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A B S T R A C T 

We present an analysis of deep Chandra Low-Energy and High-Energy Transmission Grating archi v al observ ations of the 
extraordinarily luminous radio-quiet quasar H1821 + 643, hosted by a rich and massive cool-core cluster at redshift z = 0.3. 
These data sets provide high-resolution spectra of the AGN at two epochs, free from contamination by the intracluster medium 

and from the effects of photon pile-up, providing a sensitive probe of the iron-K band. At both epochs, the spectrum is well 
described by a power-law continuum plus X-ray reflection from both the inner accretion disc and cold, slowly moving distant 
matter. Adopting this framework, we proceed to examine the properties of the inner disc and the black hole spin. Using Markov 

chain Monte Carlo (MCMC) methods, we combine constraints from the two epochs assuming that the black hole spin, inner disc 
inclination, and inner disc iron abundance are invariant. The black hole spin is found to be modest, with a 90 per cent credible 
range of a ∗ = 0 . 62 

+ 0 . 22 
−0 . 37 ; and, with a mass M BH 

in the range log ( M BH 

/M �) ∼ 9.2–10.5, this is the most massive black hole 
candidate for which a well-defined spin constraint has yet been obtained. The modest spin of this black hole supports previous 
suggestions that the most massive black holes may grow via incoherent or chaotic accretion and/or SMBH-SMBH mergers. 

K ey words: galaxies: acti ve – quasars: individual: H1821 + 643 – quasars: supermassive black holes – X-rays: galaxies – X-rays: 
individual: H1821 + 643. 
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 I N T RO D U C T I O N  

alaxy clusters are the most massive bound structures in the Uni-
erse. In addition to forming galaxies, most of the baryons in clusters
eside in the intracluster medium (ICM), a hot plasma ( ∼10 8 K) that
s in hydrostatic equilibrium with the dark matter potential well
roviding ∼ 85 per cent of any cluster’s mass budget. 
Most cool-core clusters host a central brightest cluster galaxy

BCG), which itself hosts an active galactic nucleus (AGN). Typ-
cally, the ICM cores of relaxed clusters represent the bulk of the
-ray emission and have cooling time-scales < 1 Gyr, which, if left
nchecked, should result in star formation rates that exceed those
hat have been observed in nearby clusters (for a recent overview, see

cDonald et al. 2018 ). This disparity is one of the by-products of the
ooling flow problem, that is, the unexpected lack of star formation
ithin BCGs compared to the star formation rate one would predict

rom typical ICM cooling time-scales. 
The most widely accepted explanation of the cooling flow problem

s mechanical heating of the ICM by relativistic jets released by
luster-hosted AGNs. The presence or absence of these jets forms
he basis of the radio-loud/radio-quiet AGN classification scheme.
n fact, jets in radio-loud AGN interact with and thereby impact
he thermal structure of the ICM (e.g. see Fabian 2012 ; Hlavacek-
arrondo et al. 2015 ). In sev eral relax ed clusters, the thermal
 E-mail: jms332@cam.ac.uk 
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roperties of the ICM can be probed by studying filaments – or
ptical-emission nebulae – that are believed to contain information
bout mergers their host BCGs may have undergone. Nevertheless,
he mystery behind the origin and formation history of BCGs remains
nresolved and, in general, the AGN-ICM feedback cycle in radio-
uiet AGNs is also poorly understood. 
H1821 + 643 is an extraordinarily luminous radio-quiet quasar

entred within a massive (i.e. of mass 6.3 × 10 14 M �; Planck
ollaboration XXIX 2014 ) cool-core galaxy cluster, and has redshift
 = 0.299 (Bowen, Pettini & Boyle 2002 ). In 1991, Ginga and
UE observations of this quasar (at the time, unknown to be hosted
y such a rich cluster) detected an iron-K emission line centred at
6.6 ± 0.3) keV in the quasar rest frame (see Kii et al. 1991 ; Kolman
t al. 1991a ). Moreo v er , R OSAT PSPC observations were the first to
etect clear X-ray emission from the host cluster. A detailed study
f the ICM and its thermal properties was presented in Russell et al.
 2010 ), who performed a Chandra imaging study with a modest
xposure (85 ks) to spatially isolate the cluster emission from that of
he powerful AGN. 

The quasar bolometric luminosity between 2 and 10 keV (rest ener-
ies), estimated from its observed X-ray luminosity ( ∼10 45 erg s −1 ),
as computed to be L bol = 2 × 10 47 erg s −1 (Russell et al. 2010 ).
he quasar does not present signs of jet emission and was therefore
ategorized as radio-quiet (Blundell & Rawlings 2001 ). Interestingly,
his AGN was linked to an FR I radio source extending to a
aximum size of 280 kpc beyond the central engine (Blundell &
a wlings 2001 ). Moreo v er, the detection of diffuse radio emission
© 2022 The Author(s) 
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ithin the cluster volume, with a largest linear size of 1.1 Mpc,
as attributed to the existence of a radio halo co-centred with the

luster (Bonafede et al. 2014 ; Kale & Parekh 2016 ). This is an
xceptional finding for a cool-core cluster, since radio haloes are 
ypically attributed to merging clusters. Although unclear, the radio 
alo within CL1821 + 643 is thought to have originated via cluster–
luster merger events prior to the cluster’s relaxation (Bonafede et al. 
014 ). 
The thermal profiles of the host cluster, CL1821 + 643 – inferred 

rom a set of consecutive deprojected spectra of the intrinsic cluster 
mission – confirmed its generic cool-core attributes (Russell et al. 
010 ). The ICM pressure and density distributions are centrally 
eaked with pronounced rises within ∼30 kpc of the cluster centre. 
alker et al. ( 2014 ) noted that CL1821 + 643 possesses an anomalous

ow-entropy core up to 80 kpc when compared to other relaxed 
lusters of similar masses, suggesting that recent quasar activity 
as had a rele v ant role in affecting the ICM in its immediate vicinity.
nterestingly, Russell et al. ( 2010 ) showed that, within 5 kpc of the
luster/BCG centre, Compton cooling of the ICM by the quasar 
adiation pre v ails o v er the usual bremsstrahlung cooling, leading to
 Compton cooling powered cooling flow (Fabian & Crawford 1990 ). 
oreo v er, the large-scale properties of the ICM were found to remain

naffected by quasar activity (Russell et al. 2010 ). 
The SMBH centred within CL1821 + 643 is believed to be one of

he most massive SMBHs in the local Universe, whose mass M BH 

as been estimated through a variety of methods. To begin with, 
oth Kim et al. ( 2008 ) and Floyd et al. ( 2004 ) used archi v al HST
bservations and fitted the bulge luminosity of the central galaxy 
o derive an estimate of M BH ∼ (1, 3) × 10 9 M �, respectively,
ased on an assumption between the bulge luminosity-SMBH mass. 
dditionally, two independent studies provided an estimate of M BH 

