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Abstract

Jellyfish galaxies provide direct evidence of ram pressure stripping in cluster environments. We investigate the
role of magnetic fields in the formation of jellyfish galaxies with a multiphase interstellar medium (ISM) using
radiation magnetohydrodynamic simulations. We impose magnetized (magnetohydrodynamic; MHD) and
nonmagnetized (hydrodynamic; HD) winds on the gas-rich dwarf galaxies containing the magnetized or
nonmagnetized ISM. The MHD winds strip the disk gas more effectively than the HD winds because of the
magnetic force acting against the local density gradient, which results in remarkably different ram pressure
stripped features. The magnetic fields induced by the MHD winds generate a strong magnetic pressure, which
forms smoothed disks and tail gas features. Since the stripped ISM in MHD wind cases travels while being nearly
isolated from the intracluster medium (ICM), the stripped ISM mostly forms stars within 20 kpc of the galactic
disks. In contrast, nonmagnetized winds facilitate the efficient mixing of the stripped ISM with the ICM, resulting
in the formation of abundant warm clouds that cool and collapse in the distant (~50-100 kpc) tails at times of a
few hundred Myr. Consequently, distant tail star formation occurs only in the HD wind runs. Finally, despite the
different tail features, the star formation rates in the disk remain similar owing to the interplay between the
increased gas stripping and the gas density increase in the disks of the MHD wind runs. These results suggest that
the magnetized ICM may have a significant influence on jellyfish galaxies, whereas the magnetized ISM play a
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minor role.

Unified Astronomy Thesaurus concepts: Galaxy environments (2029); Ram pressure stripped tails (2126);

Radiative magnetohydrodynamics (2009)

1. Introduction

Ram pressure stripping has a significant impact on galaxies
in galaxy clusters because of high peculiar velocity and high
ambient medium density (J. E. Gunn & J. R. 1. Gott 1972).
Ram pressure stripped (RPS) tails are observed mostly in
cluster environments in a wide wavelength range from HI
(J. D. P. Kenney et al. 2004; T. Oosterloo & J. van Gorkom
2005; A. Chung et al. 2007, 2009; T. C. Scott et al. 2010,
2012, 2018), radio continuum (G. Gavazzi et al. 1995; H. Chen
et al. 2020; I. D. Roberts et al. 2021; A. Ignesti et al. 2022), CO
(P. Jachym et al. 2014; C. Verdugo et al. 2015; P. Jachym et al.
2017; B. Lee et al. 2017; B. Lee & A. Chung 2018; A. Moretti
et al. 2018; P. Jachym et al. 2019), Ha (G. Gavazzi et al. 2001;
L. Cortese et al. 2006, 2007; M. Sun et al. 2007; M. Yagi et al.
2007, 2010; M. Fumagalli et al. 2014; A. Boselli et al. 2016;
B. M. Poggianti et al. 2017; Y.-K. Sheen et al. 2017), to X-ray
bands (A. Finoguenov et al. 2004; Q. D. Wang et al. 2004;
M. Machacek et al. 2005; M. Sun & A. Vikhlinin 2005; M. Sun
et al. 2006, 2010), indicating the multiphase nature of the RPS
tails. M. Sun et al. (2021) find a characteristic flux ratio of X-ray
to Ha from the RPS tails, which is interpreted as evidence of
mixing between the RPS clouds and the intracluster medium
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(ICM). J. Lee et al. (2022, hereafter L22) demonstrate using
a radiation hydrodynamical (RHD) simulation for a gas-rich
dwarf galaxy that the flux ratio closely correlates with the
fraction of stripped interstellar medium (ISM) in the RPS tails.
In this RHD simulation, dense molecular clumps form in the
distant tails as a significant amount of ISM gas is stripped
off by the strong ram pressure and mixes with the ICM,
resulting in a lower metallicity for molecular clumps or stars
that are more distant from the galactic plane. A metallicity
gradient of the gas clumps is also found in the RPS tails formed
by varying the ram pressure (see also M. Sparre et al. 2024a).
This is consistent with the metallicity gradient observed in the
RPS tails (A. Franchetto et al. 2021).

Magnetic fields are ubiquitous in galaxies and galaxy
clusters (C. L. Carilli & G. B. Taylor 2002; F. Govoni &
L. Feretti 2004; R. Beck & R. Wielebinski 2013; R. Beck
et al. 2019; E. Lopez-Rodriguez et al. 2022), even at high
redshifts (M. L. Bernet et al. 2008; E. Lopez-Rodriguez
et al. 2022). Spiral galaxies typically have total fields of
|IB| < 10 uG (S. Niklas 1995; R. Beck 2015), bright spirals
with well-developed arms have |B| ~ 10-20 4G (A. Fletcher
et al. 2011), and starburst galaxies have a magnetic
field strength of |B| ~ 50-300uG (B. Adebahr et al.
2013, 2017; B. C. Lacki & R. Beck 2013) with magnetized
outflows (E. Lopez-Rodriguez et al. 2021). Observations for
synchrotron relic and halo radio sources (e.g., T. A. Ensslin
et al. 1998; G. Brunetti et al. 2001; T. Arlen et al. 2012;
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F. de Gasperin et al. 2017; R. J. van Weeren et al. 2019;
V. Cuciti et al. 2022; A. Botteon et al. 2022), inverse Compton
X-ray emission (e.g., Y. Rephaeli et al. 1999; C. Ge et al.
2020), Faraday rotation of polarized radio sources (e.g.,
C. Vogt & T. A. Enflin 2005; A. Bonafede et al. 2010;
P. Kuchar & T. A. Enflin 2011; H. Bohringer et al. 2016;
F. Govoni et al. 2017; E. Osinga et al. 2022; J. Xu &
J. L. Han 2022), and cluster cold fronts in X-ray (e.g.,
A. Vikhlinin et al. 2001) reveal that the ICM is magnetized
with a typical field strength of ~1-10uG, depending on the
location in the clusters and the topology of the magnetic fields.

Magnetic fields influence the ISM and circumgalactic medium
(CGM) in complicated ways. As an important contributor
to the internal energy budget, magnetic pressure is assumed to
disturb the gravitational collapse of clouds, possibly lowering
star formation activities (C. Federrath & R. S. Klessen
2012; J. Kauffmann et al. 2013; M. Zamora-Avilés et al.
2018). In addition, aligned magnetic fields stabilize flows,
thereby suppressing the development of dynamical instabilities,
namely the Rayleigh-Taylor instability (B.-I. Jun et al. 1995),
the nonlinear thin shell instability (E. T. Vishniac 1994;
F. Heitsch et al. 2007), and the Kelvin—Helmholtz instability
(S. Chandrasekhar 1961), which in turn interrupt the efficient
mixing of two different media (e.g., A. Frank et al. 1996; D. Ryu
et al. 2000; A. Esquivel et al. 2006; F. Heitsch et al. 2009;
N. D. Hamlin & W. I. Newman 2013; Y. Liu et al. 2018;
D. S. Praturi & S. S. Girimaji 2019). When magnetic fields are
perpendicular to gas flows, they reduce gas cooling and thermal
instability (G. B. Field 1965), which in turn suppresses cloud
fragmentation and the buildup of density contrast (A. Burkert &
L. Hartmann 2004; F. Heitsch et al. 2008a, 2008b). Therefore,
magnetic fields have a significant impact on stripped clouds in
the CGM (e.g., F. Jennings et al. 2023; M. Sparre et al. 2024b).

Because the ICM is typically magnetized with |B| ~ 1-10uG
in R < 1 Mpc (e.g., C. L. Carilli & G. B. Taylor 2002) and
galaxies also have magnetic fields, it is not surprising to observe
magnetized RPS tails in clusters. The presence of magnetic
fields has been confirmed in several RPS galaxies (G. Gavazzi
et al. 1995; B. Vollmer et al. 2010; H. Chen et al. 2020;
A. Ignesti et al. 2022; A. Miiller et al. 2021a, 2021b, 2021c).
G. Gavazzi et al. (1995) estimate that the tails of their two target
galaxies have a magnetic field strength of |B| ~ 5uG based on
equipartition arguments (see T. Dacunha et al. 2025, for
potential overestimation of magnetic fields when the equiparti-
tion assumption is applied.). A. Miiller et al. (2021b) measure
the magnetic field orientation and strength of the well-studied
RPS galaxy JO206. They show that the tail of JO206 is not
highly turbulent, its field strength is |B| > 4.1 uG, and the field
direction is aligned with the tail. Based on other studies on the
multiphase tails of JO206 and JW100, A. Miiller et al. (2021a)
propose a scenario in which magnetic fields produce a
magnetized interface in the tails that protects RPS clouds from
the hot ICM.

Several studies have investigated the effect of magnetic fields
on RPS galaxies in cluster environments using magnetohydro-
dynamic (MHD) simulations (e.g., M. Ruszkowski et al.
2014; S. Tonnesen & J. Stone 2014; R. Vijayaraghavan &
P. M. Ricker 2017; M. Ramos-Martinez et al. 2018; M. Sparre
et al. 2024b). M. Ruszkowski et al. (2014) conduct a
set of simulations in which both MHD and pure hydrodynamic
(HD) winds are imposed on nonmagnetized disks. They
find that MHD winds form a magnetic draping layer (see
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L. J. Dursi & C. Pfrommer 2008, for further details) that lowers
the gas stripping rate in the disk and renders the tail clouds more
filamentary than in the HD winds. S. Tonnesen & J. Stone
(2014) examine the behavior of MHD and HD disks when
the HD winds are blowing toward the disks. In these
experiments, the stripped clouds mix with the ICM less
efficiently in the case of MHD wind. R. Vijayaraghavan &
P. M. Ricker (2017) find that the magnetized tails are smoother
and narrower than the tails of their pure HD counterparts
(R. Vijayaraghavan & P. M. Ricker 2015). M. Ramos-Martinez
et al. (2018) demonstrate that gas inflow is induced from the
outer disk toward the central region when an MHD disk is
exposed to HD wind. As in previous studies, the RPS tails are
less clumpy in the magnetized disk case. M. Sparre et al.
(2024b) demonstrate that jellyfish galaxies tend to have
magnetic fields aligned with their RPS tails. They also find a
stronger star formation boost from galaxies encountering winds
in the edge-on direction than those encountering winds in the
face-on direction (see also N. Akerman et al. 2023). However,
these studies are mostly based on their own idealized conditions
with no in situ star formation, and hence no stellar feedback
driving the strong turbulent motion on gaseous disks. Turbulent
pressure contributes significantly to the internal energy of
clouds (e.g., M. K. R. Joung & M.-M. Mac Low 2006;
C.-G. Kim et al. 2013; S. Choudhury et al. 2021; E. C. Ostriker
& C.-G. Kim 2022), providing additional resilience along with a
gravitational restoring force against the ram pressure (J. Lee
et al. 2020; W. Choi et al. 2022). Furthermore, as described
above, magnetic fields suppress the mixing between different
media. In L.22, we present the role of mixing in the formation of
the characteristic RPS tails using RHD simulations. However,
we do not include a magnetized medium in the models, which
calls for further studies on the formation process of jellyfish
galaxies in the conditions of a magnetized ISM or ICM. In this
study, we perform radiation magnetohydrodynamic (RMHD)
simulations with rich physical ingredients, to better understand
the formation process of jellyfish galaxies.

