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Abstract

We present integral field unit observations of the Phoenix Cluster with the JWST Mid-infrared Instrument’s
Medium Resolution Spectrometer. We focus this study on the molecular gas, dust, and star formation in the
brightest cluster galaxy (BCG). We use precise spectral modeling to produce maps of the silicate dust, molecular
gas, and polycyclic aromatic hydrocarbons (PAHs) in the inner ~50 kpc of the cluster. We measure the optical
depth from silicates by comparing the observed H; line ratios to those predicted by excitation models. We provide
updated measurements of the total molecular gas mass of 1.9703 x 10'M_, which agrees with CO-based
estimates, providing an estimate of the CO-to-H, conversion factor of cco = 0.8 & 0.2 M., pc? (Kkm s~ 1)~ 1;
an updated stellar mass of M, = 2.6 + 0.5 x 10'° M, ; and star formation rates (SFRs) averaged over 10 and
100 Myr of (SFR);o = 1340 & 100 M, yr " and (SFR) oo = 740 + 80 M, yr ', respectively. The H, emission
seems to be powered predominantly by shocks and star formation within the central ~20 kpc, induced by stellar
feedback and radio jets from the active galactic nucleus. Additionally, we find nearly an order-of-magnitude drop
in the SFRs estimated by PAH fluxes in cool core BCGs compared to field galaxies, suggesting that hot particles
from the intracluster medium are destroying PAH grains even in the central-most tens of kiloparsecs.

Unified Astronomy Thesaurus concepts: Galaxy clusters (584); Infrared astronomy (786); Cooling flows (2028);
Active galaxies (17); Elliptical galaxies (456); Starburst galaxies (1570); Intracluster medium (858); Interstellar

dust extinction (837)

1. Introduction

The hot intracluster medium (ICM) that permeates clusters
of galaxies exists at temperatures of the order of 10’ K and
emits thermal bremsstrahlung radiation in the X-ray. This
radiation causes it to lose energy and cool down over time.
Once the gas cools to ~10% K, it will start to radiate through
other mechanisms, primarily metal line emission, increasing
the rate of cooling. Individual ionization states of metal species
will contribute to the cooling at different temperatures,
determined by the temperatures at which their collisional
ionization equilibrium abundances are maximized. The many
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complex physical processes that contribute to the cooling rate
of the gas at different temperatures are commonly conglom-
erated into a single entity called the cooling function A(7) (i.e.,
R. S. Sutherland & M. A. Dopita 1993). This, in combination
with the initial thermal energy (per unit volume) of the gas &,
can give an idea of the overall cooling time, f.,o ~ &/
n*A oc T'/?n~'. If the initial temperature of the gas is not too
high, and its density is not too low, then a cooling flow may
develop within cooling times less than the age of the Universe,
meaning they should be observable (A. C. Fabian et al. 1984).
In the classical (isobaric) picture, a cooling flow unfolds as
follows (see, e.g., H. Mo et al. 2010). Consider a parcel of
ICM gas that cools by an incremental amount—its temperature
drops, and by the ideal gas law so does its pressure. The weight
of the surrounding gas now pushes on the parcel, causing it to
move inward and increase in density. The change in density
causes a corresponding change in pressure until it can again
reach a state of equilibrium with the surrounding gas.
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These cooling flow models provide compelling explanations
for the presence and origin of 10°-10° K ionized gas in the
interstellar, circumgalactic, intragroup, and intracluster media
(R. Bordoloi et al. 2017). However, ideal cooling flows like
described above cannot exist in nature because cooling can
never be 100% efficient. Heating, turbulence, and magnetic
fields are just a few examples of physical processes that reduce
cooling efficiency and prevent unabated cooling flows from
developing. Indeed, if the gas were able to cool unabated from
the hot ~107 K atmosphere to the cold 10 K molecular phase
and rapidly form stars, we should observe star formation rates
(SFRs) in brightest cluster galaxies (BCGs) of a similar
magnitude to the classical cooling rates measured from the
ICM. In reality, the observed SFRs are typically suppressed by
2 orders of magnitude relative to the cooling rates
(B. R. McNamara & R. W. O’Connell 1989;
S. W. Allen 1995; C. S. Crawford et al. 1999; A. K. Hicks
& R. Mushotzky 2005; L. O. V. Edwards et al. 2007,
N. A. Hatch et al. 2007; C. P. O’Dea et al. 2008; M. McDonald
et al. 2010, 2018; A. S. Hoffer et al. 2012; T. D. Rawle et al.
2012; M. Donahue et al. 2015; R. Mittal et al. 2015;
S. Molendi et al. 2016; M. S. Calzadilla et al. 2023). Studying
the cold gas content and stellar populations in galaxy clusters
is, therefore, crucial for understanding the end stages of these
cooling flows, which illuminates how they affect the evolution
of BCGs.

Cooling flows are expected to last for a significant fraction
of a cluster’s lifetime based on the incidence rate of cool core
clusters in the general galaxy cluster population. For time-
scales of Gyr, the amount of molecular gas formed should be
on the order 10! l—1012M®. Nevertheless, observed molecular
gas masses consistentlg fall short of this prediction, typically
ranging from 10%-10'° M. (A. C. Edge 2001; P. Salomé &
F. Combes 2003; P. Salomé et al. 2008). This, in conjunction
with the low SFRs, is evidence that a large fraction of the gas
is not able to fully cool and is being reheated, likely by
feedback from an active galactic nucleus (AGN) in the core
(see reviews by B. R. McNamara & P. E. J. Nulsen 2007,
A. C. Fabian 2012; M. Gaspari et al. 2020). Thus, the classical
steady isobaric picture of cooling flows is most likely not an
accurate representation of how cooling actually takes place in
these clusters. Simulations and theories now suggest that
cooling proceeds as a more chaotic, turbulent cascade of
condensing cold clouds that periodically precipitate onto and
fuel accretion (feeding) and feedback episodes of the central
supermassive black hole (SMBH; M. Gaspari et al
2011, 2018; D. Prasad et al. 2015; Y. Li et al. 2017).

Dust content is also important to consider in the context of
cooling flows—dust grains are closely linked with the cold
molecular gas, acting as “seeds” for the gas to clump into star-
forming regions and filaments, boosting condensation and the
cooling cascade and enriching the stellar populations. The
presence of dust can inform the presence of cold gas and stars,
and vice versa (F. Calura et al. 2008; S. Kaviraj et al. 2012). It
is especially important when considering attenuation effects,
which are dependent on both wavelength and geometry and
can complicate measurements of the cooling rates and
inferences made from these measurements. Cooling rates
measured from §mission lines in the UV, such as
O VIAA1032,1038 A, can be significantly underestimated if
an extinction correction is not taken into account. Absorption
effects may also partially explain why many lines in the soft
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X-ray regime below 10°° K seem to be absent or much weaker
than expected in many systems (C. R. Canizares et al. 1988;
L. P. David et al. 2001; J. R. Peterson et al. 2003), implying
much of the cooling gas is “hidden,” but may still be fueling
massive cooling flows down to the molecular gas regime
(A. C. Fabian et al. 2022, 2023).

The Phoenix Cluster (SPT-CLJ2344-4243; R. Williamson
et al. 2011; M. McDonald et al. 2012) is an interesting case
study in the field of cooling flows. Its extreme 500-800 M, yr '
starburst represents ~10%-20% of the 3800 M., yr~' classical
cooling rate (compared to the typical 1%; M. McDonald et al.
2012), and it contains a massive 2.1 + 0.3 x 10'° M, reservoir
of cold molecular gas (H. R. Russell et al. 2017), both signs
which point to it being one of the most rapid and uninhibited
cooling flows in the known Universe. This makes it an ideal
playground to study the effects of large-scale cooling on host
galaxies. However, due to the complex nature of this system,
which hosts an extremely luminous type II QSO on top of a
massive cooling flow, many of these measurements are marred
by systematic uncertainties relating to how much of the
underlying emission can be attributed to the QSO, how much
dust extinction there is, and the metallicity of the ICM. The
molecular gas mass estimate in particular relies on an uncertain
conversion factor between CO and H,, aco, which may vary by
a factor of a few depending on the density, temperature, and
metallicity of the molecular clouds (A. D. Bolatto et al. 2013).

Our recent work (M. Reefe et al. 2025, hereafter R25)
looked at this unique cluster through an infrared lens with
observations using JWST’s Mid-infrared Instrument in
Medium Resolution Spectroscopy mode (MIRI/MRS), which
has the advantage of being in a wavelength regime with
essentially no extinction. R25 focused on the intermediate-
temperature (10> K) coronal gas, using the high-ionization
[Ne vi1], [Ne v], [Fe vIii], [Fe viI], and [Mg VII] lines to reveal
the morphology, kinematics, and cooling rate of the gas in
between the hot and cold phases. In this work, we wish to
examine this same data set through a new lens, now with a
focus on the molecular gas, dust, and star formation. The mid-
infrared spectral range covered by MIRI/MRS is rich in
spectral features from warm molecular gas (the rotational H,
emission lines), dust (the thermal dust continuum and the
9.7 pm silicate absorption feature), and very small dust grains
known as polycyclic aromatic hydrocarbons (PAHs; which
exhibit broad emission features). We have four primary goals
with this analysis, which we tackle in sequence throughout this
paper: (1) Understand the morphology of the warm molecular
gas, dust, and PAHs and how they relate to heating and
feedback sources (i.e., radio jets) and the other gas phases,
most notably the cold molecular gas seen in CO; (2) obtain an
independent measurement of the total molecular gas mass
directly from the H, emission lines, without relying on the
uncertain aco conversion factor; (3) use this new data to get
better constraints on the star formation history, and a more
precise measurement of the current SFR; and (4) use
correlations and known scaling relations between IR spectral
features to obtain constraints on the importance of different
heating mechanisms in exciting the molecular gas and dust,
and compare these with the typical cool core BCG population.

