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ABSTRACT
We investigate the impact of ram pressure stripping due to the intracluster medium (ICM) on
star-forming disk galaxies with a multi-phase interstellar medium (ISM) maintained by strong stellar
feedback. We carry out radiation-hydrodynamics simulations of an isolated disk galaxy embedded
in a 1011 M dark matter halo with various ICM winds mimicking the cluster outskirts (moderate)
and the central environment (strong). We find that both star formation quenching and triggering
occur in ram pressure-stripped galaxies, depending on the strength of the winds. HI and H2 in the
outer galactic disk are significantly stripped in the presence of the moderate winds, whereas turbulent
pressure provides support against ram pressure in the central region where star formation is active.
Moderate ICM winds facilitate gas collapsing, increasing the total star formation rates by ∼ 40% when
the wind is oriented face-on or ∼ 80% when it is edge-on. In contrast, strong winds rapidly blow away
neutral and molecular hydrogen gas from the galaxy, suppressing the star formation by a factor of
two within ∼ 200 Myr. Dense gas clumps with NH & 10 M pc−2 are easily identified in extraplanar
regions, but no significant young stellar populations are found in such clumps. In our attempts to
enhance radiative cooling by adopting a colder ICM of T = 106 K, only a few additional stars are
formed in the tail region, even if the amount of newly cooled gas increases by an order of magnitude.
Keywords: galaxies: clusters: general – galaxies: clusters: intracluster medium – galaxies: ISM –
galaxies: evolution – methods: numerical – radiative transfer
1. INTRODUCTION

Cluster galaxies in the local Universe are redder, gaspoorer, and tend to be more elliptical than those in
the field (e.g., Butcher & Oemler 1978; Dressler 1980;
Cortese et al. 2007; Park & Choi 2009; Peng et al. 2010;
Mahajan et al. 2012; Johnston et al. 2014; Fasano et al.
2015). Strong tidal fields induced by deep the gravitational potential or frequent interactions transform
galaxy morphology and facilitate gas loss from the galaxies (e.g., Icke 1985; Byrd & Valtonen 1990; Moore et al.
1996; Barnes & Hernquist 1996). The hot intracluster medium (ICM) can gradually evaporate the intersyncphy@gmail.com,tkimm@yonsei.ac.kr

stellar medium (ISM) by thermal conduction (Cowie &
Songaila 1977) and exert ram pressure, which strips the
circumgalactic medium (CGM) and ISM away (Gunn &
Gott 1972; Davies & Lewis 1973). All of these mechanisms are more efficient in clusters than in more isolated
environments, suggesting that environmental effects disturb stellar kinematics and quench star formation.
Numerous attempts have been made to uncover direct
evidence for these environmental effects on galaxies. Radio observations based on the hydrogen 21-cm line show
that galaxies residing in denser environments are more
deficient in neutral hydrogen (HI) (Davies & Lewis 1973;
Giovanelli & Haynes 1985; Giraud 1986; Warmels 1988;
Cayatte et al. 1990; Scodeggio & Gavazzi 1993; Solanes
et al. 2001). High-resolution 21-cm imaging with the
Very Large Array revealed extra-planar HI distributions
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and long HI tails behind galaxies in a cluster, which is
a clear signature of ram pressure stripping (e.g., BravoAlfaro et al. 2000; Kenney et al. 2004; Chung et al. 2009;
Scott et al. 2010). In addition to this, using Multi-Unit
Spectroscopic Explorer observations of a spiral galaxy
falling into the center of a cluster, Fumagalli et al. (2014)
observed stripped features in Hα emission without any
sign of disturbed velocity fields of stellar components,
which would otherwise be the evidence of the effects of
tidal fields. In fact, the presence of ionized tails is often observed (e.g. Gavazzi et al. 2001; Boselli & Gavazzi
2014; Yagi et al. 2017), demonstrating the pivotal role
of ram pressure stripping in cluster environments. Although very rare, massive molecular tails, which are
speculated to form in-situ, have also been discovered behind a couple of ram pressure stripped galaxies (Jáchym
et al. 2017, 2019). These tails are HI deficient while
bright in Hα and X-ray, possibly indicating that they
may be heated by the hot ICM.
Although disrupted features are often observed in HI
or Hα in the disks of ram pressure stripped galaxies,
this seems to be hardly the case for molecular disks.
As mentioned above, molecular tails are detected in a
few galaxies to date, but their origin remains unclear.
Some authors have claimed that galaxies in the cluster center have a smaller amount of molecular hydrogen
(Rengarajan & Iyengar 1992), but a significant number
of studies have argued that galaxies still maintain their
molecular gas even after falling into the cluster center
(Stark et al. 1986; Kenney & Young 1989; Crowl et al.
2005; Vollmer et al. 2008; Abramson & Kenney 2014;
Kenney et al. 2015; Lee et al. 2017). Based on Submillimeter Array observations of the three Virgo spiral
galaxies, which are known to have ram pressure-stripped
HI disks (Chung et al. 2009), Lee et al. (2017) showed
that the spirals have a CO distribution (indicating the
presence of H2 ), which is more concentrated than that
of HI, with morphological peculiarities, but without any
clear evidence of molecular gas stripping. Interestingly,
Lee et al. (2017) also found that the distribution of farultraviolet emission, which traces star formation over
the past ∼ 100 Myr (Kennicutt 1998), is significantly
more extended than the CO and Hα emission, possibly
hinting at shrinking molecular disks due to ram pressure (see also Koopmann & Kenney 2004b; Cortese et al.
2006).
However, although ram pressure from the ICM may
eventually transform cluster satellites into red and dead
galaxies by blowing HI away (Koopmann & Kenney
2004a,b), the suppression of star formation may not always occur immediately, especially in the early stage
of ram pressure stripping. In some cluster satellites,

dubbed as ‘jellyfish galaxies’, star-forming knots are
found in their wakes (e.g. Sun et al. 2007; Owers et al.
2012; Fumagalli et al. 2014; Ebeling et al. 2014; Rawle
et al. 2014; Poggianti et al. 2016; Sheen et al. 2017),
suggesting that star formation may be triggered by ram
pressure, facilitating the formation of intracluster light
(e.g., Mihos et al. 2017; Ko & Jee 2018).
Unravelling the complex effects of ram pressure stripping on star formation in cluster environments has been
a key goal of theoretical studies. Ever since Gunn &
Gott (1972) developed an analytic model for the truncation of a gaseous disk due to ram pressure, several authors have investigated the stripping process and confirmed the analytic predictions using Lagrangian and
Eulerian hydrodynamics simulations (e.g., Abadi et al.
1999; Schulz & Struck 2001; Quilis et al. 2000; Roediger & Hensler 2005). Studies have also shown that
gaseous disks are stripped more easily when galaxies
orbit more rapidly, encounter a denser ICM, or have
spin axes better aligned with the direction of the motion
(Schulz & Struck 2001; Vollmer et al. 2001; Roediger &
Brüggen 2006; Vollmer et al. 2006; Roediger & Brüggen
2007, 2008; Jáchym et al. 2009; Jung et al. 2018). Shin
& Ruszkowski (2013) further demonstrated that longer
and smoother tails develop behind galaxies when the
galactic gas is more turbulent. Recent studies based on
cosmological simulations argue that more than ∼ 30%
of satellite galaxies in massive groups and clusters exhibit ram-pressure-stripped tails, and that this fraction
should increase with lower stellar mass (e.g. Yun et al.
2019). However, no consensus has been reached yet with
regard to star formation activities of the ram-pressurestripped galaxies. Some claim that ram pressure enhances star formation by compressing gaseous disks in
the early phase of the ICM-ISM interaction (Schulz &
Struck 2001; Vollmer et al. 2001; Bekki & Couch 2003;
Kronberger et al. 2008; Kapferer et al. 2008, 2009; Steinhauser et al. 2012) or by triggering star formation in the
ram pressure stripped tails (Bekki & Couch 2003; Kronberger et al. 2008; Kapferer et al. 2008, 2009; Steinhauser et al. 2012; Tonnesen & Bryan 2012). In contrast,
Tonnesen & Bryan (2012) showed that the star formation rates diminish in the galactic plane right after the
ICM wind hits the galaxy. These results indicate that
galactic star formation responds to ram pressure stripping in various ways, and therefore a further systematic
study is required to probe the impact of ram pressure
stripping.
Generally, the low-density ISM is stripped relatively
easily, while clouds located at the central regions of
galaxies are barely affected by cluster-like environments
(e.g. Quilis et al. 2000; Tonnesen & Bryan 2009), which
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indicates that the multi-phase nature of the ISM may
be critical for the accurate understanding of the effects
of ram pressure (c.f., Tonnesen & Bryan 2010). Furthermore, a number of observations have reported that
stripped tails are also multi-phase (Kenney et al. 2004;
Oosterloo & van Gorkom 2005; Chung et al. 2007, 2009;
Jáchym et al. 2014; Verdugo et al. 2015; Jáchym et al.
2017; Moretti et al. 2018), and they seem to originate
from stripped clouds and clouds formed in-situ (e.g.,
Jáchym et al. 2019). Simulations with stellar feedback
can easily develop a three-phase ISM (McKee & Ostriker
2007), but, to the best of our knowledge, no ram pressure
stripping simulation has been performed at high resolution and with stellar feedback that is strong enough
to regulate star formation as is required by observations. In addition, simulations integrating the complex chain of cooling, non-equilibrium chemistry, star
formation, and feedback are lacking. Therefore, this
study aims to examine the impact of ram pressure stripping on star formation activity and a multi-phase disk
using a radiation-hydrodynamic code that can trace
the evolution of the ISM with strong feedback, photochemistry, and thermo-turbulent star formation models
(Kimm et al. 2015; Katz et al. 2017; Kimm et al. 2017).
This paper is organized as follows. Section 2 describes
the radiation-hydrodynamics method and initial conditions of the simulations. In Section 3, we present the
evolution of gaseous disk, the properties of the ram pressure stripped tails, and star formation activity. Section 4
discusses the dual effects of ram pressure on star formation, role of turbulent pressure on the stripping process,
the lack of extraplanar star formation, and potential
shortcomings of our approaches. Finally, we summarize
our major findings in Section 5.
2. SIMULATION

