 
iotrowska J. M. et al., 2024, Front. Astron. Space Sci. , 11, 1324796 
onti G. , Miniutti G., Cappi M., Maraschi L., Fabian A. C., Iw asaw a K.,

2006, MNRAS , 368, 903 
orquet D. , Reeves J. N., O’Brien P., Brinkmann W., 2004, A&A , 422,

85 
orquet D. et al., 2018, A&A , 609, A42 
orquet D. , Reeves J. N., Grosso N., Braito V., Lobban A., 2021, A&A , 654,

A89 
orquet D. , Reeves J. N., Hagen S., Lobban A., Braito V., Grosso N., Marin

F., 2024, preprint ( arXiv:2406.13623 ) 
ounds K. A. , Done C., Osborne J. P., 1995, MNRAS , 277, L5 
roga D. , Kallman T. R., 2004, ApJ , 616, 688 
roga D. , Stone J. M., Kallman T. R., 2000, ApJ , 543, 686 
eeves J. , 2003, in Active Galactic Nuclei: from Central Engine to Host

Galaxy . ASP Conf. Ser., 290, 35 
eeves J. N. , Porquet D., Braito V., Nardini E., Lobban A., Turner T. J., 2016,

ApJ , 828, 98 
eeves J. N. , Braito V., Nardini E., Lobban A. P., Matzeu G. A., Costa M. T.,

2018, ApJ , 854, L8 
eynolds C. S. , 1997, MNRAS , 286, 513 
eynolds C. S. , 2021, ARA&A , 59, 117 
eynolds C. S. , Begelman M. C., 1997, ApJ , 488, 109 
icci C. et al., 2017, ApJS , 233, 17 
icci C. et al., 2018, MNRAS , 480, 1819 
isaliti G. , Elvis M., 2010, A&A , 516, A89 
isaliti G. et al., 2013, Nature , 494, 449 
oss R. R. , Fabian A. C., 2005, MNRAS , 358, 211 
church N. J. , Done C., 2007, MNRAS , 381, 1413 
church N. J. , Done C., Proga D., 2009, ApJ , 694, 1 
hakura N. I. , Sunyaev R. A., 1973, A&A, 24, 337 
tr ̈uder L. et al., 2001, A&A , 365, L18 
vensson R. , Zdziarski A. A., 1994, ApJ , 436, 599 
homas H. C. , Beuermann K., Reinsch K., Schwope A. D., Truemper J.,

Voges W., 1998, A&A, 335, 467 
 ombesi F . , Cappi M., Reeves J. N., Palumbo G. G. C., Yaqoob T., Braito V.,

Dadina M., 2010, A&A , 521, A57 
omsick J. A. et al., 2018, ApJ , 855, 3 
ripathi A. et al., 2019, ApJ , 874, 135 
urner M. J. L. et al., 2001, A&A , 365, L27 
eda Y. , Murakami H., Yamaoka K., Dotani T., Ebisawa K., 2004, ApJ , 609,

325 
estergaard M. , Peterson B. M., 2006, ApJ , 641, 689 
olonteri M. , Madau P., Quataert E., Rees M. J., 2005, ApJ , 620, 69 
addell S. G. H. , Gallo L. C., 2020, MNRAS , 498, 5207 
alton D. J. , Nardini E., Fabian A. C., Gallo L. C., Reis R. C., 2013, MNRAS ,

428, 2901 
alton D. J. et al., 2014, ApJ , 788, 76 
alton D. J. et al., 2016, ApJ , 826, 87 
alton D. J. et al., 2021, MNRAS , 506, 1557 
ilkins D. R. , Gallo L. C., Costantini E., Brandt W. N., Blandford R. D.,

2022, MNRAS , 512, 761 
ilms J. , Allen A., McCray R., 2000, ApJ , 542, 914 
inkel B. , Kerp J., Fl ̈oer L., Kalberla P. M. W., Ben Bekhti N., Keller R.,

Lenz D., 2016, A&A , 585, A41 
iang X. et al., 2022, MNRAS , 515, 353 
u Y. , Garc ́ıa J. A., Walton D. J., Connors R. M. T., Madsen K., Harrison F.

