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• Hydrodynamical process that can directly blow the ISM away from 
galaxies


• Stronger in denser environments => mainly effective in galaxy clusters


• Characteristic tails are observed in multiple bands


• Young stars are detected in the wakes of some ram pressure stripped 
(RPS) galaxies => evidencing the presence of molecular clumps?
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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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• Ram pressure stripping

Contours: HI

VLA

ICM

wind

B.3. EIG Parents in BIG

For astatistical 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 CGCG097-114 show a clear Hα tail and were
identified as the parents. CGCG097-120 (vr=5609 km s−1;
from SDSS DR12) has been thought to bean accidental
overlap, since the measured recession velocity of the Hα clouds

around BIG isas high as 8000–8800 km s−1 (Cortese et al.
2006), However, a recent spectroscopic observation by
MUSE/VLT revealed that CGCG097-120 is interacting with
surrounding Hα gasand showsa 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

SDSSJ114501.81+194549.4, which shows aclear post-starburst

Figure 21. Same as Figure 8, but around CGCG097-087 and CGCG097-087N.

Figure 20. Same as Figure 8, but around CGCG097-079 and CGCG097-073. In the left panel, we can see deep details of the tails. Meanwhile, we adopted the
shallower isophote shown in the right panel for theanalysis. As the redshift of the two galaxies is relatively close to the cluster, the transmittance at their Hα is the
highest in theNB filter, and Hα flux is observed as a stronger signal than those with larger offset in the redshift such as BIG. For thestatistical 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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Hα tail

Hα blobs lit by 
Young stars?
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• Multiphase nature of RPS galaxies

• Extra-planar features are detected both in HI and CO


• RPS tails are also multiphase (HI, CO, Hα, and X-ray)


• A few RPS galaxies have MH2~109M⊙ in their tails
6 Jáchym et al.
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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

ESO137-001 in Norma cluster

Jachym+19

pointing the direction of the projected ICM wind (∼288
degrees, Abramson et al. 2016). The elongation of ram-
pressure-stripped features in the same direction as the ICM
wind is commonly observed in a range of wavelengths, and
also in simulations (Tonnesen & Bryan 2010; Abramson &
Kenney 2014).
Compared to the main disk at the same radii, the central

velocities of clumps are generally offset to the lower side,
toward the Virgo center (∼1100 km s−1, Mei et al. 2007), as
expected for the gas stripped due to ram pressure (e.g., Kenney
et al. 2004). In addition to the overall molecular gas
morphology seen in the previous single-dish observations, all
of these characteristics of clumps strongly support the impact
of ICM winds on the molecular gas.
The distribution of the line ratio between 12CO and 13CO,

R12/13, across the extraplanar clumps is also intriguing. R12/13
within the main disk falls well within the range observed in
nearby galaxies (Paglione et al. 2001; Vila-Vilaro et al. 2015).
Meanwhile, R12/13 of our extraplanar clumps is comparable to the
disk ratio. For comparison, the intergalactic molecular gas pulled
out during galaxy–galaxy interactions shows much higher R12/13
(e.g.,∼50 in the bridge of UGC 12914/5; Braine et al. 2003,>25
in the tidal tail of Stephan’s Quintet; Lisenfeld et al. 2004). The

Figure 1. Top: ALMA CO intensity maps. The contour levels are (1, 4, 9, 16, 25, 36, 49)×0.065 Jykms−1beam−1 for 12CO and (1, 4, 9, 15, 24, 35, 47)×
0.009 Jykms−1beam−1 for 13CO. The large blue ellipse and green circles represent the K-band size and primary beam of ALMA, respectively. The synthesized
beam is shown in the bottom-left corner. Small black arrows on the left panel indicate the orientation of each clump, determined by fitting a 2D Gaussian. A thick
black arrow shows the ICM wind direction (Abramson et al. 2016). Magenta and cyan contours represent the H I (0.03 Jy km s−1 beam−1) and single-dish CO
(1.7, 3.5, 6.5 Jy km s−1 beam−1) data, respectively. Bottom: CO spectra derived from a tight box around the clumps with a 5 kms−1 resolution. Blue and red
lines show the CO flux density of individual clumps, and the light blue and gray backgrounds represent the main disk profile of 12CO and 13CO, respectively. The
axis corresponds to the scale of 12CO, whereas 13CO spectra are magnified by a factor of 8. In the case of the main disk (background), the flux is scaled down by a
factor of 0.15 for both lines.

