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• Hydrodynamical process which can 
directly blow gas away from galaxies


• More effective in denser environments


• Young stars are detected in the wakes of 
some ram pressure stripped galaxies
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Figure 8. Examples of the different H i morphologies found in the survey. Total H i images are shown in white contours overlaid on the SDSS images. The thick white
bar in the bottom-left corner indicates 1 arcmin in each panel. The top row shows examples of gas-rich galaxies in gas rich environments in the outskirts, the middle
row shows galaxies at intermediate distances, while the bottom row shows examples of severely truncated H i disks at a range of projected distances from M87.

from each spaxel was fitted using Hα emission lines, as well as
continuum spectra, to derive the Hα flux and line of sight
velocities with respect to the velocity of the galaxy center
(zSDSS=0.08). The entire Hα flux map from fields (A) and (B)
is presented in Figure 2(a). The MUSE data reveals the
presence of an extended Hα disk at the galaxy center, with
bright concentrated emission at the center, and astonishingly
long ionized gas tails emanating from the disk. The tails are
visible out to more than 80 kpc from the galaxy. The data also
shows Hα blobs located at the positions corresponding to the
blue blobs found in our deep optical images (see Figure 1).

Figure 2(b) presents a velocity map of the ionized gas using
the Hα emission line. There is a clear indication of rotation in
the gas disk of the galaxy, and this velocity field extends into
the dynamics of the ionized gas tails. The star-forming blobs
also seem to well match the velocity field of the rotating gas
disk and stripped gas. This behavior was also reported in
ESO137-001 (Fumagalli et al. 2014), a spiral galaxy experien-
cing extreme ram-pressure stripping, but this is the first time, to
the authors’ knowledge, that similar behavior has been reported
for an elliptical galaxy.

3.2. Is It Really an Elliptical Galaxy?

The origin of the gas detected in the galaxy is uncertain.
From the color and morphology, it might be assumed that the
galaxy was early-type. If so, then the most simple and plausible
scenario is that the gas was brought into the galaxy by a recent
wet merger with a gas-rich companion galaxy. The disturbed
stellar halo of the galaxy, revealed in the deep optical images,
supports this scenario as it shows classical post-merger
morphological features. However, it is not impossible that the
main galaxy might, in fact, have been a late-type galaxy, and so
the gas was not brought in externally. To try to understand
which scenario is more likely, we studied the morphology and
stellar dynamics of the galaxy in more detail.

To investigate its morphology, we performed unsharp
masking of the galaxy. We used an ellipse model, derived by
the ellipse task of IRAF. Figure 3 shows (a) a r′-band
image of the galaxy, (b) a model image, and (c) a residual
image after the model was subtracted from the r′-band image.
As shown in Figure 3(c), we do not see any hint of a stellar disk
in the residual image. We fitted its radial surface brightness
profile using a combined model of a Sérsic profile and an
exponential profile, in order to derive a bulge-to-total (B/T)
ratio and the best-matching Sérsic index of the galaxy
(Figure 3(d)). As a result, we found that the B/T ratio ≈1
and the best-matching Sérsic index from the combined model is
greater than 4 (n=5.86). This result demonstrates that the
galaxy is an elliptical galaxy with no evidence of a stellar disk.
We also examined the stellar kinematics of the galaxy using

the MUSE data. In the spectra of the galaxy’s central region, the
stellar absorption lines are as prominent as the gas emission
lines. They indicate that the stellar component consists primarily
of old stellar populations, while the Hα emitting gas disk
suggests ongoing star formation. We utilized an IDL program,
Penalized Pixel-Fitting (pPXF; Cappellari & Emsellem 2004;

Figure 1.MUSE fields of view (1′ × 1′ for each square) are superimposed on a
pseudo-color image of the galaxy. The composite image was made of u′, g′, r′
deep images taken with Blanco/MOSAIC 2. (A) and (B) fields were taken with
MUSE for 1 hr and 0.5 hr, respectively. Blue blobs were discovered in the
opposite direction from cluster center. Also, the deep images revealed stellar
tails of those blue blobs.

