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Hydrogen molecules are photodissociated by Lyman–Werner
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 photodissociation and photoionization rates
due to Lyman–Werner and UV radiation, ( )T� �kLW LW LW and

( )T� �kUV UV UV , are calculated using the local photon flux (� )
and associated cross sections (σ) taken from Glover & Abel
(2008). H2 molecules can also be destroyed by collisions with
other species (H I, H2, He I, 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 a mass
Mhalo=1011Meand a virial radius Rvir=89 kpc, as in Rosdahl
et al. (2015). The initial stellar mass of the galaxy is 2.10×
109Mewith a bulge-to-total mass ratio of fbulge≈0.17, and the
total gaseous disk mass is Mgas=1.75×109Me. The gaseous
and stellar metallicities are initially set to Zdisk=0.75 Ze, where
we assume Ze=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 eight cells until the simulation reaches the
maximum level of refinement. Note that we first evolve the galaxy
for 400Myr 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=100Myr, i.e., 100Myr after the ICM wind is imposed), the
mass of neutral, molecular, and ionized hydrogen in the galaxy,
defined by a cylindrical volume of a radius of r=10 kpc and a
height of z=±3 kpc, is MH I=6.88×108Me, MH2=2.74×
108Me, and MH II=1.19×108Me, respectively.

Figure 1 shows the projected distribution of the hydrogen
number density (nH in units of cm−3) and temperature (K) of
the galaxy at t≈100Myr. The scale length l of the cold gas
disk (H I+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 as compared to the one at the galactic center.
The thickness H is computed with ¨ ¨S Sz dV dV2 , where ρ is
the density of 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 the
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 Ze, and a velocity of vICM=1000kms−1, motivated by
observations of nearby clusters (e.g., Tormen et al. 2004; Hudson
et al. 2010; Urban et al. 2017).5 The winds first encounter the

galaxy at ∼100Myr 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 the winds are Pram/kB = S _v k 5ICM

2
B × 104

cm−3 K and 5×105 cm−3 K, respectively, which are compar-
able to those exerted on  galaxies orbiting in the outskirts
or the central regions of a cluster of mass M200∼
1014.8Meat z=0 (Jung et al. 2018; see their Figure 10). We
refer to the lower ram pressure runs as moderate wind and the
wind with higher pressure as a strong-wind case hereafter. For
comparison, we run an isolated case with no wind (NoWind).
All simulations are run for 600Myr 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 300Myr (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 H I 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 the hydrogen number density
(nH), the fraction of neutral hydrogen ( fH I), 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
H I, 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 H I 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

Figure 1. Initial conditions of our ram pressure stripping simulations. The
panels show the face-on (top) and edge-on (bottom) views of the 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.

5 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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Figure 2. Density-weighted projections of hydrogen number density (nH), H I mass fraction ( fH I≡MH I/MH), and H2 mass fraction ( wf M MH2 H H2 ) of a galaxy hit
by 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 H I 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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We find that ram pressure blows away a significant fraction
of the diffuse ISM with densities lower than ρICM. In contrast, a
dense ISM with nH1 cm−3is self-shielded from the wind
and remains mostly intact, leading to a narrow gas distribution
toward 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 600Myr within a cylindrical
volume of a radius r<3 ls and a 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 mass
distribution with time (black dotted versus 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 moderate winds (EdgeWind and FaceWind) is
enhanced at high densities (nH100 cm−3), as compared to
that in the isolated case (NoWind), which suggests that star
formation can be enhanced in EdgeWind and FaceWind as
compared to NoWind (as we confirm later in Section 3.3). In

addition, the majority of the gas disk is stripped in the presence
of a strong ICM wind.

