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ABSTRACT

We investigate the role of the SIMBA feedback model on the structure of the intragroup medium (IGrM) in the new HYENAS suite
of cutting-edge cosmological zoom-in simulations. Using 34 high-resolution zooms of haloes spanning from 10'* — 10'*M,
at z = 0.286, we follow haloes for 700 Myr, over several major active galactic nuclei (AGNs) jet feedback events. We use the
MOXHA package to generate mock Chandra X-ray observations, as well as predictive mocks for the upcoming LEM mission,
identifying many feedback-generated features such as cavities, shock-fronts, and hot-spots, closely mimicking real observations.
Our sample comprises 105 snapshots with identified cavities, 50 with single bubbles, and 55 with two, and spans three orders
of magnitude in observed cavity enthalpies, from 10*' — 10* ergs~!. Comparing semimajor axis length, midpoint radius, and
eccentricity to a matched sample of observations, we find good agreement in cavity dimensions with real catalogues. We estimate
cavity power from our mock maps following observational procedures, showing that this is typically more than enough to offset
halo cooling, particularly in low-mass haloes, where we match the observed excess in energy relative to cooling. Bubble enthalpy
as measured with the usual midpoint pressure typically exceeds the energy released by the most recent jet event, hinting that
the mechanical work is done predominantly at a lower pressure against the IGrM. We demonstrate for the first time that X-ray
cavities are observable in a modern large-scale simulation suite and discuss the use of realistic cavity mock observations as new
halo-scale constraints on feedback models in cosmological simulations.
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this must counteract the cooling from a spherical halo of hot gas. The

1 INTROD TI . . . . . -,
N ODUCTION leading idea for how this happens is that the jet lobes inflate cavities

The physical process(es) driving the quenching of massive galaxies
remains one of the key mysteries in understanding the formation of
today’s galaxy population. Currently, models that are successful in
creating a quenched galaxy population all invoke a process referred
to as ‘radio mode’ or ‘maintenance mode’ feedback (Somerville &
Davé 2015) from active galactic nuclei (AGNs), which involves
relativistic jets emanating from massive central black holes that heat
the surrounding circumgalactic medium and counteracts the expected
cooling of hot gas (Babul et al. 2002; Briiggen, Ruszkowski &
Hallman 2005; Roychowdhury, Ruszkowski & Nath 2005; Nusser,
Silk & Babul 2006; Sijacki & Springel 2006). However, the exact
mechanism by which jets transfer energy to the surrounding gas to
prevent cooling remains uncertain (Nusser et al. 2006; Fabian 2012;
Babul, Sharma & Reynolds 2013; Cielo et al. 2018). Jets are seen to be
highly collimated, occasionally terminating in a lobe, yet somehow
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or ‘bubbles’ of overpressurized gas, generating pressure waves in
the surrounding hot atmosphere that then sphericalizes the jet energy
input over time. X-ray observations indicate the presence of such
bubbles in clusters and groups (Birzan et al. 2004; Panagoulia et al.
2014; McDonald et al. 2018) lending credence to this scenario, yet the
link between jets, bubbles, halo gas heating, and quenching remains
tenuous.

Galaxy demographics indicate that widespread quenching must
occur in the regime of galaxy group (Rasmussen et al. 2012; Coenda,
Martinez & Muriel 2018; Salerno, Martinez & Muriel 2019). Isolated
galaxies and those in poor groups such as the Local Group tend to
be star-forming, but moving to slightly larger haloes finds a growing
fraction of quenched galaxies (Wetzel, Tinker & Conroy 2012), and
there exists a similar trend also in the properties of their central
galaxies (Weinmann et al. 2006; Gozaliasl et al. 2016; Einasto et al.
2024). Satellites and centrals also appear to be tightly correlated
in terms of their star-forming properties (Weinmann et al. 2006).
Hence if black hole jets are the mechanism that drives or maintains
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quenching, then it should be operating on this halo mass scale. Indeed
many galaxy groups are observed to contain a hot atmosphere seen
in the X-rays, i.e. an intragroup medium (IGrM) (Tully 2015), which
has a complex, multiphase structure with cold, precipitated clouds
and filaments co-existing with a mass-dominant hot phase (Sharma
etal. 2012; Prasad, Sharma & Babul 2015, 2017; McCabe et al. 2021;
McCabe & Borthakur 2023; Saeedzadeh et al. 2023).

The inferred cooling time-scales in the centres of groups result
in estimated cooling rates of a few tens of Mg yr~!, in contrast to
the observed star formation rates and molecular gas masses in these
systems which puts the cooling rate at < 1 — 10 Mg yr~!' (McDonald
etal. 2018). Hence despite the multiphase nature of the IGrM, cooling
appears to be strongly suppressed throughout most of the hot gas.

To better understand how the jet energy suppresses cooling, many
groups have undertaken numerical simulations of this process. Early
work focused on constructing idealized haloes of hot gas, and under-
standing how jets can inflate bubbles (Vernaleo & Reynolds 2006),
excite gravitational modes as cavities transform into overdensities
(Omma et al. 2004; Reynolds, Brenneman & Stocke 2005), and
drive sound waves which heat the medium (Ruszkowski, Briiggen &
Begelman 2004; Fabian et al. 2005; Bambic & Reynolds 2019).
Subsequent work aimed at simulating isolated haloes but containing
cosmologically motivated substructure.

In these models, the plasma in the black hole accretion disc is
heated and uplifted via mechanical jets emanating from a central
supermassive black hole (SMBH) (Dubois et al. 2010; Pope et al.
2010; Gaspari, Ruszkowski & Sharma 2012; Gaspari, Brighenti &
Ruszkowski 2013; Prasad et al. 2015, 2017, 2018). These jets then
inflate large cavities, or bubbles, of hot plasma in the IGrM, which
shock the denser medium, heating the gas and preventing cooling.
Hence in these idealized situations, it appears radio mode feedback
is able to sphericalize jet energy input as long as the jets are able
to change direction on time-scales that are short compared to the
dynamical and cooling time-scales of the halo (Babul et al. 2013;
Cielo et al. 2018).

Separately, cosmological simulations of galaxy formation have
attempted to incorporate some version of jet feedback, with the
primary motivation of quenching massive galaxies. Sijacki et al.
(2007) included the impact of jet-driven bubbles via inflating bubbles
by hand in the surrounding medium, which showed some promise
but was not able to fully quench galaxies. Dubois et al. (2016)
and Kaviraj et al. (2017) directly modelled the jets accounting for
black hole spin within a cosmological setting in the HORIZONAGN
simulation (Dubois et al. 2014), but likewise had trouble coupling the
energy sufficiently to produce a realistic quenched galaxy population.
More recently, the effects of AGN feedback have been included
into cosmological simulations such as ILLUSTRISTNG (Weinberger
et al. 2017) and OBSIDIAN (Rennehan et al. 2024), both of which
have been able to produce a realistic quenched population. Both
models randomize the jet direction at every time-step in order
to help distribute energy in an isotropic sense. Locally isotropic
active galactic nucleus (AGN) feedback has been shown in the
ROMULUS (Tremmel et al. 2017) simulations to be able to still
produce directional jets with varying direction via interaction with
an anisotropic gas profile in the cluster core (Tremmel et al. 2019).

The SIMBA simulation successfully employs stably bipolar jets
to produce a quenched galaxy population in good agreement with
observations (Davé et al. 2019; Szpila et al. 2024). SIMBA stands apart
in terms of its model as being one that can achieve this whilst freeing
the black hole jet axis to reorient based on the angular momentum of
gas within the accretion kernel, without requiring enforced isotropy
as several other simulations do. By comparing to models run without

MNRAS 536, 145-165 (2025)

jets, it is clear that galaxy quenching is primary driven by the action
of the jets, although the effect of an additional feedback mode
associated with X-ray photon pressure is not negligible (Cui et al.
2021). Hence, SIMBA is at least one example of a full cosmological
galaxy formation simulation that is able to directly associate the
quenching of massive galaxies with the action of bipolar AGN jet
feedback on the intracluster medium (ICM) and ICM/IGrM, e.g. via
heating and driving outflows. This begs the question however on
the exact nature of the energy transfer: Did SIMBA achieve this by
inflating bubbles in the surrounding gas and transferring energy into
the hot IGrM in a manner consistent with observations? This is the
question we seek to answer in this work.

Bubbles and cavities have now been observed in X-ray observa-
tions of many groups and clusters, and allow one to make estimates
of the jet power, the time since the feedback event occurred, and
the suppression of cooling within the central regions of groups.
There are however many aspects of AGN feedback which we do not
understand well. The energy output of individual feedback events and
their frequency, how exactly the jetted material propagates through,
and couples to, the hot IGrM, and to what extent cooling flows
are disrupted, are still not fully understood. One of the best ways to
investigate the nature of AGN feedback and its effects is through halo-
scale, or, ideally, cosmological simulations. Feedback is typically
implemented in two modes; a hot radiative, or ‘quasar’, mode,
operating at high Eddington fractions, and a high-velocity ‘jet’ mode
(mechanical feedback) operating at low Eddington ratios (Best &
Heckman 2012; Heckman & Best 2014) (though see Rennehan et al.
2024 for an example of an alternative implementation).