Figure 2. Line ratio, R12/13 distribution. Both 12CO and 13CO maps were
imaged at ∼4 5 resolution to increase S/N. The ratio ranges from 3 to 32, with
a mean of 10.39±3.64. The blue ellipse and black arrow are the same as in
Figure 1.
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• Impact of ram pressure on multi-phase disks


• Lee+20 attempted to examine the origin of jellyfish 
features using Radiation-Hydrodynamic (RHD) 
simulations


• No molecular clumps form in the RPS tails of  
typical dwarf galaxies


• 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

amounts of thecold molecular phase ( M109_ :) are similar to
those of thehot ionized phase observed in the tail, suggesting
that molecular gas may form a substantial fraction of the
multiphase gas. Moreover, in the tail of ESO137-001, 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
IC3418 (Jáchym et al. 2013), while several regions with
molecular gas were recently discovered at large distances in the
tail of NGC4388 (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
NGC4522(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 worthfurther 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 along ( 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

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

It exhibits starburst in its core, with acurrent 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, GMP2897 (D99) at
∼10 kpcand GMP2852 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 GMP2913
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 NGC4889 and NGC4874 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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• Key motivation


• Molecular-rich tails are found behind gas-rich disks


• Does the plenty ISM play a critical role in the development of multiphase tails after 
stripping? 


• Methodology


• RHD simulations for a gas-rich galaxy experiencing strong ram pressure in an idealized 
environment



• RAMSES-RT


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


• Based on an adaptive-mesh refinement code, RAMSES


• Tracing 8 photon groups, from extreme ultraviolet (UV) to infra-red (IR)


• Computing non-equilibrium chemistry and cooling of HI, HII, HeI, HeII, HeIII and e-


• Updated by Katz+17; Kimm+17, 18


• H2 formation and dissociation is included based on a modified photochemistry model


• Star formation efficiency (SFE) computed based on a thermo-turbulent model


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


• Mechanical and radiative SN feedback



• RAMSES-RT


• Tracing gas phase transition based on 8 photon groups


• Chemical species traced : H2, HI, HII, HeI, HeII, HeIII, and e-


• Formation of H2 via dust and H- channels


• Destruction of H2 via photo-dissociation and collisional ionisation

Insignificance of mini-haloes to reionization 4831

Table 1. Summary of simulation parameters.

Parameter Value Description

Lbox 2 Mpc h−1 Simulation box size
!xmin 0.7 pc Physical size of the finest cell
mDM 90 M" Mass resolution of DM particles
mstar 91 M" Mass resolution of Pop II star particles
λJ/!x 32 Jeans length criterion for refinement
εff FK12 SF efficiency per free-fall time
Nhalo 9 Number of zoom-in haloes
IMF Kroupa (2001) (i.e. 1 SN per 91 M")

density in the presence of the radiation from a star cluster with
103 M".

Specifically, the model first calculates the mass ratio (χ ) between
the swept-up mass (Mswept) and the ejecta mass (Mej) along each
Nnbor neighbouring cell, as

χ ≡ dMswept/dMej, (17)

where

dMej = (1 − βsn)Mej/Nnbor, and (18)

dMswept = ρnbor

(
!x

2

)3

+ (1 − βsn)ρhost!x3

Nnbor
+ dMej. (19)

Here βsn is a parameter that determines what fraction of the gas
mass (Mej + ρhost!x3) is re-distributed to the host cell of an SN.
In order to distribute the mass evenly to the host and neighbouring
cells in the uniformly refined case, we take βsn = 4/52. Note that
since the maximum number of neighbouring cells is 48 if they are
more refined than the host cell of an SN (see fig. 15 of Kimm &
Cen 2014), we use Nnbor = 48. If the neighbours are not further
refined, we simply take the physical properties (ρ, v, Z) of the
neighbours assuming that they are refined.

We then use the mass ratio (χ ) to determine the phase of the
Sedov–Blast wave. To do so, we define the transition mass ratio
(χ tr) by equating pSN with the radial momentum one would expect
during the adiabatic phase pad =

√
2χMejfeESN, where fe ∼ 2/3 is

the fraction of energy that is left in the beginning of the snowplough
phase, as

χtr ≈ 900 n
−4/17
H E

−2/17
51 Z′−0.28

fe(Mej/M")
. (20)

If χ is greater than χ tr, we inject the momentum during the snow-
plough phase, whereas the momentum during the adiabatic phase is
added to the neighbouring cell, as

pSN =
{

pSN,ad =
√

2χ Mej fe(χ ) ESN (χ < χtr)

pSN (χ ≥ χtr)
, (21)

where the fraction of energy left in the SN bubble (fe(χ ) ≡
1 − χ−1

3(χtr−1) ) is modified to smoothly connect the two regimes.
In order to account for the fact that the lifetime of SN progenitors

varies from 3 to 40 Myr depending on their mass, we randomly
draw the lifetime based on the integrated SN occurrence rate from
STARBURST99 (Leitherer et al. 1999) using the inverse method, as in
the MFBmp model from Kimm et al. (2015). Simulation parameters
are summarized in Table 1.