To aid with our fourth goal, we build upon the work of
M. Donahue et al. (2011), hereafter D11, who studied a sample
of cool core (CC) BCGs using infrared spectra and photometry
from the Spitzer Space Telescope. Correlations between the
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emission features from dust, PAHs, molecular gas, and warm
ionized gas are often seen in galaxies of different types and can
give insights into the dominant physical mechanisms that
power the emission. Gas and dust can be heated through star
formation, cosmic rays, suprathermal ICM electrons, photo-
electrons ejected from dust grains, shocks, and/or AGN
feedback in the form of mechanical radio jets, radiative winds,
and turbulence (M. Gaspari et al. 2011; J. Hlavacek-Larrondo
et al. 2015; D. Prasad et al. 2015). D11 found a number of such
correlations in the CC BCG population using spectral features
in the mid-infrared (MIR), and the Infrared Spectrograph on
Spitzer covers a very similar spectral range as MIRI/MRS, so
we find these correlations useful as a comparison point for the
Phoenix Cluster.

This paper is organized as follows. The observations and
data reduction methods are presented in Section 2. Then,
Section 3 goes over our analysis of the gas and dust
morphology (Section 3.1) and the stellar populations
(Section 3.2). Section 4 then goes into the correlation analysis,
discussing and interpreting our findings in the context of the
global picture of the cooling flow and the theory that Phoenix
may contain an undermassive SMBH. We then summarize our
findings in Section 5. Throughout this work, we assume a flat
A cold dark matter cosmology with €2, = 0.27, Q, = 0.73,
and Hy = 70 kms ' Mpc ™.

2. Observations
2.1. Data Collection

We obtained JWST MIRI/MRS observations of the Phoenix
Cluster on UTC 2023 July 27-28 with program ID 2439.
Exposures were taken in all channel/band combinations. The
SHORT (A) band exposures were the longest, at 6.95 hr (since
the primary science goal of this program was measuring the
[Ne VI] emission, i.e., R25), while the MEDIUM (B) and
LONG (C) band exposures were 51.0 and 85.8 minutes,
respectively. Dedicated background exposures were also
taken, with exposure times of 51.0, 16.8, and 25.2 minutes.
On-source exposures used a four-point dither pattern, while
background exposures used a two-point dither pattern. In the
rest frame of Phoenix A (z = 0.597), MIRI/MRS covers a
wavelength range of 3.1-17.5 um.

2.2. Data Reduction

Here, we provide a brief overview of the general steps taken
in the data reduction, cleaning, and correction processes. For
full details on these procedures, see R25. We use the STScl
pipeline version 1.12.3 and CRDS context jwst 1140 .pmap
to reduce the MIRI/MRS data. We use a few nonstandard
settings, including more aggressive cosmic-ray flagging (low-
ering the jump rejection threshold to 3.5¢0 and enabling cosmic-
ray shower flagging'”), 2D residual fringe correction (remov-
ing fixed-frequency modulations in the spectrum caused by
standing waves>"), and 2D pixel-by-pixel background subtrac-
tion.”’ We also perform a few additional data cleaning
procedures. We remove hot/warm pixels by flagging outliers
in the background exposures and masking them in both the
background and science frames, following J. S. Spilker et al.

19 ;wsT pipeline cosmic ray snowball/shower information
20 ywsT Pipeline fringing information
2L ywsT pipeline background subtraction information
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(2023). The thresholds for flagging outliers were chosen by
hand for each channel and tried to keep a balance between
keeping as much data as possible and making sure to exclude
obviously bad pixels. The (low, high) threshold pixel values
for channels 1 and 2, 3, and 4, after subtracting the median,
were (—0.14, + 0.13), (=0.16, +0.10), and (—0.16, +0.27),
respectively. We also remove stripe artifacts caused by
cosmic-ray hits, also following J. S. Spilker et al. (2023).
Additionally, we rescale the data to account for the loss in
sensitivity over time of MIRI. This effect has been accounted
for in the 1.12.3 version of the STSci pipeline, but we have
found that the corrected fluxes still underpredict independently
measured infrared fluxes from the Wide-field Infrared Survey
Explorer (WISE). We therefore take the wavelength-dependent
correction vector from the STSci pipeline and rescale it until
the data match the observed WISE fluxes within 1o. We also
replace the pipeline-produced errors with our own estimates of
the pixel-by-pixel scatter by measuring the rms variation
between the data and a cubic spline fit with a spacing of
7 pixels between knots (masking emission lines).

Our data has a bright point source due to the IR-bright QSO
at the center of Phoenix A. We are, therefore, interested in
modeling the point-spread function (PSF) of MIRI/MRS. To do
so, we use data of the bright star 16 Cygni B from program ID
1538. We shift the centroid of the star to match the position of
our Phoenix A data, normalize such that it integrates to 1 at each
wavelength slice, and fit a cubic spline along the wavelength
axis with 100 pixels between each knot. The normalization is
done to remove the spectral shape of the star, and the spline
fitting is done to reduce the noise in the extracted PSF profile,
which should only vary gradually with wavelength. Again, for
full details on these procedures, refer to R25. Figure 1 shows an
example of a bright off-nuclear spectrum and model.

3. Results
3.1. Gas and Dust Content

We use the Likelihood Optimization of gas Kinematics in
Integral Field Units (LOKI; M. Reefe 2025)* code to perform
least-squares fits of the spectra in each spaxel. During the
fitting procedure, the light from each spaxel is separated into a
host galaxy component and a QSO component. The former
traces the underlying emission from the gas, dust, and stars
within and along the line of sight (LOS) of the BCG at the
location of the spaxel. The latter traces light from the central
QSO that has been dispersed according to the PSF and
contaminates the observed spectrum of the spaxel. For these
fits, we follow the methods of R25.

3.1.1. Silicate Dust Obscuration

We first perform a set of initial fits for each individual
channel. In these initial fits, the recovered optical depth 7 of
the host galaxy is unreliable because the QSO spectrum
outshines the host galaxy within ~15 kpc of the center (due to
the PSF). The faint continuum of the host galaxy becomes
dominated by instrumental systematics that make it difficult to
measure 7 from the shape of the silicate absorption feature. As
such, we measure the optical depth of the host galaxy using an
independent method that only relies on the flux ratios of the
rotational H, lines obtained from these initial fits. In contrast to

22 https: / /github.com /Michael-Reefe /Loki jl
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Figure 1. The MIRI/MRS spectrum of a bright off-nuclear spaxel. The spaxel has coordinates (x = 23, y = 16), corresponding to

(o = 23"44m445.02, § = —42°43/12"19) and a side length of 0717. Top panel: the upper panel shows the data, model, and individual model components, and
the lower panel shows the residuals. The data is presented in black, the full model in orange, thermal dust continua in gray, PAH emission in blue, emission lines in
purple, and the QSO point-spread function (PSF) model in green. The extinction profile is shown by the gray dotted line across the top of the plots and is read from
the right axis. Emission lines are labeled with vertical dashed lines, and boundaries between MIRI/MRS channels are labeled with blue triangles at the top of the
plots. This plot shows the full mid-infrared (MIR) spectrum, incorporating data from channels 2—4. The vertical jumps that occur in the QSO PSF component are due
to differences in the size and shape of the PSF between MIRI/MRS channels. Bottom panel: a zoom-in of the same spectrum around each of the H, emission lines,
showing their velocity profiles. As in the top plot, the data is in black, and the model is in orange, with individual velocity components shown with thin purple dashed
lines. The continuum model has been subtracted in these zoomed-in plots to highlight the line profiles.

the continuum and higher ionization lines, the H, lines have a
much smaller equivalent width in the QSO spectrum compared
to the host galaxy, so their fluxes are dominated by their host
galaxy fluxes away from the nucleus. Most of these lines are
unaffected by extinction, but there is one—the H, 0-0 S(3) line
—that fortuitously lands very near the peak of the 9.7 yum
silicate absorption feature (see Figure 1). We therefore use the
S(4)/S(3) line ratio as a proxy for the extinction. We estimate
what this ratio should intrinsically be in the absence of

extinction by fitting excitation models with the S(3) line
masked out (see Section 3.1.3). We then compare this to our
observed S(4)/S(3) ratio to obtain an estimate of the optical
depth at the peak of the silicate absorption feature:

n [S (4)/5(3)]0bserved

. 1)

[S (4)/S(3)]intrinsic
Similar techniques have been used in previous studies (i.e.,
D. Rosenthal et al. 2000), including recently in observations of
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Figure 2. The optical depth of the Phoenix cluster at 9.7 yum from the silicate
absorption feature, estimated using the H, line ratios. Note that the central
spaxels are masked out (denoted by red) since the H, lines are not significantly
detected in these spaxels. The red arrows highlight two loop structures to the
north of the nucleus that have not been seen (or resolved) in dust maps traced
by the Balmer decrement or UV continuum.

the Orion Bar and young stellar objects (L. Tychoniec et al.
2024; D. Van De Putte et al. 2024). This results in the optical
depth map shown in Figure 2. Note once again that this is the
optical depth just in the host galaxy, and does not accurately
represent the obscuration of the QSO at the center (marked by
the red spaxels). The estimated uncertainty in these measure-
ments is ~5% in the brightest spaxels, rising up to a median of
~20% in all spaxels, due to a combination of uncertainties in
the measured and modeled line ratios.

The optical depth at 9.7 um is a direct tracer of the column
density of silicate dust grains, which create broad absorption
features in the MIR through bending and stretching modes. We
can see that the silicates are concentrated north of the nuclear
region where they form two loop structures (marked with red
arrows), with two filaments extending to the south and
southeast. The overall structure is reminiscent of the E
(B — V) maps obtained from the UV continuum (M. McDonald
et al. 2013) and Balmer lines (M. McDonald et al. 2014),
showing that the silicate dust grains generally follow the rest of
the dust, but the substructure in the silicates is distinct,
particularly in the loops. The structure is statistically significant
given our relatively low uncertainties in the brighter spaxels.

