
MNRAS 543, 4321–4334 (2025) https://doi.org/10.1093/mnras/staf1718 
Advance Access publication 2025 October 13 

The role of magnetic fields in ram pressure stripping of satellite galaxies in 

the circumgalactic medium around massive galaxies 

Thomas A. Rintoul ,1 ‹ Freeke van de Voort ,1 Andrew T. Hannington ,1 Rüdiger Pakmor ,2 
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A B S T R A C T 

The presence of magnetic fields in galaxies and their haloes could have important consequences for satellite galaxies moving 

through the magnetized circumgalactic medium (CGM) of their host. We therefore study the effect of magnetic fields on ram 

pressure stripping of satellites in the CGM of massive galaxies. We use cosmological ‘zoom-in’ simulations of three massive 
galaxy haloes ( M200c = 1012 . 5 −13 M�), each simulated with and without magnetic fields. Across our full sample of satellite 
galaxies (11 with magnetic fields and 10 without), we find that the fraction of gas retained after infall through the CGM shows no 

population-wide impact of magnetic fields. However, for the most massive satellites, we find that twice as much gas is stripped 

without magnetic fields. The evolution of a galaxy’s stripped tail is also strongly affected. Magnetic fields reduce turbulent 
mixing, inhibiting the dispersion of metals into the host CGM. This suppressed mixing greatly reduces condensation from 

the CGM onto the stripped tail. By studying the magnetic field structure, we find evidence of magnetic draping and attribute 
differences in the stripping rate to the draping layer. Differences in CGM condensation are attributed to magnetic field lines 
aligned with the tail suppressing turbulent mixing. We simulate one halo with enhanced resolution in the CGM and show these 
results are converged with resolution, though the structure of the cool gas in the tail is not. Our results show that magnetic fields 
can play an important role in ram pressure stripping in galaxy haloes and should be included in simulations of galaxy formation. 

Key words: MHD – methods: numerical – galaxies: evolution – galaxies: groups: general – galaxies: haloes – galaxies: magnetic 
fields. 
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 I N T RO D U C T I O N  

he circumgalactic medium (CGM) is the gaseous component of 
he dark matter-dominated halo around a galaxy. It contains gas 
ccreted from the intergalactic medium, as well as gas ejected from
he interstellar medium (ISM). The CGM plays a vital role in galaxy
volution, providing a vast reservoir of gas which can be accreted 
nto the central galaxy, fuelling star formation within. 
The CGM is multiphase, with temperatures ranging from ∼104 K 

p to the virial temperature (∼107 K for haloes of 1013 M�). If
eated by sources of feedback, gas can even exceed the virial 
emperature. While the many phases of the CGM lead to emission
cross the electromagnetic spectrum (X-ray: A. Bogdán et al. 2013 ; 
. Chadayammuri et al. 2022 ; J. Comparat et al. 2022 , ultraviolet:

. D. Meiring et al. 2013 ; K. H. R. Rubin et al. 2014 ; A. Henry et al.
015 , optical: K. H. R. Rubin et al. 2012 , radio: S. Das et al. 2020 ),
ts diffuse nature makes this emission very faint. For this reason, 
any observations of the CGM focus on absorption by the CGM.
oreground absorption lines in spectra of background sources can 
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robe more diffuse gas in the CGM (N. Lehner, J. C. Howk & B. P.
akker 2015 ; J. Tumlinson, M. S. Peeples & J. K. Werk 2017 ). 
Hydrodynamic simulations allow us to explore and test the 

hysical processes governing the evolution of galaxies and the 
GM. Cosmological simulations account for the formation history 
nd large-scale environment of galaxies and are able to produce a
easonable galaxy population which broadly reproduces the galaxy 
opulation of the real universe (R. A. Crain & F. van de Voort 2023 ).
Satellite galaxies contribute gas to the CGM of the central galaxy

C.-A. Faucher-Giguère & S. P. Oh 2023 ; R. Ramesh et al. 2024 ).
here are several mechanisms by which satellite galaxies lose gas 

nto their surroundings. These include ‘internal’ processes such as 
utflows due to stellar and active galactic nucleus (AGN) feedback. 
nvironmental effects also play a significant role. An important 
echanism by which satellites lose gas to their host is through ram

ressure stripping (J. E. Gunn & J. R. Gott 1972 ), i.e. the removal of
as due to ram pressure from the medium the satellite moves through.

The removal of a galaxy’s gaseous halo by ram pressure stripping
an substantially suppress the rate of gas accretion onto the galaxy.
his results in a decline in the star formation rate – a process known
s ‘starvation’ or ‘strangulation’ (R. B. Larson, B. M. Tinsley &
. N. Caldwell 1980 ; M. L. Balogh, J. F. Navarro & S. L. Morris
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Table 1. Properties of the host haloes at z = 0: name of the halo, inclusion 
of B field, total halo mass ( M200c ), and its virial radius ( R200c ), as well as the 
imposed spatial resolution limit from CGM refinement, if applicable. 

Halo B log 10 M200c R200c CGM 

name field (M�) (kpc) refinement 

h8 std Yes 13.01 458.7 –
h8 noB No 13.03 462.4 –
h8 1kpc Yes 13.00 455.3 + 1 kpc 
h8 noB 1kpc No 13.03 462.8 + 1 kpc 
h7 std Yes 13.07 478.1 –
h7 noB No 13.10 487.7 –
h3 std Yes 12.51 310.8 –
h3 noB No 12.52 314.1 –
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000 ). This can lead to the long-term quenching of star formation,
articularly in satellite galaxies (F. van de Voort et al. 2017 ; D.
alters, J. Woo & S. L. Ellison 2022 ). 
Ram pressure stripping has been studied extensively in cluster

nvironments ( M200c � 1014 M�). Simulations and observations both
how evidence of ram pressure stripped cluster galaxies with long
ails of dense stripped gas, often referred to as ‘jellyfish galaxies’
K. Yun et al. 2019 ; A. Müller et al. 2021 ; E. Rohr et al. 2023 ; M.
parre, C. Pfrommer & E. Puchwein 2024b ). Some of these tails
re known to host in-situ star formation (A. Boselli et al. 2005 ).
he intracluster medium (ICM) is hotter than the CGM of a massive
alaxy by a factor of 10–100. It is also more relaxed than the CGM
ecause it is less affected by the feedback processes of a single galaxy
M. Donahue & G. M. Voit 2022 ; M. Lepore et al. 2025 ). The ICM
as a similar, though somewhat higher density to the CGM around
assive galaxies, but the velocities of satellite galaxies in cluster

nvironments are typically substantially higher (K. Yun et al. 2019 ).
am pressure ∝ ρv2 , where ρ is the density of the medium and v is

he velocity of the galaxy relative to the medium. Because they tend
o orbit faster, cluster satellites typically experience much greater
am pressure than their counterparts in lower mass haloes. 

Wind-tunnel simulations show that ram pressure can efficiently
trip a satellite galaxy over a few hundred Myrs. Some recent wind-
unnel simulations of ram pressure stripping implement a uniform but
ime-dependent wind to better model the ram pressure experienced
y a satellite orbiting in the ICM (S. Tonnesen 2019 ; M. Sparre
t al. 2024b ). A time-dependent wind prevents over-stripping of
he satellite as seen in some simulations with constant winds (S.
onnesen 2019 ). This has provided a more realistic yet controlled
nvironment in which to explore the effects of ram pressure stripping.
orks by J. Zhu, S. Tonnesen & G. L. Bryan ( 2024 ) and R. Ghosh,
. Dutta & P. Sharma ( 2024 ) find that the CGM of satellites is easily

tripped, though the ISM may still be retained over long periods
rovided that the mass and therefore the gravitational restoring force
s large enough. 

