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RAM PRESSURE

Is a pressure exerted on a body moving through a 
fluid medium, caused by relative bulk motion of the 

fluid rather than random thermal motion.

Causes a drag force to be exerted on the body.



STRIPPING (observed)
GASP IV: JO204 3

Figure 1. RGB image of the central region of A957 obtained
from OmegaWINGS u- and WINGS B- and V -band images.
The footprint of the field observed by MUSE is shown by
the white box. The position of the brightest cluster galaxy
is marked by the arrow.

CCD. The spectral range, between 4500Å and 9300Å,
is sampled at 1.25 Å/pixel with a spectral resolution of
⇠ 2.6Å. The resolving power at 7000Å is R = 2700, cor-
responding to 110 km/s or 53 km/s/pixel. The 10⇥10

field of view is sampled at 0.002/pixel; each datacube
therefore consists of ⇠ 105 spectra.
JO204 is a member of the Abell 957 (A957) cluster and

it is located at 2.01 from the cluster center (see Fig.1),
which corresponds to a projected distance of 132 kpc.
JO204 hosts a known AGN (J101346.8-005451, Véron-
Cetty & Véron 2010) with a double peaked [OIII] (Wang
et al. 2009); this feature is interpreted as either a binary
AGN or a sign of an outflow (see e.g. Müller-Sánchez
et al. 2015). JO204 was classified as a very probable jel-
lyfish galaxy (JClass=5) because in WINGS B-band im-
ages it shows a unilaterally disturbed morphology, with
filaments suggesting ongoing ram-pressure gas stripping
(see Fig. 2).
For JO204 we adopted an observing strategy slightly

di↵erent from the standard GASP one (Poggianti et al.
2017b). Observations were split into three blocks, each
consisting of two 675 s exposures. The pointing of each
block was shifted in the North-East direction to extend
the coverage of the JO204 gas tail (see Fig. 2). Ob-
servations were carried out on three di↵erent nights –
December 05 2015, January 06 2016, and February 27
2016– under good weather conditions (the ESO DIMM
recorded a seeing between 0.007 and 1.000). Raw data were

reduced using the latest ESO MUSE pipeline available
after the observations were completed (v1.2.1)2, follow-
ing the standard GASP data reduction procedure, which
is described in detail in Poggianti et al. (2017b).
The final stacked MUSE datacube consists of 353 ⇥

369 sky-subtracted, flux-calibrated spectra with radial
velocities corrected to the barycenter of the solar system.
The FWHM of point-like sources on the image obtained
by convolving the final MUSE datacube with the V -
band filter is 0.008 (4 pixels).

3. ANALYSIS

MUSE observations reveal that the faint extrapla-
nar emission visible in optical broadband images (upper
panel in Fig. 2) is actually an extended tail of ionized
gas, with strong H↵ emission. This is evident from the
RGB image obtained from the MUSE datacube that is
shown in the lower panel of Fig. 2. The blue and the
green channels were obtained by integrating the MUSE
datacube over a band of ±20Å centered on the wave-
length of [OIII]5007 and H↵ (rest-frame); for the red
channel we selected a band with no emission lines from
JO204, from 7100Å to 7200Å. We selected the brightest
pixel in this red image as the center of JO204 and we
defined it as the origin of the spatial coordinate system
for all maps presented in this paper.
JO204 shows extended regions of H↵ emission (green

in Fig. 2), out to ⇠ 30-4000 ( ⇠ 30kpc) from the disk.
In the filaments of di↵use H↵ emission there are many
compact emitting knots (an example is the one labeled
K1 in Fig. 2), which are shown to be active star-forming
HII regions later in this paper. In the East part of the
tail, approximately at (�1000,�1500) from the center of
the galaxy, there is an extended region with a promi-
nent [OIII] emission, including an extremely bright com-
pact region, labeled K2 in Fig. 2. The di↵erences in
[OIII]/H↵ flux ratios across JO204 strongly suggest that
di↵erent ionizing mechanisms are at work. The ionized
gas emission will be further discussed in Sect. 3.4.
In the outer South-East side of the disk –which is vis-