3.2. Formation of a Ram Pressure–Stripped Tail

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 runs with different ICM
winds.
We define the tail as the gas components located inside a

cylindrical volume of a radius r�10 kpc and a height
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
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 a circular surface of a 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

Figure 3. Same as Figure 2, but with an additional row illustrating the projected metallicity for the run with a 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 2. Density-weighted projections of hydrogen number density (nH), H I mass fraction ( fH I≡MH I/MH), and H2 mass fraction ( wf M MH2 H H2 ) of a galaxy hit
by 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 H I 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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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 vICM nH,ICM Pram/kB TICM

[km s�1] [cm�3] [K cm�3] [K]

NoWind – – – –

FaceWind vz = 103 3⇥ 10�4 5⇥ 104 107

EdgeWind vx = 103 3⇥ 10�4 5⇥ 104 107

FaceWind10 vz = 103 3⇥ 10�3 5⇥ 105 107

FaceWind10 T6 vz = 103 3⇥ 10�3 5⇥ 105 106

3.1. Ram pressure stripping in the gaseous disk

To examine the impact of ram pressure stripping on
di↵erent gas phases, we plot the distribution of hydro-
gen number density (nH), the fraction of neutral hydro-
gen (fHI), and the fraction of molecular hydrogen (fH2)
for the EdgeWind and FaceWind runs in Figure 2. The
di↵use 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 di↵use ionized gas. The HI gas is
stripped more e�ciently than the H2 gas, which is quali-
tatively consistent with a recent observation by 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 di↵erent
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 to-
ward the x-direction, and then forced to flow somewhat
vertically due to their initial angular momenta. Dur-
ing 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 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 & 150Myr, even the central molecular gas com-

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| = 3kpc centered on the galaxy. Re-
sults from runs with di↵erent ICM properties and orientation
are illustrated as di↵erent color-codes, as indicated in the leg-
end. 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 di↵erent 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.

ponent is e�ciently stripped, temporarily forming a lo-
cally 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 = 18pc), 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.
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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 vICM nH,ICM Pram/kB TICM

[km s�1] [cm�3] [K cm�3] [K]

NoWind – – – –

FaceWind vz = 103 3⇥ 10�4 5⇥ 104 107

EdgeWind vx = 103 3⇥ 10�4 5⇥ 104 107

FaceWind10 vz = 103 3⇥ 10�3 5⇥ 105 107

FaceWind10 T6 vz = 103 3⇥ 10�3 5⇥ 105 106

3.1. Ram pressure stripping in the gaseous disk

To examine the impact of ram pressure stripping on
di↵erent gas phases, we plot the distribution of hydro-
gen number density (nH), the fraction of neutral hydro-
gen (fHI), and the fraction of molecular hydrogen (fH2)
for the EdgeWind and FaceWind runs in Figure 2. The
di↵use 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 di↵use ionized gas. The HI gas is
stripped more e�ciently than the H2 gas, which is quali-
tatively consistent with a recent observation by 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 di↵erent
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 to-
ward the x-direction, and then forced to flow somewhat
vertically due to their initial angular momenta. Dur-
ing 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 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 & 150Myr, even the central molecular gas com-

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| = 3kpc centered on the galaxy. Re-
sults from runs with di↵erent ICM properties and orientation
are illustrated as di↵erent color-codes, as indicated in the leg-
end. 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 di↵erent 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.

ponent is e�ciently stripped, temporarily forming a lo-
cally 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 = 18pc), 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.

• Impact of RPS on the gaseous disk

Lee+20
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Figure 6. Upper panels: gas phase diagram of the sim-
ulated galaxies a↵ected by di↵erent 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. Di↵erent 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 distri-
bution of gas mass measured within the cylindrical volume
around the galaxy at 500  t  600Myr. The ICM winds
preferentially remove the di↵use gas component, making the
gas distribution in the phase diagram narrower.

density and temperature distribution in the cylindri-
cal volume enclosing the galaxy (i.e. r  10 kpc and
|z|  3 kpc) at t = 100Myr for the NoWind run and
t = 600Myr for the runs with the ICM winds, for com-
parison. The ICM is kept hot and di↵use until it en-
counters 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 di↵use ISM with densities lower than
⇢ICM. In contrast, the dense ISM with nH & 1 cm�3

is self-shielded from the wind and remains mostly in-
tact, leading to a narrow gas distribution towards high
densities in the phase diagram. By contrast, the pres-
ence of a strong ICM wind destroys massive clouds with
nH ⇠ 100 cm�3.
The di↵erence in the distributions of gas mass is il-

lustrated 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 promi-
nent peak develops around ⇢ ⇠ ⇢ICM 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

