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In the centres of many galaxy clusters, the hot (approximately 107 kelvin) intracluster
medium can become dense enough that it should cool on short timescales*. However,
the low measured star formation rates in massive central galaxies®® and the absence
of soft X-ray lines from the cooling gas’’ suggest that most of this gas never cools. This
is known as the cooling flow problem. The latest observations suggest that black hole
jetsare maintaining the vast majority of gas at high temperatures'©?. A cooling flow
has yet to be fully mapped through all the gas phases in any galaxy cluster. Here we
present observations of the Phoenix cluster” using the James Webb Space Telescope
tomap the [Ne vi]A7.652-pm emission line, enabling us to probe the gas at 10°° kelvin
onlargescales. These data show extended [Ne vi] emission that is cospatial with the
cooling peakin the intracluster medium, the coolest gas phases and the sites of active
star formation. Taken together, these imply arecent episode of rapid cooling, causing
ashort-lived spike in the cooling rate, which we estimate to be 5,000-23,000 solar
masses per year. These data provide a large-scale map of gas at temperatures between
10° kelvin and 10° kelvin in a cluster core, and highlight the critical role that black hole

feedback has in not only regulating cooling but also promoting it’s.

Inmany galaxy clusters, the hotintracluster medium (ICM) in theinner
regions (approximately 100 kpc) is dense and cool enough that it should
rapidly cool and fuel amassive starburstin the central galaxy on time-
scales much shorter than the age of the Universe'. Such ‘cooling flows’
arelargely absent, with observed star formation rates in central cluster
galaxiesrarely exceeding1-10 M, yr™ (refs. 2-6). This implies the pres-
ence of energy sources that suppress the cooling, with the most likely
being feedback from an active galactic nucleus (AGN). X-ray observa-
tions suggest that this is achieved by bipolar radio jets emitted from
the AGN, which inject mechanical energy and drive turbulence in the
surrounding ICM, as well as inflate large buoyant cavities or ‘bubbles’
of plasma that can transport low-entropy gas outwards'®>*¥%° Simula-
tions modelling the underlying physics show that this feedback can be
recurrently induced by the feeding of the supermassive black hole, for
example, through thermally unstable cooling and cold gas precipita-
tion, intrinsically linking the processes of feeding and feedback™ . In
this context, the Phoenix cluster”? (redshift z= 0.597) is an outlier, as
itseemsto follow all of the original predictions for an uninhibited cool-
ing flow. It has an enormous starburst?”, amassive cold gas reservoir?,

arapidly accreting supermassive black hole powering an AGN in the
central galaxy?, a power-law entropy profile all the way into the core?®
and acentral cooling time comparable to the free-fall time and consid-
erably shorter thanthe turbulent eddy timescale (which measures the
time for aturbulent vortex to oscillate and produce density fluctuations
in the surrounding medium)?%,

Previous studies attempting to directly detect the cooling flow of
the Phoenix cluster have yielded mixed results. Coronal emission lines,
which probe gases at intermediate temperatures (10°-10° K), provide
apromising avenue for directly tracing cooling flows. Observations of
the O viA11032,1038 A coronal-line doublet in the Phoenix cluster
with the Cosmic Origins Spectrograph of the Hubble Space Telescope
(HST) imply massive amounts of cooling (55,000 M, yr) whenassum-
ing 100% of the observed flux is because of cooling®. However, these
observations lack spatial information, making the source of the O vi
emissionambiguous, and requirealarge, highly uncertain correction
for intrinsic extinction in the far-ultraviolet regime. Observations of
soft X-ray lines with the Reflection Grating Spectrometer of the X-ray
Multi-Mirror Mission, on the other hand, reveal a cooling rate of
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Fig.1|Maps ofthe [Ne vi]-emitting coronal gas in the central galaxy of
thePhoenix cluster overlaid with the hotter and colder gas phases, and
starlight. a, A two-dimensional map of the [Ne VI] 17.652-um flux from
channel 3 of the MIRI/MRS data. The fluxisinlog,,[F (ergs™ cm™ spaxel )],
where achannel-3 spaxelis 0.04 arcsec’. The white ellipse shows the aperture
that we useto capture theregion of extended northernemission. Ascale bar
isprovidedinthebottomleft, and the size of the point spread function (PSF)
full-width at half-maximum s shownin thebottomright. The red cross marks
the peakintegrated brightness at23 h44 min43.9157 s,-42°4312.3972".
Only spaxelsinwhich thelineis detected with signal-to-noise ratio (S/N) 23
areshown. b, An [0 11]image of the central galaxy of the Phoenix cluster is
showninthe greyscale using data from the HST Advanced Camera for Surveys

350239 M, yr ' when fitting a combined isothermal gas and cooling
flow model, which canbarely sustain the 500-800 M, yr'starburst*.
Cooling rates measured with these methods often disagree: Far Ultra-
violet Spectroscopic Explorer observations of Abell 1795, Abell 2597
and Perseus reveal O vI cooling rates higher than the X-ray rates>?.
Like the O v1 line in the far-ultraviolet regime, soft X-rays may be
obscured by cool, dusty clouds closely interleaved with the hot gas,
causing the observed X-ray cooling rates to underpredict the amount
of ‘hidden’ cooling gas?. By contrast, the lack of soft X-ray emission
may be explained if coronal emission is produced by the heating and
mixing of ambient cold gas with the hot atmosphere, rather than the
cooling of the hot atmosphere itself. Observations of the CIvA1549 A
line in the Virgo cluster®®?® and the [Fe x]1 6374 A coronal line in the
Centaurus cluster*®* seem to favour heating by thermal conduction
or mixing compared with pure cooling flow models.