ible out to ⇠(�1500,�1000)– there is no gas emission, as
demonstrated by the spectrum shown in Fig. 3, which
was obtained by integrating the MUSE datacube over
a 100 region at ⇠ �80,�120 from the center (marked as
D in Fig. 2). This spectrum shows a steep blue stellar
continuum and strong Balmer absorptions (EW(H�) =
6.1Å and EW(H↵) = 3.4Å (rest-frame)); these features
are typical of young post-starburst stellar populations

2
The quality of the pipeline products fulfills the scientific re-

quirements of the GASP survey; thus we decided not to reprocess

all raw data with a more recent version of the software.
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Figure 2. Upper panel: Zoom in of the image in Fig. 1 on
JO204. Lower panel: RGB color image of JO204 obtained
using [OIII]5007 for the blue channel, H↵ for the green one,
and the continuum from 7100 and 7200Å for the red one.
The sources marked by squares and circles are discussed in
the text. The cross is the optical center, which was defined
as the origin of the coordinate systems of all maps in this
paper. Areas in white are not covered by MUSE data; at the
upper-right and lower-left corners one can see the e↵ect of the
o↵set applied to the pointing center of the three observing
blocks.

with strong star-formation activity rapidly quenched in

Figure 3. The k+a post-starburst spectrum (on an arbi-
trary scale) of a 100 region in the outer disk of JO204 (region
D in Fig. 2).

the last Gyr (Couch & Sharples 1987; Poggianti et al.
1999).
In addition to JO204, other sources are detected in

the MUSE datacube; we characterized all of them to as-
sess any possible contamination in the analysis of JO204.
Some of these sources are marked in Fig. 2. The object
marked as S1 is a galaxy at z ' 0.052 with a typical
post-starburst spectrum; the H� equivalent width mea-
sured by integrating the spectrum on a circular region
of 100 is EW(H�)=8.6 Å (rest-frame) in absorption. The
spectrum of the di↵use object region around S2 shows
no emission lines and weak Balmer lines in absorption at
a redshift similar to that of S1; this is most likely a pas-
sive galaxy member of A957 cluster. S3 is a Milky Way
star. The spectra of these three sources show no emis-
sion lines, and therefore they do not a↵ect the analysis of
JO204 gas emission. However, the absorption features of
S1, S2 and S3 could potentially a↵ect the analysis of the
stellar component of JO204 and therefore we masked out
the regions around these three sources for the analysis of
the JO204 stellar component (see Sect. 3.1). S4 is a star
forming galaxy at z ' 0.36. The strong [OIII]5007 emis-
sion line of this galaxy is redshifted at a wavelength not
far from the expected location of H↵ emission of JO204.
We visually inspected the MUSE datacube and found no
signal of any possible emission from JO204 around S4;
however, to avoid any possible confusion in the analysis,
we masked out a region of 500around S4. A few back-
ground galaxies are also visible in Fig. 2. These sources
do not significantly a↵ect any feature in the spectrum
of JO204 or its tail.
The observed datacube was corrected for Galactic ex-

tinction adopting a value EB�V = 0.037 extracted from
Schlafly & Finkbeiner (2011) reddening maps and the
Cardelli et al. (1989) extinction law. In this paper we
are mostly interested in the low-surface brightness emis-
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Fig. 5. Total star formation rate as a function of time for an isolated
model galaxy (red, dashed line) and for a ram-pressure stripped model
galaxy (blue, solid line), which moves edge-on through the ICM. Note
that the increase in the star-formation rate is the physically relevant in-
formation. The apparent oscillations are due to the numerical imple-
mentation of the star-formation model.