Simulations of AGN feedback in (generally idealized) clusters
show that the action of the jet on the IGrM or ICM gas is complex and
non-linear. Feedback has been shown to both shut-off star formation
due to gas removal when active (Sijacki & Springel 2006; Sijacki
et al. 2007; McCarthy et al. 2010; Le Brun et al. 2014; Beckmann
etal. 2017; Raoufetal. 2019; Cui et al. 2021; Piotrowska et al. 2022),
reducing stellar mass fractions in-line with observation. However, in
some circumstances, it can promote star formation locally after the
fact due to gas compression near shocks and through the drawing out
of low-entropy gas into filaments (Nayakshin & Zubovas 2012; Silk
2013; Silk, Di Cintio & Dvorkin 2014; Zubovas & Bourne 2017,
Husko et al. 2022). Star formation is shown to be suppressed in and
around radio lobes (Shabala, Kaviraj & Silk 2011), and the promotion
of star formation has been corroborated by observations of sites of
active star formation around X-ray cavities and jet-induced shocks
in multiwavelength studies (Crockett et al. 2012; Vantyghem et al.
2018).

Generally groups and clusters are simulated in idealized haloes,
either as single systems or at best as a limited number of them. The
computational cost of running such simulations limits the sample
size, and the idealized initial conditions are in attempt to be able
to draw general conclusions about feedback, without findings being
muddied by a complex halo thermodynamic and velocity structure
upon initialization. In reality, groups are significantly affected by
their environment via gas inflow and accretion from the cosmic web,
tidal forces from neighbouring haloes or subhaloes, and mergers.
Furthermore, a representative sample of haloes in terms of mass,
assembly time, and brightest cluster galaxy (BCG) morphology
should be simulated for a true statistical sample of feedback events.
Finally, the feedback parameters in these studies should be calibrated
such that they produce the correct, observed galaxy populations in
cosmological simulations. The local properties of jets can then be
studied self-consistently and be predictive, as the calibration is done
on a global scale. This is what we aim to do.

920z ey 1 uo Jasn soees| yejnag Aq 2L ¥£06.2/St L/ L/9ES/a|o1e/SBIuW/Wod dno"olWwapeoe//:sdny WoJl) papeojumoq



An ideal platform for such a study is to use high-resolution
zoom simulations of a cosmological region encompassing a halo
and its direct environment, with a simulation model which is
proven to reproduce realistic galaxy populations. This gives the
greatest balance between including large-scale processes such as halo
accretion and subhalo mergers, as well as providing sufficiently high
resolution to be able to accurately simulate halo centres and resolve
sub-kiloparsec-scale gas physics. To this end we employ HYENAS, a
cutting-edge suite of zoom-in simulation boxes with haloes selected
based on virial mass and formation time, simulated with the SIMBA
model, which has a proven track-record in reproducing observables
in cosmological-scale boxes.

Our paper is organized as follows: In Section 2, we detail the
HYENAS simulation set-up as well as the group population we work
with. In Section 3 we outline the selection of cavities, and our analysis
of them. We also present measurements of bolometric cooling lumi-
nosities and accretion rates, linking them both to cavity properties.
Section 4 contains a few brief case-studies of groups selected from
our sample, and provides comparison between Chandra and line
emission mapper (LEM) observations. We conclude this work with
a discussion of our findings in Section 6

2 THE SIMULATIONS

2.1 Hyenas

The simulations in this paper are drawn from the HYENASLevel -
1 suite of simulation boxes (Cui et al. 2024), with the dark matter
particle masses of 8.1 x 10°M, h~! and gas particle masses of 1.5 x
10°Mg A~! (almost one order of magnitude resolution better than
SIMBA). The initial conditions are selected from a large dark matter
box (L =200 cMpc h~") spanning a range in mass and halo formation
time, with the aim of choosing a representative sample of haloes.
The galaxy formation model, including the feedback prescription, is
essentially identical to SIMBA (Davé et al. 2019). We now outline the
most important features of the HYENAS (SIMBA) model in the context
of this project, with a main focus on the active galactic nuclei (AGNs)
feedback implementation. For complete details of all aspects of the
model, we direct the reader to the original code paper (Davé et al.
2019).

The SIMBA model is unique within the set of current cosmological
simulations in its treatment of accretion onto black holes. Accretion is
split by the local gas properties into a Bondi—-Hoyle—Lyttleton (BHL)
mode and a torque-limited accretion mode (Hopkins & Quataert
2010, 2011) depending on the gas temperature.

The hot gas (T > 10° K) is accreted onto black holes using a BHL
accretion model under the assumption of spherical symmetry. The
mass accretion rate is computed as (Davé et al. 2019);

Ar G* M3y, 0

MBondi =fmT 5 5370
W2+ )2

(L
where p is the density of the hot gas within the accretion kernel, ¢,
is an averaged sound speed of this gas, and v is an average relative
velocity compared to the black hole itself. ¢, is a tunable efficiency
factor, set to 0.1 in SIMBA.

For cold gas (T < 10°K), the torque-limited accretion model
(Anglés-Alcazar et al. 2017), yields an accretion rate

. M, Y8/ Myo(R Ry \ ?
Mroae ~ o7.£3% x 8BH L (Ro) 0 y
108 Mo, 10° Mg, 100 pe

-1
(1 L ) M,y @

gas
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where f; is the disc mass fraction (including stellar and gas
components), Men.(Ro) is the total sum of these two components, fgas
is the gas mass fraction in the disc, and Ry is the distance from the
black hole which encloses the nearest 256 distinct gas elements. f; is
a factor that describes the amplitude of epicyclic oscillations of a test
particle around a perturbed circular orbit in the central accretion disc
— see Hopkins & Quataert (2011) for a full definition. A kinematic
decomposition is used during the simulation to separate the disc and
spheroidal components, each comprised of gas and star particles. The
interstellar medium (ISM) in the SIMBA galaxy model is artificially
pressurized in order to resolve the Jeans mass, so for accretion we
treat all ISM gas (nyg > 0.13cm™3) as ‘cold’. We assume &7 = 0.1
which is tuned to match the amplitude of the black hole mass—stellar
mass (or velocity dispersion) relation at z = 0.

The accretion rate is modulated by a radiative efficiency factor
n = 0.1, and is given in its final form as My = (1 — 1) X (MT(,rque +
Mponai). We impose upper limits on the rates of both components
of the total accretion rate based on the Eddington accretion rate
Megqa(Mgy) for each black hole.

The feedback itself is also implemented in two modes; kinetic and
X-ray. The kinetic mode is implemented through a subgrid model
which is split into two submodes, determined by the Eddington
fraction fgaq = Mpu/Mgaq of the accreting black hole. For high
Eddington ratios (g 0.2) the AGN drives winds with velocities on
the order of 10kms™!, which consist of molecular and warmly
ionized gas. We call this the radiative mode. At lower Eddington
fractions a jet mode is instead active, with hot gas being driven at
velocities of the order of 10* km s~!. Jet-mode feedback is effective at
evacuating gas from the central regions through entrainment (Borrow,
Anglés-Alcazar & Davé 2020). Both modes of kinetic feedback
are implemented in a bipolar manner, with the jet axis calculated
according to the angular momentum of the inner gas disc.

We parametrize the radiative wind velocity as a function of the
black hole mass

1 Mgy — 6
VapL = 500 (1 n og‘“%) kms~", 3)
with the gas being ejected at the ISM temperature. If the Eddington
fraction fgaq < 0.2, the feedback instead occurs via the jet mode and

the velocity is boosted to
Uwjet = UwEL + 700010g,((0.2/ fraa) km s @

We impose an upper limit of 7000 km s at fgaa < 0.02. Addi-
tionally, jets will not activate unless the black hole mass reaches
> 1073 My, in order to stop small, but slowly accreting black holes
from generating jets. Gas ejected in jets is automatically raised to the
virial temperature of the halo in SIMBA.

The mass outflow rate in the winds M,, is determined in SIMBA by
requiring that the momentum outflow is given by P, = 20Lgy/c
where Ly = nMgpc® is the bolometric luminosity of the black
hole. The outflow rate is then set by M, = P, /v, such that the
mass-loading scales inversely with jet velocity. The energy in jets
is given by E = 1 P,v, = 10Lgy® = 10nMgyv,.c. The effective
feedback efficiency therefore is given by € ; = 1022, For maximum
jet velocities the feedback efficiency is ~ 0.27.

The final AGN feedback mode present in SIMBA is in the form of
X-ray feedback, which models the radiation pressure from X-rays
off the accretion disc. This feedback mode is only active when full-
velocity jet feedback is occurring, and so is again determined by
the mass accretion rate. Additionally, X-ray heating is only active if
Saas = Mgas /M, < 0.2. SIMBA heats gas within the kernel of the BH,
with the energy input scaled by the inverse square of the distance
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from the black hole. X-rays heat the non-ISM gas directly, whereas
for ISM gas, which would be expected to just cool quickly, only half
the energy is added as heat, with the other half being used to give the
gas a kick radially outwards. The gas heating rates due to the X-rays
is given in Choi et al. (2012) as

E =n*(S + 5), ®)

where 7 is the local proton number density, S is the power contribu-
tion from Compton heating, and S, is the contribution coming from
the sum of photoionization heating. The radiation-pressure change
in momentum of the kicked gas is straightforwardly calculated by
p = E’/c, where E’ is half the total energy available.