In this work, we present integral field unit (IFU) observations of
the [Ne vi] 17.652-um coronal line, which probes a similar tempera-
ture range as O VI (approximately 10°° K) but in a wavelength regime
with effectively no extinction and no stellar continuum, using the
Mid-Infrared Instrument of the James Webb Space Telescope (JWST) in
the Medium Resolution Spectroscopy mode (referred to as MIRI/MRS).
We develop afull mid-infrared spectral model to fit the continuum and
emission linesin each ‘spaxel’ (a spatial pixel) of the IFU data, perform-
ing a simultaneous spectral and spatial deconvolution of the central,
dust-obscured quasi-stellar object (QSO) and the larger-scale emis-
sion. Amap of the QSO-subtracted [Ne vi] flux is shown in Fig. 1a. This
map represents a marked improvement on previous observations of
extended coronal emission**°, which have detected 10°° K gas in only
a handful of spaxels. In the Phoenix cluster, we clearly detect [Ne vi]
emission in hundreds of spaxels encompassing tens of kiloparsecs,
enabling us to see coherent structure in the coronal phase for the first
time, to our knowledge. This map clearly shows two clouds of roughly
10°°K gas to the north of the nucleus, cospatial with the minimum
entropy of the hot atmosphere?, the low- and high-ionization optical
emissionlines®, the cold molecular gas* and aregion of enhanced star
formation (Fig. 1). A one-dimensional radial intensity profile reveals

HST/ACS

[Ne vi

Low-entropy ICM

(HST/ACS)®. The extended [0 11] emissionis indicative of ongoing star formation.
The cyan contours show the entropy of the ICM, which decreases towards the
centre of the cluster and reaches aminimum in the northeast cloud. The yellow
contours show the flux of the [Ne vi] line (as shown in a), whichis cospatial with
the brightest [0 11] and the lowest-entropy gas. The magenta dashed contours
show thelocations of the X-ray bubbles that are filled by radio jets, marking the
locationinwhich the X-ray emissionis 2cand 4o below the mean®. ¢, A three-
colour RGBimage of the central galaxy of the Phoenix cluster is shown using
datafrom the HST/ACS in the F475W, F775W and F85OLP filters. The blue colours
indicate young, actively formingstellar populations. The [Ne vi] contours
fromb are shown here as well, highlighting the spatial coincidence between
theblue star-forming filaments and the cooling gas. Scale bars, 2.0”,13 kpc.

thatthe [Ne vi] emissionis consistent with a large-scale diffuse nebula
that is being photoionized by the central QSO and a localized cooling
regionwithasize of <5 kpcata distance of approximately 10 kpc from
the nucleus (Fig. 2). In principle, this bump in the radial profile could
be causedbyalocalincreasein the gas density (n.). However, we detect
asimilar bump in the [Ne vi]/[Ne v] ratio, which is insensitive to n,,
in the same region. Taken together, this implies a local change in the
dominantionization mechanism, such as from AGN photoionizationto
cooling. The presence of a cloud with an effective temperature nearly
30 times less than the lowest temperature seen in the X-ray-emitting
ICMand nearly 30 times higher than the optical line emitting gas lying
directly beneath the buoyantly rising X-ray bubble could be related to
either uplifting of low-entropy gas from the core’®***and/or rapid cool-
ingdriveninsituby turbulence*, both of which canbe explained by the
AGN feedback model. Inthelatter case, turbulent motions result from
compressions, rarefactions and stretching in the surrounding medium,
which canbeinduced by AGN jets, winds and shocks from the bubble®.

The total [Ne vi] flux in this cloud north of the nucleus (Fig. 1, white
ellipse) is 4.9735 x 107 erg s cm™2, which alone is enough to imply
an unphysical cooling rate of >100,000 M, yr™, motivating a more
complex two-component model. We model the mid-infrared spectrum
using Cloudy***” assuming that the emission is because of a com-
bination of a central ionizing source and a cooling parcel of gas. The
cooling gas starts with an initial density of n, = 0.42 cm™, temperature
kT=2.3keV and metallicity Z= 0.55Z,, based on the X-ray data at the
location of the extended [Ne vi] gas®. It cools until it reaches the tem-
peratures of the interstellar medium (10* K). Metal abundances are
measured using high-resolution X-ray spectroscopy of the central
region of the cluster® that have been recomputed for this work. While
cooling, the gasis exposed to radiation from the central AGN. Moreo-
ver, although the central AGN in the Phoenix cluster is highly obscured
alongour line of sight, it is probably unobscured, or considerably less
obscured, fromthe perspective of the cooling gas, as this gas liesalong
the jet axis in which the AGN will not be obscured by the dusty torus.
We adopt ageneric spectral energy distribution template constructed
from a recent sample of hyperluminous quasars® and rescaleittoa
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Fig.2|Aradial surface brightness profile of the northern[Ne vi] emission
inthe central galaxy of the Phoenix cluster. a, A two-dimensional map of the
[Nevi] flux. Here only spaxels with S/N > 1are shown. Aseries of rectangular
apertures are showninwhite, which span from the nucleus outto25kpcin2
directions aligned with the northern clouds of emission. Theinnermost and
outermostaperturesare circular annuli toimprove the statistics. Scale bar,
1.57,10 kpc.b, Acollapsed one-dimensional intensity (/) surface brightness
profileis shownin which measurements are taken by an average and standard
deviationofthe spaxelsineachaperture. The profilesin the two directions

bolometric luminosity of 3 x 10 erg s, matching that of the Phoenix
cluster”. Cosmicrays are also included, with abackground ionization
rate of 2 x107¢ s (ref. 39).