3.1.2. The Molecular Gas Phase

After obtaining the optical depth map from the excitation
models, we run a second iteration of our individual channel fits
while locking the optical depth of the host galaxy to these
values, with the primary purpose of obtaining more accurate
molecular H, line fluxes. Note that this analysis inherently
assumes that the extinction of the line-emitting H, gas is the
same as the extinction of the thermal continuum-emitting dust.
Previous studies from S. Veilleux et al. (2009) have suggested
that there may not be a simple 1:1 correlation between these
two optical depths, with the emission lines and PAHs being
systematically extincted at lower optical depths than the
continuum. We find that due to the low continuum level of the
host galaxy relative to the QSO, we require some external
constraint on the optical depth parameter to keep it within a
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parameter space that makes physical sense, and this assump-
tion does not significantly hinder our fitting results. Through-
out the rest of our analysis, we are primarily concerned with
using optical depths to correct the flux values of emission
lines, so the values derived using the S(4)/S(3) line ratios are
the most relevant and accurate ones to use.

The flux, velocity width, and velocity shift of the S(3) line
are shown in Figure 3. The line is decomposed into two
Gaussian velocity components with distinct centers and widths
—the leftmost column shows the combined values of both
components, the middle column shows the brighter comp-
onent, and the rightmost column shows the dimmer comp-
onent. The FWHM of the MIRI/MRS line-spread function,
which ranges from ~80-200 km st (A. Labiano et al. 2021),
has been subtracted in quadrature from all line width
measurements. The morphology of the H, lines in Figure 3
strongly resembles the CO emission from H. R. Russell et al.
(2017), but the H, appears slightly more extended than the CO.
We compare these morphologies by showing CO contours
on top of the H, emission in Figure 4. The size of the MIRI/
MRS PSF at the wavelength of the S(3) line is roughly the
same as the Atacama Large Millimeter/submillimeter Array
(ALMA) PSF at the wavelength of CO(3-2) (~0”6). However,
the H, appears more extended due to the difference in
sensitivity of the two instruments. The ALMA observations
report an uncertainty o = 0.067 Jybeam ' kms '=5.76 x
10~2%rg s ' cm % spaxel '. Using the integrated H,-to-CO
ratio over the whole field of view (FOV), this translates to a 30
lower limit of 107 '**%rgs™" cm ™2 spaxel ', which roughly
aligns with the outer CO contour in Figure 4. Therefore, we
can conclude that the difference in extent is likely a sensitivity
effect and not physical. The H, and CO both share three
filamentary structures extending to the southeast, south, and
northwest, and a bright extended nuclear region. In the core
region immediately surrounding the nucleus, the brighter H,
component has broader line widths of up to 600 kms™' and
smaller velocity shifts within |v| < 200km s, It follows that
this component primarily traces the motions of unresolved
clouds drifting slowly within the turbulent atmosphere of the
cluster. Their motions are dominated by large-scale turbulence
(e.g., on the scale of a star-forming region) induced by stellar
and AGN feedback, with subdominant bulk motions. The
dimmer component, which is only significantly detected within
this core region, is narrower, with line widths of
~200-300km s~ !, and with faster shifts up to 400 km s
This indicates that this component is capturing the bulk motion
of high-velocity gas clouds, which may originate in the
filaments that feed into or out of the nucleus, fueling episodes
of chaotic cold accretion (see, i.e., M. Gaspari et al. 2018).
Moving away from the core region, along these three
filaments, the velocity profile becomes dominated by a single
component with generally low FWHM (~100-300kms ")
and low shifts ([v| < 200kms™"). This may in fact be the
natural extension of the high-velocity component in the core, if
our interpretation that this component traces gas feeding in
from the filaments is correct. The other H, lines generally
follow the same morphology as the S(3) line, with varying
levels of brightness. We see overall that the warm molecular
gas shows a similar morphology to UV and optical continuum
emission (M. McDonald et al. 2013, 2015) and warm ionized
nebular emission (i.e., [O II], HG in M. McDonald et al. 2014),
tracing regions of rapid and recent star formation. Figure 4 also
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Figure 3. Maps of the H, 0-0 S(3) line over the channel 3 field of view (FOV). The top row shows the flux with a logarithmic color map. The left panel is the total flux,
and the right two panels show the flux of the individual components. The middle row shows the line width in kilometers per second. The left panel is Wy, the width
containing 80% of the flux, and the right two panels are the FWHMs of the individual components. The bottom row shows the line-of-sight (LOS) velocity in kilometers
per second. The left panel is the median velocity, and the right two panels are the LOS velocities of the individual components. In all of the middle- and right-column
panels, the components are sorted by flux, with the middle column having the larger flux and the right column having the smaller flux. Only spaxels with a signal-to-
noise ratio (S/N) > 3 are shown. In the bottom-right panel, the inset panels show the velocity profiles of the line at the indicated spaxel locations. In each inset, the white
vertical dashed line shows the velocity zero-point, and the cyan dashed line shows the individual velocity component, which corresponds to the value shown in this map.

shows that the molecular gas wraps around the cavities in the
X-ray emitting ICM (magenta dashed contours), inflated by the
quasar’s radio jets (red contours). The H; gas is possibly being
uplifted in the bubble’s turbulent wakes or forming in situ
through turbulent mixing at the boundaries of the bubbles
(M. McDonald et al. 2015, R25).

3.1.3. Molecular Gas Mass

Using the fluxes for the set of pure rotational H, lines that
fall within our wavelength range, S(1) to S(8), we construct
excitation diagrams of the upper level column densities of
these transitions and fit a continuous temperature model from

A. Togi & J. D. T. Smith (2016):

No o Naln 1) (e 20 gy @)
& ,7"-1T,7"Jn,  Z()
where N,, E,, and g, are the column density, energy, and
degeneracy of the upper energy level, 7, and T,, are the limits
of the temperature distribution, N, is the total column density
of Hy, Z(T) is the partition function of the H,, and n is a
generic power-law index that sets the temperature distribution.
We set 7, = 2000 K following A. Togi & J. D. T. Smith
(2016) and allow Ny, n, and T, to vary.
We have two goals with this analysis: (1) obtain “intrinsic”
S(4)/S(3) line ratios so that we may reconstruct the optical
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Figure 4. A map of the H, 0-0 S(3) flux (identical to the top-left panel of
Figure 3). CO emission from Atacama Large Millimeter/submillimeter Array
(ALMA) observations (H. R. Russell et al. 2017) is shown with the yellow
contours (ranging from Oo—70 above the mean). Radio jets from Very Large
Array observations (R. Timmerman et al. 2021) are shown with the red
contours (at 20 and 40 above the background). X-ray cavities from Chandra
observations (M. McDonald et al. 2019) are shown in the magenta dashed
contours (at 20 and 40 below the mean). The PSF shapes of MIRI/MRS and
ALMA are both shown in the bottom-right corner, with MIRI in green and
ALMA in yellow. Both have FWHMs of ~076.

depth of the emission lines in the host galaxy; and (2) obtain an
estimate for the total molecular gas mass and how this gas is
distributed spatially. For the first goal, we take the H, line
fluxes from our first iteration fits and mask the S(3) line. Once
we obtain a modeled value for the S(3) line, we can compute
the inferred line ratio as

Fo_ ﬁﬁﬁ 3)

F; Nihi A

where F;, N;, A, and A; are the fluxes, column densities,
wavelengths, and Einstein A coefficients of each line. We then
compare this with the observed line ratio to compute an optical
depth as described in Section 3.1.1. After obtaining the optical
depth map, we use line fluxes from our second iteration fits,
including the S(3) line, to obtain estimates for the molecular
gas mass. Note that we use the total flux of the H, lines in both
of these procedures, recombining the components from the
QSO PSF and host galaxy decomposition. The decomposition
into these two components is still important, however, since
they may be extincted by different amounts (this is only
relevant for the S(3) line, so it is not an important distinction
for the first goal). Note that including the rotational lines up to
S(8) limits us to the channel 2 FOV.

We show the excitation diagram for the H, rotational lines,
integrated over the whole FOV of channel 2, in the left panel of
Figure 5. The errors here have been obtained by bootstrapping
the spectral fits 100 times, so they are purely statistical. The data
are well fit by a temperature distribution with a power-law index
of n = 4.7 £ 0.1 and a lower temperature limit of 7, = 4471%
K. The large upper uncertainty on 7, indicates that the model
loses sensitivity to H, at temperatures <200 K (see A. Togi &
J. D. T. Smith 2016). However, the continuous temperature
model allows us to extrapolate to lower temperatures and get an
estimate of the total molecular gas mass. We use a lower
temperature limit appropriate for ultraluminous infrared galaxies

Reefe et al.

(ULIRGs) and LIRGs of 7,=80 K (A. Togi &
J. D. T. Smith 2016), which yields a total molecular gas mass
of My, = 1.9%03 x 10" M. This is in excellent agreement
with previous measurements from M. McDonald et al. (2014)
and H. R. Russell et al. (2017), who obtained an H, mass of
2.1 + 03 x 10"°M, using a CO-to-H, conversion factor
Xco = 0.4 x 10 cm=2 (Kkms~!)~!, equivalent to aco=
0.86 M, pc 2 (Kkm s~!)~!. Spaxel-by-spaxel fits of these
models, with the molecular gas mass in each spaxel, are shown
in the right panel of Figure 5. The mass distribution generally
follows the same morphology as the surface brightness.