The free parameters in the feedback model are broadly tuned to
match observations of the galaxy stellar mass function evolution and
the stellar mass—black hole mass relation. The X-ray feedback mode
is included primarily to obtain enough fully quenched galaxies at
z = 0. SIMBA has been tested against a large number of other galaxy,
halo, and intergalactic medium properties, with good alignment with
available observations (e.g. Davé et al. 2019) at a level comparable or
better than other similar cosmological simulations. For example, the
X-ray scaling relations and baryonic content in groups and clusters
(Jennings & Davé 2023), the gas content of the circumgalactic
medium (CGM) including observed HI equivalent width and OVI
absorbers (including the observed dichotomy around quenched
versus star-forming galaxies) (Appleby et al. 2021; Bradley et al.
2022), the fraction of baryons locked into the intergalactic medium
(IGM) atlow redshift (Sorini et al. 2022), black hole scaling relations,
the satellite galaxy stellar mass function and colour—magnitude
relationship, and stellar properties of the BCG (Cui et al. 2021),
richness of environments of radio galaxies (Thomas et al. 2021),
general agreement in the fraction of rapidly quenched quiescent
galaxies at z =1 (Zheng et al. 2022), and good agreement with
the number density of quenched galaxies between z = 3 — 4 (Szpila
et al. 2024).

2.2 Resimulation technique

In order to capture the short time-scales of the jet and bubble-inflation
processes, we select a HYENAS snapshot produced at z = 0.286 and
restart the simulation from that point. This allows us to increase
the snapshot cadence to every 10 Myr. We run the simulation for an
additional 700 Myr in total. We check that the gas, stellar, and black
hole properties are consistent after restarting, yet still allow a grace
period of a few tens of Myr before the earliest analysis is done. This
is to mitigate any potential transient effects which may be present
due to restarting from snapshot initial conditions within GIZMO.

In Fig. 1 we plot the distribution of initial halo masses at the first
snapshot at redshift z = 0.286. The range of halo masses that we
simulate (and find bubbles) is 10'* M, to 10" M.

2.3 X-ray Maps

To make comparisons to existing catalogues of X-ray cavities, we
produce mock Chandra observations using the MOXHA package
(Jennings & Davé 2023). We use the Chandra ACIS-1 cycle-0
specification,' which does not suffer from the degradation of effective
area at low energies due to contamination build-up over operating
time compared to later cycles (Plucinsky et al. 2018). Our motivation
for using Chandra is that there is a wealth of observed bubbles in

Response files as known in SOXS: acisi_aimpt_cy0.rmf, acisi_aimpt_cy0.arf.
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Figure 1. The initial mass distribution of haloes for which we find bubbles
as measured at the first snapshot at z = 0.286.

the literature, and the instrument has excellent angular resolution
(0.492 arcsec per pixel) which is needed to spatially resolve cavities.
We artificially remove the Chandra chip gaps before observation, so
as to emulate a mosaic-ed observation. This means that our full field
of view is 16.6 arcmin x 16.6 arcmin, with approximately four times
the single-chip area.

In order to offer insights into X-ray cavity detection using the next
generation of X-ray observatories, we produce mock observations
using the LEM probe, with the 2 eV spectral resolution specification.?
We present some comparison X-ray maps in Section 5.3 and also
perform spectral fits for all haloes for both Chandra and LEM,
comparing the accuracy of their recovered source luminosities when
fitting to a jet-disturbed halo.

We create the X-ray maps using PYXSIM to generate photons from
an APEC model (Smith et al. 2001) and project them along the line of
sight. We include the effects of neutral hydrogen absorption from the
Milky Way, and use SOXS to observe these photons via convolution
with the Chandra and LEM instrumental responses. Furthermore, we
select an observation redshift for each halo that results in the field
of view on the Chandra mosaic being 2 x 0.6Rspy from edge-to-
edge, where Rsgo is measured at the initial redshift z = 0.286. This
is to standardize the observations over the whole order-of-magnitude
range of halo masses, and prevent biasing against observations of
small X-ray bubbles in low-mass groups due to reduced resolution
which would occur if we instead held redshift constant. Our field of
view choice results in a range of observational redshifts: 0.0377 —
0.0172. We use an exposure time of 75 ks, which is consistent with
real observations of clusters with identifiable X-ray cavities.

2.4 Thermodynamic profiles

We require radial thermodynamic profiles so that we can sample the
temperature, pressure, and (electron) density at given radius within a

2Response files as known in SOXS:: lem_2ev_110422.rmf, lem_300522.arf.
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halo. To this end, we generate emissivity-weighted electron density
and temperature profiles from the ISM-filtered gas particle data and
fit the parametrized models below.

For the temperature we follow Vikhlinin et al. (2006):

Tsp(r) = Toleool(P)(r), (6)
where outside the central cooling region the profile is dominated by
(r/r)~
1r) = ————, )
[1+0/my]

and the central regions are described by
Tmin T Acool
(x + /O)x:<L> . @®
T'cool

x+1
Note that in our groups sample, the central regions are generally only
at-best partially captured on orders of ~ a few kpc scales and below.
For the electron density n,, we use the modified § model from
Vikhlinin et al. (2006):

nz _ nz (r/rc)’l 1
OA+r2/r* (14 (rfryr)y

€

We fit both the temperature and density profiles individually to the
corresponding emissivity-weighted radial profiles out to 100 kpc.
For this work, we use the emissivity between 0.2 — 3.0 keV (source-
frame) for the profiles. We reject fitted profiles if the coefficient
of determination value (for model values f; and data y; this is
R=1- %, which we evaluated in logarithmic space) is
< 0.5 for either or both fits. In this case, the halo is discounted from
further quantitative analysis. We furthermore obtain a radial pressure
profile by multiplying our best-fitting temperature and electron
density profiles. In doing this we assume a mean molecular weight
per electron of w, = 1.155 in order to mimic the usual assumptions

made when these profiles are derived from observations.

teool () =

)

3 CAVITY ANALYSIS

3.1 Selecting cavities

The first step in our study of X-ray cavities is finding them. They are
mainly characterized by depressions in surface brightness on scales
of a kiloparsec to a few tens-of-kpc close to the cluster or group
centre. Several observational techniques have become standard in
the field (see for example Hlavacek-Larrondo et al. 2015), and we
use them in this work to match the observations as closely as possible.

We search for cavities in lightly smoothed exposure-corrected X-
ray flux maps. We focus on the region within 0.3 Rsoy (measured from
the minimum potential position, which coincides with the central
black hole position), where the intensity contrast is likely to be
greatest. Furthermore, we generate a residual X-ray map, extracting
the mean pixel flux of a lightly smoothed X-ray flux map in radial
bins about the cluster centre. We fit a King model (King 1966) to this
mean radial flux profile

Iy =T (14 (1/ro¥?) " + €0, (10)

where [y, ry, Cy are the normalization, core radius, and a constant
variable, respectively — all are free parameters in the fit. We then
subtract off the King model counts from the raw X-ray counts map,
and divide by the same King model, before lightly smoothing.
Next, we generate unsharped maps. These are designed to highlight
features on a particular scale, by subtracting a strongly smoothed
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image from a lightly smoothed counterpart. We use Gaussian
smoothing on several different pairs of scales. The main scales we
use to search for cavities are (60,2) kpc and (80,5) kpc.

Finally, we run the machine-learning cavity detection pipeline
CADET? (PlSek et al. 2024) on the exposure-corrected flux maps.
CADET comprises a convolutional neural network that has been
trained on Chandra images to make pixel-wise predictions for the
identification of cavities. We apply CADET to the flux image subjected
to various different scales of cropping in order to test the robustness
of a given detection and to highlight cavities on different scales. We
find that CADET does well in identifying cavities in the vast majority
of cases, and in several cases can recover a very good match to the
true region of low density from comparison with the true projected
maps even when the corresponding surface brightness depression is
not clear in the smoothed and/or filtered X-ray maps.

In all we therefore have four different types of spatial map used
for cavity detection, that would be available to an observer; X-ray
flux (0.5 — 7 keV), King model-subtracted residual, unsharped, and
CADET pixel-wise predictions.

We selected cavities based predominantly on mock X-ray quanti-
ties, but occasionally we use the true thermodynamic maps (and their
time-evolution) to inform the direction and rough size and shape of
bubbles, in order to reduce false positive detections and poor shape
fits to the surface brightness depressions. Therefore, our search is not
a truly blind test. However, we point out that due to computational
and time limitations, we are not afforded access to other signatures
of bubbles such as (a) tesselated spectrally fitted spatial maps of
temperature and density over the group, or (b) a multiwavelength
analysis looking for radio emission in the directions of cavities.

For each cavity where we observe double-cavities, we select
only bubbles launched at approximately the same time. Older, relic
bubbles are ignored when they appear in snapshots where younger
bubbles/s are observed for the purposes of calculating the recent
AGN power; these relic bubbles may still be analysed earlier in their
lifetimes corresponding to a preceding snapshot and period of jet
activity, if they are clear at that earlier time.

In Figs 2 and 3 we plot our sample of mock-observed cavities in
our catalogue. Shown are the Unsharp-masked and King-model sub-
tracted maps, respectively, over which we overlay CADET confidence
contours and our fitted cavity ellipses. Qualitatively, we see that the
cavities produced in HYENAS are similar to those seen in real systems
(e.g. Hlavacek-Larrondo et al. 2015), and are largely well-identified
by CADET. Later on in this section we shall demonstrate that they are
also quantitatively similar in terms of size and location.

3.2 Cavity uncertainties

The uncertainties on observed X-ray cavity sizes and therefore
enthalpies, are generally large. Unfortunately, it is difficult to
identify their exact dimensions and, simultaneously, it is difficult
to measure the thermodynamic radial profiles of the halo (Hlavacek-
Larrondo et al. 2015). Therefore we must quantify these uncertainties
accurately.

First, we assign a typical uncertainty of 20 per cent to the minor
and major axes of the fitted ellipse, and also to the radial distance
of the bubble centre from the halo centre. These are in line with
observational studies (see e.g. Hlavacek-Larrondo et al. 2015). We
assume that the errors on these quantities are Gaussian distributed.

