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A B S T R A C T 

Cloud–wind interactions are common in the interstellar and circumgalactic media. Many studies have used simulations of such 

interactions to investigate the effect of particular physical processes, but the impact of the choice of hydrodynamic solver 
has largely been o v erlooked. Here we study the cloud–wind interaction, also known as the ‘blob test’, using seven different 
hydrodynamic solvers: three fla v ours of SPH, a moving mesh, adaptive mesh refinement, and two meshless schemes. The 
evolution of masses in dense gas and intermediate-temperature gas, as well as the co v ering fraction of intermediate-temperature 
gas, are systematically compared for initial density contrasts of 10 and 100, and five numerical resolutions. To isolate the 
differences due to the hydrodynamic solvers, we use idealized non-radiative simulations without physical conduction. We find 

large differences between these methods. SPH methods show slower dispersal of the cloud, particularly for the higher density 

contrast, but faster convergence, especially for the lower density contrast. Predictions for the intermediate-temperature gas 
differ particularly strongly, also between non-SPH codes, and converge most slowly. We conclude that the hydrodynamical 
interaction between a dense cloud and a supersonic wind remains an unsolved problem. Studies aiming to understand the 
physics or observational signatures of cloud–wind interactions should test the robustness of their results by comparing different 
hydrodynamic solvers. 

Key words: hydrodynamics – instabilities – turbulence – ISM: clouds – Galaxy: kinematics and dynamics – galaxies: evolution. 
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 I N T RO D U C T I O N  

nteractions between cold, dense clouds moving at high velocity
hrough a hot and dilute medium are common in turbulent layers
ithin the circumgalactic medium (CGM) (Tumlinson, Peeples &
erk 2017 ). Such layers are hypothesized to originate in cold,

ense clouds finding themselves entrained in a hot, dilute flow.
uch a configuration could, for example, arise from a hot, feedback-
riven wind interacting with pre-existing or newly formed clouds,
r if gas clumps fall through a hot, hydrostatic halo. The turbulent,
ntermediate-temperature gas created when the cloud is stripped may
nd itself, under the right conditions, near the peak of the cooling
urve and can condense rapidly to the cold phase. This process allows
or the cloud’s total cold gas mass to grow (e.g. Gronke & Oh 2018 ,
020a ). 
The precise fractions of cold and intermediate-temperature gas

ormed in the cloud–wind interactions are crucial towards making
bservational predictions (e.g. Shelton, Kwak & Henley 2012 ;
e la Cruz, Schneider & Ostriker 2020 ). The robustness of these
redictions is not aided by the theoretical uncertainty about whether
louds fragment into a mist (McCourt et al. 2018 ) or whether a few
arge clouds contribute the bulk of gas flux (e.g. Vijayan et al. 2020 ;
ronke & Oh 2020b ). 
 E-mail: braspenning@strw .leidenuniv .nl 
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In the past few years, a tremendous amount of work has gone into
mproving the physical models included in simulations of cloud–
ind interactions to study the effects of magnetic fields (e.g. Sparre,
frommer & Vogelsberger 2019 ; Sparre, Pfrommer & Ehlert 2020 ),
onduction (e.g Armillotta et al. 2017 ; Kooij, Grønnow & Fraternali
021 ), rich multiple cloud systems (e.g. Banda-Barrag ́an et al. 2020 ,
021 ), and cosmic ray-driven winds (e.g. Br ̈uggen & Scannapieco
020 ). The fractions of cold gas as a function of time differ with the
pecific choice of model, but generalized analytical considerations
ave rise to criteria governing the long-term survi v al of the cold
loud (e.g. Li et al. 2020 ; Kanjilal, Dutta & Sharma 2021 ). An
ntuitively reasonable conclusion arose: if the gas cools faster than it
ets disrupted, the cloud will survive. While different authors would
gree on this general statement, the precise cloud survi v al criteria
hey obtain differ, and are in some cases mutually exclusive. We will
rgue that many of the differences could actually originate from the
ifferent hydrodynamic solvers used. 
When solving a hydrodynamic problem without an analytical

olution, such as the cloud–wind problem (also called the ‘blob
est’ in the h ydrodynamic literature), astroph ysicists have to rely on
umerical simulations. Though these simulations should, in princi-
le, all solve the same hydrodynamic equations, their methods differ
idely. The underlying assumption when comparing relatively small,

dealized simulations, such as those of the cloud–wind problem, is
hat the methods will produce the same result given a sufficiently high
esolution. This expectation is reasonable, since common methods
re all rigorously tested and are known to be well behaved. 
© 2023 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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Ho we ver, the cloud–wind interaction poses some unique chal- 
enges that can give rise to different problems for different methods. 
 or e xample, pressure-confined clouds with high density contrasts 
re particularly challenging for smooth particle hydrodynamic (SPH) 
ethods, whereas the symmetry inherent to the problem may pose 
 problem for grid methods. Furthermore, SPH and grid codes tend 
o, respectively, under- and overestimate the mixing rate of different 
as phases (Hopkins 2015 ). 

Notable work has been done specifically on the comparison 
etween SPH and grid methods (e.g. Agertz et al. 2007 ). Moti-
ated by those findings, many improvements have been made to 
PH methods to reduce spurious surface tension using artificial 
iffusion and conduction. As the cloud–wind interaction involves 
any phenomena for which no analytical solution is available, there 

as been a considerable effort to deconstruct it into simpler, better- 
nderstood constituent pieces. For example, extensive comparisons 
or the Kelvin–Helmholtz (KH) instability test using well-posed 
nitial conditions have shown that, when using higher order kernels, 
PH, grid, and spectral methods agree both in their resulting 
orphology and quantitati ve e volution (e.g. McNally, Lyra & Passy

012 ; Lecoanet et al. 2016 ; Tricco 2019 ). 
Moreo v er, new hydrodynamic methods have been adopted with 

he aim of bridging the gap between a static Eulerian grid and
agrangian SPH. Codes that have become widely used in astro- 
hysics are AREPO (Springel 2010 ) and GIZMO (Hopkins 2015 ). 
REPO uses Voronoi tiling to create cells around quasi-Lagrangian 
ell-generating points, with the goal of combining the flux ex- 
hange of grid methods with the conserv ati ve properties of SPH
ethods. The two GIZMO methods, meshless finite mass ( MFM )

nd meshless finite volume ( MFV ), in effect build on the Voronoi
rinciple by introducing smoothed boundaries between neighbour- 
ng cells, much like in SPH (Vila 1999 ). The MFM fla v our does
his by conserving the mass of volume elements at the time 
f flux exchange, whereas the MFV methods conserve their vol- 
me. 
Rapid development in the SPH community has also led to a 

arge number of new fla v ours, all using slightly different diffusion
nd viscosity prescriptions in order to perform well on a suite of
ydrodynamic tests. Ho we ver, e ven though modern hydrodynamic 
ethods are converging on a standard set of analytically solvable test

roblems, the cloud–wind interaction has only rarely been compared 
eyond approximate morphological similarity. Despite the growing 
iterature using the cloud–wind interaction to model additional 
hysics and make observational predictions, the uncertainties in the 
on-radiative hydrodynamic result have received little attention. 
To investigate the uncertainty in the results of simulations of 

he cloud–wind problem and gi ve quantitati ve measures of their 
agnitude, both in terms of theoretical quantities and observational 

haracteristics, we carefully study seven different hydrodynamic 
ethods with the same initial conditions. These sev en co v er all
ethods used in existing studies into the wind–cloud problem we 

re aware of and should hence provide a comprehensive picture of
he differences and similarities. They are as follows: 