be different. Especially the ram pressure of the ICM usually
changes direction, as not all orbits are purely radial. Kapferer
et al. (2007b) show that such structures also form when galaxy –
galaxy interactions take place in an ambient medium. They are
then distributed over much larger distances compared to the case
presented here. It has to be further investigated, whether these
objects can then form virialised, long-term stable structures. In
Fig. 7 we show gas and newly formed stars separately, in order
to show their distribution more clearly. As stars are collision-
less their distribution differs from that of the gas, the small sub-
structures are, however, visible in both distributions. From the
stripped gas only around 25% is heated to temperatures above
1 × 107 K after 500 Myr of acting ram pressure, and hence vis-
ible in X-rays. Especially in the dense knots, where stars are
formed, the temperature remains significantly lower.

The situation is very similar in the edge-on case, although
the resulting mass distribution is different. In Fig. 5 the total star
formation rate as a function of time is shown for an isolated
model galaxy and for a ram-pressure stripped model galaxy,
which moves edge-on through the ICM. The enhancement of
the star formation rate is here even stronger than in the face-on
case. These new stars are, however, mainly formed in the central
region of the disc. The gas from the outskirts of the galactic disc
is pushed to the central region, enhancing there significantly the
density of the cold gas and hence the star formation rate.

From the results presented in this section we would there-
fore expect especially in galaxy cluster mergers an increased
star formation activity in the merger region, because the galax-
ies encounter there a rapid rise of the external ram pressure. As
a lot of gas from the galaxy is lost by ram-pressure stripping
or converted to stars, the cold gas reservoir is constantly de-
pleted. Hence, the star formation rate first increases and even-
tually decreases.

4. Comparison of the results to observations

An evolution of the cluster population with redshift has been
pointed out since the late 70’s. The fraction of star-forming and
post-star-forming systems has been proven to significantly in-
crease with z, going from ≥30% at z ∼ 0.3−0.5 (Dressler et al.
1999) to ∼1−2% in the local Universe (e.g. Dressler 1987). In

Fig. 6. Distribution of the gas (white) and the newly formed stars
(turquoise) for a ram-pressure affected galaxy, which moves face-on
through the ICM, after 100 Myr (top) and after 500 Myr (bottom), seen
face-on and edge-on.

agreement with this tendency, in 1978 Butcher & Oemler re-
ported a strong evolution from bluer to redder colours in cluster
galaxies, detecting an excess of blue objects at z = 0.5 with
respect to lower redshift systems (“Butcher & Oemler effect”).
In order to link the observed evolution of cluster members to
the hierarchical growth of structures, we still need to understand
the specific importance of each of the proposed physical mecha-
nisms acting on the star formation activity and on the morphol-
ogy of galaxies (i.e. galaxy mergers and interactions: e.g. Lavery
& Henry 1988 – ram-pressure stripping: Gunn & Gott 1972 –
“harassment”: e.g. Moore et al. 1998 – “strangulation” or “star-
vations”: e.g. Larson et al. 1980).

Quantifying the evolution of SF in cluster members, how-
ever, is extremely difficult, since the fraction of star-forming ob-
jects varies from one cluster to another also in the same redshift
range (see Poggianti 2004, and references therein). It is thus es-
sential to study simultaneously the evolution of galaxies as a
function of redshift and of the properties of their host cluster.
Ferrari et al. (2005) have for instance proven that the fraction of
star-forming and post-star-forming galaxies in the low redshift
(z ≃ 0.09) cluster A3921 is comparable to those measured at in-
termediate redshifts. A3921 is a merging system (Ferrari et al.
2005; Belsole et al. 2005), and a detailed comparison of opti-
cal and radio observations revealed that most of the star-forming
galaxies are located in the collision region of the two interact-
ing sub-structures (Ferrari et al. 2005, 2006). This suggests that
the high fraction of star-forming objects in A3921 is very likely
related to its dynamical state.

Other analyses agree with this result, suggesting that SF is
either triggered by cluster mergers (e.g. Coma: Caldwell et al.
1993 – A3562: Bardelli et al. 1998; Miller 2005 – A2125:
Dwarakanath & Owen 1999; Owen et al. 2005 – A2255: Miller
& Owen 2003), or quenched after a starburst phase, leaving

Kronberger+ 08
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RP can efficiently remove gas. 