Using cosmological simulations, K. Yun et al. ( 2019 ) found
hat jellyfish galaxies are ubiquitous throughout the ICM. Cluster
ellyfish galaxies experience strong ram pressure stripping, resulting
n a long tail of dense gas. E. Rohr et al. ( 2023 ) found that in
luster environments, ram pressure stripping is capable of completely
tripping and quenching a galaxy in a single orbit (infall to apocentre)
nd that half of the cluster jellyfish galaxies were quenched by
am pressure stripping at z = 0. In lower mass systems, satellites
end to have lower velocities relative to the ambient medium and
herefore, experience less ram pressure. C. M. Simpson et al. ( 2018 )
nvestigated quenching of satellite galaxies due to ram pressure
tripping in Milky Way-mass haloes. They found that the majority of
atellites with Mstellar < 108 M� within 300 kpc of the central galaxy
re quenched by ram pressure stripping at z = 0. More massive
atellites ( Mstellar � 109 M�) are typically not (yet) quenched at z =
. Understanding the impact of ram pressure stripping is therefore
mportant for understanding the evolution of satellite galaxies. 

Magnetic fields have been shown to have potentially significant
ffects on the overall evolution of galaxies (J. Whittingham et al.
021 ) and the CGM (F. van de Voort et al. 2021 ). These include
ystematically larger galaxy discs and better retention of gas follow-
ng mergers (J. Whittingham et al. 2021 ), as well as affecting the
tructure and mixing of the CGM and the propagation of outflows
F. van de Voort et al. 2021 ). Note, however, that these effects are
ot seen in all simulations. P. F. Hopkins et al. ( 2020 ) find no strong
ffects from magnetic fields in the FIRE-2 simulations. M. Sparre,
. Pfrommer & K. Ehlert ( 2020 ) and M. Sparre et al. ( 2024a , b )
NRAS 543, 4321–4334 (2025)
onducted a series of wind-tunnel simulations exploring the effects
f ICM winds on gas clouds and galaxies. M. Sparre et al. ( 2020 )
ound that cool gas clouds survive longer in a hot wind featuring a
urbulent magnetic field compared to a wind with a uniform field, or
o magnetic field. Similarly, M. Sparre et al. ( 2024b ) found that when
luster-like magnetic fields (i.e. turbulent) are included, galaxies also
xperience less ram pressure stripping. 

While there have been a considerable number of investigations into
am pressure stripping in cluster environments, fewer studies focus
n its effect in galaxy groups or around massive galaxies. In this
ork, we use cosmological ‘zoom-in’ simulations of three massive
aloes ( M200c = 1012 . 5 − 1013 M�) which host a number of satellite
alaxies. These simulations form part of the Simulating the Universe
ith Refined Galaxy Environments (SURGE) project. We simulate

hese haloes with and without magnetic fields to investigate the effect
f magnetic fields on ram pressure stripping of satellite galaxies. We
how that while there is not a clear population-wide impact, ram
ressure stripping of massive, gas-rich satellites, and the evolution
f the subsequent stripped tail is substantially altered by the presence
f magnetic fields. The simulation method is described in Section 2 .
n Section 3 , we present our results on the effect of magnetic fields
n ram pressure stripping of satellites. We explore the effects of
dditional resolution in the CGM in Section 4 . Our findings are
ummarized and discussed in Section 5 . All length-scales are given
n proper coordinates. 

 M E T H O D S  

e conducted cosmological zoom-in simulations of three haloes
ith z = 0 halo masses ( M200c ) in the range 1012 . 5 –1013 M�. Here,
e define M200c and R200c such that the volume enclosed by a sphere
f radius R200c has an average density 200 times the critical density
f the universe, and M200c is the mass enclosed within R200c . 
Haloes were selected from the dark matter-only EAGLE simulation

ox (J. Schaye et al. 2015 ) with a comoving box size of 100 Mpc.
he haloes were resimulated at significantly higher resolution with a
oom-in region centred on the selected halo, extending to a radius of
 × R200c . Details of all haloes are listed in Table 1 . These simulations
orm part of the SURGE project (see also F. van de Voort et al.
019 ). Some of the simulations presented here are also discussed in
. Pakmor et al. ( 2024 ) and M. Werhahn et al. ( 2025 ) in the context
f understanding the amplification of magnetic fields. 
We simulated each halo with and without magnetic fields. In

imulations with magnetic fields, we seed a uniform magnetic field
t z = 127 with a comoving strength of 10−14 G. The choice of a
niform seed field rather than a more physically motivated seed field
s unlikely to matter at z ≤ 1 . 5 as a turbulent magnetic dynamo
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mplifies the field to saturation before this time (R. Pakmor, F. 
arinacci & V. Springel 2014 ; F. Marinacci et al. 2015 ; E. Garaldi, R.

akmor & V. Springel 2021 ; R. Pakmor et al. 2024 ). For simulations
ithout magnetic fields, we set the magnetic field seed value to zero

nd, therefore, the magnetic field remains exactly zero for the whole 
imulation time. The simulations are otherwise identical. 

Our simulations were run using the AREPO code (V. Springel 2010 ;
. Pakmor et al. 2016 ; R. Weinberger, V. Springel & R. Pakmor
020 ). AREPO solves the equations of ideal magnetohydrodynamics 
ith a finite-volume second-order Runge–Kutta integration scheme 

R. Pakmor et al. 2016 ) on a moving, unstructured Voronoi mesh
sing the K. G. Powell et al. ( 1999 ) approach for divergence control.
ur simulations adaptively refine gas cells by imposing a target cell 
ass Mcell = 5 × 104 M�. Cells are refined if their mass exceeds 
 × mtarget and de-refined if their mass drops below 0 . 5 × mtarget . 
In addition to our mass-refined simulations, we resimulate one 

013 M� halo (Halo 8) with additional spatial refinement (see F. van 
e Voort et al. 2019 ) which limits the volume of gas cells in the CGM
o Vtarget ≈ 1 kpc3 . Similar to the mass target, cells are refined if their
olume exceeds 2 × Vtarget and de-refined if their volume dropped 
elow 0 . 5 × Vtarget . This volume refinement criterion extends to 
 . 2 × R200c from the centre of any halo with M200c ≥ 5 × 108 M�.
his achieves a near-uniform spatial resolution in the CGM. 
Cell refinement methods in AREPO make it impossible (over 

osmologically relevant time periods) to follow individual gas cells. 
o overcome this, we use Monte Carlo tracer particles which move 
tochastically to follow mass when exchanged between resolution 
lements representing various baryonic mass components – gas cells, 
tar, and wind particles, and black holes (S. Genel et al. 2013 ; D.
eFelippis et al. 2017 ; R. J. J. Grand et al. 2019 ). This allows us

o follow mass fluxes through the simulation. At the start of the
imulation, one tracer particle is zin every gas cell. Over time, tracer
articles will move into new cells. Individual gas cells can hold 
ultiple tracer particles and it is not guaranteed that every cell will

ontain a tracer. 
We use the Auriga galaxy formation model which is described fully 

n R. J. J. Grand et al. ( 2017 ) and is summarized here. We include
adiative cooling of hydrogen and helium, metal line cooling and 
eating from a spatially uniform, and time-evolving UV background 
adiation field (M. Vogelsberger et al. 2013 ) with photoionization 
ates based on the UVB intensity of C.-A. Faucher-Giguère et al. 
 2009 ), including corrections for self-shielding (A. Rahmati et al. 
013 ). The ISM is modelled with a subgrid model, as described in
. Springel & L. Hernquist ( 2003 ), featuring a stochastic model for
tar formation (with threshold density of nH ≈ 0 . 11 cm−3 ), metal 
roduction and stellar feedback-driven winds (M. Vogelsberger et al. 
013 ). Additionally, we include a model for the formation and 
rowth of supermassive black holes and associated feedback (R. 
. J. Grand et al. 2017 ). We use cosmological parameters from
lanck Collaboration XVI ( 2014 ) of �m 

= 0 . 307, �b = 0 . 048, and
� 

= 0 . 693 with H0 = 100 h km s−1 Mpc−1 where h = 0 . 6777. The
uriga model has been extensively used to simulate Milky Way-mass 
alaxies (R. J. J. Grand et al. 2017 , 2021 ). 