To investigate the impact of ram pressure stripping
on star forming galaxies, we carry out a set of idealized
radiation-hydrodynamics simulations. In this section,
we describe physical processes included in our simulations and how their initial conditions are set up.
2.1. Code
We use ramses-rt (Rosdahl et al. 2013; Rosdahl &
Teyssier 2015), a radiation-hydrodynamics version of the
adaptive mesh refinement code ramses (Teyssier 2002),
to investigate the impact of ram pressure stripping on
star-forming galaxies. The Euler equations are solved
with a Courant number of 0.8 using the HLLC solver
(Toro et al. 1994), and the Poisson equation is solved using the Particle-Mesh method (Guillet & Teyssier 2011).
The publicly available version of ramses-rt solves the

non-equilibrium chemistry and cooling of the six chemical species, HI, HII, HeI, HeII, HeIII, and e− (Rosdahl
et al. 2013; Rosdahl & Teyssier 2015). We use a modified photo-chemistry model for the primordial species to
include the formation and destruction of molecular hydrogen, as detailed in Section 2.1.3. We use a reduced
speed of light (10−3 c) to reduce the computational cost.
We use the default Cloudy (Ferland et al. 1998) cooling
model in ramses-rt (cc07) for atomic metal cooling
at T & 104 K, and Rosen & Bregman (1995) for the
fine-structure line cooling at T . 104 K. We also include the cooling due to molecular hydrogen using the
cooling rates from Hollenbach & McKee (1979); Halle
& Combes (2013), as described in Kimm et al. (2017).
Heating due to the uniform background UV radiation
is included with a self-shielding approximation (Rosdahl
et al. 2013), assuming the Haardt & Madau (2012) spectrum at z = 0. We do not impose any effective equation
of state or pressure floor in this work.
2.1.1. Star formation
Star formation rates are computed based on a Schmidt
law (Schmidt 1959), as
dρstar
ρgas
= ff
,
dt
tff

(1)

p
where ρgas is the gas density, tff = (3π/32Gρgas ) is
the free fall time, G is the gravitational constant, and
ff is the star formation efficiency per free-fall time.
Motivated by recent studies that suggest ff is not a
constant but depends on the physical properties of the
ISM (Padoan & Nordlund 2011; Federrath & Klessen
2012), our star formation model calculates ff based on
a local thermo-turbulent condition (Kimm et al. 2017;
Trebitsch et al. 2017), as


 2

ecc
3 2
σs − scrit
p
ff =
exp
σ
1 + erf
,
(2)
2φt
8 s
2σs2
where ecc ≈ 0.5 is the fraction of gas that can be accreted on to stars without being affected by proto-stellar
jets and outflows, 1/φt ≈ 0.57 is a numerical factor
that accounts for the multi-free-fall time in the clouds,
σs2 = ln(1 + b2 M2 ) is the standard deviation of the logarithmic density contrast (s ≡ ln(ρ/ρ0 )) where b is a parameter that depends on the mode of turbulence driving,
which we select as b = 0.4 for the mixture of solenoidal
and compressive turbulence, M is the sonic Mach number, ρ0 is the mean density of the cloud, and the critical
density above which gas may start to collapse (scrit ) is
approximated (Federrath & Klessen 2012), as
scrit = ln(0.067θ−2 αvir M2 ),

(3)
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where θ = 0.33 is a numerical factor for the uncertainty
in the post-shock thickness with respect to the cloud
size, αvir = 2Ekin /|Egrav | is the virial parameter of the
cloud. We estimate the local Mach number from the
velocity dispersionbetweenneighbouring grid cells de2
~ T ∇v
~
fined by σgas
= Tr ∇v
∆x2 , where v is the divergence and rotation-free local velocity field. Note that the
model is designed to form stars preferentially in regions
where the sum of thermal and turbulent pressure is not
strong enough to counter-balance the gravitational collapse of gas clouds. The resulting typical ff used to form
a star particle in our simulations is ∼ 0.2. The typical
density at which star particles are formed in our simulations is nH ∼ 800 cm−3 , which is significantly higher
than the threshold density that we set for star formation (nH,thres = 100 cm−3 ). Once the efficiency is determined, we use a Poisson distribution to randomly sample
the mass of a star particle with the minimum mass of
Mstar,min = 914 M , following Rasera & Teyssier (2006).
2.1.2. Stellar feedback
We include three different stellar feedback mechanisms
that can regulate star formation in galaxies, i.e. photoionization, radiation pressure exerted by photons in
the wavelength ranging from ultraviolet to infrared, and
Type II supernova (SN) explosions.
Specifically, Lyman continuum photons produced by
young massive stars can ionize hydrogen and heat up
the gas to T ∼ 104 K. This forms over-pressurized HII
bubbles that can expand into the surrounding medium
(e.g., Krumholz et al. 2007; Walch et al. 2012; Dale
et al. 2014). During this process, absorbed ionizing
photons transfer their momentum to the neutral ISM
or dust (e.g. Haehnelt 1995) and are assumed to be
re-emitted in the IR range (E < 1 eV). We include
the momentum transfer by computing the absorption
due to neutral hydrogen (E > 13.6 eV), neutral helium
(E > 24.59 eV), singly ionized helium (E > 54.42 eV),
and dust (E > 1 eV) (Kimm et al. 2017). Multiple scattering of IR photons can also exert non-thermal pressure
if they are efficiently trapped by optically thick dusty
gas (Rosdahl & Teyssier 2015). Photoelectric heating
by UV photons with 5.6 < E < 13.6 eV is modeled following Kimm et al. (2017). The photon production rates
from stars are calculated based on the Binary Population and Spectral Synthesis model (Stanway et al. 2016,
v2.0) assuming a Kroupa initial mass function (IMF;
Kroupa 2001) with a lower and upper mass cut-off of
0.1 and 100 M , respectively.
The explosions of massive (M ≥ 8M ) stars are modelled as a single event per star particle, based on the
mechanical supernova (SN) feedback scheme developed

by Kimm & Cen (2014). We adopt the final radial momentum of prad = 4.5 × 105 M km s−1 per explosion
if the host cell of SN is smaller than the Stromgren
sphere (Geen et al. 2015), while a radial momentum of
prad = 2.5 × 105 M km s−1 (Thornton et al. 1998) is
used if the Stromgren sphere is well resolved, following
the method described in Kimm et al. (2017). If multiple
SNe explode in the same time in one cell, we compute
the final radial momentum with dependencies of metal16/17
licity (Z 0−2/17 ) and the number of SNe (E51 ), where
0
Z ≡ min (Z/Z , 0.01) (Kimm & Cen 2014). We assume
that the SNe explode 5 Myr after the birth of a star
particle. The frequency of SN explosions (0.05 M −1 ) is
boosted by a factor of 5 in order to suppress over-cooling
(e.g., Rosdahl et al. 2017, 2018). Note that similar boost
factor is employed in cosmological simulations to reproduce the luminosity function at the epoch of reionization
(Rosdahl et al. 2018) or the stellar-to-halo mass ratio of
the Milky Way-like galaxies (Li et al. 2018). Finally,
we assume that no metals are synthesized by SNe (i.e.
zero stellar yield) in order to disentangle the contribution from the ICM wind to the formation of ram pressure
stripped tails based on metallicity.
2.1.3. Formation and destruction of H2
In the early Universe where little dust is present, the
dominant route to produce H2 is via H− (e.g., Abel et al.
1997). However, in metal-rich environments, like the one
modelled in this work, H2 can be efficiently formed on
dust grain surfaces (e.g. Gould & Salpeter 1963). We
include the two formation channels, based on the prescription of Glover et al. (2010) and Baczynski et al.
(2015), as
dxH2
= (Rd + Rp ) nHI − (kLW + kUV )xH2
dt
− (Ccoll,HI + Ccoll,H2 + Ccoll,HeI + Ccoll,e )xH2
(4)
where xH2 ≡ nH2 /nH is the number fraction of molecular
hydrogen, nHI is the number density of HI, and Rd and
Rp are the formation rate coefficients of H2 , in units of
cm3 s−1 , via dust and H− , respectively. Rd is computed
as (Gnedin et al. 2009)
Rd = 3.5 × 10−17 cm3 s−1 Zgas Cρ ,