3 × 10 9 M � by using a thermal accretion disc model to explain the
ump-like features present in the quasar’s spectral energy distribution 
n the UV band (Kolman et al. 1991b ; Shapo valo va et al. 2016 ).
his result was consistent with a mass estimate computed on the 
asis of a single-epoch H β emission-line measurement (Capellupo, 
afflard-Fernandez & Haggard 2017 ). Moreo v er, two independent 
-ray studies inferred significantly higher mass values, as follows. 
irst, Reynolds et al. ( 2014 ) reported an upper mass estimate of
 × 10 9 M � from a 375 ks Suzaku X-ray reflection study based on
he relation between the ionization state of the accretion disc and 
he Eddington fraction (Reynolds et al. 2014 ). Secondly, Walker 
t al. ( 2014 ) suggested an SMBH mass of 3 × 10 10 M �, based on
he assumption that this system had been locked into a Compton-
ooled feeding cycle. If indeed possible, these cycles could result 
n the growth of very massive SMBHs with log( M BH /M �) � 10,
ence having important implications for our understanding of the 
GN-ICM feedback cycle in such AGNs. 
A programme of Chandra observations of H1821 + 643 were taken 

n 2001 with the Low-Energy and High-Energy Transmission Grat- 
ngs (LETG and HETG, respectively), principally to search for quasar 
bsorption lines from the Warm-Hot Intergalactic Medium (WHIM; 
ee Fang et al. 2002 ; Mathur, Weinberg & Chen 2003 ; Kov ́acs
t al. 2019 ). In addition to providing a high-resolution spectrum 

f the intrinsic AGN emission with minimal cluster contamination, 
he use of Chandra ’s grating instruments provided a successful 
oute to circumventing photon pile-up. Recently, we combined these 
ame LETG/HETG spectra to set strong bounds on the coupling 
f very light Axion-Light Particles (ALPs) to electromagnetism, 
etting an upper bound on the ALP-photon constant of g a γ < 

.3 × 10 −13 GeV 

−1 for ALP masses � 10 −12 eV at 99.7 per cent
onfidence (Sisk-Reyn ́es et al. 2021 ). 
H1821 + 643 is one of the most massive SMBHs whose angular
omentum J has been constrained, albeit weakly until now (see 
g. 6 of Reynolds 2020 ). Historically, J has been quantified through
 dimensionless spin parameter a ∗ defined as a ∗ = cJ / GM 

2 
BH , where

 BH is the black hole mass, c is the speed of light in the vacuum
nd G is Newton’s gravitational constant. Importantly, a ∗ can range 
etween −0.998 and + 0.998, with a ∗ < 0 and a ∗ > 0 indicating that
he black hole spins in either a retrograde or prograde sense to the
atter accreted on to it, respectively. 
At a fundamental level, the no-hair theorem of General Rela- 

ivity dictates that the mass and the spin completely determine 
he space–time structure around astrophysical (uncharged) black 
oles. Therefore, analysing observational bounds on a ∗ across the 
idest possible range of black hole masses is clearly interesting 

or fundamental physics. Additionally, spin measurements provide a 
indow for constraining black hole formation and growth models. 
pecifically, most observational studies of low-mass SMBHs, i.e. 
f log( M BH /M �) ∼ 6–7, have found most of these sources to have
aximal or extreme spins ( a ∗ � 0.9), suggesting that they grow

ollowing coherent accretion events, as well as episodes of perfect 
sotropic gas fuelling into the AGN (Volonteri et al. 2005 ). In
oherent accretion, the angular momentum of the accreted material 
ligns with and therefore contributes to increasing a ∗. Ho we ver,
bo v e masses of log( M BH /M �) ∼ 7, a population of black holes
ith more moderate spin parameters (centred around a ∗ ∼ 0.5–
.7) appear (see Fig. 5 ). This is in line with both semi-analytic and
ydrodynamical cosmological models that suggest that, for the most 
assive black holes, incoherent accretion and/or SMBH-SMBH 

erger scenarios are more rele v ant gro wth channels (see section
.1 of Reynolds 2020 , and references therein). Incoherent or chaotic
ccretion events arise when the spin orbits of the accreted material
nd that of the SMBH are anti-aligned, which lowers the magnitude of 
 

∗. 
H1821 + 643 was tentatively constrained to have spin a ∗ > 0.4

y Reynolds et al. ( 2014 ) on the basis of using the relxill lp
elativistic X-ray reflection code (Dauser et al. 2014 ; Garc ́ıa et al.
014a ) to describe the soft excess resulting from a deep Suzaku
bservation. relxill lp describes the relativistically blurred 
eflection spectrum from a geometrically thin and optically thick 
ccretion disc around a Kerr black hole that is steadily illuminated by
 hot ( ∼10 9 K) compact plasma (the X-ray corona) located along its
pin axis. The most obvious signature of such a reflection component
s the appearance of the Fe-K α line, with a rest-frame energy of 6.4–
.97 keV depending on the ionization state of the disc. We refer the
eader to Haardt & Maraschi ( 1991 , 1993 ), Fabian et al. ( 1989 ),
nd Ballantyne, Ross & Fabian ( 2001 ) for further details on the
ature of the X-ray corona and of the broadened iron line in AGN.
 rigorous analysis of the iron-K band in AGN provides bounds on

everal fundamental parameters of the system including the black 
ole spin a ∗ and iron abundance A Fe [ Z �] of the disc. For a wide
ange of ionization states, the reflection spectrum from the inner disc
lso contains a forest of soft X-ray emission that can be broadened
nto a pseudo-continuum soft excess. Due to ICM contamination and 
nstrumental calibration issues, Reynolds et al. ( 2014 ) did not isolate
he broad iron line in H1821 + 643, instead deriving their lower spin
ound by using relxill lp for a phenomenological description 
f the soft excess. 
In addition, Reynolds et al. ( 2014 ) detected a 6.4 keV emission

ine attributed to circumnuclear material in the vicinity of the quasar,
haracterized to have a subsolar iron abundance ( ∼0.4 Z �). Yet again,
his represents an unexpected finding when comparing H1821 + 643 
o similar-mass SMBHs whose surrounding cold gas present solar 
MNRAS 514, 2568–2580 (2022) 
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Table 1. ObsIDs and cleaned exposure times 
of the achi v al set of LETG/HETG Chandra ob- 
servations of H1821 + 643 we have employed. 

Grating ObsID 

Exposure 
(ks) 

LETG 2186 165.4 
2310 163.7 
2311 90.5 
2418 51.8 

HETG 1599 99.6 
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nd mildly supersolar metallicities (refer to the findings of several
eyfert-1 Suzaku spectra in Patrick et al. 2012 ). 
In this work, we reanalyse the archi v al LETG/HETG Chandra

bservations of H1821 + 643 to constrain its physical properties. With
n observed energy range of 1.5–8.5 keV (rest frame 2–11 keV),
e find statistical evidence for relativistic X-ray reflection of the
rimary source (or corona) from the inner accretion disc. Crucially,
e clearly identify and can model the broadened iron line in these

pectra. Our combined constraints are found by merging the output of
arkov chain Monte Carlo (MCMC) chains performed when fitting

he LETG/HETG spectra separately. At 90 per cent confidence, we
redict the inclination i and metallicity of the accretion disc to be i