Galaxies and their host haloes are identified using a friends-of- 
riends (FoF) algorithm (M. Davis et al. 1985 ). Stellar, gas, and black
ole particles are assigned to the same FoF halo as their nearest dark
atter particle. Subhaloes within FoF haloes are identified using the 

UBFIND algorithm (V. Springel et al. 2001 ; K. Dolag et al. 2009 )
hich defines ‘subhaloes’ as gravitationally bound overdensities 

ccounting for both dark matter and baryons. The subhalo with the 
owest gravitational potential energy is defined as the main halo 
ontaining the central galaxy, with other subhaloes described as 
atellites. Baryonic resolution elements (gas cells, star particles, and 
lack hole particles) which are gravitationally bound to the subhalo 
re associated with that subhalo and contribute to its recorded mass.
o trace haloes over cosmologically relevant time periods, merger 

rees are produced in a post-processing step using the code developed 
y V. Springel, T. di Matteo & L. Hernquist ( 2005 ). This links the
ndividual objects catalogued by SUBFIND within an individual output 
nd across simulation outputs. 

This work focuses on the effect of magnetic fields on satellite
tripping. Not all subhaloes within a simulation host luminous 
atellites. Additionally, not all luminous satellites are suitable for 
xploration in this work. Satellites must be sufficiently massive 
uch that they are resolved adequately. The key parameter in this
ork is the inclusion of magnetic fields, therefore it is vital that the
agnetic fields are converged during the period of interest for these

atellites. As discussed in R. Pakmor et al. ( 2024 ), the velocity field
n the ISM is highly turbulent on small scales which drives a small-
cale turbulent dynamo capable of amplifying the magnetic field 
trength in the galaxy. This amplification continues until the dynamo 
s saturated, typically when the magnetic energy density reaches a 
ew 10 per cent of the turbulent energy density. The saturation time
f the magnetic field depends on resolution. If the resolution is too
ow, the field strength will not converge until almost z = 0. Given our
aryonic mass resolution of 5 × 104 M� and the results of R. Pakmor
t al. ( 2024 ), these considerations limit us to satellite galaxies with
re-stripping mass Mtotal , init ≥ 3 × 1010 M� at z ≤ 0 . 5. Satellites 
bove this mass limit will have sufficiently amplified and converged 
agnetic fields and will have developed an azimuthal magnetic field 

tructure in the disc. 
To follow the evolution of the satellite while undergoing ram 

ressure stripping, we only include satellites in our sample which 
re present within the host CGM for an extended period of time.
inally, we wish to only examine galaxies on first infall, because
atellites which have previously orbited within the virial radius will 
ave significantly stronger internal magnetic fields as discussed in M. 
erhahn et al. ( 2025 ). Therefore, we exclude any satellite galaxies
hich have previously completed a full orbit. 
To that end, we introduced the following selection criteria: 

(i) satellites must be located within R200c for at least five sim- 
lation outputs (∼500 Myr) between z = 0 . 5 and 0 to allow their
volution to be followed; 

(ii) satellites must have a total mass of Mtotal , init ≥ 3 × 1010 M�
including gas, stars, dark matter, and black holes) before being 
tripped, and; 

(iii) satellites must be on their first infall. 

This results in a sample of 11 satellite galaxies from the 3
imulations with magnetic fields and 10 satellites from those without 
agnetic fields. 

 RESULTS  

.1 An overview of the satellite galaxy sample 

o understand how ram pressure stripping affects our simulated 
atellites, we first aim to understand the CGM environment through 
hich they move. To this end, Figs 1 and 2 show projections of the
ydrogen number density, temperature, metallicity, and magnetic 
eld strength (if applicable) for our three simulated haloes at z = 0.
emperature, metallicity, and magnetic field strength have all been 
ass-weighted to focus attention on the cool gas in the CGM.
agnetic field strength is not typically mass-weighted in other 
MNRAS 543, 4321–4334 (2025)
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M

Figure 1. Edge-on projections of the hydrogen number density (top) and mass-weighted temperature (bottom) for three different galaxy haloes at z = 0. We 
assume solar metallicity, Z� = 0 . 0127. All haloes are rotated so the central galaxy is displayed ‘edge-on’. All haloes are projected at a depth of 200 kpc. Haloes 
7 and 8 have a halo mass M200 c ≈ 1013 M�, while Halo 3 has a halo mass of approximately 1012 . 5 M�. See Table 1 for full details. The simulations in the 
top row of each group of panels include magnetic fields, whereas those in the the bottom row do not. Halo 8 was resimulated with 1 kpc spatial refinement 
in addition to the existing mass-refinement target. The virial radius, R200c , for each halo is indicated by a dashed white circle. Haloes without magnetic fields 
generally have higher gas densities in the CGM, particularly in the vicinity of the central galaxy. Temperatures are slightly higher in outer regions with magnetic 
fields but are otherwise similar. Given that Halo 3 has a lower halo mass, its virial radius and CGM temperature are lower than for the more massive haloes. 
Additionally, the central galaxy gas discs are smaller without magnetic fields and satellite galaxy tails appear denser and broader. 
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osmological simulation works. Instead, it is volume-weighted which
ends more weight to the hot phase of the CGM. The cool gas in
tripped satellite tails accounts for a significant fraction of the tail
ass, but a much smaller fraction of the volume in the wake of

atellite galaxies. Because we focus on the satellites and their tails,
e make the choice to use mass-weighted magnetic field strength to
ain a better understanding of how magnetic fields affect cool gas in
he tail. Also shown are the resimulations of Halo 8 with 1 kpc CGM
efinement (see Section 4 for details on the effect of increasing the
patial resolution in the CGM). The white dashed circles show the
irial radius of the halo. Throughout our analysis, we assume a solar
etallicity value, Z� = 0 . 0127. 
We see that the central gaseous discs are smaller in the simulations

hich do not include magnetic fields (as seen in J. Whittingham
NRAS 543, 4321–4334 (2025)
t al. 2021 for lower mass galaxies). In the case of Halo 7, the central
alaxy has a very small gas disc both with and without magnetic fields
ue to prior mergers (most recently at z = 0 . 17) removing the major-
ty of the gas. In simulations without magnetic fields, we see higher
∼0 . 5 dex) CGM densities in central regions. This contrasts results
n Milky Way-mass ( M200c ≈ 1012 M�) haloes which showed lower
GM densities (∼0 . 5 dex difference) within the inner 50 kpc in sim-
lations without magnetic fields (F. van de Voort et al. 2021 ). Outer
egions are slightly hotter when magnetic fields are included as in 
012 M� haloes (F. van de Voort et al. 2021 ). We do not see any
ther significant differences in temperature. Metals are also more
moothly distributed in simulations without magnetic fields as in
012 M� haloes (F. van de Voort et al. 2021 ). The magnetic field
trength is generally high for gas in the central and satellite galaxies,
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Figure 2. Same as Fig. 1 , but for metallicity (top) and magnetic field strength (bottom), both mass-weighted. Metals are more smoothly distributed in simulations 
without magnetic fields. The magnetic field strengths are similar in all haloes. Higher magnetic field strengths are found in the central and satellite galaxies. The 
cool gas in satellite tails has lower field strengths than the gas in galaxies, but higher than the ambient hot halo gas. In Halo 3, we see a region of high magnetic 
field strength extending from the galaxy to the virial radius. This is cospatial with cool, metal-rich gas expelled from the galaxy disc. Therefore, it is clear that 
not all regions of higher magnetic field strength in the CGM are due to ram pressure stripping of satellites. 
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ith lower field strengths in the CGM. The magnetic field strength 
n the cool gas in satellite tails is lower than in gas in galaxies, but
igher than the ambient hot halo gas. We note, however, that we
ee similar magnetic field strengths associated with cool, metal-rich 
utflows in Halo 3, indicating that higher field strengths in the CGM
re not solely due to ram pressure stripping. As expected given its
ower halo mass, the temperature and extent of the CGM are lower
or Halo 3. With magnetic fields, the density of the CGM in Halo
 is similar to the more massive haloes. Without magnetic fields, 
he density is slightly lower by a factor of ∼3. All three haloes
ost a number of satellite galaxies that are undergoing ram pressure
tripping at z = 0. Tails extending from these satellite galaxies are
omewhat denser with larger clumps without magnetic fields. 