The remainder of this paper is organized as follows.
Section 2 describes the RMHD method and initial conditions
of our simulations. In Section 3, the impact of ram pressure on
gas disks and star formation activities in both the RMHD
simulations and their RHD counterparts are examined.
Section 4 demonstrates the different properties of RPS tails
in the RMHD and RHD cases. In Section 5, we discuss the
results and present several caveats. Finally, Section 6
summarizes the major findings.

2. Simulations

In this section, we describe the code and initial conditions of
the simulated galaxies and the properties of the ICM winds in
the simulations.

2.1. Code

We conduct a suite of RMHD simulations using the adaptive
mesh refinement (AMR) code RAMSES-RT (R. Teyssier
2002; J. Rosdahl et al. 2013; J. Rosdahl & R. Teyssier 2015). To
solve the induction equation for modeling the evolution of
magnetic fields in the AMR framework of RAMSES, S. Fromang
et al. (2006) implement an extended MUSCL-Hancock scheme
into RAMSES, based on the constrained transport algorithm.
RAMSES-RT adopts the approximate Harten—Lax—van Leer
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contact wave (E. F. Toro et al. 1994) to solve the set of Euler
equations for the MHD fluids and the particle-mesh method
(T. Guillet & R. Teyssier 2011) to solve the Poisson equation.
Radiative transfer (RT) is computed using a momentum-based
scheme with the Global Lax—Friedrich flux function. We use a
modified version of RAMSES-RT that self-consistently follows
the photoionization and photodissociation of hydrogen and
helium species. The code tracks eight photon groups, spanning
energies from 0.1-1.0eV (infrared; relevant for nonthermal
radiation pressure) to >54.42eV (extreme ultraviolet; capable
of ionizing He II). The photon groups also include the Lyman—
Werner band (11.2-13.6 eV), which plays a crucial role in
computing the formation and destruction of molecular hydrogen
using a modified photochemistry model (H. Katz et al. 2017,
T. Kimm et al. 2017), on top of the nonequilibrium chemistry
and cooling of six chemical species: H1, HII, He I, He 11, He I1I,
and e

RAMSES constructs an AMR structure based on a fully
threaded tree scheme (A. Khokhlov 1998). In this study, a gas
cell is refined when the local thermal Jeans length is smaller
than 32 cells until the maximum refinement level is attained.
This refinement scheme enables us to intensively resolve most
of the RPS tail volumes with a maximum or second maximum
grid level. More details can be found at the end of Section 2.3.

Atomic metal cooling at 7 > 10* K is computed using the
Cloudy cooling model (G. J. Ferland et al. 1998) and fine
structure line cooling at 7 < 10* K using the cooling model of
A. Rosen & J. N. Bregman (1995). In our simulations,
we also include radiative cooling induced by molecular
hydrogen (D. Hollenbach & C. F. McKee 1979; A. Halle &
F. Combes 2013). The spectral energy distributions of stars
computed using the Binary Population and Spectral Synthesis
model (version 2.0, J. J. Eldridge et al. 2008; E. R. Stanway
et al. 2016) based on a Kroupa initial mass function (IMF) is
used with slopes of —1.3 for stellar masses between 0.1 and
0.5M,, and —2.35 for stellar masses between 0.5 and 100M,
(P. Kroupa 2001).

Star formation rates (SFRs) are computed based on
Schmidt’s law (M. Schmidt 1959):

dpslar _ 1% gas

€ s 1
a0 ff " (1)

where pg,s is the gas density, f = /(37r/32Gpgas) is the

freefall time, G is the gravitational constant, and e is the star
formation efficiency per freefall time. In our model, the star
formation efficiency e is assumed to be controlled by the local
thermo-turbulent state of gas (P. Padoan & A. Nordlund 201 1;
C. Federrath & R. S. Klessen 2012). This is implemented in
our model as follows (e.g., T. Kimm et al. 2017):

_ €ecc 3 2)[ (U% — Scrit )]
r = exp(_as 2 et S ) [ (g
2¢, 8 202

where €... ~ 0.5 is the fraction of gas in a cloud that can
collapse into stars without being affected by protostellar jets,
expanding shells, or outflows, 1/¢, ~ 0.47 is a numerical
factor that parameterizes the multifreefall time in the cloud.
o2 = In[1 + b2M2B/(1 + B)]is the standard deviation of the
logarithmic density contrast s = In(p/p,), where b = 0.4
represents a mode of turbulence driving and corresponds to a
mixture of solenoidal and compressive turbulence. M is the
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sonic Mach number, (§ is the ratio of thermal pressure to
magnetic pressure (Py,/Pp), and p, is the mean density of the
cloud (see e.g., F. Z. Molina et al. 2012, for a detailed
derivation). The critical density above which the gas may
start to collapse (sc;) is approximated as (C. Federrath &
R. S. Klessen 2012)

Serit = In [0-0670_2avirM2f(ﬂ)]’ (3)

where 6 = 1 is a numerical factor for the uncertainty in
the postshock thickness with respect to the cloud size,
Qyir = 2Exin/|Egray| is the virial parameter of the cloud, and
f(B) = 1+ 0.925 37192/3/(1 + 32 In a hydrodynamic
case, the magnetic pressure Pz = 0 makes plasma [ diverge to
infinity, f(3) and 8/(1 4+ () converge to 1. The local Mach
number is estimated for a cell from the velocity dispersion
between neighboring cells as o3, = Tr(VvTVv) Ax?, where v
is the divergence and rotation-free local velocity field. The
typical € in our simulations is ~0.2-0.3. Once the efficiency
is determined, a Poisson distribution is used to randomly
sample the mass of the star particle with the minimum mass of
Mitarmin = 914 M, following Y. Rasera & R. Teyssier (2006).
In our simulations, SFRs are computed only in cells with
ny > 100cm™>. We confirm that stellar particles mostly
(~97.5%) form in gas cells with hydrogen number density
ny > 300cm > because star formation is only enabled in
gravitationally self-bound clouds in our star formation scheme.

Various stellar feedback mechanisms are considered, i.e.,
photoionization, radiation pressure exerted by photons at
wavelengths ranging from the Lyman continuum to optical
(J. Rosdahl et al. 2013), and nonthermal radiation pressure
owing to infrared (J. Rosdahl & R. Teyssier 2015) and Ly«
photons (T. Kimm et al. 2018), based on on-the-fly radiation
transport. Type II supernova (SN) explosions are modeled using
the mechanical feedback scheme of T. Kimm et al. (2015), with
the SN frequency increased by a factor of five compared to the
canonical value to provide strong support against gravitational
collapse in the ISM. Note that such an increase is necessary to
reproduce the stellar mass growth rates and the UV luminosity
functions of galaxies at z>6 (e.g., J. Rosdahl et al. 2018;
T. Garel et al. 2021) or the mass fraction of stars in galaxies
similar to the Milky Way (H. Li et al. 201 8).8 We do not allow
metal enrichment from SNe to trace the origin of the gas in a
cloud. As we discussed in L22 (Section 3.3), the cooling time
can be much shorter than ~10 Myr, whereas the freefall time is
on the order of 100-200 Myr for typical warm clouds with
ny ~ 0.1 cm . This indicates that star formation in the tail is
primarily regulated by gravitational collapse rather than by gas
cooling. In this regard, we argue that the SF in the tail is
unlikely to be sensitive to the choice of metal yield or to
additional metal enrichment from the disk or tail SF. AGN
feedback is not included in this study since no clear or strong
evidence of a significant link between AGN and star formation
activities in low mass (M, < 3 x 10'°M.) galaxies has been
found (I. Martin-Navarro & M. Mezcua 2018). Interested
readers can refer to L20 for more details on RHDs.

8 We note that although the Milky Way and high-redshift gas-rich galaxies
differ substantially in their global properties, both systems appear to require a
similarly enhanced level of feedback to reproduce the galactic properties.
Without it, simulated galaxies are overly compact and too rapidly rotating, as
already shown by T. Kimm et al. (2015).



THE ASTROPHYSICAL JOURNAL, 996:130 (22pp), 2026 January 10

P
LQ

log n,, (cm™)

N
B3\ -2

]

LR

-1 #70:

e U N

Lee et al.

Figure 1. Maps of the gas density and magnetic field strength projected in the face-on and edge-on directions at # = 100 Myr, when winds start to influence the
galaxies in simulations with ICM winds. Gray arrows show the direction of the magnetic fields and their relative field strength averaged over Az = 6 kpc on a

logarithmic scale.

2.2. Initial Conditions

We adopt the initial condition of a gas-rich dwarf galaxy
employed in L22. The initial conditions are generated
by J. Rosdahl et al. (2015) using the MAKEDISK code
(V. Springel 2005). The simulation box has a side length of
300 kpe, covered by 256° root grids (i.e., level 8). The grids
are refined until they reach a maximum refinement level of 14,
which corresponds to 18 pc. The dwarf galaxy is placed at the
center of a dark matter halo with total mass My, = 10" M,
and radius R,;, = 89 kpc. The dark matter halo is composed of
dark matter particles of mass of Mpy = 10° M., and it is
generated using a Navarro-Frenk—White density profile
(J. F. Navarro et al. 1997) with a concentration parameter
¢ = 10 and a spin parameter A\ = 0.04. The dwarf galaxy
initially has a stellar mass of M, = 2.1 x 10°M. and
a HI mass of My; = 8.4 x 10°M.. The HI disk is set to
have a metallicity of Zigyy = 0.75Z., where Z,, = 0.0134
(M. Asplund et al. 2009). We do not place the CGM around
the model galaxy because the CGM can be quickly stripped
even before entering the virial radius of a galaxy cluster (e.g.,
Y. M. Bahé et al. 2013; E. Zinger et al. 2018).