Efficiency depends on: 

• Relative velocity; 

• Distance from pericenter; 

• Galaxy mass; 

• ICM density
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STAR FORMATION

Fujita & Nagashima 1999
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FIG. 2.ÈNormalized star formation rate of a radially infalling galaxy as
a function of cluster radius. (a) keV, (b) keV.kB T \ 8 kB T \ 2

dependence of galaxy velocity on the depth of potential
well. Figure 2 shows the SFR of a model galaxy. The calcu-
lations continue even after the galaxy passes the cluster
center. The SFR rises to twice its initial value at most. The
maximum of the SFR can be explained by the relation
between pressure and destruction time of molecular clouds
(Fig. 4 in Elmegreen & Efremov 1997), which is used in
equation (1). Model B2 is taken as an example. As a galaxy
gets closer to the clusterÏs center, the ram pressure increases.
Thus, the destruction time of molecular clouds decreases.
When P D 10 (at r D 400 kpc), the destruction times ofP

_all molecular clouds (\108.5 become less than theM
_

)
time passed since P started to rise signiÐcantly (D2 ] 108
yr, see Figs. 1a and 4). Therefore, the pressure increase has
a†ected all the clouds by this time. In fact, the ratio of the
initial total mass of molecular clouds, 2.5 ] 109 to theM

_time, 2 ] 108 yr, corresponds to the peak of SFR, D13

FIG. 3.ÈMass of molecular gas of a radially infalling galaxy as a func-
tion of cluster radius. (a) keV, (b) keV.kB T \ 8 kB T \ 2

yr~1. Note that the total mass of molecular clouds atM
_r \ 400 kpc is not zero (Fig. 3a). This is because the stars

with long lifetime supply additional gas.
The SFR rapidly drops in the central region of a high-

temperature and/or gas-rich cluster when ram-pressure
stripping is considered (models A1È A3). This is because H I

gas is stripped and the formation of molecular clouds
ceases. For example, equation (10) is satisÐed for r \ 1.2
Mpc in model A1. In that region, without the supply
(S(t) \ 0 in eq. [1]), part of the molecular gas is consumed
to form stars and the rest is stripped soon after being evapo-
rated by newborn stars. The larger the density and tem-
perature of the model cluster, the greater the e†ect of ram
pressure, so that gas can be stripped and the SFR drops
further out in the cluster (Fig. 1). If surface density of the
galaxy is smaller, equation (10) is satisÐed at larger radius.
In that case, the SFR begins to decrease earlier. In model
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kBT=8 KeV

kBT=2 KeV

• RP can enhance SF by a 
factor of 2 (at most), but 
colors are unchanged

• As the galaxy approaches 
the center SF drops



A double effect
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Fig. 3. Total star formation rate as a function of time for an isolated
model galaxy (red, dashed line) and for a ram-pressure stripped model
galaxy (blue, solid line), which moves face-on through the ICM. Note
that the increase in the star-formation rate is the physically relevant in-
formation. The apparent oscillations are due to the numerical imple-
mentation of the star-formation model.

this to be the region more than 6 times the scale height away
from the disc, which is for our model galaxy 1.3 kpc. This dis-
tance should be significantly larger than the half-light radius of
the galaxy, and therefore observationally be considered as not
belonging to the galaxy. After 200 Myr, this amount of stripped
gas increases to 31.7% (2.2 × 109 M⊙) of the initial ISM mass.
However, material caught in the slipstream of the moving galaxy
does not feel the ram pressure of the ICM and a significant pro-
portion will fall back onto the disk. After 500 Myr about 10%
(6.8 × 108 M⊙) of the initial ISM mass are in the wake of the
galaxy and gravitationally unbound.