Figure 2. (a) Hα flux map and (b) velocity offset map from the Hα of the
whole field of view. The zoom-in areas for blue blobs of Figure 5 are indicated
with boxes (5(a) and (b)) in the Hα map.
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B.3. EIG Parents in BIG

For astatistical discussion of EIG parents, the assignment of
the parent galaxy of the complex Hα clouds around BIG is
needed. From previous studies, it is known that CGCG
097-125 and CGCG097-114 show a clear Hα tail and were
identified as the parents. CGCG097-120 (vr=5609 km s−1;
from SDSS DR12) has been thought to bean accidental
overlap, since the measured recession velocity of the Hα clouds

around BIG isas high as 8000–8800 km s−1 (Cortese et al.
2006), However, a recent spectroscopic observation by
MUSE/VLT revealed that CGCG097-120 is interacting with
surrounding Hα gasand showsa smoothly connected distribu-
tion of the Hα velocity (G. Consolandi et al. 2017, in
preparation). At least these three are therefore parent galaxies
of EIGs.
Another possible parent of EIGs around BIG is

SDSSJ114501.81+194549.4, which shows aclear post-starburst

Figure 21. Same as Figure 8, but around CGCG097-087 and CGCG097-087N.

Figure 20. Same as Figure 8, but around CGCG097-079 and CGCG097-073. In the left panel, we can see deep details of the tails. Meanwhile, we adopted the
shallower isophote shown in the right panel for theanalysis. As the redshift of the two galaxies is relatively close to the cluster, the transmittance at their Hα is the
highest in theNB filter, and Hα flux is observed as a stronger signal than those with larger offset in the redshift such as BIG. For thestatistical discussion, we thus
used the shallow isophote, 2.5×10−18 erg s−1 cm−2 arcsec−2, to keep a comparable depth to the other EIGs.
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• Ram pressure features are evident in HI, 
but it is not the case in CO


• CO is concentrated more than FUV 
( t*<100Myr)


• A strong correlation is seen between CO 
and Hα (t*<20Myr)


• The molecular disk has shrunk for the 
last a few hundred Myr?

Lee+17

• Effects of ram pressure on multi-phase disks Molecular gas properties of Virgo spirals 1389

Figure 5. NGC 4522: (a) 12CO (2–1) integrated intensity map (the 0th moment) in grey-scale with contours. Contour levels are 0.3, 1.5, 4, 8, 12, 16, 20 Jy
beam−1 km s−1. The synthesized beam size is 6.62 arcsec × 3.92 arcsec (blue ellipse at the bottom right). The white cross indicates the stellar disc centre. (b)
12CO (2–1) velocity field map (the 1st moment). Velocity contours are drawn in every 10 km s−1 from 2250 to 2400 km s−1. The white cross again indicates
the stellar disc centre. (c) Upper left: a position–velocity cut through the major axis integrated along the minor axis. Contour levels are 1.5, 2.0, 2.5, 3.0, 3.5,
4.0, 4.5, 5.0 Jy beam−1. Right: the global profile of 12CO (2–1). The CO velocity (2326 km s−1) is indicated with an arrow. Bottom: the gas surface densities
(H I and H2) along the approaching side and the receding side on the left and the right, respectively. (d) An overlay of 12CO (2–1) (blue contours) on H I (red
contours) and DSS2 red (black contours). Our SMA data reveal only the inner part of the molecular gas disc, missing out the outer part that is detected by the
IRAM (Vollmer et al. 2008) due to the lack in pointings and sensitivity. In Sections 4 and 5, we focus more on the morphology and kinematics revealed by
the SMA. (e) 12CO (2–1) (blue contours) is overlaid on FUV emission (black contours and grey-scale). Enhanced FUV emission is found along the side on
which the ICM wind is presumably acting. (f) 12CO (2–1) (blue contours) overlaid on the Hα emission (grey-scale). The inner CO disc is slightly bent towards
south-east as the inner Hα disc.
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• So far, only two galaxies are confirmed to have molecular-rich tails


• In the tails, MH2~109M⊙, bright in Hα and X-ray, but HI deficit


• Weak SF activities in the tails (~10-3M⊙/yr)

the galaxy center (Yagi et al. 2007). The CO(1-0) line width is
∼120 km s−1, contrary to ∼80 km s−1 for the CO(2-1) line.
The difference may reflect detecting emission from larger
galactocentric radii with increasing rotation velocity within the
larger CO(1-0) beam. From the Tully–Fisher relation (e.g.,
Gnedin et al. 2007), a disk galaxy with D100ʼs stellar mass has
a typical circular velocity of ∼80 km s−1. Given the inclination
of the galaxy of 43_ n (see Section 6.3), this corresponds to the
linewidth of v2 sin43 110circq n x km s−1, thus consistent

with the measured CO(1-0) linewidth. The larger CO(1-0)
beam is also likely contaminated by the emission from the inner
tail (see below).
The CO (2-1)/(1-0) integrated luminosity ratio measured in

the D100 pointing is ∼1.5 (and the ratio of the peak
temperatures is ∼2.2), not corrected for the different beam
sizes. Assuming a typical CO (2-1)/(1-0) ratio of 0.8–1, the
measured value is consistent with emission coming from an
extended source that is larger than the CO(2-1) beam.