(5)

where Zgas is the gas metallicity, and Cρ is the gas
clumping factor, and we adopt Cρ = 3 to reproduce
the transition between neutral and molecular hydrogen
(see Appendix A). We also take into account the formation via the H− process (Rp , see Equations 10–11 in
Katz et al. 2017), but the reaction is known to be very
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inefficient and does not increase the fraction of H2 to
more than ∼ 10−3 (e.g. Bromm et al. 2002).
Hydrogen molecules are photo-dissociated by LymanWerner radiation (11.2 eV ≤ E ≤ 13.6 eV) emitted from stellar particles or destroyed by photons with
E ≥ 15.2 eV through dissociative recombination. The
photo-dissociation and photo-ionization rates due to
Lyman-Werner and UV radiation, kLW (= σLW FLW ) and
kUV (= σUV FUV ), are calculated using the local photon
flux (F) and associated cross-sections (σ) taken from
Glover & Abel (2008). H2 molecules can also be destroyed by the collisions with other species (HI, H2 ,
HeI, and e− ). This is included by adopting the temperature and density-dependent collisional dissociation
rates, Ccoll,i , from Glover & Abel (2008). Interested
readers are referred to Katz et al. (2017) for details.
2.2. Initial conditions
The initial conditions of an idealized disk galaxy are
generated using the makedisk code (Springel 2005). We
place a dwarf-sized disk galaxy at the center of a dark
matter halo of mass Mhalo = 1011 M and virial radius
Rvir = 89 kpc, as in Rosdahl et al. (2015). The initial
stellar mass of the galaxy is 2.10 × 109 M with a bulgeto-total mass ratio of fbulge ≈ 0.17, and the total gaseous
disk mass is Mgas = 1.75 × 109 M . The gaseous and
stellar metallicities are initially set to Zdisc = 0.75 Z ,
where we assume Z = 0.0134 for the solar metallicity
(Asplund et al. 2009).
The size of the simulated volume is 300 kpc on a side
covered with 2563 root cells (level 8). The coarse grids
are adaptively refined up to a maximum level of 14,
which corresponds to a spatial resolution of 18 pc. We
ensure that the Jeans length is resolved by at least 8 cells
until the simulation reaches the maximum level of refinement. Note that we first evolve the galaxy for 400 Myr to
allow the galaxy to relax and to enter quasi-equilibrium,
and then impose the ICM wind from one side of the box.
We define t = 0 as the time at which the wind is first
imposed. At the beginning of the ICM-ISM interaction
(t = 100 Myr, i.e. 100 Myr after the ICM wind is imposed), the mass of neutral, molecular, and ionized hydrogen in the galaxy, defined by the cylindrical volume
of a radius of r = 10 kpc and a height of z = ±3 kpc
is MHI = 6.88 × 108 M , MH2 = 2.74 × 108 M , and
MHII = 1.19 × 108 M , respectively.
Figure 1 shows the projected distribution of hydrogen
number density (nH in units of cm−3 ) and temperature
(K) of the galaxy at t ≈ 100 Myr. The scale-length l of
the cold gas disk (HI+H2 ) is 1.70 kpc and its thickness
H is 0.12 kpc at this time. The scale-length is defined as
the radius at which the density drops by e compared to

Figure 1. Initial conditions of our ram pressure stripping
simulations. The panels show the face-on (top) and edgeon (bottom) views of density-weighted distribution of hydrogen number density (left) and temperature (right) from the
NoWind run at t = 100 Myr, i.e. the moment at which the
simulated galaxies encounter the ICM wind in other runs.

the one at the
The thickness H is comqRgalactic center.
R
puted with
ρz 2 dV / ρdV , where ρ is the density of
a volume dV and z is the height of the volume from a
galactic plane.
2.3. ICM winds
To mimic the interaction with the ICM in cluster environments, we impose the inflow boundary condition
on one side, and outflow boundary condition on the
other side. The direction of the ICM winds is set to
be either face-on or edge-on, and we choose a temperature of TICM = 107 K, a metallicity of ZICM = 0.004
≈ 0.3 Z , and a velocity of vICM = 1000 km s−1 , motivated by the observations of nearby clusters (e.g., Tormen et al. 2004; Hudson et al. 2010; Urban et al. 2017)1 .
The winds first encounter the galaxy at ∼100 Myr after
they are launched. Our fiducial simulations (FaceWind
and EdgeWind) are run with an ICM density of nH,ICM =
3×10−4 cm−3 , and we also examine a case with stronger
ram pressure (nH,ICM = 3 × 10−3 cm−3 ) for the face-on
case (FaceWind10). The corresponding ram pressures of
2
the winds are Pram /kB = ρvICM
/kB ∼ 5 × 104 cm−3 K
and 5 × 105 cm−3 K, respectively, which are comparable
to those exerted on galaxies orbiting in the outskirts or
1

In Appendix B, we also present the impact of slower ICM winds
on star formation, which is quite similar to that of the FaceWind
run.
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Table 1. Simulation parameters. From left to right, the
columns indicate the model name, velocity (vICM ), hydrogen
number density (nH,ICM ), ram pressure of the wind, and the
ICM temperature. All simulations include photo-ionization
heating, direct radiation pressure, photo-electric heating on
dust, and mechanical supernova feedback. The maximum
resolution of the simulations is ∆xmin = 18 pc.
Model
NoWind
FaceWind
EdgeWind
FaceWind10
FaceWind10 T6

vICM
[km s−1 ]
–
vz = 103
vx = 103
vz = 103
vz = 103

nH,ICM
[cm−3 ]
–
3 × 10−4
3 × 10−4
3 × 10−3
3 × 10−3

Pram /kB
[K cm−3 ]
–
5 × 104
5 × 104
5 × 105
5 × 105

TICM
[K]
–
107
107
107
106

the central regions of a cluster of mass M200 ∼ 1014.8 M
at z = 0 (Jung et al. 2018, see their Figure 10). We refer
to the smaller ram pressure runs as moderate wind and
the wind with the higher pressure as a strong wind case,
hereafter. For comparison, we run an isolated case with
no wind (NoWind). All simulations are run for 600 Myr
from the moment at which the ICM is imposed, except
for the FaceWind10 T6 run where we examine the effect
of the temperature of the ICM wind for 300 Myr (see
Table 1).
3. RESULTS

In this section, we show how ICM winds affect the
simulated gaseous disks and star formation. We also
discuss the formation of HI tails and their star formation
activity.
3.1. Ram pressure stripping in the gaseous disk
To examine the impact of ram pressure stripping on
different gas phases, we plot the distribution of hydrogen number density (nH ), the fraction of neutral hydrogen (fHI ), and the fraction of molecular hydrogen (fH2 )
for the EdgeWind and FaceWind runs in Figure 2. The
diffuse ISM in the galaxy, mainly composed of HI, is
first swept up by the ICM winds, and stripped from the
galaxy. Small clumps with nH ∼ 0.1–1 cm−3 (shown as
yellow colors) are pushed out to ∼ 40 kpc, where they
are transformed into diffuse ionized gas. The HI gas
is stripped more efficiently than the H2 gas, which is
qualitatively consistent with observational studies (e.g
Vollmer et al. 2008; Lee et al. 2017) and previous numerical results that showed that dense and central gas
components are not stripped easily (e.g., Quilis et al.
2000; Tonnesen & Bryan 2009, 2010).
Figure 2 also shows that the edge-on wind generates
an asymmetric tail behind the galaxy, which is different

from symmetric features seen in the run with the face-on
ICM wind (FaceWind). In the EdgeWind run, the gas tail
is predominantly distributed toward the upper part of
the image due to the interaction between the rotational
motion of the disk and the wind. Gaseous components
are first stripped in the region where the sum of the wind
and rotational velocities are maximized, accelerated toward the x-direction, and then forced to flow somewhat
vertically due to their initial angular momenta. During this process, some clouds that are displaced from
the disk fall back to the galaxy after colliding with the
stripped tail in the region ∼10 kpc away from the center
of the galaxy.
Unlike the runs with the moderate wind, the strong
wind that cluster satellites would encounter when penetrating the central region of clusters (FaceWind10) removes the bulk of HI and H2 gas from the galaxy rapidly
(Figure 3. At t & 150 Myr, even the central molecular gas component is efficiently stripped, temporarily
forming a locally dense tail behind the galaxy. The tail
is composed of ∼ 8 × 106 cells at the level above 11
(∆x < 146 pc at 300 Myr in the FaceWind10 run, and
more than 106 cells are maximally refined (∆x = 18 pc),
indicating that the strong wind induces the formation
of clumpy clouds in the tail. The projected metallicity
shows that the stripped ISM mixes well the ICM, enriching the metal abundance in the ICM. Further details on
ram pressure stripped tails are discussed in Section 3.2.
3.1.1. Disk mass and size
To quantify the impact of ram pressure stripping on
gaseous disks, we measure the mass and half-mass radii
(R1/2 ) of the HI and H2 disks within a cylindrical volume of radius r = 10 kpc and height z = ±3 kpc centered
on the galaxy in Figure 4. The HI disk mass remains
roughly constant in the isolated case (NoWind) because
star formation is regulated by strong stellar feedback
(Ṁstar ∼ 0.2 M yr−1 ) and only ∼ 108 M of gas is converted into stars. The presence of the edge-on or faceon wind reduces the HI gas mass, the latter being more
efficient. This can be attributed to the fact that the
cross-section with the ICM wind is larger in the faceon case. As expected, the most dramatic change in HI
mass is observed in the strong wind case (FaceWind10),
where the HI and H2 gas mass drops rapidly during the
first ∼ 100 Myr. Furthermore the total HI and H2 mass
are reduced by more than an order of magnitude by
t ∼ 600 Myr, indicating that the strong ram pressure
can indeed turn cluster satellite galaxies gas-deficient
(Jung et al. 2018).
Since the outer disk is the most susceptible to the
wind, the decrease in gas mass in the HI disk results
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Figure 2. Density-weighted projections of hydrogen number density (nH ), HI mass fraction (fHI ≡ MHI /MH ), and H2 mass
fraction (fH2 ≡ MH2 /MH ) of the galaxy hit by the moderate (Pram /kB ∼ 5×104 cm−3 K) face-on (upper three rows) and edge-on
winds (bottom three rows). The white arrows indicate the direction of the wind, and the white bar measures 10 kpc. Note that
the HI is much more prominent than H2 in the stripped tail. The edge-on ICM wind tends to result in more extended stripped
features than the face-on ICM wind.
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Figure 3. Same as in Figure 2, but with an additional row illustrating projected metallicity for the run with the strong
(Pram /kB ∼ 5 × 105 cm−3 K) face-on wind (FaceWind10). The density of the stripped gas clouds easily reaches nH ∼ 10 cm−3 ,
but this is not dense enough to form stars in the extraplanar regions. The metallicity distributions show that the stripped ISM
mixes with the ICM in the tail.
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Figure 4. Top and middle rows: evolution of the gas mass
in HII, HI and H2 within the cylindrical volume of radius
r = 10 kpc and height |z| = 3 kpc centered on the galaxy. Results from runs with different ICM properties and orientation
are illustrated as different color-codes, as indicated in the legend. The dashed and dotted horizontal lines in the top right
panel correspond to the HII mass estimated assuming that
the cylindrical volume is filled with the ICM of the strong
(nH = 3 × 10−3 cm−3 ) or moderate (nH = 3 × 10−4 cm−3 )
winds, respectively. The disk gas masses in different phases
decrease over time in all runs with ICM winds. Bottom row:
evolution of the half-mass radii (R1/2 ) of the HI and H2
disks. R1/2 gradually decreases over time in FaceWind and
EdgeWind, whereas the gaseous disk in the strong wind case
(FaceWind10) is rapidly truncated.