Theneteffect of AGNradiationis to lower the inferred cooling rates
ofthelines. Photoionization injects energy into the gas and increases
the population of ions that contribute to the line luminosities, which
increases the inferred luminosity per unit mass of cooling gas. The
sound-crossing time of the low-entropy gas of approximately 10 Myr
is comparable to the cooling time in the same region, both shorter
than the cloud collapse time of around 75 Myr. Therefore, the cooling
probably proceeds at some intermediate rate between the isobaric and
isochoric predictions*. Enabling a combination of these two modes
and factoring in the photoionization from the central AGN, we obtain
anominal cooling rate for the [Ne vi] line 0f 25,000 + 5,000 M, yr,
for which this uncertainty is purely statistical. When we consider all
high-ionizationlinesinthe spectrum ([Ne vi], [Ne v], [Fe vIi1], [Fe vi1],
[Mg vi1] and O vI), the average cooling rate is 10,000 + 5,000 M_ yr™
(the uncertainty listed here is the median absolute deviation of the
individual cooling rates). Indeed, the cooling rates of all the infrared
lines are of a similar magnitude (Fig. 3a), indicating that our model
describes the overall spectrumreasonably well across the wide variety
of ionization states of theinfrared lines (Extended Data Table1). The O vi
lineisanoutlier, most probably owing to uncertainties in the ultraviolet
extinction correction. We explore the effects of varying the bolometric
luminosity of the quasar and the hot-phase abundance of neon, which
(aside from the measured line fluxes) are the dominant drivers of the
inferred cooling rates. We perform additional simulations adjusting
these quantities to be higher or lower by a factor of two and find local
scaling relations between the recovered cooling rates and the varied
quantities for each line. Assuming the effects of the QSO luminosity
and neon abundance combine multiplicatively and combining meas-
urements for all the infrared coronal lines, we find a plausible range of
cooling rates of 5,000-23,000 M, yrat approximately 10>° K.

We also consider a set of more complex models in which gas from
the hot 107 KICM first mixes with the warm 10* K interstellar mediumin
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showninaareaveragedto create the final one-dimensional profile. The dashed
red line shows an r? power law convolved with the instrumental PSF, and the
dotted lines show box functions with different widths in different colours, also
convolved with the PSF. The asterisksindicate convolution. Thesolid red line is
the combined model using aboxwidth of 5 kpc. The edges of the X-ray bubble
arealso annotated by vertical dashed linesat13 kpc and 29 kpc. The prominent
bumpinthe profile that deviates fromanr2 power law is coincident with the
northernemission regionbeneaththe bubble, and has asize of <5kpc.

different proportions, cooling the hot atmosphere non-radiatively. This
mixed gas phase then cools radiatively down to10* K asitis illuminated
by the AGN, in the same manner as our unmixed models. The metal
abundancesin thismodel are treated as a mix of the ICM and interstellar
medium abundances, with the latter including the depletion of refrac-
tory elements onto dust grains*. Supplementary Information provides
more details. We find that these models are able to produce more con-
sistent cooling rates and line ratios than the unmixed models (Fig. 3b).
Theaverage coolingrate is constrained to 15,000 + 2,000 M, yr, with
ascatter 2.5 times lower than the unmixed model. The plausible range
of cooling rates then becomes 7,000-36,000 M, yr'. We present these
models as a promising alternative to the unmixed models and a show-
case of how metal abundances, in particular, have astrongeffect on the
results, but we are cautious in claiming this scenario to be the underly-
ing truth because of the additional systematic uncertainties introduced
by the additional model parameters. However, it is apparent from the
results of both models that whether the gas undergoes mixing or not,
there is strong evidence for vast quantities of gas cooling through
10**Kin excess of 5,000 M yr™.

Our most conservative estimate of the cooling rate (5,000-
23,000 M, yr) is significantly higher than the classical cooling rate
inferred by the X-ray gas (approximately 3,800 M, yr™"). However, the
latter is based on the bolometric X-ray luminosity andis averaged over
several gigayears, whereas the emission-line cooling measurements
are nearly instantaneous. We propose that the high cooling rate, of
the order of 10* M_ yrat temperatures of 10°° K, is short-lived and not
representative of the long-term cooling rate of this cluster*>*3, This
cooling spike is unlikely to last much longer than the sound-crossing
time of the bubble (approximately 10 Myr), forming 0.5 x 10" M
to 2 x 10" M, of molecular gas. This is a few times higher than the
observed 2.1+ 0.3 x 10'° M, (ref. 21), which could hint at large quanti-
ties of molecular gas being destroyed by feedback?, or in the case of
mixing, that some fraction of the gas is being prevented from cooling
all the way down to the molecular phase by repeatedly remixing with
the hot ICM. Our Cloudy modelling is in excellent agreement with
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Fig.3|Cloudy-simulated cooling rates for aradiatively cooling parcel of gas
thatisbeingilluminated by acentral AGN at various distances from the
nucleus. a, Cooling rates M for each line are shown as a function of distance
from the nucleus, assuming that all of the luminosity in the northerncloudis
containedinasmallArateachradius. Thelinesare coloured according to which
emissionline they correspond to. The intensity-weighted-average cooling rates
inthe northerncloud are plotted witherror bars: the xerrors show the extent of

all the observed line ratios, all of which are within a factor of a few of
the model prediction. The only lines that disagree significantly are
the low-ionization [Ne 11] line (probably boosted considerably by star
formation and weak shocks) and O vi line (again, probably owing toa
highly uncertain extinction correction). We show the results for the
coolingratesin Fig. 3 and the line ratios in Supplementary Fig. 3.
Finally, we consider the velocity profile of the [Ne vi]-emitting gas to
further understand its origin. The coronal gas motions along our line
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Fig. 4 |North-south velocity profile of the [Ne vi]-emitting gasin the
central galaxy of the Phoenix cluster, overlaid with various models.

a, Atwo-dimensional map of the median line-of-sight velocity of [Ne vi].