3.2. Molecular Gas in the Tail of D100

Our new CO observations of the D100 tail reveal for the first
time the presence of abundant molecular gas coexisting with
the previously observed Hα and X-ray components. Figure 2
depicts CO(1-0) and CO(2-1) spectra measured in the T1−T4
pointings. The complementary spectra from the two less-
sensitive regions TC2 and TC3 are shown in Figure 5. The
parameters of the Gaussian fits to the detected lines are
summarized in Table 3. Further in this section, we divide
the tail into three parts (inner, intermediate, and outer). As
the morphology of the tail does not change substantially along

Figure 2. CO(1-0) and CO(2-1) spectra measured in D100 (top right panel, smoothed to 10.3 km s−1 channels) and the tail regions T1−T4 (smoothed to 20 km s−1).
The IRAM 30 m 12CO(1-0) and 12CO(2-1) beams (HPBW of 21. 7 10.3 kpc´ x and 10. 9 5.2 kpc´ x , respectively) are shown for the observed pointings overlaid on
the optical Hα image of D100 (Subaru Telescope, Yagi et al. 2010). Parameters of the CO lineGaussian fits (red curves) are given in Table 3. Dashed vertical lines in
the tail spectra indicate the central velocity of the CO(1-0) line in the main body. The strongest CO emission in the tail is clearly in the region T3, at about a
1.1 32 kpca x distance from the galaxy. The spectra from the two complementary regions TC2 and TC3 are shown in Figure 5. The CO velocity scale is LSR; for the
sky position of D100, V V 8.5hel LSR� � km s−1.

Table 2
List of Observed Positions

R.A. Decl. dD100 TON
(J2000) (J2000) (kpc) (min)

D100 13:00:09.14 +27:51:59.2 L 99
T1 13:00:09.88 +27:52:04.1 5.2 196
T2 13:00:11.84 +27:52:19.4 19.4 112
TC2 13:00:12.77 +27:52:26.2 26.1 83
T3 13:00:13.64 +27:52:32.4 32.3 127
TC3 13:00:14.53 +27:52:39.0 38.7 106
T4 13:00:15.45 +27:52:45.3 45.2 177
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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

D100 in Coma cluster

Jachym+17

EOS137-001 in Norma cluster

Jachym+19

Hα



• Key questions


• How does ram pressure affect multi-phase gas clouds?


• Is molecular clouds hardly stripped? or just under detection 
limit?


• How does ram pressure affect star formation activities?


• How does ram pressure regulate SF in disks?


• What are the essential conditions for star formation in RPS 
tails?




• RAMSES-RT


• Developed by Teyssier 02; Rosdahl+13; Rosdahl & Teyssier 15


• Updated by Katz+17; Kimm+17, 18


• H2 formation and dissociation


• Star formation based on thermo-turbulent model


• SFE can vary, depending on the turbulent condition of ISM


• Mechanical SN feedback



• Simulation setup


• Wind-tunnel experiments for a galaxy


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


• Box size: 300kpc on a side


• Mhalo~1011M⦿, Rvir=89 kpc


• Cell resolution down to 18pc


• M★~2.1x109M⦿ (R1/2~2.4kpc)


• Gas content before arrival of winds 


• fcold~0.32 = Mcold/(Mcold+M★)


• MHI~7x108M⦿, MH2~3x108M⦿


• R1/2,cold ~3 kpc

t=100Myr



• Suite of Simulations 


• No wind (control sample) - an analogue of an isolated environment


• With winds  - mimicking cluster environments


• Cluster outskirts


• Pram/kB~5x104cm-3K, nH~10-4 cm-3, vwind=1,000km s-1, TICM ~107K


• Face-on, Edge-on


• Cluster center


• Pram/kB~5x105cm-3K, nH~10-3 cm-3, vwind=1,000km s-1


• Face-on with winds of TICM ~107K


+ gas rich case (new results in this talk!)