A., 2021, ApJ , 913, 13 
amada S. et al., 2024, apjs , 274, 8 
u Z. , Jiang J., Bambi C., Gallo L. C., Grupe D., Fabian A. C., Reynolds C.

S., Brandt W. N., 2023, MNRAS , 522, 5456 
dziarski A. A. , Johnson W. N., Magdziarz P., 1996, MNRAS , 283,

193 
oghbi A. , Fabian A. C., Gallo L. C., 2008, MNRAS , 391, 2003 
oghbi A. , Fabian A. C., Reynolds C. S., Cackett E. M., 2012, MNRAS , 422,

129 
˙ ycki P. T. , Done C., Smith D. A., 1999, MNRAS , 309, 561 

http://dx.doi.org/10.1051/0004-6361:20000058
http://dx.doi.org/10.1111/j.1365-2966.2011.19779.x
http://dx.doi.org/10.1086/316610
http://dx.doi.org/10.1038/nature08007
http://dx.doi.org/10.1111/j.1365-2966.2011.19676.x
http://dx.doi.org/10.1111/j.1365-2966.2012.21185.x
http://dx.doi.org/10.1111/j.1365-2966.2007.11701.x
http://arxiv.org/abs/2302.10930
http://dx.doi.org/10.1088/0004-637X/718/2/695
http://dx.doi.org/10.1088/0004-637X/768/2/146
http://dx.doi.org/10.1088/0004-637X/782/2/76
http://dx.doi.org/10.1093/mnras/stw1696
http://dx.doi.org/10.3847/1538-4357/aaf739
http://dx.doi.org/10.1093/mnras/249.2.352
http://dx.doi.org/10.1111/j.1365-2966.2004.07687.x
http://dx.doi.org/10.1051/0004-6361/201833810
http://dx.doi.org/10.1093/mnras/sts481
http://dx.doi.org/10.1093/mnras/staa1735
http://dx.doi.org/10.1086/380233
http://dx.doi.org/10.1002/asna.200610687
http://dx.doi.org/10.1088/0004-637X/770/2/103
http://dx.doi.org/10.1086/375495
http://dx.doi.org/10.1086/186948
http://dx.doi.org/10.1093/mnras/stz2326
http://dx.doi.org/10.1093/mnras/stac1144
http://dx.doi.org/10.1093/mnras/stv304
http://dx.doi.org/10.1093/mnras/stw1695
http://dx.doi.org/10.1088/0004-637X/725/2/2444
http://dx.doi.org/10.1093/mnras/sty1890
http://dx.doi.org/10.1093/mnras/stu669
http://dx.doi.org/10.1086/313277
http://dx.doi.org/10.1093/mnras/273.3.837
http://dx.doi.org/10.1046/j.1365-8711.1998.02015.x
http://dx.doi.org/10.1093/mnras/sty1487
http://dx.doi.org/10.1093/mnras/stac990
http://dx.doi.org/10.1093/mnrasl/slv178
http://dx.doi.org/10.1051/0004-6361/202244272
http://dx.doi.org/10.1093/mnras/staa2076
http://dx.doi.org/10.1111/j.1365-2966.2007.11993.x
http://dx.doi.org/10.1111/j.1365-2966.2007.12341.x
http://dx.doi.org/10.1038/nature04912
http://dx.doi.org/10.1111/j.1365-2966.2004.07611.x
http://dx.doi.org/10.1111/j.1365-2966.2008.14334.x
http://dx.doi.org/10.1111/j.1365-2966.2009.15726.x
http://dx.doi.org/10.1093/mnras/268.2.405
http://dx.doi.org/10.1111/j.1365-2966.2007.12331.x
http://dx.doi.org/10.3847/1538-4357/ab886e
http://dx.doi.org/10.1093/mnras/stu1246
http://dx.doi.org/10.1007/s11214-013-9987-4
http://dx.doi.org/10.1086/321629
http://dx.doi.org/10.1051/0004-6361/201219956
http://dx.doi.org/10.1051/0004-6361/201937011
http://dx.doi.org/10.48550/arXiv.2311.04752
http://dx.doi.org/10.1111/j.1365-2966.2006.10165.x