(i) Modern SPH (three fla v ours) 
(ii) SPH-ALE (two fla v ours: MFM , MFV ) 
(iii) Moving Mesh ( MM ) 
(iv) Static grid with adaptive mesh refinement ( AMR ). 

Each of these methods has been used in large cosmological 
imulations and e xtensiv ely tested on a range of hydrodynamic test
ases. All have advantages and disadvantages that are especially 
pparent in difficult problems such as those with large amounts of
otation or vorticity. 

Because the interaction between a dilute wind and a dense 
loud has no analytic solution, there is no independent benchmark 
o compare the results with. Instead, parallels to other , simpler ,
roblems are drawn and signs of such behaviours are sought. For
xample, one looks for Kelvin–Helmholtz instabilities at the edges 
f the cloud, even though the cloud is curved and being pushed along,
hich makes the comparison difficult. 
Furthermore, code presentation papers for the abo v e methods are

ften inconsistent in their choice for density thresholds, colour scales, 
nd definitions of shown quantities, making lik e-for-lik e comparison 
ext to impossible. This work will homogenize such comparisons and 
dd new quantities that shed new light on similarities and differences
etween the seven methods. 

Here we use non-radiative hydrodynamic simulations to isolate 
ifferences due to the hydrodynamic solvers. As our simulations are 
on-radiative and do not include physical conduction, they should, 
fter the initial phase in which viscosity can generate entropy in
hocks and in the limit of infinite resolution, only show evolution
n the gas densities and temperatures due to the pressure gradients
nduced by the ram pressure e x erted by the wind. Non-adiabatic
nergy exchange between different phases only takes place at the 
icroscopic level, which is not modelled by any of these methods.
e stress that this is a scenario never achieved in nature, where some
ixing is al w ays expected to occur. Some of the methods included in

his work model mixing either implicitly or numerically, but none of
hem include a physical model based on the microscopic exchange of
nergy, which gives rise to the emergent macroscopic, finite volume, 
ixing. 
Volume elements in finite resolution simulations represent av- 

rages o v er man y microscopic phases, which can artificially give
he appearance of a single mixed phase. Such numerical mixing is
nherent to grid and mesh methods, but also occurs in SPH methods
here artificial conduction is invoked to suppress spurious surface 

ension. It is often implicitly assumed that the level of mixing
redicted by reasonably converged high-resolution simulations is 
ealistic. Ho we ver, this may be optimistic given that the mixing is
till numerical, as long as microscopic conduction is not modelled. 

An interesting new avenue that we will explore is to compare the
evel of mixing in a lower resolution simulation to that in a higher
esolution simulation after coarse-graining the latter onto a lower- 
esolution grid for analysis. The hope is then that as one increases
he resolution, the coarse-grained results converge even if the highest 
esolution simulation is still not converged. This would indicate 
onvergence of the v olume-a veraged phase structure. Ho we ver, we
ote that observational diagnostics such as emission and absorption 
ignatures depend on the microscopic rather than the coarse-grained 
hase structure. 
We study the level of deviation between these different methods 

nd find that it is large enough to have a major impact on predictions
or observations, as well as on the theoretical quantities typically 
easured in cloud–wind interactions. 
In Section 2 , we introduce the hydrodynamic methods and the set-

p used in this study. In Section 3 , we then compare the simulations
sing different methods using a number of different metrics. First, 
e compare the evolution of dense mass in Section 3.1 , then we look

t the amount of intermediate-temperature gas in Section 3.2 . We
onsider what co v ering fraction this gas produces in projection in
ection 3.3 , and finally study the effect of coarse-graining in Section
.4 . We conclude and make some recommendations in Section 4 . 
MNRAS 523, 1280–1295 (2023) 
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 M E T H O D S  

n this work, we simulate cloud–wind interactions using seven
ifferent hydrodynamic solv ers. These solv ers are selected to rep-
esent a range of Lagrangian and Eulerian algorithms that have been
sed in cosmological simulations and/or idealized experiments. All
imulations are non-radiative and use identical initial conditions in
hich the cold cloud and hot wind are in thermal pressure balance.
his relates their temperatures and densities as 

T wind 

T cloud 
= 

ρcloud 

ρwind 
≡ χ , (1) 

here χ is the density contrast. The wind is set to have a Mach
umber M = 

v wind 
c s,wind 

= 1 . 5, with v wind the wind speed and c s, wind the
ind’s sound speed. The wind and the cloud are initialized on a grid
ith, respectively, N and χ1/3 N resolution elements on a side. The

egion into which the cloud is inserted is then remo v ed from the
ind’s grid. Our simulations are wind tunnels that are four times

onger than they are wide and high. All boundary conditions are
eriodic, a choice that we found to have no significant effect on the
esults presented here. In our default set-up, the cloud has a radius
f one-tenth of the box width. As we use pure hydrodynamics, i.e.
adiative cooling is disabled, the problem is scale invariant. In the
nit system used throughout, we choose 

 cloud = 0 . 1 . (2) 

wo important time-scales used throughout the results section are
he cloud crushing time and the drag time. The cloud crushing time 

 cc = 

√ 

χR cloud 

v wind 
, (3) 

ith v wind the wind speed is the time it would take an external shock
itting the cloud’s edge to travel to the cloud centre, taking into
ccount the lower sound speed by a factor of 

√ 

χ inside the cloud
ue to its higher density. Though the cloud is not expected to have
ully disappeared by this time, it is a useful measure. In practice,
louds survive for ≈10 t cc . 

The drag time 

 drag = 

χR cloud 

v wind 
, (4) 

s the time it w ould tak e a cubical cloud to sweep up its own mass in
ind particles. For a spherical cloud, this time is larger by 4 

3 , which
s commonly ignored. 

In this study, we use three modern versions of SPH: 

(i) The new density–energy implementation of SPHENIX SPH (Bor-
ow et al. 2022 ) integrated in the SWIFT simulation code (Schaller
t al. 2016 , 2018 ), which was particularly designed to work well with
ubgrid physics modules for galaxy formation and includes limiters
o achieve that. 