• Face-on with winds of TICM ~106K

nH



• FaceWind (nH~10-4, Pram/kB~5x104cm-3K, vwind=103km s-1)

HI

H2

Cluster outskirt

HI fraction

H2 fraction



• FaceWind10 (nH~10-3, Pram/kB~5x105cm-3K, vwind=103km s-1)
Cluster center

HI fraction

H2 fraction



• EdgeWind (nH~10-4, Pram/kB~5x104cm-3K, vwind=103km s-1)
Cluster outskirt

HI fraction

H2 fraction



• Disk components


• Gas content located inside a 
cylindrical volume of h=±3kpc 
and r=10kpc (~3R1/2 of HI+H2) are 
defined as the gaseous disk


• More than 99.9% of cold gas (HI 
and H2) is initially located inside 
the cylinder
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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 - mass


• Mass loss is larger with stronger winds
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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 - size (R1/2)


• Gaseous disk shrinks/is truncated more with stronger winds
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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 di↵erent models are
shown as di↵erent 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 e↵ects 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.

and H2 along the direction of the ICM wind in Fig-
ure 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 edge-
on 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 10). 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

Recent observations reveal young stars as well as dense
CO clouds in ram-pressure stripped tails at several kpc
from the satellite galaxy (e.g., Poggianti et al. 2017; Lee
et al. 2018; 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 30M� 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 e�cient stripping is the FaceWind case where only
the di↵use ISM is stripped mildly and does not trigger
significant gas collapse.
However, no clear signature of extraplanar star for-

mation is found in our simulations. The FaceWind10

run does show extraplanar star formation briefly dur-
ing 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 star-
forming clouds. The FaceWind run also exhibits a fea-
ture 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 galac-
tic disk, resulting in slightly extended star formation up
to 1 kpc from the mid-plane of the disk. Strong stellar
feedback periodically induces o↵-plane ISM winds, pu↵-
ing 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
up to x ⇠ 5 kpc at 150 < t < 450Myr, forming a small
amount of stars, but in general their volumetric densi-
ties 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 e↵ects 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 satel-
lites (Davies & Lewis 1973; Giovanelli & Haynes 1985;
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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

• Cloud density function


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


• In contrast, the amount of dense clouds rather increases with mild RP
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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 SF in the disk


• Moderate winds enhance the SF 
activity on the disk


• SF is most strongly boosted by 
edge-on wind


• SF is quickly suppressed by the 
strong wind Z

SFRdt
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Figure 11. Densities of HI (green), H2 (blue), and star particles younger than 10Myr (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. O↵-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).

Giraud 1986; Warmels 1988; Cayatte et al. 1990; Scodeg-
gio & 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 ram-
pressure-stripped galaxies is that star formation seems
to be enhanced before quenching, compared with simi-
lar 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 forma-
tion.
Our experiments confirm that if a newly accreted

satellite galaxy experiences mild ram pressure in the
cluster outskirt (FaceWind, EdgeWind), the star forma-
tion can be temporarily boosted on a timescale of several
hundred Myr. This is qualitatively consistent with pre-

vious numerical studies (Schulz & Struck 2001; Vollmer
et al. 2001; Bekki & Couch 2003; Kronberger et al. 2008;
Kapferer et al. 2008, 2009; Steinhauser et al. 2012). We
find that this continues during the entire course of our
simulations (⇠ 500Myr), which is a sizable fraction of
the typical orbital timescale of satellite galaxies (e.g.,
Khochfar & Burkert 2006). Even when they enter the
central region of the cluster (FaceWind10), the star for-
mation is likely to be locally and temporarily boosted, as
shown in Figure 10. Star formation is immediately sup-
pressed if strong ram pressure is exerted (see Figure 9)
or applied in the outer disk where the low-column den-
sity gas is significantly removed (Figure 10). This aptly
demonstrates that both quenching and triggering can
operate on galaxies falling into massive clusters, rein-
forcing the view that the reduction in star formation is
closely linked to the peri-center distance and the num-
ber of peri-center passages of the satellites (e.g., Rhee
et al. 2020).

4.2. Lack of star formation in the stripped tails

• Where stars form
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Figure 11. Densities of HI (green), H2 (blue), and star particles younger than 10Myr (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. O↵-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).