We performed the same analysis for the case in which the
model galaxy moves edge-on through the medium. In this case
no clear stripping radius can be identified. The gaseous disc is
compressed and distorted but the mass loss is lower than for the
face-on galaxy. After 100 Myr there is only 0.9% (6.1 × 107 M⊙)
of the initial ISM mass in the wake of the galaxy. This fraction
increases to 8.6% (5.8 × 108 M⊙) after 200 Myr and finally af-
ter 500 Myr 6.3% (4.3 × 108 M⊙) of the initial ISM mass is in
the wake of the galaxy and gravitationally unbound. Also in the
edge-on case we find re-accretion in the slipstream of the galaxy.

3.2. The impact on star formation

There has been a lot of discussion whether ram-pressure strip-
ping acting on a galaxy enhances or decreases the star forma-
tion rate (e.g. Evrard 1991; Fujita et al. 1999). With our simpli-
fied setup that studies the influence of a homogeneous medium,
we find a clear enhancement, within the adopted star formation
model. In Fig. 3 we plot the total star formation rate as a func-
tion of time for an isolated model galaxy and for a ram-pressure
stripped model galaxy, which moves face-on through the ICM.
Over 500 Myr the star formation rate is always significantly (up
to a factor of 3) higher than in the isolated galaxy. Most of the
new stars form in the disc, mainly in the compressed central re-
gion. However, star formation is also present in the stripped ma-
terial in the wake of the galaxy. These stars are not gravitation-
ally unbound but can spread over a large volume in the galactic
halo. We find newly formed stars up to hundred kpc behind the
plane of the disc. As these stars do not feel the ram pressure of

Fig. 4. Mass of stars formed in the wake of the model galaxy as a func-
tion of time. The ram pressure acts face-on. The scatter in the plot is
a consequence of stars falling back into the gravitational potential to-
wards the centre of the disc.

the surrounding ICM, they fall back into the gravitational poten-
tial towards the centre of the disc. The kinetic energy they gain
hereby is sufficient that they partly cross the galactic plane and
enter the space in front of the disc. In the ram-pressure affected
galaxy about twice as many stars are formed as in the isolated
galaxy in the time while ram-pressure stripping is acting. After
200 Myr of acting ram pressure the total mass of newly formed
stars in this period is 1.02 × 108 M⊙ in the wake of the galaxy,
while in the same time in the disc 9.5 × 108 M⊙ form. (The wake
of the galaxy is defined, as before, to be more than 6 times the
scale height away from the disc. The disc region itself extends,
by our definition, to four times the stellar disc scale length in ra-
dial direction and twice the scale height in the direction perpen-
dicular to the disc.) Note that these masses also depend on the
chosen IMF, as this regulates the amount of massive stars that
end instantaneously (i.e. in less than a typical numerical time
step) as supernovae. Therefore the mass of the newly formed
stars does not include the high-mass stars (>8 M⊙). In Fig. 4 we
show the mass of the newly formed stars as a function of time.
The scatter in the plot is a consequence of stars falling back into
the gravitational potential towards the centre of the disc.

The distribution of the gas and the newly formed stars is
presented in Figs. 6 and 7 for the ram-pressure affected galaxy,
which moves face-on through the ICM. Note that newly formed
stars are here defined to be stellar particles formed after the be-
ginning of the simulation. After 100 Myr the stripping is al-
ready active and a stripping radius is visible. A wake, however,
has not yet formed, and the star formation mainly takes place
in the central part of the galaxy, where the gas is compressed
by the ram pressure of the surrounding ICM. After 500 Myr
a wake has formed with dwarf galaxy sized sub-structures (di-
ameter ∼1 kpc, masses up to 107 M⊙ in gas and newly formed
stars). These objects formed by initial compression and subse-
quent cooling of already slightly overdense regions in the disc
(parts of spiral arms). This formation scenario is different from
the gravitational collapse, as discussed for tidal dwarf galaxies
in tidally interacting systems. Note that due to their formation
history from stripped material, these structures do not have a
dark matter halo. We therefore term these structures “stripped
baryonic dwarf” galaxies. Most of these structures eventually
fall back onto the galactic disc on timescales of ≤1 Gyr. In more
realistic systems with a gravitational cluster potential and inter-
actions with other galaxies the fate of these substructures might
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Fig. 5. Total star formation rate as a function of time for an isolated
model galaxy (red, dashed line) and for a ram-pressure stripped model
galaxy (blue, solid line), which moves edge-on through the ICM. Note
that the increase in the star-formation rate is the physically relevant in-
formation. The apparent oscillations are due to the numerical imple-
mentation of the star-formation model.