(ii) The SPH method GDF SPH (Geometric Density Force) as
mplemented in SWIFT. This is an independent implementation of
he equations presented in the GASOLINE-2 methods paper (Wadsley,
eller & Quinn 2017 ), using the same parameter values as used by

hose authors. 
(iii) The ANARCHY-PU SPH pressure–energy method as imple-
ented in SWIFT, which is based on Schaller et al. ( 2015 ) (see

lso appendix A of Schaye et al. ( 2015 )), but using energy instead of
ntropy as its thermodynamic variable (Hopkins 2013 ). 

The MFM and MFV methods are also used as implemented in
WIFT as the SPH-ALE method (Vila 1999 ; Lanson & Vila 2008 ),
ased on the equations presented in the GIZMO methods paper
NRAS 523, 1280–1295 (2023) 
Hopkins 2015 ). The GDF SPH , ANARCHY-PU SPH , MFM , and MFV

ethods are all independent re-implementations based on what the
espective authors presented in their original methods papers. The
M method in AREPO (Springel 2010 ) and the AMR (static grid with
MR ) method in ATHENA ++ (Stone et al. 2020 ) complete our set of
even hydrodynamic solvers. 

The MFM , MFV , and AMR methods all use the HLLC Riemann
olver, while the MM method uses an exact Riemann solver. The AMR

ethod uses a second-order piecewise linear method (PLM) recon-
truction of the primitive variables and the second-order accurate van
eer predictor–corrector scheme. To ensure results independent of

he chosen smoothing kernel, all SPH fla v ours use the same kernel
Quintic spline (M6)) and the same number of neighbours ( η = 1.23,
3.49 N ngb ) (see Dehnen & Aly ( 2012 )). 
There are three major differentiators between these three SPH
ethods. The first is the equation of motion that they choose to solve.

 PHENIX SPH and ANARCHY-PU use different equations of motion
erived from the same Lagrangian (Hopkins 2013 ), with different
hoices for the smoothed field. GDF SPH explicitly symmetrises the
quation of motion to remo v e spurious forces generated at contact
iscontinuities, yielding yet another equation of motion. 
The choice of the smoothed field, and hence the way the density is

alculated, is the second differentiator. For SPHENIX SPH , the density
s computed as a smoothed quantity as a sum o v er neighbours. In-
tead, for ANARCHY-PU SPH the pressure is smoothed. In comparison
o the SPHENIX SPH equation of motion, this smoothed pressure
ormulation ensures that at points where there is an instantaneous
ump in the internal energy (i.e. at the edge of the cloud), the pressure
orces vary smoothly. If there is an associated increase in density, such
hat the pressure is intended to be uniform, then a smoothed density
PH can produce spurious repulsive forces (also known as surface

ension) (e.g. Hu et al. 2014 ). In contrast, the smoothed pressure
ormulation does not create these as it ensures that information is
sed from both inside and outside of the cloud to construct the
ressure field. Although this can lead to unintended time-stepping
ssues (Borrow, Schaller & Bower 2021 ), it is highly ef fecti ve at
emoving these instabilities. 

The approach taken in GDF SPH is to modify the equation of
otion from the smoothed density formulation to reduce the impact

f contact discontinuities. Their new equation of motion has been
hown to reduce surface tension significantly (Wadsley et al. 2017 ,
g. 1), but is no longer explicitly derived from a Lagrangian. 
The third differentiator is the choice for artificial conduction and

iscosity. Several prescriptions are present in the literature, and each
f these methods chooses a different combination which they find to
ork best with their implementation. 
In this work, we choose to use the diffusion prescription and

arameters as the respective original authors presented. We note that
here is considerable disagreement in the literature which prescription
erforms best and what scenarios each is applicable to. For example,
DF SPH uses a model intended to mimic physical turbulent diffusion
y following the trace of the shear tensor, whereas SPHENIX SPH uses
 model aimed to limit the entropy generation in disordered fields
nd at contact discontinuities. 

Throughout this work, all codes are run using their fiducial time-
tepping, and where applicable the same Courant-Friedrichs-Lewy
CFL) number has been used. 

We have striven to make all initial conditions as similar as possible
etween all methods. All methods that are integrated in SWIFT use
he same initial condition files, and the rele v ant parts of the initial
ondition generation code for AREPO are directly copied from the
WIFT equi v alent. Because of the spherical shape of our cloud,
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here are some small and una v oidable differences at the interface
f the cloud between the AMR method and all others. In the AMR

ethod, we allow two levels of AMR based on the mass in each cell.
his introduces some amount of splitting and merging of resolution 
lements that is not possible in any of the other methods. Ho we ver,
he existence of adaptive smoothing lengths and cell sizes should 
ake such differences small. In the MM method, we also allow cell

efinement and de-refinement based on cell mass, but in practice 
his is only rele v ant at very early times on the cloud boundaries.
he density contrast of the cloud in the MM method is generated by
aving a larger number of cells, rather than by changing the mass in
ach cell. This is entirely analogous to the approach in the SPH , MFM ,
nd MFV methods. 

We model cloud–wind interactions with two different initial 
ensity contrasts, each run at four different resolutions. Both these 
ensity contrasts, χ = 10 and χ = 100, may be high compared 
o those produced by realistic physical processes for clouds with 
harp edges, but they are representative of the literature. We indicate 
he resolution by the number of wind particles or volume elements 
 n ) per short side length of the simulation volume. In the elongated
irection, four times that number is present. This brings the total 
umber of wind particles or volume elements to 4 n 3 . In the case of
on-particle based methods, the initial centres of volume elements 
r mesh-generating points are placed at the same locations as the 
articles in SPH. We make use of the resolutions n = { 16, 32, 64,
28, 256 } . Given the cloud radius, this translates to nR cloud = { 1.6,
.2, 6.4, 12.8, 25.6 } wind particles per cloud radius. 1 

 RESULTS  

ig. 1 shows the disruption of the cloud in progress for the seven
ifferent hydrodynamic solvers at the highest resolution. The fig- 
re shows infinitesimally thin slices along the mid-plane of the 
imulation volume. 2 The lower density contrast ( χ = 10) is shown 
n the left column and the higher density contrast ( χ = 100) in the
ight column. Large differences between the different methods can 
e readily observed. All images are made at time t ≈ 5 t cc . It is clear
hat the problem is not scale-free with respect to χ . 

Noticeable is the offset of the bow shock in the AMR simulation
ompared to the other methods. The shock observed in these images 
s formed from a conical bow shock which get wrapped onto itself by
he periodic boundary condition. We confirmed that this wrapping 
round does not affect the quantities studied in this work. We 
peculate that the offset in shock position in AMR is due to that
ethod not being able to fully capture the diagonal mo v ement of

he conical bow shock, resulting in slightly different velocities and 
ence final position of the observed shock. 