Here only spaxelsinwhich [Ne vi]is detected with S/N > 2 are shown. Aseries of
rectangularapertures are showninwhite, which spanthe vertical height of the
central galaxy (from approximately -30 kpc to +30 kpc). Scale bar,1.5”,10 kpc.
b, Acollapsed one-dimensional velocity profile isshownin whichmeasurements
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the northerncloud, the xlocations of the points themselves are the intensity-
weighted central radii and the y errors show the statistical louncertainties.
Thetranslucent purple band shows the inferred cooling rate from the X-ray
emitting gas, whichliesbetween theinfrared linesand O vi.b, The same as
ina, but showing the results for our simulations that considered theinitial
gas conditionstobeinamixinglayer betweenthe hotand warm phases.

of sight contain contributions from both bulk motions and turbulence
imparted by the bubble, as evidenced by the large linewidths (full-width
at half-maximum of about 1,000 km s™). Despite this, Fig. 4b shows
that the velocity profile exhibits a coherent structure as a function
ofradius. We explore atoy model for the velocity profile of the cooling
gas, considering the bulk motionimparted by the wake of abuoyantly
rising bubble as it expands adiabatically in astratified ICM?. This model
adequately describes the dataat small radii out to approximately 7 kpc,
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aretakenby anS/N-weighted average and standard deviation of the spaxels
ineachaperture. The grey bands show the individual left-side and right-side
velocity profiles, and the black data points show the average of these two
profiles. Aseries of velocity models for pure rotation, ionized winds from
supernovae, radiation pressure from the central AGN and a buoyantly rising
bubbleare overplotted with varying inclination angles to best match the
observed profile.
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at which point the gas may be slowing down because of its increased
density relative to the ICM***, At radiilarger than 7 kpc, the observed
kinematics of the cooling gas are consistent with free fall. This suggests
that the observed coronal emission may be attributed to low-entropy
gasthathasbeenlifted from the core. For reference, anumber of other
velocity models are shown. We also provide additional commentary on
the morphology and kinematics of the coronal phase compared with
the cooler gas phases in the Supplementary Information.

Although theideas behind cooling flows date back to the first high-
resolutionimages of galaxy clusters’, they have largely remained und-
etected. This may be because AGN feedback s highly effective in mod-
erating cooling!®*¢, that episodes of pure cooling are common but
short-lived*** or because the majority of the cooling is obscured® .
Forthefirsttime, to our knowledge, we have mapped all the phases of
this cooling flow in both temperature and space, providing the most
complete picture of cooling so far. In the core of the Phoenix cluster,
we observe rapid cooling of the hot atmosphere, with traces of gas cas-
cading through transitionsin the ultraviolet, optical, infrared and mil-
limetre. Critically, this cooling gasis cospatial with the lowest-entropy
X-ray-emitting gas, lying directly behind abuoyantly risingbubblein the
hot atmosphere, suggesting that the gasis coolingin the turbulent wake
behind the bubble, perhaps stimulated by first mixing with the cooler
gas. If short-lived cooling episodes are common in the galaxy cluster
population, providing the necessary fuel for ongoing AGN feedback,
then Phoenix provides aunique window into this critically important,
but rarely captured, process for understanding the formation of the
most massive galaxies in the Universe.

Online content
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Methods

Observations and datareduction

Data collection. We obtained mid-infrared IFU observations of
Phoenix A using the MIRI/MRS instrument of the JWST as a part of
the cycle 1 General Observer programme ID 2439. The on-source
observations were taken from 15:44:52 utC on 27 July 2023 to 02:32:02
uTC on 28 July 2023, and background observations were taken from
02:32:06 UTC to 04:48:42 uTC on 28 July 2023. These observations
were taken in all the channels and all bands, which cover rest-frame
wavelengths from 3.1 pm to 17.5 um at z= 0.597. The SHORT-band
exposure was 6.95 h, whereas the MEDIUM-band and LONG-band
exposures were 51.0 min and 85.8 min, respectively. Note that the
SHORT-band exposure was the longest because our primary goal was
the detection of extended [Ne vi] emission, which falls in that band.
Background exposures were 51.0 min, 16.8 min and 25.2 min, respec-
tively. The on-source and background observations used the recom-
mended four-point and two-point dither patterns. The field of view
of each MIRI channel is shown in Extended Data Fig. 1 over an optical
image.

The HST/ACS data (Fig. 1and Extended Data Fig. 1) were obtained
using programme ID 15315. Data were gathered in the broadband
F475W, F775W and F850LP filters for two orbits, two orbits and one
orbit, respectively, and in the narrowband FR60IN filter centred on
[O 11] for eight orbits. Details for these data and data reduction are
available elsewhere®.