http://dx.doi.org/10.1051/0004-6361:20047108
http://dx.doi.org/10.1051/0004-6361/201731290
http://dx.doi.org/10.1051/0004-6361/202141577
http://arxiv.org/abs/2406.13623
http://dx.doi.org/10.1093/mnras/277.1.L5
http://dx.doi.org/10.1086/425117
http://dx.doi.org/10.1086/317154
http://dx.doi.org/10.48550/arXiv.astro-ph/0211381
http://dx.doi.org/10.3847/0004-637X/828/2/98
http://dx.doi.org/10.3847/2041-8213/aaaae1
http://dx.doi.org/10.1093/mnras/286.3.513
http://dx.doi.org/10.1146/annurev-astro-112420-035022
http://dx.doi.org/10.1086/304703
http://dx.doi.org/10.3847/1538-4365/aa96ad
http://dx.doi.org/10.1093/mnras/sty1879
http://dx.doi.org/10.1051/0004-6361/200912579
http://dx.doi.org/10.1038/nature11938
http://dx.doi.org/10.1111/j.1365-2966.2005.08797.x
http://dx.doi.org/10.1111/j.1365-2966.2007.12336.x
http://dx.doi.org/10.1088/0004-637X/694/1/1
http://dx.doi.org/10.1051/0004-6361:20000066
http://dx.doi.org/10.1086/174934
http://dx.doi.org/10.1051/0004-6361/200913440
http://dx.doi.org/10.3847/1538-4357/aaaab1
http://dx.doi.org/10.3847/1538-4357/ab0a00
http://dx.doi.org/10.1051/0004-6361:20000087
http://dx.doi.org/10.1086/420973
http://dx.doi.org/10.1086/500572
http://dx.doi.org/10.1086/426858
http://dx.doi.org/10.1093/mnras/staa2783
http://dx.doi.org/10.1093/mnras/sts227
http://dx.doi.org/10.1088/0004-637X/788/1/76
http://dx.doi.org/10.3847/0004-637X/826/1/87
http://dx.doi.org/10.1093/mnras/stab1290
http://dx.doi.org/10.1093/mnras/stac416
http://dx.doi.org/10.1086/317016
http://dx.doi.org/10.1051/0004-6361/201527007
http://dx.doi.org/10.1093/mnras/stac1646
http://dx.doi.org/10.3847/1538-4357/abf430
http://dx.doi.org/10.48550/arXiv.2405.02391
http://dx.doi.org/10.1093/mnras/stad1327
http://dx.doi.org/10.1093/mnras/283.1.193
http://dx.doi.org/10.1111/j.1365-2966.2008.14078.x
http://dx.doi.org/10.1111/j.1365-2966.2012.20587.x
http://dx.doi.org/10.1046/j.1365-8711.1999.02885.x


High density reflection in RBS 1124 619 

A

F  

r
T

i  

M
i

F
a

PPEN D IX  A :  SOME  E X T R A  MATERIAL  

igs A1 and A2 show the MCMC analysis results for the pa-
ameter combinations from Model 1 and Model 2, respectively. 
he specifications of our MCMC sampling approach are outlined 
igure A1. The corner plot shows the posterior probability distribution for the p
lgorithm. The contours in the figure enclose 68 per cent, 95 per cent, and 99.7 per 
n Section 4 . The uncertainty ranges for parameters derived from
CMC are consistent with those estimated by the ERROR command 
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Figure A2. The corner plot shows the posterior probability distribution for the parameters from Model 2 obtained from the MCMC analysis. The contours 
signify the same confidence intervals as quoted in Fig. A1 . 
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