A galactic disk is placed on the xy plane of the simulation
box. A magnetic field strength of B, = 0.1uG (or O if
unmagnetized) is initially imposed on the gaseous disk. The
initial magnetic field is amplified to a typical observed strength
of a few uG after compression of the gaseous disk. The
simulations for the two disks are denoted as gBO and gB1,
respectively. The galaxies enter a quasi-equilibrium state in the
mass-weighted PDF of gas thermal pressure after ~150 Myr,
which is defined as t = 0.

Figure 1 shows the projected distribution of the hydrogen
number density and the magnetic field strength of the two
galaxies with initial B, = 0 (left, gB0) and B, = 0.1uG
(middle and right, gB1) at ¢+ = 100 Myr. There is no
significant difference in the gas density distributions of
the two galaxies in either projection. Figure 2 displays the
magnetic field strength as a function of the hydrogen number
density of the gB1 galaxy. After relaxation (At = 250 Myr),
the disk gas mass of the gB1 galaxy is mostly distributed in

IB| ~ 1 — 10 4G in ny > 10 cm >, which reasonably agrees
with the empirical relation of R. M. Crutcher et al. (2010, blue
dotted line) or the typical magnetic field strength of the disk
galaxies (R. Beck 2015).

Since radiation and momentum feedback from young stars
exert outward pressure on the ISM, it has been theorized that
the sum of the turbulent, thermal, and magnetic pressures in a
galaxy closely correlates with the SFR (e.g., E. C. Ostriker
et al. 2010; E. C. Ostriker & C.-G. Kim 2022). We also find
that our simulated galaxies follow the total pressure—SFR
relation of E. C. Ostriker & C.-G. Kim (2022) (see
Appendix A for more details), which indicates that they are
in a reasonable pressure equilibrium.

2.3. ICM Winds

We impose two ICM winds on the galaxies in the face-on
direction at ¢ = 0. Motivated by the observations of the nearby
clusters (e.g., G. Tormen et al. 2004; D. S. Hudson et al. 2010;
O. Urban et al. 2017), the two winds commonly have
v=1000kms ", ny =3 x 103 ecm >, T =3 x 10'K, and
Zicem = 0.3Z.; however, the HD wind case (wHD) has no
magnetic fields, while the magnetized wind (wWMHD) has the
initial magnetic field strength of B, = 1 uG. The magnetic field
strength adopted in this study is comparable to that inferred
from observations of cluster environments. (F. Govoni &
L. Feretti 2004; C. Vogt & T. A. EnBlin 2005; A. Bonafede
et al. 2010). However, we note that the magnetic field strength
can vary significantly between clusters or even within a cluster
depending on the topology of the magnetic field (C. L. Carilli
& G. B. Taylor 2002; P. Kuchar & T. A. EnBlin 2011). The
winds exert a ram pressure of Py /kg =5 X 10° K cm > on the
simulated galaxies, where kg is the Boltzmann constant. The
ram pressure mimics the typical ram pressure that a galaxy may
experience in a cluster center (see Figure 10 of S. L. Jung et al.
2018 or Figure 6 of K. Yun et al. 2019). Since the sound speed
of the ICM is ¢, = 880 km s, the wind velocity relative to the
galaxy is supersonic (M = 1.14), consistent with the results
found in the IustrisTNG100 simulation (K. Yun et al. 2019).
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Figure 2. Relation between the gas density and the magnetic field strength in
the disk plane of the gB1 galaxy at t = 100 Myr, when winds start to influence
the galaxies. The gray shades display disk gas mass distribution and the yellow
contours denote Mgy, = 104'5, 10°3 , and 10%3 M., bin~! from outside to inside.
The blue dotted lines show the most probable maximum values of the ISM
magnetic field strength at densities n; > 10 cm ™ (R. M. Crutcher et al. 2010).

As a control sample, galaxies in the absence of wind are
evolved as well.

With an initial velocity of vicp = 1000 km s~ !, the wind
front arrives at the galaxies at r ~ 135 Myr. However, the
winds begin to affect the galaxies slightly earlier than their
arrival time because the winds move forward, pushing the
medium in front of them owing to shock expansion. All the
simulations end at + = 380 Myr from the wind launch or at
530 Myr from the start of the simulations. Each run takes
~1.4M CPU hr with 640 cores when the winds are imposed.

We define the galactic disk as the components enclosed by
the cylindrical volume of radius r = 12kpc and height
h = +3 kpc from the galactic midplane. Therefore, the RPS
tail is defined as a structure enclosed in a long cylinder with
r = 12kpc and & > 3 kpc. Table 1 lists the six simulations
performed in this study and their setups. Because of our
intensive refinement scheme, 33%-45% of the volume of the
RPS tails is filled with the maximum level grids at the epoch
when the ICM winds cross the simulation boxes
(t = 300Myr). The volume-filling fraction increases to
62%—-85% when the second maximum level grids are included.
This indicates that our simulations sufficiently resolve not only
the ISM in the disks but also the stripped clouds in the CGM.

3. Impact of Ram Pressure on Galactic Disks

The ICM winds imposed in our simulations are designed to
mimic the strong ram pressure exerted in the central regions of
massive galaxy clusters (e.g., S. L. Jung et al. 2018). Such
strong ram pressure quickly removes most of the ISM and
suppresses disk star formation activity within ~200 Myr, as
shown in L22. Extending upon L22, we first examine the
impact of ram pressure on galactic disks in the presence of
magnetic fields, and then discuss its effect on the RPS tails in
the next section.
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Table 1
The Initial Parameters for the Six Galaxies Modeled in this Paper

Model nEICM Viem Pram/ks Baisk.0 Bicm

(cm™) (kms )  (@em?K) (10°°G) (10°%G)
gBO 1076 0 0 0
gB1 10°° 0 0 B, =0.1
gBO_wHD 3% 1073 10° 5 x 10° 0 0
gB1 wHD 3x 1073 10° 5%x10° B,=0.1 0
gBO_wMHD 3 x 1073 10° 5 x 10° 0 B, =1
gBl wMHD 3 x 1077 10° 5%x10° B,=01 B.,=1

Note. The galaxy starts with a stellar mass of M, = 2.1 x 10° M, and is
embedded in a dark matter halo of My, = 10'! M. The simulations are set to
have a spatial resolution up to Ax = 18 pc (level 14). From left to right, each
column indicates the model name, the ICM density (n51cm), the ICM velocity
(vicm), wind ram pressure (Pp,y,/kg), the initial disk (Bgisk), and the wind
(Bicm) magnetic field strength.

3.1. Overall Evolution of the RPS Disk in the Presence of
Magnetic Fields

Previous studies have suggested that gaseous disks
are less prone to stripping when the ISM is magnetized
(S. Tonnesen & J. Stone 2014; M. Ramos-Martinez et al.
2018). M. Ruszkowski et al. (2014) also demonstrated that a
magnetized ICM creates magnetic draping layers that hinder
stripping of the ISM from the disk. However, it is important to
note that these studies are based on an idealized setup without
star formation and stellar feedback, and the trend may be
different in a more realistic setting, as shown in this section.

Figure 3 shows the cold gas (H1+4-H;) column density of the
RPS disks measured on a slab with a thickness of 500 pc
crossing the galactic center in the edge-on (two upper rows)
and face-on (two lower rows) directions. The first notable
feature is that the stripped clouds are less fragmented/
shattered in the runs with magnetized winds (right columns,
wMHD) than in the wHDs (middle columns). Similar to the
stripped gas, the galactic disks struck by magnetized wind are
smoother and less fragmented because both magnetic draping
and shock compression amplify the magnetic fields in the disk
(M. Sparre et al. 2020). The amplification of the disk and tail
magnetic fields is clearly shown in Figure 4, in which we plot
the magnetic field strength on a central slab with a thickness
500 pc for different simulations. While the magnetized disk hit
by the HD wind shows |B| ~ 1 4G (gB0_wHD), the magnetic
fields are enhanced by more than an order of magnitude when
the disk is exposed to the magnetized ICM wind (gBO_wMHD
and gB1 wMHD, see Section 4.2.2 for further discussion on the
amplification in the tail). However, in contrast to the magnetic
fields in the wind, the presence of pre-existing disk magnetic
fields does not drastically alter the clumpy features in the
galactic disk and stripped gas (e.g., gB0 and gB1 in the panels
(g) and (j) of Figure 3), although strong disk fields can in
principle mildly smooth the ISM structures (e.g., B. Kortgen
et al. 2019; S. Martin-Alvarez et al. 2020).

Figure 5 shows the masses of HI (solid) and H, (dotted) in
the galactic disk as a function of time. In the absence of ram
pressure (black), the gB0O and gB1 disks have similar HI and
H, masses, respectively, with less than 10% difference before
the arrival of the wind (¢ < 100 Myr). These masses are rapidly
reduced to less than half within ~100 Myr when the strong
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Figure 3. Edge-on (upper two rows) and face-on (bottom two rows) cold gas (H I4+-H,) column density at # = 150 Myr, right after the winds encounter the disks. We
integrate it over a slab of Ay = 500 pc, centered at the center of the disk stellar mass. White arrows indicate the direction of winds in the edge-on projections. The
cool gas disk and the stripped tails are more clumpy with wHD than with MHD winds (wMHD) because magnetized winds smooth the gas while stripping it from the

galaxy.

ICM winds are imposed (see also L22). HI stripping is slightly
more efficient in the gB1 wHD galaxy than in the gB0_wHD
galaxy; however, the difference is not significant. After careful
examination of the vertical structure just before the ICM-ISM

interaction, we conclude that the more efficient stripping in
gBl1 wHD is likely owing to a burst of star formation that
coincidentally reduces the column density. Although it is
possible that the additional magnetic support in the disk acts



THE ASTROPHYSICAL JOURNAL, 996:130 (22pp), 2026 January 10

~
e

t

~

t
SN
Pad

1.
z27
—_
XA
-~
A~
o7
D

-

Figure 4. Projected magnetic field strength in the central slab (—250 < y<
250 pc from the center of the stellar mass) of the runs including winds at
t = 150 Myr. The magnetic field strength is volume-weighted. Dotted and
solid contours denote the projected density of cold (HI+H,) gas Ny = 10'°
and 10*° cm ™2, respectively. For visibility, the contours are colored white for
the wHD runs and black for the wMHD runs. White arrows trace the magnetic
field orientation in the plane of the projection for regions with |B| > 1072 4G.
The field orientation is averaged in a volume of 1.17 x 1.17 x 0.5 kpc® for
visibility. The winds blow perpendicular to the galactic disk. The simulations
with magnetized ICM winds (wMHD) show a stronger field in an order of
magnitude in the disks owing to magnetic draping.

against gravity, which results in more effective stripping, this
is unlikely to be the case here because the gB1 wHD galaxy is
preferentially supported by turbulent pressure (see below) and
not by magnetic pressure. Therefore, it is difficult to conclude
that the magnetized disks (gB1_wHD) are more susceptible to
stripping than the nonmagnetized disks (gBO_wHD).