3https://github.com/tomasplsek/CADET
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Figure 2. Unsharp-masked maps are show for a selection of our galaxy groups. They are generated by subtracting a strongly smoothed X-ray map from a
lightly smoothed one; we use o = 60, 2 here respectively. The orange and red contours show the CADET predictions at a significance level of 90 per cent when
run on two different cutout scales (1024 and 1280 Chandra pixels, respectively), and we show the smooth fitted ellipses that we identify in blue. The scale
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bubble/s. Some apparent cavities are not designated so as they are ruled out via consultation of maps and movies of the jets in the true thermodynamic maps, or
are relic cavities not associated with the most recent bouts of jet activity, but possibly included in the analysis of a previous snapshot.

Secondly, we consider uncertainties arising from bubble inclina-
tion. In general, a non-zero, unknown inclination will move the true
bubble centre to a larger radius than the projected bubble midpoint
radius. We assign a uniform distribution to this angle 6, under the
assumption that for us to clearly identify a bubble the inclination
can be no more than 30° inclined from the plane perpendicular
to the line of sight (i.e. the plane of observation). We take 10000
enthalpy samples H,(®;) with parameter values drawn from these
aforementioned distributions;

5 4
Hio(09;) = 7% P(rproj,i/ Sin(9i)) * gﬂa,-zbi, (11)

where 7, is the projected bubble midpoint radial distance, and P
is the median pressure at the de-projected bubble midpoint radius
Tproj,i/ $in(6;). We assume cylindrical symmetry of the ellipse about
the radial unit vector, so a is the tangential ellipse axis and b the
radial axis of the ellipse, with the origin at the halo centre. Therefore,
we have

~ N(rpmjv (O~2rpmj)2)a
a; ~ /\/(a, (O.Za)z),
bi ~ N (b, (0.2b)*), and

neu(2.3).

Tproj,i

MNRAS 536, 145-165 (2025)

We assume that the change in the bubble volume due to inclination
6; is small compared to the measurement uncertainties, and we also
assume that we know the pressure profile P(r) perfectly. In reality,
there is a non-negligible uncertainty attached to the 3D de-projected
radial profile.

Using this method, we can account for most of the uncertainties
in the measurements, and the usual assumption of zero inclination.
Most importantly, we account for the uncertainty in the change in the
radius at which the pressure is sampled. We show an example corner
plot of the enthalpy posterior of one of our cavities in Fig. 4. We find
the resulting posterior distributions for the logarithm of the enthalpy
for our cavities are approximately normally distributed, and so we
use the 16th and 84th percentiles as the 1o error for each individual
cavity. If we have two bubbles present, the error on the final enthalpy
is the sum in quadrature of the individual enthalpy uncertainties.

3.3 Cavity dimensions

In this section, we investigate the physical characteristics of the X-
ray cavities in our HYENAS sample. In order to examine whether the
simulated gas properties are accurate in terms of where the bubbles
are injected and how large they grow once seeded, we compare to the
observational results of Rafferty et al. (2006) who present a sample
of 62 cavities in galaxy clusters, and Shin, Woo & Mulchaey (2016),
who present a study of 148 detected cavities from a sample of 69
clusters, groups, and elliptical galaxies.
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Figure 3. Same as for Fig. 2 but for the King-model subtracted X-ray images.

Figs 5 and 6 show that our cavity sample matches the Rafferty
et al. (2006) and Shin et al. (2016) data in both the linear trend
and the scatter. Hyenas cavities tend to be found at the larger end
of the linear trend that is traced by the observational data. We
have a lower midpoint-distance limit of approximately 10kpc —
this corresponds to the radius at which fast jets re-couple at these
redshifts (the recoupling distance is given by vje, * 10™*#y,) where
H(z) is the Hubble time at the redshift at launch — with ;) ~ 13 Gyr
this distance is 10 — 11kpc). Even for jets launched with slower
velocities which recouple at smaller distances there is a slim chance
of spotting a bubble within this 10kpc radius with the snapshot
frequency of 10 Myr, because the bubbles then have only a short
distance to cover before reaching 10 kpc.

It is possible that HYENAS bubbles are slightly too small or injected
slightly too far from the centre of the halo, since our points have a
tendency to lie slightly below the Rafferty et al. (2006) and Shin et al.
(2016) data.

In Fig. 7, we show the eccentricity of HYENAS cavities from our
mock observation technique, comparing to data from Rafferty et al.
(2006) and Shin et al. (2016), matched to the midpoint distance
range of this work. We find promising agreement in the position of
the peak of the eccentricity distribution and in the general scatter,
though we tend to have a long-tail towards low-eccentricity compared
to observations, as we show in the normalized histogram presented
alongside. Overall, we demonstrate that HYENAS cavities are found in
the right locations, with the correct sizes and shapes when compared
to real bubbles.

SIMBA’s feedback model, including the re-coupling time-scale of
jet outflows, as well as the energy and momentum transfer rates, is
tuned to reproduce both the galaxy stellar mass function (GSMF) and

the quenched fraction at low z. SIMBA was not calibrated to match
the general hot gas properties of haloes, let-alone the smaller scales
of bubble injection. Therefore, it is encouraging that a realistic X-
ray cavity population emerges from a bipolar feedback subscription
that is calibrated on galaxy population properties. We suggest that
a bipolar feedback model such as SIMBA’s is able, and possibly
required, to match observable signatures of AGN feedback on the
IGrM and ICM on the scales of tens of kiloparsecs, whilst also
producing realistic galaxy populations.

3.4 Cavity power estimation

In this section, we investigate the simulated, X-ray determined cavity
power compared to the true jet power. Additionally, we compare the
fraction of jet power being contributed by the BHL and torque-
limited accretion modes. For the X-ray measured cavity power, we
select a snapshot at which a detected bubble appears clearly in the
intensity map and/or in the CADET prediction. We assume that the
cavity is in approximate pressure equilibrium with the IGrM, such
that Py & Picy = P, and therefore the total enthalpy is (Birzan
et al. 2004):

1 5
HlotzUim'i‘PVzilPV‘i'PV:EPV, (12)
y —

which gives the (minimum) energy that is needed to account for
both the internal energy and the energy required for an adiabatic
bubble to expand against the ICM (at a constant pressure), and we
assume (as in SIMBA) that y = 5/3. Note, this differs slightly from
the usual observer assumption that the adiabatic index y = 4/3 since

MNRAS 536, 145-165 (2025)
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Figure 4. An example (Zoom252_halo0 (snapshot 188)) of the posterior distribution of the derived enthalpy obtained from our uncertainty estimation method,
showing it’s dependence on the uncertainty in the bubble measurements and inclination.

the cavity gas in real systems is thought to be relativistic (Graham,
Fabian & Sanders 2008; Fabian 2012).*

To determine the ambient pressure at the appropriate radius for
each halo and cavity event, we take the best-fitting radial profiles of

4This difference in adiabatic index in SIMBA will mean that, for given cavity
enthalpy, a given bubble in HYENAS will have a volume 8/5 = 1.6 times larger
in volume than a system with the relativistic adiabatic index. This means we
have axes lengths which are 1.17 times larger. This is a relatively small factor
(smaller than the measurement error we ascribe to the axis lengths) and would
not alter our results in a qualitative way.

MNRAS 536, 145-165 (2025)

the electron density n, and the plasma temperature kz7 using the
PYXSIM-derived, emissivity-weighted filtered gas, as described in
Section 2.4. We assume that the total pressure follows P = (u,/p) *
n.kpT, computed at the bubble radius. ©, = 1.155 here is the mean
molecular weight per electron. The volume of the cavity is measured
by associating an ellipse to each bubble based on the size, location,
and orientation of the features seen in the flux map and the filtered
images, as well as the CADET predictions. We assume symmetry
about whichever axis (semiminor or semimajor) aligns closest to
the radial vector pointing out from the halo centre. We calculate
the enthalpy by computing the pressure at the radius of the bubble
centre; unless otherwise stated, this is what we present as being used
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Figure 5. We plot as black crosses the bubble surface area as seen in the
plane of observation compared to the observational data of Rafferty et al.
(2006) and Shin et al. (2016). The lower limit of midpoint distance for our
sample is set by the decoupling length of the winds and is ~ 10 kpc. Our
bubbles match the relation and spread between area and midpoint distance
well. For clarity, no error bars are shown we ascribe an error of 20 per cent to
the midpoint distance and+/0.22 + 0.22 ~ 28 per cent to the bubble volume.
Highlighted in blue is the range of midpoint distances we measure.
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Figure 6. Same as Fig. 5 but for the semimajor axis length. Again we match
the observed trend of Rafferty et al. (2006) and Shin et al. (2016) well.

for the cavity enthalpy/power. For comparison, we also calculate the
enthalpy from the pressure at the radius of the outermost point on the
bubble perimeter. This gives a lower limit on any enthalpy that could
be calculated from a method that instead considers a radially varying
pressure profile within the bubble as opposed to a constant/midpoint
value.
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Figure 7. We plot the (projected) eccentricity of the HYENAS bubbles (black)
against those of the published data of Rafferty et al. (2006) (red) and Shin
et al. (2016) (blue), from which we restrict to those corresponding to our
range of midpoint-distances (blue band in Figs 5, 6). Contours correspond to
50th, 70th, and 90th percentiles. Also plotted is the normalized histogram.
We match observations reasonable well, with an average eccentricity at ~
0.7, only slightly lower than the observed trends. We tend to have a slight
overabundance of cavities at low eccentricities of 0.2 — 0.4.