In Fig. 3 , we explore the overall effects of ram pressure stripping
n the gas in our satellite galaxy population. The top two panels
how the evolution of the total and star-forming gas mass of the
argest satellite in Halo 8 (hereafter, Halo 8: Subhalo 1) over the
ourse of its infall towards the central galaxy. This is the largest
atellite in our sample so is not representative of the full sample. We
ocus our analysis on this satellite but we also find similar results for
he other large satellite in our sample (Halo 7: Subhalo 1). We begin
ollowing this satellite when it crosses R200c of the host halo and 
ollow its evolution to pericentre. This satellite has a very elliptical 
rbit such that within the CGM, the orbit is near parabolic. It reaches
pproximate pericentre, at z ≈ 0 . 01 at a distance of Rmin = 112 kpc
rom the central galaxy with a velocity of ∼600 km s−1 , relative to the
entral galaxy. Rmin is the smallest separation between the satellite 
nd the central galaxy in any simulation output. There is no reason
hat a simulation output should coincide with a satellite at pericentre.
ue to the time between simulation outputs, any measurements or 
isualizations may be displaced from true pericentre by ∼100 Myr. 
The first panel of Fig. 3 shows the fraction of total gas retained

y the satellite. The second panel shows the fraction of star-forming
as retained. The initial total gas mass is taken as the mass of all gas
ells associated with the subhalo by SUBFIND in the simulation output
mmediately prior to the satellite crossing R200c of the host halo. For
alo 8: Subhalo 1, Mgas , initial = 7 . 9 × 1010 M� with magnetic 
elds and Mgas , initial = 6 . 9 × 1010 M� without magnetic fields (a 
ifference of ≈10 per cent ). The star-forming gas mass is taken as 
he sum of the mass of all star-forming gas cells associated with the
atellite by SUBFIND , where we take the initial mass at the same time
s initial total gas mass. The satellite has Mgas , sf, init = 4 . 5 × 1010 and
 . 5 × 1010 M�, with and without magnetic fields, respectively. 
We also show the ram pressure experienced by the satellite during

nfall in the first panel. The ram pressure is calculated as the product
f the mean gas density ahead of the satellite, and the square of
he satellite velocity relative to the host CGM. The mean gas density
as calculated for a cylindrical region ahead of the satellite spanning
MNRAS 543, 4321–4334 (2025)
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Figure 3. The top panel shows the gas mass evolution of Halo 8: Subhalo 
1, with and without magnetic fields, as a function of time since crossing 
R200c of the main halo. It takes approximately 1 Gyr for the satellite to travel 
between R200c and its (approximate) pericentric distance, Rmin , where R 

is the distance between the satellite and the central galaxy. With B fields, 
∼20 per cent of total gas mass (ISM + CGM) is lost in this time. Without 
B fields, > 50 per cent of gas is stripped. The dotted grey line shows the 
ram pressure experienced by the subhalo in the simulation with magnetic 
fields. The ram pressure is calculated as the product of the mean density 
ahead of the subhalo, and the square of the subhalo velocity. The evolution of 
the ram pressure is similar without magnetic fields. The middle panel shows 
that the star-forming gas mass remains reasonably stable in both simulations 
indicating that most gas is lost from the satellite’s CGM, not the ISM. The 
bottom panel shows the retained gas fraction at pericentre as a function 
of the distance between pericentre and the central galaxy for a sample of 
satellite galaxies with total pre-stripping mass, Mtotal , init ≥ 3 × 1010 M�, 
and which meet the other criteria given in Section 2 . As with Halo 8: Subhalo 
1, we follow each satellite from R200c to pericentre. As expected, galaxies 
with smaller pericentric distances are more strongly stripped. Median values 
suggest stripping is slightly stronger without B fields. However, we see 
considerable scatter and the two populations are consistent with each other 
overall. 
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rom 45 to 60 kpc ahead of the satellite, with a radius of 100 kpc
rom the central axis of the galaxy. This region was selected such
hat no cool gas from the satellite disc was included, but that the
atellite would traverse the region before the next simulation output.
s expected, ram pressure increases over time as the satellite infalls

rom the virial radius to pericentre. In this time, the CGM density
ncreases slightly while the satellite velocity increases significantly,
eading to the rise in ram pressure. We plot ram pressure only for the
imulation with magnetic fields. The evolution is very similar for the
imulation without magnetic fields. 

Over the course of ∼1 Gyr, we see that Subhalo 1 in Halo 8
etains 77 per cent and 46 per cent of its total pre-stripping gas with
nd without magnetic fields, respectively. Without magnetic fields,
pproximately twice as much gas is lost from this satellite. Some
lost’ gas has been converted into stars. However, the increase in
tellar mass in this time is negligible compared to the decrease in
otal gas mass. 

Despite a significant reduction in total gas mass, the star-forming
as mass in this satellite, both with and without magnetic fields,
s fairly constant over the same period. This indicates that gas is
rimarily stripped from the more loosely bound CGM of the satellite,
ather than the more tightly bound ISM. In the simulation with
agnetic fields, we see a small increase in the star-forming gas mass

ver the ∼1 Gyr time-scale which is not seen without magnetic fields.
n both simulations, approximately 1/4 of the initial star-forming
as is converted to stars on this time-scale. This gas is replenished
hrough accretion onto the satellite. The increase in star-forming
as mass suggests that the accretion rate is higher for this satellite
n the simulation with magnetic fields. A lower accretion rate onto
he ISM in the simulation without magnetic fields is consistent with
tronger ram pressure stripping as more of the satellite’s CGM has
een removed, therefore diminishing the reservoir from which to
eplenish gas which has formed stars. 

We note that the ram pressure stripping here is less extensive than
n galaxy clusters where the more extreme environment strips the
atellite’s CGM faster, exposing its ISM to ram pressure. Simulations
f ram pressure stripping in cluster-like environments (e.g. R. Ghosh
t al. 2024 ) show effective stripping of the satellite CGM while
ravity can sufficiently bind the ISM. This protects the ISM from the
revailing wind during this time (seen in observations: P. Merluzzi
t al. 2024 , and in large-volume cosmological simulations: E. Rohr
t al. 2024 ). In our simulations, lower infall velocities result in lower
am pressure for satellites in the CGM. This is sufficient to strip the
atellite’s CGM on these time-scales but not to remove it entirely
nd expose the ISM to ram pressure stripping, explaining the lack of
uenching seen here. 
The bottom panel of Fig. 3 shows the retained gas fraction

t (approximate) pericentre for all satellites in our sample (with
total , init ≥ 3 × 1010 M�) as a function of their closest approach

adius, i.e. the (approximate) pericentric distance from the central
alaxy. Our sample consists of 11 satellite galaxies from simulations
ith magnetic fields and 10 satellites from simulations without
agnetic fields. While some satellites have clear counterparts in each

imulation (particularly the massive satellites), not all do. Lower
ass satellites do not all have counterparts in the sample as their

roperties sit closer to our selection criteria. Random variations in
he simulations lead to slight differences in the pre-stripping mass
nd in their orbits. As such, we do not expect pairs of satellites
ith identical Rmin , with and without magnetic fields. There are
isual differences in the morphology of the satellite tails (seen in
igs 1 and 2 ) and in the retained gas mass for the two most massive
atellites in our sample (Halo 8: Subhalo 1 and Halo 7: Subhalo 1,
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Table 2. Summary of orbital types of the satellite 
galaxies in our sample. Orbits are defined as ‘plunging’ 
if the satellite spends ≤ 3 simulation outputs (∼300 
Myr) with | vr | / | v| < 0 . 5. Satellites on ‘azimuthal’ orbits 
spend > 3 simulation outputs with | vr | / | v| < 0 . 5. For all 
satellites in our sample, three simulation outputs amount 
to ≤ 50 per cent of the time the satellites spend within 
R200c . This diversity in orbital path contributes, in part, 
to the scatter seen in the lower panel of Fig. 3 . However, 
other factors, including inclination to the CGM flow, also 
play a role. 