in a reduction of its size (Figure 4). The half-mass radius is decreased by a factor of two in the moderate
face-on wind case, although the moderate edge-on wind
reduces R1/2 by ≈ 20%. Conversely, the majority of the
extended HI disk is removed in FaceWind10, leaving a
tiny gaseous disk with a size of R1/2 ≈ 0.3 kpc.
Not only the HI disk, but also the H2 disk is significantly affected by the ram pressure. Once the molecular
clumps are exposed to the ICM wind, the ram pressure
subsequently removes part of the molecular gas from
the disk, since it exceeds the typical pressure of the ISM

Figure 5. Column density distribution of all hydrogen
species (HII, HI, and H2 ) in the central 100 pc slab (−50 ≤
z ≤ 50 pc) in the Facewind run at t = 600 Myr. The white
contours indicate the region in which the contribution from
the gas from the ICM wind to the total projected column
density is less than 10 %, which we interpret to be shielded
from the ram pressure. The fraction is estimated from the
metallicity of clouds Z by separating the contribution of the
ISM and the ICM wind, which have the fixed metallicities of
0.75 Z and 0.3 Z , respectively. The galactic disk regions
are primarily shielded from ram pressure due to turbulent
pressure (see Section 4.3).

(see Section 4.2). The relative differences in H2 mass
between NoWind and the runs with the ICM winds are
equally notable as for HI gas mass. In particular, the
reduction in H2 size observed in the runs with the ICM
wind, compared with the NoWind case, further substantiates that the decrease in H2 mass is not due to the
prevention of the gas reservoir from collapsing onto the
disk but a direct consequence of ram pressure stripping.
Indeed, the truncated size can be explained by the
Gunn-Gott criterion (Gunn & Gott 1972) for the
FaceWind and FaceWind10 runs. To compute the radius
rc at which the gravitational restoring force balances the
ram pressure, we use the Gunn-Gott equation
2
ρICM vICM
= −Σ(rc )∂Φ(rc , z)/∂z,

(6)

where Φ(rc , z) is the gravitational potential measured
from the gas, stars, and dark matter particles from
the simulation at radius rc and a height z in a cylindrical coordinate system, and Σ(rc ) is the gas column
density at radius rc . The column density is obtained
from the gas component located within a shell of radius [rc , rc + ∆r] and a height |z| < 3 kpc, consistent
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with the definition of the galactic disk in this study. We
then compute the truncation radius at the disk thickness z = H = +120 pc just after the galaxy encounters
the wind (t ∼ 140 Myr), which is estimated to be 2.0
kpc and 0.8 kpc for FaceWind and FaceWind10, respectively. We confirm that these are in good agreement
with the sharp break in the density profile of the simulated galaxies, rc ∼ 2–3 kpc in the FaceWind run or
rc ∼ 1 kpc in the FaceWind10 run at 600 Myr. Figure 5
shows the distribution of hydrogen at t = 600 Myr, confirming good agreement with the truncate radius in the
FaceWind run.
3.1.2. Temperature and density distribution
Different ICM winds shape galaxy evolution distinctly,
resulting in a different density and temperature distributions of a gaseous disk. In Figure 6, we present the
density and temperature distribution in the cylindrical volume enclosing the galaxy (i.e. r ≤ 10 kpc and
|z| ≤ 3 kpc) at t = 100 Myr for the NoWind run and
t = 600 Myr for the runs with the ICM winds, for comparison. The ICM is kept hot and diffuse until it encounters the galaxy. Once the ICM wind interacts and
mixes with the ISM, it cools and collapses behind the
galaxy, leaving a notable feature at 105 . T . 107 K
(green plume).
We find that ram pressure blows away a significant
fraction of the diffuse ISM with densities lower than
ρICM . In contrast, the dense ISM with nH & 1 cm−3
is self-shielded from the wind and remains mostly intact, leading to a narrow gas distribution towards high
densities in the phase diagram. By contrast, the presence of a strong ICM wind destroys massive clouds with
nH ∼ 100 cm−3 .
The difference in the distributions of gas mass is illustrated more clearly in the bottom panels of Figure 6,
where we plot the gas density distribution at 600 Myr
within the cylindrical volume of radius r < 3 ls and
height |z| < 2H, where ls is the scale-length and H is
the thickness of the disk. When isolated, the simulated
galaxy shows minimal evolution in the mass distribution
with time (black dotted vs solid line). However, a prominent peak develops around ρ ∼ ρICM once the ICM wind
reaches the disk. The gas mass in the two runs with the
moderate wind (EdgeWind and FaceWind) are enhanced
at high densities (nH & 100 cm−3 ), compared to those
in the isolated case (NoWind), which suggests that star
formation can be enhanced in EdgeWind and FaceWind
than in NoWind (as we confirm later in Section 3.3). In
addition, the majority of the gas disk is stripped in the
presence of the strong ICM wind.
3.2. Formation of the ram pressure stripped tail

Figure 6. Upper panels: gas phase diagram of the simulated galaxies affected by different ICM winds. The top
left panel displays the distribution in the NoWind run at 100
Myr, i.e., just before the wind hits the galaxy, and the other
three panels correspond to the phase diagram at 600 Myr.
We note that the NoWind run is not shown here at 600 Myr
because only negligible evolution is observed in the phase
space. Different colors indicate the gas mass shown in each
bin, as indicated in the legend. The density of the ICM
winds are shown as vertical dotted lines. The green plume
around T ∼ 106 K forms from the ICM gas that interacts
with the ISM and cools. Lower panel: the averaged distribution of gas mass measured within the cylindrical volume
around the galaxy at 500 ≤ t ≤ 600 Myr. The ICM winds
preferentially remove the diffuse gas component, making the
gas distribution in the phase diagram narrower.

Galaxies moving inside the ICM form characteristic
ram pressure stripped tails. In this section, we investigate the formation of the tail by measuring the outflowing flux from the disk and the evolution of tail mass in
the runs with different ICM winds.
We define the tail as gas components located inside a
cylindrical volume of a radius r ≤ 10 kpc and a height
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Figure 7. Outflow fluxes measured along the direction of the ICM wind within a circular surface of radius r = 10 kpc placed
at a distance 10, 40, and 80 kpc away from the galaxy center. From top to bottom, each row indicates the flux measured in the
EdgeWind, FaceWind, and FaceWind10 runs, respectively. The fluxes of different phases (HII, HI and H2 ) are shown in the left,
middle, and right columns, respectively. The outflow fluxes originating from the simulated galaxy with Z = 0.01 = 0.75 Z are
shown as solid lines, whereas fluxes including the gas cooled or added from the ICM, are shown as dashed lines. Most neutral
gas (HI and H2 ) is blown directly from the galactic disk, and only ∼ 20% of the neutral gas in the tail is cooled from the ICM
in the two runs with the moderate winds. In contrast, the strong wind induces efficient mixing, and up to ∼ 60% of the neutral
hydrogen in the tail is cooled from the ICM.

z > 10 kpc (or x > 10 kpc for the EdgeWind run) along
the wind direction. Note that we only consider gas
with Z > 0.004 so that the pure ICM wind is not included. We also use the different metallicities of the
ISM (ZISM = 0.01) and ICM (ZICM = 0.004) to distinguish their relative contributions to the formation of
the tail. The outflow rates are measured from gas crossing the circular surface of radius of r = 10 kpc at 10,
40, and 80 kpc from the galaxy center. Here we define the galaxy center as the center of stellar mass. We
do not separate the contribution from galactic outflows
due to stellar feedback, as it is negligible in these regions (Ṁout  0.01 M yr−1 ), compared to the flux due
to ram pressure.
Figure 7 shows that the majority of the gas that leaves
the FaceWind galaxy is in the form of ionized hydrogen
(second rows). The HII stripping rates (0.3−1 M yr−1 ,

solid lines) are a factor of few higher than the star formation rates of the NoWind run (Ṁ? ∼ 0.1 M yr−1 ). The
cumulative HII, HI, and H2 masses crossing the surface
at 10 kpc during 0 < t < 600 Myr are estimated to be
4.4 × 108 , 0.9 × 108 , and 106 M , respectively. However, we find that the decrease in HII mass from the
galaxy (0.5 × 108 M ) is much lower than the cumulative HII mass crossing the surface, which indicates that
a substantial fraction of the HII flux measured at 10 kpc
originated from the neutral phase. Indeed, the decrease
in HI mass (∼ 4 × 108 M ) is higher than the total HI
mass crossing the surface (0.9 × 108 M ), as seen in Figure 4, supporting the view that HI is stripped and then
collisionally ionized due to the ICM wind before it leaves
the galaxy.
The HI flux increases rapidly up to ∼ 0.5 M yr−1 at
10 kpc in FaceWind, but declines over time as a diffuse
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Figure 8. Velocity field of the simulated galaxy in the EdgeWind run at t = 376 Myr. The color denotes the column density of
molecular hydrogen. Notice that some of the gas clouds at rc ∼ 10 kpc fall back after being blown out by the wind.