More interestingly, we find that magnetized ICM winds
(wMHD) remove more gas than the HD winds (wHD), as the
strong magnetic fields induced by magnetic draping permeate
and inflate the ISM (see Section 3.2), helping the ICM wind
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Figure 5. HI (solid) and H, (dotted) mass evolution in the disk of gBO (top)
and gB1 (bottom) without winds (black), with HD winds (blue), and with
MHD winds (red). Disk gas is commonly stripped more by the MHD winds
than the HD winds.

strip the gas. This contrasts with previous studies that report
less efficient gas stripping as a result of the development of
magnetic draping layers. By performing additional simulations
without gas cooling and star formation (see Appendix B), we
confirm the previous finding that disk stripping is less efficient
in a disk with magnetic draping layers when the disk is smooth
and not turbulent. Effective ISM stripping with magnetized
winds is discussed in more detail below and in Section 5.1.

3.2. Effect of Magnetized Winds on Gas Density Distributions

The smooth structure of the galactic disk in the wMHD runs
indicates that the gB0_ wMHD and gB1 wMHD galaxies may
have different gas density distributions in the disk compared to
those encountering nonmagnetized winds. Figure 6 shows the
gas density distribution just before the disks encounter winds
(black dotted, + = 100 £ 40 Myr) or after the disks are
sufficiently stripped (solid, r = 340 + 40 Myr). A comparison
between the black dotted and solid lines shows that the density
distributions do not change significantly between ¢t = 100 and
340 Myr in the absence of the ICM wind. However, after the
arrival of the ICM wind, both galaxies lose large amounts of
gas over the entire density range. As expected, the gas loss is
particularly pronounced at lower densities. The peak at
ng ~ 107*%cm 2 is the result of the ICM filling the disk
regions after stripping.

We find that the intermediate density gas with
ny ~ 10°-10%° cm ™ is stripped more efficiently in the wMHD
runs (red) than in the wHD runs (blue). This is consistently
observed in both gB0 and gB1 throughout the time after the
arrival of the winds. This also explains the significant gas
stripping in the magnetized wind cases shown in Figure 5. We
attribute this to the complex interplay between the strong
magnetic and turbulent support and the ram pressure. Figure 7
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Figure 6. Disk gas density functions of the simulated galaxies at # = 100 Myr
(dotted lines) and ¢t = 340 Myr (solid lines) without winds (black), with HD
winds (blue), and with MHD winds (red). We do not show the gas density for
the cases with winds at £ = 100 Myr because they are similar to those without
winds (dotted black line). Without ram pressure, the gas density functions do
not significantly evolve after + = 100 Myr. The strong ram pressure
destructively strips the disk gas in regions with densities nyy < 10> cm ™. At
densities ny ~ 10° — 10*>cm™>, more gas is stripped when the ICM is
magnetized (red). The sharp peaks at ny ~ 107>° cm™ are formed by the
ICM winds enclosed in the disk regions.

shows the contributions of the turbulent (yellow), thermal
(red), and magnetic (blue) pressures to the total pressure
budget (sum of the three components) in the disk immediately
after the wind front arrives at the galaxies. The turbulent
pressure is computed as Rum = Py aéas, where aéas is the
same as that in Section 2.1 for estimating the local Mach
number. For comparison, the ram pressure is also plotted
through the ICM as a dotted line (P.,,). We show that
in the wMHD runs (third row), the magnetic pressure dominates
over the turbulent or thermal pressure in the range of
ny ~ 10°-10%cm . Given that a strong magnetic pressure
can counteract the ram pressure, it may be surprising that the
ISM is stripped more in the wMHD runs. However, the
magnetic pressure can also act against the gravitational
collapse of clouds, allowing more ISM in the diffuse phase,
as shown in Figure 3 (see also P. Hennebelle 2013; B. Kortgen
et al. 2019; S. Martin-Alvarez et al. 2020; H. Robinson &
J. Wadsley 2024). Indeed, we confirm that the gaseous disks,
once magnetized by the MHD winds, have consistently larger
scale heights” within their half-mass radii than the disks in the
HD wind runs. At ¢t = 150 &+ 25 Myr, just before the disks are
largely stripped by the winds, the disks of gBO wHD and
gB1l wHD have H ~ 0.82 kpc, while the disks of gBO_wMHD
and gB1 wMHD have H ~ 0.96 kpc. Since the ram pressure is
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Here, the disk scale height is computed as H = | f pz%dV / [ pdV

(C.-G. Kim et al. 2013) within the half-mass—radius of a gaseous disk and
|z] < 3 kpc, where p is the density of a cell, z is the vertical distance from the
galactic midplane to the cell, and dV is the volume of the cell.
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Figure 7. Contribution of different components to the total gas pressure in the
disk at r = 150 Myr, just before the gaseous disks are largely stripped.
Different color codes indicate three pressure components, i.e., thermal (red),
turbulent (yellow), and magnetic (blue) pressure. The horizontal dotted lines
indicate the ram pressure. The inner and outer contours indicate the
distribution of bins with masses of 3 x 107 and 10° M, bin~"', respectively.
The magnetic pressure becomes as significant as the turbulent pressure in the
disks encountering MHD winds. The red or blue contour clumps seen at
ny ~ 10733 cm™ below the horizontal dotted line are formed by the ICM
enclosed within the disk’s volume.

still greater than the magnetic pressure of the disks
of the wMHD runs in the density range and since the momentum
is continuously transferred from the ICM to the ISM
(W. Choi et al. 2022), the intermediate density gas eventually
becomes susceptible to stripping in gBO wMHD and
gBl wMHD, increasin the low-density components
107 ™ cem™? <ng <10 cm ) in Figure 6.

To further elucidate the role of magnetized winds in
enhancing gas stripping, we analyze the interplay between
gravity, magnetic fields, turbulent pressure, and thermal
pressure in the RPS disks and tails. Figure 8 illustrates the
force density fields within a Ay = 500 pc-thick slab centered
on the stellar mass distribution. The net force (red arrows) is
the sum of the four components: turbulent (orange arrows),
thermal, gravitational (green arrows), and magnetic (blue
arrows) forces. We remove rotational and laminar velocity
fields from local flows to measure turbulent motion of fluids.
Therefore, the flow of the ICM is not presented in the turbulent
force field. The magnetic force is the sum of magnetic tension
and magnetic pressure terms. Gravitational forces predomi-
nantly act toward the galactic center. Within the galactic disk,
the turbulent pressure driven by the star formation processes is
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Figure 8. Projected force density fields in the central slab (—250 <y < 250 pc
from the center of the stellar mass) of the gBO galaxy encountering the HD
(top) and MHD (bottom) winds in the edge-on views of the disks. The gray
shades show the column density of cold (HI4+-H,) gas. The yellow contours
denote the stellar column density of 2 X 10> M, p072 (dotted),
6 x 10% M, pc’2 (dashed), and 2 x 10° M., pc’2 (solid). The red, orange,
blue, and green arrows indicate the direction of net, turbulent, magnetic, and
gravitational forces. The net force is the vector sum of magnetic, turbulent,
thermal, and gravitational forces. The lengths of the arrows mark the force
density strength in a logarithmic scale. The force fields are plotted when the
force density f > 1073 dyn cm . In gB0_wMHD, the magnetic fields exert an
additional force that is significantly stronger than the local gravity in stripped
clouds, while gravity is weak but dominant in the stripped wakes of
gB0_wHD. This is also the case for gB1.

a dominant force, competing closely with gravity. In
gB0_wMHD (bottom), the net force field is predominantly
influenced by a strong magnetic force on the outskirts of the
disk or stripped clouds, whereas it is weaker and tends to align
with gravity when the ICM wind is unmagnetized (top). This
suggests that magnetic fields play a crucial role in shaping the
distinct cloud features between the wHD and wMHD runs.

The effect of the force components is quantified by
associating the force fields with the density fields. Figure 9
shows the strength of the force density fields aligned with the
gradient of the gas density field ([f- V p|/| V p|) as a function
of gas density, where f is the volume-weighted median force
density and p is the gas density in a cell. The gravitational
force density fgray always has monotonically increasing
positive values with increasing gas density, whereas the
volume-weighted magnetic field force density fg is always
negative, which indicates that the magnetic field tends to
inflate the gas against gravity. This is not surprising because
magnetic fields are generally stronger in denser clouds, thereby
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creating outward magnetic pressure. Thermal pressure also
produces a force in the opposite direction to the density
gradients. The force induced by turbulent pressure is also
negative, and is particularly strong in dense clouds. This is
because turbulent pressure is mainly driven by strong stellar
feedback in galactic disks. When the ICM is magnetized
(wMHD), fp dominates the other forces at ny < 100 cm >, and
eventually forms the negative net force opposite to the gas
density gradient. This accounts for the smooth features of the
disk and stripped clouds in the runs with MHD winds.

3.3. Radial Profiles of the RPS Disk

The different stripping of the ISM or density distribution
between the two wind cases also suggests different disk
truncations. In Figure 10, we measure the gas column density
profiles before the arrival of the winds (¢ ~ 100 Myr, black
dotted) and ~200 Myr after the galactic disk is stripped by ram
pressure (r ~ 340 Myr, solid). Again, the black lines
correspond to the profiles at the two epochs in the absence
of ICM wind, which are very similar.

Several interesting features can be observed in this plot.
First, the profiles begin to diverge sharply from those in
isolation at R ~ 1 kpc, and the break radius tends to be smaller
in the MHD wind runs than in the wHDs. This is expected
because the disk gas is stripped more by the MHD winds than
by the HD winds (Figures 5-6). Second, within R ~ 1 kpc, the
disk gas column density is rather enhanced after encountering
the winds. This is consistent with L20 and J. Zhu et al. (2024),
who find that the ram pressure on the RPS disks drives flows
toward the galactic center, thereby increasing the fraction of
dense gas in the central region. M. Ramos-Martinez et al.
(2018) argue that a radial inflow of gas is also produced at the
interface between an ICM wind and a magnetized disk owing
to an oblique shock, which gradually changes the disk’s gas
density profile. Indeed, in MHD wind runs, where the galactic
disks are strongly magnetized by the ICM, the gas column
density in the center is enhanced even more. However, we find
that it is difficult to separate the process proposed by
M. Ramos-Martinez et al. (2018) from the inflows driven by
stronger disk truncation.

