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A B S T R A C T 

H1821 + 643 is the nearest quasar hosted by a galaxy cluster. The energy output by the quasar, in the form of intense radiation 

and radio jets, is captured by the surrounding hot atmosphere. Here, we present a new deep Chandra observation of H1821 + 643 

and extract the hot gas properties into the region where Compton cooling by the quasar radiation is expected to dominate. Using 

detailed simulations to subtract the quasar light, we show that the soft-band surface brightness of the hot atmosphere increases 
rapidly by a factor of ∼30 within the central ∼10 kpc. The gas temperature drops precipitously to < 0 . 4 keV and the density 

increases by o v er an order of magnitude. The remarkably low metallicity here is likely due to photoionization by the quasar 
emission. The variations in temperature and density are consistent with hydrostatic compression of the hot atmosphere. The 
extended soft-band peak cannot be explained by an undersubtraction of the quasar or scattered quasar light and is instead due 
to thermal interstellar medium. The radiative cooling time of the gas falls to only 12 ± 1 Myr, below the free fall time, and we 
resolve the sonic radius. H1821 + 643 is therefore embedded in a cooling flow with a mass deposition rate of up to 3000 M � yr −1 . 
Multiwavelength observations probing the star-formation rate and cold gas mass are consistent with a cooling flow. We show 

that the cooling flow extends to much larger radii than can be explained by Compton cooling. Instead, the active galactic nucleus 
appears to be underheating the core of this cluster. 

Key words: intergalactic medium – quasars: individual: H1821 + 643 – X-rays: galaxies: clusters. 
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.  I N T RO D U C T I O N  

ccretion on to supermassive black holes (SMBHs) powers the in- 
ense radiation and winds observed in distant quasars and spectacular 
elativistic jets in radio galaxies that can reach far beyond the host
alaxy. This energy input is now understood to be the key mechanism
n structure formation that truncates the growth of massive galaxies 
nd suppresses cooling flows at the centres of rich galaxy clusters
e.g. Bower et al. 2006 ; Croton et al. 2006 ; Hopkins et al. 2006 and for
 re vie w see Fabian 2012 ). The clearest observ ational e vidence for
his mechanism is found in nearby galaxy clusters, where the energy 
utput by the central active galactic nucleus (AGN) is imprinted on 
he hot atmosphere. In these systems, radio jets launched by the 
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MBH carve out huge cavities and drive a series of weak shocks
nd sound waves into the hot gas (e.g. Fabian et al. 2000 , 2006 ;
cNamara et al. 2000 and for a re vie w see McNamara & Nulsen

007 ). The radio jets and lobes expand against the pressure of the
ot atmosphere; therefore the minimum energy input is given by 
 pV , where p is the gas pressure and the cavity volume V is based
n the extent on the sk y (e.g. Churazo v et al. 2002 ). The captured
nergy replaces the substantial radiative losses from the cluster’s 
tmosphere, which would otherwise cool rapidly and flood the central 
alaxy with cold gas (a cooling flow, Fabian 1994 ). This radio or
aintenance-mode of feedback is thought to suppress gas cooling 

nd star formation in massive galaxies and clusters at late times in
he Universe. 

At high redshift, higher accretion rates on to these SMBHs 
uelled a radiati vely ef ficient quasar-mode of feedback. In this
ode, intense radiation and high-velocity winds generated close to 
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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Figure 1. Left panel: Image for a single Chandra observation of H1821 + 643 showing the 1/8 subarray and readout streak from the bright quasar (Obs. ID 

22106). Right panel: Image showing all data sets merged. The range of roll angles for the separate observations changes the orientation of the CCD and readout 
streak. Images have units of counts, cover the energy range 0 . 5 −7 keV, and were smoothed with a 2D Gaussian with σ = 1 . 5 arcsec. 
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he quasar shock-heat and expel the surrounding gas and prevent
urther gas inflow (e.g. Di Matteo, Springel & Hernquist 2005 ;
ing & Pounds 2015 ). Quasar-mode feedback was probably most

f fecti ve and pre v alent at the height of quasar activity at z ∼ 2–3,
hen galaxies were most gas-rich and intensively forming stars.
y dri ving outflo ws and depleting the fuel supply, quasar-mode

eedback would produce the observed decline in activity from both
lack holes and star formation and push galaxies on to the M BH –σ

elation. Ho we ver, detailed studies of the impact of these powerful
uasars on hot atmospheres have so far been limited by the lack of
uitable low-redshift analogues. Only two are known in the local
niverse ( z < 0.5): H1821 + 643 ( z = 0.299; Russell et al. 2010 ) and
L09104 + 4109, which is highly obscured ( z = 0.44; O’Sulli v an
t al. 2012 ). 

The massive galaxy cluster surrounding the quasar H1821 + 643
s optically rich and has an X-ray bright, strong cool core. The
uasar has a bolometric luminosity of ∼10 47 erg s −1 and this nuclear
mission dominates o v er that from the hot gas within the central
ew arcsec (Fang et al. 2002 ). A deep Very Large Array (VLA)
bserv ation re vealed that, although classified as a radio-quiet quasar
based on the 5 GHz luminosity of 10 23 . 9 W Hz −1 sr −1 ), H1821 + 643
osts a giant 300 kpc F anaroff–Rile y type I radio source (Blundell &
awlings 2001 ).Previous Chandra imaging observations suggest
omplex interplay between the AGN activity and the surrounding
luster gas (Russell et al. 2010 ). Bright arms of cool gas extend
long the radio lobes and around the rim of an X-ray cavity. Using
etailed point spread function (PSF) simulations to subtract the
uasar emission, Russell et al. ( 2010 ) extracted the underlying
emperature and density profiles of the hot atmosphere. The gas
emperature drops steadily from 10 keV at ∼80 kpc to 2 keV at
0 kpc. When compared with other strong cool core clusters, the
NRAS 528, 1863–1878 (2024) 
esulting entropy profile for H1821 + 643 has a significantly steeper
ecline within the central ∼80 kpc (Walker et al. 2014 ). The quasar
ay have a marked cooling effect on the surrounding hot gas, likely

hrough Compton scattering, which would also boost the accretion
ate on to the SMBH and extend this burst of quasar activity (Fabian &
rawford 1990 ). Ho we ver, heavy pile-up of the quasar emission

n the previous Chandra observations ( > 80 per cent of photons
ffected) ultimately prevented us from extracting the underlying hot
as properties into the region where Compton cooling is expected to
ominate. 
Here, we present a new deep Chandra observation of H1821 + 643

aken with a short frame-time of 0 . 4 s to minimize pile-up and allow
s to measure the temperature and density of the hot gas within the
entral 20 kpc. In Sections 2 and 3 , we discuss the data reduction,
ile-up, and the detailed simulation and subtraction of the quasar PSF.
ection 4 examines the morphology of the underlying hot atmosphere
nd Section 5.1 maps the gas properties using spatially resolved
pectroscopy . Finally , in Section 6 , we discuss the evidence for and
rigin of the cooling flow at the centre of H1821 + 643. We assume
 0 = 70 km s −1 Mpc −1 , �m 

= 0.3, and �� 

= 0 . 7, translating to a
cale of 4 . 4 kpc per arcsec at the redshift z = 0.296 of H1821 + 643
Monroe et al. 2016 ). All errors are 1 σ unless otherwise noted. 

.  DATA  R E D U C T I O N  

1821 + 643 was observed by Chandra with the ACIS-S detector
or a total of 582 ks split o v er 22 separate observations between
019 October and 2020 September (Fig. 1 ). The bright quasar was
ositioned 1 arcmin off-axis to ensure the field of view co v ered
he galaxy cluster core. Chandra does not have a shutter so quasar
hotons arriving during CCD readout produce a clear readout streak
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Table 1. Details of the new Chandra observations analysed in this work. 