ISM is removed from the galaxy. Although ∼ 30% of
the HI flux measured at 40 kpc turns out to have cooled
from the ICM wind, the HI gas is continuously ionized,
as it moves away from the galaxy. Eventually, little HI
gas persists in the case with the moderate face-on wind.
In the case of EdgeWind, the stripping process seems
somewhat different. The outflow flux measured at 10
kpc at t ≈ 100 Myr increases more rapidly than in the
face-on case, since part of the galactic disk is already
rotating along the same direction of the ICM, as illustrated in Figure 8. Furthermore, the diffuse medium
above the galactic mid-plane is directly exposed to the
ICM wind and unimpeded by the ISM, contrary to the
FaceWind case. However, the total amount of the gas
that is directly stripped from the galaxy and crosses the
10 kpc surface (orange solid lines) is actually lower than
in the face-on wind case by 60% (see also Figure 4),
and the stripping rate is only comparable to that of star
formation in the NoWind run.
Despite the less significant ram pressure stripping, we
find that ∼ 30% more gas leaves the galaxy and is measured at 10 kpc in the form of HI from the EdgeWind
run, compared with the FaceWind case. This is also potentially due to the coherent acceleration of the HI gas
along the direction of the rotation in the galactic disk.
Similarly, a larger amount of stripped molecular hydrogen is observed at 40 kpc in the EdgeWind run than in the
FaceWind run. On average, the total H2 mass present
in the tail region at 300 < t < 600 Myr is ∼ 107 M

in the EdgeWind run, whereas the mass is an order of
magnitude smaller in the FaceWind run. Similarly, as
in the FaceWind run, once blown out from the galaxy,
the HI gas is continuously ionized, and a tiny amount
(4 × 105 M ) of gas travels out to 80 kpc.
We find that molecular hydrogen is inefficiently carried away by the moderate winds. The cumulative
amount of H2 passing through the 10 kpc surface is
∼ 106 or 107 M for the FaceWind and EdgeWind runs,
which is less than 10% of the cumulative HI flux. The
H2 stream at 40 kpc is visible, but its flux is even lower,
indicating that H2 clouds are destroyed and/or dissociated by interactions with the moderate ICM wind. Although the ICM wind material condenses to form additional molecular hydrogen at the skin of the stripped
molecular clouds, this does not account for a large fraction of the molecular hydrogen in the tail (< 20%) in
the two runs with the moderate winds.
Although not included in Figure 7, we also confirm
that the galactic rotation can enhance inflowing flux
when the simulated galaxy encounters the edge-on ICM
wind. The velocity field presented in Figure 8 shows
that asymmetric velocity structures develop at r & 5 kpc
where the gas clouds accelerated by galactic rotation
collide with the ram pressure stripped tail. In addition, a significant fraction of the gas tail in the upper
region falls back to the galaxy, with an infall rate of
0.01-0.02 M yr−1 , which is more significant than that
in the NoWind or FaceWind run (< 0.001 M yr−1 ).
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Finally, a large amount of the ISM is blown away from
the galaxy hit by the strong face-on wind, showing a
maximum stripping rate of ∼ 5 M yr−1 at all three
distances (Figure 7). However, the fluxes decrease to
a level similar to that in the moderate wind runs, once
the majority of the galactic gas is stripped within a short
timescale of ∼ 100 Myr and little diffuse ISM remains in
the galaxy (Figure 4, see also Tonnesen 2019). Because
of the large amount of stripped material, the mixing
of the ISM and ICM occurs more efficiently under the
strong wind as well. Out of the total HI mass in the tail
at 300 Myr, 43.2% of HI is cooled from mixing with the
ICM. For comparison, only 14.9% and 7.4% of HI are
cooled from the ICM in the FaceWind and EdgeWind
runs, respectively. We note, however, that the exact
amount of cooled gas may depend on the assumed temperature of the ICM, as we will discuss in Section 4.2.
3.3. Star formation
Ram pressure stripping is believed to eventually
quench star formation by removing cold gas reservoirs from cluster satellite galaxies. However, the results of observational studies suggest that ram pressure
may trigger or even enhance star formation on short
timescales (Crowl & Kenney 2006, 2008; Merluzzi et al.
2013; Scott et al. 2013; Kenney et al. 2014; Lee et al.
2017; Vulcani et al. 2018). In this subsection, we investigate the dual effects of ram pressure on star formation
activities based on our simulations.
3.3.1. Star formation in the galactic disk
We find that star formation is enhanced in the runs
with the moderate ICM wind, when compared to the
NoWind case (Figure 9). Although the total gas mass
decreases by a factor of two (Figure 4), the total stellar mass formed between 100 < t < 600 Myr in the
FaceWind run increases by ∼ 40%, compared to the
NoWind run. The increase in star formation turns out to
be even more notable in the EdgeWind (∼ 80%) case, as
the amount of high-density gas increases (see Figure 6).
We also examine whether or not the star formation efficiency per free-fall time is enhanced, compared to the
NoWind case. We find that when the criteria for star
formation are met, the average star formation efficiency
is similar for the two runs (ff ≈ 0.21) (see Equation 2),
as the moderate wind cannot penetrate the ISM and influence the dynamics of the star-forming clouds directly.
Conversely, the strong face-on wind suppresses star formation by a factor of a few, especially in the late stage of
the ICM-ISM interaction. Not only the total amount of
star-forming gas with nH & 100 cm−3 decreases, but ff
also decreases slightly to 0.19, indicating that the clouds

Figure 9. Evolution of the star formation rates (top) and
the cumulative stellar mass formed (bottom). The vertical
dashed lines mark the epoch when the ICM wind hits the
gaseous disk (t ∼ 100 Myr). In the top panel, the solid and
dotted lines present SFRs averaged over 50 Myr and 10 Myr,
respectively. The presence of the moderate wind enhances
the star formation rates by ∼ 40–80%, compared to the case
in the NoWind run. Conversely, the star formation rates are
reduced by a factor of ∼ 2 when the strong ICM wind is
imposed.

are less gravitationally bound due to the turbulent interaction with the ICM wind. However, the reduction in
the star formation rates does not appear as significant as
the change in the molecular or HI mass in FaceWind10
at t = 600 Myr (Figure 4), as dense star-forming regions
are the least affected by the wind (see Figure 6).
The enhanced star formation pattern in the runs with
the moderate winds is analyzed further in Figure 10. We
compute the the cumulative star formation rate (cSFR)
profile in each snapshot (∆t ∼ 5 Myr) as a function of
radius, and plot the average over 150 Myr (∼30 snapshots). We find that newly formed stars are distributed
differently depending on the direction of the wind. The
star formation rates in the runs with the face-on wind
are enhanced in the central region (rc . 2kpc) of the
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In order to understand the change in star formation, we plot the density of newly formed stars, HI,
and H2 along the direction of the ICM wind in Figure 11. We clearly observe that the star formation, as
well as the average molecular hydrogen densities, are
elevated at the interface between the ISM and the edgeon wind (see the reddish regions in Figure 8). For the
EdgeWind galaxy, the interface forms within the galaxy
at −5 . x . −3 kpc, which is seen as a boost in star
formation at x ∼ −3 kpc (marked as “C” in the bottom
right panel of Figure 11). Conversely, star formation in
the opposite side (x & 3 kpc) of the EdgeWind galaxy is
quenched, mainly because the disk gas is shielded and
not experiencing ram pressure.
3.3.2. Star formation outside the galaxy

Figure 10. Cumulative star formation rates (i.e. within
the given radius) as a function of the cylindrical radius (rc ),
averaged over 150 Myr. Results from different models are
shown as different colors, as indicated in the legend. Star
formation activities in FaceWind are enhanced in the central
region (rc . 2 kpc), but suppressed at rc & 2 kpc, compared
to the NoWind run (black lines). Similarly, the strong face-on
wind shows the dual effects on star formation, but with a
smaller truncation radius at rc ∼ 0.3 kpc. In contrast, star
formation is boosted preferentially at rc ∼ 0.5 − 2 kpc in the
EdgeWind run.

galaxy, compared to the NoWind case. The trend is
more pronounced in the later stage of the evolution
(t > 300 Myr) because the ISM that initially protects
the star-forming regions from the ICM wind is stripped
over time. Once a significant amount of gas is lost in the
outer region rc & 2 kpc of the FaceWind disk, star formation becomes suppressed. However, the enhancement
in star formation seems to occur only in the very central region (rc . 0.5kpc) in the FaceWind10 run because
it is directly exposed to the ICM wind due to efficient
stripping of the outer gaseous disk. On the contrary,
the edge-on wind triggers star formation preferentially
in the outer region of the galaxy, especially in the interface between the ISM and the ICM.

Recent observations reveal young stars as well as dense
CO clouds in ram-pressure stripped tails at several kpc
from the cluster satellite galaxy (e.g., Poggianti et al.
2017; Lee et al. 2017; Jáchym et al. 2019). We find that
such extraplanar cold clouds form in the run with the
strong wind during the early stage (∼150 Myr) of the
ICM-ISM interaction. In the top panel of Figure 3, the
gas with blue colors, corresponding to the total surface
density of NHI ∼ 3×1021 cm−2 or 30 M pc−2 , can easily
be found at . 10 kpc from the galaxy. Similarly, dense
clouds are also found in EdgeWind at 5–10 kpc where the
ICM wind interacts with the ISM in the opposite side of
the interface (see the upper right area of Figure 8). The
metallicity of the dense clouds (yellow colors) is Z ≈
0.75 Z , indicating that they originate from the ISM,
and are not mixed/cooled from the ICM. An exception
to the efficient stripping is the FaceWind case where only
the diffuse ISM is stripped mildly and does not trigger
significant gas collapse.
However, no clear signature of extraplanar star formation is found in our simulations. The FaceWind10
run does show extraplanar star formation briefly during the initial phase of the ICM-ISM interaction (SFR
∼ 9.5 × 10−3 M yr−1 , marked as “B” in Figure 11)
when the ram pressure directly pushes pre-existing starforming clouds. The FaceWind run also exhibits a feature similar to the SFR of 1.5 × 10−2 M yr−1 (marked
as “A” in Figure 11). Yet, the enhanced star formation
in the extraplanar regions does not last long, and we
find that the young stars fall back quickly to the galactic disk, resulting in slightly extended star formation up
to 1 kpc from the mid-plane of the disk. Strong stellar
feedback periodically induces off-plane ISM winds, puffing HI and H2 out from the disks, and this is particularly
visible in the last stage (450-600 Myr) in FaceWind run.
In the case of EdgeWind, some the clouds are displaced
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Figure 11. Densities of HI (green), H2 (blue), and star particles younger than 10 Myr (red), measured along the direction of
the wind. We use the center of stellar mass to define z = 0 and x = 0. The run without the ICM wind is shown in the top rows,
while the runs with face-on or edge-on wind are displayed in the lower panels. The arrow in each panel indicates the direction
of the wind. Off-plane star formation sites are marked as A and B. The edge-on wind compresses the gaseous disks, significantly
boosting star formation at the interface between the ICM wind and the ISM (marked as C in the bottom right panel).