Galaxies moving inside the ICM form characteristic
ram pressure stripped tails. In this section, we investi-
gate the formation of the tail by measuring the outflow-
ing flux from the disk and the evolution of tail mass in
the runs with di↵erent ICM winds.
We define the tail as gas components located inside a

cylindrical volume of a radius r  10 kpc and a height
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 in-
cluded. We also use the di↵erent metallicities of the
ISM (ZISM = 0.01) and ICM (ZICM = 0.004) to dis-
tinguish their relative contributions to the formation of
the tail. The outflow rates are measured from gas cross-
ing the circular surface of radius of r = 10 kpc at 10,
40, and 80 kpc from the galaxy center. Here we de-
fine 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 re-
gions (Ṁout ⌧ 0.01M� 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

• Gas phase evolution


• ICM winds blow a significant amount of low density gas away from the galaxy


• In contrast, RP rather increases the amount of dense clouds
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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 ⇠ 100Myr). 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.

amount of cooled gas may depend on the assumed tem-
perature 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 satellite galaxies. However, the results of observa-
tional studies suggest that ram pressure may trigger or
even enhance star formation on short timescales (Crowl
& Kenney 2006, 2008; Merluzzi et al. 2013; Kenney et al.
2014; Lee et al. 2017; Vulcani et al. 2018). In this sub-
section, we investigate the dual e↵ects 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 stel-
lar mass formed between 100 < t < 600Myr 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 ef-
ficiency 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 e�ciency
is similar for the two runs (✏↵ ⇡ 0.21) (see Equation 2),
as the moderate wind cannot penetrate the ISM and in-
fluence the dynamics of the star-forming clouds directly.
Conversely, the strong face-on wind suppresses star for-
mation 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 ✏↵
also decreases slightly to 0.19, indicating that the clouds
are less gravitationally bound due to the turbulent in-
teraction 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 = 600Myr (Figure 4), as dense star-forming regions
are the least a↵ected 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 snap-
shots). We find that newly formed stars are distributed
di↵erently 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
galaxy, compared to the NoWind case. The trend is
more pronounced in the later stage of the evolution
(t > 300Myr) 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 for-
mation becomes suppressed. However, the enhancement
in star formation seems to occur only in the very cen-
tral region (rc . 0.5kpc) in the FaceWind10 run because
it is directly exposed to the ICM wind due to e�cient
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 inter-
face between the ISM and the ICM.
In order to understand the change in star forma-

tion, we plot the density of newly formed stars, HI,

• Impact of RPS on disk SF


• Mild ICM winds rather enhance SF activities in the 
disk


• Strong ram pressure (~cluster center) can quench 
galaxies.


• SF can be boosted in the early phase of infall?


• reported by observations, e.g.,  Lee+17, 
Vulcani+18
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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 Ze, 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×10−3Me yr−1, marked “B”
in Figure 11) when the ram pressure directly pushes preexisting
star-forming clouds. The FaceWind run also exhibits a feature
similar to an SFR of 1.5×10−2Me yr−1(marked “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 midplane of the disk. Strong stellar
feedback periodically induces off-plane ISM winds, puffing H I
and H2 out from the disks, and this is particularly visible in the last
stage (450–600Myr) in the FaceWind run. In the case of
EdgeWind, some clouds are displaced up to x∼5 kpc at
150<t<450Myr, forming a small number of stars, but in
general their volumetric densities turn out to be not high enough

(nH∼1–10 cm−3) 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 H I 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 & Gavazzi 2014;
Kenney et al. 2015; Lee et al. 2017). A notable feature of ram
pressure–stripped galaxies is that star formation seems to be
enhanced before quenching, as 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

Figure 11. Densities of H I (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 an 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 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 C in the bottom right panel).
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• Clumpy molecular clouds are barely formed in the RPS tail


• When the ICM temperature is lowered, it leads to efficient gas cooling in the tail, but clumpy clouds are 
still deficient.
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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.