be different. Especially the ram pressure of the ICM usually
changes direction, as not all orbits are purely radial. Kapferer
et al. (2007b) show that such structures also form when galaxy –
galaxy interactions take place in an ambient medium. They are
then distributed over much larger distances compared to the case
presented here. It has to be further investigated, whether these
objects can then form virialised, long-term stable structures. In
Fig. 7 we show gas and newly formed stars separately, in order
to show their distribution more clearly. As stars are collision-
less their distribution differs from that of the gas, the small sub-
structures are, however, visible in both distributions. From the
stripped gas only around 25% is heated to temperatures above
1 × 107 K after 500 Myr of acting ram pressure, and hence vis-
ible in X-rays. Especially in the dense knots, where stars are
formed, the temperature remains significantly lower.

The situation is very similar in the edge-on case, although
the resulting mass distribution is different. In Fig. 5 the total star
formation rate as a function of time is shown for an isolated
model galaxy and for a ram-pressure stripped model galaxy,
which moves edge-on through the ICM. The enhancement of
the star formation rate is here even stronger than in the face-on
case. These new stars are, however, mainly formed in the central
region of the disc. The gas from the outskirts of the galactic disc
is pushed to the central region, enhancing there significantly the
density of the cold gas and hence the star formation rate.

From the results presented in this section we would there-
fore expect especially in galaxy cluster mergers an increased
star formation activity in the merger region, because the galax-
ies encounter there a rapid rise of the external ram pressure. As
a lot of gas from the galaxy is lost by ram-pressure stripping
or converted to stars, the cold gas reservoir is constantly de-
pleted. Hence, the star formation rate first increases and even-
tually decreases.

4. Comparison of the results to observations

An evolution of the cluster population with redshift has been
pointed out since the late 70’s. The fraction of star-forming and
post-star-forming systems has been proven to significantly in-
crease with z, going from ≥30% at z ∼ 0.3−0.5 (Dressler et al.
1999) to ∼1−2% in the local Universe (e.g. Dressler 1987). In

Fig. 6. Distribution of the gas (white) and the newly formed stars
(turquoise) for a ram-pressure affected galaxy, which moves face-on
through the ICM, after 100 Myr (top) and after 500 Myr (bottom), seen
face-on and edge-on.

agreement with this tendency, in 1978 Butcher & Oemler re-
ported a strong evolution from bluer to redder colours in cluster
galaxies, detecting an excess of blue objects at z = 0.5 with
respect to lower redshift systems (“Butcher & Oemler effect”).
In order to link the observed evolution of cluster members to
the hierarchical growth of structures, we still need to understand
the specific importance of each of the proposed physical mecha-
nisms acting on the star formation activity and on the morphol-
ogy of galaxies (i.e. galaxy mergers and interactions: e.g. Lavery
& Henry 1988 – ram-pressure stripping: Gunn & Gott 1972 –
“harassment”: e.g. Moore et al. 1998 – “strangulation” or “star-
vations”: e.g. Larson et al. 1980).