We observe that the morphological evolution of the GDF SPH 

loud seems different from that presented in Wadsley et al. ( 2017 ).
o we ver, those authors impose a much faster wind ( M = 2 . 7),

ausing ram pressure to dominate, and use a kernel (Wendland C 

4 )
ith more than double the number of neighbours. A further difference 

s the limited range of our colour scale, which spans a factor of 10
 It is not clear that choosing a fixed number of particles or volume elements 
esults in the same ef fecti ve resolution. Ho we ver, the resolution steps are the 
ame for all methods, and hence the relative differences when changing the 
esolution are not affected by this uncertainty. 
 To achieve this, we use the slice methods in the SWIFTSIMIO and YT python 
ibraries; both use the gather approach to make slices. For the AMR method, 
 slice represents the density in the central cell. 

H  

t  

g
 

c
G  

w  

s  

M  
n density for the initial density contrast χ = 10, whereas those
uthors use a colour scale spanning a factor of 200. As noted before,
he SWIFT implementation of GDF SPH is also completely independent 
rom the code used by those authors. All of these factors make it hard
o do a direct comparison. Remaining differences might be driven 
y slightly different initial conditions (see Appendix C ), different 
hoices in the visualization, or other yet unidentified factors. 

Our results for MFM and MFV are smoother, though otherwise 
imilar in shape to those presented in Hopkins ( 2015 ) (who also use

 = 2 . 7), especially the vertical fragmentation in the MFV method
s reproduced. Ho we ver, due to the use of a dif ferent Mach number,
hose results are not directly comparable. Borrow et al. ( 2022 ) present
 cloud exposed to a M = 2 . 7 wind. Compared with our results, they
nd a qualitatively similar evolution with a central cloud holding 

ogether and only limited fragmentation or tail formation. Though 
ll these code presentation papers used the higher Mach number 

 = 2 . 7, we choose to adopt a lo wer v alue of M = 1 . 5 in line with
ecent work exploring cloud–wind interactions in more detail (e.g. 
ronke & Oh 2018 , 2020a ; McCourt et al. 2018 ; Sparre et al. 2019 ,
020 ; Kanjilal et al. 2021 ). 
We also note that at later times, when the cloud has largely

ispersed in all schemes, the morphologies become very similar, 
xcept for the three SPH schemes when simulating the initial higher
ensity contrast (see Fig. A1 ). Furthermore, some authors choose 
o show the evolution of the entropy instead of the density, which
akes it hard to directly compare different works as the entropy can

ave quite a different morphology from the density (see Fig. B1 ). 

.1 Mass of dense gas 

he mass of dense gas in the simulation volume is defined as follows:

 dense = 

∑ 

i 

m i 

[ 
ρi > 

ρcloud 

3 

] 
, (5) 

here ρcloud is the initial density of the cloud, ρ i the density of
 particle or volume element, and m i its mass. Fig. 2 shows large
ifferences in the evolution of the mass of dense gas between the
ifferent hydrodynamic methods for the two different initial density 
ontrasts. The left and right columns sho w, respecti vely, the lo wer
 χ = 10) and higher ( χ = 100) density contrasts. The top row
ompares all hydrodynamic methods at the highest resolution ( n 
 256). Each of the remaining rows compares one method at

ll five resolutions. We remind the reader that even though none
f the simulations explicitly model physical conduction, the high 
eynolds numbers typical of astrophysical flows imply that turbulent 
onduction will become efficient below some scale. As mentioned 
bo v e, a turbulent conduction model is included in GDF SPH . At
ery high resolution, the effect of numerical mixing (i.e. mixing 
t the resolution limit) in mesh codes ( MM , AMR ) is expected to be
ualitati vely and quantitati vely similar to that of the mixing expected
rom turbulent conductions. At low or intermediate resolution, the 
nd result might be similar (i.e. everything is mixed), but the manner
nd time in which the cloud is destroyed may depend on resolution.
o we ver, because of the ram pressure and the initial shock front from

he wind, pressure equilibrium is violated and, after an initial entropy
enerating phase, at later times the density may change adiabatically. 
It immediately stands out that for the lower density contrast the

old cloud disperses much more slowly for the simulation using 
DF SPH than for the other methods. The results for simulations
ith the ANARCHY-PU SPH , MFM , AMR , and MM methods are all very

imilar, while SPHENIX SPH , and MFV are intermediate cases. The
FV method gives a slower decline in cloud mass, especially when
MNRAS 523, 1280–1295 (2023) 
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M

Figure 1. Density slices of the simulation box at t ≈ 5 t cc , for initial density contrasts χ = 10 (left) and χ = 100 (right), at the highest resolution ( n = 256 3 ). 
Large morphological differences can be observed. 
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he cloud has already lost more than 50 per cent of its original mass.
trikingly, this much slower dispersal at late times only occurs for

he three highest resolutions. We note that for the GDF SPH method
he morphology of the dense gas is slightly clumpier (see Fig. 1 ),
ith the clumps seemingly holding together indefinitely, becoming

o-moving with the wind. This effect is amplified by increasing
he resolution, suggesting that more of the gas is retained in dense
lumps when the resolution is increased, though for the lower density
ontrast the two highest resolutions are similar in terms of the dense
as evolution. 
NRAS 523, 1280–1295 (2023) 
Interestingly, for the lower density contrast, all methods seem
uite well converged between the two highest resolution steps. At
he higher density contrast, the convergence is distinctly worse for
he SPH schemes, in line with the expectation that the higher contrast
s a more challenging problem to solve. SPHENIX SPH and ANARCHY-
U SPH show a sharp drop in the amount of dense mass at the highest
esolution, more similar to the non-SPH methods, whereas GDF SPH

how the opposite trend with the decline becoming shallower, making
t less similar at late times. The four non-SPH methods show excellent
onvergence between the highest three resolutions. 
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Figure 2. Evolution of the mass of dense ( ρ > ρcloud /3) gas for different 
hydro schemes (colours and rows) and different resolutions (linestyles). Initial 
density contrasts are χ = 10 ( left ) and χ = 100 ( right ). 
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For the higher density contrast, it is apparent that simulations with
he three SPH methods have a much slower dispersal of the cold
loud, whereas for the other four methods the cloud is completely
estroyed within ≈7 cloud crushing times; by that time, the cloud
remnants) in the simulations using SPH methods still retain 30–60 
er cent of their original mass. Though results from the other four
ethods seem similar when compared to SPH, the differences are 

on-negligible. The MFM simulation disperses the cloud the quickest, 
aving lost half of the cloud mass 25 per cent faster than the AMR

imulation, which has the longest cloud survi v al. The MFV and MM

imulations are very well matched, which is expected given that the
FV method should be similar to the MM method bar having smoothed

ell boundaries. Ho we ver, this le vel of similarity contrasts with the
arge difference at late times between the MFV and MM simulations for
he lower density contrast. We note that for the lower density contrast
he threshold for dense gas is much closer to the wind density, making
t more likely that fluctuations in the background density contribute 
o the mass of the dense gas. 