2.2.3 Explosion of Pop III stars

The explosions of Pop III stars are modelled similarly as Pop II
explosions, but with different energy and metal production rates.

Table 2. Properties of photon groups.

Photon ε0 ε1 κ Main function
group (eV) (eV) (cm2 g−1)

IR 0.1 1.0 5 Radiation pressure (RP)
Optical 1.0 5.6 103 Direct RP
FUV 5.6 11.2 103 Photoelectric heating
LW 11.2 13.6 103 H2 dissociation
EUVH I,1 13.6 15.2 103 H I ionization
EUVH I,2 15.2 24.59 103 H I and H2 ionization
EUVHe I 24.59 54.42 103 He I ionization
EUVHe II 54.42 ∞ 103 He II ionization

Stars with 40 M" ≤ M( ≤ 120 M" and M( ≥ 260 M" are likely
to implode without releasing energy and metals, while massive stars
with 120 M" < M( < 260 M" may end up as a pair-instability
SN (Heger et al. 2003). The explosions of stars less massive than
40 M" are modelled as either normal Type II SN with 1051 erg if
11 M" ≤ M( ≤ 20 M" (Woosley & Weaver 1995) or hypernova
if 20 M" ≤ M( ≤ 40 M" (Nomoto et al. 2006). For the explosion
energy (ESN, III) and returned metal mass (Mz), we adopt the compi-
lation of Wise et al. (2012a), which is based on Woosley & Weaver
(1995), Heger & Woosley (2002) and Nomoto et al. (2006), as

ESN,III

1051 erg
=






1 [11 ≤ M( < 20]

(−13.714+1.086 M) [20 ≤ M( ≤ 40]

(5.0+1.304 × (MHe − 64)) [140 ≤ M( ≤ 230]

0 elsewhere

,

(22)

where MHe = 13
24 (M( − 20) is the helium core mass, and

Mz

M"
=






0.1077+0.3383 (M( − 11) [11 ≤ M( < 20]

−2.7650+0.2794 M( [20 ≤ M( ≤ 40]

(13/24) (M(−20) [140 ≤ M( ≤ 230]

0 elsewhere

.

(23)

We neglect accretion and feedback from black holes formed by the
implosion of massive Pop III stars.

2.3 Non-equilibrium photochemistry and radiative cooling

The public version of RAMSES-RT can solve non-equilibrium chem-
istry of hydrogen and helium species (H I, H II, He I, He II, He III and
e−), involving collisional excitation, ionization and photoioniza-
tion (Rosdahl et al. 2013). In order to take into account cooling by
molecular hydrogen (H2), which is essential to model gas collapse
in mini-haloes, we have made modifications based on Glover et al.
(2010) and Baczynski, Glover & Klessen (2015). Note that the pho-
ton number density and fluxes in the eight energy bins, which we
describe in Table 2, are computed in a self-consistent way by tracing
the photon fluxes from each star particle. The chemical reactions
and radiative cooling are fully coupled with the eight photon groups.
More details of the photochemistry will be presented in Katz et al.
(2016) in terms of the prediction of molecular hydrogen in high-z
galaxies.

Molecular hydrogen mainly forms on the surface of interstellar
dust grains. However, in the early universe where there is little
dust (e.g. Fisher et al. 2014), the formation is dominated by the
reaction involving H−. These hydrogen molecules are dissociated

MNRAS 466, 4826–4846 (2017)Downloaded from https://academic.oup.com/mnras/article-abstract/466/4/4826/2893470
by Korea Institute for Advanced Study user
on 16 January 2018
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galaxy

M*=2×109M⊙

Wind

50 kpc

300 kpc

• Simulation setup - galaxies


• Idealized wind-tunnel experiments


• Initial condition (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)


• 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

(Catinella+18)

t=100Myr

Normal

Gas-rich



• Simulations


• Isolated environment - no wind (control sample) 


• Gas-rich (NoWind_rich)


• Strong face-on winds to mimic ram pressure at the 
cluster center (vwind=1,000km s-1, TICM ~107K, 
nH=3×10-3cm-3)


• Normal (FaceWind10, Lee+20)


• Gas-rich (FaceWind10_rich)


• Metal enrichment from SNe is turned off


• To enable us to trace the medium origin


• ISM : 0.75 Z⊙ , ICM: 0.3 Z⊙

No Wind



• FaceWind10 - a normal galaxy encountering a strong wind

Density weighted

HI fraction

H2 fraction



• FaceWind10_rich - gas-rich galaxy encountering a strong wind

HI fraction

H2 fraction



• Birthplace of stars in the gas-rich galaxy as a function of time


• No stars form in z>3kpc after t~100Myr in the NoWind_rich galaxy


• Stars form in the tail of the FaceWind10_rich galaxy after encountering the wind (t>130Myr)