We calculate the AGN energy injected into the halo via kinetic
jets directly from the simulation data, with bubble gas being isolated
via a cut on the hot gas phase space and its change between the
snapshots identified as containing the jets contributing to the energy
of the bubble. We identify cavity members in a first sweep as
any particle that between any two snapshots (10 Myr spacing) has
satisfied all of the following: the particle has increased its internal
energy by at least 40 per cent, reduced its Lagrangian density by
at least 40 percent, has a post-kick velocity and velocity increase
of at least 200kms~', and lays within 20 kpc with respect to the
halo centre before being heated. A second sweep is performed to
also identify particles which may be initially hot (so that their
internal energy may not have increased by the above percentage
threshold) but which are also entrained in outflows. This sweep finds
outflowing particles which have had their internal energy raised by
the minimum energy increment found in the particles identified from
the first sweep. We visually inspect projections of thermodynamic
properties that these criteria result in bubble/jet particles being clearly
identified.

Furthermore, we calculate the AGN energy via a second method
by simply summing the wind kinetic energies (which are saved in
SIMBA at each time-step) over the time range that the jets responsible
for inflating the cavities are active. We label these two schemes as
‘Gas Energies’ and ‘Wind Energies’ in Fig. 8.

The left plot in Fig. 8 shows that the cavity enthalpies (from a
midpoint pressure) generally exceed the apparent energy input by
the AGN over the corresponding jetting time-frame.> The energy
estimated from the change in gas energies around the brightest group
galaxy (BGQG) is slightly lower than the value obtained from the
winds themselves. We posit that this is caused by a combination of
cooling losses, and from gentle heating by weak shocks and sound

5The duration of time that jets directly responsible for the inflation of the
bubble/s under consideration are actively recoupling and driving outflows.

MNRAS 536, 145-165 (2025)

920z ey 1 uo Jasn soees| yejnag Aq 2L ¥£06.2/St L/ L/9ES/a|o1e/SBIuW/Wod dno"olWwapeoe//:sdny WoJl) papeojumoq



154  F J. Jennings et al.

1080 ey T
o 73
10%9 ]
= i 1
=11} - 4
= L -
L [ 1
B "
B
o
= 10% E
a r ]
= o 4
P r 1
2 i 1
=) L i
=)
m
F s - 2l
; P Gas Energies 1
L e . N 4
g Wind Energies
%
56 Lo vl L1l Lol [ A N T
10 1058 1057 1058 1059 1Q80

AGN Energy (ergs)

1080 e aa T i
7

102

1058

Bubble Enthalpy (ergs)

1057

Wind Energies

1056 Lol Lol vl
10 1057 10%8 10%° 1080
AGN Energy (ergs)

Figure 8. On the left, we plot the mock-observed bubble enthalpies as calculated using the midpoint pressure against the AGN energy, calculated using the two
methods described in the text. The scatter shows data for the mock-observed enthalpy versus the Wind Energies. On the right, we plot the same but for using the
enthalpy derived with the pressure at the bubble’s outermost tip. Contours correspond to 20th, 50th, and 80th percentiles. For the midpoint energy the bubbles
are overpowered, but a 1:1 relation is recovered when using the lower pressure. The small region where the Gas Energies appear larger than Wind Energies can
be explained by additional energy injection by SIMBA’s X-ray feedback, which is active when the jets are but heats particles directly rather than via a wind, for
these systems. There may also be a contribution from stellar winds from the central galaxy, which are hard to disentangle from AGN winds. The x-axis of the
plot captures both winds and jets but not this additional heating at the very high energies.

waves, which may not be captured through our tagging scheme. We
leave this for future work to quantify.

It is interesting that both of our AGN energy estimates appear too
low in power compared to the enthalpy contained in cavities. The
fact that the cavity dimensions are consistent with observations (if
anything, we produce slightly under-sized bubbles) implies that the
cavity volumes are correct. There are two possible explanations. First,
there could be a significant decrement in pressure along ‘channels’
in the IGrM carved by older feedback episodes, that can enhance
the apparent energy contained within a freshly inflated bubble by
reducing the amount of PdV work it must do in reality compared to
inflating within pristine halo gas. Secondly, the enthalpy prediction
for the bubble is too high. To test the latter option, we compute the
enthalpy using the lowest pressure that the bubble can ‘see’ — the
pressure at the outermost tip of the bubble. We show this result in the
right plot in Fig. 8. This gives the lowermost limit of the enthalpy
within the bubble since, at these radii, the pressure is monotonically
decreasing with radius from the halo centre. There is a clear linear
trend between the bubble enthalpies and the AGN output, with very
little offset (but a large scatter). This indicates that the more important
physical quantity is the enthalpy calculated from the outermost pres-
sure, and not from the midpoint. We argue that the bubble inflation
process is dominated by work done along the radial axis into the
IGrM at the bubble tip, where pressure is lowest and where expansion
requires the least work. So long as the resistance provided by the
‘added mass’ that the bubble must uplift is comparatively small, this
radial direction offers the ‘path of least resistance’ for the bubble
to expand along, and it will do PdV work using the lowest pressure
the bubble can ‘see’. This preferential direction of expansion also
explains why both observed and simulated cavities are so eccentric
(Fig. 7).

To compute the cavity ages, we use the characteristic time-scales
based on the instantaneous position and thermodynamic state of

MNRAS 536, 145-165 (2025)

the bubble when observed, and via a Direct estimate making use
of the many snapshots that we actually have access to from the
simulation. To transform the mock-observed cavity energy into a
power, we calculate the buoyancy time-scale associated with each
cavity (Birzan et al. 2004)

[ SC
tbuoy = rmid/vt = T'mid zgivv (13)

where v, is the terminal buoyant rising velocity [obtained simply by
equating the ram pressure force and the buoyancy force (Churazov
et al. 2001), S is the surface area of the bubble, C = 0.75 is the drag
coefficient (Churazov et al. 2001), g is the gravitational acceleration
at the bubble midpoint, and V is the bubble volume]. We calculate S
by assuming a circular cross-section with radius equal to the ellipse
axis that aligns best with the tangential unit vector around the group
centre. We calculate the gravitational acceleration g by assuming
hydrostatic equilibrium and using our best-fitting pressure profile.
For the error calculation, we calculate this quantity for each sample of
our cavity properties which are generated as described in Section 3.2.
Note that we treat the thermodynamic profile as exact in that we do
not consider any uncertainty around the best-fit fitting parameters
(although the midpoint of the bubble at which we sample the profile
will be different for each sample) and so our error estimates will be
underestimated compared to actual observational data.
Additionally, we require an estimate of the sonic time-scale
(Birzan et al. 2004), which is the time-scale for the cavity to travel
from the central AGN to the bubble midpoint radius rp,;q. Therefore,

[ um
tcs = rmid/cs = I'mid ykT;.,v (14)

where c; is the speed of sound in the IGrM and we take u = 0.62.
Compared to the free-fall time or buoyant-rising time, the sonic
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Figure 9. The Kernel-density estimate for the distribution of our estimated
cavity ages is shown, with the normalized distribution density on the y-
axis plotted against the cavity age. The best-fitting Gaussian distribution is
calculated for the curves above a normalized density of 0.3, and its mean and
standard deviation stated. We compare to the observational data of Rafferty
et al. (2006) that lies within our minimum and maximum midpoint distances
as plotted in Fig. 5.

time-scale does not depend on estimates of the local gravitational
acceleration, which can be very uncertain (Hlavacek-Larrondo et al.
2015). Furthermore, it is more accurate for high-powered jets, where
the bubbles are driven outwards rather than buoyantly inflating
(Omma et al. 2004). Because SIMBA has a powerful jet model,
this time-scale may be the more appropriate measure of the cavity
lifetime.

For our Direct estimates, we find the time difference between the
snapshot where we observe the cavity, and the midpoint of the time-
scale we identify associated jet activity. For example, if we identify
jets contributing to a given bubble over a time-scale of 20 — 30 Myr
before we measure the bubble, we associate a Direct cavity time-scale
of 25 Myr. We also calculate a Maximum Direct time-scale, simply
the time between the bubble mock observation and the estimated start
time of all associated bubble activity (this would be 30 Myr in the
example above). These estimates are based on visual inspection of
the density projection movies, with cross-referencing to large spikes
in the time-binned wind kinetic energy.

We plot the kernel density estimates (KDEs) for the distributions of
our age estimates in Fig. 9 for comparison.® Median and 1 — o errors
were estimated from samples drawn from the KDE distribution above
anormalized density of 0.3 and fit to a Gaussian. All distributions are
well-fit by a Gaussian above a normalized density of 0.3. The direct
estimate is the shortest, with an average time-scale of 30.3 Myr and
a standard deviation of 15.0 Myr. Next are the Maximum Direct and
buoyancy time-scales, followed by the sound-speed/sonic time-scale,
with best-fitting mean values at 42.7,49.2, 53.0 Myr, respectively.
We see there is a relatively large spread in the time taken for cavities
to migrate from the central few kpc, even for the most conservative

6Using the scipy statistics library.
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estimate. The fact that the sound speed time-scale is significantly
larger than the others may be a result of the rather arbitrary definition
of the sound-speed, where the bubble is assumed to always travel
at a Mach number of unity. In reality, as long as the shock remains
weak in order to reproduce the observational dearth of strong cavity
shocks and the gentle heating observed in systems, this cavity speed
can be larger and the sound-speed time-scale can be brought more
in line with the buoyancy estimate. Indeed, observations have shown
that lobes can possess Mach numbers greater than unity, and of up
to M =~ 2 (Simionescu et al. 2009; Kraft et al. 2012; Sonkamble
et al. 2015; Vagshette et al. 2017). Modifying the formula for the
sound-speed cavity age by a universal conservative Mach number
M = 1.1 — 1.4 would align t.; with tyoy and fyaxpirect, respectively.