It is well known that AMR methods suffer from numerical mixing
ue to gas being exchanged across cell boundaries and mixed at the
esolution scale (e.g. Springel 2010 ). This is especially rele v ant near
arge density contrasts as they can be quickly diluted with mass being
ushed from one cell to the next. This is confirmed by this method
ispersing the cloud more quickly for the higher density contrast and
ore slowly for the lower density contrast, compared to the three
ethods with moving cells. Though the MM method has a Voronoi
esh, which mo v es with the bulk flow, flux e xchanges across cell

oundaries are still expected in turbulent regions (e.g. Mandelker 
t al. 2021 ). Since the MFM and MFV methods are similar to the MM

ethod, b ut ha v e smoothed boundaries, one would e xpect the MM

ethod to suffer more from numerical mixing and hence to disperse
he cloud more quickly. We do not see this reflected in the results for
he higher density contrast. The results from the MM method are well
atched to the MFV method and cloud dispersal is slightly slower

han that for the MFM method. 
For both density contrasts, the differences between the AMR and 

M methods at the highest resolution are surprisingly small. Since 
he MM method has a moving mesh, one would expect the numerical

ixing and hence cloud dispersal to be slower compared to the AMR

ethod. It should also be noted that the two methods both seem well
onverged for this metric. 

It is worthwhile to compare the behaviour seen for the higher
ensity contrast with the images in Fig. 1 , where it can be seen that
he morphological evolution of the clouds is very different, even for
imulations that look very similar in Fig. 2 . We postulate that the
lower dispersal of the cloud in the three SPH methods is due to the
ery sharp and high density contrast, which is hard to resolve for
hese methods and leads to a much slower decline in cloud mass.
aving the SPH method in the fold for the lower density contrast

trengthens our conviction that it is simply unable 3 to handle a high
nd sharp density contrast. We note that the ANARCHY-PU SPH and
DF SPH methods show cloud destruction morphologies more akin 

o Eulerian methods. 
The GDF SPH method, whose evolution of dense mass for the higher

ensity contrast is similar to SPHENIX SPH , gives a much longer
ispersal time for the lower density contrast. The difference with 
he other methods also increases with increasing resolution. This 

ight be due to the many cloudlets produced in this method (see
MNRAS 523, 1280–1295 (2023) 

 The term ‘unable’ is a misnomer in this context, because in the absence of 
onduction the formally correct solution is zero mixing. 
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ig. 1 ) being abo v e ρcl /3 for the lower density contrast, but below
t for the higher density contrast where the initial cloud density is
igher. Hence, they would only be included in the lower density
ontrast’s definition of dense gas. We note that in line with recent
iterature (e.g. Gronke & Oh 2018 , 2020a ), we choose ρcloud /3 as
ur density threshold. Wadsley et al. ( 2017 ) (in line with Agertz
t al. ( 2007 )) chose a threshold of 0.64 ρcloud , which has a large
ffect on the evolution of dense gas, resulting in an apparently much
aster dispersal of the cloud. We confirmed that using their higher
hreshold results in the much more rapid drop in the mass of dense

ass observed by those authors. 4 

We have tested SPHENIX SPH with higher values for the artificial
onduction and viscosity parameters. This made cloud dispersal
aster by diffusing the edges of the confined cloud to the background
ensity. The morphology remained unchanged and the dense mass
volution was, for the higher density contrast, still distinctly different
rom the non-SPH methods. In an effort to alleviate any potential
roblems with neighbour finding in the SPH codes near the edge of
he cloud, we also experimented with an increased particle number in
he wind while keeping its density fixed, which implies lower-mass
ind particles. Even when using the same SPH particle number
ensity for the wind as for the cloud’s interior, differences compared
o the default set-up were minimal. 

Finally, we note some morphological dif ferences e vident from
ig. 1 . For the higher density contrast, the MFM and MFV simulations
reate a noticeably smooth density distribution with long wispy tails.
he AMR simulation shows features associated with a regular grid,
eing fully symmetric and having a horizontal component aligned
ith the cloud’s original centre. We find the cloud in the MM

imulation to be the most disturbed. Even though it retains a denser
ore of gas, the filamentary tails are much less smooth and show
ignificant substructure. The very different morphologies between
he three SPH methods demonstrate the large effect of different
rtificial viscosity and conduction prescriptions. For the SPHENIX

PH simulation, the cloud slowly diffuses at the edges without the
lear break-up seen in most other methods. The GDF SPH simulation
oes break the cloud, but yields a very clumpy distribution, unlike
he smoother tails seen in the MFM , MFV , MM, and AMR methods.
he ANARCHY-PU SPH method does show smoother tails, but also

etains a relatively large dense cloud which seemingly only sheds
mall amounts of mass through its tails without any shattering. 

.2 Mass of intermediate-temperature gas 

he mass at intermediate temperatures is defined as 

M mix = 

∑ 

i 

m i 

[ 
log 10 ( T mix ) −1 

4 

(
log 10 ( χ ) 

)

< log 10 ( T i ) < 

log 10 ( T mix ) + 

1 

4 

(
log 10 ( χ ) 

)] 
, 

(6) 

here T i is the temperature of a particle or volume element and T mix 

he geometric mean temperature 

 mix = ( T cloud T wind ) 
1 / 2 = T wind χ

−1 / 2 = T cloud χ
1 / 2 . (7) 
NRAS 523, 1280–1295 (2023) 

 Small changes in the initial conditions can also have a large influence on 
he morphology of the cloud. We show a comparison between two different 
nitial condition files in Appendix C. 

g  

g  

i  

t  

f  

l  
his corresponds to the mass within half the logarithmic temperature
ange between the cold cloud and the hot wind centred on the
eometric mean temperature. 
Large differences in the mass of gas with intermediate tempera-

ures would indicate possible large discrepancies in predictions for
bservable diagnostics of mixing layers. 
As our set-up is in thermal pressure balance, there is a direct

orrespondence between the density and the temperature contrasts.
as with a density ˆ χ higher than the initial wind density will have a

emperature of 1 
ˆ χ times the initial wind temperature. For the higher

ensity contrast case studied here ( χ = 100), our intermediate-
emperature range yields temperatures that do no o v erlap with the
ensity range which counted towards the mass of dense gas in
ection 3.1 ; ho we ver, for the lo wer density contrast ( χ = 10), the
pper half of this range o v erlaps with the dense gas density range. 
In the absence of radiative cooling, this intermediate-temperature

as can be produced by the density changes due to the initial shock; at
ater times, the only mechanisms that can produce this gas phase are
umerical mixing and adiabatic expansion. Hence, the peak occurs
hen the dense gas mass decreases rapidly. 
In Fig. 3 , similar to Fig. 2 , we see the dichotomy between the lower

nd higher density contrasts. For χ = 10, there is a large amount
f variation, whereas for χ = 100 all methods are in reasonable
greement except the three SPH simulations. 