41 ◦–48 ◦ and A Fe ∼ (0.6–2.4) Z �. 
This paper is organized as follows. In Section 2 , we present the

rchi v al spectroscopic Chandra observations of H1821 + 643 we have
mployed. In Section 3 , we use relativistic reflection models to
escribe the individual LETG/HETG spectra. We then present the
est-fitting model parameters inferred when describing the separate
ETG/HETG spectra with the relxill lp relativistic reflection
odel, in addition to considering the Fe-6.4 keV emission line from

ircumnuclear material in the immediate vicinity of the AGN, as well
s the effects of Galactic absorption. In Section 4 , we introduce the
CMC chains performed on the individual HETG/LETG spectra

nd combine them following the Bayesian framework presented in
ection 5 . The convergence of all MCMC chains presented in this
ocument was validated with the Geweke diagnostic (Cowles &
arlin 1996 ). We discuss our results and conclusions in Sections 6
nd 7 , respectively. At 90 per cent confidence, we constrain the spin
 

∗, and inclination i and iron abundance A Fe of the accretion disc
or this remarkable system. Our study excludes retrograde, non-
otating and maximal spins, supporting black hole growth scenarios
hat fa v our late incoherent or chaotic accretion events for black hole

asses � 10 8 M � (Zhang & Lu 2019 ), and/or SMBH-SMBH mergers
Bustamante & Springel 2019 ) up to masses � 10 10 M �. 

Throughout this paper, we assume a flat ( �κ = 0.0), � CDM
osmology: H 0 = 70 km s −1 Mpc −1 , �m 

= 0.3, �� 

= 0.7 (Aghanim
t al. 2020 ). With a redshift of z = 0.299 (Bowen et al. 2002 ),
his translates into a quasar luminosity distance of 1.55 Gpc. We
ssume a neutral hydrogen column density local to the Milky Way of
 H = 3.51 × 10 20 cm 

−2 (HI4PI Collaboration et al. 2016 ), using the
lement abundance ratios of Anders & Grevesse ( 1989 ). We perform
he most rigorous statistical analysis on the X-ray reflection spectrum
f this source to date by using MCMC tools provided in the XSPEC

-ray Spectral Fitting Package (v12.11.1; Arnaud 1996 ). Based on
revious literature, we assume that the separate AGN spectra do
ot present signatures characteristic of warm or partially-co v ering
bsorbers, nor those attributed to the presence of AGN winds released
nto the ISM in the form of ionized outflows (Oegerle et al. 2000 ;
ang et al. 2002 ; Mathur et al. 2003 ). 

 OBSERVATION S  A N D  DATA  R E D U C T I O N  

he ObsIDs of the LETG observations of H1821 + 643 we have
mployed are outlined in Table 1 . The LETG spectra were read
ut by the Advanced CCD Imaging Spectrometer-S array (ACIS-S).
hese observations, taken between 2001 January 17 and 24, add up

o a cleaned time exposure of 471.4 ks. Separately, we also use the
nly HETG observation of the source (refer to Table 1 ). This grating
bservation, also read on ACIS-S, began on 2001 February 9. Note
hat the HETG consists of the High-Energy and Medium-Energy
ratings (HEG and MEG, respectiv ely), pro viding two simultaneous
iews of the AGN spectrum. 
NRAS 514, 2568–2580 (2022) 
Armed with these high-quality grating spectra, combined with
he order-sorting performed by ACIS-S, the AGN emission can be
solated from that of the cluster. The archi v al Chandra observations
ere reduced and reprocessed with CIAO v4.13 and CALDB v4.9.4,

ollowing the data reduction procedures described in section 2.1 of
isk-Reyn ́es et al. ( 2021 ). The background spectral file generated
ith CALDB ’s bkgpha command was Poisson-distributed. This
ackground was treated with a Poisson profile likelihood ( wstat )
hroughout the entirety of our spectral analysis. 

As presented in Section 3 , we fit the LETG in the 1.5–6.5 keV
and, the MEG in the 1.5–7.0 keV band, and the HEG in the 1.5–
.5 keV band (observer frame). The choice of a 1.5 keV lower bound
s driven by the desire to a v oid additional soft emission that may be
ssociated with a very centrally peaked Compton-cooled ICM core.
he upper bounds of each grating array are determined by the high-
nergy response and limited photon statistics. The resulting X-ray
uminosity and flux for each of the two epochs of data are listed in
able 2 . 
Given their different times of observation and thereby the possibil-

ty of intrinsic AGN variability, we perform independent analyses of
he LETG and HETG spectra. In both cases, we reco v er a high-
esolution AGN spectrum free from pile-up with which we can
erform high-quality modelling. 

 RELATIVISTIC  REFLECTI ON  M O D E L  

ITTING  

n Sections 3.1 and 3.2 , we sho w ho w the LETG/HETG data sets
resent robust evidence for spectral features abo v e and be yond the
ypical power-law continuum expected from direct coronal emission,
s well as Galactic absorption along the quasar line of sight. Our
pectral modelling then proceeds under the assumption that these
eatures come from the reflection of coronal emission from (i) an
onized inner accretion disc and (ii) slowly moving neutral matter
urrounding the immediate vicinity of the AGN. We restricted our
pectral analysis to photon ener gies ≥2 keV (rest ener gies), given the
nknown nature of the soft excess in this source (refer to Reynolds
t al. 2014 ). 

In all spectral models mentioned below, we include the effects
f Galactic absorption using the tbabs Tuebingen–Boulder model
Wilms, Allen & McCray 2000 ). We assume a constant Galactic
eutral hydrogen column density of N H = 3.51 × 10 20 cm 

−2 for all
ata sets (HI4PI Collaboration et al. 2016 ). 

.1 Fitting the LETG data 

ur spectral study is based on the minimization of the Cash -statistic
or C -stat), a goodness-of-fit parameter quantifying how suitable any
odel is for describing Poisson-like distributed data (Kaastra 2017 ).
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Table 2. Outline of the rest energies fitted in the individual LETG/HETG spectra analysed, as well as their 
corresponding total clean exposures. 

Magnitude LETG HETG 

Fitted energies (rest frame) 2.0–8.5 keV 2.0–9.0 keV (MEG), 2.0–11.0 keV (HEG) 
Cleaned exposure time 471.4 ks 99.6 ks 
L 2 –10 keV , rest 3.23 × 10 45 erg s −1 3.54 × 10 45 erg s −1 

F 2 –10 keV , observed 1.16 × 10 −11 erg cm 

−2 s −1 1.28 × 10 −11 erg cm 

−2 s −1 

Note . We include the unabsorbed band luminosity ( L , rest frame) and flux ( F , observer frame) within 2–10 keV, 
where the values quoted for the HETG correspond to the averaged quantities between the HEG/MEG. 