By comparing the H, mass measurements of H. R. Russell
et al. (2017) to ours, assuming the same underlying CO mass,
we can obtain an estimate of the CO-to-H, conversion factor of
aco = 0.8 £ 0.2 M, pc 2 (Kkms~~!. This is roughly a
factor of 5 smaller than the standard Milky Way disk value of
aco.Ga = 43 M, pc 2 (Kkms™)"! (A. D. Bolatto et al.
2013). Lower values of aco are common in mergers, ULIRGs,
and starburst galaxies because these systems tend to have more
turbulence and gas inflows, which lead to molecular gas at
higher temperatures and densities. This increases the molecular
gas luminosity per unit mass, lowering aco (D. Downes et al.
1993; D. Downes & P. M. Solomon 1998; A. Togi &
J. D. T. Smith 2016). The extreme cooling and star formation
in Phoenix make it comparable to these systems and are the
most likely explanation behind the lowered aco value.
Variations in metallicity can also produce differences in the
conversion between CO and H,, and are likely the reason that
our H, mass measurement does not match exactly with
H. R. Russell et al. (2017; aside from pure statistical variations).

We also compare these measurements of the total (cold)
molecular gas mass to the (warm) molecular gas mass traced by
the MIR H, transitions by fitting a discrete two-temperature
model with no extrapolation. This results in a warm H, mass of
34 4 1.4 x 10* M, at characteristic temperatures of 35013) K
and 1100 + 100 K. The fit quality is marginally worse than the
continuous temperature model, with a ¥ = 1.63. This implies
that the warm H, accounts for only a very small fraction (~2%)
of the total H, mass, which is to be expected based on the mass
distributions for the A. Togi & J. D. T. Smith (2016) models
(dM/dT < T~ "). Indeed, the warm H, mass fraction estimated
from these models, using a lower temperature limit 7, = 200K
(from the sensitivity floor of the continuous model) relative to a
lower integration temperature 7, = 80 K, is of a similarly small
magnitude:

T,
“(dM /dT)dT 1-n
fo— ~ (T‘ ) ~ 3%. (4)

J “amyaryar \T/
t

3.1.4. PAH Features

Due to a rather unfortunate alignment in the wavelength
boundaries between channels of the MIRI instrument, at the
redshift of the Phoenix cluster, the prominent PAH features at
7.7 pm and 11.3 pm both land at the edges between channels
2/3 and 3/4, meaning they are partially cut off in each
channel. This motivated us to, in addition to our single-channel
fits, also run a multichannel fit by combining data from
channels 2—4, projecting everything onto the channel 2 grid.
This way, we are able to measure the full integrated fluxes of
these PAH features.
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Figure 5. Left panel: an excitation diagram of the H, rotational lines integrated over the full channel 2 FOV. The abscissa is the energy of the upper level of the
transition in kelvin, E, /k, and the ordinate is the column density of the upper level of the transition in cm 2, N,,, normalized by the degeneracy g,,. The black points
show the observed values, with each H, line labeled accordingly, and the red line shows the best-fit continuous temperature model, with a > = 0.7. Right panel: a
map of the total molecular gas mass over the channel 2 FOV, obtained by fitting a continuous temperature model to the H, excitation diagram, extrapolating to lower
temperatures, and integrating over temperature. Note that the color scale is logarithmic (base 10).
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PAH 11.3 ym

Figure 6. Maps of the 7.7 um and 11.3 ym PAH features over the channel 2 FOV.

Maps of the total flux of the 7.7 ym and 11.3 ym PAH
complexes are shown in Figure 6. The PAH emission is more
centrally concentrated than the molecular gas and does not
have distinct filaments extending to the south and southeast,
but it does have protrusions from the nucleus that generally
align with the directions of the filaments. However, we are
cautionary in drawing any conclusions from the morphology
of these protrusions, as they may be partially contaminated by
PSF residuals that have not been fully subtracted. This is
likely due to the low equivalent widths of the PAH features in
this system, making it difficult for our spectral modeling
procedure to cleanly separate the PAH features from the
continuum and PSF. Despite these shortcomings, we can
argue that the PAH morphology is clearly extended to both
the north and the south, whereas the warm/hot ionized gas
phases at ~107° K are only extended to the north (see, i.e.,

R25). Qualitatively speaking, then, the PAHs more closely
resemble the morphologies of the colder gas phases. The
physical extent of the PAHs is likely constrained by the
necessity for them to be shielded from hard ionizing UV and
X-ray photons from the AGN, and photons and suprathermal
electrons from the hot ICM. It is interesting, then, that we still
see significant PAH emission even in the central-most
spaxels closest to the X-ray-luminous AGN. This seems to
be a ubiquitous feature of AGNs—they may have profound
effects on the PAH grain size distribution and ionization
fraction, preferentially destroying smaller and more ionized
grains, but they seemingly do not cause the unilateral
destruction of PAHs (see, i.e., I. Garcia-Bernete et al.
2024). The highly obscured nature of Phoenix’s AGN may
also play arole in the survivability of PAHs within such close
distances. We explore this further in Section 4.1.4.
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Table 1
CIGALE Parameters

Parameter Description

Name

Searched Values Bayesian Fit Value

Star formation history

sfhdelayed

Main population e-folding time
Main population age
Burst population e-folding time

tau main
age main
tau burst

100, 500, 1000, 2000, 4000, 6000, 8000 Myr
8000 Myr
1, 10, 100, 1000 Myr

6000 + 2000 Myr

600 + 400 Myr

Burst population age age burst 1, 5, 10, 20, 50, 100 Myr 26 £ 13 Myr
Burst population mass fraction f burst 0, 0.0001, 0.0005, 0.001, 0.005, 0.01 0.006 + 0.002
Stellar populations bc03

Initial mass function imf Salpeter

Stellar metallicity metallicity 0.0004, 0.004, 0.008 0.006 + 0.002
Old and young population separation age separation age 10 Myr

Nebular emission nebular

Ionization parameter logU -3

Gas metallicity zgas 0.005

Electron density ne 1000 cm™?

Lyman continuum dust absorption fraction f dust 0, 0.001, 0.01, 0.1 0.01 + 0.02
Line width lines_width 800 km s~

Dust attenuation dustatt _modified starburst

Gas reddening E BV lines 0.1, 0.2, 0.3, 04, 0.5, 0.6, 0.7 0.500 = 0.002
Stellar reddening reduction factor E BV factor 0.44

UV bump amplitude uv_bump amplitude 0

Attenuation curve power-law slope modifier =~ powerlaw slope 0

Dust emission dl2014

PAH mass fraction q_pah 0.47

Minimum radiation field umin 10

Power-law slope alpha 2

Illumination fraction gamma 0.25

AGN skirtor2016

Average edge-on optical depth at 9.7 ym t 9

Dust density radial slope pl 1

Dust density polar slope q 0

Torus opening angle oa 50°

Ratio of outer to inner radius R 30

Inclination angle i 60°, 70°, 80°, 90° 80° + 1°
Optical disk power-law slope modifier delta 1.0

AGN fraction of IR luminosity fracAGN 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 0.99 0.50 £ 0.01
Polar dust extinction EBV 0,0.2,04 0.21 + 0.05
Radio emission radio

FIR /radio correlation coefficient gir sf 2.7

Star formation synchrotron slope alpha sf 0

AGN radio-loudness R_agn 0.1, 1, 10, 100, 1000 10

AGN radio emission slope alpha agn 1.35

Note. Any parameters not listed here take their default values.

3.2. Stellar Populations and a Robust SFR
With these new JWST data in the MIR, we obtain valuable

constraints on the shape of Phoenix’s spectral energy
distribution (SED) in a region that is dominated by the AGN
and thermal dust emission. As such, we calculate the
integrated flux within each subchannel (using a consistently
sized aperture, which takes up the full FOV of channel 1) and
create simulated broadband photometry measurements. We
combine these measurements with archival broadband data

spanning from the UV to the radio (GALEX, Hubble Space
Telescope, Two Micron All Sky Survey, WISE, Herschel/
PACS, and Herschel/SPIRE; M. McDonald et al. 2012;
ATCA and SUMSS; M. McDonald et al. 2014) and fit SED
models using the CIGALE software (M. Boquien et al. 2019;
G. Yang et al. 2020).>* The modules used and parameter space
searched are detailed in Table 1. The full range of parameters

23 CIGALE website
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we wished to search was large enough that doing a single run
varying everything at the same time would have been
computationally infeasible. As such, we took an iterative
approach and varied parameters in groups. The values shown
in Table 1 for the nebular, dust, AGN, and radio modules that
are fixed have been selected from previous iterations. During
these iterations, the other parameters are given values based on
educated guesses of the conditions in Phoenix A—for
example, given that it hosts a bright type II AGN, we assumed
an inclination angle of 70° and an AGN fraction of 50%. In
most cases, we see that the final values of these parameters in
our final fits are not too far from these initial guesses. The new
JWST points in the MIR provide stronger constraints on the
shape of the AGN and dust emission, allowing us to adjust
many of the AGN torus parameters from their default values.
However, a major strength of CIGALE comes from its ability
to constrain parameters in different wavelength bands using
the principles of energy balancing and correlations between
parameters from the underlying physics. This is why, in our
final iteration, we still allowed certain parameters in these
modules to vary from their previously found values, such as
the AGN fraction and radio-loudness.

A notable caveat to this analysis is the spatially agnostic
nature of the CIGALE fit, which presents itself most
prominently in the decomposition between the “dust emission”
and “AGN” components of the model. The templates CIGALE
uses for dust emission only consider starlight-heated dust,
whereas a powerful AGN such as the one in Phoenix may also
contribute to heating the dust all throughout the host galaxy. In
contrast, the SKIRTOR AGN templates only consider the
radiative transfer process through the dust in the nucleus/torus
region, not throughout the whole galaxy. A study from
S. Viaene et al. (2020) looking at NGC 1068 showed, using
their own radiative transfer analysis, that considering the
effects of the AGN separately caused it to contribute up to
15% of the total dust heating, depending on viewing angle. In
the case of Phoenix, with a much more luminous AGN, this
fraction could be even higher. Nevertheless, we expect the
ramifications of this on our interpretation of the results to be
minor: S. Viaene et al. (2020) performed comparison CIGALE
fits and found the SFRs to be in agreement with their models.
Without the inclusion of an AGN component, they found the
young stellar populations to be overly attenuated in order to
boost the MIR dust emission to the observed levels, but in our
case, the separate inclusion of an AGN component with a
distinct shape in the MIR likely alleviates this concern.