For the lower density contrast, the mass of intermediate-
emperature gas peaks at roughly the same time for the ANARCHY-PU

PH , MFM , and AMR methods, but the peak is higher for the AMR

ethod. The MM simulation peaks earlier and the MFV and SPHENIX

PH simulations slightly later. GDF SPH is an outlier, showing a slow
ut persistent increase in the mass of intermediate-temperature gas. 

For the higher density contrast, the four non-SPH methods produce
imilar results. The many cloudlets seen in the GDF SPH simulations
re mostly in this intermediate-temperature regime, giving rise
o a large amount of mixed gas, far greater than produced in
imulations using any other method. The other two SPH methods
atch well except at late times when ANARCHY-PU SPH shows a drop

n intermediate-temperature gas, whereas the SPHENIX SPH method
aintains an almost constant level. This is due to ANARCHY-PU SPH

aving lost most of the cold cloud by this time, ending the creation
f new intermediate-temperature gas. 
The convergence with resolution is worse than that for the dense

as mass. We note that even when the third and fourth resolution
evel seem converged, the highest level can give very different results,
specially at later times. Indicative of the numerical mixing in the
MR and MM methods is the decrease in peak height with increasing
esolution, especially apparent for the higher density contrast. A
igher resolution should give rise to less numerical mixing, and
ence allow a sharp density contrast to survive for longer. 

For the lower density contrasts, differences between the two
ighest resolutions are very small for the GDF SPH , SPHENIX SPH ,
nd ANARCHY-PU SPH simulations, whereas this only hold true for
he other methods at early times. 

.3 Co v ering fraction of intermediate-temperature gas 

hereas Fig. 3 showed the mass in the intermediate-temperature
as phase, we will now look at the projected distribution of that
as. This is an observationally relevant metric of cloud–wind
nteractions. Some tentative efforts have already been made to
ranslate the rather idealized cloud–wind interaction to expectations
or observable absorption lines (e.g. Cruz et al. 2020 ). Given the
arge variety of evolutionary paths taken by the cloud depending on
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Figure 3. Evolution of the mass of intermediate-temperature gas for different 
hydro schemes (colours and rows) and different resolutions (linestyles). Initial 
density contrasts are χ = 10 ( left ) and χ = 100 ( right ). 

t
i
s  

t  

s  

d  

o  

o
 

m
h  

e  

M  

o  

c
 

w  

l
s  

r  

o  

c  

d
 

i  

c  

T
d
l
a
d  

M  

w  

d  

t
g  

t  

o  

c  

e
c  

d

3

A
s
s
g  

d  

t  

w  

l  

i
w

t
m

5

e

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/523/1/1280/7150701 by Jacob H
eeren user on 14 February 2024
he hydrodynamic method, we explore, in a simplified setting, what 
mpact the hydrodynamic solver might have on observable statistics 
uch as absorption lines. To this end, we project all intermediate-
emperature gas (defined by equation ( 6 )) along the long axis of our
imulation box. Counting the fraction of pixels that have a column
ensity of intermediate-temperature gas higher than 1 per cent of the
riginal cloud column density, 5 we present the results as a function
f time, resolution, and hydrodynamic method in Fig. 4 . 
We observe a large variety in covering fractions for the different
ethods, with very different convergence characteristics. For the 

igher density contrast, methods that are similar in terms of the
volution of the mass of intermediate temperature gas, namely MFM ,
FV , MM , and AMR , produce v ery different co v ering fractions. Not
nly does the height of the peak vary, but the peaks are also offset by
onsiderable amounts. 

The important metric in this figure is the combination of peak
idth and height. A higher peak co v ering fraction indicates a larger

ikelihood of detecting any material in a hypothetical absorption line 
tudy, but for a narrow peak the time-window would be short. We
emind the reader that our initial cloud occupies only 3 per cent
f the projected area of the box. With some methods reaching peak
o v ering fractions of well o v er 50 per cent, these must be due to low
ensity fragments as is also evident from Fig. 1 . 
Representative images of the projected clouds after 9 t cc are shown

n Fig. 5 for χ = 10 and at 5 t cc in Fig. 6 for χ = 100. The time is
hosen to coincide with the peak of the co v ering fraction evolution.
he morphology of the projected intermediate-temperature gas 
iffers significantly. The AMR method has very symmetric grid- 
ike characteristics. GDF SPH and ANARCHY-PU SPH clearly show that 
dditional methods to reduce artificial surface tension produce more 
iffuse projected distributions compared to SPHENIX SPH . MFV , and
M are quite comparable in the total extent of their gas distribution,
ith MFM showing more clumping, and for χ = 100 MM retaining a
enser core. Except for the SPHENIX SPH and AMR methods, none of
he projected distributions are symmetric. The AMR method shows a 
rid symmetry and SPHENIX SPH shows the effects of artificial surface
ension retaining a near perfect spherical symmetry, but none of the
ther methods shows either of these symmetries. Given that the initial
onditions are set up on a grid, symmetry is expected. We tried to
xplicitly enforce symmetry by only generating half of the initial 
onditions and creating the other half by mirroring the first, but this
id not lead to appreciable more symmetric morphologies. 

.4 Coarse-graining to a common resolution 

 new avenue in exploring the evolution of idealized hydrodynamic 
imulations is to compare the level of mixing in lower-resolution 
imulations to that in higher-resolution simulations after coarse- 
raining the latter onto a lower-resolution grid. To this end, we have
evised a 3D grid which is comoving with the median position of
he dense gas in a simulation. On this 3D grid, we compute mass-
eighted quantities for a grid resolution corresponding to the one but

owest resolution employed in this work, 32 3 grid cells. No smoothing
s applied in this procedure; volume elements whose centres fall 
ithin a grid cell are fully counted in that single grid cell. 
We find that, in general, the coarse-grained results differ from 

he corresponding lower-resolution simulation, though they are 
ore similar to them than the non-coarse-grained higher-resolution 
MNRAS 523, 1280–1295 (2023) 

 This is an arbitrary choice and does not reflect the sensitivity limits 
ncountered in particular observations. 
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Figure 4. Evolution of the co v ering fraction of intermediate-temperature 
gas for different hydro schemes (colours and rows) and different resolutions 
(linestyles). Initial density contrasts are χ = 10 ( left ) and χ = 100 ( right ). 