Figure 1. Ratio of the LETG data to the best-fitting models outlined in 
Table 3 (where rel lp denotes relxill lp ). All error bars represent 
uncertainties within 1 σ . The C -stat and reduced C -stat values of a given 
model are displayed in each panel accordingly, and all models include a 
Galactic neutral hydrogen column density of N H = 3.51 × 10 20 cm 

−2 . For 
plotting purposes, all spectral data were re-binned to a target signal-to-noise 
ratio of 200 with the restriction that no more than 10 spectral bins were 
co-added. 
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o begin with, we fitted the LETG spectrum with a single power
aw ( po ). This power-law continuum, ubiquitous in AGN spectra, is
ttributed to the inverse-Compton scattering of thermal disc photons 
y hot (i.e. of temperatures ∼10 9 K) electrons in the disc corona. At
0 per cent confidence level (90 per cent CL ), this yields a spectral 
ndex for the primary continuum of 
 = 1.93 ± 0.02, typical of
adio-quiet quasars (Reeves & Turner 2000 ), and a normalization of
4.0 ± 0.1) × 10 −3 counts/s/keV at 1 keV. Ho we v er, this fit leav es
bvious unmodelled structure (see upper panel of Fig. 1 ), most
otably a narrow line at 6.4 keV and broad residuals in the 5.5–
.4 keV band (both quoted in the rest frame). 
The 6.4 keV line is readily identified as the iron-K α fluorescence 

ine and has already been noted in this spectrum by Fang et al.
 2002 ), as well as being detected by XMM–Newton (Jimenez-Bailon 
t al. 2007 ) and Suzaku (Reynolds et al. 2014 ). This arises from
rradiated, low-velocity circumnuclear (i.e. cold) material around the 
uasar. Adding a narrow Gaussian centred at 6.4 keV to the single
o model impro v ed the LETG fit by � C = −43 (see Table 3 ).
o we ver, unmodelled structure at energies within the 5.5–8.4 keV
and still remains (refer to the central panel of Fig. 1 ). Guided by the
ypothesis that this may correspond to a relativistically broadened 
ron line from the ionized inner disc, we proceeded to describe the
pectrum using the relxill lp reflection model. 

The relxill lp model describes the strength and shape of the
ron line via the following free parameters: the height of the primary
ource h [ R g ] (or corona), assumed to have a lamppost geometry, and
he reflection fraction R ; the black hole spin, in dimensionless units,
 

∗; and the inclination i [ ◦], the logarithm of the ionization parameter
og( ξ [erg cm s −1 ]) and iron abundance A Fe [ Z �] of the inner disc
Dauser et al. 2014 ; Garc ́ıa et al. 2014a ). The ionization parameter,
= 4 πF in / n disc , is a measure of the total incident flux on the disc F in 

eighted by the disc density n disc . In relxill lp , n disc is fixed to
0 15 cm 

−3 . R is defined as the ratio of light illuminating the inner
isc to that escaping to infinity and is quantified in the source rest
rame. The flux irradiating the inner disc is inversely proportional 
o h [ R g ], corresponds to direct coronal emission and is quantified
hrough the usual power-law index 
. 

We use relxill lp to describe the disc reflection spectrum 

f H1821 + 643, assuming that the accretion disc extends down to
he innermost stable circular orbit, R ISCO , and extends out to 400 R g 

where R g is the gravitational radius of the black hole). In fact,
rovided that the height/extent of the corona is much less than the
uter radius, the resulting reflection spectrum is insensitive to the 
hoice of outer radius. 

The position of the corona abo v e the black hole is a free
arameter in relxill lp . The primary continuum is modelled 
y a power-law cut-off at 300 keV in the observed frame. The
eflected component from the inner accretion disc is computed by 
plitting the inner disc into consecutive annuli at different radii 
o the black hole. The resulting incident (and thereby, reflected) 
oronal flux on to each annulus is therefore inversely proportional 
o the photon travel path associated with it. While relxill lp
llows us to self-consistently tie the system geometry and reflection 
raction, we chose not to impose this constraint (preferring to see
oncordance arise naturally). Thus we enabled the reflection fraction 
o be fitted freely. The resulting fit (reported in Table 3 ) is successful at
escribing the curvature present in the LETG, flattening the residuals 
 5.5 keV and further improving on the previous best-fitting model

y a factor of � C = −35 (see the lower panel of Fig. 1 ). Although
he consideration of a lamppost geometry may seem o v ersimplistic,
t serves to exclude non-physical regions of parameter space (e.g. 
eflection from an infinitely thin ring at the ISCO), as well as to set
ounds on fundamental parameters of the system as follows. 
MNRAS 514, 2568–2580 (2022) 
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Table 3. Best-fitting parameters for the po , po + zgau and relxill lp + zgau models when fitted, separately, to the LETG and HETG 

Chandra data. 

Spectral model LETG parameters HETG parameters LETG C /DOFs ( C ν ) HETG C /DOFs ( C ν ) 

po 
 = 1 . 93 + 0 . 02 
−0 . 02 
 = 1 . 80 + 0 . 03 

−0 . 03 624/506 (1.23) 3512/3729 (0.942) 

po + 
 = 1 . 93 + 0 . 02 
−0 . 02 
 = 1 . 81 + 0 . 03 

−0 . 03 581/505 (1.15) 3484/3728 (0.935) 

zgau EW = 0.02 keV EW = 0.04 keV 

relxill lp + 
 = 2 . 10 + 0 . 06 
−0 . 06 ( ∗) 
 ∼ 1.81–1.96 546/499 (1.09) 3444/3722 (0.925) 

h † < 12 R g , R = 1 . 78 + 0 . 68 
−0 . 61 ( ∗) h < 7 R g , R = 3 . 94 + 3 . 71 

−2 . 44 

i ∼ 41 ◦–48 ◦ i ∼ 38 ◦–56 ◦
a ∗ < 0.79 a ∗† ∼ 0.05–0.94 

log( ξ ) � 1.26 log( ξ ) � 3.07 

A Fe � 1.68 A 

† 
Fe � 4 . 78 

zgau EW = 26 + 534 
−24 eV EW = 30 + 770 

−29 eV 

Notes . All error ranges are quoted at the 90 per cent confidence level (90 per cent CL). In all cases, we account for the effects of Galactic absorption 
with the multiplicative tbabs model, assuming a constant hydrogen density of N H = 3.51 × 10 20 cm 

−2 . For the HETG data set, we account for 
potential cross-calibration uncertainties between the HEG and MEG via a multiplicative constant. The last two columns show the goodness of fit of 
the best-fitting regimes found when fitting the LETG/HETG spectra, as well as their reduced C -stats, defined as C ν = C /DOF, where DOF are the 
degrees of freedom. We flag the best-fitting parameters where the 90 per cent CL given is only approximate with a dagger ( † ) symbol. The model 
parameters accompanied by an asterisk ( ∗) underlie parameters that were later seen to be characterized by a bimodal distribution (see Appendix A 

for further details), for which the quoted 90 per cent CL should be considered carefully. Where applicable, we quote the equi v alent width (EW) of 
the zgau model component (quoted at 90 per cent confidence). The individual LETG/HETG spectra were fitted within their corresponding energy 
range, given in Table 2 . 
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When describing the LETG with relxill lp , the spectral index
f the primary continuum softens (with 
 = 2.10 ± 0.06), compared
o that found by the simple po model. This is unsurprising, given
hat a steeper primary power-law component will naturally allow
eflection for a good description of the spectrum at higher energies.
he relxill lp fit to the LETG data finds a spin of a ∗ < 0.79

90 per cent CL), as well as a moderate reflection fraction, ∼1 . 2 –2 . 5
consistent with the reflection fraction found by Reynolds et al. 2014 ).
n fact, this 90 per cent CL for R agrees with the expectation from
 lamppost geometry, given that maximal spins are excluded (see
gs 2–4 of Dauser et al. 2014 ), although we note that the height
 [ R g ] of the lamppost is poorly constrained. 

