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A B S T R A C T 

In galaxy clusters, the hot intracluster medium (ICM) can develop a striking multiphase structure around the brightest cluster 
galaxy. Much work has been done on understanding the origin of this central neb ula, b ut less work has studied its eventual 
fate after the originally filamentary structure is broken into individual cold clumps. In this paper, we perform a suite of 30 

(magneto)hydrodynamical simulations of kpc-scale cold clouds with typical parameters as found by galaxy cluster simulations, 
to understand whether clouds are mixed back into the hot ICM or can persist. We investigate the effects of radiative cooling, 
small-scale heating, magnetic fields, and (anisotropic) thermal conduction on the long-term evolution of clouds. We find that 
filament fragments cool on time-scales shorter than the crushing time-scale, fall out of pressure equilibrium with the hot medium, 
and shatter, forming smaller clumplets. These act as nucleation sites for further condensation, and mixing via Kelvin–Helmholtz 
instability, causing cold gas mass to double within 75 Myr. Cloud growth depends on density, as well as on local heating 

processes, which determine whether clouds undergo ablation- or shattering-dri ven e volution. Magnetic fields slo w do wn but do 

not prevent cloud growth, with the evolution of both cold and warm phase sensitive to the field topology . Counterintuitively , 
anisotropic thermal conduction increases the cold gas growth rate compared to non-conductive clouds, leading to larger amounts 
of warm phase as well. We conclude that dense clumps on scales of 500 pc or more cannot be ignored when studying the 
long-term cooling flow evolution of galaxy clusters. 

Key words: galaxies: clusters: intracluster medium. 
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 I N T RO D U C T I O N  

alaxy clusters are the largest virialized structures in the Universe. 
ost of their baryon content ( ≥90 per cent ) can be found in the

orm of a hot intracluster medium (ICM) that fills the galaxy cluster
nd extends out to the virial radius (McNamara & Nulsen 2007 ;
ravtsov & Borgani 2012 ). The remaining baryons are bound in a

ollection of mostly early-type galaxies with old stellar populations, 
ith the most massive brightest cluster galaxy (BCG) residing at 

heir centre. The ICM is observed to possess a complex multiphase 
tructure, with hot X-ray emitting gas ( ≥10 8 K) coexisting with 
old, dense structures ( � 10 4 K) that likely form via local thermal
nstabilities at radii of several tens of kpc from the cluster centre
McDonald, Veilleux & Mushotzky 2011 ; McCourt et al. 2012 ; 
ang & Reynolds 2016 ; Beckmann et al. 2019 ; Das, Choudhury &
harma 2021 ). This cold gas is found in and around the BCG, where

t can be observed as visually spectacular H α emission nebulae that 
ay fuel cold, clump accretion onto the BCG and their central 

upermassive black hole (SMBH; McDonald et al. 2010 ; Gaspari, 
righenti & Ruszkowski 2013 ; Tremblay et al. 2016 , 2018 ). The
ost well-known example of this is the H α filaments in the Perseus

luster (Fabian 1994 ; Peterson & Fabian 2006 ; Fabian et al. 2008 ;
cDonald et al. 2018 ), although filaments in many other clusters
 E-mail: fred.jennings@ed.ac.uk 
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ave now been observed (e.g. Russell et al. 2017 ; Oli v ares et al. 2019 ;
imenez-Gallardo et al. 2021 ; North et al. 2021 ). Cold molecular gas
s also observed with radio observations of CO lines surrounding the
CG at radii of 50 kpc or so, as a result of inflows (Edge 2001 ;
alom ́e & Combes 2004 ; North et al. 2021 ), and most notably
p to within 10 kpc of the central BCG with Atacama Large
illimeter/submillimeter Array (ALMA; McNamara et al. 2014 ; 
ussell et al. 2014 ; Fogarty et al. 2019 ). This inflow is thought to

ncrease the growth efficiency and the magnitude of the feedback 
rom the SMBH (DeGraf et al. 2017 ), with important implications
or the morphology of the gas around the central object. 

The existence of this cold gas reservoir is closely related to one of
he major open problems in cluster physics today is the cooling flow
roblem . Na ̈ıve estimates of gas cooling in the ICM predict large-
cale cooling flows, but assume an idealized, homogeneous cooling 
ow (Fabian 1994 ), assumptions that are quite untrue in the observed
ultiphase ICM, which has a much more complex substructure. 
he cooling flow model also neglects any heating processes that 
an inject thermal energy into the cold gas, for example through
eedback processes. When comparing the cooling rate of hot gas 
ia direct X-ray observations to the star formation rates in clusters,
he discrepancy between the two suggests that there must in fact
xist at least one non-gravitational source of thermal energy that 
ffsets some of the cooling in these flows (e.g. Fabian 1994 ; Peterson
t al. 2001 , 2003 ; Hudson et al. 2010 ). This effect must be strong
nough to suppress cooling rates by at least an order of magnitude.
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nderstanding the lack of cold gas actually seen in clusters compared
o estimates based on na ̈ıve cooling flow calculations is a crucial
urdle to be o v ercome by an y complete model of galaxy cluster
volution. Much work on solving the cooling flow problem has
een directed towards understanding this heating mechanism, and
n particular towards understanding how energy injected by the
entral active galactic nucleus (AGN) powered by the SMBH in the
CG of fsets radiati ve heating losses in the cluster o v er long periods
f time (see e.g. Sijacki & Springel 2006 ; Vernaleo & Reynolds
006 ; McNamara & Nulsen 2012 ; Gaspari et al. 2013 ; Gaspari
015 ; Bourne, Sijacki & Puchwein 2019 ; Bourne & Sijacki 2021 ;
albot, Sijacki & Bourne 2022 ). AGN feedback mainly operates

n two modes: kinetic , which generates jets and bubbles; and a
adiative/quasar mode in luminous AGN, where powerful winds may
e driven by magnetic or radiation pressure, potentially displacing
he cold gas. Feedback within galaxy clusters has been observed
irectly, as evidenced by jet-inflated bubbles with correspond to the
o-called ‘X-ray cavities’, by e.g. Boehringer et al. ( 1993 ), Churazov
t al. ( 2000 ), McNamara et al. ( 2000 ), Fabian et al. ( 2000 ), B ̂ ırzan
t al. ( 2004 ), Randall et al. ( 2011 ), Liu et al. ( 2020 ), and Ubertosi
t al. ( 2021 ). 

One crucial component of the o v erall cooling cycle of galaxy
lusters is the evolution of cold gas once it has condensed from the hot
hase. Large-scale cluster simulations have concluded that extended
old structures tend to fragment into smaller clumps o v er time
Gaspari et al. 2013 ; Li, Ruszkowski & Tremblay 2018 ; Beckmann
t al. 2019 ), but lack the resolution to follow the evolution of
ndividual small, cold clouds and ultimately to predict their fate.
here are a wide range of potential scenarios for their evolution,
ith different consequences for large-scale cluster cooling flows.
n one extreme, clouds could be quickly destroyed and mixed back

ocally into the hot phase. On the other extreme, small clumps could
ct as nucleation sites for cold gas condensation, which would make
louds grow in mass o v er time and ev entually deliv er large quantities
f cold gas to the central BCG. If the y surviv e for long periods of
ime, cold clouds could form part of a ‘fountain’ of cold gas in
alaxy clusters; formed when the feedback from a central AGN
reaks up inflowing filaments, they are accelerated in outflows and
ollow a ballistic trajectory only to slow down and eventually fall back
owards the cluster centre, along with newly formed cold gas that has
ondensed via instabilities at radii of up to 50 kpc (McNamara &
ulsen 2007 ). Clouds that reach the BCG may be then accreted by its

entral SMBH and ultimately help to determine the behaviour of the
ery feedback that initially created them by increasing gas accretion
ates and reorientation the spin axis of the AGN jet. Furthermore,
old clumps should be sufficiently destroyed by jets and/or mixed
hrough further interaction with the ICM if feedback models are to
uccessfully solve the cooling flow problem and explain the lack
f cold gas in these systems. The simulations of Beckmann et al.
 2019 ) show that a large fraction of cold gas originally in filaments
an survive on small scales after interaction with the jets. Therefore
nderstanding how cold clumps might survive or perish in the hot
as within an explicit clustercentric parameter space is key to the
uilding of consistent models of both cluster cooling and heating,
nd of the coupling of feedback to the ICM. 

Studying individual clouds embedded in a hot background medium
hat is moving at a relative velocity to the cloud is known as
he cloud-crushing problem based on work by Klein, McKee &
olella ( 1994 ) who calculated the analytic time-scale on which

mall clumps get destroyed in such a scenario. Early simulations
onfirmed analytic expectations that clouds get disrupted and mix
nto the hot background medium (Klein et al. 1994 ; Cooper et al.
NRAS 518, 5215–5235 (2023) 
009 ; Scannapieco & Br ̈uggen 2015 ; Zhang et al. 2017 ). More
ecently, several authors have shown that in the presence of radiative
ooling cold clouds can grow in some regions of the circumgalactic
edium (CGM) parameter space (Armillotta, Fraternali & Marinacci

016 ; McCourt et al. 2018 ; Sparre, Pfrommer & Vogelsberger 2019 ;
ronke & Oh 2020b ; Kanjilal, Dutta & Sharma 2021 ) due to efficient
ixing, but get still get destroyed if they are too small. At the surface

etween the hot and cold gas, a mixed warm phase forms due to
he Kelvin–Helmholtz instability (Fielding et al. 2020 ). When the
ooling times of this warm gas are sufficiently short in comparison to
he cloud-crushing time, the cloud can grow o v er time (see Section 2
or details). Other non-thermal physics, such as magnetic fields and
hermal conduction (Armillotta et al. 2016 ; Br ̈uggen & Scannapieco
016 ; Li et al. 2020 ; Sparre, Pfrommer & Ehlert 2020 ), can also
nfluence the long-term mass evolution of cold clouds. 

Ho we ver, most of the work in the field has been conducted for
 parameter space appropriate for the CGM and associated cold
louds, rather than the remnants of H α filaments embedded in the
CM of a massive galaxy cluster. In this paper, we build on work in
eckmann et al. ( 2019 ), who demonstrated how cooling filaments

n simulations are broken up into small (100 pc scale) clumps by
nteractions with the bimodal jets produced by a central SMBH.
eing limited at a minimum resolution of 120 pc, this cluster-scale
 ork w as unable to follow the evolution of clouds on smaller scales.

n this paper, we resimulate individual clouds with parameters typical
o those seen in Beckmann et al. ( 2019 ) and the magnetized version
f the same cluster (Beckmann et al. 2022a , b ) to understand the long-
erm evolution of such dense gas fragments, including the impact of
adiative cooling, small-scale cloud reheating, magnetic fields, and
anisotropic) thermal conduction. 

This paper is structured as follows: in Section 2 , we re vie w the
heory behind the cloud-crushing problem and present the set-up of
ur simulations in Section 3 . The non-magnetized cloud-crushing
roblem is investigated in Section 4.1 , with the impact of magnetic
elds studied in Section 4.2 , and that of thermal conduction in Sec-

ion 4.3 . Discussion and our conclusions are presented in Section 5 . 