B fields Plunging Azimuthal 

Yes 6 5 
No 6 4 
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oth with Mtotal , init > 1011 M�). However, over our full sample of 
atellite galaxies, we see no significant differences in the fraction 
f gas stripped between crossing R200c and (approximate) pericentre 
esulting from the presence of magnetic fields. Median values of 
etained gas fraction are slightly lower without magnetic fields which 
ndicates stronger stripping, however, there is significant scatter. 

The large scatter in the retained fraction of gas mass over our
ample is likely due to a combination of the small sample size and the
nherent variations in the properties of the satellite population. These 
imulations were not specifically run for this work and due to their
ignificant expense, we were unable to obtain a larger simulation sam- 
le at equal resolution. Within our sample, there is are a large range of
nitial satellite masses from the lower limit of Mtotal = 3 × 1010 M�
o beyond 1011 . 5 M�. Lower mass satellites are more easily stripped 
ue to their shallower gravitational potentials. Satellites also orbit on 
 variety of orbital paths. Some, like Halo 8: Subhalo 1, have more
lunging, radial orbits while others orbit through the CGM on wider, 
ore azimuthal trajectories. Table 2 summarizes the variation in 

rbital type of satellites in our sample. To compare satellite orbits, we
onsider their radial velocities relative to the central galaxy. Around 
ericentre, satellite motion is almost entirely azimuthal relative to 
he central galaxy, so vr ≈ 0. Galaxies on plunging radial orbits, 
re significantly faster at pericentre and spend less time with low 

adial velocities than satellites on wider, azimuthal orbital paths. We 
efine ‘plunging’ orbits as those that spend ≤ 3 simulation outputs 
∼300 Myr) with | vr | / | v| < 0 . 5. Satellites that spend more than
hree simulation outputs with | vr | / | v| < 0 . 5, are classified as having
azimuthal’ orbits. A threshold of | vr | / | v| = 0 . 5 is a natural choice,
ecause the radial velocity component dominates above this value, 
hereas the azimuthal velocity is dominant below this threshold. 
he classifications are robust to variations in the radial velocity 

hreshold (e.g. | vr | / | v| < 0 . 4 or < 0 . 6) with no changes to the orbit
lassifications in Table 2 . In addition to significant differences in 
rbital path, we also see variation in the orientation of the satellites.
ome are oriented ‘face-on’ to the gas of the host’s CGM, presenting
 much larger surface area than a galaxy moving through the CGM
ith an ‘edge-on’ orientation. Thus, a face-on satellite experiences a 
reater force from ram pressure. Given the variations in initial mass
nd orientation with respect to the ram pressure in our sample, we
o not find any difference in retained fraction of gas mass as a result
f orbital type. 

.2 Ram pressure stripping of massive satellites: CGM jellyfish 

hen the most massive ( M200c > 1011 . 5 M�) subhaloes with the 
argest gas reservoirs undergo ram pressure stripping, they contain a 
ufficient quantity of gas to form extended stripped tails. The tails of
hese ‘CGM jellyfish’ galaxies are similar to, though lower density 
han, the tails of jellyfish galaxies in clusters (J. Göller et al. 2023 ).
GM jellyfish tails show significant differences with and without 
agnetic fields. Fig. 4 shows projections of (from left to right) the

ydrogen number density, temperature, metallicity, and vorticity of 
alo 8: Subhalo 1 with (top) and without (bottom) magnetic fields
ear pericentre ( Rmin = 112 kpc). Vorticity here is the curl of the cell
elocity vector. The satellite is rotated such that its velocity vector
oints in the negative z-direction. We find tails of dense, cool gas
isibly extending more than 100 kpc downwind from the satellite. 
ithout magnetic fields, the tail is longer, extending beyond 200 kpc.

he satellite galaxy’s gas disc is much smaller in the simulation
ithout magnetic fields. The reduced disc size is unlikely to be a

esult of ram pressure stripping as this has also been seen for Milky
ay-mass central galaxies (J. Whittingham et al. 2021 ). 
Differences in the tails between the two simulations are most 

ronounced in the distribution of metals. Without magnetic fields, the 
egion of high metallicity in the wake of the satellite is much broader
nd longer than with magnetic fields. While higher metallicities are 
argely cospatial with cool gas in the simulation with magnetic fields,
his is not the case in the simulation without magnetic fields. Rather,
he metallicity is also higher in large regions containing hotter, 
ower density gas around the dense tail. The wider distribution of

etals into the hot gas, combined with higher vorticity in the hot gas
urrounding the tail, indicates greater turbulence and thus turbulent 
ixing in the absence of magnetic fields. As these mixing signatures

re less prevalent in simulations with magnetic fields, this indicates a
egree of suppression of fluid instabilities (e.g. the Kelvin–Helmholtz 
nstability: S. A. Walker et al. 2017 , Q.-C. Shi et al. 2023 ) by magnetic
elds. 

.3 Origin and evolution of satellite tail gas 

o quantify mixing, we determine the origin of the cool, dense gas
n our CGM jellyfish tails. We select all gas cells in the tail based
n their location relative to the satellite galaxy and their density. Our
ylindrical selection region extends from 30 to 360 kpc downwind 
f the satellite with a radius of 150 kpc. This region is represented in
ig. 4 by the dashed white rectangles. This spatial criterion ensures
e do not select gas found in the satellite’s ISM, but that we include

he entire tail visible in projections of gas density. To exclude the
ot, low-density gas of the host CGM, we place a density criterion
f nH ≥ 2 × 10−4 cm−3 on gas within the cylindrical region. 
We use Monte Carlo tracer particles (hereafter, tracer particles 

r tracers) to determine the origin of this gas. At (approximate)
ericentre, we select all tracer particles contained within gas cells 
n the cylindrical region which meet the density criterion. We then
ollow the satellite back in time to where it crosses R200c . At each
imulation output time, we record the tracer particles associated with 
he satellite subhalo. The tracers associated with the subhalo at any
utput time during this evolution are compared to the tracer particles
n the tail. Any tracer particles in the tail which were previously
ssociated with the subhalo while located within R200c of the host halo
re categorized as ‘stripped’, while any tracers found in the tail which
ere not previously associated with the subhalo are categorized as 

condensed’. 
When applying this to Halo 8: Subhalo 1 and Halo 7: Subhalo

, we select more than 105 tracer particles from the satellite tails
n each simulation. For both haloes, we select significantly more 
racer particles (factor � 4) from the tails in the simulations without 

agnetic fields. The initial tail mass selected for Halo 8: Subhalo 1 is
MNRAS 543, 4321–4334 (2025)
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Figure 4. Projections of the hydrogen number density, temperature, metallicity, and vorticity for the largest satellite of Halo 8 with (top panel) and without 
(bottom panel) magnetic fields. We project this satellite with a projection depth of 50 kpc. Vorticity field lines are overlaid using the line integral convolution 
method (B. Cabral & L. C. Leedom 1993 ). The galaxy is rotated such that the satellite velocity vector points in the negative z-direction. The satellites are shown 
when they have reached pericentre and thus the moment of maximal stripping for the satellites. The stripped tail is much more extensive and the satellite galaxy 
disc is smaller in the simulation without magnetic fields. The metallicity and, to a lesser extent, the vorticity, show elevated values in the CGM of the host halo 
around but outside the tail in the simulation without magnetic fields. This indicates increased turbulence between the ram pressure stripped gas and the host 
CGM. Dashed white rectangles denote the region from which tracer particles are selected in Section 3.3 . 
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6 . 3 × 109 M� with magnetic fields and ∼2 . 2 × 1010 M� without
agnetic fields. Of this, approximately 2/3 of cells contain a tracer