.2 Fitting the HETG data 

ur analysis of the HETG data closely follows that of the LETG
escribed abo v e, with the addition of accounting for potential
ux-calibration uncertainties between the two grating arrays that
onstitute the HETG (that is, the HEG and MEG) via the inclusion
f a multiplicative const component. When solely modelling the
rimary continuum with a power-law fit, we find a best-fitting spectral
ndex of 
 = 1.80 ± 0.03. This is noticeably harder than the best-
tting 
 values provided by the LETG fits (see Table 3 ), suggesting

hat the source may have undergone intrinsic spectral change during
he 16 days between the LETG and HETG observations. This gave
 best-fitting value of the HEG/MEG cross-calibration constant
.04 ± 0.03. Out of all unmodelled residuals resulting from a simple
o fit, the most distinct is the iron line at 6.4 keV (see Fig. 2 ). Again,
e attributed this to reflection from a cold torus surrounding the outer

ccretion disc. The inclusion of a narrow Gaussian line at 6.4 keV
mpro v es the goodness of fit by � C = −28. 

As outlined by Table 3 , we find statistical significance for
elativistic X-ray reflection from the inner accretion disc in
he HETG data when using the relxill lp model. Indeed,
he latter impro v ed the fit by � C = −40 when compared
o the const ∗tbabs ∗(po + zgau) model, with a best-
NRAS 514, 2568–2580 (2022) 
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tting value of the cross-calibration constant of 1.04 ± 0.02. 
his model is shown by Fig. 3 , which also illustrates the
babs ∗(relxill lp + zgau) best-fitting regime found for 

he LETG data set. As illustrated in Fig. 2 , relxill lp captures the
nderlying residuals present in the HETG data within the physically 
ele v ant iron band. Importantly, at 90 per cent CL , the HETG data
nd a spin parameter in the range a ∗ ∼ 0.05–0.94, allowing us

o reject retrograde, non-rotating, and extreme ( a ∗ � 0.94) spins.
dditionally, the best-fitting inclination values of the accretion disc 

 inferred when describing the individual LETG and HETG data sets
ith relxill lp are reassuringly consistent. Despite being more 
roadly distributed in the HETG fit, this also applies to the iron
bundance A Fe . 

 M C M C  RESULTS  O N  PHYSICAL  

A R A M E T E R S  F RO M  DISTINCT  DATA  SETS  

 key goal of this study is to constrain the black hole spin parameter
 

∗ under the assumption that relativistic reflection correctly describes 
he source spectrum. Individually, the LETG and HETG data indeed 
rovide constraints on the spin but with 90 per cent confidence 
anges that are rather wide. Ho we ver, it is kno wn that there can
e strong covariances between the spin, the disc inclination, and 
ron abundance, and so the wide range of permitted spins can 
undamentally arise from poor constraints on the disc inclination 
 and/or iron abundance A Fe [ Z �]. With their different energy bands,
he LETG and HETG fits have subtle differences in their sensitivity to
he inclination and iron abundance. Thus, given that a ∗, i and A Fe [ Z �]
hould be invariant o v er human time-scales, a joint analysis of the
arameter space enabled by reflection on the individual LETG/HETG 

pectra may permit us to resolve the underlying degeneracies and 
ence significantly sharpen our spin constraints. Indeed, we find that 
his is the case (see Fig. 6 ). We hav e v erified that the 90 per cent
onfidence constraints on a ∗, i , and A Fe [ Z �] we infer as described in
he following section are consistent with those inferred by performing 
 joint LETG/HETG spectral fit (see Appendix B for further details). 

In order to produce combined constraints, we firstly performed 
CMC analyses of the separate LETG/HETG data, using the 

ovariance matrix of their relxill lp best-fits as their initial chain
roposal (in Table 3 ), respecti vely, allo wing to more fully explore the
arameter space of their reflection model. In both cases, we used the
oodman–Weare algorithm (Goodman & Weare 2010 ) as provided 

n XSPEC , with 10 4 steps and 10 2 w alk ers, yielding 10 6 samples of the
osterior. In all cases, we assumed uniformly distributed priors on 
ll free parameter models fitted to the source spectra except for in the
ase of the ionization parameter, ξ , to which we assigned flat priors
n log space. The results of the chains are illustrated by Figs A1 and
2 , showing the 90 per cent confidence intervals of the relevant free 
arameters. In fact, several features of the individual LETG/HETG 

CMC runs are immediately distinctive, as follows. 
First, the distribution of the SMBH spin ( a ∗) and the inclination

f the accretion disc ( i ) relative to the rotation axis of the SMBH are
n agreement in both MCMC runs. Crucially, both spin distributions 
re notably skewed towards moderate spin values, i.e. a ∗ ∼ 0.4–0.6, 
hile extreme spins are ruled out when adding the upper bound of

he 90 per cent credibility ranges resulting from the separate chains, 
.e. a ∗ � 0.86–0.92. 

Secondly, the inner disc inclination i is constrained to have 
oderate values in both chains. Even if the HETG data set presents

tronger features around the iron line when compared to the LETG
see the upper panels in Figs 2 and 1 , respectively), i is more broadly
istributed in the HETG chain (see Fig. A2 ), with i ∼ 28 ◦–49 ◦ at
0 per cent confidence. In this data set, i is positively correlated or
egenerate with the spin parameter a ∗, since low inclination values,
28 ◦, are coupled to lower values of a ∗, and vice-versa. 
Thirdly, we note that the distributions for the ionization state of

he inner disc are skewed differently in the LETG/HETG chains (see
ppendix A ). The iron abundance A Fe [ Z �] is also more broadly
istributed in the HETG than in the LETG chain (see Figs A1
nd A2 ). Whilst there are no obvious reasons to believe that the
etallicity of the accretion disc would readily change between the 

wo observation epochs, it is interesting to note that the lowest bound
n Z – provided by the LETG to be ∼0.55 Z � – for the accretion
isc is not consistent with the iron abundance of the circumnuclear
aterial surrounding the immediate vicinity of the AGN inferred by 
eynolds et al. ( 2014 ), i.e. ∼0.4 Z �. 
Finally, we note that the distributions of 
 and R are strongly cor-

elated in the LETG chain. This is unsurprising, given that enhancing
 makes the spectrum of coronal emission steeper and naturally 

nduces reflection for an accurate description of the spectrum at 
igher energies. This does not apply to the HETG data set since
t presents distinctive reflection features around the iron band that 
emain unmodelled by a single power-law continuum, whereas in 
he LETG spectrum, these features are broader and weaker (see Figs
 and 2 , respectively). We note that the MCMC chains indicate that no
ignificant spectral AGN variability seems to have occurred between 
he two observation epochs. 

 STATISTICAL  F R A M E WO R K  TO  INFER  

E R G E D  C O N S T R A I N T S  

e now proceed to describe the merged constraints (i.e. from the
istinct LETG/HETG fits) on the invariant properties of the source 
hat ought not to change between the LETG and HETG observations.