 T H E  C L O U D - C RU S H I N G  PROBLEM  

he classic set-up usually studied in the field is the cloud-crushing
roblem . This is an idealized set-up that studies how an individual
loud, embedded in a (usually) uniform background wind, evolves
 v er time. The characteristic time-scale for the shredding of the cloud
f uniform gas density ρcl and size r cl within a uniform wind density
wind and relativ e v elocity of v wind is the cloud-crushing time-scale

Klein et al. 1994 ), 

 cc ≡
√ 

ρcl 

ρwind 

r cl 

v wind 
= 

√ 

χ t cr , (1) 

 v er which Kelvin–Helmholtz instabilities and shocks will cross the
loud radius and shred the cloud material. The non-magnetized, non-
adiative cloud-crushing problem is scale-free and can be entirely
arametrized by the dimensionless density contrast χ and the cloud-
rossing time t cr . The actual physical size, wind velocity, and
loud/wind densities can then be rescaled once these two parameters
re determined. Ho we ver, this approach breaks do wn in environments
here radiative cooling in and around the cloud becomes important.
his happens when the cooling time, 

 cool ≡ ρε 

L 

= 

3 nk B T 

2 n 2 � ( T , Z) 
, (2) 
H 
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Figure 1. The minimum expected cloud size according to equation ( 4 ) as 
a function of the cold gas temperature for three different cloud number 
densities n . This plot assumes a metallicity of Z = 0.33 Z �, with solar 
abundances of elements, and an adiabatic index of γ = 5/3. In general, denser 
clouds fragment to smaller clumps, but the evolution with temperature is not 
linear. The black horizontal line denotes our maximum spatial resolution of 
8 pc adopted for our main production runs, but see Appendix B for higher 
resolution simulation results. 
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s comparable to or shorter than the cloud-crushing time. Here 
 ( T , Z) ≡ L /n 2 H is the cooling function , k B is the Boltzmann

onstant, ε the specific energy, T the temperature, n the number 
ensity, and n H is the hydrogen number density (Mo, van den Bosch &
hite 2010 , chapter 8). 
The ratio of cooling to cloud-crushing time-scales for clouds is 

≡ t cool 

t cc 
= 

3 n cl k B T cl v wind 

2 n 2 H,cl � ( T , Z) r cl 
√ 

χ
. (3) 

he cloud crushing is subdominant when the cloud is at much higher
ensity than the wind (large χ ), and when the cooling is efficient
i.e. � ( T , Z ) is large); for the metallicity of Z = 0.33 Z � that we use
for both cloud and wind), the cooling function is strongly peaked 
etween 10 5 and 10 6 K (Sutherland & Dopita 1993 ), meaning that
he radiative loses should not be ignored, unlike studies of largely 
ristine environments such as the CGM where cooling may not be so
mportant. This metallicity that we use is a well-known typical value 
or observations of the ICM, at least locally (see e.g. Mushotzky 
t al. 1978 ; Allen & Fabian 1998 ; Tozzi et al. 2003 ; De Grandi et al.
004 ; Leccardi & Molendi 2008 ; Werner et al. 2013 ; Simionescu
t al. 2015 ; Urban et al. 2017 ). 

We can also equate the cooling and cloud-crossing time-scales to 
btain a characteristic length at which the cloud should be able 
o respond dynamically to cooling-induced perturbations in the 
emperature and pressure (McCourt et al. 2018 ). This length l cloudlet 

c s t cool can be straightforwardly shown, for a fully ionized plasma 
ith hydrogen fraction X (assuming an ideal gas speed of sound), to
e equal to 

 cloudlet = 

3 

64 

[
γ k 3 B T 

3 
fl

m p X 

4 n 2 � 

2 ( T fl, Z) 
(3 + 5 X − Z) 5 

]1 / 2 

, (4) 

here γ is the adiabatic index of the gas and T fl is the temperature
oor that the gas settles at, and m p is the proton mass. The length
cale on which clumps are dynamically responsive is inversely 
roportional to the number density and the value of the cooling 
unction, and proportional to the temperature raised to the 3/2 power. 

e plot this length scale as a function of temperature in Fig. 1
or reference, using the cooling tables for dust-free, no cosmic 
ays, and no self-shielding model of Ploeckinger & Schaye ( 2020 ),
ho have generated cooling rates using the spectral synthesis code 
LOUDY (Ferland et al. 2017 ). Fig. 1 shows the analytical solution
or the minimum theoretical length scale (given by equation 4 ) that
s expected in cloud shattering, if the cloud shatters continuously 
own to a floor temperature (given on the horizontal axis), and thus
ives the rough size of the smallest clumps that should be seen in
imulations, resolution permitting. Generally l cloudlet < 1 pc but very 
iffuse clouds in the temperature range 10 3 –10 4 K can have minimum
izes of 5 pc or more. The minimum cell length on our fine grid in
he simulations presented in this paper is 8 pc for the majority of the
uns, and we test a variety of temperature floor temperatures. 

From the analytical result we see that we can expect to be able
o only resolve clumps within a narrow range, which are around 0.5
rders of magnitude larger than our resolution length scale, although 
e get close to resolving the length floor o v er a broad range for
iffuse clouds. We would expect further shattering beyond most of the 
mallest clumps produced in our simulation runs, and to gauge what
ffect this may have we perform a convergence test in Appendix B
sing a range of resolutions that are computationally feasible. We find
hat with increased resolution less cold gas forms initially (by up to
0 per cent for t < t cc ), but at later times more cold gas forms due to
he further shattering and higher mixing surface area-to-volume ratio. 
herefore, we would expect that the our findings on the cold phase
rowth based on lower resolution simulation represent a conservative 
ower bound on the magnitude of this effect 

 N U M E R I C A L  M E T H O D  

.1 Nomenclature 

hroughout this paper, we define a cold phase to include any gas at a
emperature lower than the initial cloud temperature T < T cl , a warm
hase to include gas between the initial cloud and wind temperatures
 T cl < T < T wind ), and a hot phase to include any gas at or above
he initial wind temperature T ≥ T wind . For all quantitative measures
f the three phases we see in the simulations, we use a straight-
orward temperature cut on the gas. For all simulations presented 
ere, T cl = 10 6 K and T wind = 10 8 K. This wind/ICM temperature is
onsistent with X-ray observations of clusters (Reiprich & B ̈ohringer 
002 ; Hudson et al. 2010 ; Frank et al. 2013 ) that measure X-ray
emperatures mainly in the range 1–10 keV. The cloud temperature 
e use is consistent with the maximum temperature of so-called 
ense gas used to identify the clump objects generated within the
luster in Beckmann et al. ( 2019 ). 

We also define as T fl the minimum temperature to which gas
s allowed to cool via radiative loses, the so-called cooling floor
emperature. Furthermore we note another important temperature 

easure, the mixing temperature T mix � 

√ 

T cl T wind given by Begel- 
an & Fabian ( 1990 ), which is convenient for measuring some length

cales of the problem (see Gronke & Oh 2020b ). 

.2 General set-up 

he simulations presented in this paper were produced using the 
AMSES code (Teyssier 2002 ), an adaptive mesh refinement mag- 
etohydrodynamic (MHD) code. The simulations are conducted in 
D and include radiative cooling for all of our production runs,
part from a numerical experiment where we test the non-radiative 
et-up to highlight the differences. A subset of simulations also 
ncludes magnetic fields with different strengths and orientation, 
nd (anisotropic) thermal conduction. To solve the MHD equations, 
AMSES employs a second-order Godunov method (see Toro 2009 ), 
ith a Monotonic Upstream-centered Scheme for Conservation Laws 
MNRAS 518, 5215–5235 (2023) 
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M

Table 1. The parameters of the hydrodynamical runs, with the columns showing: (1) the run labels; (2) whether the run 
includes radiative cooling; (3) the initial cloud density ρcl ; (4) the initial wind (background ICM) density ρw ; (5) the length of 
the simulation box d box ; (6) the size of the highest resolution element 
 x ; (7) the value of the minimum temperature achieved 
through cooling T fl; and (8) the initial mass of the cold cloud. The crushing time-scale t cc for all runs is 24.4 Myr, and the 
background wind velocity is 200 km s −1 in all cases. All simulations have an initial background temperature of T wind = 10 8 K, 
and an initial cloud temperature of T cl = 10 6 K, except for HD0.1 1e4T0 , which was initialized with T cl = 10 4 K. 

Label Cooling 
ρcl 

(H cm 

−3 ) 
ρw 

(H cm 

−3 ) d box (kpc) 
 x (pc) T fl (K) M 0 (M �) 

HD10 nc � 10 0.1 150 18 N/A 1.28 × 10 8 

HD0.1 nc � 0.1 0.001 150 18 N/A 1.28 × 10 6 

HD10 � 10 0.1 65 8 10 1.28 × 10 8 

HD1.0 � 1 0.01 65 8 10 1.28 × 10 7 

HD0.1 � 0.1 0.001 65 8 10 1.28 × 10 6 

HD0.1 1e4T0 � 0.1 0.001 65 8 10 1.28 × 10 6 

HD0.1 F5.5 � 0.1 0.001 65 8 3 × 10 5 1.28 × 10 6 

HD0.1 F5.0 � 0.1 0.001 65 8 1 × 10 5 1.28 × 10 6 

HD0.1 F4.5 � 0.1 0.001 65 8 3 × 10 4 1.28 × 10 6 

HD0.1 F4.0 � 0.1 0.001 65 8 1 × 10 4 1.28 × 10 6 

HD0.1 F3.5 � 0.1 0.001 65 8 3 × 10 3 1.28 × 10 6 

HD0.1 F3.0 � 0.1 0.001 65 8 1 × 10 3 1.28 × 10 6 
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MUSCL)–Hancock scheme to solve the Euler equations and com-
ute fluxes across cells. RAMSES uses an octree refinement method
o adaptively refine the space, and models magnetic fields as face-
entred quantities with constrained transport to satisfy the solenoidal-
ty constraint ∇ · B = 0 (Fromang, Hennebelle & Teyssier 2006 ). A
arten–Lax–van Leer contact (HLLC) Riemann solver (Toro 2009 )
as used for simulations without magnetic fields, with a Harten–
ax–van Leer discontinuities (HLLD) solver (Miyoshi & Kusano
008 ) used for later MHD runs. The Courant factor was set to 0.8
or adaptive time-stepping, for which RAMSES uses a second-order
id-point scheme. We use the YT PROJECT PYTHON package (Turk

t al. 2010 ) for all analysis. 

.3 Initial conditions and refinement 

ll simulations presented in this paper have a similar set-up: a
pherical cold cloud of radius r cloud = 500 pc and temperature
 cl = 10 6 K is placed in a uniform hot background medium of

emperature T wind = 10 8 K. We fix the initial cloud density contrast
o χ = ρcl / ρw = 100, but vary both the initial cloud density ρcl 

nd the initial wind density ρw (see Table 1 for details). This cloud
emperature was selected in order to initialize the clouds in pressure
quilibrium with the surrounding hot medium, whose temperature is
ypical for the ICM of galaxy clusters. This o v erdensity was chosen as
he typical o v erdensities in the simulations of Beckmann et al. ( 2019 )
ange from around 2 to 4 (see their fig. 4). We select the lowest value
n this range because this corresponds to the smallest crushing time-
cale, meaning we can simulate longer into the dynamical lifetime
f the cloud. 
Simulations are conducted in the frame of the cold cloud, which

s initialized with zero bulk velocity. Instead, the background
edium is given a bulk velocity of 200 km s −1 , in line with

bservations of line-of-sight velocities in cluster centres (Salom ́e
t al. 2006 ; McDonald, Veilleux & Rupke 2012 ; Tremblay et al.
016 ; Oli v ares et al. 2019 ), and corresponding to the peak of the
elocity distribution of the clumps produced in Beckmann et al.
 2019 ) (see fig. 7 of that work). This is equi v alent to a cloud Mach
umber of M = 2. A random velocity dispersion field of normal
istribution centred around zero and with standard deviation of
0 km s −1 within the hot medium and 30 km s −1 within the cloud
NRAS 518, 5215–5235 (2023) 
as added to the cloud and wind bulk velocities in order to a v oid
rid-locking effects and roughly model the turbulence that may play
n important role in galaxy clusters (e.g. Schuecker et al. 2004 ;
hurazov et al. 2012 ; Gaspari & Churazov 2013 ; Walker, Sanders &
abian 2015 ; Hofmann et al. 2016 ; Hitomi Collaboration et al. 2018 ;
uHone et al. 2018 ). We calibrated the mean and variance of the
elocity dispersion to values found in and around clumps produced
y the simulations presented in Beckmann et al. ( 2019 ). No further
urbulence driving is added throughout the simulation. 