up to x ∼ 5 kpc at 150 < t < 450 Myr, forming a small
amount of stars, but in general their volumetric densities turns out to be not high (nH ∼ 1 − 10 cm−3 ) enough
to trigger star formation in the extraplanar cold clouds.
4. DISCUSSION

In this section, we discuss the complicated effects of
ram pressure on star formation in the disk and tails, the
potential role of turbulence against ram pressure, and
limitations of this study.
4.1. Does ram pressure quench or trigger star
formation?
Previous studies have revealed the evident impact of
ram-pressure stripping on HI disks in many cluster satellites (Davies & Lewis 1973; Giovanelli & Haynes 1985;
Giraud 1986; Warmels 1988; Cayatte et al. 1990; Scodeggio & Gavazzi 1993; Chung et al. 2009), but there has
been a long debate on the stripping of the molecular disk
(Stark et al. 1986; Kenney & Young 1989; Rengarajan
& Iyengar 1992; Crowl et al. 2005; Vollmer et al. 2008;
Abramson & Kenney 2014; Boselli et al. 2014; Kenney

et al. 2015; Lee et al. 2017). A notable feature of rampressure-stripped galaxies is that star formation seems
to be enhanced before quenching, compared with similar galaxies in less dense environments (Poggianti et al.
2004; Crowl & Kenney 2006; Ma et al. 2008; Poggianti
et al. 2009; Merluzzi et al. 2013; Kenney et al. 2014; Lee
et al. 2017; Vulcani et al. 2018). This suggests that ram
pressure stripping may play a more complex role than
simply removing cold gas and suppressing star formation.
Our experiments confirm that if a newly accreted
galaxy experiences mild ram pressure in the cluster outskirts (FaceWind, EdgeWind), the star formation can
be temporarily boosted on a timescale of several hundred Myr. We confirm that this is still the case even
when we apply a ram pressure that is 10 times smaller
than that of the run with the moderate face-on wind
(FaceWind slow, see Appendix B). This is qualitatively
consistent with previous numerical studies (Schulz &
Struck 2001; Vollmer et al. 2001; Bekki & Couch 2003;
Kronberger et al. 2008; Kapferer et al. 2008, 2009; Stein-
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hauser et al. 2012). We find that this continues during the entire course of our simulations (∼ 500 Myr),
which is a sizable fraction of the typical orbital timescale
of cluster satellite galaxies (e.g., Khochfar & Burkert
2006). Even when they enter the central region of the
cluster (FaceWind10), the star formation is likely to be
locally and temporarily boosted, as shown in Figure 10.
Star formation is immediately suppressed if strong ram
pressure is exerted (see Figure 9) or applied in the outer
disk where the low-column density gas is significantly removed (Figure 10). This aptly demonstrates that both
quenching and triggering can operate on galaxies falling
into massive clusters, reinforcing the view that the reduction in star formation is closely linked to the pericenter distance and the number of peri-center passages
of the cluster satellites (e.g., Rhee et al. 2020).
4.2. Lack of star formation in the stripped tails
Kapferer et al. (2009) investigated the star formation of a simulated galaxy (M∗ = 2 × 1010 M , fgas =
0.34) experiencing an ICM wind with varying densities (6 × 10−5 . nH . 3 × 10−3 cm−3 ) and velocities (100 < vICM < 1000 km s−1 ), and found that the
amount of newly formed stars for 500 Myr is increased
by an order of magnitude due to ram pressure, compared
to a galaxy experiencing no external ram pressure. In
particular, the fraction of stars formed in the stripped
tail is well correlated with the wind velocity. Among
all the cases, the galaxy forms eight times more stars
in a run where the ICM density and velocity are similar to our FaceWind10 run, and more than 95% of the
young stars are found in the stripped wake. Therefore,
the star formation is remarkably triggered in the tail,
while the strong ram pressure suppresses the star formation in the disk. Tonnesen & Bryan (2010) found a
hint of star formation in a ram-pressure-stripped tail of a
galaxy with M∗ = 1011 M and fgas = 0.1 hit by a moderate ICM wind of Pram /kB ∼ 6.4 × 104 K cm−3 , which
is slightly stronger than the ram pressure of our moderate winds. They argue that the thermal pressure of the
ICM mainly regulates the star formation in the wake
of stripped galaxies once gaseous clouds are stripped
from galaxies. The results of these experiments commonly suggest that the conditions of the ICM may be
a key parameter controlling star formation activities in
the stripped wakes.
In contrast, no significant star formation occurs in
the wakes of our simulated galaxies regardless of the
strength of the ram pressure. As mentioned in Section
3.1, the tail has more than 1.5 × 106 cells with the highest refinement level (∆x = 18 pc) at ∼ 300 Myr in its
stripped tail of FaceWind10 run. For comparison, the

numbers of the highest level cells are ∼ 2.9 × 105 and
∼ 7.4 × 105 in the tails of FaceWind and EdgeWind runs
at the same epoch, respectively. Even though the strong
ICM wind drives the formation of significant large-scale
HI and H2 tails, only a few new stellar particles are observed in the tail of FaceWind10. We attribute the different conclusions to the different amounts of gas and/or
different modelling strategies of star formation. The
stellar mass of the simulated galaxies in Kapferer et al.
(2009) and Tonnesen & Bryan (2010) are 10 and 50
times more massive than our galaxy (M∗ = 2×109 M ),
respectively, and their gas mass is also 4 and 6 times
larger than that of our galaxy (Mgas = 1.75 × 109 M )
as well, respectively. Therefore, a larger amount of gas
may be stripped and provide the source for extraplanar
star formation. We note, however, that the amount of
newly formed stars is unlikely to be as significant as in
Kapferer et al. (2009), given that even low-density gas
(nH < 1 cm−3 ) is allowed to convert into stars in their
study. As mentioned earlier, we do find gas clumps as
dense as nH ∼ 10 cm−3 , but they are not thermodynamically unstable enough to collapse to form stars in our
simulation. A more reliable conclusion can be reached
only by simulating more massive galaxies in realistic environments with physically well motivated star formation and stellar feedback models, which we plan to carry
out in the near future.
One may wonder whether the lack of star formation in
the tail is due to inefficient cooling. Although our choice
for the density and temperature of the ICM wind is motivated by observations and cosmological simulations, our
set-up is admittedly idealized, and does not account for
the possible interaction with colder and denser gas in
cool-core clusters (e.g., Hudson et al. 2010). To better
understand the emergence of extraplanar star formation,
we run an additional simulation by lowering the temperature of the ICM wind to 106 K (from the fiducial 107 K),
which is equivalent to increasing the cooling rates by a
factor of ∼ 3 in the ICM (e.g., Sutherland & Dopita
1993). Note that once the cooling time becomes much
shorter than the free-fall time, the gas collapse will increase the density, hence the actual cooling rates can
increase non-linearly.
Interestingly, the amount of HI tail gas in the
FaceWind10 T6 run is increased by an order of magnitude (MHI = 1.5 × 109 M ) at t = 300 Myr, compared
with the result from Facewind10 (MHI = 1.9 × 108 M ),
as illustrated in Figure 12. During the initial phase of
the stripping, the typical column density of HI in the
vicinity of the galaxy is high (NHI ∼ 1019 –1021 cm−2 ).
At this stage, mixing with the ICM barely occurs, and
the tail is primarily composed of the stripped ISM. Once
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Figure 12. Column densities and velocity fields of HI and H2 in the FaceWind10 (upper left panels, TICM = 107 K) and
FaceWind10 T6 (bottom left panels, TICM = 106 K) runs at 300 Myr. The velocity fields are shown only in the tail region if
either the column density of HI or H2 is greater than 0. The length of the arrow corresponds to the magnitude of the velocity,
as indicated in the top right area. A significant amount of HI or H2 gas is collapsed from the ICM when the cooling rates are
increased by lowering the temperature of the ICM (see the text). Also included in the rightmost panels are zoomed images of
the column density distribution of neutral hydrogen (HI+H2 ). The black contours show the distribution of stars younger than
20 Myr. Even under such extreme conditions, no stars form in the massive tail but only in the disk plane, suggesting that
extraplanar star formation may require even more gas-rich and/or massive galaxies in clusters.

the stripped gas mixes with the hot ICM by turbulent
motions induced by the collision between the ISM and
ICM, the typical temperature and density of the mixed
gas (fHII > 0.5 and fmix = 0.25–0.75) becomes T ∼ 104 –
107 K with median T ∼ 4 × 106 K and nH ∼ 10−3 –
10−1 cm−3 . The cooling timescale of such gas is short
(tcool . 0.1–1 Myr, Sutherland & Dopita 1993) enough
for ∼ 40% of the mixed clouds to overcome the cloud
crushing (Armillotta et al. 2016, 2017; Gronke & Oh
2018), which occurs approximately on a time scale of
0.1–1 Myr2 . As a result, a large amount of ICM HII
turns into HI. For comparison, the mixed clouds in the
tail in FaceWind10 have T ∼ 104 –107 K with median
T ∼ 107 K and nH ∼ 10−2.5 –10−0.5 cm−3 , meaning
tcool & 10 Myr for ∼ 90% of the mixed clouds. The huge
difference in the cooling time scales of the mixed clouds
results in the very different HI tail mass between the
2