We identify the set of invariant ‘fundamental’ quantities of the 
ystem, f , to be the dimensionless spin parameter, inclination, and
ron abundance of the accretion disc, i.e. f = ( a ∗, i , A Fe ). We identify
ll other model parameters as ‘nuisance’ parameters of the system, 
 , in the sense that they can readily change between the different
pochs of observation. We label the joint LETG/HETG data by { D i } ,
here a given D i (with i = 1, 2) denotes the individual LETG/HETG
ata sets. 
The MCMC analysis of Section 4 gives us the posterior for all

f the fundamental and nuisance parameters for each of the two
bservation epochs, p( f , n i | D i ). For each data set, one can now
arginalize o v er all nuisance parameters n i to deriv e the individual
ETG/HETG fit posteriors of the fundamental parameters of the 
ystem p( f | D i ) via 

 ( f | D i ) = 

∫ 

p ( f , n i | D i )d n i , (1) 

here the integral over n i serves to marginalize over all nuisance
arameters for a single data set. Under the assumption of conditional
ndependence [CI] between the two data sets and assuming uniform 

riors in f , the independent fit posteriors p( f | D i ) can be combined
ia direct multiplication to determine the joint posterior of all 
undamental parameters of the system, p( f |{ D i } ). Mathematically, 
his corresponds to 

erged posterior [CI] p ( f |{ D i } ) = 

1 

p ( f ) 

∏ 

D i = 1 , 2 

p ( f | D i ) , (2) 

here p ( f ) denotes the prior in f . We compute equation ( 2 ) using the
ormalization condition of the merged LETG/HETG posterior o v er 
ll f , that is, 

∫ 
f p( f |{ D i } )d f = 1. 
MNRAS 514, 2568–2580 (2022) 
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Figure 3. Ef fecti ve area-corrected LETG (left-hand panel) and HETG (right-hand panel) spectral data employed throughout our analysis. For plotting purposes, 
all data were re-binned to a target signal-to-noise ratio of 100 with the restriction that no more than 5 and 15 spectral bins were co-added, respectively. The 
black lines show the best-fitting relativistic + narrow reflection models outlined in Table 3 . The ef fecti ve area-corrected best-fitting reflection model shown 
for the HETG data set corresponds to that attributed to the HEG, since the best-fitting model found for the MEG is equi v alent to that of the HEG, but with its 
normalization set by the best-fitting cross-calibration constant, 1.04 ± 0.02. 

Figure 4. Constraints on system parameters resulting from merging the 
individual LETG/HETG posteriors on such parameters. The 90 per cent 
confidence level (90 per cent CL ) drawn from the posterior probability density 
quoted at the top of each histogram (delimited by solid red lines) is centred 
at the best-fitting median value (dash–dotted blue line) for all fundamental 
parameters depicted. The parameters flagged with a dagger ( † ) correspond 
to those whose lower hard limit is comprised within (or close to) their 
90 per cent CL lower bound. The contours show the 68, 95.5, and 99.7 per cent 
enclosed probability levels in all covariance plots shown. 
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Operationally, we find the individual LETG/HETG fit posteriors
n f from equation ( 1 ) by using XSPEC ’s margin command. For
ach data set D i , all fundamental parameters were sampled linearly
cross their full parameter range with 10 2 steps, i.e. a ∗ ∈ [ −0.99,
.99], i ∈ [3.5 ◦, 86.5 ◦], and A Fe ∈ [0.50, 10.0] Z �. 
The inferred merged constraints on all fundamental parameters of

he system f found following equation ( 2 ) is shown by Fig. 4 . Indeed,
NRAS 514, 2568–2580 (2022) 
he latter illustrates the apparent sharpening of each fundamental
arameter’s distribution resulting from having merged the distinct
ETG/HETG fit posteriors on f . Especially apparent is the impro v e-
ent in the constraints on the spin parameter, with a 90 per cent

redible range of a ∗ ∼ 0.25–0.84 from the joint fit posterior. We
ighlight that this impro v ement is principally driven by the breaking
f the HETG spin-inclination de generac y with the higher quality
ETG inclination constraint (see Figs A1 and A2 , respectively). 

 DI SCUSSI ON  

y making the assumption that the X-ray spectral complexities in
1821 + 643 are due to relativistic reflection from the innermost

ccretion disc, we have shown that the black hole is spinning at a
odest rate, a ∗ = 0.25–0.84 (90 per cent credible range). This is a

otable impro v ement on the only previous e xisting (and tentativ e)
onstraint for this object, a ∗ > 0.4 (Reynolds et al. 2014 ). The
atter employed relxill lp to describe the soft excess on a
uzaku spectrum of the source, whereas our study is centred upon
tatistical evidence of a broadened, fluorescent Fe-K α line that is
ell described by relativistic reflection of the primary source from

he accretion disc. 
The constraint we provide on the spin of this object, the most
assive SMBH candidate whose angular momentum has been fully

onstrained (i.e. with a defined upper and lower bound), is perhaps
he most interesting result of our work. This is shown by Fig. 5 ,
here we include all but two of the spin constraints quoted in Bambi

t al. ( 2021 ), corresponding to the ultrafast outflow (UFO) source
RAS 13349 + 2438 and to the radio-loud quasar 4C 74.26, for the
easons stated below. 

First, a combined XMM–Newton and NuSTAR view of IRAS
3349 + 243 showed evidence for an UFO in the source spectrum
 see Parker et al. 2018 , 2020 ). UFOs are known to reproduce sig-
atures attributed to relativistic reflection from an ionized accretion
isc. Therefore, one may expect the parameter space underlying the
escription of the iron band in such sources to be notably degenerate.
econdly, we note that the possible broad iron-line radio galaxy 4C
4.26, of an estimated mass 

(
4 . 0 + 7 . 5 

−2 . 5 

) × 10 9 M � (Woo & Urry 2002 ),
as been tentatively constrained to have a spin of a ∗ > 0.5, based on
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art/stac1389_f4.eps


An X-ray reflection study of H1821 + 643 2575 

Figure 5. Spin as a function of measured mass for the 32 SMBHs outlined in table 1 in Reynolds ( 2020 ), updated with the inclusion of (i) all but two objects 
presented in Bambi et al. ( 2021 ) (refer to discussion in the text); (ii) the extreme spin constraint for ESO 033 −G002 of Walton et al. ( 2021 ) – with its mass 
estimate; and (iii) our result for H1821 + 643 (in red). All spin measurements shown, quoted at 90 per cent confidence, were or have recently been inferred on 
the basis of X-ray reflection methods. Where available (refer to table 1 in Reynolds 2020 ), all error bars in mass correspond to the ±1 σ level, or are otherwise 
shown at ±50 per cent significance. Our spin measure for H1821 + 643 is centred at M BH = 3 × 10 9 M � (Kolman et al. 1991b ; Floyd et al. 2004 ; Shapo valo va 
et al. 2016 ; Capellupo et al. 2017 ). Its mass errorbar is o v erlaid with the upper mass estimate of Reynolds et al. ( 2014 ), 6 × 10 9 M �, as well as the mass estimate 
suggested by Walker et al. ( 2014 ) on the basis of a Compton cooling flow argument, 3 × 10 10 M �. 