The buoyancy time-scale and the maximum direct time-scale
distributions agree reasonably well in the mean and scatter. The
maximum direct time-scale corresponds to the bubble launched by
the first jet during a period of activity, and so it is this bubble that
experience the maximal drag force, which is set by the (undisturbed)
hot atmosphere. Subsequent bubbles during the same period of
activity, blowing along the same axis of outflow, will experience
a lowered drag force and so a shorter cavity lifetime, because of the
fact that dense gas has already been evacuated from this channel.
Therefore, it makes sense that these two estimates for the cavity
lifetime are in good agreement and, furthermore, indicates that the
buoyancy time-scale is likely close to being an unbiased estimator
for the true cavity lifetime, at least for the first bubble launched along
an axis. Finally we note that the HYENASt,,,, matches the buoyancy
time-scales as measured by Rafferty et al. (2006) very well in terms
of the average, although the scatter on our values is smaller by around
a third.

4 CASE STUDIES OF INDIVIDUAL GROUPS

We begin by considering a few case studies of selected individual
galaxy groups that display interesting behaviour. We particularly
highlight features in our X-ray maps that are reminiscent of real
systems, to provide qualitative support for the idea that the way in
which HYENAS’s jets interact with the IGrM is reasonably realistic.

In Fig. 10, we show temperature and density projection maps of
one of our largest haloes with an initial Ms, of 10'>7"Mg,. This halo
has some of the clearest, most well-defined bubbles we see in our
sample. A north and south cavity system is clearly visible in both the
Chandra and LEM mock images, which have been lightly smoothed.
Large sound waves are emitted during these events, which appear as
edges in the pressure projection, and clearly reach at least several
tenths of Rspp (100s of kpc) before being significantly damped. The
fact that we see these features in our simulations is encouraging,
because sound waves are thought to be a significant mechanism for
transporting energy (possibly up to 25 per cent of the heating power;
Bambic & Reynolds 2019) out of the group or cluster core, though
this is a topic of current debate and investigation (Fabian et al. 2017;
Bambic & Reynolds 2019). Sound waves have been observed in the
cluster environment, notably in the Perseus cluster (Fabian et al.
2003; Sanders & Fabian 2007; Graham et al. 2008). It is left to
future work to quantify the dissipation of energy into the hot gas by
compressive acoustic waves in our suite of simulations.

Strong, bipolar cavities have been observed in several known
clusters. For example, in RBS 797 (Schindler et al. 2001; Doria
etal. 2012), Abell 3017 (Parekh et al. 2017; Pandge et al. 2021), and
also in the Perseus cluster (Boehringer et al. 1993; Fabian et al. 2000,
2006). It is yet to be shown whether such features are realistically
reproducible in cosmological simulations which do not employ a
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Figure 10. Zoom252_halo0 (z,5s = 0.032): Strong bipolar jets are seen in the temperature and density maps. Inset are mock Chandra (left) and LEM (right)
observations of the central regions, with X-ray cavities identified in green dashed line.
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Figure 11. Zoom825_halo0 (z,ps = 0.026): A mid-range mass halo in our sample, with an initial mass of M5y = 1013‘49M®. The cavity to the south is
clearest, and cooler, yet interestingly these two cavities were inflated by jets launching at about the same time. The south cavity is larger whereas the northern
cavity is more compact and contains hotter gas. The southern cavity is especially clear in both Chandra and LEM flux maps. This group has a complex multiphase
structure, with filaments of cold gas extending into the core, and cold blobs peppering the IGrM.

bipolar feedback model, although some work has been done on this
in the very recent past. For example, Truong et al. (2024) examine
Perseus-like clusters in the TNG-CLUSTER suite demonstrate that
bubbles can be formed via their isotropic feedback model in which
the wind direction at each event is random (Weinberger et al. 2017),
although it is to be seen whether these quantitatively match observed
cavities.

MNRAS 536, 145-165 (2025)

In Figs 11, 12, and 13 we show that even haloes in the lowest
mass bin show clear x-shaped emission structure due to cavities
displacing fluid as they grow and rise. This suggests that groups in
this respect are similar to clusters, and we should expect to observe
similar ‘wing’-like excess emission around the centres of groups
corresponding to the opening of cavities. Such features, on scales of
a few tens of kiloparsecs, are ubiquitous in observations of cluster-
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Figure 12. Zoom433_halo0 (z,55 = 0.0237): A group with mass 10'33*Mg,, which shows the classic x-shaped region corresponding to jet feedback as has
been observed in real systems. This corresponds to ‘wings’ of emission which bound the cavities.
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Figure 13. Zoom284_halo4 (z,5s = 0.0179): One of the lowest mass haloes we have in our sample at Msop = 10'3'O3MO, this group still produces clear
bipolar X-ray cavities characterized by a dip in the density and a boosted plasma temperature. Wing-like structures are still observable in the mock X-ray maps.

scale haloes, for example in Abell 133 (Fujita et al. 2002, 2004;
Randall et al. 2010), and in SDSS 1531 where they may coincide
with increased star formation (Omoruyi et al. 2024).

In Figs 13 and 14 we see examples, for two different groups, of
‘hotspots’ in the projected temperature and in the X-ray luminosity
respectively occurring at the apexes of each jet lobe. This matches
observations of, for example, Cygnus A (Steenbrugge, Blundell &
Duffy 2008; Snios et al. 2020), and is due to the gas shocking at the
head of the jet (Smith et al. 1985; Smith & Donohoe 2021).

Finally in Fig. 15, we show a time-series for the radial velocity
evolution of our large halo Zoom825_halo0 spanning 380 Myr,
where the correspondence between outflows and inflated bubbles
become visible in the X-ray maps. The bipolar nature of the launching
is evident, as seen in both the radial velocity maps (Fig. 15) and the
thermodynamic projections (Fig. 10). Hot ‘channels’ are carved in
the IGrM over several tens of Myr before the jet axis re-orients, at
which point the jet starts to work against pristine halo gas, causing an
X-ray bright hotspot to appear at the site of the shock. Bubbles tend

MNRAS 536, 145-165 (2025)
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Figure 14. We show how the SIMBA model can re-produce hot-spots and
jet-associated X-ray excess that has been seen in observations, for instance in
Cygnus A (Duffy et al. 2018), as well as on smaller galactic scales (Marshall
et al. 2001; Hardcastle et al. 2016).

to live for several tens of Myr and become dimmer as they migrate
radially.

5 BUBBLES SUPPRESSING COOLING FLOWS

The relationship between the central cooling luminosity and the
cavity power is important because it indicates whether AGN feedback
can sufficiently heat the ICM and prevent large-scale cooling flows.
If the cavity power is of the order of the energy loss rate due to
cooling, this is strong evidence towards jet feedback being able to
supply sufficient energy (though the exact method of transferring this
energy to the hot atmosphere is still poorly understood).

Observations have shown that in a large fraction of observed
systems the energy contained within hot cavities is sufficient to
offset radiative losses (Birzan et al. 2004; Hlavacek-Larrondo et al.
2015; Olivares et al. 2022). Heating on sufficient or near-sufficient
levels has also been reproduced in idealized simulations of jet-mode
feedback within cluster atmospheres, suppressing large-scale cooling
flows (Sijacki & Springel 2006; Sijacki et al. 2007; Puchwein,
Sijacki & Springel 2008; Cielo et al. 2018). It has yet to be determined
if AGN jets in cosmological simulations can effectively heat the
IGrM, given that their energies are tuned to reproducing larger scale
trends in galaxy quenching and the galaxy stellar mass function,
rather than to reproduce hot gas properties in haloes. In this section,
we whether this is possible in the SIMBA model.

5.1 Calculating the cooling luminosity

First, we calculate a central cooling luminosity and plot this against
cavity power, to test the energy balance between heating and cooling.
The central cooling luminosity is defined as the luminosity within
a radius re,0, Where this radius is selected such that the cooling
time-scale 7,00 Within r. is equal to 7.7 Gyr (Macconi et al. 2022).
‘We assume that the halo is approximately in thermodynamic balance,

MNRAS 536, 145-165 (2025)

since the luminosity of an actively cooling gas component is typically
fairly small compared to the total luminosity (< 20 per cent and
frequently < 10 per cent) (Rafferty et al. 2006), meaning that Lo
is the luminosity which must be matched by mechanical heating. We
calculate 7., from the emission-weighted radial profiles, through
the cooling time-scale

En(<r)

_— 15
Lxpol(< 1) (1>

Teool(r) =
where Ey(< r) is the sum of the internal energy (assuming ideal
gas with mean molecular weight u = 0.62) as well as the work
done to the gas as it cools isobarically (Hlavacek-Larrondo et al.
2015). We calculate Ey,(< r) with the ISM-free filtered field within
radius r, and Lx (< r) is the total bolometric (0.1 — 100keV)
luminosity within this radius. We then select r.o such that
Teool (Feool) = 7.7 Gyr

We use two separate methods to calculate the central bolometric
cooling luminosity. First, we define Lcoo = Lx boi(< Tcool). Sec-
ondly, to better match the results and spread of real haloes, we
calculate an observational bolometric luminosity with our mock
Chandra and LEM events, L2%,. To do this we extract the spectra
within 7., using SOXS, and fit with the Bayesian X-ray parameter
estimation code BXA (Buchner 2016a), which connects the spectral-
fitting software (PY)XSPEC (Arnaud 1996) to the nested-sampling
code ULTRANEST (Buchner 2016b, 2019, 2021). We fit the spectra in
the observed frame energy range 0.5 — 2.0keV with a bvapec * tbabs
absorbed collisional ionization equilibrium (CIE) emission model,
using the Cash statistic as is appropriate for spectra which may have
low bin-counts. We choose kT, n., O, Ne, Si, S, Fe and the velocity
as free parameters for the fit, and freeze the other quantities to their
known values for the Milky-Way foreground column density and
the redshift, and to 0.3Z with solar abundances for the remaining
elemental parameters. Using BXA, we generate a chain of posterior
parameter samples for the free parameters.