In contrast, we find that the presence of the magnetic fields
in the ISM itself has little impact on the ram pressure stripping.
The gBl wHD galaxy has slightly more gas than the
gB0_wHD galaxy at high densities at ¢ ~ 340 Myr; however,
this is not substantial (Figure 6). As shown in Figure 7 (bottom
left and middle panels), the contribution of the magnetic
pressure to the total pressure in gB1 is minor in these runs, and
we do not expect disk stripping to be markedly different.

We estimate the truncation radius (R, within which the
gravitational restoring force maintains its structure against the
ICM pressure Pjcy using the Gunn—Gott criterion (J. E. Gunn
& J. R. 1. Gott 1972)

PICM: —E(R)@CD(R, Z)/aZ, (4)

where ®(R, z) is the gravitational potential measured from the
total matter distribution (gas, stars, and dark matter) at a radius
R and vertical height z in a cylindrical coordinate system, and
3(R) is the gas column density at R. We define the ICM
pressure Pjcy as the sum of ram pressure P, thermal
pressure Py, jcm, and magnetic pressure Ppgicy, following
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Figure 9. Strength of the force density aligned with the gas density field gradient as a function of the hydrogen number density. The blue, green, yellow, and red lines
indicate the magnetic force, gravity, and the forces induced by turbulent pressure and thermal pressure, respectively. fne; (black) is the sum of the four force
components. Dotted lines show the negative inner product between the forces and the density gradient. The force densities are volume-weighted median, averaged
over r = 150 - 20 Myr. The net force acts against gravity at 7;; < 100 cm ™ owing to the strong magnetic force when the ICM is magnetized.
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Figure 10. Gas column density profiles in the disk region as a function of the
cylindrical radius (R) of gB0O and gB1 averaged over +40 Myr centered at
t = 100 Myr (dotted), = 340 Myr (solid). As before, we show the simulation
without winds in black, with HD winds in blue and with MHD winds
in red. We do not show the HD and MHD wind cases at t ~ 100 Myr
because the profiles are equivalent to the black dotted lines. To minimize
the contamination of the stripped gas from the outer region, we measure
the profile at |z] < 0.5 kpc. After stripping, the gas column densities in
R < 1 kpc are more enhanced compared to the control cases (black solid). The
disks are truncated more by the magnetized winds (wMHD) than by
nonmagnetized winds (wHD).

10.0

W. Choi et al. (2022):
Picm = Bam + Pinjiem + Ppicm
= pICM(VIZCM + CSZ,ICM) + [Bicml*/ Ho»

&)

where picMm is the ICM density, ¢ 1cMm is the sound speed of the
ICM, B\ is the magnetic field of the ICM, p is the vacuum
permeability. In this study, the magnetic pressure Pgicym only
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contributes less than 1/100 of the total ICM pressure Picym.
We measure the galaxy column density in concentric annuli
[R, R + AR] and a height |z| < 3 kpc, based on our definition
of the galactic disk. We balance the gravitational restoring
force against the ram pressure at a disk scale height H within
the half-mass-radius of a gaseous disk. At # = 100 £ 25 Myr,
the gB0 and gB1l galaxies have mean truncated radii
R, = 175 £ 0.35kpc and 1.82 + 0.30kpc, respectively.
These radii agree reasonably well with the break radii of the
gas column densities, as shown in Figure 10. The gas
components at R > R, are mostly stripped within 125 Myr
for both galaxies.

3.4. Disk Star Formation Activity

Strong ram pressure suppresses the disk star formation
activity within a few hundred million years (e.g., see L20).
Figure 11 shows the SFRs in the disks of the simulated
galaxies as a function of time. After the arrival of the ICM
winds, the SFRs begin to decrease and are eventually reduced
by a factor of ~3 in the gBO and gB1 galaxies compared to
those in their no-wind counterparts (black solid lines).
Interestingly, the decreasing trend of the SFRs is similar for
wHD and wMHD, although the amount of stripped gas is greater
in the wMHD runs.

Figure 10 hints at why the wHD and wMHD runs show a
similar decrease in SFRs despite the different disk gas
stripping. While the outskirts of the wMHD disks are truncated
at smaller radii, their central gas density is increased, which
can induce more star formation in the central region, as shown
by L20 and J. Zhu et al. (2024). To assess this in our
simulations, we compute the cumulative SFRs in the radial
direction of the disk in Figure 12. To isolate the disk’s star
formation from off-plane star formation, we restrict our
analysis to |z| < 0.5kpc. When the ICM winds are imposed,
star formation at R < 1 kpc is significantly enhanced
compared to their no-wind counterparts. This enhancement
appears slightly stronger in the wMHD cases, although the
difference is marginal. The cumulative SFR starts to flatten out
at smaller radii in the wMHD runs compared to the wHD runs;
however, the level of SFR boost is high enough to compensate
for the SF truncation at the smaller stripping radii (R 2 1kpc).
We also confirm that the wMHD galaxies have, on average,
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Figure 11. Disk SFRs averaged over the last 20 Myr for the gBO (top) and
gB1 (bottom) galaxies with no winds (black), HD winds (blue, wHD), and
MHD winds (red, wMHD). The vertical dotted line indicates the time when the
winds cross half the box length (150 kpc). The ICM winds effectively suppress
the star formation activity. While cold gas (HI4-H,) is stripped more by the
magnetized winds, this is not clear in the SFR evolution.

lower (local) virial parameters in the central region than those
in the wHD runs. This condition causes more efficient star
formation at R < 1kpc, which accounts for the similar SFR
evolution between the wHD and wMHD runs in Figure 11.

4. Formation of RPS Tails

Jellyfish galaxies are characterized by unique tail
features. L22 demonstrate that a gas-rich disk can form a
prominent RPS tail when encountering a strong ICM wind. In
their simulations, a large amount of the ISM is stripped off by
wind, mixing with the ICM and forming abundant, relatively
dense (ny 2 0.1 cm73), and warm (7" ~ 104K) clouds. Because
warm clouds can have cooling times shorter than a hundred
Myr, jellyfish galaxies sometimes form clumpy molecular
clouds in a distant tail before being ionized or dissipated by the
hot surrounding medium.'® Figure 13 illustrates this example.
We plot the cold gas (HI+H;) column density and the stellar
mass distribution of the RPS galaxies at + = 300 Myr when
the wind front reaches the boundary of the simulated box.
Since the simulated galaxies in this study are gas-rich, their
tails are prominent in all the cases. When MHD winds are
imposed, the tail clouds appear less fragmented and are more

19 We note that, because the cooling length is unresolved, our calculation may
underestimate the formation of cold, dense fragments produced by cooling
instabilities and, consequently, the associated local enhancement of star
formation. A higher-resolution study will be required to quantify how such
locally induced collapse influences the integrated SFR. Additionally, our
simulations do not include metal enrichment, which implies that the gas
metallicity may be underestimated by ~10% for a given star formation history.
However, given that the simulated system is already metal-rich, this modest
increase is unlikely to significantly affect the SFR in the tail.
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Figure 12. Cumulative radial disk SFR for gBO (top) and gB1 (bottom) at
t = 340 + 40 Myr. We measure the radial SFRs within |z| < 0.5 kpc. Both the
galaxies demonstrate cumulative SFR profiles notably higher than their no-
wind counterparts at their center (R < 1kpc), as implied in the gas column
density (Figure 10). The central SFR is boosted slightly more in the wMHD
runs. Along with Figure 10, this figure reveals why the galaxies in the wMHD
runs have SFRs similar to those in the wHD runs despite larger gas stripping.

spread than those in the wHD runs. The two cases differ in the
amount of tail gas, as well as in the cloud features. Figure 14
shows the gas density in the RPS tails for dense clouds with
ng > 0.2cm > (corresponding to g < 100 Myr). The amount
of dense cloud is similar in the near wake, but gradually differs
with increasing distance and time between the wHD and wMHD.
The two cases are therefore expected to have different star-
forming features in the tail. In this section, we first present the
effect of the magnetic fields on tail star formation and then
discuss the detailed stripping process in the tail.

4.1. Star Formation in the RPS Tail

Figure 13 shows that star formation (red contours) occurs at
the heads of the comet-like clumps near the tails, particularly
in the MHD wind cases. To quantify the tail SFR, we measure
the total stellar mass formed on the disk and tail over the
last 10 Myr in Figure 15. The RPS tails are measured
within a cylindrical volume of radius r < 12kpc and height
3 < z < 150 kpc from the galactic midplane.

A significant level of tail SF activity is observed in all the
simulations. Tail SF is particularly pronounced in the wMHD
runs, with higher peaks in the SFR than in the wHD runs. For
example, the gB1 wMHD galaxy exhibits a peak SFR of up to
0.1 M. yr ', while in gB1l_wHD it is an order of magnitude
smaller. This seems to contradict Figure 14, which shows a
larger amount of dense clouds in the RPS tails of the wHD runs.
However, the higher SFR in the wMHD runs arises mostly from
the near wake regions (z < 30 kpc), where the amount of dense
clouds is comparable to or even larger than that in the wHD
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Figure 13. Cold gas (HI +-H,) column densities of the RPS galaxies at # = 300 Myr, 165 Myr after the winds start to influence the galaxies. Yellow and red contours,
respectively, show the disks of all stars and stars younger than 20 Myr. Cold gas tails are more diffused and less fragmented in the case of magnetized winds. Clumpy
clouds are efficiently formed in the distant tails when the winds are not magnetized.
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Figure 14. Gas density for tail clouds with ny > 0.2 cm™> as a function of
vertical distance from the galactic midplane. The tail region is defined as a
cylindrical volume with a radius r = 12 kpc and a height 3 kpc < z < 150 kpc
from the galactic midplane. The density threshold corresponds to a freefall
time of #;x < 100 Myr. Blue and red lines represent the gas density of the wHD
and wMHD runs, respectively, while solid and dashed lines indicate that of the
gB0 and gB1 galaxies, respectively. The amount of dense gas is similar
between the wHD and wMHD cases in the near wakes, and wMHD gradually
diverges from wHD with increasing distance and time.