Grey : stars form at t<0

NoWind_rich

FaceWind10_rich

Disk Tail

ICM wind



• Star formation rate (SFR) evolution


• Disk star formation (SF) is quenched over time 
after encountering the ICM winds


• SFRs decay similarly in the normal and gas-rich 
galaxies


• SF is boosted at the center (r<<1kpc) due to 
gas compression by the ICM winds


• Evident tail SF is observed in FaceWind10_rich


• Tail SFR~10-3-10-2 M⊙/yr - comparable with 
observations (e.g. D100 in Coma)

Tail

Disk

Epoch when 

interaction starts



• Are the tail clouds more turbulent than disk clouds?


• Disk clouds are more turbulent mainly due to strong stellar feedback


• Less gas reservoirs mainly account for the low SFR in the tail

FaceWind10_rich



• Star formation on the disk


• Strong ram pressure truncates the disk, suppressing SF in R>1-2kpc 


• SF is rather boosted at the center (r<1kpc) due to gas compression by the wind

not stripped easily (e.g., Quilis et al. 2000; Tonnesen & Bryan
2009, 2010).

Figure 2 also shows that the edge-on wind generates an
asymmetric tail behind the galaxy, which is different
from symmetric features seen in the run with the face-on
ICM wind (FaceWind). In the EdgeWind run, the gas tail is
predominantly distributed toward the upper part of the image
due to the interaction between the rotational motion of the disk
and the wind. Gaseous components are first stripped in the
region where the sum of the wind and rotational velocities is
maximized, accelerated toward the x direction, and then forced
to flow somewhat vertically due to their initial angular
momenta. During this process, some clouds that are displaced
from the disk fall back to the galaxy after colliding with the
stripped tail in the region ∼10 kpc away from the center of the
galaxy.

Unlike the runs with moderate wind, the strong wind that
cluster satellites would encounter when penetrating the central
region of clusters (FaceWind10) removes the bulk of H I and
H2 gas from the galaxy rapidly (Figure 3). At t150Myr,
even the central molecular gas component is efficiently
stripped, temporarily forming a locally dense tail behind the
galaxy. The tail is composed of ∼8×106 cells at a level above
11 (Δx<146 pc) at 300Myr in the FaceWind10 run, and
more than 106 cells are maximally refined (Δx=18 pc),
indicating that the strong wind induces the formation of clumpy
clouds in the tail. The projected metallicity shows that the
stripped ISM mixes well with the ICM, enriching the metal
abundance in the ICM. Further details on ram pressure–
stripped tails are discussed in Section 3.2.

3.1.1. Disk Mass and Size

To quantify the impact of ram pressure stripping on gaseous
disks, we measure the mass and half-mass radii (R1/2) of the H I
and H2 disks within a cylindrical volume of a radius r=10 kpc
and a height z=±3 kpc centered on the galaxy in Figure 4.
The H I disk mass remains roughly constant in the isolated case
(NoWind) because star formation is regulated by strong stellar
feedback ( �Mstar∼0.2Me yr−1) and only ∼108Meof gas is
converted into stars. The presence of the edge-on or face-on
wind reduces the H I gas mass, the latter being more efficient.
This can be attributed to the fact that the cross section with the
ICM wind is larger in the face-on case. As expected, the most
dramatic change in H I mass is observed in the strong-wind
case (FaceWind10), where the H I and H2 gas mass drops

rapidly during the first ∼100Myr. Furthermore the total H I and
H2 mass is reduced by more than an order of magnitude by
t∼600Myr, indicating that the strong ram pressure can indeed
turn cluster satellite galaxies gas-deficient (Jung et al. 2018).
Since the outer disk is the most susceptible to the wind, the

decrease in gas mass in the H I disk results in a reduction of its
size (Figure 4). The half-mass radius is decreased by a factor of
2 in the moderate face-on wind case, although the moderate
edge-on wind reduces R1/2 by ≈20%. Conversely, the majority
of the extended H I disk is removed in FaceWind10, leaving
a tiny gaseous disk with a size of R1/2≈0.3 kpc.
Not only the H I disk, but also the H2 disk is significantly

affected by the ram pressure. Once the molecular clumps are
exposed to the ICM wind, the ram pressure subsequently
removes part of the molecular gas from the disk, since it
exceeds the typical pressure of the ISM (see Section 4.2). The
relative differences in H2 mass between NoWind and the runs
with ICM winds are equally notable for the H I gas mass. In
particular, the reduction in H2 size observed in the runs with
an ICM wind, as compared with the NoWind case, further
substantiates the observation that the decrease in H2 mass is not
due to the prevention of the gas reservoir’s collapse onto the
disk but is a direct consequence of ram pressure stripping.
Indeed, the truncated size can be explained by the Gunn–