article and thus we trace approximately 2/3 of the total tail mass. 
Fig. 5 shows the fraction of ‘stripped’ and ‘condensed’ tracer

articles found in the tails of two massive satellites, simulated with
nd without magnetic fields. Whether magnetic fields are present or
ot, more than 40 per cent of tracers particles (and thus gas) within
he tails of these galaxies originated in the CGM of the host halo. For
imulations with magnetic fields, the tails consist of approximately
qual parts stripped gas and condensed gas. However, the fraction of
ondensed gas is considerably larger in simulations without magnetic
elds, where condensed tracer particles outnumber stripped tracers
y a factor of ∼2. In the top panel of Fig. 3 , we saw that the mass loss
n the simulation without magnetic fields is approximately double
hat of the simulation with magnetic fields. Given the larger quantity
NRAS 543, 4321–4334 (2025)
f stripped gas and larger condensed fraction of the tail, the amount
f condensed gas in the tail is significantly larger (by a factor of � 4)
n simulations without magnetic fields. This suggests that there is
n elevated rate of mixing in simulations without magnetic fields,
ore efficiently distributing metals from the stripped gas into the hot
GM of the host as was seen previously in the projections in Fig. 4 .
his enhances cooling and therefore condensation onto the stripped
as. 

We saw in Fig. 4 that there are significant differences between
he satellite galaxy tails in simulations with and without magnetic
elds, particularly when considering the distribution of metals into

he surrounding host CGM. Using the same tracer selection process
s for Fig. 5 , we followed the evolution of the tracer particle host cells
ackwards in time for the ‘stripped’ and ‘condensed’ populations.
ig. 6 shows the evolution in the median value and 16th–84th
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Figure 5. Fractions of tracer particles in the tails of two satellite galaxies 
(Halo 8: Subhalo 1 and Halo 7: Subhalo 1) stripped from each satellite 
galaxy and its CGM (blue bars) or condensed from the CGM of the host 
halo (orange bars). Fractions are displayed for simulations with (first and 
third sets of bars) and without (second and fourth sets) magnetic fields. In the 
simulations without magnetic fields, the gas condensed from the host CGM 

makes up a larger fraction of the gas in the tails than in the simulations with 
magnetic fields. This shows that mixing is more efficient in the absence of 
magnetic fields. 
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ercentile ranges of the hydrogen number density, temperature, and 
etallicity for the stripped and condensed tracer populations for 
alo 8: Subhalo 1 with and without magnetic fields. Tracers were 

elected when the satellite was approximately at pericentre. For Halo 
: Subhalo 1, this occurred at z ≈ 0 . 01, corresponding to ∼1 Gyr after
he satellite crossed R200c of the host halo. Using the selected tracer 
articles, the stripped and condensed populations were followed back 
hrough the simulation to when the satellite crossed R200c . At this
ime, the stripped gas was located within the satellite, while the 
ondensed gas was located in the host CGM. 

The stripped gas is initially cooler, denser, and higher metallicity 
han the condensed gas. As the satellite halo is significantly lower 

ass than the host, the lower temperature of the stripped satellite 
GM is unsurprising. That this gas is also higher in metallicity 

han the ambient CGM indicates that gas is being stripped from
he inner CGM of the satellite which is more metal-rich. There 
re no significant differences in the median values of the density 
r temperature between the simulations with and without magnetic 
elds. As expected, the condensed gas sample is initially (i.e. while in

he host CGM) hotter and at lower density than the stripped gas which
riginates in the satellite galaxy. The initial scatter of the density 
f the condensed component is smaller without magnetic fields, 
hile the median value is similar in both simulations, suggesting that 

he host CGM is more strongly mixed in the absence of magnetic
elds. The scatter in temperature is similar between the stripped and 
ondensed gas samples in both simulations. The median temperature 
f the stripped gas is relatively high (∼105 K) indicating that the 
ajority of stripped gas is from the satellite CGM as opposed to the

ooler ISM as shown in Fig. 3 . 
With magnetic fields, we initially see a wider spread in metallicity 

or both the stripped and condensed populations than in the simula-
ion without magnetic fields. In both cases, the difference between 
edian metallicity values for the selected gas samples decreases over 
ime as the samples become more similar. We also see the scatter of
oth samples reduce as this occurs. Without magnetic fields, the 
edian metallicity of the condensed gas is higher with a smaller

catter than with magnetic fields. Similarly to the differences in the
ensity scatter, this indicates that the host CGM is generally better
ixed in the absence of magnetic fields. We find that the difference

etween the median values of the selected samples decreases over 
ime in both simulations, though the decrease is slightly larger 
ithout magnetic fields. The decrease in overall scatter is larger 
ith magnetic fields. This is likely due to initial differences in the
ost halo where gas is generally less mixed with more extremely
etal-poor gas. 

.4 Magnetic draping of satellite galaxies 

he differences in the evolution of these properties (Fig. 6 ), as well
s the stripping rate (Fig. 3 ) could be explained by magnetic draping.
agnetic draping occurs when an object, in this case a satellite

alaxy, moves through a magnetized medium such as the host CGM.
agnetic field lines curve around the object forming a draping layer
ith increased magnetic field strength (L. J. Dursi & C. Pfrommer
008 ; C. Pfrommer & L. J. Dursi 2010 ). This draping layer can
rotect the gas in the satellite against ram pressure stripping (e.g. M.
parre et al. 2024b ) because the increased magnetic pressure acts to

imit vorticity at the interface between fluids (in this case the cooler
as of the satellite and the hot gas of the host CGM) and suppresses
he formation of fluid instabilities (Q.-C. Shi et al. 2023 ). 

Fig. 7 shows projections of the magnetic field strength of Halo 8:
ubhalo 1 and the surrounding gas at various times spanning ∼1 Gyr
rom left to right. Over this period, the satellite falls inwards towards
he central galaxy, moving deeper into the host halo. The satellite is
otated as in previous figures with its velocity vector pointing in the
egative z-direction. The structure of the magnetic field is overlaid as
rushstrokes using the line integral convolution method (B. Cabral & 

. C. Leedom 1993 ). As the satellite falls towards the central galaxy,
he ambient magnetic field strength increases. Ram pressure becomes 
tronger as the host CGM density rises and as a result, more gas is
tripped from the satellite. We see in the third and fourth panels
hat the leading edge of the satellite is swept back towards its centre
nd the downwind edge of the disc becomes elongated along the
-direction. The magnetic field lines ahead of the satellite become 
ore perpendicular to the velocity vector of the satellite and form the

haracteristic swept back morphology of magnetic draping also seen 
n L. J. Dursi & C. Pfrommer ( 2008 ) and M. Sparre et al. ( 2024b ).
he draping layer likely suppresses fluid instabilities at the leading 
dge of the galaxy, reducing the rate of ram pressure stripping. 

In the final panel of Fig. 7 , we see the magnetic field lines down-
ind of the satellite align with its tail, preferentially oriented along

he z-axis. At earlier times, they displayed no coherent structure. This
lignment of the magnetic field with the tail has also been observed
n clusters (A. Müller et al. 2021 ) and found in ICM wind-tunnel
imulations (M. Sparre et al. 2024b ). The magnetic field alignment
ransverse to the fluid interface likely suppresses fluid instabilities 
imilar to the effect of the draping layer at the leading edge of
he satellite. This suppression results in the reduced mixing and 
ubsequent condensation seen in simulations with magnetic fields. 