The
cloud
crushing
timescale
is
estimated
as
1/2
nH,ISM /nH,ICM
rcloud /vICM (Gronke & Oh 2018), where
the typical size of the cloud (rcloud ) is assumed to be on the
order 100 pc.

two runs. This process begins right behind the galaxy
(see the right panels in Figure 12), although the majority of the newly cooled HI appears to form at & 20 kpc.
However, the exact location of the massive tail is likely
to depend on the cooling timescale of the stripped ISM,
and a larger amount of HI might form even at shorter
distances if the galaxy were more gas-rich.
The column density of HI in the thick tails from the
FaceWind10 T6 run often exceeds the typical transition
density from HI to H2 (NHI ∼ 1020−21 cm−2 , Tumlinson
et al. 2002; Wolfire et al. 2008; Lee et al. 2015). Furthermore, because the level of the Lyman-Werner flux
from the galaxy is low and it is thus difficult to photodissociate molecular hydrogen (e.g., Gnedin et al. 2009;
Sternberg et al. 2014), not only HI but also a significant
quantity of molecular hydrogen is formed in the tail. Up
to ∼ 108 M of molecular hydrogen is observed in the
tail in FaceWind10 T6, whereas only a trace amount of
molecular hydrogen (∼ 107 M ) is carried by the strong
face-on wind with T = 107 K. However, still no stars
are formed in the extended HI and H2 structures. The
typical gas surface density at ∼ 40 kpc away from the
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4.3. Effects of turbulent ISM on ram pressure stripping
The ram pressure we apply (Pram /kB = 5 × 104 or 5 ×
105 K cm−3 ) is higher than the typical thermal pressure
of the ISM (e.g., Ostriker et al. 2010). This naturally
raises a question of why the ISM located at the front side
of the ICM wind in the FaceWind or FaceWind10 run
is not completely stripped (e.g., Figure 11), especially
given that the direction of gravitational restoring force
is aligned with ram pressure?
To understand this, we plot the total (thermal+turbulent) pressure of the gas in the runs with dif-

8

NoWind

EdgeWind

FaceWind

FaceWind10

6
[cm-3 K]

galaxy center is Σgas ∼ 1–30 M pc−2 or NH ∼ 1020 –
3×1021 cm−2 , and the average hydrogen number density
is only about nH ∼ 1 cm−3 . Some gas in the tail reaches
up to nH ∼ 100 cm−3 , but we find that the turbulent gas
flow with densities nH ≥ 10 cm−3 is supersonic (∼3 and
the virial parameter is very high (αvir ∼ 30). The predicted star formation efficieny per free-fall time in these
relatively dense tail is ff ∼ 10−6 . Consequently, it is
difficult for star formation to occur in the tail structure
of a small galaxy, and reproducing jellyfish-like features
(e.g., Poggianti et al. 2017; Sheen et al. 2017) may require interactions between the ICM and the ISM of a
more massive and gas-rich galaxy.
It is also worth noting that the tails of the two ram
pressure stripped galaxies, D100 in Coma cluster (Abell
1656) and EOS137-001 in Norma cluster (Abell 3627),
are found to be H2 -rich but HI deficient (Jáchym et al.
2017, 2019). These molecular tails are estimated to
be massive (∼ 109 M ) and extend to ∼ 60 kpc from
the galaxy, but the level of star formation appears to
be rather insignificant (∼ 10−3 − 10−2 M yr−1 ). This
is qualitatively consistent with our findings from the
FaceWind10 T6 run where the presence of the large
amount of molecular clouds in the tail does not guarantee vigorous star formation. More interestingly, Jáchym
et al. (2017, 2019) claim that the molecular tails are
likely formed in-situ, rather than directly stripped from
the galaxies because the age of the tails is estimated
to be higher (' 200 Myr) than the typical lifetime of
dense molecular clouds (∼ 1 − 10 Myr). We do find
that H2 can form in-situ, but this is accompanied by an
even more pronounced structure of HI, posing a challenge to our theoretical understanding of ram pressure
stripping. Given that dust features are clearly seen in
the disk of both galaxies and the inner tail of EOS137001, the formation of H2 may be enhanced due to dust,
but our simulations fail to reproduce such H2 -rich but
HI-deficient tails. Additional studies will be needed to
pin down physical mechanisms behind the formation of
H2 -rich but HI-deficient ram pressure stripped tails.

(Pth+Pturb)/kB
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Figure 13. Comparison between the total (thermal plus
turbulent) pressure and the ram pressure of the ICM wind
(dashed lines) at t = 600 Myr. Only the cells that are located
in the front side of the wind are included in this plot. Turbu2
lent pressure is computed as Pturb = ρgas σgas
, where σgas is
the local gas velocity dispersion, as defined in Section 2.1.1.
Different colors indicate the fraction of mass in each bin, as
indicated in the legend. Black contours mark the thermal
pressure (i.e. without turbulent pressure). It can be seen
that ram pressure dominates over thermal pressure, but extra pressure provided by turbulence can counter-balance gas
stripping due to the ICM wind.

ferent ICM wind at t = 600 Myr in Figure 13. Note that
we include only the cells with 0 < x < xmid in case of
EdgeWind or 0 < z < zmid for other runs, i.e. cells that
are located in the front side of the wind, so that the gas
pressure is the only term that acts against ram pressure.
Here xmid or zmid is the disk center of mass along x or z
direction, determined iteratively within 3 kpc in radius.
2
The turbulent pressure is computed as Pturb = ρ σturb
,
where the local turbulent velocity (σturb ) is measured
as is done to estimate the star formation efficiency in
Section 2.1.1. The ram pressure of the wind is included
as black dashed lines. This figure demonstrates that
the majority of the thin black contours, indicating the
thermal pressure of the ISM, is indeed placed below the
ram pressure of the moderate or strong wind (shown as
the dashed lines in each panel). However, the moderate
ICM wind barely penetrates the ISM and increases the
contribution to the total column density for the central
100 pc slab by more than 10% in Figure 5 (shown as
white contours). This strongly suggests that there is
additional pressure acting against the ram pressure.
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Figure 14. Density (top left) and temperature (top right)
distribution of a slice from the FaceWind run at t = 600 Myr.
The mid-plane of the simulated disk is marked as a dashed
line. The bottom left panel indicates the relative strength
of the total pressure (turbulent+thermal) and ram pressure.
The relative strength of the total pressure and thermal pressure is shown in the bottom right panel. Gas components
with the total pressure less than the ram pressure are pushed
away from the disk, while the dense, central disk with significant turbulent support is little affected by the ICM wind.

We argue that turbulent motions set by stellar feedback are crucial to the understanding of gas stripping
in cluster environments. As can be seen in Figure 13,
the turbulent pressure is greater than thermal pressure by more than an order of magnitude, especially
at nH & 10 cm−3 . This is not surprising, given that
the motion of molecular clouds is known to be highly
supersonic (e.g., Roman-Duval et al. 2010). Although
our resolution is not sufficient to resolve the detailed
structure of the turbulent ISM, our simulated galaxy is
still mainly supported by turbulence, which can counterbalance ram pressure in the front side of the wind before
the gas is pushed away from the mid-plane of the disk
and gravitational restoring force operates. To illustrate
this, we present the distribution of density, temperature, and relative strength of turbulent pressure for the
central slice of the FaceWind galaxy at t = 600 Myr in
Figure 14. The figure shows that the central dense disk
supported by turbulent pressure is virtually unaffected
by the wind, whereas the gas with lower total pressure
is gradually stripped. For example, one can see that
relatively dense (nH ∼ 1 cm−3 ) gas clumps located in

the rightmost area are just being stripped, as their turbulent support is not strong enough to act against ram
pressure3 . In contrast, there also exists ISM components with nH . 1 cm−3 at z < zmid which are not
yet stripped despite their lower total internal pressure
than the ram pressure. Visual inspection confirms that
these gas clouds are relatively newly formed due to stellar feedback and stripped within ∼ 50 Myr.
If turbulent pressure plays a vital role in delaying gas
stripping, how can the simple estimate without an explicit dependence on turbulence by Gunn & Gott (1972)
give a reasonable estimate for the actual stripping radius, as shown in Section 3.1.1? This may be attributed
to the self-regulated star formation in the simulated
galaxies. Studies have shown that the mid-plane pressure, which is the sum of the thermal and turbulent
pressure, is set by the heating rate, i.e. star formation
rate, which is again driven by gravitational pull determined by the surface density (e.g., Blitz & Rosolowsky
2006; Ostriker et al. 2010). This implies that galaxies with higher surface density have stronger pressure,
which can counterbalance the stronger ram pressure, explaining the trends we observe in our simulations. We
defer the precise determination of the effects of turbulence on ram pressure, again because our simulated ISM
are unlikely to capture detailed turbulence structures,
but we should be able to address this issue using higherresolution simulations by controlling the level of turbulence in the future.
4.4. Caveats and limitations
Our results based on idealized wind tunnel simulations
are qualitatively consistent with observational studies in
the sense that HI gas is stripped more efficiently than
H2 , and that star formation in the disk is possibly enhanced for a few hundred million years once the ICM
wind hits the galaxy. However, as Tonnesen (2019)
noted, the impact of ram-pressure stripping in real clusters where the wind strength varies with time may be
less dramatic than the continuous wind case. For example, galaxies that approach the center of a cluster
from the outskirts will be affected by gradually increasing ram pressure, and most cluster satellites are likely to
lose a significant fraction of their initial gas mass by the
time they reach the central region of the cluster. Moreover, pre-processing in galaxy groups may lower the gas
3