runs. We partly attribute this to the fact that more ISM is
stripped away in the wMHD runs (Figure 5). Moreover,
instabilities are suppressed by magnetic fields (e.g., A. Frank
et al. 1996; D. Ryu et al. 2000); therefore, gas clouds are not
efficiently fragmented and mixed with the hot ICM, but retain
their cool and high-dense phase in the near wake of the wMHD
runs. Consequently, SF occurs in the vicinity of the galaxy
within z < 30 kpc more in the wMHD cases. This is shown in
Figure 16 where we plot the birthplaces of stars. The stream of
new stars is a notable feature present only in the wMHD runs.
This reveals the trajectory of the star-forming clouds that are
weakly mixed with the ICM due to strong magnetic fields. The
SF in the near tail is also found in the wHD runs in the early
phase of the ICM-ISM interaction. However, we find that
many star particles also form in distant tails (z ~ 50-150 kpc)
at ¢ 2 300 Myr, which is hardly observed in the magnetized
ICM (Figure 16). The total stellar mass formed during the late
phase is not significant, and exhibits an SFR of up to
10° M. yr " (Figure 15); however, it is interesting to note
that there is a gap between the stars formed in the near wake
and those collapsed from the stripped gas. L22 shows that
mixing between the ICM and the ISM stripped from a gas-rich
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Figure 15. Star formation history in the tails (solid) and disks (dotted) of the
three galaxies with no winds (black), nonmagnetized winds (blue, wHD), and
MHD winds (red, wMHD). The top and bottom panels show the SFR for the
galaxies with (gB1) and without magnetic fields (gB0). The vertical dotted
line indicates the time of wind arrival, as in Figure 11. Galaxies exposed to the
magnetized winds exhibit more star formation in their tails.

0 100 300

disk can produce a substantial amount of warm ionized gas.
This gas then cools, collapses, and forms stars in distant tails
within a few hundred Myr. Indeed, M. G. Jones et al. (2022)
recently discovered young, isolated clumps of stars in the
Virgo cluster, which are approximately 140 kpc away from the
galaxies that are most likely the source of the gas that formed
the clumps. These systems are assumed to have formed in RPS
clouds, as indicated by their metallicities, which are higher
than those of the dwarf galaxies with similar stellar masses. An
interesting prediction from our experiments is that blue stellar
systems may be formed by the interaction between the weakly
magnetized ICM and gas-bearing galaxies, which deserves
further investigation in the future.

4.2. Impact of Magnetic Fields on the RPS Clouds

The distinctive characteristics of the tail star formation, as
depicted in Figure 16, indicate different mixing processes. In
this subsection, we investigate the differences in the properties
of RPS clouds produced by the two types of wind.

4.2.1. Mixing of Stripped ISM with ICM in the Tails

To understand ICM-ISM mixing, we first measure the
fraction of gas coming from the ISM (fism) by comparing the
metallicity of ISM (Zism = 0.75 Z) and ICM (Zicmy = 0.3 Z)
to the metallicity of the medium. Since metal enrichment
by stars is not permitted in our simulations, we define
the fraction of gas originating from the ISM as fism =
Z — Zicw)/(Zism — Zicw)-
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Figure 16. Birthplace of stars in the cylindrical coordinates in all the simulations listed in Table 1. The coordinate systems are defined from the center of stellar mass
and the galactic midplane is chosen in the XY plane. The black arrows denote the direction of ICM winds when included. The birth epochs of the stellar particles are
displayed by color codes. The distribution of the stellar particles formed before r = 0 is illustrated by gray shades. The vertical dashed lines mark the height of the
disk (z = 3 kpc). Tail star formation predominantly occurs in distant tails (z ~ 50-150 kpc) when the winds are not magnetized. In contrast, the majority of tail stars
form in the vicinity of the disk (z < 10 kpc) during the interaction with MHD winds.

Figure 17 shows that in the early phase of the ICM-ISM
interaction (¢t = 150 Myr), fism is generally very high in the
RPS disk and tail clouds, often exhibiting a value close to
unity in the high column density regions (Ng; > 10" cm ™2,
marked as white dotted contours). In lower-density regions,
fism is reduced to 0.5-0.6, indicating that the ISM is not
simply stripped and diffused but also mixes with the ICM.

Figure 17 also shows that fisy is generally higher in the
wMHD galaxies (right panels) than in the wHD galaxies (left
panels), suggesting that mixing is less efficient. When the
gaseous disk interacts with the magnetized wind, the stripped
ISM is less fragmented and, as indicated by the color codes,
mixes much less with the ICM. However, it is also possible
that the high figm could be owing to the amount of ISM
entrained by the MHD winds, as shown in Figure 5. Therefore,
we also examine the degree of mixing of the tail clouds as a
function of vertical distance and time in Figure 18. Note that
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we consider only gas with densities ny > 0.2cm ™, which
corresponds to a freefall time of # < 100 Myr, as such gas is
directly relevant to star formation in the tail. L22 demonstrate
that a large amount of the ISM stripped off by strong winds
mixes well with the ICM and produces numerous ionized
clouds capable of cooling within ~100 Myr. They argue that
dense ionized clouds with a cooling timescale of f.,, <
100 Myr condense into molecular clouds and eventually form
new stars in the RPS tails. Figure 18 further shows that the
potential source of star formation in the tail is more likely to
originate from the ISM when the stripped tail is strongly
magnetized, whereas the ICM is the more important source for
weakly magnetized wind cases owing to different degrees of
mixing. We also note that gB1 wMHD forms 12 times more
stars than gBO_wMHD in the near wakes (z = 3-30 kpc) after
the wind arrival (¢t > 100 Myr), while gBO_wMHD forms only
27% more stars than gB0_wHD in the same region. However,
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Figure 17. Fraction of gas originating from the ISM in the central slab (—250 < x < 250 pc from the center of stellar disk) at # = 150 Myr for gBO (top) and gB1
(bottom), with HD winds (left) and MHD winds (right). The white dotted and solid contours, respectively, denote cold gas (HI4-H,) column densities of Ny = 10"
and 10%° cm 2. The stripped ISM does not efficiently mix with the ICM when the galaxies encounter the MHD winds.
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Figure 18. Fraction of gas from the ISM in tail clouds with density
ny > 0.2 cm ™ as a function of vertical distance from the galactic midplane.
The color code and style of the lines are the same with those in Figure 14. The
stripped ISM mixes with the ICM less efficiently when the galaxies encounter
MHD winds. On the other hand, at a given wind, there is no significant
difference between gBO and gB1.

both gB0 and gB1 runs with the magnetized winds have a
comparable amount of warm ionized gas in their tails due to
similar mixing, as shown in Figures 14 and 18. This suggests
that the absence of distant star formation in the magnetized
wind runs is unlikely to be due to star formation in the near
wakes, but is likely the result of less efficient mixing and
collapse caused by magnetic fields. It is also worth noting that
a significant fraction of the ISM (fism ~ 0.4-0.6) contributes
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to the formation of dense gas even in the distant tails
(z Z 100 kpc) in both the magnetized and nonmagnetized wind
cases. Because the ISM is more metal-rich than the ICM, the
high fism also suggests that most metals in the distant tail
originate from the RPS galaxy. Again, the pre-existing
magnetic field in the galactic disk does not significantly alter
these mixing features.

We have shown in Figure 14 that the amount of dense clouds
is lower in the tails of the wMHD runs. Since the disk gas is
stripped more by the magnetized winds as shown in Figure 5,
the lower number of dense clouds in the tails of the wMHD runs
may indicate more dissociation or ionization of stripped clouds.
Figure 19 shows the mass and fraction of the ISM-origin gas in
the final epoch (¢ = 380 Myr), focusing on its contribution to the
different phases in the RPS tail. In the wHD simulations, the
ISM-origin gas exists predominantly in neutral (HI), followed
by ionized (HII) and molecular (H,) forms. Efficient cooling
owing to a fragmented ISM well mixed with the ICM results in
an H I-rich tail with mass Myy; ~ 10° M.... Consequently, the HII
of ISM origin is diminished, with over 90% of the H 11 in the tail
originating from the ICM. Conversely, in the wMHD simulations,
both the fraction of ISM-origin HI (fisp) and its mass
(fismM ) are higher than those in wHD. This is because less H1
mixes with ICM-origin H II, which results in a reduced cooling
efficiency of the ICM. Consequently, the HI and H, tails
predominantly (>60%) comprise ISM-origin gas in the
presence of magnetized winds. In addition, the fraction and
amount of ISM-origin H1I is higher, while the amount of the
ISM-origin HI and H, is lower in the magnetized ICM,
indicating that the stripped ISM is more ionized or dissociated
than that in the wHD case. This is consistent with Figure 14,
where the magnetized winds have the RPS tails with a lesser
amount of dense clouds.

4.2.2. Alignment and Amplification of Magnetic Fields in RPS Tails

Previous studies have suggested that magnetic tension
stabilizes the gas flows by suppressing the growth of the
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Figure 19. Top: Amount of ISM-origin hydrogen in the tails at the last stage
of the simulations (+ = 380 Myr). Black, red, green, and blue, respectively,
indicate the mass of H, H II, H I, and H; stripped from the ISM. In the tails of
the wMHD runs, the H II mass is larger, and the cold gas (HI4+H,) mass is lower
than those in the HD wind runs. The stripped ISM is not well mixed with the
ICM; however, it is more likely to be ionized in the MHD wind cases, as
indicated by the higher H II mass. Bottom: Fraction of each hydrogen species
originating from the ISM. All the hydrogen species in the tail exhibit a higher
fraction of gas originating from the ISM with MHD wind runs than with HD
winds, while the ISM-origin fraction of total hydrogen stays almost constant.
This is because, as seen in the upper panel, the amount of ISM-origin cold gas
decreases while H II mass increases.

Kelvin—Helmbholtz instabilities (e.g., A. Frank et al. 1996;
D. Ryu et al. 2000; A. Esquivel et al. 2006; F. Heitsch et al.
2009; N. D. Hamlin & W. I. Newman 2013; Y. Liu et al. 2018;
D. S. Praturi & S. S. Girimaji 2019), particularly when the
field lines are aligned with the flow. Figure 4 shows the
alignment and amplification of the magnetic fields in a central
slab with a thickness of 500 pc in the RPS tails. In our
simulations, the initial magnetic field is perpendicular (x-axis)
to the wind direction (z-axis). However, after the disks
encounter MHD winds, B, components, which are aligned
with the wind direction, develop in the tails. This is consistent
with previous results where winds with varying magnetic
fields form RPS tails with field lines well aligned with the
wind direction (e.g., W. E. Banda-Barragin et al. 2016;
R. Vijayaraghavan & P. M. Ricker 2017; M. Sparre et al.
2020; S. L. Jung et al. 2023; M. Sparre et al. 2024b). Using the
Gas Stripping Phenomena in galaxies survey with JVLA radio
observations, A. Miiller et al. (2021b) confirm the presence of
an aligned magnetic field in the jellyfish galaxy JO206.