The simulation is initialized with a passive scalar, initially set
o unity within the cloud and zero outside, which is advected with
he flow throughout the simulation. This scalar is used both during
he simulation run and in post-processing to help distinguish mixed
aterial from pristine background gas, as cells with high f scalar =

scalar / ρgas are dominated by gas originally found in the cloud, while
hose with low f scalar are dominated by gas initially found in the hot
ackground medium. Note ho we ver that quantitati ve measures of
asses for the three fluid phases that we will discuss later on, use

nly a cut on the temperature of the plasma, as discussed abo v e. 
At the start of our simulations the cloud is set up to be in pressure

quilibrium with the ICM in all runs, as this is appropriate in a galaxy
luster environment. All simulations were initiated with a metallicity
f Z = 0.33 Z �, as is typical for clusters (Baumgartner et al. 2005 ;
ovisari & Reiprich 2019 ), and this metallicity w as k ept constant

hroughout. The metallicity of the cloud is not expected to deviate
ignificantly from the background medium, since clouds originally
ikely condense from the hot ICM. In practice, a metallicity gradient
ithin the cluster and star formation occurring in and around cold

lumps may lead to a range of different metallicity values for dense
lumps, but note that the observed metallicity gradients of the ICM
re typically shallow (Leccardi & Molendi 2008 ). 

No gravity is included in our simulations. The free-fall time of
ur clouds is t ff = 

√ 

3 π/ 32 G ρ̄cl that, for our fiducial run (the lowest
ensity we test), means the free-fall time is approximately 150 Myr
hat corresponds to around 6 t cc . As t cool < t cc in all of our radiative set-
ps, there is a pressure-driven collapse on subcrushing time-scales
uring which gravity is subdominant and therefore not included
xplicitly here. 

In MHD simulations, the magnetic field was initialized as a
niform field that is either initially parallel (‘aligned’) or perpen-
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Table 2. The parameters of MHD runs, with columns showing: (1) the names; 
(2) the magnetic field strength B 0 ; (3) the initial orientation of the magnetic 
field relative to the initial bulk flow velocity (either normal to the flow or 
aligned with the flow); and (4) the type of thermal conduction type (if at all). 
All runs are variations of HD10 and share its parameters where not explicitly 
stated otherwise. 

Name B 0 ( μG) Orientation Conduction 

MHD 1N 1.0 Normal � 

MHD 1A 1.0 Aligned � 

MHD 3N 3.0 Normal � 

MHD 3A 3.0 Aligned � 

MHD 5N 5.0 Normal � 

MHD 5A 5.0 Aligned � 

MHD 1N i 1.0 Normal Isotropic 
MHD 1A i 1.0 Aligned Isotropic 
MHD 3N i 3.0 Normal Isotropic 
MHD 3A i 3.0 Aligned Isotropic 
MHD 5N i 5.0 Normal Isotropic 
MHD 5A i 5.0 Aligned Isotropic 
MHD 1N a 1.0 Normal Anisotropic 
MHD 1A a 1.0 Aligned Anisotropic 
MHD 3N a 3.0 Normal Anisotropic 
MHD 3A a 3.0 Aligned Anisotropic 
MHD 5N a 5.0 Normal Anisotropic 
MHD 5A a 5.0 Aligned Anisotropic 
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icular (‘normal’) to the flow. Thermal conduction is modelled 
ollowing Dubois & Commer c ¸on ( 2016 ), with a thermal conduction
oefficient equal to κSpitzer = n e k B D C (Spitzer 1962 ), where n e is the
lectron number density, k B is the Boltzmann constant, D C = 8 ×
0 30 

(
k B T e 
10 8 K 

) 5 
2 
(

n e 
10 −2 cm 

−3 

)−1 
cm 

2 s −1 the thermal dif fusi vity, and T e the 
lectron temperature. In the case of anisotropic thermal conduction, 
he perpendicular conductivity is set to κperp = 0.0001 κSpitzer . 

The size of the simulation box is chosen such that the flow crossing
ime at the wind velocity is several tens of crushing times. In practice
e never simulate for this long, and all runs are stopped before the
ixed tail of the cloud reaches the edge of the simulation domain,

o no material is lost from the simulation. Most simulations were 
erformed in a box size of 65 kpc, with a root grid of 32 3 (refinement
evel 5) cells that was adaptively refined by eight more levels up to a
aximum resolution of 
 x = 8 pc. The initial conditions are refined

sing concentric spheres centred on the cloud, with the highest 
efinement level incorporating the entire initial cloud. Refinement 
hen proceeds adaptively where a cell is refined at the highest level
f refinement if f scalar > 10 −6 , and progressively derefined otherwise. 
All simulation parameters are summarized in Table 1 for the 

ydrodynamical runs and in Table 2 for MHD simulations with and 
ithout conduction. 

.4 Cooling 

adiative cooling in RAMSES is computed using values given in 
he cooling tables of Sutherland & Dopita ( 1993 ) abo v e 10 4 K and
hose from Rosen & Bregman ( 1995 ) for temperatures below. In
ur simulations, gas cools to a minimum fiducial temperature of 
 fl = 10 K (although we do run a suite of tests investigating the
ffect of changing this value in Section 4.1.3 ). 

In galaxy clusters, both cloud dynamical and cloud-crushing 
ime-scales for cold clouds are comparable to or longer than the 
ooling time of the hot ICM. Ho we ver, observ ationally, the ICM
emperature does not change significantly o v er sufficiently long 
ime-scales, as the bulk of cooling of the ICM in galaxy clusters
s offset by various heating sources, from energy injected by the
GN to possibly thermal conduction. To mimic the impact of such
ackground heating in the simulations presented here, radiative 
ooling is only permitted in gas abo v e a minimum concentration
f a passive scalar originally only placed in the cold cloud (see
ection 3.3 ). This approach prevents the catastrophic cooling of 

he hot ICM background gas (as opposed to clump gas and mixed
as, which we allow to cool freely) that would otherwise occur o v er
ime-scales that are short compared to the dynamical time-scale, at 
 ariance with observ ations. We set the required passi ve scalar v alue
o f scalar > 0.001, and still permit hot gas to cool via in-cell mixing
ith colder fluid. In MHD simulations, spurious magnetic heating 
ccurred in a very small number of cells in and around the clouds.
o prevent such ‘hotspots’ from occurring and from slowing the 
imulation, we enforced a minimum density floor of 0 . 0005 cm 

−3 .
onvergence tests showed no statistically significant impact on the 

ong-term evolution of simulations from such a density floor. 

.5 Clump finding 

o gather statistics on the distribution of individual clumps in our
imulations, we use the water-shed segmentation-based structure 
nding algorithm PHEW (Bleuler et al. 2015 ). Clumps are identified

n all gas with T < 3 × 10 7 K, and densities abo v e n > 0.02 cm 

−3 .
ll clumps with a rele v ance (peak-to-saddle ratio) of less than 30 are
erged through the saddle into the neighbouring clump. 

 RESULTS  

.1 Radiati v e cooling and cloud growth 

n this section, we study the impact of varying cloud and background
as parameters to understand how local gas properties impact the 
volution of cold clumps in galaxy clusters. All simulations presented 
ere have no magnetic fields, while the simulations with magnetic 
elds are discussed in Section 4.2 . Specific simulation parameters 
re outlined in Table 1 . 

.1.1 The impact of radiative cooling 

wo runs were performed with cooling turned off in order to quantify
he impact of cooling and compare our work against the large existing
ody of work that does not consider cooling. 
The cloud-crushing time-scale for the clouds we use is 24.4 Myr,

nd the cooling time-scale is initially a factor 10 4.6 shorter than
his for the densest cloud HD 10 , and 10 3.6 and 10 2.6 times shorter
han the crushing time for HD 1.0 and HD 0.1 , respectively. As
hown in Fig. 2 , cooling completely changes the morphology of
old clouds. Without cooling (left-hand panel), cloud gas is mixed 
apidly into the hot phase, while with cooling (right-hand panel) 
he cold cloud is shattered into many small fragments that persist.

ore quantitatively, Fig. 3 shows that the clump in the HD0.1 nc
un loses 70 per cent of its initial mass by t = 2 t cc , which rises to
9 per cent by t = 3 t cc . The cloud being destroyed on a time-scale
f the order of t cc is in agreement with standard results of the
loud-crushing problem. This evolution is independent of the initial 
lump density that we vary by two orders of magnitude (compare
he low-density non-cooling cloud HD0.1 nc to the high-density 
on-cooling cloud HD10 nc in Fig. 3 ). 
When radiative cooling is included, the cloud follows a completely 

if ferent e volution, as sho wn in Figs 3 and 4 , which quantify the time
MNRAS 518, 5215–5235 (2023) 
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Figure 2. Number density slices showing the difference in evolution after 
three cloud-crushing times between the run without cooling ( HD0.1 nc , 
left) and an identical cloud run with cooling ( HD0.1 , right). Radiative 
cooling promotes shattering of the cloud during the early evolution, with 
cloud morphology being distinctly different. 

Figure 3. The fractional change in cold gas mass shown for cooling and 
non-cooling simulations at different cloud densities. The cloud is destroyed 
within a few t cc if cooling is not present consistent with a large body of 
pre vious literature. Ho we ver, in radiati ve simulations significant cloud mass 
growth is seen for all densities explored. 

Figure 4. Time evolution of the warm gas fraction normalized to the original 
cloud mass for different initial densities. In the presence of radiative cooling, 
the amount of warm gas is reduced in comparison to the non-cooling runs as 
the warm gas is depleted by gas cooling into the cold, dense phase. Ho we ver, 
warm gas gradually builds up o v er time, with initially more diffuse clouds 
producing a larger fraction of warm gas. 
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volution of the cloud and wind mass, respectively, and visualized
n Fig. 5 that illustrates the time evolution of the projected number
ensity . Most notably , rather than being destroyed, the total mass of
he cloud grows significantly o v er time. This long-term cloud growth
s expected from previous work by Li et al. ( 2020 ) and Gronke &
h ( 2020b ), who both predict a minimum cloud survi v al radius (of
.5 and 3.3 pc, respectively, computed using equations 3 and 5 from
anjilal et al. 2021 ) well below the initial 500 pc radius of the cloud

tudied here. 
Initially, for t � t cc the cold mass in the clouds grows slowly,

ut then it accelerates, doubling within 5 t cc even for the lowest
nitial cloud density explored (see Fig. 3 ). This cold mass growth
s more pronounced for the runs with higher initial cloud densities
see Section 4.1.2 for a more detailed discussion) and for simulations
erformed at higher resolution (see Appendix B ). 
In Fig. 6 , we investigate whether this increased growth is due to a

arger number of individual clumps, or an increased mass per clump.
o do so, we identify individual cloudlets in the w ak e as described in
ection 3.5 and then study the statistics of this ensemble of cloudlets
or each simulation o v er time. As can be seen in Fig. 6 , the total
rowth in cloud mass is both due to a higher number of individual
lumps, and due to a higher mass per clump. 