Figure 6. Uni v ariate (coloured) and merged (shaded in grey) black hole 
spin posteriors based on a Gaussian kernel density estimation. The merged 
distribution was found following the Bayesian procedure described in 
Section 5 . The dash–dotted vertical lines delimit the 90 per cent CL on a ∗
inferred from the merged distribution. 
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he strength of the reflection modelling on a combined Swift - NuSTAR
bservation (Lohfink et al. 2017 ). Its timed-average spectrum hinted 
t the possibility of a recessing inner disc extending up to ∼ 180 R g ,
hich, for instance, one would expect from the disruption of the 

nner accretion disc by a strong jet event associated with the radio
ource. In such a scenario, the gravitational imprint of the central
MBH would still be present in the X-ray reflection spectrum from

he primary source, although much weaker to that expected for an
nner disc fixed at the innermost stable circular orbit. 

Our result supports black hole growth scenarios where black holes 
f masses � 10 8 M � would grow following incoherent or chaotic
ccretion and SMBH-SMBH merger events up to � 10 10 M �. This is
redicted by semi-analytic models (Sesana et al. 2014 ; Zhang &
u 2019 ) and by hydrodynamic simulations of cosmic structure 

ormation (Bustamante & Springel 2019 ). 
The individual MCMC LETG/HETG analyses suggest that the 

pectral index of the hard X-ray corona ( 
) could have marginally
hanged between the two epochs (see Figs A1 and A2 ). The
pparent multi-modal distribution characterizing the dimensionless 
pin parameter of the central SMBH ( a ∗; see Fig. 4 ) is likely to rise
rom the marginalization o v er de generate nuisance parameters. We
ighlight that the inclination of the accretion disc relative to the spin
xis of the SMBH is consistent with that predicted in our previous
tudy, ∼43 ◦, where the LETG/HETG data were fitted jointly and
escribed with the diskline model (see section 2.2 of Sisk-Reyn ́es
t al. 2021 ). 

Merging the separate LETG/HETG chain outputs makes a sig- 
ificant impro v ement to constraining A Fe (see Figs 4 and A1 , A2 ).
ndeed, at 90 per cent CL , the iron abundance of the accretion disc
s allowed to be mildly subsolar to moderately supersolar, i.e. Z

(0.6–2.4) Z �. We highlight that this lower limit is interestingly
iscrepant with the iron abundance for the circumnuclear material 
urrounding the SMBH found in Reynolds et al. ( 2014 ), ∼0.4 Z �.
MNRAS 514, 2568–2580 (2022) 
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or this reason, the hypothesis that the cluster-hosted quasar is being
ed by an ICM Compton cooling cycle cannot be addressed. We note
hat our lower bound for A Fe in Fig. 4 is dominated by the weaker
e-K α fluorescent line present in the LETG spectrum (see Fig. 1 ).
e also note that a moderate supersolar measurement for the iron

bundance of the accretion disc could be systematically reduced if the
otal reflection component were split into: the reflected component
ttributed to the accretion disc, and that associated with cold, neutral
atter surrounding the outer disc. For this reason, in addition

o relxill lp , we attempted fitting the separate LETG/HETG
pectra by using the xillver model (Garc ́ıa et al. 2014b ) to
onsider reflection from cold matter surrounding the accretion disc.
o we ver, this did not improve their goodness-of-fit statistics, given

he degeneracies between the two reflection models. When using
illver to model the cold reflection component, we assumed: a

orus inclination of 30 ◦ to the normal of the disc; a solar abundance
 ∼Z �); and a low ionization state, i.e. log( ξ [erg cm s −1 ]) = 0.2, for
he cold, distant torus surrounding the AGN. We then performed an

CMC analysis of the distinct LETG/HETG data sets following the
CMC setup introduced in Section 4 . Subsequently, we inferred

nd merged the independent LETG/HETG fit posteriors on the
undamental parameters of the system, f , following Section 5 . The
0 per cent confidence bounds on f resulting from such an analysis
re a ∗ = 0 . 52 + 0 . 26 

−0 . 45 , i[ 
◦] = 43 . 76 + 4 . 98 

−2 . 49 , and A Fe = 1 . 78 + 0 . 66 
−0 . 95 Z �, and

herefore are consistent with those shown in Fig. 4 . 
On the other hand, we note that previous works (Jiang et al.

019 ) have shown that varying the density of the accretion disc
an significantly affect the iron line profile and measured black hole
pin. It is therefore useful to test the sensitivity of our constraints,
or instance, to a higher disc density. In particular, we use fig. 4 of
iang et al. ( 2019 ) to estimate an upper limit on the disc density n disc 

ne would expect for H1821 + 643 as a function of M BH × ṁ 

2 , where
˙  is the mass accretion rate in units of the Eddington fraction, f Edd .
aking f Edd = 0.25 (Reynolds et al. 2014 ) and a black hole mass
f log( M BH /M �) ∼ 9 provides an upper bound of log( n disc /cm 

−3 )
 17, even if the fraction of the disc energy dissipated into the

orona were as high as ∼ 70 per cent (which would be unlikely
or such a high-mass black hole). We then fitted the individual
ETG/HETG spectra with the const ∗tbabs ∗(relxill lpD
 zgau) model, where relxill lpD describes the reflection

pectrum and takes n disc as a free parameter, which we set to
0 17 cm 

−3 . The best-fitting regimes found for this higher density
odel were statistically equi v alent to those presented in Table 3 . The
erged 90 per cent confidence bounds on f resulting from combining

he individual fit LETG/HETG fit posteriors on f were found to be
onsistent with those illustrated by Fig. 4 , namely a ∗ = 0 . 52 + 0 . 26 

−0 . 51 ,
[ ◦] = 42 . 52 + 3 . 73 

−2 . 08 , and A Fe = 2 . 16 + 2 . 76 
−1 . 23 Z �. That is, at 90 per cent

redibility, retrograde and maximal spins are excluded and the iron
bundance of the inner disc can reach up to ∼4.9 Z �. 

Additionally, we note that we have restricted our reflection mod-
lling to the consideration of a simple lamppost geometry describing
he features present in the LETG/HETG spectra around the iron
and (see Figs A1 and A2 ). The spectral models fitted to these data
ets also account for (i) a reflected Fe-6.4 keV line from nuclear
cold) matter surrounding the immediate vicinity of the AGN; (ii)
alactic absorption through the ISM under the assumption of a

onstant hydrogen column density along the quasar line of sight,
 H = 3.15 × 10 20 cm 

−2 ; and (iii) the spectral model fitted to
he HETG data also accounts for potential cross-calibration flux
ncertainties between the HEG and MEG instruments. We restricted
ur spectral analysis to energies ≥1.5 keV (observer frame) to a v oid
NRAS 514, 2568–2580 (2022) 

R  
omplications arising from any soft excess that may be associated
ith a centrally concentrated cool ICM. By assumption, our analysis
oes not include any line-of-sight absorption by an ionized disc
ind. Whilst there is no strong evidence for such a component

Oe gerle et al. 2000 ; F ang et al. 2002 ; Mathur et al. 2003 ), these
ind signatures could, in principle, imitate several X-ray reflection

ignatures – we refer to Parker et al. ( 2022 ) and Sim et al. ( 2008 ,
010 ). The possible degeneracies on reflection parameters caused by
he inclusion of such a disc wind are beyond the scope of this paper.