 T H E  I M PAC T  O F  C G M  REFI NEMENT  

o check that our results are converged, we use our simulations of
alo 8 with 1 kpc spatial refinement. As above, we focus our analysis
n Halo 8: Subhalo 1 and thus make comments on convergence 
MNRAS 543, 4321–4334 (2025)
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Figure 6. The evolution of the hydrogen number density, temperature, and metallicity for the stripped (blue curves) and condensed (orange curves) components 
of the cool gas in the tail of Halo 8: Subhalo 1 with (top) and without (bottom) magnetic fields. Gas cells were selected at z = 0 . 01 when the satellite was close 
to pericentre. This corresponds to ∼1 . 15 Gyr after crossing R200c of the host halo. Gas was followed back in time using Monte Carlo tracer particles to the 
simulation output closest to when the satellite crossed R200c . At this time, stripped gas was located within the satellite system and condensed gas in the host 
CGM. Solid curves denote the median values. Shaded regions show the 16th to 84th percentile range. Both with and without magnetic fields, the condensed gas 
is initially lower density and hotter than the stripped gas. Given its origin in the host CGM, this is expected. Without magnetic fields, the median metallicity of 
the condensed gas is higher throughout the evolution compared to the simulation with magnetic fields. This indicates that the CGM environment is more strongly 
mixed without magnetic fields. While the median metallicity values of the stripped and condensed samples move closer together in both simulations, without 
magnetic fields, the median values converge further on these time-scales. This suggests enhanced mixing between the stripped and condensed populations in 
the tail in the simulation without magnetic fields. 

Figure 7. Projections of the magnetic field strength for Halo 8: Subhalo 1. The satellite is oriented as in Fig. 4 and is projected at a depth of 50 kpc. The 
magnetic field lines are overlaid using the line integral convolution method (B. Cabral & L. C. Leedom 1993 ) to show the structure of the magnetic field. As the 
satellite falls into the inner CGM of the host halo, the density of the CGM and therefore the ambient magnetic field strength increases. A magnetic draping layer 
forms around the leading edge of the satellite with the magnetic field lines forming the characteristic ‘swept back’ structure in the magnetic field (also seen in 
C. Pfrommer & L. J. Dursi 2010 ; M. Sparre et al. 2024a ). At later times, the magnetic field downwind of the satellite aligns with the stripped tail as seen in 
observations (A. Müller et al. 2021 ). This alignment transverse to the fluid interface likely suppresses mixing between the stripped gas and the host CGM. 
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Figure 8. Comparison of the gas mass evolution for Halo 8: Subhalo 
1 in 4 simulations of this halo. Blue lines, marked with squares, show 

simulations with magnetic fields. Orange lines, marked with circles, show 

simulations without magnetic fields. Dashed lines with unfilled markers 
denote simulations with 1 kpc spatial refinement in the CGM. Solid lines with 
filled markers denote simulations at the standard mass resolution described in 
Table 1 . The fraction of gas mass removed from this satellite is nearly identical 
in the standard simulations and their counterparts with CGM refinement. This 
shows that the mass loss is converged, indicating that any differences between 
simulations with and without magnetic fields are due to physical processes –
i.e. the inclusion of magnetic fields. 
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Figure 9. Projections of the hydrogen number density for Halo 8: Subhalo 
1 in the four simulations of Halo 8. Each simulation has been rotated such 
that the velocity vector of the satellite points in the negative z-direction. The 
satellite is projected with a projection depth of 50 kpc. The simulations shown 
in the upper panels include magnetic fields, whereas those in the lower panels 
do not. The left column shows the standard mass resolution simulations. The 
right column includes a 1 kpc spatial refinement in the CGM in addition to 
mass refinement. As in the standard simulations, the tail with magnetic fields 
displays smaller clumps than in the simulation without magnetic fields. In 
both cases with CGM refinement, the clumps are smaller than in the standard 
resolution simulations which is expected given the improved spatial resolution 
(R. Ramesh et al. 2024 ). Smaller, but more numerous clumps cause the tails 
to appear more visibly diffuse. 
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or massive satellites only. We leave a detailed study of the lower
ass satellites for future work with higher resolution simulations. 
owever, for this single halo simulated at higher resolution, we see 

onsiderable scatter in retained gas fraction as in Fig. 3 . 
Fig. 8 shows the retained gas fraction of the entire subhalo over

ime for the standard resolution and CGM refinement simulations 
f Halo 8: Subhalo 1, with and without magnetic fields. The initial
as mass and the start of stripping are defined at the point when the
atellite crossed R200c . Both with and without magnetic fields, we see 
hat the evolution of the satellite’s total gas mass is nearly identical
etween the standard and CGM refinement simulations. This shows 
hat ram pressure results in similar stripping even when the host and
atellite CGM is simulated with ∼39 times the number of resolution 
lements. The same is true for star-forming gas mass (not shown). 

Because the mass loss rates are converged with resolution, we 
ow explore the effects of CGM refinement on the tails of CGM
ellyfish. Fig. 9 shows projections of hydrogen number density for 
alo 8: Subhalo 1 in the simulations at standard resolution and 

hose with CGM refinement, with and without magnetic fields. The 
atellite is rotated as in previous figures. While the overall mass loss
rom the satellites is unaffected by the inclusion of CGM refinement, 
here are significant differences in the morphology and extent of the 
ails. With CGM refinement, the tails appear more diffuse in density 
rojections than their mass refined counterparts, whether magnetic 
elds are included or not. However, the median density of the cool
as is slightly higher with CGM refinement, consistent with other 
pplications of this refinement scheme which show increased cool 
as column densities (F. van de Voort et al. 2019 ). 
In the simulation with both magnetic fields and CGM refinement, 
he tail morphology is particularly different with much smaller 
lumps in the tail. This more diffuse tail extends further behind
he satellite than in the standard case to beyond 200 kpc downwind.

ithout magnetic fields, the tail is approximately the same length 
MNRAS 543, 4321–4334 (2025)



4332 T. A. Rintoul et al.

M

w  

c  

t  

n  

i  

m  

e  

e  

C  

F  

i  

A  

m  

s  

c

5

W  

s  

c  

i  

t  

h  

C

 

s  

m  

p  

i  

m  

i  

d
 

b  

w  

H  

v  

p  

fi  

m  

I  

w
 

m  

i  

s  

a  

g  

j
 

e  

m  

m  

f  

g  

w  

w  

r  

b  

t  

h
 

s  

e  

F  

o  

t  

m  

a  

f  

t  

f  

s  

t  

o
 

m  

t  

(  

s  

t  

t  

M  

t  

t  

a
 

s  

i  

a  

t  

c  

W  

s  

t  

a  

h

 

e  

e  

s  

a  

r  

t  

i  

t  

S  

o
 

l  

t  

w  

b  

a  

w  

p  

T  

s  

r  

s  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/543/4/4321/8284991 by guest on 28 O
ctober 2025
ith CGM refinement as it is at standard resolution. However,
lumps in the tail are smaller and more numerous as also seen in
he simulation with CGM refinement and magnetic fields. More
umerous but smaller clouds at higher resolutions have also been seen
n other works employing additional refinement schemes (e.g. the

ass-refinement version of CGM refinement presented by R. Ramesh
t al. 2024 ). Despite their more diffuse appearance, we see the same
volutionary behaviour in density, temperature, and metallicity with
GM refinement as was seen at standard resolution (not shown, see
ig. 6 for standard resolution). For both resolutions, the stripped gas is

nitially denser, cooler and higher metallicity than the condensed gas.
dditionally, without magnetic fields, the difference in the median
etallicity of the samples decreases more over time than in the

imulation with magnetic fields. These conclusions are therefore
onverged with resolution. 