TheICM entropy and X-ray cavity data presented in Fig.1were mod-
elled using datafrom Chandra Advanced CCD Imaging Spectrometer-I
comprising a series of programmes with IDs 0f 13401, 16135, 16545,
19581, 19582,19583, 20630, 20631, 20634, 20635, 20636 and 20797,
totalling 551 ks of exposure time. Details on these data are available
elsewhere®,

Data reduction. We opt to reduce the data ourselves to enable
the datareduction pipeline to be optimized for our observations,
which are in alow-surface-brightness regime with deep exposures.
We reduce the data using the JWST pipeline version1.12.3 and CRDS
context jwst_1140.pmap. We follow the default pipeline options for
most of the data reduction, with a few exceptions. We increase the
sensitivity for flagging jumps from cosmic ray showers, and we per-
form an additional cleaning routine that finds warm pixels using
the corresponding background exposures, marking them in both
background and science frames*®. We enable the two-dimensional
residual fringe correction step to suppress fringing on the indi-
vidual spaxel level. Moreover, for the background subtraction step,
we choose the option that directly subtracts a median-combined
two-dimensional background exposure in a pixel-by-pixel manner
fromthe science exposures. Thisisin contrast to the default pipeline
option that creates a one-dimensional sigma-clipped background
spectrum by combining all of the background spaxels at each wave-
length and then subtract this from the data in each spaxel. The lat-
ter method has the advantage of introducing less noise into the
background-subtracted data, but we have found thatin our data, this
leaves residual detector artefacts that are better removed by perform-
ing the two-dimensional background subtraction. We also produce
cubesintheIFU-detector-aligned axes to enable a direct comparison
with the point spread function (PSF). Supplementary Information
provides more details on further refinements that we performon the
data.

Spectral models

Model decomposition. To model the spectraineach spaxel, we use afit-
ting code writtenin the Julia programming language*: Likelihood Opti-
mization of gas Kinematicsin IFUs (https://github.com/Michael-Reefe/
Loki.jl). The total model can be summarized as

Lx,p,A) = iA“'"“Lu’ 1) +NPZAHA"A“D(/1)+N§EA“"SG @) |e™™®
VEPBTIAN et /T g W

+ A0 (1)1 2591)PSF (x, y, 1)

The first term represents thermal dust emission, where B,(A, T) is
the Planck function per unit frequency v at temperature T;, and we
assume a dust emissivity that is «<1/1% We fit two dust temperatures in
the range of (35, 300) K, in which the upper limit is chosen to prevent
fitting hotter dust temperatures that are presumably heated by the
QSO. This limit is also consistent with that used by another work® in
which PAHFIT software was used to fit the star-forming galaxies. The
second term is the emission from polycyclic aromatic hydrocarbon
(PAH) molecules, where D;(A) is a Drude profile®. The central wave-
lengths and full-widths at half-maximum (FWHMs) of the Drude profiles
are taken from the average values obtained from another work®2, which
are updated for JWST based on the original values from PAHFIT. We
also enable a small variation of +0.05 pum for the centres and +10% for
the widths to account for the increased spectral resolution of MIRI
compared with Spitzer. The third termis the gas emission lines, where
G,(A)is aGaussian profile. Eachlineis enabled to be modelled by up to
two Gaussian profiles (Supplementary Information). We correct the
measured FWHMs using the FWHM of the line spread function®. The
line-of-sight velocities are limited to +800 km s, and the FWHMs are
limited to <1,500 km s, We also tie the kinematics of lines with similar
ionization potentials to represent different gas phases, ending up with
four groups: molecular H,, cool (ionization potential <24 eV), warm
(24 < ionization potential < 90 eV) and coronal (ionization poten-
tial >90 eV). The wavelengths and ionization potentials of the fit coro-
nallines, plus [Ne 11] and [S 1v], are given in Extended Data Table 1. We
assume a simple screen geometry such that the first three terms are
extincted by a factor e ™, where tis the optical depth of silicate dust.
We follow the methods of another work®* to model 7(1) by dividing the
silicates into three species. We fix the relative abundances of these
species based on afit to the integrated spectrum from channels 1-4,
because we find that enabling them to be free in each spaxel often leads
to extinction compensating for residual instrument artefacts and pro-
ducing unphysical results. The final term represents the contamination
from the QSO spectrum that is present because of the PSF (Supple-
mentary Information). /2% is taken as the spectrum of the brightest
spaxel divided by the PSF model of the same spaxel. Normalization
A®C()) is constant in each channel, but may be different between chan-
nels. This represents how far the QSO contributionis enabled to devi-
ate from what is predicted purely from our PSF model, which we
constrainin afactor of2: (0.5, 2).

Modelling procedure. Our minimization procedure is subdivided

into three stages.

1. Mask out the emission lines and fit the continuum. In this step, the
PAHs are not fit with Drude profiles. Instead, they are modelled
using two of the templates from ref. 50, as in ref. 55. This was done
because the spectra have a relatively high optical depth and weak
PAH features. Fitting everything simultaneously can, thus, lead to
the spectral decomposition procedure confusing how much of the
flux around the 9.7-um silicate absorption feature is because of the
broad wings of the surrounding PAH features versus the continuum
and leading to unphysically large PAH fluxes.

2. Subtract the thermal dust continuum and QSO contribution obtained
using step 1 above, mask out the emission lines and fit the PAHs to
the residual spectrum using Drude profiles.