Figure 5. Projection of the mass at intermediate temperatures for initial 
density contrast χ = 10 at time t ≈ 9 t cc . Morphologies differ widely, ranging 
from fuzzy balls and inky blotches to symmetric grid-like artefacts. 
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imulations. As a representative comparison with coarse-grained
esults, we show in Fig. 7 a comparison between s PHENIX SPH at all
esolutions and when coarse-grained onto a regular grid with 32 3 grid
ells. Though there are clear differences between the coarse-grained
nd original resolution results, they agree qualitatively. For the higher
ensity contrast ( χ = 100), we find that there is a consistent offset
etween the converged full-resolution simulation and the coarse-
rained results, which show similar convergence. The coarse-grained
ass of dense gas is slightly lower at all times, whereas the coarse-

rained mass of intermediate-temperature gas is higher compared
o the full-resolution simulations. This is in line with expectations,
here dense gas av eraged o v er a finite volume might drop below

he density threshold, and likewise hot and cold gas numerically mix
n the coarse-grained grid resolution, yielding more intermediate-

art/stad1243_f4.eps
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Figure 6. Projection of the mass at intermediate temperatures for initial 
density contrast χ = 100 at time t ≈ 5 t cc . Very different morphologies are 
apparent, even among those methods for which the covering fractions are 
similar (e.g. compare MM and MFV ). The grid-like artefacts from the AMR 

method are clearly visible. 
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emperature gas. Similar small deviations are found for all but the 

DF SPH hydrodynamic method. 
For GDF SPH , we find differences that change the interpretation 

f the results. As shown in Fig. 8 , for the lower density contrast 
 χ = 10), the simulation employing this hydrodynamic method 
etains a large amount of dense gas at the highest resolution, but after
oarse-graining this onto the lower resolution grid, the dispersal time 
s in line with the other hydrodynamic methods. We attribute this to
he large amount of tiny cloudlets formed using this method (see 
ig. 1 ). When averaging over a grid cell containing a cloudlet and
ilute gas, the average density will be below the dense gas threshold.
For intermediate-temperature gas, it is not just the time-scale 

hich changes, but also the shape of the curve, whereas the original
DF SPH shows a continuous increase of intermediate-temperature 
as with time, unlike the peaked time evolution seen for other
ethods, after coarse-graining peaks do appear (see Fig. 8 ). The

ime at which the amount of intermediate-temperature gas peaks 
ow also coincides with the time at which dense gas is disappearing
he fastest. Just as for the dense mass, we attribute this to the survi v al
f many small cloudlets. These fall into the intermediate-temperature 
egime at late times, but when av eraged o v er a finite volume,
heir temperature no longer satisfies the criterion for intermediate- 
emperature gas. 

These coarse-grained evolutionary tracks would be important for 
ypothetical observations measuring v olume-a veraged densities or 
emperatures. Ho we ver, because the ionization balance and molecule 
bundances depend on the resolved density and temperature, it is the
riginal non-coarse-grained result that is most rele v ant for obser-
ations. This is an important distinction when making predictions 
or observational diagnostics, since we have shown that the two 
pproaches can yield qualitatively different results. 

 C O N C L U S I O N S  

e conducted a systematic study of the non-radiative 3D cloud–wind 
roblem using seven different hydrodynamic solvers. Three SPH 

ethods: SPHENIX SPH , GDF SPH , ANARCHY-PU SPH ; two meshless
ethods: MFM and MFV ; a static grid with AMR ; and an MM . For all
ethods, we conducted simulations for two initial density contrasts: 
= { 10, 100 } and four resolutions: nR cloud = { 1.6, 3.2, 6.4, 12.8 }
ind particles per cloud radius. We simulate a static spherical cloud

hat is initially in pressure equilibrium and is impacted by a wind with
ach number M = 1 . 5. As we do not include physical conduction,
ixing is numerical. Ho we ver, because pressure equilibrium is 

roken due to the ram pressure and the initial shock from the
ind, a short entropy-generating phase is present, breaking pressure 

quilibrium. At later times, the densities and temperatures can then 
volve adiabatically. 

We compared the mass of dense gas and the mass of intermediate-
emperature gas as a function of time, as well as the co v ering fraction
f the intermediate-temperature gas. We find that the differences 
etween hydrodynamic methods are substantial and are highly 
ependent on the quantity of interest. Summarized, we find: 

(i) For χ = 100, the differences are much more pronounced 
ompared to χ = 10. For the lower density contrast, most methods
tretch the cloud into a thin shell before fragmenting it, and all tails
re relatively short (Fig. 1 ). For χ = 100 in the simulations using
he MFM , MFV , MM , and AMR methods, the cloud fragments after an
nitial compression, but the resulting morphologies differ widely. The 

FM and MFV methods predict tails that are longer than for MM and
MR . The three SPH methods show a very different evolution, with
 more pronounced core of dense gas at t = 5 t cc . For s PHENIX SPH ,
he cloud survives as a single entity, only losing mass through slow
iffusion. For GDF SPH , the cloud fragments into many cloudlets that
xperience only limited further evolution. For ANARCHY-PU SPH , the 
loud ablates into a smooth tail similar to the four non-SPH methods.

(ii) The evolution of the mass of dense gas (Fig. 2 ) differs greatly
ith the initial density contrast and hydrodynamic method. For χ = 

0, the mass of dense gas is reduced by a factor of 7 within ≈10 cloud
rushing times, except for GDF SPH which predicts a much slower
ecline. At the highest resolution level, SPHENIX SPH and MFV also
eviate slightly at all times from the other four methods that seem well
onverged. The cloud lifetime increases with resolution. All methods 
onverge at the one-but-highest resolution level; SPHENIX SPH already 
MNRAS 523, 1280–1295 (2023) 
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M

Figure 7. Evolution of the mass of dense gas (top) and intermediate-temperature gas (bottom) for the SPHENIX SPH hydrodynamic method. Initial density 
contrasts are χ = 10 ( left ) and χ = 100 ( right ). The black lines show the evolution of the different gas phases after coarse-graining to the common resolution of 
32 3 grid-cells. 
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onverges at lower resolution. The two meshless methods ( MFM and
FV ) converge most slowly. For the higher initial density contrast

 χ = 100), the differences in lifetime are even more pronounced.
or MFM, MFV, AMR , and MM , the lifetime is half that for the lower
ensity contrast, and the convergence is better. The convergence of
he SPH methods becomes worse compared with the lower density
ontrast, especially at late times. Ho we ver, whereas the GDF SPH

ifetime decreases with density contrast, the lifetime seems constant
or SPHENIX SPH and increases for ANARCHY-PU SPH . 