Date Obs. ID Aim point Exposure Date Obs. ID Aim point Exposure 
(ks) (ks) 

2019 Oct 7 22105 S3 36.3 2020 July 18 23319 S3 20.4 
2019 Oct 23 22106 S3 45.4 2020 July 19 23239 S3 39.1 
2019 Dec 28 23054 S3 41.8 2020 Aug 7 22104 S3 20.9 
2020 Apr 10 21559 S3 25.5 2020 Aug 9 23339 S3 14.6 
2020 Apr 10 23211 S3 18.2 2020 Aug 22 23053 S3 22.7 
2020 Apr 20 21558 S3 42.7 2020 Sep 16 22103 S3 13.7 
2020 May 8 21561 S3 24.1 2020 Sep 18 22109 S3 22.7 
2020 May 10 23240 S3 22.7 2020 Sep 19 24612 S3 27.6 
2020 May 28 22108 S3 13.7 2020 Sep 24 24639 S3 30.9 
2020 June 20 22107 S3 34.4 2020 Sep 26 24641 S3 22.7 
2020 July 15 21560 S3 32.7 2020 Sep 27 24661 S3 9.1 
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cross the detector. All observations were taken with a 1/8 subarray 
nd reduced frame-time of 0 . 4 s to minimize pile-up. Pile-up occurs
hen multiple photons arrive in the same pixel within a single ACIS

rame integration time (typically 3 . 1 s). These photons are detected
s a single event of higher energy and with an extended charge cloud
istribution. An event with an extended charge cloud distribution is 
ore likely to be flagged as a background event and excluded from

nalysis. Pile-up therefore hardens the source spectrum and reduces 
he detected flux. Pile-up can be reduced by reducing the frame- 
ime; ho we ver, this requires faster readout so the CCD area must be
ecreased by using a subarray. 
Using PIMMS (Mukai 1993 ), we estimated that ∼25 per cent of 

uasar photons are piled up in the new observations. Whilst far below
he > 80 per cent pile-up predicted for a frame-time of 3 . 1 s, this is
till sufficient to reduce the measured count rate from 1 . 8 cts s −1 to
 . 0 cts s −1 and produce a coincident peak in bad event grades. Based
n the ratio of bad to good grades, pile-up predominantly affects 
he very centre of the quasar’s PSF within 1 arcsec. We note that

ild pile-up ( < 5 per cent ) is also found from 1 −2 arcsec, which
s considered when analysing the radial profiles for the extended 
mission. 

The data sets were reduced and analysed with CIAO version 
.14 and CALDB version 4.9.8 provided by the Chandra X-ray 
enter (CXC; Fruscione et al. 2006 ). The latest gain and charge

ransfer inefficiency correction were applied and the event files were 
ltered for bad grades. For this analysis, the impro v ed background
creening available from VFAINT mode was not applied to minimize 
oss of piled-up photons. Background light curves were extracted 
rom the outskirts of the CCD and filtered with the LC CLEAN

cript to remo v e periods impacted by flares. No major flares
ere found in the individual background light curves. The light 

urves were also compared ensuring no flares were missed in the 
horter observations. No flare periods were identified. The obser- 
ations used and their corresponding exposure times are listed in 
able 1 . 
The earlier 90 ks observation of H1821 + 643 taken with ACIS-S

n 2008 was severely piled up ( > 80 per cent ) within the region of
nterest here. Piled-up events exceeded the upper energy cutoff and 
ere not telemetered to the ground, which resulted in an apparent 
ole at the centre of the quasar PSF. This observation was focused on
he surrounding galaxy cluster rather than the immediate environment 
f the quasar and therefore did not use a subarray (Russell et al.
010 ). We did not utilize this additional data set in this study except
o e v aluate systematic uncertainty due to the contaminant correction. 
handra’ s A CIS instrument has decreasing soft-band ef fecti ve area
 v er time due to the deposition of a contaminant on the optical
locking filters. The rate of accumulation is varying o v er time and
he calibration must be regularly updated (Plucinsky et al. 2018 ).

e therefore compared the best-fitting parameters for the new and 
008 observations for identical regions at large radius to check the
ccuracy of the contaminant correction. We found no systematic 
ifferences. 
The cluster emission extended over the full subarray so blank sky

ackgrounds were generated for each observation. Each background 
ata set was reprocessed as abo v e, reprojected to the appropriate
ky position, and normalized to match the observed count rate in
he 9 . 5 −12 keV energy band. We note that this study focused on
he luminous extended emission immediately around the quasar 
herefore the background subtraction was not particularly significant 
nd the blank sky backgrounds were sufficiently well-matched to the 
bservation. 
Subpix el ev ent repositioning was used to determine the quasar

entroid for image and profile alignment across the separate obser- 
ations (Li et al. 2004 ). For each observation, an image of the quasar
as generated with a spatial resolution 10 times finer than the native

esolution of 0 . 495 arcsec. The quasar centre was then determined
ith two-dimensional (2D) image fitting in SHERPA (Freeman, Doe & 

iemiginowska 2001 ). The best-fitting centroid for each data set 
as used throughout to align images and position extraction regions 

or radial profiles and spectra. Pile-up and, to a lesser extent, the
resence of extended emission will distort the PSF shape. Ho we ver,
his effect will be comparable for all data sets and was found to be
egligible in a similar analysis of M87, which has more complex
ircumnuclear emission (Russell et al. 2018 ). Due to the subarray’s
imited field of view, additional point sources were only detected in
 fe w observ ations tak en at f a v ourable roll angles. This limitation
n the alignment, in combination with PSF asymmetries at 1 arcmin
f f-axis, pre vented us from analysing sectors on small scales around
he quasar. 

.  QUASAR  PSF  SUBTRAC TI ON  

he quasar PSF emission dominates o v er the extended emission from
he hot atmosphere to a radius of 4 arcsec (18 kpc) for the energy
and 0 . 5 −7 keV. The quasar is so bright that the PSF emission
nly drops below 10 per cent of the total 0 . 5 −7 keV flux beyond a
adius of 20 arcsec (90 kpc). The Chandra PSF is broader at high
nergies compared with low energies so the impact can be even
reater in a hard energy band. The quasar PSF has a significantly
arder spectrum than the thermal emission so this contribution 
ust be carefully modelled to large radii to remo v e systematic

ncreases in both normalization and measured gas temperature. It 
MNRAS 528, 1863–1878 (2024) 
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Figure 2. Quasar spectrum extracted from Obs. ID 21558 using a circular 
region with radius 1 . 5 arcsec. Approximately 25 per cent of the incident 
photons were piled up in the spectrum. The spectral model determined 
from the readout streak spectrum is shown by the solid line. This model 
is unaffected by pile-up. The difference between the model and the piled-up 
spectrum sho ws ho w pile-up hardens the observed spectrum and reduces the 
flux. 
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s not possible to cleanly spectrally separate the spatially coincident
uasar and extended emission (Russell et al. 2010 ). Instead, we must
etermine the PSF contribution at each radius, fix the parameters
f an appropriate spectral model that accounts for this contribution,
nd then fit a thermal model to the residual emission from the hot
tmosphere. 

A detailed model of the High Resolution Mirror Assembly
HRMA) PSF was produced before launch and calibrated with in-
ight data (Jerius et al. 2000 ). This model is continually re vie wed
nd updated by the CXC. 1 Given the energy dependence of the PSF,
he principle input to this model is the incident quasar spectrum. 

.1 Quasar spectrum 

ile-up significantly distorts the observed spectrum of the quasar
1821 + 643. Fig. 2 shows the modestly piled-up spectrum extracted

rom a circular region centred on the quasar with a radius of
 . 5 arcsec. The model illustrates the incident spectrum and demon-
trates that when multiple soft photons arrived in a single frame-time
hese were recorded as a single hard photon. The piled-up spectrum
as a significant deficit of soft photons and an excess of hard photons.
he piled-up spectrum can be fitted with a statistical model of pile-up

Davis 2001 ) to reco v er the incident spectrum. Ho we ver, the solutions
ere found to be particularly degenerate for this data set and the best-
tting result predicted a far higher level of pile-up than was consistent
ith the fraction of bad grades or readout streak brightness. 
Other techniques to extract the incident spectrum include

nalysing the PSF wings (e.g. Evans et al. 2004 ; Hardcastle, Evans &
roston 2006 ; Mingo et al. 2011 ) and using only the best event
rade to select single photon arri v als (grade 0, e.g. Miller, Bautz &
cNamara 2017 ). Ho we ver, the former suf fered from degeneracies

etween the spectrum of the PSF wings and the extended hot
tmosphere emission. The latter produces a spectrum free of pile-
p distortions but cannot reco v er the flux of the incident spectrum
NRAS 528, 1863–1878 (2024) 

 See https:// cxc.harvard.edu/ ciao/ PSFs/ psf central.html . 

1  

a  

2  
ecause the ratio of grade 0 events to total incident photons remains
nknown. 
We therefore extracted the quasar’s incident spectrum from the

eadout streak (see e.g. Russell et al. 2010 ). For each observation,
CIS accumulates photons o v er the frame-time of 0 . 4 s and then

eads out the frame at a parallel transfer rate of 40 μs. For the 1/8
ubarray, only 128 rows are read, which takes a total of 0 . 00512 s.
nlike an optical telescope, the typically very low count rate of X-

ay sources ensures that a negligible number of photons arrive during
eadout and a shutter is not required. In the case of very bright point
ources, such as H1821 + 643, photons do arrive during the CCD
eadout and appear distributed along the entire row, which creates a
ontinuous streak. As the ef fecti ve frame-time is then much shorter
40 μs), these photons are not piled up. 