Gott criterion (Gunn & Gott 1972) for the FaceWind and
FaceWind10 runs. To compute the radius rc at which the
gravitational restoring force balances the ram pressure, we use
the Gunn–Gott equation

( ) ( ) ( )S � �4 s' sv r r z z, , 6ICM ICM
2

c c

where Φ(rc, z) is the gravitational potential measured from the
gas, stars, and dark matter particles from the simulation at
radius rc and height z in a cylindrical coordinate system and Σ
(rc) is the gas column density at radius rc. The column density
is obtained from the gas component located within a shell of
radius [rc, rc+Δr] and height |z|<3 kpc, consistent with the
definition of the galactic disk in this study. We then compute
the truncation radius at the disk thickness z=H=+120 pc
just after the galaxy encounters the wind (t∼140Myr), which
is estimated to be 2.0 and 0.8 kpc for FaceWind and
FaceWind10, respectively. We confirm that these are in
good agreement with the sharp break in the density profile of
the simulated galaxies, rc∼2–3 kpc in the FaceWind run and
rc∼1 kpc in the FaceWind10 run at 600Myr. Figure 5
shows the distribution of hydrogen at t=600Myr, confirming
good agreement with the truncated radius in the Face-
Wind run.

3.1.2. Temperature and Density Distribution

Different ICM winds shape galaxy evolution distinctly,
resulting in different density and temperature distributions of
a gaseous disk. In Figure 6, we present the density and
temperature distribution in the cylindrical volume enclosing the
galaxy (i.e., r�10 kpc and |z|�3 kpc) at t=100Myr for the
NoWind run and t=600Myr for the runs with ICM winds for
comparison. The ICM is kept hot and diffuse until it encounters
the galaxy. Once the ICM wind interacts and mixes with the
ISM, it cools and collapses behind the galaxy, leaving a notable
feature at 105T107 K (green plume).

Table 1
Simulation Parameters

Model vICM nH,ICM Pram/kB TICM
(km s−1) (cm−3) (K cm−3) (K)

NoWind L L L L
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

Notes. From left to right, the columns indicate the model name, the velocity
(vICM), the hydrogen number density (nH,ICM), the ram pressure of the wind,
and the ICM temperature. All simulations include photoionization heating,
direct radiation pressure, photoelectric heating on the dust, and mechanical SN
feedback. The maximum resolution of the simulations is Δxmin=18 pc.
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Truncated radius:

rc~2.7 kpc in FaceWind10_rich

     0.8 kpc in FaceWind10

(Gunn&Gott 72)



• Star formation in the tail


• Most (~90%) tail SF occurs in the near wake 
(z<10kpc) of the FaceWind10_rich galaxy


• Their origin is mostly stripped ISM


• Distant stars form in clouds that are mixed well 
with the ICM


• Indicating the formation of molecular clumps in 
the RPS tail

Disk/Tail

Demarcation

=1
-f I

S
M



• Origin of tail molecular clumps


• Molecular hydrogen clumps (nH>100cm-3) form 
far behind (z~60-80kpc) the galactic disk of the 
FaceWind10_rich galaxy


• No dense clumps form in the tail of the 
FaceWind10 galaxy


• Gas-rich galaxy (FaceWind10_rich) has warm 
ionized gas of tcool <1Myr 20 times more than 
FaceWind10

=1
-f I

S
M

ICM origin fraction of molecular clumps

Distance from the galactic mid-plane  (kpc)

=1-fISM

The abundant ISM is mixed with the ICM after stripping, 

facilitating gas cooling in RPS tails

Tail ionized gas

Tail ionized gas



• Hα emissivity - Is SF the main origin of Hα emission in ram pressure stripped tails?