To quantify the magnetic field alignment in the RPS tails in
the wMHD runs, we compute the ratio (B2)/(|B|*), where (|B|)
is the volume-weighted magnetic field strength for tail clouds
(z > 3 kpe, R < 12 kpe) with 7 < 10°K, to exclude the pure
ICM at T ~ 3 x 10’ K. Note that the isotropic magnetic fields
would have a ratio of 1/3. Figure 20 illustrates the temporal
evolution of the volume-weighted magnetic field (|B|?)
of the tail gas. We find that the RPS tails have
(B2)/(|IBP) ~ 0.7-0.9 after the tails are sufficiently devel-
oped (¢ > 200Myr), indicating a strong alignment of the
magnetic field with the wind direction, regardless of the
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Figure 20. Temporal evolution of the volume-weighted magnetic field along
the z-axis, i.e., the wind direction, in tail gas with temperature 7 < 10° K for
gB0_wMHD (blue), gB1 wMHD (green), and gB1_wHD (red). The horizontal
dotted line denotes the isotropic case. We see that the tail magnetic fields are
eventually aligned with the wind.

presence of the magnetic fields in the ISM. Interestingly, the
alignment is weaker in the gB1 wHD galaxy, suggesting that
the mixing process is more turbulent than that in the wMHD
cases. The reorientation (and amplification) of the magnetic
fields occurs immediately after the ISM—ICM interaction, with
a tendency for distant tails to be more aligned with the wind
direction, which is also observed in the simulated galaxies of
M. Sparre et al. (2024b). This alignment remains relatively
constant over time at a given location within the tail.

Using MHD simulations of cloud-wind interactions,
M. Sparre et al. (2020) argue that wind draping enhances
magnetic fields, which are subsequently amplified through
adiabatic compression and/or shear (e.g., S. I. Vainshtein &
Y. B. Zel’dovich 1972; A. Schekochihin et al. 2001; J. Donnert
et al. 2018). Similarly, we find that the disk’s magnetic fields
are rapidly amplified from a few G to several tens of yG at
nyg ~ 1 cm™ in the presence of magnetized winds. Once the
ISM gas is stripped, it forms the tail gas with similar |B]
initially. However, unlike the ISM gas exhibiting the density
dependence |B| o< p*/°, the tails of the wMHD runs exhibit a
weak correlation as |B| oc p° *2. The slope is even shallower
than that expected for the two-dimensional adiabatic compres-
sion (|B| p°2), suggesting that shear amplification is likely
to play a role in the tail’s magnetic field amplification.

5. Discussion
5.1. Effect of Magnetic Draping Layers in RPS Galaxies

Magnetic draping occurs when a cloud or gaseous disk
moves through a magnetized medium, forming a magnetic
layer at the leading edge (e.g., L. J. Dursi & C. Pfrommer
2008; C. Pfrommer & L. J. Dursi 2010). This layer can
inhibit the growth of instabilities, potentially reducing the
gas stripping rate of the disk compared to purely hydro-
dynamic cases (M. Ruszkowski et al. 2014; S. Tonnesen &
J. Stone 2014; M. Ramos-Martinez et al. 2018). In our wMHD
simulations, amplified magnetic fields are observed in the
draping layers on the shock front (see the second and third
rows of Figure 4). However, we find that disk stripping is not
significantly suppressed when the ISM is magnetized by wind,
as shown in Figure 5. We attribute the discrepancy between
our results and those of the previous studies to differences in
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Figure 21. Overstripping ratio of the disk gas removed by HD winds relative
to the disk gas stripped by MHD winds for galaxies simulated with no cooling
nor star formation. The ratio is normalized by total stripped mass in the MHD
wind runs during t = 100-400 Myr. The red and blue colors denote
simulations with strong and mild (i.e., 1/10 of the strong case) ram pressure.
The overstripping ratio becomes larger than zero approximately 100 Myr after
the wind arrival, indicating more gas removal by the HD winds.

the simulation settings and methodologies. First, in previous
studies, the ram ]%ressure is assumed to be weaker (Ppm/kg =
6.4 x 10* em K in S. Tonnesen & J. Stone 2014 and
Pem/ks = 1.6 x 10°cm > K in M. Ruszkowski et al. 2014) than
in our simulations (Ppm/kg = 5 X 10°cm 2 K). To ensure a
more direct comparison, we also conduct additional simulations
for the gBO galaxy with both magnetized (B, = 1 G) and
nonmagnetized mild winds, reducing the ram pressure to 1/10 of
the fiducial P, by decreasing the ICM density. Although not
presented here, the results confirm the formation of magnetic
draping layers, with the MHD wind still stripping the disk gas
more efficiently than its nonmagnetized counterpart. This is also
observed when mild winds are applied to the gB1 galaxy model.
This leads us to consider the possibility that instabilities are
suppressed; however, this effect is masked by efficient
stripping owing to turbulent structures. Previous studies
have not considered star formation and stellar feedback, which
are known to induce turbulent motions within the disk. To
verify these results, we perform additional simulations
using a nonmagnetized disk, excluding gas cooling and star
formation. Because the stellar feedback does not deplete
or expel the disk gas, we assume a disk mass of
Mg, = 3.93 X 10° M, which is consistent with the relaxed
state of the disk gas in gB0. Again, we impose both MHD and
HD winds with mild (Pp,/kg = 5 X 10*ecm 3 K) and strong
(Pram/ks = 5 % 10°cm > K) ram pressure on the disk.
Figure 21 shows the overstripping ratio of the gas in the HD
wind runs to the total stripped mass by the MHD winds during
t = 100400MYT, [ ermip () = Myges® (1) — Mgy (0))/

gas gas
(Mgas™™(t) — Mio(t)), where Myy” (1) and My (1) are the

as as

disk gas mass at time ¢ in theg HD and MﬁD wind runs,
respectively; Mgvffsva(tf) is the disk gas mass at #; = 400 Myr in
the MHD wind runs; and M,,(ty) is the disk gas mass at
to = 100 Myr, right before the wind’s arrival. Overall, the disks
lose more gas when encountering HD winds, and this trend is
more evident under mild ram pressure. These results are
consistent with previous studies and show that magnetic draping
reduces gas stripping only when the winds are mild and the ISM

is unperturbed by SN explosions. Even in this case, however,
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the effect of the magnetic draping layer is still minor in the
stripping process, resulting in at most a few percent reduction in
our setup. Further details of this investigation are provided in
Appendix B.

5.2. Different Effects of ICM winds on Smooth and Turbulent
Galaxies

In Section 3.1, we demonstrated that MHD winds strip a
larger gas mass of the ISM than HD winds. This is attributed to
the strong magnetic pressure in the disks of the wMHD runs,
which alters the density distribution of the disk clouds, making
the clouds more vulnerable to external perturbations (Figures 6
and 7). However, we note that the effect of the MHD winds on
gas stripping depends on the structure of the ISM.

Figures B1 and B2 show that the RPS features of smooth
galaxies (without cooling, star formation, and stellar feedback)
are hardly affected by wind magnetization. This is in stark
contrast to the turbulent galaxies shown in Figure 3, where the
presence of wind magnetic fields leaves distinct features in the
disk and tail clouds. This difference arises from the stable ISM
in smooth galaxies, supported by thermal pressure, which
inhibits the permeation of magnetic fields through MHD
advection because of the absence of turbulent pressure.
Moreover, their disk scale heights are approximately half
those of gBO, resulting in a denser gaseous disk in the
midplane. Therefore, the disks have slower Alfvén velocities
than those in turbulent galaxies, which may further delay the
magnetization of the disks.

In contrast, in active star-forming galaxies, disk clouds are
often shattered and highly perturbed by stellar feedback,
particularly in the outer regions, as illustrated in the left
column of Figure 3. This vigorous feedback leads to rapid
magnetization of clouds and the entire ISM through MHD
winds. In diffuse clouds with intermediate densities, strong
magnetic pressure can effectively interrupt gravitational
collapse and assist ram pressure in cloud stripping. Conse-
quently, the impact of magnetic fields on the structure of star-
forming galaxies can differ substantially from that observed in
smooth galaxies without cooling and star formation.

6. Conclusions

We investigated the impact of magnetic fields on the
formation of jellyfish galaxies using a set of idealized
simulations of a dwarf galaxy by explicitly modeling the
multiphase ISM through star formation and feedback. We
found that the presence of magnetic fields in the ICM strongly
affects RPS features. Our results can be summarized as
follows.

1. Magnetic draping by magnetized ICM winds amplifies
magnetic fields by an order of magnitude. The initial
magnetic fields of the ICM wind in wMHD are perpend-
icular to the wind direction (vicy in the z direction, while
B aligned with the x direction); however, with time, the
fields in the RPS tails become predominantly aligned
with the wind direction. Alignment is also observed in
gB1_ wHD; however, with a much weaker field strength
(Figure 20). The field alignment is consistent with recent
radio observations (A. Miiller et al. 2021a).

2. Strong ram pressure (Pram/kg = 5 X 10°cm ™ K)
removes ~90% of the disk gas in all the simulated
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galaxies within 250 Myr. Disk gas stripping is further
facilitated by the MHD winds, which strongly magnetize
the disks, forming magnetic pressures comparable to
turbulent pressures. Magnetic fields induce force fields
that act against gravity, both in the stripped disks and
tails (Figure 9). In this case, the disk clouds become less
clumpy, and thus more susceptible to ram pressure.

3. RPS clouds show smoother and less clumpy structures
when embedded in magnetized ICM winds compared to
pure HD winds. Star formation is preferentially localized
near wakes (z < 20kpc) in the wMHD runs, leaving clear
trails of star-forming regions (Figure 16). The stripped
ISM is dragged through the RPS tails with minimal
mixing with the ambient ICM. The limited mixing allows
the stripped ISM to sustain star formation in the near
wakes (~10kpc) for ~200 Myr. However, the smoother
morphology of the tails in the wMHD runs results in the
gradual dissipation of clouds at larger distances,
suppressing star formation in the distant tails.