3. Mask out the emission lines, subtract the QSO template contribu-
tionandfitacubicspline to the residuals with aspacing of 7 pixels
between knots. Subtract this cubic spline fit and use the residuals
to fit the emission lines. By subtracting a cubic spline fit instead
of the fit obtained using the previous steps, we are able to obtain
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accurate line fluxes even when the physically motivated continuum
model under- or overpredicts the continuum locally around aline.

We use the Levenberg-Marquardt least squares minimization algo-
rithm®* foreachstepinthefitting process. However, for the emission-line
fitin step 3, we use the simulated annealing global minimization algo-
rithmas implemented by Optim.jI*’, for which results are then used as
astarting point for the Levenberg-Marquardt minimization to refine
the parameters.

To generate our results, we implement this procedure to fitin a
spaxel-by-spaxel manner on a data cube containing the combined
channel-3 data, and similarly for the channel-2 and channel-4 data
(cutting out channel 4C because of low sensitivity). As the QSO PSF
component outshines the host galaxy in many spaxels, this makes it
difficult to measure the optical depth of the underlying host galaxy. As
such, we have developed a technique to independently measure this
based on the flux ratios of the rotational H, lines. The H, 0-0 S(3) line
lands near the peak of the 9.7-pm silicate absorption feature, whereas
the S(4) line is unaffected. Therefore, we use the S(4)/S(3) line ratio
as a proxy for the optical depth. We perform an initial fit to measure
the observed H,-line fluxes and then we fit excitation models to the
upper-level column densities, masking out the S(3) line, to obtain an
‘intrinsic’ S(4)/S(3) line ratio. Comparing this with the observed line
ratiogives usthe optical depth, whichwethenusetorunaseconditera-
tion of our fitting procedure. A more detailed description of this process
isprovided elsewhere (M.A.R. etal., manuscript in preparation). We also
repeatall of these fits without including the QSO template component
(substituting it for anadditional thermal dust component that may be
up to 1,500 K), to enable a comparison with the results for the QSO-
subtracted maps. For regions of interest, such as the northernextended
cloud and the nucleus, we create anintegrated one-dimensional spec-
trum combining channels 2-4 (excluding channel 4C) and fit with 100
bootstrapping iterations. We also do this for the entire field of view
of channel 2. Examples of one-dimensional spectral fits are shown
in Extended Data Figs. 2 and 3. Two-dimensional maps of the fluxes,
line-of-sight velocities and linewidths for [Ne vi], [Ne11] and [Ne v] are
shownin Extended Data Figs. 4-9.

Surfacebrightness models

To create the radial surface brightness profile shown in Fig. 2, we use
aseries of rectangular apertures of 3 x 1spaxels going from the nucleus
through the two cooling clouds, and averaging these together. The
outermost and innermost apertures become circular annulitoimprove
the statistics. We then model this profile by considering the case in
which theentire[Ne vi] emission can be attributed to the central QSO,
assuming aconstant gas density and a consistent emitting cloud geom-
etry.Inthis scenario, we would expect aninverse-square-law fall-offin
the emission-lineintensity. AsshowninFig.2, thereisadistinctbump
that deviates away from the r > power law at adistance of approximately
5-13 kpc from the nucleus, corresponding to the emission region
beneath the X-ray bubble (at almost 20 kpc). This bump could be
explained by alocal increase in n., because the [Ne vi] line emission,
coming from collisional excitations, is proportional to n.ny,s+. How-
ever, the fact that we also see abump in the [Ne vi]/[Ne v] ratio, which
is insensitive to both n, and metallicity, at the same location suggests
thatthereisalocal changeintheionization parameter (U=n, /n,, the
ratio of theionizing photon density to the hydrogen density) and thus
the dominant ionization mechanism. To account for this, we add a
second component to our model, representing the cloud as a simple
boxcar function with varying position and width. Fitting this two-
component model, we find the cloud to be centred at approximately
10 kpc and has a size along the radial direction of <5 kpc. Above this,
the fitbecomes significantly worse, as shown by the 10 kpc boxcar size
in the figure. Note that this model has also been convolved with the
instrumental PSF (assuming it is a Gaussian).

Cooling models

We assume that the coronal emission comes from ICM gas cooling to
low temperatures. In our simulations, starting from the ICM density
and temperature discussed in the main text, we let a unit-volume par-
cel of gas cool from the ambient temperature down to 10,000 K, and
track its evolution assuming that it cools under either isobaric or iso-
choric conditions. We use version 23.00 of Cloudy® for our simulations,
which has been updated to the more accurate R-matrix collision
strength results of version10 of the CHIANTI database®. For each line,
we accumulate the emissivities with respect to temperature, denoted
by I' (ref. 31). These are related to the observed line luminosities by
Liine = MTI', where M is the mass cooling rate.

Apure collisional model led to unphysically high mass cooling rates
for all the observed lines. We, therefore, also took into account pho-
toionization by the radiation field of the central AGN, and performed a
number of simulations at various distances fromthe AGN, in the range
of2-20 kpc. Toillustrate the gross influence of the AGN, it is worth not-
ingthat the gasfailstoreach the target temperature, butinstead comes
into equilibrium with the radiation field at a higher temperature. In
more detail, photoionization affects the ionization balance of the gas
by driving longionizationtails that extend to much lower temperatures
thanin the purely collisional case.

How exactly the gas reacts to the AGN radiation depends on how it
cools.Inisobaric cooling, the effect of photoionization diminishes as the
temperature drops because of compression. The gas that contributes
tothe emissivity of coronal lines, particularly [Ne vland [Ne vi], covers
amuch broader temperature range compared with purely collisional
cooling, that is, the gas is overionized as it cools to nebular tempera-
tures, and theintegrated emissivities of all the coronal lines of interest
are boosted. By contrast, in isochoric (constant-density) cooling, the
impact of photoionizationis more marked. The gas comes to equilibrium
with the AGN radiation at higher temperatures than the isobaric case,
whereasits effect onintegrated emissivities is more complicated, with
some enhancedrelative to the purely collisional case, and some reduced.