• Hα emission is computed for recombinative and collisional processes


• Local maxima of Hα strongly correlate with young stars in the tail

(Dust-obscured)

Young  stars

(tage<20Myr)

Stars

(tage>20Myr)

(Tail SFR peaks)



• Intrinsic SFR vs SFR derived from Hα


• Total Hα luminosity is dominated by Hα photons emitted from diffuse clouds


• A limiting flux of 6×1038erg/s/kpc2 largely reduces Hα luminosity in the tail


• Bright sources are lit by young stars nearby

Simulating Jellyfish Galaxies 11

Figure 11. Evolution of the intrinsic star formation rate
(SFR, solid) and the SFR estimated from the total unob-
scured H↵ luminosity (SFRH↵). The red and blue colors in-
dicate the SFRs in the disk and tail, respectively. We present
SFRH↵ with (dotted) and without (dashed) a flux limit as-
suming an hour exposure in the wide-field mode of MUSE.
We display the SFRH↵ lines only at t > 100Myr. The ver-
tical dotted line marks the epoch at which the wind front
reaches the galaxy. SFRH↵ well traces the intrinsic SFR in
the disk, while the majority of the flux in the tail originates
from processes other than star formation. However, the in-
trinsic SFR in the tail is reasonably recovered by considering
H↵ bright regions.

dust-obscured flux is FH↵ = 2.11 ⇥ 1039 erg s�1 kpc�2.
Notably, the trail of the new stellar particles marked by
A in Figure 4 closely correlates with the bright H↵ cores.
In the last stage of the simulation (t = 366Myr), stellar
particles younger than 20 Myr are observed across the
entire tail with a total mass of M? = 1.8 ⇥ 105 M�.
The brightest H↵ core in the tail has intrinsic SB
of 6.15 ⇥ 1040 erg s�1 kpc�2 at t = 366Myr, which is
only a quarter of the brightest H↵ core in the tail at
t = 185Myr.
In Figure 11, we compare the intrinsic star forma-

tion rates and those estimated from the total H↵ lu-
minosities in the disk and tail. To make the compari-
son from an observational perspective, we assume that
the simulated galaxy lies at z = 0.0173 and is observed
by the Multi Unit Spectroscopic Explorer (MUSE) in-
strument on the Very Large Telescope, with a pixel
scale of 0.2 arc sec. Under these conditions, each pixel
has a physical scale of 0.073 kpc, assuming cosmolog-
ical parameters H0 = 67.74 km s�1 Mpc�1 and ⌦0 =
0.3089 (Planck Collaboration et al. 2016). The limit-
ing flux at the H↵ band wavelength is estimated to be

⇡ 2⇥10�18 erg s�1 cm�2 (Sheen et al. 2017), with the as-
sumption of an hour exposure. The luminosity distance
at z = 0.0173 is calculated as 77.6Mpc with the assumed
cosmological parameters, and consequently, the SB limit
is 2.705 ⇥ 1038 erg s�1 kpc�2. (TK: Yun-Kyeong, can
you please double-check this?) (YK: Jay, I don’t un-
derstand why the simulated galaxy locates at z=0.0173.
Would you provide me more explanation separately for
this paragraph? An e-mail or a call will be fine ;))
The H↵ luminosity of the disk is measured from the

pixels covering the cylindrical volume of the disk with a
radius of r = 12 kpc and a height of h = ±3 kpc from the
galactic plane, as defined in §2.2. The H↵ luminosity of
the tail is similarly obtained from the pixels covering the
cylindrical volume from the upper surface of the disk to
the boundary.
Then, we infer the star formation rate from the H↵ SB,

SFRH↵, based on a simple scaling relation bridging the
star formation rate and an unobscured H↵ luminosity:

SFRH↵ ⇡ 4.0M� yr�1

✓
LH↵

1042 erg s�1

◆
, (8)

which is appropriate for a stellar population with a
metallicity of Z = 0.01 in bpass (v2.0, Eldridge et al.
2008; Stanway et al. 2016).
In the disk, SFRH↵ well matches the intrinsic SFR

regardless of the assumed SB limit. Likewise, SFRH↵

reasonably follows the intrinsic value in the tail region,
provided that pixels brighter than the SB limit of MUSE
are used. On the other hand, a significant di↵erence is
observed between the intrinsic SFR and SFRH↵ in the
tail with no limiting flux as extra H↵ photons are pro-
duced in the di↵use gas heated by the interaction with a
hot ambient medium. Note that ⇠ 75% of H↵ photons
are emitted from gas with nH < 1 cm�3 in the tail in the
entire time period. Recombinative transition and colli-
sional radiation almost equally contribute to the forma-
tion of H↵ photons in the di↵use gas. In contrast, more
than 97% of H↵ photons are emitted via the recombina-
tive transition from gas with nH > 1 cm�3, reducing the
total contribution from collisional radiation to ⇡ 35%.
We further examine if bright H↵ blobs in the tail well

trace star forming regions by correlating an intrinsic star
formation rate and unobscured H↵ SB in each pixel (73
by 73 pc) in Figure 12. The H↵ SB of each pixel from
the disk (red) and tail regions (blue) is projected at
t = 185Myr, when the star formation rate peaks in the
tail. Although ⌃SFR is notably scattered, it reasonably
follows the predicted SFR-H↵ relation (gray dashed line
and Equation 8).
For comparison, we present the 97.5th percentile dis-

tribution of the H↵ SB in the pixels with no young

Hα -> SFR (BPASS 2.0)