For each sample in the chain, we generate a bolometric luminosity
for the intrinsic, unabsorbed bvapec model for the halo, using the
XSPEC commands setEnergies and calcLumin. Therefore, we gen-
erate a posterior probability distribution of bolometric luminosities,
from which we calculate the median as the maximum-likelihood
value, and the 16th and 84th percentiles as the 1 — ¢ error.

It is important as a check to compare the summed intrinsic
luminosity, as calculated from the particle properties, with that
obtained via a spectral fit to the subsequently projected and observed
photons. Since jet feedback has a significant impact on the thermo-
dynamic and emission properties of haloes, features like bubbles
could compromise the accuracy of a finite (thermodynamic and
metal-) component fit. For example, the inflation of cavities can
cause asymmetrical heating within the lobes themselves and also
compression of the ambient atmosphere at the location of shock
fronts, increasing the local density and luminosity. In that case, there
would be at least three major components to the gas; hot bubble fluid,
compressed gas in and around the cavity shell, and the undisturbed
halo atmosphere. In Figs 16 and 17 we show example spectral fits
for both LEM and Chandra, respectively, and in Fig. 18 we plot the
ground-truth bolometric luminosity as summed from the particles
in our data sets to the luminosities obtained via spectral fits using
both of these instruments. We see that even for our sample of jet-
disrupted haloes the single-component fit recovers the true intrinsic
source luminosity. LEM luminosities tend to slightly overpredict,
though this may be a coarse-grain effect due to the cutting-out
of a circular aperture with larger pixels compared to Chandra.
Alternatively, this may be a projection effect due to added light
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Figure 15. We show the time-evolution of the radial velocity of all gas in Zoom252_halo0 (z,,; = 0.032) to demonstrate how a strongly jetting system evolves
with time in Hyenas. In the earlier snapshots, the jet is North—South and inflates two large bubbles which grow and rise with time. Sound waves in the IGrM
can also be clearly seen emanating for several 10s of kpc from the central regions, propagating perpendicular to the jet. After 200 Myr the jet axis flips and the
bubbles inflate along the East—West direction. The jets themselves are sufficiently hot that the X-ray emission is maintained such that in several cases we only
observe cavities slightly adjacent to them, and observe the jets themselves in the X-ray (for instance at a simulation time of 10 848 Myr). This matches what is

seen occasionally in real systems, for instance in Cygnus A (Steenbrugge et al. 2008; Snios et al. 2020). After the initial burst, the jet cools and cavities become

apparent along the jet axes.
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Figure 16. The best fit to the 0.5 — 2 keV (observed-frame) mock spectrum
extracted from the central 7.7 Gyr cooling radius, as observed by LEM
with 2eV spectral resolution for one of the larger halos in our sample
Zoom266_halo0 (snapshot 172). Posterior samples of the model parameter
vector are shown in red and the maximum-likelihood solution is shown in
blue.
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Figure 17. The same as the above figure, but for the corresponding Chandra
mock observation.
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Figure 18. We plot the intrinsic luminosity against the fit-obtained lumi-
nosity from an bvapecxtbabs model applied to both Chandra and LEM
within r¢o01. We plot only fits with 0.5 < x2/d.of. < 5. Note that some
LEM spectra at the low-Ly end were not well fit but we still show the
corresponding Chandra values. Even for jet-disrupted haloes the single-
component fit recovers well the true intrinsic source luminosity.

from larger radii than r.., and in fact LEM is capturing this better
than Chandra. We proceed in our analysis mainly making use of the
intrinsic luminosity quantity with the knowledge that this value will
be essentially identical to that gained via a full mock observation and
spectral fit.
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Figure 19. We plot our HYENAS cavity powers (the sum of all cavities seen
for each snapshot) in black against the bolometric X-ray luminosity within
the cooling radius, and compare to the data of Rafferty et al. (2006), Nulsen
et al. (2009), Cavagnolo et al. (2010) and O’Sullivan et al. (2011, 2017,
2018, 2019). Where appropriate we have combined individual cavity powers
and their errors for a fair comparison to the HYENAS points. The HYENAS
values are using the midpoint pressure. We find very good agreement with
real systems, with HYENAS able to sufficiently heat haloes at all luminosities,
and apparently overheat at low luminosities (< 10*3 ergs™!) in agreement
with observations.

5.2 Does cavity power offset cooling?

In Fig. 19, we show the mock-observed cavity power against the
luminosity within the cooling radius, and compare to the observa-
tional results of Rafferty et al. (2006) and Nulsen et al. (2009). To
ensure a fair comparison with the Rafferty et al. (2006) sample, we
take their fotal cavity power for each halo, and plot against their
total luminosity within the cooling radius. For the data of Cavagnolo
et al. (2010) and O’Sullivan et al. (2011, 2017, 2018, 2019), we also
sum individual cavity powers where appropriate, and plot against the
cooling luminosity (this data is compiled in Eckert et al. 2021).

In all we have a reasonably good match to observational cavity
powers. Both the HYENAS and observational data of Nulsen et al.
(2009), Cavagnolo et al. (2010) and O’Sullivan et al. (2011, 2017,
2018, 2019) appear too shallow below Ly o ~ 10% ergs™' and
therefore lie above the one-to-one heating/cooling balance. Hence
we find that haloes in the groups regime are overheated. In this
scenario, the feedback from the core results in a net heating which
overpressurises the halo, removing cooler gas and reducing the
baryon fraction, and quenching star formation (McNamara et al.
2008). Eckert et al. (2021) showed that SIMBA matches the hot gas
fraction in the group regime, and it is encouraging that we find further
evidence that the feedback model is matching real haloes (see also
Robson & Davé 2020).

From Fig. 19, we see that at the high-luminosity end the HYENAS
cavities may be underluminous, which in this scenario could explain
why the halo gas fraction for high-mass groups and clusters in SIMBA
is too high compared to observational constraints; there is insufficient
feedback in high-mass, high-luminosity systems. However, we are
limited by the small number of haloes that we have at these high
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Figure 20. We plot Bondi accretion powers against mock-observed cavity
power (using fhuoy) and compare to the derived observational log-linear
relation of Allen et al. (2006) and the data points of Russell et al. (2013).

luminosities and we have several examples at cavity powers near 10**
ergs~!, agreeing with the data and lying on or close to the equality
line where heating is more or less exactly balanced by cooling.
Given our HYENAS sample we cannot robustly tell whether, had we
simulated more massive haloes, whether they would lie below the
1:1 line or whether they would veer off and lie on the line as the
observations do.

Overall, the SIMBA feedback model reproduces the ~ 2 — 3 orders
of magnitude dynamic range in cavity powers in galaxy groups,
roughly from 10*' — 10" ergs~!, and matches the observed trend
with cooling luminosity. This indicates that the correct coupling
of the mechanical and X-ray luminosities is achieved through the
SIMBA model, with heating from the central AGN via jets providing
a substantial fraction, if not the majority, of the required energy to the
group gas and preventing large-scale cooling flows. In the low-mass,
low-luminosity range, it is likely haloes undergo a net heating due to
AGN activity. It is left to future work to conduct a similar analysis
in the clusters regime, but the highest luminosity groups we do have
in this sample have heating and cooling in balance, much like the
observational data.

5.3 Relationship between cavity power and accretion rate

To understand how the cavities are powered and how this is related
to the dominant mode in which the gas is accreting onto the central
black hole, we consider the relationship between the mass accretion
rates (due to both BHL and torque-limited accretion) and the cavity
power inferred from our mock-observation routine.

Fig. 20 shows the Bondi accretion power against the cavity power,
which is a correlation of interest since it is readily available to
observers. There is a large scatter in the HYENAS relationship, with
no obvious correlation. This is unlike the strong linear trend found
in Allen et al. (2006), but we do see overlap with the results for
individual systems of Russell et al. (2013).

The overlap at the high-power end is encouraging, showing that
HYENAS can reproduce the observed range of accretion powers.
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However, we also predict that there should be a large population
of Bondi-dominated systems at low accretion rates hosting powerful
cavities. Such low Bondi powers are not seen in observations, which
could owe to observational sensitivity limits.

It may be that those low-accretion cavities are powerful enough
to disrupt the hot atmospheres and therefore the supply of hot gas
to the central black hole. However, it could also owe to the large
stochasticity in Bondi accretion in the SIMBA model (Thomas et al.
2019), as it is quite sensitive to the number of hot gas fluid elements
within the BH kernel which can vary strongly in hot haloes due to low
resolution. Thomas et al. (2021) mitigated this effect by smoothing
the accretion rate over a fixed (short) time-scale. In our case, however,
we have a time-scale for the jet event, namely the same time-scale
used for the Direct bubble lifetime as introduced in Section 3. For
our purposes this provides a more physically meaningful smoothing
scale. We did however check and find that our results are qualitatively
the same if we instead used the total accretion power averaged over a
narrow time-scale at the observation snapshot (i.e. a value obtainable
by observers).