(iii) The mass of intermediate-temperatures gas peaks at the time
hen the cloud loses mass most rapidly (Fig. 3 ). As the time of
estruction differs between the methods, the peak in this quantity
ccurs at different times. For the higher density contrast ( χ = 100),
he height of the peak is similar for MFM , MFV , MM, and AMR , but
ignificantly lower for SPHENIX SPH and ANARCHY-PU SPH due to
he tardy disappearance of the cloud in those methods. GDF SPH

hows a continuous rise in the mass of intermediate-temperature
as, which is ascribed to the fragmentation into many long-lived
loudlets. Ho we ver, after coarse-graining the higher-resolution GDF

PH simulations to a lower common resolution, a peak in the
ass of intermediate-temperature gas becomes apparent (Fig. 8 ),
hich is more in line with the other hydrodynamic methods. For
= 10, the longer survi v al of dense gas for the MFV method translates

nto a significant offset in this metric. The AMR method produces
ore intermediate-temperature gas than any other method, which
ight be explained by numerical mixing in grid-based simulations.
hereas AMR and MM converged to the same answer for the dense

as, they are very different in this metric, with MM producing less
ntermediate-temperature gas and for a shorter time. 
NRAS 523, 1280–1295 (2023) 
(iv) The evolution of the co v ering fraction of intermediate-
emperature gas, a metric rele v ant for the probability of observing
ntermediate-ionization stages in absorption, differs greatly both in
erms of the time and width of the peak (Fig. 4 ). Methods that
ield similar masses of intermediate-temperature gas can have very
ifferent co v ering fractions. F or the lower density contrast, the
o v ering fractions decline relatively slowly with time, compared to
he much faster changes in the mass contributing to this co v ering
raction. MFV and GDF SPH are again the outliers, predicting a much
lower decline. For the higher density contrast, the peaks in the
o v ering fraction are more pronounced, but peak heights differ by
ore than 50 per cent, something that is not visible in the mass of

ntermediate-temperature gas. The co v ering fraction peaks after the
ime when most intermediate-temperature gas is present. The three
PH methods, particularly GDF SPH , predict much larger co v ering
ractions at late times. For the lower density contrast, all methods
xcept MM and AMR are well converged at the one-but-highest
esolution level, with SPHENIX SPH and MFV showing convergence at
ower resolution. The convergence is generally better for the higher
ensity contrast, except for GDF SPH and MM . 

Fifteen years after Agertz et al. ( 2007 ) provided the comparison
etween an SPH and a grid code for the cloud–wind interaction, we
onclude that at a lower-density contrast ( χ = 10) most methods now
gree well on the evolution of dense gas, though at a higher-density
ontrast ( χ = 100) significant differences remain, also between non-
PH methods. We introduced new metrics to study the properties
f mixed intermediate-temperature gas and concluded that for those
uantities predictions from cloud–wind interaction studies are still

art/stad1243_f7.eps
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Figure 8. Evolution of the mass of dense gas (top) and intermediate-temperature gas (bottom) for the GDF SPH hydrodynamic method. Initial density contrasts 
are χ = 10 ( left ) and χ = 100 ( right ). The black lines show the evolution of the different gas phases after coarse-graining to the common resolution of 32 3 grid 
cells. When coarse-grained, the many cloudlets produced by GDF SPH contributing to both the dense gas (at their cores) and intermediate-temperature gas (at 
their edges) average out with the hot wind, leading to an evolution more comparable to that predicted by other methods. 
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arred by numerical uncertainties. Even among the three methods 
hat yield reasonably similar results, i.e. MFM , MM, and AMR , the
ele v ant time-scales differ by a factor of 2. For χ = 10, MFV , SPHENIX

PH , and particularly GDF SPH 

6 predict a slower dispersal of the dense
as, and a corresponding later peak in the mass of intermediate- 
emperature gas. For χ = 100, all SPH methods show a slower dis-
ersal, though they also differ strongly from each other. The covering 
ractions of intermediate-temperature gas differ even more, with all 
ethods showing different peak times and evolution. Hence, we 

onclude that the effects of the inclusion of additional physics, such 
s radiative cooling, magnetohydrodynamics or physical conduction, 
hould be studied by comparing simulations using both the same and 
if ferent hydrodynamic methods. Ideally, dif ferent hydrodynamic 
ethods would be used for any cloud–wind interaction study to both 

uantify uncertainties and offer greater understanding. 
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PPENDI X  A :  LATE-TIME  E VO L U T I O N  

t late times, the solutions of different solvers look far more similar,
specially for the lower initial density contrast. Fig. A1 shows the
orphology of the clouds at a much later time (10 t cc ) compared to
ig. 1 (5 t cc ). Though for the higher density contrast, the SPH solvers
iffer from the other methods in that they keep the cloud together, at
he lower density contrast everything looks very similar. 
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Figure A1. Density slices of the simulation box at t ≈ 10 t cc , for initial density contrasts χ = 10 (left) and χ = 100 (right), at a resolution of n = 128 3 . Large 
morphological differences can be observed. 
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PPEN D IX  B:  ENTROPY  

ig. B1 shows infinitesimally thin slices of the hydrodynamic 
ntropy 

 = T /ρ2 / 3 , (B1) 

ith T the temperature and ρ the density of each volume el- 
ment. We note that these projections, especially for the lower 
ensity contrast, look far more alike than the density projections. 
or the higher density contrast, the differences are larger, but 

he methods still look much more alike than for their density
rojections. We note that some authors show entropy projections, 
nstead of densities. Seeing the differences between the two in our
ork, we urge caution in interpreting differences between methods 
hen only one of these types of images is available for each
ethod. 
MNRAS 523, 1280–1295 (2023) 
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Figure B1. Entropy slices of the simulation box at t ≈ 5 t cc , for initial density contrasts χ = 10 (left) and χ = 100 (right), at a resolution of n = 256 3 . Large 
morphological differences can be observed. 

APPENDIX  C :  T H E  I M PAC T  O F  DIFFERENT  

INIT IA L  C O N D I T I O N S  

The choice of initial conditions can have a large impact on the 
evolution of the clouds. In this study, we used a uniform set of 
initial conditions for all methods. To show what influence different 
initial conditions can have, we used those from Wadsley et al. ( 2017 ) 
(pri v ate communication) and performed a simulation using the same 

parameters, as we have employed in this work. Fig. C1 shows a 
projection of the density using our ICs (top), or those from Wadsley 
et al. ( 2017 ), at the same number of cloud crushing times. Both IC 

files have a density contrast of χ = 10 and are run with the same GDF 

SPH code (implemented in SWIFT ). 
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Clearly, small changes in the ICs can cause large-scale morpho-
ogical differences between the clouds. 
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Figure C1. Sliced density at t ≈ 5 t cc for a cloud–wind interaction using our ICs (top) and ICs obtained from one of the authors of Wadsley et al. 2017 (bottom), 
both using the GDF SPH implementation in SWIFT. 

Figure C2. As Fig. C1 , but at the later time t ≈ 10 t cc . 
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