The final SED model is shown in Figure 7. The attenuated
stellar populations (blue) dominate in the UV and optical due
to the obscuration of the AGN, while the AGN (purple) and
dust emission (brown) dominate in the MIR to far-IR (FIR).
The data from ~5 to 10 um in the observed frame (MIRI
channels 1 and 2) provide the strongest constraints on the
relative power of the AGN and dust emission, since dust
emission in this range would correspond to dust heated above
2300 K, which is difficult to achieve without the presence of
an AGN. Notice that the AGN component dominates the SED
in this range, whereas the dust emission becomes the dominant
component in the FIR above ~100 pzm, corresponding to much
colder (~30 K) temperatures. Interpolating our model at a rest-
frame wavelength of 24 um gives a total luminosity of
vL,(24 pm) = 3.0 x 10% erg s~ and an AGN-subtracted (i.e.,
host galaxy) luminosity of ~1.3 x 10*®ergs~'. We will use
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Figure 7. The best-fit SED model for Phoenix A. Photometry data points are
shown in black with error bars. The full SED model spectrum is the amber
line, and the individual components of the SED are labeled in the legend. The
bottom panel shows the residuals of the fit.
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Figure 8. The star formation rate (SFR) is shown as a function of time in
Phoenix’s rest frame, relative to the observed epoch. As the main “old” stellar
population has an age fixed at 8 Gyr, the farthest back the plot goes is 8 Gyr
relative to the observed epoch (corresponding roughly to the Big Bang). An
inset is shown zooming in on the most recent 100 Myr of star formation,
showing the rapid spike at 20 Myr. The shape of the star formation history is
flexible aside from the late-time burst.

these values in the next section for a more in-depth analysis of
the heating mechanisms of the different gas and dust phases.

The star formation history is shown in Figure 8. The models
settle on a fairly consistent SFR throughout the past 8 Gyr of
the galaxy’s history, with the average SFR over all time being
around 400 M, yr—'. The recent burst of star formation started
26 + 13 Myr ago and marginally favors models with large e-
folding times of 600 =+ 400 Myr, bringing the current
instantaneous value of the SFR well above 1000 M., yr—'. The
exact shape of the star formation history is not well
constrained by the photometry, which is evident in the large
uncertainties of the e-folding times for both the main and burst
populations. The data could be nearly equally well described
by, for example, a model with a more heavy weighting toward
stars that formed earlier (corresponding to shorter e-folding
times). This may have an effect on the relative old and young
population masses that we measure, but it will have a minimal
effect on the long-time averaged SFRs. These values are
summarized in Table 2, along with other parameters of the star
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Table 2

CIGALE Stellar Population Parameters
Parameter Symbol Value
Old population age L4 old 8 Gyr
Young population age Ly young 26 £+ 13 Myr
Old population mass® M o1a 2.6 £ 05 x 10" M,
Young population mass® My young 13 +0.1 x 10" M,
Stellar metallicity Zy 0.006 £+ 0.002
Instantaneous SFR® SFR 1330 4+ 130 M, yr"
10 Myr averaged SFR® (SFR) o 1340 + 100 Mg, yr™"
100 Myr averaged SFR® (SFR) 100 740 4+ 80 M yr !

Notes. All measured stellar masses and SFRs assume a Salpeter IMF.

4 To convert stellar masses to those that would be measured with other IMFs,
multiply by 0.61 (Chabrier) or 0.66 (Kroupa; P. Madau & M. Dickinson
2014).

® To convert SFRs to those that would be measured with other IMFs, multiply
by 0.63 (Chabrier) or 0.67 (Kroupa; P. Madau & M. Dickinson 2014).

formation history, which are derived from the parameters
given in Table 1. The fact that the late-time burst occurs within
<20 Myr suggests that even the youngest O-type stars with
lifetimes <10 Myr should be present in the galaxy. The
presence of extremely luminous O-type stars explains why,
despite the young population contributing a considerable
amount to the observed optical/UV luminosity, it only
contributes ~0.5% of the total stellar mass.

4. Discussion
4.1. Gas and Dust Energetics

D11 studied a sample of cool core (CC) BCGs and found
that the thermal dust continuum and PAH features were
consistent with being heated primarily by star formation,
whereas the warm molecular H, gas and ionized [NeII] gas
required an additional heating source, which they attributed to
energetic particles from the ICM. It is useful to reexamine
some of these correlations with the Phoenix cluster in mind,
for a few reasons: (1) To understand the relative contributions
of different heating sources in Phoenix itself, and compare
them to the typical cool core population; (2) To isolate the
effects of AGN photoionization heating, since none of the
BCGs studied in the D11 sample exhibited evidence of AGN
activity; and (3) To identify the relative importances of
different heating sources in offsetting cooling flows.

4.1.1. Rotational H, Emission

Being the gas phase most closely linked to star formation,
cold molecular gas is an important tool in studying the
characteristics of star-forming regions. However, it is often
difficult to detect directly, as cold molecular H, does not emit
strongly, and must be traced by the second-most abundant
molecule in the interstellar medium (ISM), CO, instead. Warm
molecular gas heated to a few 100 K—a few 1000 K, on the
other hand, has rovibrational emission lines in the infrared that
can be used to directly detect the warm H, gas, but no longer
has the direct connection to star formation due to its increased
excitation. Untangling how much of this emission is due to star
formation, as opposed to other sources, can be an important
clue in distinguishing Phoenix from other BCGs. In the D11
sample of BCGs, the ratio of the combined luminosity of the
H, 0-0 S(2) and S(3) lines (Ly,) and the 24 pm continuum
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Figure 9. The ratio of the combined H, 0-0 S(2) and S(3) luminosity over the
24 pm continuum luminosity vL,(24 pm) plotted as a function of vL,(24 pm).
The black points show the cool core (CC) BCGs from the D11 sample, and the
red points show the Phoenix cluster: “all” corresponds to the integrated values
over the whole FOV, “host” corresponds to the integrated values after the QSO
PSF has been subtracted, and “QSO” corresponds to the integrated QSO PSF
values. The blue stars show galaxies from the SINGS sample designated as
“HII” or star-forming galaxies (SFGs) by J. D. T. Smith et al. (2007). The
solid blue line shows the average value of these galaxies, and the dashed blue
lines show the 1o standard deviation. The purple stars show ULIRGs from
D. Farrah et al. (2007).

luminosity (L, = vL, at 24 pm) was elevated orders of
magnitude above typical values seen in star-forming galaxies
(M. Treyer et al. 2010; from ~4 x 107* to as high as 0.3),
suggesting that star formation is not a significant heating
mechanism, and other energy sources, such as cosmic rays,
likely play an important role in the observed H, luminosities.
However, the massive starburst in the Phoenix cluster gives it
the unique position of having emission components compar-
able to both the BCGs and the star-forming galaxies.

In order to make this comparison, we need a measurement
of L4 for Phoenix. For this, we take the values interpolated
from our CIGALE fit in Section 3.2. Indeed, on average we see
a much smaller Ly,/L,4 ratio of ~8 x 107%, It lies along the
anticorrelation between Ly, /L4 and Ly, noted by D11, which
is primarily due to its increased L4 relative to the other BCGs.
We recreate Figure 10(b) from D11 in Figure 9, which shows
this anticorrelation. We compare the BCG sample to a sample
of nearby infrared-luminous galaxies: the Spitzer Infrared
Nearby Galaxies Survey (SINGS), with photometry measure-
ments taken from D. A. Dale et al. (2007), H, measurements
taken from H. Roussel et al. (2007), and PAH and neon line
measurements taken from J. D. T. Smith et al. (2007). We
select only the star-forming galaxies (SFGs), designated by the
type “HI” by J. D. T. Smith et al. (2007), and show this
sample with blue stars in Figure 9. These galaxies have
Ly,/ Loy ratios much smaller than the BCGs and more similar
to Phoenix, but with smaller overall L,,. We also include a
selection of ULIRGs from D. Farrah et al. (2007), with 24 um
fluxes cross-matched from the NASA/IPAC Extragalactic
Database (NED; 2019). Powered by vigorous starbursts or
AGNs, the ULIRGs bridge the gap between the normal star-
forming galaxies and Phoenix. This shows that Phoenix is an
extension of this population into the cluster environment—a
unique case where a galaxy in the highest-mass regime hosts
both a QSO and a starburst. This would seem to imply that the
majority of the H, emission in Phoenix is produced by stellar
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Figure 10. The ratio of the combined H, 0-0 S(2) and S(3) luminosity over the
7.7 um PAH feature luminosity, plotted against vL,(24 pm). The color-coding
of the points is identical to Figure 9. The black dashed line shows the upper
limit of the Ly,/Lpan ratio in photodissociation region (PDR) simulations
using the Meudon code (F. Le Petit et al. 2006), showing that points above this
line must have some nonradiative contribution to their H, emission.

heating, which would make it unique among the cool core
BCGs. However, we must note that the presence of the AGN
increases L,, substantially above that produced by dust-
reprocessed stellar light in the host galaxy. We have attempted
to account for this by subtracting the portion of L,, generated
by the AGN and recovering the L4 just from the host galaxy.
But as discussed in Section 3.2, if the AGN is a significant
source of heating for the dust in the host galaxy and not just the
nucleus, this may not be properly separated by our decom-
position. If the true value of L,, from just starlight is a few
times smaller than our analysis shows, this could indicate a
nonnegligible elevation of the Ly,/Lys ratio, which in turn
implies a nonradiative contribution to the H, emission (e.g.,
P. Ogle et al. 2010).