Giraud 1986; Warmels 1988; Cayatte et al. 1990; Scodeg-
gio & 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 ram-
pressure-stripped galaxies is that star formation seems
to be enhanced before quenching, compared with simi-
lar 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 forma-
tion.
Our experiments confirm that if a newly accreted

satellite galaxy experiences mild ram pressure in the
cluster outskirt (FaceWind, EdgeWind), the star forma-
tion can be temporarily boosted on a timescale of several
hundred Myr. This is qualitatively consistent with pre-

vious numerical studies (Schulz & Struck 2001; Vollmer
et al. 2001; Bekki & Couch 2003; Kronberger et al. 2008;
Kapferer et al. 2008, 2009; Steinhauser et al. 2012). We
find that this continues during the entire course of our
simulations (⇠ 500Myr), which is a sizable fraction of
the typical orbital timescale of satellite galaxies (e.g.,
Khochfar & Burkert 2006). Even when they enter the
central region of the cluster (FaceWind10), the star for-
mation is likely to be locally and temporarily boosted, as
shown in Figure 10. Star formation is immediately sup-
pressed if strong ram pressure is exerted (see Figure 9)
or applied in the outer disk where the low-column den-
sity gas is significantly removed (Figure 10). This aptly
demonstrates that both quenching and triggering can
operate on galaxies falling into massive clusters, rein-
forcing the view that the reduction in star formation is
closely linked to the peri-center distance and the num-
ber of peri-center passages of the satellites (e.g., Rhee
et al. 2020).

4.2. Lack of star formation in the stripped tails

Age★<10Myr
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• Gas rich run - Preliminary results


• Same initial condition, but with gas 
content ~5 times more than the 
normal one


• M★~2.1x109M⦿ (R1/2~2.4kpc)


• Gaseous disk is much more 
turbulent


• Just before arrival of winds, 
fcold~0.32 in the normal run vs. 
fcold~0.44 in the gas rich run


• Normal run: MHI~7x108M⦿, 

MH2~3x108M⦿, R1/2 ~ 3 kpc


• Gas rich run: MHI~2x109M⦿, 

MH2~4x108M⦿, R1/2 ~ 4 kpc

t=100Myr

• Cluster center: Pram/kB~5x105cm-3K, 
nH~10-3 cm-3, vwind=1,000km s-1, TICM ~107K



• Stellar distribution just before arrival of winds
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• SFR evolution - gas rich vs. normal cases

The enhanced star formation pattern in the runs with
moderate winds is analyzed further in Figure 10. We compute
the cumulative SFR profile in each snapshot (Δt∼5Myr) as a
function of the radius and plot the average over 150Myr (∼30
snapshots). We find that newly formed stars are distributed
differently depending on the direction of the wind. The SFRs in
the runs with a face-on wind are enhanced in the central region
(rc2 kpc) of the galaxy as compared to the NoWind case.
The trend is more pronounced in the later stage of the evolution
(t>300Myr) because the ISM, which 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0.5 kpc) in the
FaceWind10 run because it is directly exposed to the ICM
wind due to the efficient stripping of the outer gaseous disk. In
contrast, 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.

In order to understand the change in star formation, we plot
the density of newly formed stars, H I, 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, is elevated at the interface between the ISM and the

edge-on 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 “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

Recent observations have revealed young stars as well as dense
CO clouds in ram pressure–stripped tails at several kiloparsecs
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 strong wind during the early
stage (∼150Myr) of the ICM–ISM interaction. In the top panel of
Figure 3, the gas with blue colors, corresponding to a total surface
density of nH I∼3×1021 cm−2 or 30Me pc−2, can easily be
found at 10 kpc from the galaxy. Similarly, dense clouds are
found in EdgeWind at 5–10 kpc, where the ICM wind interacts

Figure 9. Evolution of the SFRs (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
represent the SFRs averaged over 50 Myr and 10 Myr, respectively. The
presence of the moderate wind enhances the SFRs by ∼40%–80% as compared
to the case in the NoWind run. Conversely, the SFRs are reduced by a factor of
∼2 when a strong ICM wind is imposed.

Figure 10. Cumulative SFRs (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 activity
in FaceWind is enhanced in the central region (rc2 kpc) but suppressed at
rc2 kpc as 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.
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The enhanced star formation pattern in the runs with
moderate winds is analyzed further in Figure 10. We compute
the cumulative SFR profile in each snapshot (Δt∼5Myr) as a
function of the radius and plot the average over 150Myr (∼30
snapshots). We find that newly formed stars are distributed
differently depending on the direction of the wind. The SFRs in
the runs with a face-on wind are enhanced in the central region
(rc2 kpc) of the galaxy as compared to the NoWind case.
The trend is more pronounced in the later stage of the evolution
(t>300Myr) because the ISM, which 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0.5 kpc) in the
FaceWind10 run because it is directly exposed to the ICM
wind due to the efficient stripping of the outer gaseous disk. In
contrast, 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.