In our final runs, we used a combination of isobaric and isochoric
cooling. For adescription of these methods and our systematic uncer-
tainty analysis, see the Supplementary Information.

Kinematic models
Here we expand on how the velocity models shownin Fig. 4 are created.
Each model has adifferentinclination angle i, whichisadjusted to best
match the observed profile, such that v, = vsini.

The solid red line simply gives the circular rotational velocity:

y= |SMO) 2)
\ r

where M(r) is obtained using acombination of strong lensing and X-ray
analyses®™. The dashed red line gives a ballistic model in which a test
particle starts at r, = 6.75 kpc and v,sini = 270 km s and is then ena-
bled to free fall. The blue line gives an ionized wind model driven by
supernovae discussed in ref. 59, including the effects of gravity and
cooling, and using a star formation rate of 800 M, yr™ (ref. 17), mass
loading factor n,, = 0.3 and a half-opening angle of i/8. The purpleline
(Fig. 4) gives an outflow model driven by radiation pressure from an
AGN, using an analytical model from ref. 60:

r
ulr) = JI [4,885% ~8.6x 10‘3%}& 3)
\vn r r

with a launch radius of r; =1kpc, a bolometric AGN luminosity of
L,,=3,000 (x10* erg s™) (ref.17) and force multiplier M = 500, which
accounts for the increased efficiency of radiative acceleration above
that of pure Thomson scattering (M =1) frombound-bound, bound-
free and free-free opacities.



Finally, the bubble model (Fig. 4, green) is obtained by numerically
solving a series of differential equations:

d_U _ pICMVb GM(r) _ lplCM

2
dc= My 22 M, b “)
dv, ¥ dp
o A ®
Vad'b dE

Hereris the distance from the nucleus to the centre of the bubble and v
isthebubble velocity. The bubbleis assumed to be spherical, with V,, P,
Ay, M, and R, denoting the volume, pressure, cross-sectional area, mass
andradius ofthe bubble, respectively. M(r) is the enclosed mass of the
galaxy atradiusr, p,cy = pm,n. is the density of theambient ICM, G, = 0.5
is the drag coefficient and y,y = 4/3 is the adiabatic index of the bub-
ble®. Equation (4) gives the velocity from the competing effects of the
buoyancy force and drag force—the effects of gravity on the entrained
mass are not included. Equation (5) gives the rate of expansion of the
bubble volume assuming adiabatic expansion. For the pressure P,(r) and
density p,cu(r), we use the one-dimensional pressure and density profiles
of the Phoenix cluster ICM obtained from the Chandra observations®,
from which we obtain dP,/dr using afinite difference approximation.

Thebubblestartsatr=0.05 kpc, whereas our lowest sample for the
pressure and density profiles are at 3 kpc, which necessitates extrapo-
lating down to the starting radius of the bubble. The thermodynamics
at such small radii are not well constrained, so we take two extreme
approaches: (1) assuming the pressure and density are both flat below
3 kpcand (2) extrapolating the pressure and density below 3 kpc with a
power law based on the first few data points. The starting parameters
of both models are shown in Supplementary Table 2. The initial bub-
bleradiusis chosen such that it evolves to the currently observed size
of the bubble (approximately 8.5 kpc)? when it reaches the currently
observed position of the bubble (approximately 20 kpc)?, and the
entrained massisadjusted to best match the observed velocity profile.
Note that further to the uncertainty imparted by the extrapolation of
the pressure and density profiles below 3 kpc, the model parameters
listed in Supplementary Table 2 have some large degeneracies with
each other, particularly mass (M,) or density (p,,) and inclination (i),
which affect the overall normalization of the velocity curve. We stress
that the purpose of these modelsis toillustrate the general agreement
betweenthe dataand the bubble uplift scenario, but arigorous model
capturingtheintricate physics expected in the wake of abubble would
be far more complex. As such, we do not attempt to use these models
to make any predictions or constraints on the actual amount of cool-
ing coronal gas.

Data availability

Data for JWST programme ID 2439 are publicly available through the
Mikulski Archive for Space Telescopes of the Space Telescope Science
Institute. Supplementary datausedin our analysis from HST are also avail-
able throughthe Mikulski Archive for Space Telescopes. Chandradataare
available from the Chandra Data Archive (https://cxc.harvard.edu/cda/).

Code availability

JWST, HST and Chandra data were reduced using the publicly available
reduction pipeline codes provided by the Space Telescope Science

Institute and Chandra X-ray Center. The Likelihood Optimization of
gas Kinematics code used in our analysis is available through GitHub
at https://github.com/Michael-Reefe/Loki.jl,and Cloudy is available at
https://nublado.org. We also provide our customized driver scripts for
datareduction and analysis through GitHub at https://github.com/
Michael-Reefe/Reefe2024_code_supplements.
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HST/ACS