 DISCUSSION  A N D  C O N C L U S I O N S  

e examined the effect of magnetic fields on the ram pressure
tripping of satellite galaxies within the CGM of massive galaxies in
osmological, magnetohydrodynamical simulations using the mov-
ng mesh code AREPO as part of the SURGE project. We simulated
hree massive haloes with and without magnetic fields. One of these
aloes was also simulated with enhanced spatial resolution in the
GM. The main conclusions of this work are as follows: 

(i) There are modest differences in the host CGM environment in
imulations with and without magnetic fields (Figs 1 and 2 ). Without
agnetic fields, the density of the host CGM is slightly higher,

articularly in central regions. The temperature in the outer CGM
s slightly lower without magnetic fields, and the distribution of
etals throughout the halo is smoother, indicating the host CGM

s somewhat better mixed. With magnetic fields, there is a larger
ifference between the regions of highest and lowest metallicity. 
(ii) We see no clear difference in the fraction of gas mass retained

y satellites undergoing ram pressure stripping between simulations
ith and without magnetic fields over our full sample (Fig. 3 ).
owever, because of the small size of our sample and the inherent
ariation in the physical and orbital properties of the satellite
opulation, there is significant scatter within the population. We
nd that the median retained gas fraction is slightly lower without
agnetic fields though this difference is well within the scatter range.

ncreasing the number of satellites studied is needed to determine
hether this is a significant result. 
(iii) For the two most massive satellites in our sample, significantly
ore gas is stripped in the absence of magnetic fields. This gas

s primarily stripped from the CGM of the satellite (Fig. 3 ). This
tripped gas forms long tails in the wake of the galaxy similar in
ppearance to, though much lower density than, the tails of jellyfish
alaxies found in clusters. We refer to these satellites as ‘CGM
ellyfish’. 

(iv) CGM jellyfish galaxies show significant differences in the
xtent, mass and morphology of their stripped tails (Fig. 4 ). Without
agnetic fields, tails are visibly longer in density projections, with
ore cool gas in the wake of the satellite. These longer tails are

ormed of larger clumps than in simulations with magnetic fields. The
reatest difference in the tails is seen in metallicity. In simulations
ith magnetic fields, high-metallicity regions are generally cospatial
ith the cool gas tail. Without magnetic fields, high-metallicity

egions span a larger volume than the dense tail. Metals have
een distributed more widely into the local environment through
NRAS 543, 4321–4334 (2025)
urbulent mixing. Increased turbulent mixing is also indicated by
igher vorticity in simulations without magnetic fields. 
(v) Examining the origin of gas in the tails of CGM jellyfish

hows substantial mixing between stripped gas and the host CGM
nvironment both with and without magnetic fields (Figs 5 and 6 ).
or the satellite examined in detail in this work, the tail consists
f cool gas with mass on the order 1010 M�. As expected from
he enhanced stripping rate, without magnetic fields, the tail is

ore massive by a factor ∼2. When magnetic fields are included,
pproximately half of all cool gas in the tail does not originate
rom the satellite’s ISM or CGM. Rather it has condensed from
he ambient environment. Without magnetic fields, this condensed
raction constitutes approximately 2/3 of the gas in the tail because of
tronger turbulent mixing and induced cooling. When coupled with
he enhanced stripping, the mass of condensed gas is at least a factor
f 4 higher in the absence of magnetic fields. 
(vi) The difference in ram pressure stripping with and without
agnetic fields is likely due to draping of the magnetic field around

he satellites as they move through the magnetized host environment
Fig. 7 ). The draping layer protects the leading edge of the satellite,
uppressing fluid instabilities and reducing the overall stripping due
o ram pressure. Magnetic fields are found to align with the tail of
he CGM jellyfish galaxy, similar to that observed in clusters by A.

üller et al. ( 2021 ). This alignment of the magnetic field along the
ail suppresses fluid instabilities between the cool gas of the tail and
he hot gas of the environment, reducing turbulent mixing and the
ssociated induced condensation. 

(vii) We repeated our simulations for one halo with an additional
patial refinement criterion in the CGM and found very similar results
n retained gas fraction and the effect on the CGM jellyfish tail with
nd without magnetic fields (Figs 8 and 9 ). We conclude, therefore,
hat our results are robust to changes in resolution. The most notable
hange due to resolution is in the structure of the tails themselves.
ith CGM refinement, the clouds that form the satellite tails are

maller and more numerous than at lower resolution. As a result,
ails in simulations with CGM refinement appear more diffuse than
t standard resolution even though the gas densities tend to be slightly
igher. 

The topic of ram pressure stripping of satellites has also been
xplored in large-volume cosmological simulations. Exploring its
ffects in the TNG50 simulation, E. Rohr et al. ( 2023 ) found that
atellite galaxies in 1013 M� haloes tend to undergo stripping for
pproximately 5 Gyr before the mass of the ISM dropped below their
esolution limit (i.e. the satellite is quenched). In this time, satellites
ypically complete a full orbit. We have only explored galaxies on
nitial infall (time-scales of ∼1 Gyr). This time-scale is identified as
he period of peak ram pressure stripping by E. Rohr et al. ( 2023 ).
atellites in TNG50 show similar stripping rates as the satellites in
ur simulations with magnetic fields. 
M. Sparre et al. ( 2024b ) conducted idealized wind-tunnel simu-

ations for a Milky-Way mass galaxy (� 0 . 5 dex more massive than
he satellites in this work) in a time-evolving cluster-like wind. This
ind is hotter, denser, and faster than the host CGM wind experienced
y our satellites. They also used AREPO and the Auriga model, but
t a lower resolution than our simulations. In agreement with our
ork, M. Sparre et al. ( 2024b ) find that without magnetic fields, ram
ressure stripping removes significantly more gas from the galaxy.
hey find that the magnetic field aligns with the tail as seen in our
imulations and shown in Fig. 7 . They also find that increasing the
esolution leads to smaller but more numerous clouds in the tail. The
ize of these clouds is limited by resolution. This lack of convergence
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s also seen in our simulations (Fig. 9 ) and in the mass-refined CGM
efinement simulations of R. Ramesh et al. ( 2024 ). 

We have demonstrated that magnetic fields can significantly affect 
he ram pressure stripping rates of satellite galaxies in the CGM
round massive galaxies and the subsequent evolution of their tails. 
e see consistent results for the most massive satellites in our 

ample, in different haloes and independent of resolution. However, 
e wish to stress that, due to constraints on computation time and

he significant computational cost of these simulations, we have only 
tudied a small sample of satellite galaxies in a small number of
aloes between Mhalo = 1012 . 5 and 1013 M� at low redshift ( z < 0 . 5).
urther work is needed to determine the prevalence of these effects 
n the wider satellite galaxy population, particularly at lower mass, 
nd at higher redshift. 

Observationally exploring ram pressure stripping of satellite 
alaxies around massive galaxies is challenging. On the time-scales 
xamined in this work, we find that ram pressure strips the CGM of
he satellites. Direct observational signatures are, therefore, difficult 
o detect because the density of the stripped gas is significantly 
ower than for cluster jellyfish galaxies. However, the magnetic 
eld structure of the draping layer, indicating suppression of ram 

ressure stripping may be observable. This would require polarized 
ackground sources enabling rotation measure observations. Due 
o its large angular size, this is likely most practical to test with
bservations of the Large Magellanic Cloud, which is currently being 
tripped by the Milky Way CGM. 

Although our selection criteria were chosen to ensure well resolved 
atellites with saturated magnetic fields, any structures below the kpc- 
cale regime (e.g. shocks or turbulence) cannot be resolved. This 
ncludes the structure of the tail itself which as is seen with the CGM
efinement simulations, is not yet converged. When combined with 
he temperature floor of our simulations, this lack of convergence 
akes any examination of the long-term evolution of the stripped 

ool gas challenging and is therefore left to future work. It is also
ossible that our simulations underestimate the amplification of the 
agnetic fields in these satellites. Additionally, M. Werhahn et al. 

 2025 ) have shown that satellite galaxies have stronger magnetic 
elds after passing pericentre. We conclude that examining a broader 
ample of satellite galaxies over longer periods can provide a more 
omprehensive view of the wider role of magnetic fields in ram 

ressure stripping of satellites in the CGM of massive galaxies and 
n galaxy groups. 
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