To investigate this, we plot the ratio of H, to PAH luminosity,
which should be more resistant to the effects of AGN
contamination, in Figure 10. This figure reveals that, indeed,
the ratio of H, to PAH emission in Phoenix is noticeably similar
to that of its nearest cool core cluster neighbors, A1068 and
A1835. Like these other cool cores, Phoenix appears to have
either enhanced H, emission or suppressed PAH emission (or
both) relative to the pure star-forming galaxies of the SINGS
sample, though the effect is not quite as prominent as in the most
quiescent cool cores. It is likely that the H, emission in Phoenix
is boosted by shocks induced by both the mechanical influence of
the radio jets from the AGN and from stellar feedback in the
form of supernovae. The PAH emission may be suppressed due
to grain destruction and sputtering caused by the harsh ionizing
radiation from the AGN and the ICM. We investigate both of
these possibilities in the next few subsections.

We also see a strong correlation between the H, luminosity
and the [NeIl] A12.813 um luminosity (LiNe i), corroborating
that found in D11 (their Figure 11; our Figure 11). Phoenix
lies right along the best-fit power law, (Ly,/Las)x
(Linem/L24)"#*%1, but lands in a region of parameter space
similar to the SINGS star-forming galaxies and ULIRGs as
opposed to the other BCGs. This correlation means that the
heating sources for the molecular gas and the warm ionized gas
must be tightly interlinked. In other words, if the observed H,
excitation is due to a combination of stellar and shock heating,
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shows a 1:1 correlation, and the solid line shows the best-fit power law, which
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Figure 12. A map of the ratio of the H>S(2) + S(3) luminosity over the 15 ym
continuum luminosity in each spaxel, over the channel 2 FOV. This map has
been spatially convolved with a Gaussian with a standard deviation of 1 pixel.
Areas with a higher Ly,/L;s ratio may have more contributions from shocks
and other nonradiative emission mechanisms compared to regions with lower
Ly,/Ls ratios.

then the [NelII] excitation can likely also be attributed to these
sources.

4.1.2. Shock-driven H, Emission

Shocks may constitute a significant fraction of the H,
emission observed in this cluster. To better quantify this
contribution, here we examine the H, emission in further detail
both spatially and spectrally. We show the spatial distribution
of the H,-to-continuum ratio in Figure 12. Note that in this
figure we use the 15 ym continuum luminosity, rather than the
24 pm continuum luminosity, since our MIRI/MRS spectral
coverage for this system does not extend to 24 pm. Note that
15 um was chosen as a proxy due to it being relatively free
from contamination from lines and PAH features, while not
being too short in wavelength that the continuum becomes
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Figure 13. The H; line intensities integrated over the whole field of view are
shown alongside a toy model that decomposes the emission into two
components: shocks (green) and PDRs (purple). The total model is shown in
orange. The individual rotational H, lines are labeled along the x-axis. Shocks
appear to be the predominant emission mechanism for most of the H, lines,
though the PDR contribution is still important for producing a model that
represents the data well, particularly in the S(1) line.

dominated by emission from the AGN and stellar populations.
Focusing on the spatial distribution, rather than the absolute
value of this ratio, we find that the H, emission is enhanced
relative to the continuum to the east and west of the nucleus,
forming a cocoon-like shape. This may be the result of bowed
shock fronts expanding out from the north—south aligned radio
jets (see, for example, Figure 3 in G. V. Bicknell et al. 2000).

To constrain how much of the H, emission can be attributed
to shocks, we implement a two-component toy model that
describes the H, emission as a combination of shocks (with
some distribution over velocities) and photodissociation
regions (PDRs). We follow the methods of J. A. Villa-Vélez
et al. (2024) in constructing this model. For the PDR
component, we use pre-computed models from the Meudon
PDR code®* with a density ny; = 10 cm >, illumination factor
Gy = 10, and maximum extinction Ay .x = 10. For the shock
component, we run a small set of models with the Paris-
Durham shock code,? with density ny = 10 cm >, illumina-
tion factor Gy = 10, extinction Ay = 1, magnetic field strength
b = 0.1, and velocities from 1-40 km s~' in steps of 5 km s !,
The velocity distribution of the shocks is assumed to follow an
exponential decay: f,dv, o< (1/0,)exp(—v/o5)dv,. All of the
PDRs are assumed to have the same Gy = 10.

Even with this relatively simple model decomposition, we are
nevertheless able to reproduce the observed H, intensities quite
well, within a reduced x> ~ 1.5. Figure 13 shows the final
model decomposition, which reveals that the majority of the H,
emission is a result of shocks rather than PDRs (note the
logarithmic y-axis). On average, ~88% of each line’s emission
comes from shocks, with the remaining ~12% from PDRs. The
only line that has a significantly higher PDR contribution is the
S(1) line, with ~35%. We caution that the relative PDR /shock
contributions are highly uncertain, because they are primarily
informed by a single line (S(1)), which itself has a high flux
uncertainty. The PDR contributions for the S(2)-S(8) lines may
lie anywhere from 2%-24%, and the PDR contribution for S(1)
is constrained to be 29%. Despite these limitations, the large
shock contributions provide a potential explanation for the
enhanced H,-to-PAH ratios from Figure 10, and are in line with
the H,-to-continuum ratios from Figure 9 if we assume L,, is
being enhanced by AGN emission. The velocity width for the

2 https:/ /ism.obspm.fr/pdr.html
% https://ism.obspm.fr/shock.html
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shock distribution is oy ~ 4kms ™', indicating a contribution
primarily from low-velocity shocks.

According to the morphology from Figure 12 and the model
decomposition from Figure 13, it appears that the majority of
H, emission is produced by low-velocity jet-induced shocks in
the surrounding medium of the central galaxy. As a sanity
check on this interpretation, we now look at the energy budget
to confirm the plausibility that the observed level of H,
emission could be powered by the AGN jets. We calculate the
total mechanical power dissipated by a continuous distribution
of shocks at different velocities following Equation (6) in
J. A. Villa-Vélez et al. (2024):

L = ool [ 00w ) 03 )
where pg = pmyny is the pre-shock density, v, is the shock
velocity, f;(v,) is the probability distribution over vy, and Dy is the
angular diameter distance of the source. A mean molecular
weight of 1 >~ 1.4 is typical for these types of regions. Using this
formula, we obtain Lx ~ (4-7) x 10% erg s~ 1. The mechanical
jet power, on the other hand, has been estimated from the power
needed to inflate the large buoyant bubbles to the north and south
of the nucleus by M. McDonald et al. (2019). They found a jet
power of L =~ 10*ergs™'. In other words, the mechanical
power dissipation from shocks represents only a tiny fraction of
the available jet power: LK/Ljet ~ (0.04%-0.07)%. This is in line
with other analyses, which have found this fraction to not exceed
~1% (M. Pereira-Santaella et al. 2022).

We can similarly check the total reprocessed UV luminosity
that would be required to generate a distribution of PDRs in
accordance with the modeled PDR contribution to the H,
luminosity. Following Equation (8) in J. A. Villa-Vélez et al.
(2024):

Loy = 1.92 x 10-3(Go + 1)( f fp(GO)dGo)Dﬁ ©)
where Gy is the PDR illumination factor and f,(Go) is the
probability distribution over G, (which, in our case, is just a
delta function). From this, we obtain Lyy =~ (1-6) X
10¥ ergs™!. We can compare this to the reprocessed UV
luminosity observed as infrared emission in the SED. The
integrated 5-1000 pym luminosity from our CIGALE model,
subtracting the AGN component, is Lyjg >~ 3 X 10% ergs .
The observed value is higher by ~an order of magnitude, which
is to be expected when the emission is dominated by shocks. A
large fraction of the observed Ltr likely does not originate in
reprocessed stellar light, but instead originates from dust that
has been heated from shocks and direct radiation from the AGN.

4.1.3. Cooling H, from the Hot Atmosphere

In general, the cooling signal in the molecular phase,
especially in a system with such a vigorous starburst, will be
much weaker than the heating signal from stellar and shock
ionization. However, we can analyze the cooling H, gas from
an energetic and timescale perspective.

The turbulent kinetic energy in the H, gas can be estimated
from the mass My, and velocity dispersion oy, as

3
En, = EMHz O'%—Iz

(N
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Figure 14. A radial profile of the turbulent dissipation time of the H, gas (b,
in purple) and the cooling time of the hot gas (7., in black) in the core region
of the cluster. The cooling time profile is taken from M. McDonald et al.
(2019). typ rises above 1.0 at distances <68 kpc, indicating that turbulence
may have a significant effect on cooling gas in the core of the BCG.

100

where the factor of 3 comes from converting the observed 1D
velocity dispersion to a 3D velocity dispersion (0 = J3 D).
We can use this in conjunction with the observed H,
luminosity, Ly,, to calculate the expected timescales for the
turbulent energy to dissipate:

EH2 _ 3MH2 012'12

tub = — =
Ly, 2Ly,

(®)

We calculate f,, in a series of annuli centered on the point
source nucleus, each with a width of 1 pixel (0”13), extending
out to a radius of ~2”3 or ~15 kpc. We compare this to the
cooling time of the hot gas, f..., measured in M. McDonald
et al. (2019) in Figure 14.

As oy, is based on the line width of the H, profile, it
represents an upper limit on the amount of turbulence that can
be expected. Bulk flows and winds can also contribute to
broadening in the observed line profiles through large
apertures. Therefore, we interpret the turbulent dissipation
timescale as an upper limit. At large radii, #yp < feool, SUCh
that along the filaments, cooling gas from the hot atmosphere
should be unaffected by turbulence. Moving inward, there is a
turnover point at around ~6-8 kpc where the two timescales
are comparable. Inward from this point, fy, = fcoo- In this
core region, turbulence may have a significant effect on the
cooling and condensing of gas into molecular clouds.
Primarily, it will prevent the gravitational collapse of cold
H, clouds into stars, lowering the SFR. Effectively, the actual
time for the gas to cool and form stars will be dictated by the
maximum of #.,, and ... However, turbulence also likely
plays a key role in enhancing cooling at hotter temperatures by
fostering mixing between gas phases. We note that this
turnover point lies at the same radius as a cloud of rapidly
cooling 10> K [Ne VI] gas reported in R25, which is believed
to be seeded by turbulence and mixing. Taken as a whole,
these timescale profiles, combined with the kinematic maps
from Figure 3, support a picture in which the H, gas forms as a
result of cooling along the filaments, flows inward to the core,
and a small fraction of it (<1% by mass) is (re)heated to a few
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Figure 15. The combined 7.7 ym and 11.3 gm PAH luminosity as a function
of the 24 pum continuum luminosity. The ensemble value for Phoenix is plotted
against the D11 sample of BCGs. The solid line shows the best-fit power law,
and the dashed line shows a slope of 1.