Quantifying the evolution of SF in cluster members, how-
ever, is extremely difficult, since the fraction of star-forming ob-
jects varies from one cluster to another also in the same redshift
range (see Poggianti 2004, and references therein). It is thus es-
sential to study simultaneously the evolution of galaxies as a
function of redshift and of the properties of their host cluster.
Ferrari et al. (2005) have for instance proven that the fraction of
star-forming and post-star-forming galaxies in the low redshift
(z ≃ 0.09) cluster A3921 is comparable to those measured at in-
termediate redshifts. A3921 is a merging system (Ferrari et al.
2005; Belsole et al. 2005), and a detailed comparison of opti-
cal and radio observations revealed that most of the star-forming
galaxies are located in the collision region of the two interact-
ing sub-structures (Ferrari et al. 2005, 2006). This suggests that
the high fraction of star-forming objects in A3921 is very likely
related to its dynamical state.

Other analyses agree with this result, suggesting that SF is
either triggered by cluster mergers (e.g. Coma: Caldwell et al.
1993 – A3562: Bardelli et al. 1998; Miller 2005 – A2125:
Dwarakanath & Owen 1999; Owen et al. 2005 – A2255: Miller
& Owen 2003), or quenched after a starburst phase, leaving
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result. A similar study with a Eulerian code is a desirable future
work to investigate the importance of hydrodynamic instabilities
in this issue.

3. Results

In the following we will first analyse the mass loss of the model
galaxy due to ram-pressure stripping. Then we will present the
results concerning the star formation rates and the distribution
of the newly formed stars, within the adopted hydrodynamic and
star-formation model.

3.1. The stripping radius and the mass distribution inside
the stripped galaxy

The Gunn & Gott (1972) criterion, according to which galaxies
lose material if the force due to ram-pressure stripping exceeds
the restoring gravitational force of the galaxy, implies the exis-
tence of a stripping radius. This is the distance from the galactic
centre, outside which the galactic gravitational potential cannot
prevent the ISM from being stripped. The position of this strip-
ping radius depends on the mass distribution in the galaxy and
the external pressure exerted by the ICM. Assuming a double ex-
ponential density distribution of the stars and the gas in the disc,
the expression for the stripping radius, Rstrip, reads (Domainko
et al. 2006):

Rstrip

R0
= 0.5 × ln

⎛
⎜⎜⎜⎜⎜⎝

GMstarMgas

v2galρICM2πR4
0

⎞
⎟⎟⎟⎟⎟⎠ · (4)

Here Mstar and Mgas are the mass of the stellar and gaseous disc,
respectively, vgal denotes the velocity of the galaxy relative to
the ICM, ρICM is the density of the surrounding ICM, and R0 is
the radial scale length of the disc. The validity of this approxi-
mation was already shown using numerical simulations and by
comparison with Virgo cluster galaxies by Abadi et al. (1999).

We also find a fair agreement between the analytical value
and the stripping radius in our simulation. From Eq. (4) we cal-
culate a theoretical value of 13.2 kpc. In Fig. 1 the gas den-
sity profile of the stripped model galaxy (dashed line), which
moves face-on through the ICM, is compared to the isolated one
(solid line) at the same evolutionary time. The ISM distribution
is shown after 100 Myr of ram pressure acting. There is a clear
drop in the density at a radius of r ∼ 13 kpc visible, which corre-
sponds well to the analytically derived stripping radius. At radii
larger than 15 kpc the gas is almost completely stripped. While
in the simple theoretical model the gas distribution inside the
stripping radius is not affected, it adjusts in the hydrodynamic
simulation to the modified mass distribution and pressure gradi-
ents and changes due to the mass loss caused by galactic winds.
At radii r < 10 kpc the gas density lies below the density of
the isolated galaxy, while near to the stripping radius the den-
sity increases with respect to the isolated one and forms a peak.
In the central regions of the ram-pressure affected disc the star-
formation rate is enhanced (see Sect. 3.2), which depletes the gas
reservoir there due to the conversion of gas to stars and a sub-
sequently enhanced galactic wind. Once established this density
distribution remains qualitatively in this shape, while quantita-
tively it changes with time due to the acting galactic wind.