Limiting flux

of


6×1038 erg/kpc2/s

applied

Epoch when 

interaction starts
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Figure 11. Evolution of the intrinsic star formation rate
(SFR, solid) and the SFR estimated from the total unob-
scured H↵ luminosity (SFRH↵). The red and blue colors in-
dicate the SFRs in the disk and tail, respectively. We present
SFRH↵ with (dotted) and without (dashed) a flux limit as-
suming an hour exposure in the wide-field mode of MUSE.
We display the SFRH↵ lines only at t > 100Myr. The ver-
tical dotted line marks the epoch at which the wind front
reaches the galaxy. SFRH↵ well traces the intrinsic SFR in
the disk, while the majority of the flux in the tail originates
from processes other than star formation. However, the in-
trinsic SFR in the tail is reasonably recovered by considering
H↵ bright regions.

dust-obscured flux is FH↵ = 2.11 ⇥ 1039 erg s�1 kpc�2.
Notably, the trail of the new stellar particles marked by
A in Figure 4 closely correlates with the bright H↵ cores.
In the last stage of the simulation (t = 366Myr), stellar
particles younger than 20 Myr are observed across the
entire tail with a total mass of M? = 1.8 ⇥ 105 M�.
The brightest H↵ core in the tail has intrinsic SB
of 6.15 ⇥ 1040 erg s�1 kpc�2 at t = 366Myr, which is
only a quarter of the brightest H↵ core in the tail at
t = 185Myr.
In Figure 11, we compare the intrinsic star forma-

tion rates and those estimated from the total H↵ lu-
minosities in the disk and tail. To make the compari-
son from an observational perspective, we assume that
the simulated galaxy lies at z = 0.0173 and is observed
by the Multi Unit Spectroscopic Explorer (MUSE) in-
strument on the Very Large Telescope, with a pixel
scale of 0.2 arc sec. Under these conditions, each pixel
has a physical scale of 0.073 kpc, assuming cosmolog-
ical parameters H0 = 67.74 km s�1 Mpc�1 and ⌦0 =
0.3089 (Planck Collaboration et al. 2016). The limit-
ing flux at the H↵ band wavelength is estimated to be

⇡ 2⇥10�18 erg s�1 cm�2 (Sheen et al. 2017), with the as-
sumption of an hour exposure. The luminosity distance
at z = 0.0173 is calculated as 77.6Mpc with the assumed
cosmological parameters, and consequently, the SB limit
is 2.705 ⇥ 1038 erg s�1 kpc�2. (TK: Yun-Kyeong, can
you please double-check this?) (YK: Jay, I don’t un-
derstand why the simulated galaxy locates at z=0.0173.
Would you provide me more explanation separately for
this paragraph? An e-mail or a call will be fine ;))
The H↵ luminosity of the disk is measured from the

pixels covering the cylindrical volume of the disk with a
radius of r = 12 kpc and a height of h = ±3 kpc from the
galactic plane, as defined in §2.2. The H↵ luminosity of
the tail is similarly obtained from the pixels covering the
cylindrical volume from the upper surface of the disk to
the boundary.
Then, we infer the star formation rate from the H↵ SB,

SFRH↵, based on a simple scaling relation bridging the
star formation rate and an unobscured H↵ luminosity:

SFRH↵ ⇡ 4.0M� yr�1

✓
LH↵

1042 erg s�1

◆
, (8)

which is appropriate for a stellar population with a
metallicity of Z = 0.01 in bpass (v2.0, Eldridge et al.
2008; Stanway et al. 2016).
In the disk, SFRH↵ well matches the intrinsic SFR

regardless of the assumed SB limit. Likewise, SFRH↵

reasonably follows the intrinsic value in the tail region,
provided that pixels brighter than the SB limit of MUSE
are used. On the other hand, a significant di↵erence is
observed between the intrinsic SFR and SFRH↵ in the
tail with no limiting flux as extra H↵ photons are pro-
duced in the di↵use gas heated by the interaction with a
hot ambient medium. Note that ⇠ 75% of H↵ photons
are emitted from gas with nH < 1 cm�3 in the tail in the
entire time period. Recombinative transition and colli-
sional radiation almost equally contribute to the forma-
tion of H↵ photons in the di↵use gas. In contrast, more
than 97% of H↵ photons are emitted via the recombina-
tive transition from gas with nH > 1 cm�3, reducing the
total contribution from collisional radiation to ⇡ 35%.
We further examine if bright H↵ blobs in the tail well

trace star forming regions by correlating an intrinsic star
formation rate and unobscured H↵ SB in each pixel (73
by 73 pc) in Figure 12. The H↵ SB of each pixel from
the disk (red) and tail regions (blue) is projected at
t = 185Myr, when the star formation rate peaks in the
tail. Although ⌃SFR is notably scattered, it reasonably
follows the predicted SFR-H↵ relation (gray dashed line
and Equation 8).
For comparison, we present the 97.5th percentile dis-

tribution of the H↵ SB in the pixels with no young

Hα -> SFR (BPASS 2.0)