The process commences with an initial collapse phase, during
hich the cloud cools rapidly and compacts on subcrushing time-

cales. Density inhomogeneities are seeded in the collapse, and
aterial starts to ablate from the main cloud in the form of individual

ragments with radii in the range 5–100 pc, as shown in Fig. 6 .
ver time, the original cloud is entirely broken up and the resulting

lumps, as well as the warm, diffuse material between them, form an
xtended clump y w ak e, as shown in Fig. 2 and the late-time panels
f Fig. 5 . The typical slope of d N clumps /d M is of the order of −0.7
see fitted slopes in Fig. 6 ), which is somewhat shallower than the
1 measured in Gronke et al. ( 2022 ), which suggests that the higher

evels of turbulence in Gronke et al. ( 2022 ) accelerate shattering.
e find, by analysing the typical range of clump sizes and densities

een post-shattering, that the characteristic crushing time-scale of
he clumps is roughly the same as that of the initial parent cloud,
llowing us to continue use of t cc as a robust characteristic time
ven after the shattering process. The overdensity χ does ho we ver
ncrease, to approximately 100 × T cl,0 / T cl,ps for our initial o v erdensity
f 100 and a post-shattering temperature T cl,ps when the cloud attains
pproximate hydrostatic equilibrium again. 

art/stac3426_f2.eps
art/stac3426_f3.eps
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Figure 5. Density-weighted projections of the number density n shown at different times for simulation HD0.1 . The cloud collapses and fragments within one 
crushing time-scale, and the resulting clumplets then interact dynamically with the wind, forming an extended tail. Note that each projection is centred on the 
most upstream clump material. 
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We run one cloud in initial hydrostatic non-equilibrium, 
D0.1 1e4T0 , by setting the initial cloud temperature to T cl =
0 4 K, to examine how sensitive the shattering and further evolution 
s to the initial temperature and pressure of the clump. As can be seen
n the mass evolution plots of Figs 3 and 4 , shattering occurs quickly
nough that evolution is insensitive to the initial cloud temperature, 
nd the only cloud property we find to be important is the density. 
The late-time evolution after several crushing times is driven by 
he evolution of the w ak e in the cooling case. The mixing of the
old fragments with the hot ICM generates a warm, mixed phase,
hich makes up the w ak e of the clump, and trails any high-density

emnants of the original clump that remain at the ‘head’ of the cloud.
he amount of gas contained in this w ak e grows o v er time but remains
mall in comparison to the cold gas mass, reaching about 25 per cent
MNRAS 518, 5215–5235 (2023) 
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M

Figure 6. Distribution of clump masses (left) and clump radii assuming 
spherical clumps (right) for simulation HD0.1 at four different epochs. Insets 
in the left-hand panel show the slopes of the power-law fit for clump masses 
abo v e 10 −5 M �. 
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f the original cloud mass by t = 3 t cc for HD0.1 (see Fig. 4 ). This
arm gas has a very short cooling time, as can be seen in Fig. 7 , due

o a peak in the cooling function � ( T ) between 10 5 and 10 6 K. In the
ost extreme cases, the cooling time can be 5–6 orders of magnitude

horter than the crushing time-scale. For such a short cooling time,
ooling dominates the evolution of the gas, and gas transfers quickly
hrough the temperature–density phase space from high temperature,
if fuse to cold, ne wly condensed cloud. 1 The mixed phase condenses
nto the clump as new cold gas, which means that the cold fragments
ct as nucleation sites for cold condensate within the hot ICM. We
nd that this is dominant o v er mixing losses, resulting in the growth
f the total cold gas mass o v er time (see Fig. 3 ). The no-cooling cases,
isplay no such gro wth, e ven though a significant amount of warm
as is produced, with the fraction of warm gas more than an order of
agnitude larger in the no-cooling runs in comparison to the initial

loud mass (see Fig. 4 ). This markedly different evolution with cool-
ng shows the importance of including radiative cooling in driving
he evolution of cold clouds in hot atmospheres of galaxy clusters. 

Qualitatively, our results on cold cloud growth agree with recent
esults by Gronke & Oh ( 2020b ), Li et al. ( 2020 ), and Jennings &
i ( 2021 ), as well as with results by Gronke & Oh ( 2018 ) even

hough the latter do not see the same amount of shattering as they
mpose a higher temperature floor of 4 × 10 4 K (see Section 4.1.3
or a discussion on the impact of cooling floors). The cold clumps
imulated here exceed the pressure condition required for shattering
ut forth by Gronke & Oh ( 2020b ), namely P cl,ps / P cl,0 ∼ T cl,ps / T cl,0 

 0.33, where T cl,ps is the post-shattering cloud temperature, equal
o the cooling floor temperature. We do not find any significant
ost-shattering coagulation of fragment clumps, probably due to
he extreme pressures generated by the large temperature gradients,
ith the fragments being well separated after the post-shattering

xpansion. This can be clearly seen at late times in Fig. 5 . 
NRAS 518, 5215–5235 (2023) 

 We note that the bimodal feature in the temperature range 10 4 –10 6 K in Fig. 7 
s due to the structure of the flow, and results from a combination of cooling 
nd mixing at the surface of individual cold clumps. The left-hand feature is 
ormed by gas upstream of individual clumps, and consists predominantly of 
as that originates in the hot wind. The right-hand feature is composed of gas 
o wnstream of indi vidual clumps, which contains a higher percentage of gas 
blated from the clumps and is therefore at higher density. 
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The final size of clumplets needs to be considered in this context
oo. McCourt et al. ( 2018 ) put forth an argument that clouds will
hatter until their clumps are small enough that the sound-crossing
ime is of order the cooling time, and thus cooling can occur
sobarically. This occurs when clumps reach a physical length scale
f l ∼ c s t cool , which occurs approximately on the time-scale of
 cool . McCourt et al. ( 2018 ) show that clouds should shatter down
o a size of l cloudlet ∼ c s t cool ∼ (0.1pc)/ n , and this has been further
onfirmed by other simulation works (see e.g. Gronke & Oh 2020b ).
he largest characteristic length of these cloudlets in our simulations

s expected to be around a parsec, an order of magnitude smaller
han our minimum resolved scale, even with the high resolution we
ave adopted. Ideally, a resolution two order of magnitude better than
ur simulation runs should be used, to investigate whether shattering
tops at this characteristic scale, or if clumps will fragment even
ore, but this is computationally unfeasible with our current set-up

ince r cl / l cloudlet 	 1. 
In summary, we reproduce the destruction or growth of the cloud

n crushing time-scales found by similar studies. For the parameter
pace of cold clouds in a hot cluster environment, we find that clouds
row in mass on time-scales rele v ant for their trajectories when
adiative cooling is taken into account. This growth is significant,
nd leads to cold clouds acting as nucleation sites within the hot
CM, with condensation beginning after only a few crushing time-
cales, which in cluster environments translates to a few tens of

yr. 

.1.2 Density dependence 

e now compare the effects of altering the initial cloud density on
he evolution of clouds themselves, by comparing runs with initial
loud densities of ρcl = 10 cm 

−3 ( HD10 ) and ρcl = 1 cm 

−3 ( HD1.0 )
o the fiducial run HD0.1 that has cloud density ρcl = 0.1 cm 

−3 . All
hree simulations have the same o v erdensity χ = ρcl / ρw = 100, and
re therefore identical within the context of scale-free considerations.

As expected from analytic work, the absolute density of the cloud
oes not change the mass evolution in the absence of cooling as
ong as χ is constant. This can be clearly seen by the identical time
volution of both the warm and cold gas for simulations HD10 nc
nd HD0.1 nc in Figs 3 and 4 . 

It is only with the addition of cooling that the absolute density
f the cloud makes a difference to its evolution. An initially lower
ensity cloud forms lower density fragments post-shattering as would
e expected, and the lower density of the clumplets in the wind
esults in greater mixing of cold gas into a warm phase. This can be
learly seen in Fig. 4 by the larger amount of warm gas generated
y the lower density cloud, in comparison to its initial mass. This
onfirms that the presence of cooling breaks the scale-free nature of
he problem, by introducing an additional characteristic time-scale
hat depends on both the cloud density and temperature (as well as

etallicity, but this is kept constant in our runs). As the cooling time
s shorter for denser material, initially denser clouds show faster

ass growth due to the more rapid condensation of gas from the
arm to the cold phase. The impact of the higher density mixed gas
n the cooling time for all three simulations can be seen in Fig. 7 ,
ith the fastest cooling regime in the warm phase only occupied
y the densest clouds. Interestingly, all three simulations reach a
ough equilibrium between mixing new gas into the warm phase,
nd cold gas condensing into the cold phase, but the equilibrium
mount of warm gas is lower for initially higher density clouds (see 
ig. 4 ). 
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Figure 7. Left: binned temperature–density phase space occupied by the clouds for simulations HD0.1 , and HD10 , with the colour map showing the ratio of 
cooling time to crushing time θ at three different times (left to right). We also show the regions we define throughout the paper as ‘warm’ gas (10 6 < T < 10 8 

K) and ‘cold’ gas ( T < 10 6 K). The change in initial cloud density (as well as wind density) leads to a different phase-space region of the cooling function being 
sampled by the cloud, particularly in the warm phase; at higher densities the cooling times are much shorter, and cooling can take place as much as nearly six 
orders of magnitude faster than cloud crushing for the densest cloud we test. The densest cloud HD10 cools isochorically in the warm phase by approximately 
one and a half orders of magnitude more than the least dense cloud, and settles later onto the isotherm that will take the temperature down to T fl. Right: we 
instead show the mass probability density of the two clouds each after 10 t cc . Though the initial o v erdensities were identical, the more dense cloud HD 10 holds 
more of its mass in dense, cold fluid, and has a more bimodal distribution between the cold and hot phase, whereas HD 0.1 has a mass distribution more evenly 
distributed through the warm phase as well. 

 

c  

a  

K  

c  

m  

i  

s
t
I  

s  

t

t  

m
e
s
b  

c  

c  

d  

a

4

T  

g  

t
t  

p  

p  

M  

v
(  

S
Y  

a  

p  

S  

h  

s  

t  

t
h
w

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/518/4/5215/6847221 by C
N

R
S user on 12 July 2023
For our densest cloud modelled here, HD10 nc , the initial cloud
onditions are such that Li et al. ( 2020 ) predict that clouds with
n initial radius of r cl , init < 651 pc (computed using equation 5 in
anjilal et al. 2021 ) should not survive, which is larger than our initial

loud radius of 500 pc. By contrast, Gronke & Oh ( 2020b ) predict a
inimum cloud survi v al radius of 334 pc (computed using equation 3

n Kanjilal et al. 2021 ), and therefore predict cloud HD10 nc should
urvive. With only a single cloud in this borderline region between the 
wo regimes, we refrain from strong statements about either criterion. 
nstead, we simply note that HD10 nc exhibits robust growth in our
imulations and that this range of radii would be an interesting range
o probe in future work. 