Extended DataFig.1|Thefield of view of the MIRI/MRS instrument relative
tothesize of the central galaxy in the Phoenix Cluster. The field of view of
eachof the four MIRI channels shown over a3-colorimage of the core of the
Phoenix cluster using data from HST/ACS in the F475W, F775W, and F850LP
filters. The dust-obscured AGN lies at the center of the brightest cluster galaxy.
Theangularand physical scales are annotated in the bottom-left.
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Extended DataFig.2|The full mid-infrared spectrum of the central galaxy dotted gray line shows the extinction profile. The sum of the thermal dust
inthe Phoenix Cluster. A spectrum covering MIRI channels 2-4 (excludingthe ~ continuaand QSO PSF is also shown by the thick gray line. The emission lines
long wavelength end of 4C), and integrated over the full channel 2FOV. The top arelabeled at the top of the plot, with vertical dashed lines showing their
panelshows the datainblack and the modelin orange, while the bottom panel locationsinthe spectrum. The boundaries between channels and bands are
shows the residuals. The modelis also decomposed into components: the gray alsoshown at the top of the plot with blue arrows. The translucent orange
solidlines are the thermal dust continua, the greenline is the QSO PSF model, regionshows the range of models producedin the different bootstrapping
thebluelineisthe PAH emission, the purple lines are the emissionlines,andthe iterations.
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Extended DataFig.3|Azoomed-in emissionlinespectrumofthe central
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bootstrapped. The two distinct kinematic components of the emission lines

ofthe nucleus. The formatting of everythingisidentical to Extended DataFig. 2,
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Extended DataFig. 4 |Aseries of fluxmapsfor[Ne vi] over the MIRI channel
3FOVshowing the decompositioninto various spatial and kinematic
components. a-c show the QSO and host galaxy components of the flux.

a, the total observed flux, b, the flux from the QSO that has been dispersed
accordingto the PSF model, and ¢, the QSO-subtracted flux thatis attributed
to the host galaxy. d-fshow the further decomposition of the host galaxy flux
into 2 distinct kinematic components, now withan S/N cut such that only spaxels
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withadetection of S/N>3areshown.d, the combined flux from both kinematic
components, makingitidentical to cexcept for the SNR cut. eandf, the fluxes
fromeachindividual kinematic component, sorted in order of decreasing flux.
The colorscales areshownontheright of each rowand are the same for each
panelinthatrow. The physicalscaleinkpcandangularscaleinarcsecare
annotated inthe bottom left of each panel, and the FWHM of the PSF at the
wavelength of [Ne vi]is shownin the bottom right of each panel.
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Extended DataFig.5|Aseries of flux maps for [Ne 11] over the MIRI channel 4 FOV showing the decompositioninto various spatial and kinematic
components. Same as Extended Data Fig. 4, but for [Ne11]112.813 um.
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Extended DataFig. 6| Aseries of maps for [Ne v] over the MIRI channel 4 FOV showing the decompositioninto various spatial and kinematic
components. Same as Extended Data Fig. 4, but for [Ne v]114.322 um.
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Extended DataFig.7|Aseries of kinematic maps for [Ne vi] over the peak velocities of the individual kinematic components. Allmaps have an
MIRIchannel 3 FOV showing the decompositioninto various kinematic S/N=3cut.Thecolorscales areshownontheright of eachrowand are the same
components. a-c show theline velocity widths. a, the Wy, of the full line foreach panelinthatrow. The physical scaleinkpcand angularscaleinarcsec
profile,band ¢, the FWHMs of the individual kinematic components. d-fshow areannotated inthe bottom left ofeach panel, and the FWHM of the PSF at the
the LOS velocities. d, the median LOS velocity of the full line profile, eand f, the wavelength of [Ne vi]is shownin the bottomright of each panel.
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Extended DataFig. 8| A series of kinematic maps for [Ne 11] over the MIRI channel 4 FOV showing the decomposition into various kinematic
components. Same as Extended DataFig. 7, but for [Ne 11]112.813 um.
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Extended DataFig. 9 |Aseries of kinematic maps for [Ne v] over the MIRI channel 4 FOV showing the decompositioninto various kinematic
components. Same as Extended Data Fig. 7, but for [Ne v]114.322 ym.




Extended Data Table 1| Emission line fluxes in various regions

Line A (vacuum) P* FnorlhT Fnucleust Fhostk
um eV erg s~ cm~2 erg s~ cm—2 erg s~ cm™2
x10716 x10718 x10718
[Fe Vil 5.4466 124.97 0.3+0.1 2.1%0¢ 0.4+0.2
[Mg V1] 5.5032 186.76 0.9+0.1 2.0+0.3 0.7+0.3
[Mg V] 5.6099 109.27 12403 3.6152 1.5%03
[Ne V1] 7.6524 126.25 4.9%9% 12#1 4340
[Mg Vi) 9.0090 186.76 0.940.2 /2102 <05l
[FeVl] 9.5267 98.99 0.4792 2.5t§;§ 0:3%0-2
[S1V] 10.5105 34.86 18.6 £ 0.6 25.5f§j‘§ 12.4j§;§
[Nell] 12.8136 21.56 18+2 17+1 15+5
[NeV] 14.3217 97.19 5+1 11+1 3.3+0.6

‘The ionization energy required to create ions of the given species, obtained from NIST.
'The integrated flux within an elliptical aperture covering the region of extended emission to the north of the nucleus, with the QSO contribution subtracted.

‘The integrated flux within a circular aperture with a 1 radius centered on the nucleus, including the QSO contribution.

“The integrated flux throughout the full channel 2 FOV, with the QSO contribution subtracted.
130 upper limits are derived by integrating a gaussian with an amplitude of 3 times the continuum RMS at the location of the line, with a width of 1000 kms™.


https://physics.nist.gov/PhysRefData/ASD/ionEnergy.html
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