We extracted a spectrum in the energy range 0 . 5 −7 keV from two
arrow regions positioned over the readout streak on either side
f the quasar. Each region was 20–30 pixels long and 6 pixels
ide. Background cluster emission was subtracted by extracting

pectra from closely neighbouring background regions either side
f the readout streak. Appropriate responses were also generated.
he exposure time of each readout streak spectrum was calculated
y multiplying together the number of rows, the number of frames,
nd the transfer rate of 40 μs. For the observations of H1821 + 643,
he readout streak exposure times ranged from 45.7 to 227 . 1 s with
 total of 2 . 9 ks. 

The readout streak spectra were fit together and separately in the
-ray spectral fitting package XSPEC (version 12.12.1; Arnaud 1996 )
sing an absorbed power-law model. Two absorption components
ere used: The Galactic absorption component was fixed to the
easured value from the LAB H I surv e y ( N H = 3 . 5 × 10 20 cm 

−2 ;
alberla et al. 2005 ) and the intrinsic absorption component was left

ree. When fit together, the best-fitting photon index � = 2.13 ± 0.06,
he intrinsic absorption N H , z < 0 . 025 × 10 22 cm 

−2 , and the unab-
orbed flux F = 2 . 18 ± 0 . 05 × 10 −11 erg cm 

−2 s −1 (0 . 5 −7 keV, and
 = 1 . 22 ± 0 . 07 × 10 −11 erg cm 

−2 s −1 for 2 − 10 keV). This best-
tting model is shown in Fig. 2 . When fit separately, the best-
tting photon index and intrinsic absorption for each observation
re consistent within their respective uncertainties. The quasar flux
ho ws e vidence for modest v ariability by up to a factor of 2
Fig. 3 ). 

Given the apparent lack of variability in the photon index and
ntrinsic absorption, we used an archi v al Lo w Energy Transmission
rating (LETG) observation of H1821 + 643 (Obs. ID 22958, PI:
raft) that was taken in 2020 March, roughly in the middle of our
CIS program, to verify the best-fitting results. The LETG spectra
ere taken from the Chandra grating data archive and catalogue

TGCat; Huenemoerder et al. 2011 ) and fit with the same absorbed
ower-law model. The best-fitting photon index � = 2 . 11 + 0 . 07 

−0 . 06 is
onsistent with the readout streak spectrum result within the uncer-
ainties and the intrinsic absorption is a comparable but more tightly
onstrained upper limit ( N H , z < 0 . 009 × 10 22 cm 

−2 ). The LETG
nabsorbed flux F = 1 . 62 + 0 . 08 

−0 . 16 × 10 −11 erg cm 

−2 s −1 for 0 . 5 −7 keV
s also consistent within the range of variability spanned by the
CIS observations. We therefore proceed with the quasar model

pectrum given by the best-fitting parameters from the readout
treak spectra with a jointly fit � = 2.13 ± 0.06 and zero intrinsic
bsorption and power-law normalization determined separately for
ach observation. 

The best-fitting photon index is significantly steeper than � =
 . 761 + 0 . 047 

−0 . 052 measured with Chandra High Energy Grating (HEG)
nd Medium Energy Grating (MEG) spectra in 2002 (Fang et al.
002 ). Using a readout streak spectrum, Russell et al. ( 2010 ) found

https://cxc.harvard.edu/ciao/PSFs/psf_central.html
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Figure 3. Unabsorbed quasar flux from the power-law component de- 
termined for each readout streak spectrum and plotted as a function of 
observ ation date. Observ ations with fluxes significantly dif ferent from the 
average are labelled. The quasar flux when fitting all observations together is 
shown by the dashed line with uncertainties shown by the dotted lines. The 
LETG data point is also shown for comparison. 
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Figure 4. Top panel: Surface brightness profiles ( cts cm 

−2 s −1 arcsec −2 ) 
for the observation and the PSF simulation in the energy range 0 . 5 −7 keV. 
Bottom panel: Residual surface brightness profile tracing the extended 
emission of the hot atmosphere (PSF simulation subtracted). Uncertainties 
from the best-fitting quasar spectral model are shown by the shaded band. 
The PSF simulation does not include pile-up, therefore the predicted PSF flux 
exceeds the observed flux for the 1 −2 arcsec data point. 
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 consistent � and measured an unabsorbed flux of 1 . 45 + 0 . 04 
−0 . 03 ×

0 −11 erg cm 

−2 s −1 for an energy range of 2 −10 keV . The flux is
herefore consistent with the current level of variability spanned by 
he new ACIS observations. 

.2 PSF simulations 

he incident quasar spectral model was input to the Chandra Ray 
racer (Carter et al. 2003 ) to generate simulations of the PSF at

he 1 arcmin off-axis angle. Multiple realizations were combined to 
nsure a full sampling of the range of optical paths in the HRMA and
educe statistical errors. MARX version 5.5.1 (Davis et al. 2012 ) was
hen used to project the simulated rays on to the ACIS-S detector and
roduce a simulated events file for an observation of the quasar. Pile-
p effects were not included. Whilst MARX can simulate the effects 
f pile-up, the extended emission increases the level of pile-up in the
bservation and this cannot be captured by a simulation of the quasar
lone. Instead, we consider the impact of mild pile-up ( < 5 per cent)
n the 1 −2 arcsec annulus on our analysis. Simulated quasar surface
rightness profiles, spectra, and responses were then extracted for the 
ame spatial regions analysed in the observation. The flux was scaled 
y the relative flux of each readout streak spectrum as appropriate. In
his way, the quasar PSF contribution could be determined for each 
nnulus analysed and in separate observations if needed. 

Fig. 4 shows surface brightness profiles extracted from the obser- 
ation and the quasar PSF simulation for the energy band 0 . 5 −7 keV.
hese profiles were extracted from concentric annuli, centred on 

he quasar, and each 1 arcsec wide. The blank sky background was
ubtracted and the profiles were exposure corrected. Uncertainties 
rom the best-fitting quasar spectral model were e v aluated by running
dditional PSF simulations and are shown as a shaded region on the
esidual surface brightness profile. Fig. 4 (top panel) shows that 
he PSF simulation predicts a higher surface brightness than the 
bserved profile within a radius of 1 arcsec. This is due to pile-up,
hich suppresses the flux of the observed profile. The bright quasar 
SF clearly dominates o v er the hot atmosphere to a radius of 4 arcsec
nd then the PSF wings comprise > 10 per cent of the total flux to
 radius of 20 arcsec. Ho we ver, e ven after subtraction of the PSF,
he residual profile shows a strong peak within a radius of 4 arcsec
18 kpc) suggesting that the surface brightness of the hot atmosphere
ncreases by more than an order of magnitude. Given the spatial
oincidence with the bright quasar, it is natural to assume this peak
s a result of an undersubtraction of the quasar PSF. Ho we ver, this
ould require an underestimation by ∼ 35 per cent for the energy 
and 0 . 5 −7 keV (increasing > 200 per cent in a soft band). 
We consider the likelihood of such a significant underestimation 

f the quasar PSF. Whilst this PSF subtraction technique has been
tilized ef fecti vely in the presence of bright hot atmospheres in a
umber of previous studies (Russell et al. 2010 ; Siemiginowska 
t al. 2010 ; Bambic et al. 2023 ), the dominance of the quasar PSF in
1821 + 643 renders this analysis particularly challenging. There are 
 number of potential systematics to consider. MARX version 5 uses
he ASPECTBLUR parameter to blur the PSF by the uncertainty in the
MNRAS 528, 1863–1878 (2024) 
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Figure 5. The soft-band surface brightness profile (0 . 5 −1 keV ) is dominated by emission from the centre of the hot atmosphere (left panel). The hard-band 
surface brightness profile (4 −7 keV ) is dominated by quasar PSF emission and the projected outer, hotter layers of the cluster atmosphere. Top panels show 

the observed profiles and the quasar PSF simulation. The bottom panels show the residual profiles where the PSF simulation has been subtracted. Units are 
cts cm 

−2 s −1 arcsec −2 . The hard-band profile is free of pile-up beyond 2 arcsec radius and shows no strong residuals on arcsec scales from the quasar PSF. In 
contrast, the soft-band profile shows a clear central spike that is broader than the PSF. 
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spect solution. The observed PSF has been found to be wider than the
qui v alent simulated PSF so this parameter is typically empirically
djusted to match the observation of interest and is dependent on the
ource spectrum and the observation date. There is also evidence that
he soft-band ACIS PSF ( < 0 . 8 keV) has broadened in observations
ince ∼2017, likely due to the continued contaminant build-up on
he ACIS filters. The presence of bright, extended emission makes
t impossible to fine-tune the PSF model to mitigate these problems.
urthermore, the model accounting for the change in ef fecti ve
rea under the contaminant build-up is continually evolving. An
nderestimation of the contaminant layer would artificially suppress
he measured quasar flux, leading to an undersubtraction of this
omponent and a clear excess at low energies with a similar slope to
he PSF. We note ho we ver that an underestimation by ∼ 200 per cent
ppears highly unlikely giv en Chandr a’s ongoing programme of
etailed calibration observations. We tested the impact of the latest
ontaminant model update available in CALDB version 4.10.2 and
ound that the measured quasar flux from the readout streak increased
y 2 . 4 per cent for the energy range 0 . 5 −1 keV . 
The best way to determine the impact of systematic uncertainties
NRAS 528, 1863–1878 (2024) 

n the PSF simulation is to examine the PSF-subtracted surface d  
rightness profile in a hard band. Whilst the soft-band emission is
ften highly structured at the centres of brightest cluster galaxies,
sually due to dense, cool gas filaments and rims around cavities, the
ard-band emission traces the hotter, projected cluster gas, which is
ore uniform. Any substructure on small scales around the quasar

n a hard-band surface brightness profile is therefore likely due to
naccuracies in the PSF subtraction alone. 