We conclude that cooling is the dominant mechanism determining 
he evolution of the cloud for all clouds within the two orders of

agnitude in density probed here. We also confirm that in cluster 
nvironments, where cooling dominates the evolution of cold clouds, 
cale-free studies are insufficient and the parameter space needs to 
e explored widely. The smaller the ratio of cooling time to cloud-
rushing time θ (see equation 3 ), the faster cold clumps in the ICM
an condense new gas and grow, with all cases tested here more than
oubling the clouds initial mass on time-scales of around 150 Myr,
nd some increasing it by almost a factor of 10. 
c

.1.3 Cloud crushing and small-scale heating 

he sub-kpc scale physics that takes place in cold clouds within
alaxy clusters is poorly understood. Ho we ver, observ ations sho w
he presence of warm gas, despite short cooling times, which suggests 
hat clouds need to be persistently powered. Over the years, many
rocesses have been suggested as the source of this heating, from
hotoionization by the central AGN (e.g. Heckman et al. 1989 ;
cNamara & Nulsen 2012 ) or massive stars (Canning et al. 2014 ),

ia thermal conduction (Voit et al. 2008 ) and magnetic reconnection 
Hanasz & Lesch 1998 ; Tanuma et al. 2003 ; Churazov, Ruszkowski &
chekochihin 2013 ) to cosmic ray streaming heating (Ruszkowski, 
ang & Reynolds 2018 ), to name a few. Stars can form in ‘knots’
long filaments (Vantyghem et al. 2018 ), and these sites may also
rovide some heating and feedback to the cold gas once fragmented.
o far, no consensus has been reached on the origin of cloud
eating, but such energy injections at the cloud radius would off-set
ome of the cooling and prevent clouds cooling below an effective
emperature floor. This floor would of course be expected to be
ime varying, with the characteristic time-scale of the most dominant 
eating mechanism setting the time-scale of v ariation. Ho we ver, 
ithout knowing where the dominant energy input comes from, we 

hoose to keep the floor constant throughout our simulations. 
MNRAS 518, 5215–5235 (2023) 

art/stac3426_f7.eps


5224 F. Jennings et al. 

M

Figure 8. The normalized cold gas mass fraction for variations of HD0.1 
run with different cooling floor temperatures T fl. They are compared to our 
flagship run HD0.1 , which has an ef fecti ve temperature floor of T fl = 10 K. 
Trends are non-linear, with cold gas mass growth the fastest for both high 
( T fl ≥ 10 5 K) and low ( T fl ≤ 10 3 K) cooling floors, but suppressed for 10 3 < 

T fl < 10 5 K. 

Figure 9. The normalized warm gas mass fraction for each variant of 
HD0.1 run with different cooling floor temperatures T fl. Lower cooling floors 
produce more warm mass in the temperature range 10 3 ≤ T fl < 10 5.5 K, but 
significantly lower cooling floors again reduce the warm gas mass. 
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mass of the most massive clump as a function of initial cloud mass (bottom 

panel) for variations of the HD0.1 run with different T fl. In general, higher 
minimum temperatures lead to less fragmentation and a more stable main 
clump but the evolution is not linear with T fl. 
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In the simulations presented here, we test the impact of such
mall-scale heating and feedback processes, as well as the heating
ffects of a radiation background within the cluster, by varying
he cooling floor, i.e. the minimum temperature that gas can reach
hrough radiative cooling. The implicit assumption is that at this
emperature, the energy losses from radiative cooling match the
ombined heating effects of the processes we do not explicitly model.
o test the robustness of our general results against this choice of
ooling floor, we select one simulation ( HD0.1 ) to be repeated with
 variety of cooling floor temperatures T fl. These runs are detailed in
able 1 . 
We find that clouds grow for all choices of cooling floor tested

ere. During the initial cloud disruption phase ( t < 0.5 t cc ), a higher
ooling floor produces less cold gas (Fig. 8 ) and more warm gas
Fig. 9 ). The cloud with a cooling floor at 3 × 10 5 K hardly shrinks
n radius during t < t cc , as the initial cooling and resulting loss of
ressure is strongly reduced, while clouds with lower cooling floors
ontract significantly as can be seen in the images in Fig. 5 for our
ducial HD0.1 run. 
Beyond 1 t cc , the evolution becomes more complex. There is a

eneral trend for higher cooling floors to produce more cold gas for
.5 t cc < t < 4 t cc , while for lower cooling floors the cold gas mass
ncrease is lower initially but then accelerates after several crushing
imes. The lower the cooling floor, the faster the turn-up occurs,
NRAS 518, 5215–5235 (2023) 
ut results converge for minimum temperatures of T fl ≤ 10 3 K. As a
esult of this speed-up in condensation for low values of T fl, by 5 t cc ,
he highest and lowest T fl have a similar amount of total cold gas

ass, while the intermediate-floor runs have a smaller amount. 
The evolution in warm gas mass, shown in Fig. 9 , is similarly non-

inear. Again the early evolution is directly dependent on the cooling
oor temperature T fl, with lower T fl producing less warm gas for t
 t cc . For later times, the long-term evolution of the total warm gas
ass M w is generally a function of T fl, with higher T fl producing less
 w . The outlier to this trend is HD0.1 F5.0 , which despite having

he second highest T fl produces a similar amount of M w as runs with
 fl ≤ 10 3 . 5 K. 
This somewhat complex behaviour in the warm phase is due to

ow cloud shattering proceeds for each simulation. As can be seen in
ig. 10 , the cloud evolution changes fundamentally with increasing
 fl. For low values of T fl we see an evolution very similar to that
hown for HD0.1 in Fig. 5 : the original cloud shrinks rapidly very
arly on as it loses pressure support, and breaks up into a large
umber of individual clumps. During this time, the total cold gas
ass increases, but the mass of the most massive clump M mm 

actually
educes o v er time as shattering progresses. This occurs within half a
rushing time-scale and produces small clumplet fragments, which
nteract with the wind o v er the next few crushing times to produce
ndividual, but often connected, w ak es of warm gas. This process has
een found recently in other studies too, notably by McCourt et al.
 2018 ) and Gronke & Oh ( 2020b ), though Jennings & Li ( 2021 ) note
hat it is still uncertain as to whether fragmentation is shock induced
ue to the Richtmyer–Meshkov instability (Meshkov 1972 ), or if
ome other process is at play, such as pressure interactions between
wo neighbouring clouds. 

For higher T fl, the shattering is less strong and the number of
ndividual clumps remains much lower. This produces less mixed gas
efore 0.5 t cc as a result of hot gas not being pulled violently into a
ixing layer by the pressure gradients during the collapse. In general,

igher T fl means a more intact main clump with a higher mass (see
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Figure 11. The root-mean-square velocity of the cold gas against the growth 
rate of the cold cloud, normalized to the total cold mass in the box at the 
present time for each data point, in units of t −1 

cc , for our three hydro runs. The 
initial collapse and shattering phase is not included. Note that the mean-square 
velocity of the cloud relative to its initial zero velocity is plotted, and that the 
wind velocity sits at 200 km s −1 . The mass-normalized growth rate reduces 
as the cloud becomes comoving in the wind, indicating that the mixing is 
largely Kelvin–Helmholtz instability driven and that the rate of condensation 
onto the cloud reduces as the cloud decelerates and the Kelvin–Helmholtz 
mixing becomes less ef fecti ve. 
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volution of the mass of the most massive clump, M mm 

, in Fig. 10 ).
or the highest values of T fl tested here, the main clump remains intact
nd actually grows in mass o v er time. The cooling floor temperature
as such an important impact because the initial cooling of the cloud,
nce placed in the ICM, occurs rapidly enough that it is essentially
sochoric, which means that the pressure gradient produced at the 
oundary is linearly proportional to the value of the temperature 
oor where the cloud settles, and so there is a range of orders of
agnitude between the forces these clumps experience across runs. 
e also note that the number of clumps after the initial ablation event

s closely linked to l cloudlet shown in Fig. 1 : runs with T fl corresponding
o maxima of l cloudlet (e.g. HD0.1 F5.5 or HD0.1 F4.0 ) have less
lumps early on than those corresponding to local minima (such as
D0.1 F4.5 or HD0.1 F5.0 ). 
After reaching an initial equilibrium, the clouds at the higher tem- 

erature floor tend initially to ablate more than mix, with clumplets 
reaking or shredding off from the main clump, increasing the 
f fecti ve mixing surface, and generating mixed gas at the boundary
ayer. This is perhaps a more traditional cloud-crushing scenario, and 
ne that approaches the behaviour in the no-cooling limit case. Mixed 
as does condense to form new cold gas, but the physical extent of
he w ak e at very high temperature floors appears to be suppressed,
nd there is a larger consolidated ‘head’ of the cloud that remains in
he wind. 

The amount of ablation and shattering is directly related to the 
mount of warm gas produced, as can be seen by studying the outlier
imulation HD0.1 F5.0 , which produces many more individual 
lumps around 1.5 t cc than either HD0.1 F5.5 or HD0.1 F4.5 .
his early ablation event is also the exact point in time when the
arm gas mass M w for this simulation increased significantly in 
ig. 9 . 
We conclude that internal heating mechanisms could play an im- 

ortant role in the long-term evolution of cold clouds by suppressing
blation and shattering, and allowing the main cloud to survive for
onger. Ho we ver, in a cluster environment, mixing at the cloud surface 
emains suf ficiently ef ficient that e ven with reduced shattering clouds
row in mass o v er time, albeit slower than those that originally, were
riginally mixed more efficiently into the warm phase. 

.1.4 Kelvin–Helmholtz versus pr essur e gradients 

he generation of a mixed phase at the boundary layer of the cloud is
he key process that drives the evolution and long-term growth of the
louds via condensation in our simulations. Gronke & Oh ( 2020a ),
ho find robust cloud growth in a galactic setting, argue that rapid

ooling can generate pressure gradients large enough that mixing in 
he boundary layer is dominated by pressure-driven mixing rather 
han by Kelvin–Helmholtz processes in the shear layer. If pressure 

ixing dominates, the cooling rate directly determines the growth 
ate of the cloud, and growth continues even when the cloud is almost
omoving. 

To understand how mixing proceeds in our simulations, we plot 
he growth rate of the cold gas fraction normalized to the current cold

ass Ṁ c /M c against the velocity of the cloud (which is initially at
est in the simulation frame) in Fig. 11 . Note that ‘cloud’ refers to
he entire w ak e of mix ed gas, not the most massiv e remnant of the
riginal cloud. As can be seen in Fig. 10 , the most massive clump
oses mass o v er time, and therefore has a negative growth rate, while
he cloud has positive growth rate as the total gas mass increases
 v er time. Random motions not along the axis of flow are included
n this root-mean-square velocity, since this velocity dispersion can 
till contribute to instability mixing, although in practice the velocity 
agnitudes are in general small compared to the bulk flow. (This can

e seen by only a small excess velocity of the gas in the approximately
omoving state reached by HD1.0 and HD10 .) 