In order to understand the change in star formation, we plot
the density of newly formed stars, H I, 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, is elevated at the interface between the ISM and the

edge-on 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 “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

Recent observations have revealed young stars as well as dense
CO clouds in ram pressure–stripped tails at several kiloparsecs
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 strong wind during the early
stage (∼150Myr) of the ICM–ISM interaction. In the top panel of
Figure 3, the gas with blue colors, corresponding to a total surface
density of nH I∼3×1021 cm−2 or 30Me pc−2, can easily be
found at 10 kpc from the galaxy. Similarly, dense clouds are
found in EdgeWind at 5–10 kpc, where the ICM wind interacts

Figure 9. Evolution of the SFRs (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
represent the SFRs averaged over 50 Myr and 10 Myr, respectively. The
presence of the moderate wind enhances the SFRs by ∼40%–80% as compared
to the case in the NoWind run. Conversely, the SFRs are reduced by a factor of
∼2 when a strong ICM wind is imposed.

Figure 10. Cumulative SFRs (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 activity
in FaceWind is enhanced in the central region (rc2 kpc) but suppressed at
rc2 kpc as 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.
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• SF is induced in the tail of the gas rich case 

(Age★<10Myr)

Normal fgas 5x more gas



• How far can stars form?


• SF is detected much more in the RPS tail with high gas fraction 
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• Hα emission map with dust extinction


• Bright Hα regions well correlate with star-forming regions

White contour : SF region

~ 200 Myr 

after wind arrival



• Hα emission map with dust extinction


• Normal galaxy with a mild wind
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Figure 5. Left. MUSE H↵ map (median filtered 5 ⇥ 5 pixels) for H↵ S/N> 4, uncorrected for stellar absorption and intrinsic
dust extinction, but corrected for Galactic extinction. The arrow indicates the direction to the BCG/X-ray center. At the
cluster redshift, 1 arcsec = 0.952 kpc, see scale. Contours are continuum isophotes as in Fig. 4. Round isolated contours are
Galactic stars. Right. H↵ SNR map for median filtered 5⇥ 5 pixels with S/N> 4.

Figure 6. Top. H↵ velocity (left) and velocity dispersion (right) map for 5 ⇥ 5 spaxels with S/NH↵ > 4. Contours are stellar
isophotes, as in Fig. 4. v = 0 corresponds to the redshift of the galaxy center (z=0.05133). Bottom. Corresponding error maps.

GASP jellyfish galaxies will be discussed in a separate
paper (Poggianti et al. 2017b, submitted).

Apart from the center, the [OIII]5007/H� vs
[NII]6583/H↵ and vs [SII]6717,6731/H↵ diagrams show
that in the rest of the disk and in all the extraplanar
gas (including the tentacles), the emission-line ratios are
consistent with gas being photoionized by young stars
(“Star-forming” according to Kau↵mann et al. 2003 and
Kewley et al. 2006) or a combination of Star-forming
and HII-AGN Composite, the latter around the cen-
tral region and in a stripe of intense H↵ brightness run-
ning almost north-south to the north-west of the galaxy.

The [OIII]5007/H� vs [OI]6300/H↵ diagram classifies
the ionization source in these regions as LINERS, due
to the significant [OI] emission, which supports the hy-
pothesis that some contribution from shocks might be
present here.

What stars are responsible for the majority of the ion-
izing radiation? We know that in order to produce a sig-
nificant number of ionizing photons, they must be mas-
sive stars formed during the past  107yr. They can
either be new stars formed in situ, within the stripped

gas, or stars formed in the galaxy disk whose ionizing

• Comparable with observations?

A textbook-case: JO206

M★~8.5×1010M⊙


SFR ~ 7 M⊙/yr


Optical+Hα MUSE/VLT 
ESO/ GASP collaboration

JW206 JO204JO206

Poggianti+18



• Next step


• Tracing gas content in the RPS tail


• Tracing the origin of clouds forming stars in the RPS tail


• Detached from the disk?


• Collapsing in the tail?


• Future work


• Resolution dependence?


• RPS on massive galaxies?



• Summary


• Moderate pam pressure can strip not only a significant amount 
of HI, but also H2 in the outer part.


• Mass loss and size decrease is more significant in the face-on 
wind run


• Moderate ram pressure rather enhances SF in the disk


• SF is boosted in the edge-on wind case, mainly at the 
interface between the ICM wind and gaseous disk


• Many stars form in the ram pressure stripped tail of the gas rich 
galaxy, while it is negligible in the normal galaxy


• The gas fraction seems to be one of primary parameters for 
tail SF. 