4. Simulations with HD winds show weaker star formation
in the near wakes, whereas new clumps of stars form in
the distant tails (z ~ 100 kpc). The ISM stripped by the
HD winds effectively mixes with the ICM, producing
numerous warm clouds in the tail. These clouds can cool
and collapse within a few hundred Myr, leading to star
formation sites farther from the galaxy than those with
magnetized winds (Figure 16).

5. We reproduce previous findings that less efficient
stripping occurs in simulations with magnetized winds
but only when cooling and star formation are neglected.
As noted above, this is the opposite in turbulent galaxies,
highlighting the critical role of star formation and stellar
feedback in studying the impact of magnetic fields on
galaxies.

6. The gas density increases at the center in the RPS disks,
which is more apparent in the case of the MHD winds.
The density increase at the center is consistent with the
result of J. Zhu et al. (2024), who find gas inflow driven
by ram pressure on the disk planes. However, the
magnetic fields initially imposed in the ISM (~1-10 uG
after relaxation, see Figure 2) do not significantly affect
gas stripping (gBO versus gB1), likely because of their
minor contribution to the internal energy budget
(Figure 7).

7. Strong ram pressure reduces star formation by a factor of
four compared with a galaxy without wind (Figure 11).
Although MHD winds truncate gaseous disks more
effectively, the decline in SFRs exhibits a similar trend in
both the wHD and wMHD runs. This similarity arises from
a stronger central SF boost in the wMHD runs, driven by
the enhanced central gas density (Figure 12).

Jellyfish galaxies exhibit distinct cloud morphologies and
star formation sites in their tails when interacting with the ICM
through ram pressure. Given the presence of magnetic fields in
the ICM, as reported by radio observations (e.g., C. L. Carilli
& G. B. Taylor 2002; F. Govoni & L. Feretti 2004; C. Vogt &
T. A. EnBlin 2005; A. Bonafede et al. 2010; P. Kuchar &
T. A. EnBlin 2011; H. Bohringer et al. 2016; F. Govoni et al.
2017; E. Osinga et al. 2022; J. Xu & J. L. Han 2022), our
results suggest that magnetic fields play a key role in the
formation process of jellyfish galaxies in clusters, along with
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factors such as the strength of ram pressure (L20) or disk gas
content (L22).

Although progress has been made, significant challenges
remain unresolved. As noted by S. Tonnesen (2019), varying
the ram pressure alters the stripped features because the gas
density profile of the disk is gradually modified by the initial
pressure. Furthermore, the stripping timescale of disk gas
increases significantly when the ram pressure varies along the
orbital motion in cosmological simulations (E. Rohr et al.
2023). This underscores the need for follow-up studies that
incorporate varying ram pressures and magnetic fields over the
orbital timescales of cluster satellites to develop theoretical
frameworks that are directly comparable to observations.
Furthermore, this study does not consider thermal conduction,
which has been proposed to suppress the development of
hydrodynamic instabilities between two different media
(W. Vieser & G. Hensler 2007a, 2007b; L. Armillotta et al.
2016, 2017; M. Briiggen & E. Scannapieco 2016). However,
R. Kooij et al. (2021) suggest that magnetic fields guide the
flow of electrons, typically aligning with the interface between
two different media, which eventually lowers thermal
conduction efficiency. However, as demonstrated in this study,
more realistic setups can yield results that differ significantly
from ideal scenarios. Therefore, future studies should
incorporate the realistic physical processes of galaxies
and their environments to better understand these complex
interactions.

Finally, observations of of D100 and ESO 137-001 revealed
intriguing HI-deficient but H, rich tails (P. Jachym et al.
2014, 2017, 2019; M. Ramatsoku et al. 2025) that require
theoretical interpretation. However, our simulations do not
reproduce these high molecular to HI mass fractions. Further
studies with larger parameter ranges and more realistic
physical models are required to fully address this issue.
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Appendix A
Relation between SFR and Pressure

C.-G. Kim et al. (2013) and E. C. Ostriker & C.-G. Kim
(2022) show a close relation between the total pressure and
SFRs on disks owing to profound effect of feedback processes
on the ISM. E. C. Ostriker & C.-G. Kim (2022) suggest the
fitting formula that relates volume-weighted total pressure
(Pyy) of cold and warm clouds (T < 2 x 10* K') with the SFR

<Plol>/kB

column density,
118
. (Al
10*cm—3 K ) (A

Motivated by the results of E. C. Ostriker & C.-G. Kim (2022),
we examine the total pressure—SFR column density relation in
our simulations with no ram pressure. The volume-weighted
total pressure B is the sum of the thermal pressure, vertical
Maxwell stress, and vertical turbulent pressure. The pressure is
measured within the half-stellar mass—radius and disk scale

height H = | f pz*dv/ f pdV, where p is the total matter

density, z is the vertical distance from the galactic midplane,
and dV is the volume of a cloud. We compute the three
pressure components as follows:

JPa®(T < 2 x 10*K)dV

Ysrr = 1.95 x 1073 M, kpc 2 yrl(

Py = i A2
(Pn) [or <2 x 10°K)dv (A2)
TRO(T < 2 x 10* K)dV
(ITy) = J1h : (A3)
f@(T< 2 x 104 K)dv
2O(T < 2 x 10*K)dV
(Purb2) = Jpro <2 ) (A4)

Jor <2 x 10*Kyav

where ©(X) is the Heaviside step function that returns 1 when
the argument X is true, 7 < 2 x 10*K is the temperature
threshold of cold and warm gas, Iz = (|B|> — 2Bz2) /8 is the
vertial Maxwell stress, p is the density of a cloud, and v, is the
vertical velocity of the cloud. Figure Al shows the SFR
column density as a function of the volume-weighted total
pressure (P,,) measured for clouds with T < 2 x 10* K within
a half-stellar mass—radius with no wind. Following E. C. Ostr-
iker & C.-G. Kim (2022), the SFR column density is averaged
over 40 Myr. The gray dashed line denotes the fit given in
Equation (Al). The scatter bars in Figure Al show the 16th—
84th percentile distributions of the total pressure and SFR
column density at ¢t = 0-380 Myr. At a fixed total pressure, the
SFR column density decreases with an increase in the disk
magnetic field strength. While gBO reasonably agrees with the
prediction of E. C. Ostriker & C.-G. Kim (2022), gB1 exhibits
a higher total pressure for a given SFR, as star formation
becomes slightly more bursty (e.g., S. Martin-Alvarez et al.
2026) and both turbulent and thermal pressure increase.
Nevertheless, turbulent pressure dominates over thermal
pressure in both galaxies (Pymw/Pn ~ 20), allowing us to
study how turbulence-supported galaxies respond to the
strong, magnetized ICM winds.
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Figure Al. SFR column density as a function of volume-weighted total
pressure (Py,) in the galactic midplanes of our simulations with no ram
pressure (gBO and gB1). The total pressure is measured within the scale
heights and half-stellar mass radii of the disks. The scatter bars indicate the
16th—84th percentile scatter of the relation within t = 0-380 Myr. The gray
dashed line shows the result from E. C. Ostriker & C.-G. Kim (2022). The
magnetized galaxy (i.e., gB1) has slightly higher total pressure at a given SFR
column density.

Appendix B
Magnetic Draping and Disk Gas Stripping

We conduct additional simulations for galaxies with no
cooling and star formation to isolate the impact of cooling and
stellar feedback from the results of disk gas stripping. We use the
initial condition of gBO; however, the disk gas mass is set to
Mg, = 3.93 x 10° M., to ensure that the galaxy has a disk gas
mass similar to that of gB0 immediately before encountering the
ICM winds. Previous studies presenting lower gas stripping rates
owing to magnetic draping layers adopt relatively mild ram
pressures (Pom/kg = 6.4 X 10* emK in S. Tonnesen &
J. Stone 2014 or Py /kg = 1.9 x 10° cm > K in M. Ruszkowski
et al. 2014) compared to ours (Ppm/kg = 5 X 10° cm™? K).
Motivated by this, we hypothesize that the effect of magnetic
draping layers is more apparent if the difference between ram
pressure and magnetic pressure is narrowed. Therefore, we
impose mild ram pressure (P, /kg = 5 X 10*cm > K) on the
galaxy along with fiducial pressure in the form of MHD
(B, = 1 uG) and HD winds.

Figures B1 and B2 show the hydrogen column density
maps of the simulations without gas cooling and star
formation. While disk and stripped clouds are highly
turbulent, fragmented, and porous in star-forming galaxies
(see Figure 3), gaseous disks are smooth in all cases when gas
cooling and star formation are turned off. As shown in
Figure 21, the disk gas is stripped less by the MHD winds
than by the HD winds, and this trend is more evident when
the ram pressure is weaker. However, the two cases are
almost indistinguishable in appearance, which is clearly
opposite to our more realistic case of cooling and star
formation in Figure 5.

We also examine the effect of the magnetic draping layers on
disks with different gas fractions. A lower gas fraction renders
the disk less resilient to external perturbations, which can alter
the effect of the magnetic draping layers. To investigate this, we
set up a galaxy with My, = 1.43 x 10° M, following L20.
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Figure B1. Edge-on hydrogen column density maps of the static disks
with no gas cooling and no star formation within a Ax = lkpc slab centered on
the stellar disk at + = 150 Myr. We show the maps right after the disks
encounter the strong (top row) and mild winds (1/10 of the strong case,
middle and bottom rows). The top and middle rows correspond to gas-rich
disks while the bottom row corresponds to the disk with a normal gas fraction.
The second and third columns respectively depict simulations with
nonmagnetized and magnetized (B, = 1 4G) winds. White arrows indicate
the direction of the winds. While tail morphology is significantly different
between wHD and wMHD simulations in Figure 3, such difference is hardly
seen here.

Because the effect of the magnetic draping layers becomes more
evident under mild winds (Figure 21), we adopt a mild ram
pressure in these simulations. Figure B3 shows the overstripping
ratio for the gas-rich (solid) and normal (dashed) disks for
400 Myr. As shown in Figure 21, the HD wind begins to
overstrip the disk gas mass compared with the MHD wind runs.
Overstripping is initially higher in the normal disk, but
eventually becomes stronger in the gas-rich disk. This result
appears to be consistent with Figure 21 in the sense that the
effect of the magnetic draping layers is better revealed in a less
perturbed system.
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Figure B2. Same as Figure B1, however, projected in the face-on direction.
Disk features are comparable with those in the wHD and wMHD simulations.
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Figure B3. Same as Figure 21, but for gas-rich (solid) and normal (dashed)
disks encountering mild ram pressure. The effect of the magnetic draping
layers is larger in the gas-rich disk.
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