We find that though the total cloud growth rate continues to
ncrease with time as the cloud becomes approximately comoving 
ith the wind, the normalized rate – which takes into account the fact

hat at later times the cloud is larger and has a greater mixing area –
educes. F or e xample, when the o v erall cloud reaches approximately
omoving status, the normalized growth rate is around 5 –10 per cent
he value at a relative velocity of 170 km s −1 . This supports the
rgument that the condensation and cloud growth is driven by Kelvin–
elmholtz mixing, which acts to a lesser extent when the cloud

lo ws do wn relati ve to the wind, rather than the pressure mixing. In
he growth rate of the warm fraction (not shown), we see a similar
ecline as the cloud becomes comoving, but a peak in growth rate
etween 75 and 100 km s −1 ; most likely this corresponds to the point
here the cold gas area becomes completely co v ered in a warm
ixing layer. 
In clusters this slowing down occurs due to both the ram pressure

xperienced by the cloud gas as it punches through the ICM, and
lso due to the gravitational effect of the cloud climbing out of the
entral potential in the cluster. The cloud can also slow down/become 
ntrained due to cooling gas imparting momentum to the cloud as it
ondenses. Treating this case as an inelastic collision and conserving 
omentum, the approximate velocity relative to the wind at a given

ime will be 
v( t) 
v wind 

≈ m cl , 0 
m cl ( t) 

(Gronke & Oh 2018 ). 

.2 Magnetic fields and cloud growth 

bservational studies of galaxy clusters using fast radio burst (FRB)
robes (e.g. Prochaska et al. 2019 ) and rotation measures (e.g. Farnes
t al. 2017 ; Malik, Chand & Seshadri 2020 ) have shown that the
CM is magnetized with a field strength of about 2 μG. Ho we ver,
eld strengths in the centres of cluster cooling flows may be an
rder of magnitude higher (see Carilli & Taylor 2002 ), and recent
bservations of the Smith cloud (a high velocity cloud around 3 kpc
elow the galactic plane of the Milky Way with a size and temperature 
omparable to our simulated clouds) by Hill et al. ( 2013 ) and Betti
MNRAS 518, 5215–5235 (2023) 
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t al. ( 2019 ) gi ve lo wer bounds on the peak line-of-sight field strength
f 8 and 5 μG, respectively. Magnetic fields have long been assumed
o be dynamically unimportant in the cloud-crushing problem, with
he magnetic pressure often orders of magnitude lower than the
hermal pressure. Ho we ver, with mixing being recognized as the
ominant mechanism for cloud evolution, more and more simulations
f the CGM and ICM have begun to consider their effect in recent
ears. Such simulations have shown that magnetic fields can help
revent shredding by stabilizing perturbation modes aligned with
he field (via draping, see e.g. Mac Low et al. 1994 ; McCourt et al.
015 ; Sparre et al. 2020 ), and by establishing anisotropic thermal
onduction (e.g. McCourt et al. 2012 ; Jennings & Li 2021 ), with
raping then able to suppress conduction across the boundary layer
Dursi & Pfrommer 2008 ). 

In this section, we investigate how magnetic fields of different
trengths and orientations influence the evolution of cold clouds
s they travel through the hot ICM. The additional impact of
hermal conduction will be studied in Section 4.3 . Magnetic fields
f initial strength B were initialized in one of two configurations:
ither aligned (‘parallel’) with the direction of flow, or normal
‘perpendicular’) to the direction of flow. We test three different
eld strengths, with detailed information on parameter choices for
agnetized simulations given in Table 2 . All simulations presented

n this section and the next are magnetized variations of the HD10
imulation. 

As can be seen in Fig. 12 , magnetic fields have a significant impact
n the morphology of cold clouds and their w ak e o v er time, but not
nough impact to prevent the growth of the cold cloud mass (see
ig. 13 ). In comparison to the reference simulation HD10 , mass
ro wth is slo wer for all magnetic field strengths tested here, and
his suppression is greater for stronger magnetic fields irrespective
f the initial field configuration. The warm gas mass fraction is
imilarly suppressed, as shown in Fig. 14 , with initially stronger
agnetic fields leading to less warm gas mass. Interestingly, the

rend in mass growth is not reversed between the warm and cold gas
hases like it is for the simulations of clouds with different density
see Section 4.1.2 ), where the clouds that grow fastest in cold gas
ass tended to generate the least warm gas. 
We also see a distinct difference in cloud evolution between the

wo magnetic field configurations tested here, with the perpendicular
eld suppressing mixing and allowing for more efficient cooling at all
eld strengths tested than the equi v alent runs with initially aligned
elds to the flow. For our highest field strength (5 μG), there is a
ifference of approximately 8 per cent in the cold gas mass and a
ifference in the warm fraction of approximately 53 per cent at 3 t cc 

etween the normal and aligned configurations. For a 1 μG field
hese differences are larger at 3 t cc , at 110 per cent and 238 per cent
n the cold and warm fractions, respectively. Under the assumption
hat mixing is driven by the Kelvin–Helmholtz instability, such as
n the analytical solution by Chandrasekhar ( 1961 ), this trend is
urprising. If mixing is instability driven, a magnetic field with field
ines parallel to the fluid flow should stabilize the Kelvin–Helmholtz
nstabilities and slow the growth rate of unstable modes, with larger
eld strengths providing greater stabilizing action. This is due to the
agnetic tension force resisting the bending of field lines. 
To explain the trends in the warm gas reported here, it is necessary

o instead consider the morphology of the cloud and the topology
f the field lines that result from the two initial field set-ups. The
mpact of magnetic fields on the warm gas in particular can be seen
isually in Fig. 12 , which shows that at fixed field strength, the
ligned configuration produces a significantly more extended w ak e
han the normal configuration. This trend is confirmed in Fig. 15 that
NRAS 518, 5215–5235 (2023) 
hows that at fixed field strength, there are fewer individual fragments
ownstream in the w ak e than for magnetic fields perpendicular to the
ow. As discussed in Section 4.1.3 , a more extended w ak e and greater
ragmentation leads to a greater surface area of interface between the
old and hot gas, which increases mixing and production of the warm
hase. This, in turn, drives increased condensation. 
There are several mechanisms suppressing the w ak e in the

erpendicular field configuration. First, there is a strong magnetic
raping effect taking place near the head/s of the clump/s, such as
hat described by Dursi & Pfrommer ( 2008 ) and more recently by
parre et al. ( 2020 ). As the clump mo v es through the hot ICM, it
sweeps up’ magnetic field lines, which become pinched together
ear the head of the cloud. Dursi & Pfrommer ( 2008 ) find that the
agnetic tension associated with this draped layer can dominate
 v er hydrodynamic drag forces in slowing the clump down and
educing fragmentation. Draping of the field does not happen as
ignificantly in the case where the magnetic field is parallel to the
ow velocity, since the cloud material can slip along with the field

ines. In our case, magnetic draping is present at the head of the cloud,
s can be seen by the increased field magnitude at the head of the
lumps in the perpendicular field configuration in Fig. 12 . Perhaps
he most important draping ef fect ho we ver is the suppression of
elvin–Helmholtz instabilities when the field is tangled, which is
ot as pronounced if the field is uniform. This is due to a draping
ayer that suppresses Kelvin–Helmholtz instabilities (Sparre et al.
020 ), which is more ef fecti ve in a tangled-field scenario because
n a uniformly magnetized wind the instabilities are suppressed only
long the axis that is parallel to the field orientation, rather than along
ll axes. 

The second process acts on the w ak e behind the clump. As can be
een in the line-integral convolutions that trace the magnetic field
irection in Fig. 12 , the field morphology in the w ak e depends
trongly on the initial magnetic field topology. For an initially parallel
eld, the magnetic field wraps around the cloud and w ak e, and a
eld configuration that is mostly parallel to the flow is maintained.
n the perpendicular case, ho we ver, the field becomes very turbulent
ownstream of the w ak e. This tangling of the field lines creates
agnetic tension, which prevents the w ak e from elongating as

fficiently in the perpendicular field case, due to the Lorentz force
n the plasma in this region. This effect is probably enhanced by
he suppression of mixing instabilities by draping, with less clumpy
aterial then being swept downstream in the w ak e. 
To quantify this non-uniformity of the field in the w ak e and

ompare between the aligned and perpendicular field configurations,
e plot the average curl of the magnetic field in non-wind ( < 10 8 

) fluid in Fig. 16 . We find that the perpendicular field al w ays has
 higher mass-weighted average of the magnitude of the B -field curl
han the parallel field case in the mixed gas, by up to a factor of a few.
his trend persists at later times as the value of the curl converges. 
As discussed in Section 4.1.4 , mixing in our simulations is

rimarily driven by Kelvin–Helmholtz instability, but there is still
ome growth in the cold phase even when the cloud is approximately
omoving, which is likely due to the pressure-driven effects. With an
nitial plasma β = 10 3 –10 4.5 ( β = 2 P th / B 

2 , where P th is the thermal
ressure and B 

2 /2 is the magnetic pressure), magnetic pressure effects
re negligible in the hot wind but β naturally decreases as the gas
ools until β < 1 in the cold clumps (see Fig. 17 ). The relative
trength of magnetic pressure at a given temperature depends on the
eld configuration. Originally perpendicular fields produce a much
ider range of β values at a given temperature in comparison to

ligned fields. Ho we ver, for all simulations tested here, much of
he warm gas remains on average dominated by thermal pressure
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Figure 12. The density-weighted projected number density (top panel), and the magnetic field magnitude in a slice of the simulation box for the six MHD only 
runs. On the lower panels the line integral convolution is plotted to give an idea of the orientation of the magnetic field at each region. One can clearly see that 
if the field is normal to the flow then the field lines drape more around the head of the cloud, and become more non-uniform in the w ak e. Also, compared to the 
no MHD simulations at a similar time (see e.g. Fig. 5 for comparison, though recall that the initial densities are 100 times smaller in the pure hydro plot), the 
amount of dense, cold gas present is highly suppressed, with higher B field leading to more suppression. 
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 < log ( β) > � 0). The presence of magnetic fields, therefore, does
ot prevent the pressure-gradient-driven mixing of warm gas into 
old gas, and at best merely slows the process down. Interestingly, 
he minimum β as a function of temperature is the same for both
imulations, but MHD 3N has a much higher maximum β than gas
f the same temperature in MHD 3A . As a result, all cold clumps
re magnetically dominated for MHD 3A , while some cold clumps
emain thermal pressure dominated for MHD 3N . 
MNRAS 518, 5215–5235 (2023) 
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Figure 13. Time evolution of the normalized cold gas mass fraction for six 
magnetized variations of the HD10 simulation, as well as the corresponding 
hydrodynamical run. Even a weak field suppresses cloud growth, with 
suppression being stronger for higher field strengths. Magnetic fields initially 
perpendicular to the flow seem to be more ef fecti ve at stunting the cloud 
growth than initially parallel fields, by a larger factor in the 1 μG case and 
to a lesser extent for stronger field strengths. Note for that for this plot, and 
all following magnetic field run mass/curl plots, only every fifth data point is 
shown for clarity. 

Figure 14. Time evolution of the normalized warm gas mass fraction for six 
magnetized variations of the HD10 simulation. Magnetic fields reduce the 
amount of warm gas by up to two orders of magnitude o v er a few crushing 
time-scales for the range of field strengths tested here. Reduction in the warm 

gas mass is more pronounced for the simulations where magnetic field lines 
are initially normal to the flow. 

Figure 15. Time evolution of the number of clumps (top) for six simulations 
with different magnetic field orientations and magnetic field strengths of 
the HD10 simulation. Higher magnetic field strengths, and fields initially 
orientated normal to the direction of flow, lead to less fragmentation. 