Fig. 5 (right panel) shows the surface brightness profiles extracted
rom the observation and the quasar PSF simulation for the energy
and 4 −7 keV . We note that pile-up artificially boosts the observed
ux in the hard band within a radius of 1 arcsec and this is not
aptured by the PSF simulation. Fig. 2 sho ws ho w pile-up distorts
he spectral shape with piled-up soft-band photons detected as an
xcess in the hard band. This region is therefore not considered
urther. As discussed in Section 2 , the region from 1 −2 arcsec is also
ikely affected by a low level of pile-up. This produces the observed
pike in the hard-band surface brightness profile in this region as
ile-up boosts the total hard-band flux by ∼8 per cent . The flux in
he 2 −3 arcsec region is not artificially increased by pile-up and is
herefore the best indicator of an accurate PSF subtraction. A modest
rop in the hard-band flux here suggests that the PSF is marginally



Cooling flow around H1821 + 643 1869 

Figur e 6. Mer ged image for the energy range 0 . 5 −7 keV. Image is exposure corrected with units of cts cm 

−2 s −1 pixel −1 and smoothed with a 2D Gaussian 
with σ = 1 . 5 arcsec. Readout streaks were excluded from each separate observation and the range in roll angle ensures that the removal is not readily visible 
once merged. VLA 1 . 4 GHz radio contours at 5 σ , 10 σ , 15 σ ... from Blundell & Rawlings ( 2001 ) are also shown. N is up and E is to the left. Right panel: 
Residual image where the average surface brightness at each radius, centred on the quasar, has been subtracted. Note that, whilst this method produces residuals 
around the quasar, the subtraction using the PSF simulation does not. 
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 v ersubtracted by the model. Ho we ver, this is not significant given
he uncertainties from the readout streak spectral model (shown 
y the grey-shaded region). Beyond the pile-up affected regions, 
he hard-band surface brightness profile has a smooth gradient 
ith no significant substructure in the region dominated by the 
uasar PSF. 
Whilst the PSF model is clearly a good match in the hard band,

he ACIS PSF has broadened significantly at low energies since 
2017 and this systematic requires a separate e v aluation. Using 

he readout streak, which is unaffected by pile-up, we extract the 
urface brightness for the energy range 0 . 5 −1 keV within a radius
f 1 arcsec. The measured surface brightness matches the PSF 

imulations in this region within the uncertainties. Any significant 
roadening of the PSF ( ∼ 0 . 1 arcsec), due to the contaminant build-
p or the ASPECTBLUR parameter, would reduce the measured surface 
rightness in this region (spreading the flux to larger radii) and 
roduce a mismatch with the readout streak result. These effects 
re therefore too small to explain the extended soft-band peak. 

Fig. 5 (left panel) shows the soft-band surface brightness profiles. 
here is a strong central peak in the residual profile, which is due

o a factor of ∼30 increase in the surface brightness o v er a few
rcsec ( ∼13 kpc). The PSF model flux would need to be increased
y a factor of ∼3 to remo v e this peak. Such a large increase would
e inconsistent with the observed level of pile-up (Section 2 ) and
ould still leave a residual soft-band peak because the quasar PSF is

ignificantly narrower than the soft-band peak (shown by comparison 
ith the dashed line in Fig. 5 , left panel). 
In summary, the soft-band surface brightness of the galaxy’s hot 

tmosphere increases by a factor of ∼30 within the central few arcsec
 ∼13 kpc). This peak cannot be explained by an undersubtraction of
he quasar PSF. The hard-band surface brightness profile shows no 
ignificant residuals on these scales (excluding regions affected by 
ile-up). The soft-band PSF flux would have to be underestimated 
y a factor of ∼3 and the profile must broadened by ∼ 0 . 5 arcsec to
xplain this peak. These are both inconsistent with the flux measured
rom the readout streak spectrum, which is unaffected by pile-up. 
he conclusion is a clear, extended soft-band peak. 
Rather than an undersubtraction of the quasar emission, it is more

ikely that our PSF model o v ersubtracts emission. The strength of the
xtended soft-band peak indicates that the readout streak spectrum 

ill contain a non-negligible contribution from the hot atmosphere. It 
as not possible to spectrally separate this from the quasar emission.
herefore, the PSF model contains a low level of soft extended
mission that is then ef fecti vely subtracted from the neighbouring
nnuli. We consider the impact of this and mitigation in Section 5.1 .

.  I MAG E  ANALYSI S  A N D  SURFAC E  

RI GHTNESS  PROFILES  

ig. 6 shows the merged image for the new Chandra data set and a
esidual image, where the average surface brightness at each radius 
as been subtracted from the image. The quasar emission dominates 
he central few arcsec and the extended emission dominates beyond 
 radius of 4 arcsec. The extended cluster atmosphere is clearly
symmetrical about the quasar with bright spurs of emission along 
he N-S axis of the radio lobes and to the W to a radius of ∼ 15 arcsec.
LA 1 . 4 GHz contours from Blundell & Rawlings ( 2001 ) show that

he SE spur is a bright rim around the S radio lobe and is likely
ssociated with an X-ray surface brightness depression or cavity. 
he N extension similarly extends around the N radio lobe and is
lso coincident with an X-ray surface brightness depression. Whilst 
here are other depressions visible in the residual X-ray image, these
ppear to be a result of the azimuthal averaging with clear excess
mission at the same radius. The cavities are each located 27 kpc
rom the nucleus and have radii of ∼14 kpc . The W spur appears to
erminate at a surface brightness edge that runs W to S around the
MNRAS 528, 1863–1878 (2024) 
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Figure 7. Residual surface brightness profile ( cts cm 

−2 s −1 arcsec −2 ) in the 
energy range 0 . 5 −7 keV extending to large radius. The quasar PSF emission 
has been subtracted. The approximate extent of the radio emission to the N 

and S of the quasar is shown by the dashed line (see Fig. 6 ). Uncertainties 
from the best-fitting quasar spectral model are shown by the shaded band. 
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Figure 8. Residual image (see Fig. 6 ) with sectors o v erlaid that co v er the 
surface brightness edge that runs W to S around the cluster core. 
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luster core. This edge is sharpest to the NW and SE. Beyond the
mmediate environment of the radio lobes, the cluster emission on
00 kpc scales is asymmetric, with greater extension to the E (Fig. 6 ,
ight panel). 

The strong peak in the extended emission within the central
ew arcsec is only readily apparent once the quasar PSF has been
ubtracted. Fig. 7 shows the PSF-subtracted surface brightness profile
ith an increase of more than an order of magnitude within a radius
f 3 arcsec (13 kpc). This increase is unlikely to be due to the quasar
SF wings (see Section 3.2 ) or scattering of quasar emission off free
lectrons and dust within the host galaxy. To demonstrate the latter,
e compare the ratio of the ‘scattered’ emission, F scatt , with the direct

mission from the AGN, F AGN . 

F scatt 

F AGN 
= 

1 

L AGN 

∫ 

(
L AGN 

4 πr 2 

)
σT n e d V , (1) 

here L AGN is the AGN luminosity and σ T is the Thomson scattering
ross-section. Assuming a power-law form for the electron density
rofile, 

 e = n e , r max 

(
r 

r max 

)−ζ

, (2) 

e can integrate equation ( 1 ) over the radial range that covers the
trong increase in observed surface brightness from r min = 1 arcsec
4 . 4 kpc) to r max = 4 arcsec (17 . 6 kpc). This produces an equation of
he form 

F scatt 

F AGN 
= σT n e , r max 

(
r max 

1 − ζ

) [ 

1 −
(

r min 

r max 

)1 −ζ
] 

. (3) 

or n e , r max ∼ 0 . 046 ± 0 . 006 cm 

−3 and ζ = 3.04 ± 0.11 (appropriate
rom 1 −4 arcsec radius, see Section 5.1 ), we predict F scatt / F AGN =
.013 ± 0.002. The observed ratio is nearly an order of magnitude
NRAS 528, 1863–1878 (2024) 
igher, F scatt / F AGN = 0.090 ± 0.002. Therefore, the observed increase
n surface brightness is far too bright to be scattered quasar light. In
ection 5.1 , we show that the strong surface brightness peak is instead
rom thermal gas emission. 

