
• Hydrodynamical process directly blowing the ISM away from 
galaxies


• Featured by multiphase tails (CO, HI, Hα, and even X-ray)


• Young stars are detected in the wakes of some ram pressure 
stripped (RPS) galaxies

• Ram pressure stripping

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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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.
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Hα tail

(Gunn&Gott 72)

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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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
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• Jellyfish galaxies - galaxies with characteristic tail features


• How do the prominent features form?


• Main topics on my studies 


• Impact of ram pressure stripping on galaxies with a multiphase ISM (Lee+20)


• Formation process of prominent jellyfish features (Lee+22)


• Impact of magnetic fields on jellyfish galaxies (Lee+in prep)


• Methodology


• Radiation (magneto-)hydrodynamical simulations for star-forming disk galaxies 
experiencing ram pressure in idealized environments



• 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-

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
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• RAMSES-RT


• Updated by Katz+17; Kimm+17, 18


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


• Formation of H2 via dust and H- channels


• Destruction of H2 via photo-dissociation and collisional ionization


• 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



Impact of Ram Pressure on Galaxies



• Simulation setup - galaxies


• Idealized wind-tunnel experiments


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


• Box size: 300kpc on a side


• Mhalo~1011M⦿, Rvir=89 kpc


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


• Gas content


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


• Cell resolution down to 18pc Lee+20



• Simulation setup - galaxies


• Idealized wind-tunnel experiments


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


• Box size: 300kpc on a side


• Mhalo~1011M⦿, Rvir=89 kpc


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


• Gas content


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


• Cell resolution down to 18pc Lee+20
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• Simulation setup - 4 runs


• Isolated environment - no wind (control sample) 


• NoWind


• Mild winds to mimic ram pressure at the cluster 
outskirts (vwind=1,000km s-1, TICM ~3×107K, 
nH=3×10-4cm-3, ZICM=0.3Z⦿)


• Face-on wind (FaceWind)


• Edge-on wind (EdgeWind)


• Strong face-on winds to mimic ram pressure at the 
cluster center (vwind=1,000km s-1, TICM ~3×107K, 
nH=3×10-3cm-3, ZICM=0.3Z⦿)


• Strong face-on wind (FaceWind10)