In the lower left panel of Figure 14, the total pressure at the
interface between the ICM wind and the ISM sometimes exceed
the ram pressure, but these features are likely to be an artifact of
the way we measure the velocity dispersion, as velocities change
rapidly.
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fraction even before a galaxy falls into the cluster (Jung
et al. 2018), suggesting that cluster satellites may exhibit less notable stripped features in the central region
of a cluster than presented in the FaceWind10 run. Conversely, strong tidal fields, not considered in our simulations, disturb gas and stellar kinematics (e.g., Moore
et al. 1996), possibly amplifying the gas loss, along with
ram pressure. The precise determination of the two combined effects would require simulations of galaxies orbiting around a live dark matter halo filled with hot gas.
Another missing physical ingredient in this study is
magnetic fields. The ICM as well as spiral galaxies are
known to be magnetized at up to a few µG level at the
cluster center (Govoni & Feretti 2004; Vogt & Enßlin
2005; Bonafede et al. 2010; Kuchar & Enßlin 2011),
with the field aligned along the spiral arm in the latter
case (Beck et al. 2005). Motivated by observational results, several studies carried out magneto-hydrodynamic
simulations to understand the role of magnetic fields
in galaxies experiencing ram pressure stripping. Although physical conditions and simulation set-ups vary
between simulations, it has been suggested widely that
magnetic fields only weakly suppress the stripping rates
and smooth the stripped features in the tail (Ruszkowski
et al. 2014; Shin & Ruszkowski 2014; Tonnesen & Stone
2014; Ramos-Martı́nez et al. 2018). This implies that
magnetic fields can suppress the formation of clumpy
clouds in ram-pressure-stripped tails, potentially making the star formation in the tail more difficult to reproduce.
Finally, resolution could be a factor influencing our
results. Although we employ a high spatial resolution
(∆xmin = 18 pc) with aggressive refinement criteria, it
may not be sufficient to resolve hydrodynamic instabilities. In this case, gas stripping could be enhanced further (e.g., Agertz et al. 2007), although it is unclear how
instabilities under ram pressure react to turbulence and
magnetic tension (e.g., Ryu et al. 2000). Because of the
high computational costs of the radiation-hydrodynamic
simulations, we cannot perform convergence test at a
higher resolution elements in the present study; however, we plan to investigate the issue by refining only a
small volume of the tail in future work.
5. CONCLUSIONS

Motivated by observational studies that reveal different distributions of neutral and molecular gas in cluster satellites (e.g., Lee et al. 2017; Jáchym et al. 2019),
we have carried out a set of idealized simulations of a
multi-phase star-forming galaxy with the ICM environments, which mimic cluster outskirts (moderate) and
central regions (strong). For this, we have used a slightly

modified version of the publicly available radiationhydrodynamics code, ramses-rt, which can trace the
formation, dissociation, and ionization of HI and H2
in the presence of strong stellar feedback (Kimm et al.
2017; Katz et al. 2017). We have examined the effects
of the ICM wind under varying pressure conditions to
investigate if star formation is triggered or quenched under different cluster environments. Our results can be
summarized as follows.
1. Moderate ICM winds can strip not only a significant amount of HI but also H2 gas in the outer part
of the simulated galaxies. The mass loss mainly
occurs in the diffuse and intermediate-density ISM
(nH . 10 cm−3 ), most of which becomes ionized as
it is displaced from the galaxy (40 kpc, Figure 7).
2. Out of the two runs with the moderate ICM wind,
the decrease in gas mass and size is more significant in the face-on wind case than in the edge-on
wind (Figure 4). In total, 39 % and 15 % of cold
gas is stripped in the moderate face-on and edgeon wind runs, respectively, over a 500-Myr period.
Conversely, the strong face-on wind removes more
than 90% of cold gas from the galaxy within 200
Myr.
3. Star formation is enhanced (40–80%) in the presence of moderate winds, compared to the isolated
case (Figure 9). In particular, the edge-on wind
strongly boosts star formation at the interface between the wind and the ISM (Figure 11). In contrast, the severe mass loss due to the strong face-on
wind quenches star formation, except in the central region (rc < 0.3 kpc, Figure 10).
4. Gas clouds as dense as ∼ 10 M pc−2 are ubiquitous on the shielded side of the galaxy; However,
little star formation occurs in the stripped tails
in all runs. Even when a lower ICM temperature
(TICM = 106 K) is applied to enhance radiative
cooling in the ram-pressure-stripped tail, a negligible amount of stellar particles is formed, even
though the amount of cold gas is increased by an
order of magnitude (Figure 12).
5. We argue that turbulent pressure in the multiphase ISM provides support against ram pressure.
Nevertheless, the truncated radii of the gaseous
disk in all the runs with the face-on ICM winds
are found to be consistent with the simple size estimate based on the balance between the gravitational restoring force and the ram pressure (Gunn
& Gott 1972), as turbulent support is likely set
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by gravity through star formation and associated
feedback.

Our results are consistent with previous observational
studies that found ram pressure stripped neutral hydrogen and molecular clouds traced by CO emission
lines (e.g., Chung et al. 2009; Jáchym et al. 2019), a
hint of shrinking molecular disks (Lee et al. 2017), and
an enhancement of star formation (e.g., Vulcani et al.
2018) in cluster satellites. However, as discussed above,
our simulations are highly idealized in terms of environments, and do not cover a wide range of mass that facilitates comparison with previous simulations (Kapferer
et al. 2009; Tonnesen & Bryan 2010). Furthermore, starforming signatures from stripped wakes that characterize jellyfish galaxies (e.g., Sheen et al. 2017) are not reproduced in the present study. Such outstanding issues
call for future studies that can model the ICM-ISM for
a massive, gas-rich galaxy in realistic clusters.
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2018, MNRAS, 476, 3781
Rasera, Y., & Teyssier, R. 2006, A&A, 445, 1
Rawle, T. D., Altieri, B., Egami, E., et al. 2014, MNRAS,
442, 196
Rengarajan, T. N., & Iyengar, K. V. K. 1992, MNRAS,
259, 559
Rhee, J., Smith, R., Choi, H., et al. 2020, ApJS, 247, 45
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Figure 15. Transition between neutral and molecular hydrogen as a function of the total hydrogen column density. The results
for the Milky Way (MW) halo obtained from the Far Ultraviolet Spectroscopic Explorer (FUSE) data are shown as the orange
cross symbol (Browning et al. 2003), while the orange triangles display the results for the sight-lines along the Galactic plane
(Wolfire et al. 2008). Also included as the orange contours are the Perseus molecular cloud measurements by Lee et al. (2015).
The FUSE results for the Large Magellanic Cloud (LMC) are presented as green diamonds (Tumlinson et al. 2002). Our results
from the NoWind run with Z = 0.75 Z , shown as gray shaded contours (1, 2, and 3 σ), are consistent with the average MW and
LMC trends.

APPENDIX

A. CHOICE OF H2 CLUMPING FACTOR

In this work, we adopt a clumping factor of Cρ = 3 to compute the formation rate of molecular hydrogen, motivated
by Gnedin et al. (2009). This is a lower value than the original clumping factor used by Gnedin et al. (2009, Cρ = 10),
because our computational resolution is slightly better than that of the previous work. Figure 15 indeed shows that the
galaxies simulated with Z = 0.75 Z reasonably match the mean trends measured from the Milky Way halo (Browning
et al. 2003), Milky Way disk (Wolfire et al. 2008), Perseus molecular cloud (Lee et al. 2015), and Large Magellanic
cloud (Tumlinson et al. 2002).
B. IMPACT OF WEAK RAM PRESSURE STRIPPING

It is known that galaxies experience ram pressure from far outside the virial radius of a cluster (e.g., Jung et al. 2018).
We thus test the effects of very weak RAM pressure with Pram /kB = 4 × 103 cm−3 K by adopting a slower ICM velocity
of 300 km s−1 and nH = 3 × 10−4 cm−3 (FaceWind slow). The temperature of the ICM wind in FaceWind slow is
lowered in order to suppress the acceleration due to its thermal pressure. Note that the ram pressure of the slow ICM
wind corresponds to ≈ 10% of Pram applied in the FaceWind run.
Figure 16 shows the projected gas distributions of a galaxy stripped with the slow wind. Because the ram pressure
of the slow ICM wind is weak, the stripping takes longer and the stripped tails appear less dramatic than in other
runs with moderate or strong winds. Instead, they show rather a smooth HI distribution near the galaxy, with no
extraplanar star formation.
It seems that the weak ram pressure insignificantly affects the HI and H2 disks, compared with those in the FaceWind
and FaceWind10 runs (Figure 17, left panels). When the galaxy is first hit by the slow ICM wind, the CGM is removed
gradually, while the dense ISM stays rather intact. But once the CGM is stripped, the ram pressure gently compresses

Ram Pressure Stripping
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Figure 16. Same as Figure 2, but for the run with the slow (vICM = 300 km s−1 ) face-on wind (FaceWind slow). The weak
ram pressure mildly strips the CGM, forming HI tails that are much smoother than those of the moderate or strong face-on
wind runs (see Figures 2–3). H2 is barely stripped, and only perturbed by the slow ICM wind.

the gas in the ISM, and the star formation becomes enhanced after ∼ 200 Myr. Eventually, the galaxy under the
weak ICM wind forms significantly more stars than the isolated case (Figure 17, right panels), as is the case for the
FaceWind run. Our experiment thus suggests that it is possible to observe galaxies with enhanced star formation at
the periphery of their host dark matter halo. However, the exact level of enhancement in star formation should be
determined in a more realistic setting where the properties of the ICM winds vary along the orbital motion of the ram
pressure stripped galaxy (Tonnesen 2019).
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Figure 17. Left: the evolution of the gas mass in HI and H2 within the cylindrical volume of radius r = 10 kpc and height
|z| = 3 kpc centered on the galaxy (top panels). The evolution of the half-mass radii (R1/2 ) of the HI and H2 disks is also shown
in the bottom panels. In the FaceWind slow run, HI and H2 disks appear to be little affected by the slow ICM wind. Right:
same as Figure 9, but with three different face-on wind runs and isolated case, for comparison. The presence of the slow ICM
wind enhances the star formation similarly to the FaceWind run.