Figure 16. The average value of the curl of the magnetic field (mass- 
weighted) for all ‘non-hot’ gas (i.e. all gas below the wind temperature). 
The perpendicular field configuration tends to have a larger value of the curl 
after the early cloud collapse than the parallel field equi v alent. 

Figure 17. Distribution of plasma β versus temperature for all magnetized 
simulations at t = 2.6 t cc . Solid (dashed) lines mark the upper 90th percentile 
of the distribution at a given temperature for all runs with initially parallel 
(perpendicular) magnetic fields, while dotted lines mark the lower 10th 
percentile. The shaded regions highlight the range of values for MHD 3N and 
MHD 3A , respectively. Except in the range 10 5 < T < 10 6 K, lower limits for 
MHD 3N and MHD 3A are v ery similar. F or runs with an initially perpendicular 
magnetic field, magnetic pressure support dominates for cold gas, while for 
initially aligned field the distribution is much wider. 
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NRAS 518, 5215–5235 (2023) 
.3 Thermal conduction 

n the presence of strong temperature gradients, such as those
een in and around cold clumps in the intracluster environment,
ree electrons transport heat parallel to the magnetic field lines
Cowie & McKee 1977 ). This anisotropic thermal conduction is
xpected to smooth temperature, pressure, and density gradients in
ultiphase systems (Vieser & Hensler 2007 ). For sufficiently high
eld strengths, it will also suppress orthogonal instabilities (e.g.
arrish et al. 2012 ) as momentum and conductive heat transfer can
e restricted almost e xclusiv ely to paths along field lines. As well as
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Figure 18. Time evolution of the normalized cold fraction for cold clouds 
simulated with magnetic fields and thermal conduction. Isotropic thermal 
conduction causes clouds to e v aporate in the hot wind, while anisotropic 
thermal conduction is insufficient to prevent their growth. Note that the growth 
rate for MHD runs is slow within the first t cc , hence the linear scale on the 
vertical axis. 

s
t
t  

l

i
p
u
fi
S
t  

s
r
c  

i
c
w

 

c
w  

c  

t  

s  

c
t  

t  

a  

g  

c  

o  

2  

t  

m  

t
c  

t

f  

f  

F  

p
i  

h  

Figure 19. The normalized warm mass fraction for all simulations with mag- 
netic fields and thermal conduction. Both isotropic and anisotropic thermal 
conduction increase the amount of warm gas in comparison to simulations 
without conduction. This effect is generally stronger for anisotropic than 
isotropic thermal conduction. 
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tabilizing instabilities and thus reducing the proportion of the gas in 
he catastrophically cooling warm phase, conduction has the potential 
o directly slo w do wn the cloud growth by offsetting radiative cooling
osses with energy transferred from the surrounding hot medium. 

Anisotropic conduction is computationally e xpensiv e to model 
n simulations and for this reason has frequently been omitted in 
revious work on the cloud-crushing problem, or approximated 
sing analytic assumptions based on the morphology of the magnetic 
eld, which translates to a numerical ‘fudge factor’ in the classical 
pitzer formula (Spitzer 1962 ). In this paper, we explicitly model 

he conduction within RAMSES as part of our full MHD set-up. All
imulations with conduction are detailed in Table 2 , and include 
uns with either isotropic (post-fixed with X i ) and anisotropic 
onduction ( X a ). For each type of conduction we test a strong, an
ntermediate, and a weak field in both the perpendicular and aligned 
onfiguration. We shall continue referring to the magnetized runs 
ithout conduction as ‘MHD’ runs. 
The clearest impact of conduction is seen in the cold gas, where

loud evolution separates into two very distinct modes depending on 
hether the conduction is isotropic or not (see Fig. 18 ): isotropic

onduction causes the cold gas mass to decrease o v er time, similarly
o but more slowly than what is observed in the non-cooling runs
hown in Fig. 3 . For all runs with isotropic conduction, the hot ICM
an supply sufficient thermal energy to offset cooling and prevent 
he formation of new cold gas from the mixed phase. The peak in
he condensed mass just after 0.15 t cc (where the cold mass losses
re briefly almost nullified) is likely due to the high fraction of warm
as formed within 0.1 t cc , which may manage to condense some
old gas before the warm fraction drops after 0.2 t cc . From there
n, the cold mass is reduced by around 1 per cent by 0.4 t cc and by
 –3 per cent by 0.8 t cc . This mass-loss rate is around 10 times slower
han the non-cooling run of the same density, HD10 nc whose cold

ass is reduced by 30 per cent by 0.9 t cc . We conclude that isotropic
hermal conduction is able to offset radiative cooling in and around 
old clouds in galaxy clusters and to prevent their growth on long
ime-scales. 

As expected, conduction acts to generally increase the warm gas 
raction compared to the MHD runs, due to its ability to transfer heat
rom the background hot wind to the mixed phase. This is shown in
ig. 19 . This warm gas can no longer be classified as a pure ‘mixed’
hase, as heat is now allowed to flow along temperature gradients, 
.e. warm gas is now also generated through the heat flux from the
ot ICM into the cold cloud fluid. As a result, more warm gas is
reated early on, up to ∼100 times the amount seen in simulations
ithout conduction at 0.1 t cc , since conduction time-scales are shorter 

han the dynamical mixing time-scales. The conduction runs produce 
ore warm gas than any of the purely hydrodynamical or MHD runs.
 or e xample MHD 1N a and MHD 1N i produce 13 and 37 times as
uch warm gas, respectively, as MHD 1N at 0.6 t cc . 
The influence of thermal conduction on both the amount of cold

nd warm gas can be clearly seen in Fig. 20 , with isotropic conduction
roducing significantly wider w ak es than anisotropic conduction. 
hile the remaining cloud stays very compact in the isotropic 

onduction phase, any material ablated is mixed into a wide, turbulent 
 ak e that is quickly heated to hot gas temperatures. By contrast, in

he anisotropic case, w ak es remain much narrower and the ablation
f diffuse material from the back of cloud produces the warm gas
een here. 

For all anisotropic cases we see evolution more in line with the
ther simulations presented in this paper: clouds grow in mass o v er
ime, as can be seen in more detail in Fig. 21 . Apart from an early
oost in cold gas mass for the cases with an aligned magnetic field,
he growth rate of cold gas in the presence of anisotropic conduction
s reduced in comparison to the equi v alent non-conducting runs. The
mpact of anisotropic thermal conduction on both the cold and the
arm phase can be understood in the context of the length scales of

onduction in and around cold clouds. Following section 3.1 of Li
t al. ( 2020 ), the heat precursor in the hot phase is λe � 100 pc. The
kin depth of heat conduction in the cloud is λskin = λe /χ � 1 pc. As
 result, the thermal conduction has no direct effect on the cold cloud
such as suppressing Kelvin–Helmholtz instabilities or reheating cold 
as to the warm phase), but it warms up the mixing layer on a 100 pc
cale. This leads to the increased amount of warm gas observed here,
ut also explains why this warm gas cools more slowly into cold gas.
ote that the effect of thermal conduction is directly proportional 

o density of the cloud. For clouds with χ < 100 the skin depth
ill quickly increase, and thermal conduction should have a very 

ignificant effect on the cloud structure and the number of cloudlets.
To understand the early boost in cold gas mass for aligned magnetic

elds in the presence of anisotropic thermal conduction (compare 
HD 1A a to MHD 1A and MHD 1N a in Fig. 21 ), one needs to look

n detail at where anisotropic conduction extracts the energy from 

he hot wind. As can be seen visually in Fig. 22 , in the aligned case
 MHD 1A a ), thermal energy is extracted upstream of the cloud as it
o ws do wn the magnetic field lines. This creates a cooler plume of
as ahead of the cloud, which, due to the loss of thermal pressure,
MNRAS 518, 5215–5235 (2023) 
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Figure 20. The density-weighted magnetic curl projection (top panel) and magnetic field magnitude slice (bottom panel) for the eight MHD runs with thermal 
conduction, as well as four corresponding non-conduction MHD runs. The orientation of the magnetic field lines is shown via the line integral convolution. 
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lso becomes somewhat denser. Because of the flow direction, this
as then impact the mixing layer of the cloud, where the early
ooling at t < 0 . 2 t cc occurs. With a perpendicular magnetic field
 MHD 1N a in Fig. 22 ), a similar plume forms next to the cloud but
ue to its location, the plume in this case flows downstream without
NRAS 518, 5215–5235 (2023) 
nteracting further with the cloud. For this reason, the cloud in the
ligned case is fed by pre-cooled, denser gas early on which reduces
he cooling times in the mixing layer. By contrast, the cloud in a
erpendicular field configuration is fed by pristine wind gas, like
n the non-conducting case. As a result, clouds in an aligned field
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Figure 21. Time evolution of the normalized cold fraction for all cold clouds 
that grow in Fig. 18 . Anisotropic conduction makes little difference to the 
evolution of the cloud for a magnetic field that is normal to the direction of 
flow, but boosts the growth of cold gas for an initially aligned magnetic field. 

Figure 22. Slice plot of the temperature in MHD 1N a (left) and MHD 1A a 
(right) at t = 0 . 18 t cc . Limits were chosen to highlight the structure of the 
plume pre-cooled by thermal conduction. 
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Figure 23. Time it takes for clouds to increase (or decrease, in the case 
of no-cooling or isotropic conduction) their cold gas mass by 1 per cent , 
5 per cent , 10 per cent , and 50 per cent . Where necessary, the time was lin- 
early interpolated between existing simulation outputs. All MHD simulations 
are variants of HD10 . General trends that have been described in detail in 
previous sections stemming from the effects of magnetic fields, various cloud 
densities, and differing temperature floors can be easily seen. The x -axis 
is logarithmic up to t / t cc = 10 −0.5 and linear thereafter. The vertical black 
markers show the final time reached for each run. 
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onfiguration grow faster. We expect this early boost to cold gas 
ass to be almost entirely restricted to magnetic fields parallel to the
ow. In most other configurations, magnetic field lines will quickly 
rape o v er the cloud (see Sparre et al. 2020 , for a careful study of
raping), suppressing conduction at the surface and maintaining large 
emperature gradients with reduced ‘mixing’. Heat transport would 
lso be restricted to chaotic paths in the tangled field, which may
urther reduce the efficiency of heat transfer and the mass fraction of
he warm phase. 

From our simulations with thermal conduction, it is clear that 
onduction adds significant complexity to the problem of cloud 
rowth; on one hand, heat conduction from the wind to the boundary
ayer increases the warm fraction, which, in turn, can increase the 
rowth depending on where the pre-cooled gas is located. Conversely, 
he same conduction channel can supply heat from the wind to 
his warm fraction (whether generated by conduction or Kelvin–
elmholtz mixing), and help to offset radiative losses, increasing the 

ooling time-scale and consequently decreasing the condensation 
ate. Ho we ver, we find that with anisotropic thermal conduction, 
nd a range of different magnetic field morphologies, cold clouds 
n the hot ICM continue to grow, albeit more slowly than in the
on-magnetic case. 
We do note that the magnetic field and conduction runs are very

omputationally e xpensiv e, and as such we are only able to push
hem to a few crushing times at most. This may mean that we miss
mportant late-stage evolution while the cloud is entrained, which 
ould be different to the early stage evolution where the cloud is
ainly being mixed and accelerated and generates a ‘tail’ (see e.g. 
rønnow, Tepper-Garc ́ıa & Bland-Hawthorn 2018 ; Gronke & Oh 
020a ; Kanjilal et al. 2021 ). This entrainment phase usually starts
ater for clouds in magnetic fields, and begins after multiple t cc ,
ossibly beyond the time we are able to simulate for our clouds.
e therefore advise that while our results apply to the initial stages

f cloud growth, without simulations able to follow the late-time 
volution of magnetic field and conduction runs one should be 
autious to apply the same findings to the latter stages of cloud
volution. 