1000 K by turbulent mixing, shock heating, and stellar
ionization, in the core region.

4.1.4. PAH Emission

The PAH features are emitted by bending and stretching
modes of the bonds between carbon and hydrogen atoms
in very small dust grains (A. Leger & J. L. Puget 1984;
F. Boulanger et al. 1998; C. Van Kerckhoven et al. 2000)
these modes can be excited by the absorption of UV photons
(L. J. Allamandola et al. 1985; G. C. Sloan et al. 1999),
making PAH emission a strong tracer of the stellar ionization
field (N. M. Forster Schreiber et al. 2004; E. Peeters et al.
2004; B. R. Brandl et al. 2006). Thus, in typical star-forming
galaxies where the IR continuum is primarily a result of
reprocessed stellar light by larger dust grains, the PAH and
continuum luminosity are observed to be strongly correlated
with each other (Y. Wu et al. 2010). D11 found that such a
correlation also exists in their sample of cool core BCGs,
indicating that starlight is still the main contributor to the
observed PAH luminosities, even in massive elliptical
galaxies. We plot this relationship, recreating D11°s Figure
8(a), in Figure 15. Phoenix noticeably falls below the trend
seen in the other BCGs, even after subtracting the QSO PSF,
by 2.50-30 (where o here is the scatter in the L,s;—Lpay
relation). This may be due to contamination of the underlying
continuum with non-stellar-reprocessed emission, and/or it
may be the result of PAH emission being suppressed by the
presence of a hard radiation field from an AGN, as has been
shown to be the case in numerous studies (P. F. Roche et al.
1991; Y. Xie & L. C. Ho 2022). Such hard radiation can also
be emitted from the hot ICM in a cluster environment, leading
D11 to conclude that the IR-emitting PAHs seen in BCGs must
somehow be shielded from the hot gas, perhaps through a layer
of dusty gas with larger dust grains. Additionally, Phoenix’s
powerful AGN is heavily dust obscured, leading to the
potential for localized pockets where PAHs can exist, shielded
from both the AGN and the ICM.

We can constrain the ionization source of the PAHs by
considering the ratio of the 7.7-11.3 um PAH features,
L;7/Ly13, which is sensitive primarily to the fraction of
ionized and neutral PAHs in the system (B. T. Draine &
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Figure 16. Left panel: the ratio of the 7.7 um PAH luminosity over the 11.3 ym PAH luminosity as a function of the 11.3 ym PAH luminosity. Different regions are
colored according to the dominant ionization mechanisms expected to produce PAH ratios in this regime: starbursts (blue), diffuse galactic ISM (orange), and dusty
ellipticals (green). The D11 sample is plotted in black, Phoenix is shown in red, and the SINGS star-forming galaxies are shown in blue. The data points are labeled
identically to Figure 9. Right panel: a 2D map of the PAH luminosity ratio in each spaxel. Only spaxels where both PAHs are detected with an S/N > 1 are shown.
The spaxels are colored according to which region they fall in on the left panel. A scale bar with physical and angular units is shown in the bottom left, and a circle

displaying the size of the PSF FWHM is shown in the bottom right.

A. Li 2007). Starburst systems with a large population of
young, hot stars and a hard radiation field typically having
elevated ratios of ~3-7 (J. D. T. Smith et al. 2007). The
diffuse galactic ISM, with more evolved stars and an
intermediate radiation field, has ratios between 2 and 3.3
(I. Sakon et al. 2004). Finally, dusty elliptical galaxies, with
only evolved stars and a soft radiation field, typically have
much lower ratios between 1 and 2 (H. Kaneda et al. 2008).
We examine L;7/L;, 3 in each spaxel and classify them into
three categories, for simplicity: ‘“starbursts” (young stars;
L77/Ly1 5 > 3.3), “diffuse galactic ISM” (middle-aged stars;
2 < Ly7/Li;5 < 3.3), and “dusty ellipticals” (old stars;
L;7/Ly1 3 < 2). The results are shown in Figure 16. Compared
with the D11 sample and the SINGS sample, we see that most
of Phoenix A’s host galaxy has ratios typical of starburst
galaxies. However, there are a few pockets to the southeast and
northwest of the nucleus where the ratio drops all the way into
dusty elliptical territory. This may indicate that the cooling
flow is more suppressed in these regions compared to their
surroundings, preventing younger stars from forming and
causing the primary ionization source to be old stars.
Alternatively, these regions may have a higher dust obscura-
tion around the young stars, but we do not see any coincidence
between the pockets of low PAH ratios here and regions of
enhanced dust obscuration in Figure 2.

The ratio also drops significantly in the nucleus (as shown
by the “QSO” data point), following the trends seen in
J. D. T. Smith et al. (2007) for AGN-dominated systems. The
hard ionizing radiation from an AGN is thought to have a
profound effect on PAHs, changing both their grain size
distribution and ionization fraction. Ionized PAHs are
preferentially destroyed relative to neutral PAHs, leading to

15

lowered L,7/Ly, 3 ratios. Recent JWST results from the
GATOS collaboration (I. Garcia-Bernete et al. 2024) suggest
that AGN radiation can have noticeable effects on the PAH
ionization fraction even at kiloparsec scales, particularly in
regions showing signs of jet or outflow activity from the AGN.
This may provide an alternate explanation for the pockets of
lowered L, 7/Ly, 3 ratios to the east and west of the nucleus,
although these do not lie along the jet axis of the AGN in this
system. There is also an indirect effect on the PAH ratios
caused by the suppression of star formation within the inner
~1kpc from the SMBH—at this scale, the closer to the
SMBH, the more effective heating becomes. This has been
observed in simulations with substantial rises in the innermost
entropy and turbulence (e.g., D. Wittor & M. Gaspari 2020).

4.1.5. Star Formation Rates

The literature has many calibrated SFR correlations with
host galaxy properties, including integrated continuum lumin-
osities, single-band continuum luminosities, and emission-line
luminosities. These correlations are applicable only in certain
circumstances, so they can be compared and taken advantage
of to infer whether these conditions hold. Here, we analyze
SFRs from a number of different indicators in comparison to
our modeled SFR from the SED (Section 3.2), which we take
to be the “true” (read: most accurate) value.

First, the SFR can be estimated from the total infrared
luminosity Lyir (integrated from 5-1000 pm) using
R. C. J. Kennicutt (1998), and the 70 pm luminosity
L79 = vL,(70 pm) using D. Calzetti et al. (2010). We recreate
D11’s Figure 4 in Figure 17, showing both of these
correlations for Phoenix, using Lt and L;o obtained from
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BCDs here do not use the different scaling relation parameters for galaxies with M, < 10° M., as suggested by Y. Xie & L. C. Ho (2019), to highlight the apparent

deficit in PAHs in these systems.

the SED fitting. We notice that the Lrg correlation in
particular would vastly overpredict the SFR at
>2000 M. yr ' if no AGN correction is accounted for.
However, it lines up fairly well after subtracting the AGN
contribution. These discrepancies confirm, as we saw in the
SED modeling, that the AGN, despite being heavily obscured
in the optical, accounts for a significant fraction of the
underlying continuum luminosity throughout the whole
infrared range. This includes contributions directly from the
accretion disk itself, those that get absorbed and re-emitted by
dust in the torus and the polar regions, and synchrotron
emission (at longer wavelengths) from the bipolar radio jets.

The SFR can also be measured from the [Ne II] and [Ne III]
lines (L. C. Ho & E. Keto 2007). Following D11, we take
Ne*/Ne = 0.75 and Ne** /Ne = 0.15. We recreate their Figure
12 in Figure 18 (left panel). We include the sample of star-
forming galaxies used by Y. Xie & L. C. Ho (2019) as a
reference point—for these galaxies, “SFR o401 refers to SFRs
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obtained from the MPA /THU catalog.”® After subtracting the
contribution to the [Nell] and [Nelll] lines from AGN
photoionization, we see that the “host” point lies close to the
expected value for SFGs (solid line), but is still marginally
enhanced, lying closer to the + 10 line (dashed blue line). This
may be due to enhanced emission from shocks, as we have
seen that the H, emission in this system is primarily emitted by
shocks (Figure 13), and the H, and [Nell] emission are
correlated (Figure 11). Unfortunately, we cannot compare with
the H,-calibrated SFR since it relies on the S(0) line, which
falls outside of the wavelength coverage of MIRI at Phoenix’s
redshift. But considering the strong correlation between the H,
and [Ne II] luminosities, we can infer that we would likely see
good agreement with the modeled SFR value here as well.
Additionally, we can look at the SFR inferred from the PAH
features, using the relation calibrated by Y. Xie & L. C. Ho