Beyond the quasar’s immediate environment, the radio lobes are
ontained within a broad surface brightness edge at ∼15 arcsec
65 kpc). The filaments and asymmetrical structure can be seen from
urface brightness profiles extracted in sectors (Fig. 8 ). The selected
ectors demonstrate the shift in radius of the surface brightness edge
rom 13 arcsec (57 kpc) in the SE sector to 20 arcsec (88 kpc) in the
 sector (Fig. 9 ). 

.  SPECTRAL  ANALYSI S  

e mapped the cluster gas properties by extracting spectra in full
nnuli, sectors, and free-form regions. The latter co v ered pix els of
imilar surface brightness and were generated with a contour binning
lgorithm (Sanders 2006 ). The contribution from the quasar PSF
as modelled with an absorbed power-law component. The power-

aw parameters were determined by fitting this model to spectra
xtracted in identical spatial regions in the PSF simulation. Each
egion selected had at least 5000 counts spread across 22 separate
pectra (one from each observation). Appropriate response files were
enerated and background spectra were extracted from the tailored
lank sky fields (Section 2 ). Spectra from all observations were
t simultaneously in XSPEC o v er the energy range 0 . 5 −7 keV and
rouped to ensure a minimum of 20 counts per spectral channel. The
2 -statistic was used to determine the best-fitting model. 
The cluster emission was modelled with an absorbed APEC model

Smith et al. 2001 ). The absorption of this component was fixed to the
alactic value (Section 3.1 ) and the redshift was fixed to z = 0.296.
he temperature, metallicity, and normalization parameters were left

ree. Uncertainties from the best-fitting quasar spectral model were
lso assessed (Section 3.1 ). Statistical uncertainties in the PSF model
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Figure 9. Upper panel: Surface brightness profiles for the SE and W sectors 
(see Fig. 8 ) with units of cts cm 

−2 s −1 arcsec −2 . Middle panel: Deprojected 
electron density profiles. Lower panel: Projected gas temperature profiles. 
Note that the profiles do not extend into the region affected by the quasar 
PSF. The location of surface brightness edges in the SE and W profiles are 
shown by the vertical lines (red dashed and blue dotted, respectively). 
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Figure 10. Upper panel: Spectrum for Obs. ID 21558 extracted from an 
annulus from 1 to 2 arcsec radius. The spectrum is grouped with a minimum 

of 20 counts per channel. The contribution from the quasar PSF wings has 
been determined from the PSF simulation and is shown by the dotted line. The 
remaining emission is likely thermal emission from the ISM and is modelled 
with an APEC component (dashed line). The total model is shown by the thick, 
solid line. The best-fit to this single spectrum gives χ2 = 190 for 180 degrees 
of freedom ( χ2 

ν = 1 . 06). The total models for fixed metallicity of 1 . 8 Z �
and one ( χ2 

ν = 1 . 81) and two ( χ2 
ν = 1 . 51) APEC components are shown by 

the thin, solid and dash–dotted lines, respecti vely. Lo wer panel: Ratio of the 
data to the best-fitting model. The strongest residuals are abo v e 5 keV and 
therefore most likely due to pile-up as expected for this region (see Section 2 ). 
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arameters were found to be less than the statistical uncertainties in 
he cluster emission parameters at each radius. 

All best-fitting parameters were determined by fitting simultane- 
usly to spectra from the 22 separate observations. The continual 
eduction in ef fecti ve area due to the contaminant build-up prevents
s from adding spectra together. Ho we ver, in Fig. 10 , we show a
pectrum extracted from 1 −2 arcsec radius from a long individual 
bservation with a typical PSF flux (Obs. ID 21558). This spectrum 

as o v er 7000 counts and was grouped with a minimum of 20 counts
er channel for clarity. We o v erplot the corresponding best-fitting
odel and individual components to demonstrate the quality of the 
t and the impact of the quasar PSF. The best-fitting parameters are
ll consistent with the results for the simultaneous fit to all spectra.
he best-fit to the single spectrum gives χ2 = 190 for 180 degrees of

reedom ( χ2 
ν = 1 . 06). The strongest residuals are abo v e 5 keV and

herefore most likely due to pile-up (see Section 2 ). Modest residuals
t ∼ 0 . 7 keV are also visible but the single APEC model appears to
e a reasonable fit to the soft emission. 
.1 Radial profiles 

ig. 11 shows the projected temperature, projected metallicity, and 
eprojected electron density profiles for the cluster gas. The depro- 
ected electron density profile was produced using the DSDEPROJ 

outine, which assumes spherical symmetry to subtract the projected 
ontribution from each successive annulus (Sanders & Fabian 2007 ; 
ussell, Sanders & Fabian 2008 ). Regardless of the excess hard
hotons due to pile-up (1 −2 arcsec) or the modest o v ersubtraction of
he quasar PSF (2 −3 arcsec ), the gas temperature drops precipitously
o 0 . 4 keV for both annuli inside 3 arcsec (13 kpc). This is very
lose to the lower bound of the APEC model and therefore in effect
s an upper limit on the gas temperature. From 3 to 4 arcsec, the
as temperature increases to 0 . 94 ± 0 . 03 keV. Then, at 4 arcsec
adius (18 kpc), the temperature sharply increases by a factor of
 to 2 . 72 + 0 . 10 

−0 . 09 keV. Beyond this radius, the temperature increase is
moother and extends up to 9 . 0 + 0 . 7 

−0 . 6 keV at a radius of 20 arcsec
90 kpc). 

The metallicity profile at the centre of H1821 + 643 is similarly
triking. The metallicity within 3 arcsec (13 kpc) of the quasar is
ssentially an upper limit of 0 . 04 Z �. There is a modest increase from
MNRAS 528, 1863–1878 (2024) 
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Figure 11. Upper panel: Projected temperature, projected metallicity, and 
deprojected electron density profiles for the cluster gas. Bottom panel: Net 
counts and χ2 

ν for each annulus. The quasar PSF contribution has been 
subtracted from each plot. 
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 to 4 arcsec to an abundance of 0 . 23 ± 0 . 03 Z �. The metallicity then
ncreases by a factor of roughly 10 to a peak of 1 . 8 ± 0 . 3 Z � and
hen decreases with radius to the average value of 0 . 4 Z � at a radius
pproaching 100 kpc. If we fix the metallicity in the innermost radial
in to 1 . 8 Z �, the corresponding best-fitting model has χ2 

ν = 1 . 95
 χ2 = 5689 for 2916 degrees of freedom) compared with χ2 

ν = 1 . 30
 χ2 = 3775 for 2915 degrees of freedom) for a free, low metallicity
 alue. Similarly, e ven a modest metallicity of 0 . 4 Z � is excluded. The
orresponding best-fitting model has χ2 

ν = 1 . 73 ( χ2 = 5046 for 2916
egrees of freedom). Additional APEC or MKCFLOW components, or
 free Galactic absorption component, did not significantly impro v e
NRAS 528, 1863–1878 (2024) 
he fit or alter the low metallicity value. The only exception is for
 −4 arcsec where an additional APEC component at ∼ 0 . 4 keV does
roduce a better fit with χ2 

ν = 1 . 06 but the metallicity remains low. 
Although low metallicity would result from fitting a thermal

lasma model to quasar continuum emission, we have demonstrated
n Section 3.2 that our model accounts for the vast majority of
he quasar emission. Another possible systematic is the lo w-le vel
omponent of soft extended emission in the PSF model, which is
hen ef fecti v ely o v ersubtracted from the surrounding annuli (see
ection 3.2 ). For gas temperatures below ∼2keV, the blend of Fe L

ines near 1 keV (redshifted to 0 . 75 keV) is particularly prominent
nd may be affected by this o v ersubtraction. We therefore repeated
he spectral fitting analysis but excluded emission below 1 keV (see
.g. Ghizzardi et al. 2021 ). We obtain similarly tight constraints
n the metallicity in the innermost two annuli and similarly low
emperature values. Fig. 10 shows that these tight constraints are due
o the absence of a clear Mg line at ∼1 . 1 keV (rest frame 1 . 4 keV)
nd Si and S lines at 1 . 5 −2 . 3 keV (rest frame 2 −3 keV). The low
etallicity likely has a physical origin, which is confirmed by Suzaku

bservations of H1821 + 643 that also indicate subsolar metallicity
Reynolds et al. 2014 ). 