 DI SCUSSI ON  A N D  C O N C L U S I O N S  

n this work, we have performed high-resolution simulations of 
00 pc-scale cold clouds in a hot ICM environment. We have
radually introduced an increasingly more complex physical picture, 
y including radiative cooling, small-scale reheating, magnetic fields 
ith different topologies and strengths, and (anisotropic) thermal 

onduction, and investigated the impact of each individually, with 
he aim of better understanding the evolution of cold gas within a
luster environment. 

Using a set of cloud parameters typical of fragmented filaments 
n the realistic hot ICM, we confirm that radiative cooling is the
ominant physical process that determines the continued evolution 
f clouds on tens of Myr time-scales. Except for those simulations
ith deliberately unphysical models (no cooling or isotropic thermal 

onduction), our cold cloud grows in mass for all parameters probed
ere. Ho we ver, as can be seen in Fig. 23 , how fast the cold cloud mass
rows is strongly a function of the detailed physics being modelled.
he same is true for the warm gas mass, as summarized in Fig. 24 .
pecifically our findings are as follows. 

(i) The presence of radiative cooling breaks the scale-free nature 
f the cloud-crushing problem, by introducing an additional charac- 
eristic time-scale that depends on cloud density, temperature, and 
etallicity. 
MNRAS 518, 5215–5235 (2023) 
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Figure 24. Time it takes for clouds to increase (or decrease, in the case 
of no-cooling or isotropic conduction) their warm gas mass by 1 per cent , 
5 per cent , 10 per cent , and 50 per cent . Where necessary, the time was 
linearly interpolated between existing simulation outputs. The bottom axis 
is logarithmic up to t / t cc = 10 −0.5 and linear thereafter. The vertical black 
markers show the final time reached for each run. 
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(ii) Because of radiative cooling in the warm phase, cold clouds
an significantly increase their mass on cloud-crushing time-scales,
s the dynamical generation of the warm phase via Kelvin–Helmholtz
nstabilities is the limiting factor for growth. We find a drop-off in
loud growth as the cloud starts to become comoving with the wind,
s mixing is driven mainly by Kelvin–Helmholtz instabilities rather
han pressure gradients induced by cooling. 

(iii) As expected, initially denser clouds show faster mass growth
ue to the more rapid condensation of gas from the warm to the cold
hase. Lower density clouds form lower density fragments post-
hattering, and this results in greater mixing of cold gas into a warm
hase. 
(iv) The exact minimum temperature to which the cloud can cool

the temperature floor) splits the cloud evolution into two modes,
hich we link to theoretical predictions of post-shattering clump

ength scales: abo v e a certain temperature ( ∼10 4 K) the cloud
blates in the wind, with clumplets being formed dynamically and a
ignificant cloud ‘head’ retained. Instead for low-temperature cool-
ng, the cloud shatters due to cooling-induced pressure instability,
orming many fragments, and takes more time to start generating
arm gas. We therefore conclude that care must be taken to model

ow-temperature cloud cooling, which should be ideally tuned to
bservations and/or well-motivated models of subcloud heating. 
(v) Adding magnetic fields has little impact on the early evolution

f the cold cloud mass but significantly reduces the amount of warm
as in the w ak e. This is due to the fact that magnetic fields suppress
he mixing of gas in the w ak e of the cloud that occurs even for the
eakest B -fields explored here (1 μG). Higher B -field strengths are
ost efficient at suppressing cold cloud mass growth and the amount

f warm phase. 
(vi) The combined effects of magnetic pressure and magnetic

ension act to keep the hot and cold/warm phases separate at the
oundary layer and reduce the mixing efficiency of the Kelvin–
elmholtz instabilities. Interestingly, the suppression of cloud
rowth is most pronounced for the field line configuration that is
NRAS 518, 5215–5235 (2023) 
nitially perpendicular to the wind. This stems from the fact that
hese B -fields drape around the head of the cloud, increasing their
tabilizing effect in the surface layer. Also, the wake region becomes
ighly disordered, which reduces the ef fecti ve surface area of the
loud relative to the case where the B -fields are initially aligned with
he flow. 

(vii) If isotropic, thermal conduction can deposit sufficient heat
rom the hot ICM into the cold and warm phases to prevent gains in
he cold mass. In this case, the cloud e volution follo ws a destruction

ode evolution that more closely resembles the traditional no-
ooling cloud-crushing solution, although at a rate around an order
f magnitude slower. 
(viii) If the conduction is anisotropic the cloud instead grows sim-

larly to the non-conduction hydrodynamic and MHD runs because
he efficiency of heat transport via electrons is greatly reduced. The
CM is then unable to efficiently heat the cold cloud. Thermal losses
ia radiative cooling in the warm gas dominate again, albeit on a
lower time-scale than without conduction. 

(ix) This has important implications for both the ICM and other
nvironments: simulations that either do not include magnetic fields
r else do not explicitly model the conductive heat flux will not
ccurately account for changes to the heating efficiency caused by
he specific orientation of the magnetic field lines. The presence of a

agnetic field in any orientation, even if at the lower end of galaxy
luster v alues, will pre vent conduction from destroying cold clouds.

(x) Anisotropic thermal conduction can give early cold gas pro-
uction a boost, if the magnetic field is aligned with the flow.
therwise, the cold gas mass evolution behaves very similarly to

he non-conducting case. In both cases, the amount of warm gas is
ignificantly increased even in comparison to the non-conducting,
nd even the non-magnetic case, as warm gas is created both
hrough mixing and through hot gas that loses thermal energy though
onduction. 

In general, we find that both modes of evolution (whether ablation
rom the surface of the cloud, or shattering of the original cloud
nto smaller cloudlets) impact the long-term evolution of the total
old gas mass. Another important driver, not surprisingly, is the total
mount of warm gas produced in and around the cloud. This, in turn,
epends on the mixing efficiency in the w ak e of the cloud, as well as
n the efficiency of reheating such mixed gas via thermal conduction.
e conclude that adding magnetic fields and anisotropic thermal

onduction does not change the o v erall behaviour of cold clumps,
ut the rele v ant time-scales do change, as well as the morphology of
he mixed w ak e. 

The growth of the clouds and the further fragmentation of the
riginal parent clump may have important implications for the nature
f the cold clump accretion (Gaspari et al. 2013 ) onto the central
CG. The shattering and/or ablation of cold clouds, as well as the
rowth in the cold mass, could alter the evolution of the cluster
s a whole. Our results are also an important consideration when
ttempting to explain the so-called cooling flow problem, whereby
eedback processes from the central AGN in the galaxy cluster are
heorized to heat cold gas to observed levels, and prevent cooling
f hot gas. We find that the cold gas mass in our simulations can
row by a factor of 10 within a few 100 Myr (although other cluster
rocesses that we have not explicitly modelled would be expected
o also affect cloud evolution on these time-scales). Any proposed
eating mechanism within clusters should be able to explain the
bserved cooling times and gas temperatures whilst also taking this
xtra cold mass into account. 
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We note that the cluster parameter space is very large, and so
t is difficult in practice to build a wholly comprehensive picture 
f cloud evolution in these systems through simulations that co v er
he entire range of free parameters. Instead, we have presented 
etailed studies for a typical fragment as those seen in the cluster-
cale hydrodynamic simulations of Beckmann et al. ( 2019 ) and the
agnetized version of the same cluster discussed in Beckmann 

t al. ( 2022a , b ). F or our simulated cloud, we hav e found robust
eneral trends go v erning cloud evolution under increasingly comple x 
hysics, such as magnetic fields and thermal conduction, and have 
hown that even with magnetic fields and thermal conduction, the 
ontinued evolution of individual cold clouds cannot be ignored when 
tudying the cooling flow problem of galaxy clusters. 
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igure A1. Here we plot our fiducial HD0.1 against a no-wind version
D0.1 nw , for which the only difference is that the wind speed is set to
 km s −1 , such that the run models a clump that is initially stationary within
he ICM. No significant difference in the cold gas mass growth is seen in the
hattering-dominated time-scale � 0.5 t cc . Beyond this the wind contribution
o mixing starts to dominate and the no-wind run lags behind in mass growth.

PPENDI X  A :  RELATI VE  C O N T R I BU T I O N  O F  

HATTERI NG  VERSUS  W I N D  

o investigate the relative contributions to mixing and subsequent
old mass growth from shattering versus wind mixing, we run a
ersion of our flagship cloud HD0.1 with the cloud stationary, in
he no-wind run HD0.1 nw . As expected the mass growth rate post-
hattering is reduced in the absence of a wind, as the degree of
ixing via fluid instabilities is reduced. The mass growth rate during

hattering is similar, and this gives us a measure of the shattering
ime-scale where cloud collapse and shattering dominates o v er the
ontribution from the wind. From Fig. A1 we see that this shattering
ime-scale is approximately 0.5 t cc . 

PPENDI X  B:  C O N V E R G E N C E  

n this paper, we test a significant range of magnetic field strengths.
he computational expense becomes quite large for high-strength
elds, where the Alfv ́en velocity becomes large and the time-step
orrespondingly small, and also when conduction is modelled. A
ensible resolution must therefore be set to make our production
uns feasible. Here we w ould lik e to test the convergence of our key
esults when adopting different resolutions for one representative run.
he ‘resolution parameter’ that we use in RAMSES is the maximum

efinement level LEVEL MAX , which gives the number of refinements
e allow the grid to make. In a maximally refined grid there will
e 8 
 x − 1 leaf (terminal) cells, where 
 x ≡ LEVEL MAX . We test the
ame simulation MHD 1N (see Section 4.2 ) with a range of values
or LEVEL MAX in order to determine the convergence behaviour
f our simulations, whilst keeping the minimum refinement level
EVEL MIN , which sets the number of cells in the coarse grid,
onstant. The runs detailed here have a box size of (195 kpc) 3 , so the
aximum spatial resolution is 195/2 
 x − 1 . This is the same as for all

on-MHD runs performed in this paper. The MHD and conduction
uns have a box-size (303 kpc) 3 (and also used a LEVEL MIN value
f 6 as opposed to the value of 5 used for the hydro runs). We plot
he change in cold mass for a range of different maximal resolutions
elow with respect to the lowest resolution simulation (Fig. B1 ).
e find that for times less than 5 t cc there is less cold gas when

he resolution of the simulation is increased, ho we ver the trend is
eversed later on and we expect that our lower resolution simulations
re giving us a lower bound on the long-term growth of the cold
hase. 
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Figure B1. The change in cold mass against t cc for a range of different 
resolutions for the same simulation run MHD 1N , with respect to the minimum 

resolution run that has LEVEL MAX equal to 10. While there is an initial paucity 
of old gas at early times with a higher resolution, this is reversed at around 
5 t cc . This indicates that if the resolution were to be increased further, the 
gro wth ef fect we observe should be amplified e ven more. 
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