• Bright Hα cores lit by young stars


• Non-star forming regions are dominated by diffuse Hα



Figure 2 One example of the H↵ — X-ray correlation for the RPS tail with the brightest X-
ray and H↵ emission. ESO 137-001’s X-ray emission is shown in blue (0.6 - 2 keV from Sun
et al. 2010) and the H↵ emission from this work is shown in red, while the CO (2-1) emission from
ALMA (Jáchym et al. 2019) is shown in green. The nucleus of the galaxy is marked with a small
cyan circle and the ellipse in white shows the half-light region of the galaxy from its HST F160W
data. One can see double tails in X-rays and H↵ extending to over 80 kpc from the galaxy, with
many filament-like features in H↵. Note that the X-ray image is heavily smoothed (see Sun et al.
2010 for detail) so the X-ray emission appears more extended than the H↵ emission. In fact, the X-
ray leading edge is at the same position of the H↵ leading edge as shown in Sun et al. (2010). One
can see very good correlation between the H↵ and the X-ray diffuse emission in the tail. While the
H↵ tail extends beyond the X-ray tail shown, the analysis by Sun et al. (2010) suggests faint X-ray
extension beyond it.
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10x10kpc2

• Hα - Xray flux correlation in RPS tails


• A strong correlation is reported by Sun+21


• FX/FHα~3.5 in RPS tails, on average


• Measured on a scale of 10×10kpc2


• The source of the Hα and Xray photons are 
fundamentally different: Tgas~104K  vs Tgas~107K


• Strongly evidencing mixing between the ICM and 
stripped ISM in RPS tails?

Hα

X-ray

Sun+21

slope ~3.5
a b

Figure 1 H↵ — X-ray surface brightness (SB) correlation for diffuse gas in stripped tails. X-
ray luminosity and flux are bolometric. Errors for detections are 1-�. Upper limits are 5-�. a, the
correlation shown as the luminosity SB. The black dashed line shows the best fit from the Bayesian
method developed by [31], with upper limits included (but excluding three upper limits in Coma
as they are not constraining), SBX = (3.33±0.34) SB0.97±0.05

H↵ . The black solid line shows the best
fit with a slope of 1 from the same method, or SBX / SBH↵ = 3.48±0.25. b, the correlation shown
as the flux SB ratio vs. the H↵ flux SB. The solid and dashed lines are the same best fits as those
in the left panel. In the ratio plot, three Coma tails with the ratio upper limits of higher than 10 are
excluded as they are not constraining. The dotted line shows the ratios of 1.2 - 5.6 derived by [18]
for several regions in the galactic wind of NGC 253.
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• Hα and X-ray emissivity of the FaceWind10_rich galaxy


• Hα: computed for recombinative and collisional excitation processes


• X-ray: computed using Astrophysical Plasma Emission Code (Smith+01)

Hα

X-ray
[0.4-7.5] keV



• Hα - Xray SB correlation in the RPS tail of the 
FaceWind10_rich galaxy 


• FX measured in 0.4-7.5keV and converted into 
bolometric flux, following observations (Sun+21)


• FX/FHα~1800 in the ICM


~1.5-20 in the tail (c.f. FX/FHα~3.5 in Sun+21)


< 1.5 in the disk


• FISM tightly correlates with  FX/FHα


• FX/FHα increase with decreasing fISM

Tail

Disk

Tail Obs.

(Sun+21)
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• Caveat (which will be investigated soon)


• Missing or incomplete physics


• Magnetic field


• Thermal conduction


• Live halo environments can make different tail features



• Summary


• Strong ram pressure effectively suppresses star formation in the gas-rich galaxy


• Evident tail SF presents in molecular clumps


• Molecular clumps form in-situ in the RPS tail of the gas-rich galaxy


• Mixing between the ICM and stripped ISM facilitates gas cooling in the tail


• Bright Hα cores are lit by young stars


• Most diffuse Hα photons are produced from processes other than star formation


• Observed X-ray to Ha flux ratio is reproduced with moderate deviations


• The flux ratio strongly correlates with the ISM fraction, which indicates the key role of 
mixing in the formation of RPS tails