The hot atmosphere within a radius of 4 arcsec (18 kpc) has
ikely been photoionized by the quasar emission. The ionization
arameter ξ = L / n e r 2 where L is the quasar luminosity abo v e 15 eV
1 . 1 ± 0 . 1 × 10 46 erg s −1 ) and n e is the electron density at a radius
f r . At a radius of 20 kpc, ξ = 90 ± 10 erg cm s −1 . Using XSTAR ,
allman & Bautista ( 2001 ) show that, at ξ = 90 ± 10 erg cm s −1 ,
g, O, Si, and S ions will be almost completely photoionized and

e will be partly photoionized. If the quasar emission is beamed
ut of the line of sight, then we expect strong asymmetries with
ons in the path of the beam completely photoionized. Russell et al.
 2010 ) also used Cloudy simulations (Chatzikos et al. 2023 ) to
emonstrate that the quasar emission from H1821 + 643 will produce
 significant amount of photoionization in this region and the line
mission will be suppressed. The previous Chandra observations
ould not distinguish this effect from the Fe bias created by fitting
ultitemperature gas with a single-temperature model. With the new

ata set, the dramatic decline in metallicity at small radii is revealed.
his cannot be explained by Fe bias in multitemperature gas and is

nstead due to photoionization. 
The deprojected electron density increases by a factor of ∼25 from

 radius of 20 to 6 kpc (5 to 1 . 5 arcsec) at the centre of H1821 + 643
Fig. 11 ). We fit a power-law model to this section of the density
rofile and find a best-fit where n e = 240 + 70 

−60 ( r/ kpc ) −3 . 04 ±0 . 11 cm 

−3 .
f the gas temperature has dropped to 0 . 4 keV in this region, as
ndicated by the temperature profile, we would expect a steep rise in
ensity as the gas is compressed by the outer atmosphere. For 0 . 4 keV
as in an isothermal potential with galaxy line-of-sight velocity
00 km s −1 (based on the total galaxy mass estimates in Fukuchi
t al. 2022 ), the gas density in a hydrostatic atmosphere should vary
s r −2 μm H σ

2 /k B T , where the exponent is −2.9. This is consistent with
he gradient of the observed density profile (Fig. 11 ). The observed
apid increase in gas density and decrease in temperature therefore
ppear consistent and suggest that the emission in this region is
hermal interstellar medium (ISM). 

Fig. 12 shows the radiative cooling time and free fall time profiles.
he radiative cooling time, 

 cool = 

3 

2 

nk B T 

n e n H � ( T , Z ) 
, (4) 

here n is the gas density, n e is the electron density, T is the
emperature, n H is the ion density, and � ( T , Z ) is the cooling function,
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Figure 12. Upper panel: Radiative cooling time and free fall time profiles. 
Lower panel: Entropy profile. 
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hich depends on the gas temperature and metallicity. If Fe is not
ully photoionized within a radius of 18 kpc, the cooling function will 
e underestimated here by up to an order of magnitude (for 1 . 8 Z �).
he free fall time profile was calculated assuming an isothermal 
otential and σ = 300 km s −1 (see e.g. Hogan et al. 2017 ). The
ooling time drops sharply below a Gyr within the central 4 arcsec
18 kpc) and falls to 12 ± 1 Myr at 1 . 5 arcsec (6 . 5 kpc). The cooling
ime falls below the free fall time here. The centre of H1821 + 643 is
herefore undergoing runaway or catastrophic cooling. If the cooling 
unction has been underestimated, the cooling time within a radius 
f 18 kpc is likely shorter by up to an order of magnitude and will
all below the free fall time at this larger radius. 

Fig. 12 also shows the cluster entropy profile calculated from the 
eprojected electron density and projected temperature profiles as 
 = T /n 2 / 3 e . The innermost value drops to 0 . 44 ± 0 . 02 keV cm 

2 at
 radius of 6 . 5 kpc. This is far below the typical values for cool core
lusters at similar radii of ∼10 keV cm 

2 and even below the previous 
ecord of ∼2 keV cm 

2 found at this radius in the Phoenix cluster 
McDonald et al. 2019 ). 
.2 Contour binning maps 

eyond the quasar’s immediate environment, we map the gas 
roperties using a contour binning algorithm (Sanders 2006 ), which 
enerates spatial regions by grouping together neighbouring pixels 
ith similar surface brightness. Pixels were added until each region 

ontained at least 1000 counts ( S / N = 32). The quasar and its imme-
iate environment to a radius of 4 arcsec was excluded. This region
an only be analysed with full annuli because of PSF asymmetries
see Section 2 ). Each spectrum was fitted with an absorbed APEC

odel as described abo v e. The uncertainties on the temperature
alue are typically 10 per cent at 3 −4 keV , 20 −30 per cent at
 −8 keV, and 40 −50 per cent at 10 −15 keV . The uncertainties
n the normalization are typically 5 −10 per cent . Pseudo-pressure 
as generated by multiplying the temperature and square root of the
ormalization. Whilst the metallicity was left as a free parameter, the
orresponding map does not reveal significant structure beyond the 
adial variation shown in Fig. 11 . 

Fig. 13 shows the resulting temperature and pressure maps. The 
ow-temperature gas, 3 −4 keV, at the centre clearly extends along
he radio jet axis, particularly along the SE edge of the S radio lobe.
he temperature then increases sharply to 7 −9 keV at a radius of
2 arcsec. This increase coincides with the surface brightness edge 
etected in the SE sector. This structure is likely to be a bright, cool
im of gas around a radio bubble (Fig. 9 ). The bright rim abo v e the
 radio lobe has a similarly low temperature. A further extension of

ool gas is visible to the W of the quasar to a radius of ∼18 arcsec
 ∼80 kpc). At this radius, the temperature then increases sharply 
rom 4 −5 keV to > 10 keV. Fig. 9 shows a surface brightness edge
t this radius, therefore this structure is a cold front. The temperature
ap also shows a hot region at > 10 keV that forms an arc beyond

he W cold front. Although there is no clear surface brightness edge
t this radius in the W sector, the temperature increase is significant
nd suggests that this may be a shock-heated region. Bonafede et al.
 2014 ) proposed that H1821 + 643 has undergone an off-axis or minor
erger because it hosts a giant radio halo. Based on optical imaging,
utchings & Neff ( 1991 ) suggested H1821 + 643 was in the late

tages of a mild tidal event or merger. The W cold front, which
ppears unrelated to the radio lobes, the E extension of the cluster
mission on large scales and the shock-heated region to the W are
onsistent with this picture. 

.  DI SCUSSI ON  

e have presented a new 582 ks short frame-time Chandra observa-
ion of the quasar H1821 + 643, which lies at the centre of a strong
ool core cluster. By carefully modelling the quasar PSF, we show
hat the surface brightness of the central galaxy’s hot atmosphere 
ncreases by a factor of ∼30 within the central few arcsec ( ∼13 kpc)
nd the gas temperature drops rapidly to < 0 . 4 keV. The radiative
ooling time of the gas is only 12 ± 1 Myr at a radius of 6 . 5 kpc and
alls below the free fall time. We have demonstrated that this clear
ransition in the gas properties cannot be due to an undersubtraction
f the quasar PSF or scattered quasar light and is instead consistent
ith runaway cooling of the galaxy’s hot atmosphere. 

.1 Runaway cooling of the hot atmosphere 

he multiwavelength data for H1821 + 643 are also consistent with
apid cooling of the hot gas. With a total infrared (IR) luminosity
f L IR , tot = 4 . 6 × 10 46 erg s −1 = 1 . 1 × 10 13 L � (Ichikawa et al.
019 ), the central galaxy is categorized as a hyperluminous IR
MNRAS 528, 1863–1878 (2024) 
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M

Figure 13. Upper panel: Projected temperature map (keV). Lower panel: 
Pseudo-pressure map ( keV cm 

−5 / 2 arcsec −2 ). The quasar and its immediate 
environment to a radius of 4 arcsec have been excluded (central white circle). 
The radio contours from Fig. 6 are shown o v erlaid and a hot, relatively high 
pressure region to the W and NW is marked by the arrows. 
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alaxy. H1821 + 643 is likely in a strong starburst phase with an
stimated star-formation rate of 120 + 120 

−60 M � yr −1 from Hubble Space
elescope (HST) [O II ] maps with the quasar emission subtracted
Calzadilla et al. 2022 ). Alternative estimates from polycyclic
romatic hydrocarbon 7 . 7 μm emissions (Ruiz et al. 2013 ) and
pectral energy distribution (SED) fitting studies (Farrah et al. 2002 ;
ukuchi et al. 2022 ) confirm a high rate of star formation. This
NRAS 528, 1863–1878 (2024) 
laces H1821 + 643 amongst the most strongly star-forming brightest
luster galaxies, which include Abell 1835, IRAS 09104 + 4109, and
ACS 1931.8 + 2634. Only the Phoenix cluster, at 600 + 300 

−200 M � yr −1 ,
xceeds this group (McDonald et al. 2012 ; Calzadilla et al. 2022 ). 