Kapferer et al. (2009) investigated the star forma-
tion of a simulated galaxy (M⇤ = 2 ⇥ 1010 M�, fgas =
0.34) experiencing an ICM wind with varying densi-
ties (6 ⇥ 10�5 . nH . 3 ⇥ 10�3 cm�3) and veloci-
ties (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 simi-
lar 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 for-
mation 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 mod-
erate ICM wind of Pram/kB ⇠ 6.4 ⇥ 104 Kcm�3, which
is slightly stronger than the ram pressure of our moder-
ate 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 com-
monly 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 high-
est 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 ob-
served in the tail of FaceWind10. We attribute the dif-
ferent conclusions to the di↵erent amounts of gas and/or
di↵erent 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

TICM=107K

TICM=106K



• Summary so far


• Ram pressure can efficiently strip gaseous disks


• Mild ram pressure compresses ISM, rather enhancing star formation


• Strong ram pressure strongly suppresses star formation by quickly blowing most ISM


• No molecular clumps form in the tail



Formation of Prominent Jellyfish Galaxies



• Going back to observed RPS galaxies with abundant molecular tails…


• ESO137-001 (Jachym+19), D100 (Jachym+17), JO201, JO204, JO206, JW100 
(Moretti+18) : MH2~109M⊙ estimated in their tails


• Stellar mass varies (2×109-3×1010 M⊙), but they are commonly gas-rich in their disks, 
experiencing strong ram pressure at the cluster center

amounts of thecold molecular phase ( M109_ :) are similar to
those of thehot ionized phase observed in the tail, suggesting
that molecular gas may form a substantial fraction of the
multiphase gas. Moreover, in the tail of ESO137-001, the
observed gas components, including the rich molecular phase,
together nearly account for the missing gas in the disk. Other
tails were searched for molecular content: In the Virgo cluster,
only upper limits on CO emission were measured in the tail of
IC3418 (Jáchym et al. 2013), while several regions with
molecular gas were recently discovered at large distances in the
tail of NGC4388 (Verdugo et al. 2015), but corresponding
only to a small fraction of total mass of the gas tail. Also, in the
Virgo cluster, regions of off-disk CO emission were detected in
NGC4522(Vollmer et al. 2008), as well as in the long Hα trail
that connects M86 with NGC 4438 (Dasyra et al. 2012).

Formation and survival of molecular gas in the tails of ram
pressure stripped galaxies, in the surroundings of the hot ICM,
is an interesting problem worthfurther observational and
numerical efforts. Central regions of galaxy clusters have
revealed that cold molecular gas may exist in the long filaments
of cooling cores (e.g., Salomé et al. 2011). The central region
of the Coma cluster, the most massive and most X-ray
luminous cluster at z 0.025� , is an ideal laboratory for
studying the hydrodynamic effects of the surrounding ICM on
galaxies as well as the fate of the stripped gas. The Coma
cluster has the richest optical data among nearby massive
clusters, already with more than 20 late-type galaxies with one-
sided star-forming or ionized gas tails (Smith et al. 2010; Yagi
et al. 2010), several of which are also bright in soft X-rays. One
of the best galaxies to study is D100, a galaxy near the Coma
core with a remarkable ram pressure gas-stripped tail.

1.1. D100 (GMP 2910)

D100ʼs tail is the straightest, and has the largest length to
width ratio, of any known ram pressure stripped tail. It is bright
in multiple wavelengths. Figure 2 shows the Subaru deep
image of the galaxy (Yagi et al. 2010). Hα emission is coming
from along ( 130 60_ ´ x kpc) and extremely narrow (mostly

4. 5 2.1_ ´ x kpc) area that connects to the core of the galaxy
(Yagi et al. 2007). The inner parts of the Hα tail are also shown

in the middle panel of Figure 1, overlaid on the HST image of
the galaxy (Caldwell et al. 1999). The D100 tail is also bright in
soft X-rays (see Figure 1, left panel). GALEX observations
further revealed a UV component of the tail in the inner
∼15 kpc of its length (Smith et al. 2010). Some star formation
is thus likely taking place in the stripped material. No H I was
detected with VLA in the galaxy or the tail (Bravo-Alfaro
et al. 2000, 2001).
D100 is a L0.3 * SBab type galaxy (see Table 1) with

anestimated stellar mass of M2.1 109q : (Yagi et al. 2010).10

It exhibits starburst in its core, with acurrent star-formation rate
of M2.3_ : yr−1 (derived from WISE band 4), and poststarburst
characteristics in the rest of the disk. D100 is projected at only
∼240 kpc from the Coma cluster center. Figure 1 (left panel)
shows its position in a Chandra view of the central parts of the
Coma cluster. Its radial velocity component relative to the Coma
mean is approximately−1570 km s−1 (Yagi et al. 2007).
In the HST image in Figure 1 (right panel), prominent dust