 C O N C L U S I O N S  

n conclusion, we have performed the most rigorous X-ray reflection
odelling to date of the powerful radio-quiet cluster-hosted quasar
1821 + 643 using archi v al Chandra grating observ ations. This has

ed us to infer the tightest constraints on the spin of the central
MBH, a ∗ = 0 . 62 + 0 . 22 

−0 . 37 , as well as the inclination i [ ◦] = 44.6 ± 3.3
nd iron abundance A Fe = 1 . 02 + 1 . 33 

−0 . 38 Z � of the inner accretion disc
90 per cent credible ranges). 

The use of Chandra ’s LETG and HETG, respectively, permit the
xtraction of a high-resolution intrinsic AGN spectrum free from
ile-up where the contamination from cluster emission is minimal.
e have employed a total band coverage of 2.0–11.0 keV (rest frame,

 = 0.299) to minimize the need for a phenomenological description
f the soft excess and to ensure a maximal access to photon counts
ithin the physically rele v ant iron band. We fit the LETG/HETG

pectra separately, given the potential AGN variability between the
ifferent times of on-source exposure, finding no significant spectral
ariability between the two observation epochs. In both cases, we find
tatistical evidence for reprocessed coronal emission from both the
nner accretion disc and colder material in the immediate vicinity
f the AGN. We find combined constraints on the fundamental
roperties of this system by combining the outputs of MCMC chains
eturning a large sample of possible parameter combinations for both
pectra. Our combined constraints are inferred after marginalizing
 v er all parameters that can readily change between different obser-
ation epochs. 

At 90 per cent confidence, we find evidence for a moderate, non-
etrograde spin for this massive system, believed to be one of the
ost massive SMBHs ever detected, i.e. ∼3 × [10 9 –10 10 ]M �. We

xclude both a maximal, non-rotating and retrograde spin for this
bject, where a ∗ = 0.25–0.84 at 3 σ significance. This tentatively
uggests that accreting systems of similar mass are likely to grow fol-
owing incoherent accretion and/or SMBH-SMBH merger events. If
onfirmed, this would importantly distinguish such massive systems
rom the broader sample of lower mass AGN, i.e. ∼(10 6 –10 7 )M �,
hose preferred spins have been characterized to be maximal or
ear-extreme. 
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PPENDI X  A :  M C M C  RESULTS  F RO M  

N D I V I D UA L  LETG/ HETG  FITS  

igs A1 and A2 show the results from the MCMC chains performed
hen fitting the tbabs ∗(relxill lp + zgau) model to the

ndividual LETG/HETG spectra (refer to Sections 3.1 and 3.2 , 
espectively). In both cases, the neutral hydrogen column density 
long the quasar line of sight was frozen to 3.51 × 10 −20 cm 

−2 (HI4PI
ollaboration et al. 2016 ). In the case of the HETG, we accounted

or potential flux-calibration corrections between the HEG and MEG. 
he fitted models consist of the following free parameters: the height
 [ R g ] and reflection fraction R of the lamppost; the dimensionless
pin of the SMBH, a ∗; the inclination i and iron abundance A Fe of the
ccretion disc; the ionization parameter, log( ξ [erg cm s −1 ]]); and the
ormalization of the relxill lp and zgau model components 
which have not been shown in either Figs A1 or A2 for simplicity).

We note that the distribution of all values of the normalization
omponent of the zgau model resulting from the independent 
ETG/HETG chains are Gaussian and Lorentzian distributed, and 
redict an average of (1–6) × 10 −6 and 6 × 10 −6 photons cm 

−2 s −1 in
he line, respectiv ely. Moreo v er, the distributions of the normalization
omponent of the relxill lp model component (defined in 
ppendix A of Dauser et al. 2016 ) are positi vely ske wed to wards
2 × 10 −3 photons cm 

−2 s −1 . 
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M

Figure A1. MCMC results inferred when fitting the tbabs ∗(relxill lp + zgau) model to the LETG data, showing the free parameters quantifying 
the hard X-ray corona incident on the disc ( 
) and the relativistic reflection from the disc ( h [ R g ], a ∗, i [ ◦], log( ξ [erg cm s −1 ]), A Fe [ Z �], and R ), as listed in 
Section A . The 90 per cent confidence level (90 per cent CL ) drawn from the posterior probability density quoted at the top of each histogram (delimited by solid 
red lines) is centred at the best-fitting median value (dash-dotted blue line) for all fundamental parameters depicted. The parameters flagged with a dagger ( † ) 
correspond to those whose lower hard limit is comprised within (or close to) their 90 per cent CL lower bound. The contours show the 68, 95.5, and 99.7 per cent 
enclosed probability levels in all covariance plots shown. 
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Figure A2. MCMC results inferred when fitting the const ∗tbabs ∗(relxill lp + zgau) model to the HETG data, showing the free parameters 
quantifying the hard X-ray corona incident on the disc ( 
) and the relativistic reflection from the disc ( h [ R g ], a ∗, i [ ◦], log( ξ [erg cm s −1 ]), A Fe [ Z �], and R ), as 
listed in Section A . The const model component permits for flux-calibration uncertainties between the HEG/MEG instruments. The 90 per cent confidence 
level (90 per cent CL ) drawn from the posterior probability density quoted at the top of each histogram (delimited by solid red lines) is centred at the best-fitting 
median value (dash-dotted blue line) for all fundamental parameters depicted. The parameters flagged with a dagger ( † ) correspond to those whose lower hard 
limit is comprised within (or close to) their 90 per cent CL lower bound. The contours show the 68, 95.5, and 99.7 per cent enclosed probability levels in all 
covariance plots shown. 
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PPEN D IX  B:  C O N S T R A I N T S  F RO M  A  J O I N T  

ETG/HETG  SP ECTRAL  FIT  

o verify our analysis and the results discussed in Section 6 ,
e performed a joint LETG/HETG spectral fit using the 
onst ∗tbabs ∗(relxill lp + zgau) model. All the nui- 
ance parameters of the model associated with the LETG/HETG 
ata sets were fitted freely, whilst the three fundamental parameters 
f the system, i.e. f = ( a ∗, i ◦, A Fe [ Z �]), were tied amongst the two
ata sets. The best-fitting regime was found to be C = 3991 for 4224
egrees of freedom (giving a reduced C -stat of C ν = 0.945). 
Following Section 4 , we performed an MCMC analysis of the

oint LETG/HETG data set, assigning a total chain length of 3906
or 256 independent w alk ers. Using XSPEC ’s margin command, we
MNRAS 514, 2568–2580 (2022) 
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hen marginalized o v er all nuisance parameters to find 90 per cent
onfidence bounds on the three fundamental parameters of the
ystem, f . These were found to be consistent with the 90 per cent CL s
n f we report in Fig. 4 . Crucially, the 90 per cent confidence bound
n the black hole spin inferred from the joint fit, a ∗ ∼ 0.13–0.74,
NRAS 514, 2568–2580 (2022) 
ules out maximal, retrograde, and non-rotating spins and supports
ur finding that the spin of H1821 + 643 is indeed moderate. 
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