In the left-hand plot of Fig. 21, we show the total accretion power
(averaged over the aforementioned jetting time-scale) as well as the
power in jets plotted against the mock-observed cavity power. We
indicate the relative contributions of both Bondi and torque-limited
accretion rates on the plot.

Almost all cavities lie above the line at which the AGN can fuel
them with recent accretion activity. At the low power range, there
are a few anomalies in each plot that appear below the line P.,, =
Piceretion- In the right-hand plot of Fig. 21, we show the same data,
except that for the cavity enthalpy we use the enthalpy derived from
the pressure at the bubble’s outermost tip, instead of at the midpoint.
We obtain an almost-perfect partition of points into the upper-half
plane, further corroborating our claim made in Section 3.4 — that
this is perhaps the more useful estimate of the bubble enthalpy.
Although artificially extending the time-scale over which the AGN
winds energy is summed can bring the AGN energy in-line with the
cavity enthalpy in Section 3.4 (Fig. 8), this extension of the time-
range considered does not bring the accretion power in-line here,
indicating that indeed it is the cavity enthalpy that must be altered
(through use of the bubble tip pressure) and not the estimate of the
time-scale over which the jets are actively inflating the cavity. With
this estimate (cavity tip pressure), the accretion rate is able to fully
explain the rate of energy transfer to the bubble and eventually to
the IGrM. Where the bubble appears underpowered in these plots
indicates non-adiabatic losses, for instance from shocks, or from
other feedback modes being active as well as the jets.

Looking now at which accretion mode is most active when the
bubbles are produced, we see that the very highest power jet-
events (P, > 10*3 ergs™!) are powered by Bondi accretion, but
the remainder are powered by a mix of Bondi and torque-limited
accretion, with no apparent relation to cavity power. There are many
cavities inflated when the black hole is powered predominantly by
torque-limited accretion (64 per cent). This implies that caution must
be used in the groups regime when estimating accretion rates; there
may be a significant fraction of the accretion provided by the disc,
raising the total accretion rate above that of the Bondi rate and
adding to the powers of cavities. Cavities which appear significantly
underpowered based on their accretion rates are likely to be in a
highly active quasar state, with jets contributing less to the total
power output at high Eddington fractions.

Overall, we find that the simulated HYENAS groups display jet-
driven bubbles that are in good quantitative agreement with ob-
servations of bubbles in similar-mass systems. This is somewhat
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Figure 21. Left: We plot the black hole luminosity associated with the total accretion rate that can go into jets/winds against the mock-observed cavity powers
obtained with the midpoint pressure. The dashed line shows equality between the cavity power and the total luminosity (Lgy), whereas the solid line corresponds
to equality between the cavity and the maximum energy put out in winds/jets (= € s Ly, where €, has a maximum value of 0.27). The accretion power is
calculated as the mean over the jetting period, although the results are insensitive to instead using the instantaneous accretion powers at the observation snapshot.
Not all cavity powers appear accounted for by the recent AGN accretion. Right: As in the left-hand plot but now with the enthalpy calculated from the pressure
at the bubble’s outermost tip. We see a more encouraging picture with this enthalpy value, with almost all cavities able to be accounted for from the recent

accretion rate.

remarkable given the crude nature of the implementation of jets
in the SIMBA model, necessitated by poor resolution. The bubbles
identified in mock X-ray maps using tools analogous to those used
by observers show similar cavity powers, and are generally sufficient
to counteract cooling in the halo. In fact, in lower mass groups they
can significantly exceed cooling losses, which explains why SIMBA’s
groups are strongly evacuated of baryons (Appleby et al. 2021; Sorini
et al. 2022). The power injected by the jet exceeds that seen in the
cavity, as expected based on there being some radiative losses and/or
energy deposition outside the cavity, and this is only exposed in
HYENAS if one measures the pressure at the bubble’s leading tip
rather than its midpoint.

6 CONCLUSIONS

In this work, we present the first quantitative investigation of X-ray
cavities in a large-scale cosmological model suite of simulations,
calibrated solely to galaxy properties, that properly straddles sim-
ulation and observation. By taking an observer-centric approach to
analysing our HYENAS suite of galaxy group zooms, we are able
to make predictions and comparisons realistically in the context of
existing X-ray catalogues. Using mock X-ray maps generated from
the PYXSIM and SOXS software packages, we fully mimic the analyses
carried out by observers on real data. We use model-subtracted
residual maps, unsharp-masked images, and smoothed X-ray flux
maps to identify and measure cavity properties. In addition, we
use the CADET machine-learning cavity-identifying package and
find that it is broadly very useful for identifying potential cavities
for follow-up. We create spectra within rq, for each system using
SOXS, and measure bolometric luminosities through a Bayesian
fitting approach. Our overarching conclusion is that we demonstrate,
for the first time within a fully cosmological setting, how jets from
black hole activity can inflate bubbles that deposit sufficient energy
in their environments to offset radiative cooling, thereby suppressing
cooling flows to yield quenched galaxies. This in a sense ‘completes
the loop’ between galaxies, their black holes, and their circumgalactic
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media in order to allow holistic studies of the process of galaxy
transformation.

Based on our analysis in this work, we draw the following
conclusions:

(1) HYENAS successfully produces many X-ray cavities. These
coincide with depressions in the density maps and with high outgoing
velocities in the radial velocity projection maps. Comparing to the
sample of Rafferty et al. (2006) and Shin et al. (2016), we find that the
dimensions of the HYENAS cavities in terms of semimajor axis, sur-
face area, and eccentricity in relation to the bubble midpoint distance
match very closely both the trend and scatter of observed cavities.
Furthermore our cavity time-scales also agree well with observations,
with an average buoyancy time-scale of #y,oy = 49.2 £ 19.5 Myr.

(i1) We present King model-subtracted residual maps and unsharp-
masked maps in Section 3 and also case-studies of a small number of
selected haloes in Section 4. We demonstrate that the SIMBA model
is in the very least qualitatively accurate in reproducing the observed
cavity populations of real systems. Through comparison with the
pressure maps and radial velocity maps obtained directly from the
particle data, we find that cavities are associated with pressure-fronts,
and large radial velocities relative to the ambient medium. We also
observe large sound waves emanating from the central AGN, similar
to those seen in the Perseus cluster. We leave it to future work to
quantify these various features, and most importantly the relative
importance of each mechanism in transferring energy from the AGN
to the hot atmosphere.

(iii) Our bubble enthalpies (for a given snapshot) tend to appear
overpowered compared to the energy injected by recent AGN feed-
back. This is remedied remarkably well if we instead simply calculate
an enthalpy using the pressure at the bubble’s outermost tip for the
PdV work estimate, hinting that this may give a closer estimate of the
‘effective’ pressure of the bubble over its expansion. This prediction
that the bubble should do work preferentially along the ‘axis of
least resistance’ is supported by our observation of high bubble
eccentricities (of which 65 per cent have the semimajor axis aligned
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radially) in agreement with observations. Our simulations show
excellent agreement with the observed data when we use the bubble
midpoint pressure in terms of the P, = Ly, indicating that this
result (that the bubble tip pressure is actually more accurate) should
generalize to estimating the energy of the AGN in real systems.

(iv) We compute the mock-observed cavity powers and compare
to the bolometric X-ray luminosity within the 7.7 Gyr cooling radius.
We find good agreement at the higher luminosity end with the
observational data of Rafferty et al. (2006) and excellent agreement
at the lower-Lx end with that of Nulsen et al. (2009), Cavagnolo
et al. (2010), and O’Sullivan et al. (2011, 2017, 2018, 2019). This
relation lies on the line P.,, = Ly, except at lower luminosities
(Lx.po < 108 ergs™!) where both the data and our results lie to
higher cavity powers. Therefore, we find that the SIMBA feedback
model is sufficiently powerful in terms of energy output to balance
cooling in the IGrM and prevent a large-scale cooling flow, and
potentially overheats the halo gas at low halo masses. This may be
the reason why SIMBA tends to have a lower hot gas fraction in the
groups regime compared to other simulations, which is in line with
observational data (Robson & Davé 2020; Eckert et al. 2021).

(v) Plotting the Bondi power against the cavity power, we observe
a very large scatter around the one-to-one relationship. This is unlike
the strong correlation found in Allen et al. (2006) but similar to
the results in Russell et al. (2013). However, we predict a large
population of powerful cavities in systems with low Bondi accretion
rates, hinting at a bias in observations, and suggesting alternate modes
of accretion onto the SMBH such as described in Anglés-Alcédzar
et al. (2017) and Prasad et al. (2017). In HYENAS we find that Bondi
accretion dominates in the very most massive systems, but outside
of those there are roughly comparable numbers of torque-dominated
and Bondi-dominated jet-driving black holes.

We demonstrate the feasibility of a large survey of X-ray haloes
in a cosmological suite of simulations, and how they should be
analysed in order to properly compare with catalogues of real
systems. We emphasize the importance of this kind of analysis, and
the need for feedback models to be tested on small (group or cluster)
scales and not just compared against summary galaxy population
properties. We envision the simulated cavity population can act as a
useful calibration barometer for large-scale simulations in the future,
especially as simulation resolution increases, and as the real cavity
population is better understood with upcoming X-ray missions. The
main barrier to this is the time required to manually identify and
measure cavities. However, this can at least partly be automated with
machine-learning pipelines, such as CADET.
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