CARMA observations detect strong CO(1-0) emission from
 8 . 0 ± 1 . 7 ) × 10 9 M � of molecular gas extending up to ∼4 arcsec
18 kpc) to the SE of the quasar (Aravena et al. 2011 ; assuming an
 CO factor that is typical of local luminous IR galaxies). Although

t was not possible to resolve asymmetries in the hot gas emission
n these scales, we note that the molecular gas aligns with the SE
adio lobe and extension of cool X-ray gas around the bubble rim.
his is indicative of stimulated cooling where the radio bubbles
romote gas cooling by lifting low-entropy gas (McNamara et al.
016 ). Given uncertainties in the CO-to-H 2 conversion factor and
O emission line ratios, the molecular gas mass in H1821 + 643

s comparable with the most gas-rich central galaxies, including
he Phoenix cluster (2 . 1 ± 0 . 3 × 10 10 M �; Russell et al. 2017 )
nd A1835 (9 . 9 ± 0 . 5 × 10 9 M � updated for a LIRG X CO factor;
cNamara et al. 2014 ). 
Optical and near-IR observations of the central galaxy are strongly

mpacted by the quasar emission but appear to support this picture.
loyd et al. ( 2004 ) analyse HST WFPC2 observations of H1821 + 643
sing the F791W filter, which co v ers the bright H α emission line
see e.g. long slit spectrum from Kolman et al. 1993 ). Floyd
t al. ( 2004 ) detect a bright structure extending 4 arcsec to the
E of the nucleus. Although they note that this may be a PSF
rtefact, the spatial coincidence with the molecular gas emission
uggests this may instead be ionized gas emission from the sur-
ace layers of a cool gas nebula. Herschel/PACS observations of
1821 + 643 found extended [O I ] emission (tens of kpc across),
hich is also likely from cool gas (Fernandez-Ontiveros et al.
016 ). 
F or runa w ay cooling, the gas flows steadily inw ards as it cools,

hereby maintaining pressure support of the o v erlying layers (e.g.
abian & Nulsen 1977 ; Nulsen 1986 ). Assuming a steady-state,
pherical inflow of gas, we can use the gas density and temperature
rofiles at the centre of H1821 + 643 to determine the radial flow
peed and mass inflow rate. In terms of entropy, S , the energy
quation for this gas flow is 

T v r 

(
d S 

d r 

)
= n e n H �, (5) 

here ρ is the gas density, T is the gas temperature, v r is the
nflow speed, and n e n H � is the energy radiated. We can rewrite
his expression in terms of gas cooling time, t cool , and cluster entropy
 = k B T /n 

2 / 3 
e (e.g. Voit 2005 ) as 

 r 

(
d ln K 

d ln r 

)
= 

r 

t cool 
. (6) 

t a radius of ∼8 kpc, where t cool ∼ t ff , the entropy gradient
 ln K/ d ln r = 1 . 8 ± 0 . 2 and the cooling time t cool = 12 ± 1 Myr.
he inflow velocity is then 360 ± 50 km s −1 . This is roughly equal

o the sound speed of 320 ± 20 km s −1 for gas at 0 . 4 keV. The
onic radius is therefore resolved in H1821 + 643, assuming that the
ow is steady and spherical. As discussed in Section 5.1 , if Fe is
nly partially photoionized within a radius of 18 kpc, the cooling
unction, λ, will be underestimated by up to an order of magnitude
nd the cooling time will be up to an order of magnitude shorter.
he inflow velocity and sonic radius are therefore effectively lower

imits. 
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Figure 14. Upper panel: Cluster entropy profiles for H1821 + 643 and 
example strong cool core clusters A2597, PKS0745, A1835, and Phoenix. 
The baseline entropy profile from Voit ( 2005 ) is shown for comparison. The 
entropy profile from the previous Chandra observation of H1821 + 643 co v ers 
the radial range 15 −600 kpc and is used to extend the profile beyond a radius 
of 100 kpc (Russell et al. 2010 ; Walker et al. 2014 ). Lower panel: Mass flow 

rate as a function of radius, where the entropy profile for each target was fit 
with a broken power-law model. 
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Mass conservation for the gas inflow is given by 

˙  inflow = 4 πρv r r 
2 . (7) 

he spherical mass inflow rate at a radius of 8 kpc is then
500 ± 500 M � yr −1 . In addition to systematic uncertainties from the 
etallicity and the PSF model (Sections 5.1 and 3.2 , respectively), 

he gas flow is unlikely to be completely steady and spherical given
he interactions with the radio lobes. The mass inflow rate is also
ependent on the cooling function. We therefore compare the mass 
nflow rate with the classical mass deposition rate, which instead 
elies on conservation of energy and may be more appropriate. The 
lassical mass deposition rate 

˙
 = 

2 

5 

μm H L ( r < r cool ) 

k B T ( r cool ) 
, (8) 

here r cool is the cooling radius, L ( r < r cool ) is the gas luminosity
ithin r cool , and T ( r cool ) is the gas temperature at r cool . For r cool =
0 kpc, Ṁ = 3700 ± 200 M � yr −1 . This is consistent with the mass
nflow rate and suggests only a modest underestimation of the cooling 
unction. 

Both calculations of the mass flow rate are o v erestimates because
hey discount the contribution of the gravitational potential energy 
o the power radiated. We therefore treat these values as order of
agnitude estimates. Nevertheless, the mass flow rate can easily 

upply the observed star-formation rate of 120 + 120 
−60 M � yr −1 in 

1821 + 643 and the required accretion rate on to the SMBH of
40 M � yr −1 (Russell et al. 2010 ). 
Deep Suzaku observations are consistent with this result. Reynolds 

t al. ( 2014 ) study the quasar spectrum with Suzaku and find a soft
xcess and significantly subsolar abundances, which they suggest is 
ue to a Compton-induced cooling flow . Unfortunately , the very low
etallicity and quasar variability preclude any meaningful constraint 

n the gas cooling rate from archi v al XMM –Newton Reflection
rating Spectrometer (RGS) observations. 

.2 Comparison with other strong cool core clusters 

ig. 14 shows the cluster entropy and mass flow rate profiles for
1821 + 643 compared with other strong cool core clusters. The 

ntropy profile from Russell et al. ( 2010 ; see also Walker et al.
014 ) co v ers the radial range 15 −600 kpc and was used to extend
he entropy profile from this analysis beyond 100 kpc. We compare 
he entropy profiles with the baseline entropy profile, K ∝ r 1.1 

rom Voit ( 2005 ). The baseline profile is predicted from numerical
imulations of structure formation that include only gravitational 
rocesses (no feedback). The entropy profiles for the vast majority 
f cool core clusters tend to this baseline at large radii and then
iverge to a shallower gradient or plateau within the central ∼10 0 kpc
here feedback increasingly dominates (e.g. Donahue et al. 2006 ; 
avagnolo et al. 2009 ). Using the previous Chandra analysis of
1821 + 643, which co v ered the radial range 15 −600 kpc, Walker

t al. ( 2014 ) showed that the entropy profile for H1821 + 643 falls
ignificantly below this baseline on small scales and concluded that 
ignificant cooling had occurred. With an entropy profile that now 

xtends to the central few kpc, we reveal that the entropy drops by
early two orders of magnitude within the central 20 kpc and even
alls below the previous record of 2 keV cm 

2 from the other known 
xception, the Phoenix cluster. 

Fig. 14 shows the mass flow rate as a function of radius, where the
ntropy profile was fitted with a broken power-law model (Babyk 
t al. 2018 ). At small radii, the vast majority of cool core clusters
how strong suppression of the mass flow rate by o v er an order
f magnitude as a result of AGN feedback (for example A2597,
KS0745, and A1835). The massive Phoenix cluster shows a weak 
uppression at small radii by a factor of ∼5, which indicates strong
ooling and an underpowered AGN (McDonald et al. 2019 ). In
ontrast, the mass deposition rate in H1821 + 643 increases rapidly to
 1000 M � yr −1 within 20 kpc and the minimum of 35 ± 5 M � yr −1 

ccurs at larger radii, coincident with the cavities from 15 −33 kpc.
GN feedback appears to be heating the hot atmosphere on tens of
pc scales in H1821 + 643 but cannot permeate the rapidly cooling
egion inside ∼10 kpc. 