26 https: //wwwmpa.mpa-garching.mpg.de/SDSS /DR7/
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(2019). For each BCG, we take an average of the SFRs
inferred from the 7.7 pm and 11.3 pym PAH features.
Comparing these SFRs to the modeled values in Figure 18
(right) shows a systematic deficit, with the PAH-based SFRs
being 40%—-80% lower. In this panel, we also show the Y. Xie
& L. C. Ho (2019) sample of galaxies, but now split up
between blue compact dwarfs (BCDs) in blue and normal
galaxies in green. The normal galaxies have a typical PAH-
based SFR in agreement with the modeled SFR. However, we
see a decline in both the BCDs and BCGs. Y. Xie & L. C. Ho
(2019) addressed this for the BCD population by adopting a
different scaling offset for galaxies with M, < 10° M ,—we
have not included this correction in Figure 18 to highlight the
apparent PAH deficit in these galaxies and to show the
similarities they have with the BCGs. Phoenix, in particular,
has a PAH-based SFR almost an order of magnitude smaller
than its modeled value. This may be evidence for a PAH
deficit in the high-mass galaxy population similar to the deficit
in the BCDs: the Y. Xie & L. C. Ho (2019) relation we utilize
is calibrated for the general galaxy population with stellar
masses between 10° and 10”‘4M@, whereas the BCGs we
examine here all have stellar masses >10'' M. This is
reinforced by the results of our CIGALE SED models, in
which the PAH mass fraction parameter (gpay) is driven to the
lowest possible value of 0.47%, an order of magnitude lower
than a typical Milky Way-like galaxy with ~4.6%
(B. T. Draine & A. Li 2007). The cluster environment may
have a significant effect on the survivability of PAHs:
collisions with high-energy electrons from the ICM (and an
AGN, if active) can sputter and destroy the dust grains on
extremely short timescales. D11 argued, using the analysis of
E. R. Micelotta et al. (2010), that PAHs embedded in a 1keV,
0.1 cm ™ plasma could not survive longer than a few hundred
years. However, dust can also locally enhance cooling,
nurturing the formation of cold gas clouds around the dust
that act as a protective shield against the energetic electrons
and ions in the ICM, allowing the dust to survive longer in
these localized cooling regions. E. R. Micelotta et al. (2010)
estimated that for conditions similar to the Orion nebula
(7000 K, 10* cm™?), the PAH survivability is much higher, at
roughly 10 Myr. The feeding and feedback cycle of the AGN
may also play an important role in periodically refreshing the
dust content of the ICM by blowing out dust from the nucleus
during outbursts and allowing for more dust formation (or,
rather, lessened dust sputtering) during periods of inactivity.

4.2. An Undermassive Black Hole?

With the SFRs of order ~1000 M. yr~ ' and molecular gas
masses of order ~10'°M,_ pointing to massive amounts of
cooling gas in the Phoenix cluster, the question then becomes:
what makes this cluster unique? Why is this cluster able to host
a massive cooling flow while every other observed cluster
cannot? The simplest explanation is that there is nothing
particularly special about the Phoenix cluster, but we just
happened to be observing it at a time when it is undergoing a
short-lived cooling spike that will not last much longer than
~a few Myr (as we proposed in R25). This scenario is
supported by simulations at both the cluster scale (M. Gaspari
et al. 2017) and black hole scale (R. S. Beckmann et al. 2019),
which predict that feeding and feedback follow an episodic
cycle. If indeed all clusters undergo a phase of rapid cooling
once throughout their lifetimes, then we should expect to see
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about 1 in every 10,000 clusters (which is roughly the amount
of clusters known—e.g., M. Klein et al. 2024) experiencing
such an event. This seems to line up with expectations, but it
becomes problematic when we consider that clusters should
still exhibit post-starburst signatures long after they have
experienced these rapid cooling spikes. These features are
generally not seen, even in cool core clusters, and are more
often associated with other processes such as galaxy interac-
tions, mergers, and ram pressure stripping (A. Werle et al.
2022). Therefore, it seems that we can rule out the
presupposition that there is nothing special at all about the
Phoenix cluster.

Another idea, previously explored in M. McDonald et al.
(2018) and M. McDonald et al. (2019), is that the Phoenix
cluster hosts an undermassive SMBH relative to the size of its
cool core, which is expected to occur in the most-massive
galaxy clusters. In this scenario, rapid cooling drives the
accretion rate of the AGN to high Eddington ratios
(M /Mgqq < 5%). But at these higher Eddington ratios, much
of the power output of the AGN comes in the form of radiative
feedback as opposed to mechanical feedback, which is less
effective at suppressing cooling and may even enhance it
through the inverse Compton effect close to the AGN
(M. McDonald et al. 2019). Indeed, H. R. Russell et al.
(2013) showed that mechanical power output tends to become
saturated at ~1% of the Eddington luminosity, while radiative
power continues to grow with the accretion rate.

While there are currently only weak constraints on the
mass of Phoenix’s black hole, it is confirmed to show signs
of both radiative (bright SEDs; Section 3.2; M. McDonald
et al. 2012) and mechanical (X-ray cavities, radio jets;
J. Hlavacek-Larrondo et al. 2015; R. Timmerman et al.
2021) feedback. Estimates of the mechanical power output
place it at 0.5-1 x 10**ergs™" (M. McDonald et al. 2019),
while we can estimate from our SED fitting in Section 3.2 a
radiative power output of Ly,; = 3 x 10*®ergs~'. The fact that
these are similar in magnitude suggests that the AGN has only
recently undergone (or perhaps is still undergoing) a transition
in feedback modes (M. McDonald et al. 2015). In addition, the
mechanical power is just high enough to balance with the
cooling luminosity of ~10*°ergs™ (M. McDonald et al.
2019), and it corresponds to the mechanical feedback limit of a
~10'""M_, black hole. If Phoenix’s black hole has only
recently experienced a period of rapid growth up to 10'° M,
this would explain the puzzlingly high rates of cooling despite
the black hole’s current power output being seemingly large
enough that it should offset this cooling.

As the cluster continues to evolve, in this picture, we should
expect the cooling to begin being regulated more efficiently by
the recently grown black hole. Now that the mechanical power
output has reached levels sufficient to balance cooling, the
cooling rates, SFRs, and accretion rate of the SMBH should all
slow down until they reach roughly the percent level of the
classical cooling rate. In fact, we can estimate from the
bolometric AGN luminosity that the black hole’s current
accretion rate is M = Lyy/nc: ~ SM.yr~' (assuming an
efficiency n = 0.1), which is about an order of magnitude
lower than previously thought (due to uncertain X-ray-to-
bolometric luminosity corrections; M. McDonald et al. 2012).
This may indeed be an indication that the black hole’s growth
has now slowed after reaching a mass sufficient to balance
cooling. This trend will ultimately drive Phoenix toward
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Al1835 and A1068 on many of our figures, decreasing
dramatically in L, as the AGN radiative power output
diminishes, and decreasing less dramatically in other quantities
(L11,> Linern, Lran). The ratio of the 7.7-11.3 um PAH features
will also decrease with the SFR, trending toward values more
typical of the diffuse galactic ISM. The PAH-derived SFRs,
however, will likely stay suppressed relative to other SFR
indicators, as this seems to be largely due to the influence of
the ICM and is not a feature specific to Phoenix. Whether this
scenario holds up in reality would largely be determined with
more precise constraints on the SMBH mass.

5. Conclusion

Since its discovery, the Phoenix Cluster has stood out as a
unique system, even among cool core clusters, due to its
hosting of the most-massive and efficient cooling flow in the
known Universe (M. McDonald et al. 2012). The results of our
analysis of the molecular gas, dust, and star formation from
MIRI/MRS data have only further exemplified this unique-
ness. We list the important results of our analysis, in sequence,
below:

1. We have measured the optical depth due to silicate
absorption in the warm molecular line-emitting gas based
on fitting excitation models of the rotational H, lines,
finding that the silicate dust traces cooling regions and
has a similar morphology to other types of dust.

2. Using this technique in conjunction with the LOKI
spectral modeling software, we have measured the
total molecular gas mass in the Phoenix cluster to
be 1.9703 x 10'°°M., in agreement with previous
estimates made using CO emission. We have estimated
the CO-to-H, conversion factor to be aco = 0.8+
0.2M, pc=2 (K km s~ 1)L,

3. We have filled in the MIR gap in Phoenix’s SED and
obtained refined measurements of the stellar mass,
M, =2.6+05 x 10" M, and SFRs, (SFR), = 1340 +
100M.yr ' and (SFR);o0 = 740 + 8OM_yr ', in
agreement within +1o0 of previous estimates based on a
number of different scaling relations (M. McDonald
et al. 2012).

4. We have developed a complete picture to explain the
observed H, emission in the Phoenix cluster, motivated
by a comprehensive analysis of the kinematics, ener-
getics, and morphology. The hot atmosphere cools and
condenses along the filaments at distances 28 kpc,
before flowing inward toward the core. In the core region
<8 kpc, the molecular gas encounters turbulence from
the AGN’s radio jets and stellar feedback, which slows
down the cooling process by ~an order of magnitude.
The molecular gas is (re)heated by stellar radiation,
shocks, and potentially by mixing with hotter gas phases,
all of which also contribute toward enhancing the H,
luminosity per unit mass, decreasing cco.

5. We have uncovered an apparent PAH deficit in the
ZlO“MS cool core BCG population, causing their
PAH-based SFRs to be underpredicted by up to an order
of magnitude. This is distinct from the deficit found in
galaxies with a strong AGN, like Phoenix, as the other
BCGs in the sample all show little to no signs of AGN
activity. This may be a result of suprathermal ICM
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particle heating, creating a harsh environment unsuitable
for the sustained existence of PAH grains.

6. We have updated the measurement of the bolometric
luminosity of Phoenix’s AGN, finding Ly, = 3 X
10*erg s, an order of magnitude lower than previous
estimates based on an X-ray-to-bolometric correction
(M. McDonald et al. 2012). The fact that this is
comparable to the mechanical power output from the jets
(Lijer = 10*ergs ') suggests a transition in feedback
modes is currently underway and lends credence to the
theory that Phoenix hosts an undermassive central black
hole relative to the size of its halo.

Taken together, our analyses provide even more evidence to
suggest that the Phoenix cluster is experiencing a highly
efficient, but still turbulent and chaotic, top-down cascade of
condensation and cooling from the hot ICM down to the cold
molecular phase. We are seeing the effects of this cooling
propagate through the young stellar populations, and then
feeding back into the gas, dust, and PAHs through the
interstellar radiation field, shocks, and turbulence.
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