features obscuring the eastern side of the disk are clearly visible
(Caldwell et al. 1999). They coincide with the tail direction.
The image also reveals a strong two-armed spiral pattern
extending out to an ∼1.4 kpc radius. While two early-type
galaxies are projected close to D100, GMP2897 (D99) at
∼10 kpcand GMP2852 at ∼30 kpc, their radial velocities are
substantially larger (by about 4500 and 2000 km s−1, respec-
tively). Another galaxy, a low-surface brightness GMP2913
occurs at a projected distance of ∼9 kpc from D100 (see
Figure 1, middle panel). Its radial velocity is only∼130 km s−1

lower than that of D100, which makes their interaction possible
(Yagi et al. 2007). However, the optical isophotes of D100 are
symmetric and do not indicated any (strong) recent tidal
interaction.
In this paper, we report our discovery of abundant molecular

gas component in the prominent tail of D100. We study its
distribution and kinematics and compare it with the warm
ionized component, and discuss the origin of the tail and of the
molecular gas in the tail. The paper is organized as follows.

Figure 1. Left: Chandra view of the central parts of the Coma cluster. Positions of two large elliptical galaxies NGC4889 and NGC4874 are shown with circles,
together with the position of D100. The remarkable ∼48 kpc long X-ray tail extending to the NE direction from D100 is clearly visible. Image credit: NASA/CXC/
MPE/Sanders et al. (2013). Middle: HST view of D100ʼs closest neighborhood: projected to the SE is the S0 galaxy D99 (GMP2897) and to the S a weak galaxy
GMP 2913. The Subaru Hα tail is overlaid in red (Yagi et al. 2010). Right: HST WFPC2 zoom on D100 showing prominent dust extinction filaments extending from
the nucleus, as well as two spiral arms and a central bar. The RGB image was created by combining a B (F450W filter, blue), an I (F814W filter, red), and a merged
B+I (green) images. A F450W image was already published by Caldwell et al. (1999).

10 The stellar mass estimate comes from the MPA-JHU SDSS catalog in the
DR7_v5.2 version.
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D100 in the Coma cluster
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Figure 3. Overlay of ALMA CO(2-1) emission (red) on MUSE Hα emission (green) and the HST WFPC3 image of ESO 137-
001 (blue: F275W; green: F475W; red: F814W) with Chandra X-ray contours on top (Sun et al. 2010). North is up. Only the
inner half of the (X-ray) tail is displayed. The upper left and lower right parts of the image were not covered by the MUSE
observations (see Fig. 2 in Fumagalli et al. 2014). The HST image reveals a highly inclined spiral galaxy disk (i ∼ 66◦) plus
numerous complexes of blue, recently formed stars to the west of the disk, associated with parts of the ram pressure stripped
gas tail.

M(H2) ∼ 9.6 × 107 M⊙. Thus, about 80% of the de-
tected total tail CO flux is in the central component,
while small fractions of ∼ 10% are in the southern and
northern regions. This indicates that the most impo-
rant contribution to the molecular tail component comes
from the relatively dense ISM most recently stripped
from the central disk regions.

The total mass of the detected dense molecular gas
in the tail is comparable to the total estimated X-ray
gas mass of about ∼ 109 M⊙, but larger than the upper
limit estimate for neutral atomic gas of ∼ 5 × 108 M⊙

(Sun et al. 2006; Vollmer et al. 2001b; Jáchym et al.
2014).
The velocity structure shown in the bottom panel of

Fig. 2 is dominated by the galaxy’s rotation that is



(Catinella+18)

• Simulation setup - galaxies


• Idealized wind-tunnel experiments


• IC (G9) generated by Rosdahl+15 using MakeDisk 
(Springel+05)


• Box size: 300kpc on a side


• Mhalo~1011M⦿, Rvir=89 kpc


• M★~2.1x109M⦿ (R1/2~2.4kpc), Z★=0.75Z⦿


• Gas content


• Normal gas fraction : MHI/M★~ 0.54 (1.1×109M⊙)


• High gas fraction (5x of normal) : MHI/M★~ 2.6 (5.4×109M⊙)


• Cell resolution down to 18pc

Gas-Rich galaxy

Normal galaxy