.3 Runaway cooling beyond the capabilities of Compton 

ooling 

unaway cooling in H1821 + 643 extends to much larger radii than
an be explained by Compton cooling by the quasar radiation. Much
f the quasar power is radiated in the ultraviolet (UV). If Compton
cattering between UV photons and hot electrons dominates o v er
remsstrahlung cooling at the galaxy centre, this will rapidly cool 
he hot atmosphere to the Compton temperature T Compton ∼ 0 . 4 keV
or H1821 + 643 (Fabian & Crawford 1990 ; Russell et al. 2010 ). The
MNRAS 528, 1863–1878 (2024) 
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ompton cooling time-scale, t Compton , is given by 

 Compton = 

3 n 

8 n e 

m e c 
2 

σT F 

, (9) 

here n is the total particle density, n e is the electron density, m e is the
lectron mass, c is the speed of light, σ T is the Thomson scattering
ross-section, and F is the quasar flux. For Compton cooling to be
ignificant, the Compton cooling time-scale must be shorter than the
hermal bremsstrahlung radiative cooling time-scale, 

 Compton < t cool . (10) 

Combining equations ( 9 ) and ( 10 ) gives a lower limit on the
equired quasar flux, 

 > 

3 n 

8 n e 

m e c 
2 

σT t cool 
. (11) 

y multiplying by 4 πr 2 , this can be expressed as a lower limit on
he quasar luminosity, 

 > 

3 n 

8 n e 

m e c 
2 

σT t cool 
4 πr 2 (12) 

here r is the distance from the quasar. Or equi v alently 

 > 3 × 10 45 

(
r 

kpc 

)2 (
t cool 

Gyr 

)−1 

erg s −1 . (13) 

or r = 10 kpc and t cool = 50 Myr (Fig. 12 ), the minimum quasar
uminosity required to cool this large region is ∼ 6 × 10 48 erg s −1 .
his is an order of magnitude greater than the measured quasar
olometric luminosity of 3 × 10 47 erg s −1 (Fukuchi et al. 2022 ) and
i v als the most luminous quasars known (e.g. Onken et al. 2020 ;
chindler et al. 2021 ). 
The quasar may have previously been this luminous but this would

e difficult to sustain. The minimum time required for a significant
hange in k B T − k B T Compton is t Compton , where T is the temperature
f the hot atmosphere. The total energy that must be radiated by the
uasar to cause this significant change in the gas temperature is then 

t Compton > 

3 n 

8 n e 

m e c 
2 

σT 
4 πr 2 . (14) 

or r = 10 kpc, Lt Compton > 10 64 erg. For an accretion efficiency
f 10 per cent , the SMBH would then have to accrete 6 × 10 10 M �
n < 100 Myr. The resulting black hole mass is close to the limit
or luminous accretion given the measured spin (King 2016 ; Sisk-
eyn ́es et al. 2022 ) and appears implausible. The estimated SMBH
ass for H1821 + 643 is o v er an order of magnitude lower at
 . 9 + 3 . 9 

−2 . 0 × 10 9 M � and was determined from the broad H β emission
ine and virial, ‘single-epoch’ prescriptions (Koss et al. 2017 ). The
ddington luminosity of this SMBH is an order of magnitude below

he minimum quasar luminosity required to cool the hot atmosphere
o a radius of 10 kpc. Whilst Compton cooling likely enhances
ooling on kpc scales, this mechanism cannot account for rapid gas
ooling to a radius of 10 kpc. 

.4 An under po wered AGN? 

nstead of an enhanced cooling explanation, the AGN appears to
e underheating the core. In Section 4 , we identify two cavities
o the SE and N of the nucleus that are spatially coincident with
adio lobes at 1 . 4 GHz. Assuming spherical cavities and using the
easured thermal pressure of ∼3 . 1 ± 0 . 2 × 10 −10 erg cm 

−3 at a
adius of 27 kpc, we estimate that the energy required to inflate each
NRAS 528, 1863–1878 (2024) 
avity E cav = 4 pV = ∼3 × 10 59 erg. Using the sound speed time-
cale of 27 ± 2 Myr, the total cavity power P cav = 7 × 10 44 erg s −1 .
he uncertainties on the cavity power are dominated by the cavity
olume, including the unknown extent along the line of sight. We
stimate uncertainties of at least a factor of 2 in the cavity power. 

The cavity power appears low compared with cooling losses of
 . 44 ± 0 . 08 × 10 45 erg s −1 within a radius of 20 kpc and a total of
3 . 5 × 10 45 erg s −1 within the cooling radius of 90 kpc (the radius

t which the cooling time is 7 . 7 Gyr or the time since z = 1). The
avity power appears insufficient to balance radiative losses by a
actor of ∼5. Furthermore, Fig. 14 suggests that the cavity power
s dissipated on scales of tens of kpc and has limited impact on the
apidly cooling region within a radius of 10 kpc. 

High-velocity quasar winds could provide additional mechanical
eedback. Ho we v er, no ob vious evidence for X-ray absorbing winds
as found in Chandra HETG and LETG spectra from 2001 or in
USE spectra from 1999 (Oegerle et al. 2000 ; Fang et al. 2002 ;
athur, Weinberg & Chen 2003 ). Outflows could be oriented in

he plane of the sky and not evident along our line of sight. Whilst
trong and broad absorption signatures from winds can be detected in
CD spectra, the variable quasar continuum emission and evolving
ontaminant correction made it very difficult to detect additional
bsorption abo v e the Galactic column density. 

McDonald et al. ( 2018 ) suggest that the central SMBHs in the most
assive galaxy clusters will be undersized compared with the mass

f the cool core (see also Calzadilla et al. 2022 ). This naturally results
rom a merger scenario, where low entropy gas from the smaller halo
inks to the centre of the larger halo much faster than dynamical
riction can merge the central galaxies. This may explain the weak
uppression of the cooling flow at the centre of the Phoenix cluster
McDonald et al. 2019 ; total cluster mass ∼2 ∼ 10 15 M �). With a
otal mass of 0 . 6 −1 × 10 15 M � (Planck Collaboration VIII 2011 ;

alker et al. 2014 ), the galaxy cluster hosting H1821 + 643 is also
 particularly massive system and the large-scale X-ray, optical and
adio structure implies a recent merger (see Section 5.2 ). Ho we ver,
hilst the AGN is underheating, it is not clear that this is the result of

n undersized SMBH. For SMBH accretion close to the Eddington
ate, cavity power reaches an observed maximum of ∼10 −2 L Edd 

Russell et al. 2013 ). For H1821 + 643, the maximum cavity power
hould then be ∼5 × 10 45 erg s −1 , or roughly an order of magnitude
igher than is observed, and comparable with the cooling luminosity.
GN feedback in H1821 + 643 may simply be undergoing a period
f underheating. 

.  C O N C L U S I O N S  

sing a deep, short frame-time Chandra observation and a detailed
SF simulation, we extracted the properties of the hot atmosphere
ithin 20 kpc of the low-redshift quasar H1821 + 643. The soft-band

urface brightness increases sharply by a factor of ∼30 within the
entral 10 kpc. This cannot be explained by an undersubtraction
f the quasar PSF or scattered quasar light. The hard-band surface
rightness profile, which is dominated by the quasar emission, shows
o significant residuals on the arcsec scales of the PSF. The observed
evel of pile-up is inconsistent with an underestimation of the soft-
and PSF flux by the required factor of > 3 and the soft-band
xcess is significantly extended compared with the PSF. The gas
roperties in the soft-band peak are instead consistent with thermal
SM emission. The gas temperature drops sharply from 2 keV at
 radius of 20 kpc to < 0 . 4 keV at 10 kpc. The gas density rises
apidly by more than an order of magnitude o v er this radial range
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ith a gradient that is consistent with hydrostatic compression of the 
ot atmosphere. The metallicity is particularly low here and, based 
n the ionization parameter, the gas has likely been photoionized by 
he quasar emission. We show that the sharp increase in gas density
nd decrease in temperature are consistent and conclude that the soft-
and peak is due to thermal ISM emission. The radiative cooling time
f the gas is only 12 ± 1 Myr at a radius of 6 . 5 kpc and falls below
he free fall time. The hot atmosphere at the centre of H1821 + 643
as therefore formed a cooling flow. Under the assumptions of a 
teady and spherical gas flow, we resolve the sonic radius. 

The measured mass deposition rate of up to 3000 M � yr −1 

an easily supply the high star-formation rate of 120 + 120 
−60 M � yr −1 

n H1821 + 643 and the required accretion rate on to the quasar
f ∼40 M � yr −1 . Multiwavelength observations of the massive 
olecular gas reservoir and e xtensiv e nebula of ionized gas support

he interpretation of a cooling flow. Whilst it is likely that Compton
ooling by the quasar radiation enhances gas cooling on kpc scales, 
he quasar luminosity is at least an order of magnitude too faint
o cool the entire 20 kpc region of the cooling flow. Instead, the
GN appears to be underheating the cluster core by a factor of ∼5.
urthermore, the energy input by the cavities appears to suppress 
as cooling on tens of kpc scales but has limited impact within the
apidly cooling region within 10 kpc. It is possible that the SMBH is
ndersized, likely due to a recent merger, but it may alternatively be
ndergoing a period of underheating. 
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