The total gas mass loss due to ram-pressure stripping and
galactic winds is shown in Fig. 2 for the first 500 Myr. For
this figure we take only the gravitationally unbound gas into ac-
count, i.e. the gas which has a positive total energy. Note that
this mass loss is a superposition of two processes, ram-pressure
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Fig. 1. Radial gas density profile for the isolated model galaxy (solid
line) and the stripped model galaxy (dashed line), which moves face-
on through the ICM. The distribution is shown after 100 Myr of ram
pressure acting. A drop of the ISM density at ∼13 kpc is clearly visible.
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Fig. 2. Integrated total mass loss due to ram-pressure stripping and
galactic winds of the stripped model galaxy, which moves face-on
through the ICM. Note that only the gravitationally unbound gas is plot-
ted. Even a decrease of the mass loss is possible, if gas enters, for ex-
ample, the slipstream of the galaxy, as visible after ≈50 Myr.

stripping and galactic winds. There is an interplay between both
effects, as ram-pressure stripping changes the star formation rate,
which in turn changes the galactic wind mass loss. As many au-
thors have already investigated the mass loss due to ram-pressure
stripping and compared the numerical results to analytical esti-
mates (e.g. Jáchym et al. 2007) we do not study the isolated ef-
fect of ram-pressure stripping here. However, we point out once
more, that the stripping radius in our simulations is compara-
ble to analytical estimates, as found by various authors. In the
time after the stripping radius becomes clearly visible, galactic
winds should be the dominating outflow mechanism. The mass
loss then stays roughly constant over time. Note, however, that
the ambient medium acts on the galactic wind by its pressure
and that the mass of the gas actually lost by the galactic wind is
hence smaller than expected from the star formation rate. Such
a suppression of galactic winds has already been discussed in a
different context by Schindler et al. (2005).

Additionally we investigated the spatial distribution of the
stripped gas. We find that after 100 Myr 13.7% (9.3 × 108 M⊙)
of the initial ISM mass is in the wake of the galaxy. We define
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Fig. 5. Ratio of the star formation of the different simulations to the star
formation integrated over 500 Myr for the isolated evolving galaxy.

3. Results

In this section we investigate the influence of different strengths
of ram pressure on the gaseous and stellar components of the
model galaxy. In addition we present mock observations of the
simulations in different wavelengths regimes. The virtual obser-
vations span from radio to optical and X-ray wavelengths.

3.1. The influence of ram pressure on the star formation

Recent numerical studies (Kronberger et al. 2008) showed that
ram pressure does enhance the star formation in a galaxy. In or-
der to study a relation between the star formation enhancement
and the external ram pressure, we calculated the ratio between
the temporal integrated-star formation rate of each simulation
including an external ram pressure to the case of the isolated
galaxy (i.e. no external ram-pressure).

We vary the relative velocities and surrounding gas densi-
ties, as summarised in Table 2. The higher the external density,
the stronger the star formation enhancement (see Fig. 5). The
effect of the relative velocity between the galaxy and the sur-
rounding medium is relatively small. The rate of star-formation
enhancement changes depending on the ambient pressure, which
depends on the gas density. The rate does nearly not change in
the simulations with vrel = 100 km s−1. The reason is the de-
pletion of the gas disc, which can be stripped completely in the
case of simulation 4, and the resulting suppression of star forma-
tion in the disc. The faster the relative velocity, the larger is the
amount of stripped ISM, which will be kinematically stronger
disturbed, i.e. kinetic energy will be partly converted in inter-
nal – thermal – energy, as in the case with lower relative velocity.
This leads to fewer star forming regions than in cases with lower
relative velocities.

From observations (e.g. Mihos et al. 2005) it is evident
that an intra-cluster stellar population exists. Some observations
claim that 10−40% of all stars in galaxy clusters are in the
space between the galaxies (e.g. Feldmeier et al. 1998; Theuns
& Warren 1997; Arnaboldi et al. 2003). From recent numerical
studies (Kapferer et al. 2008) we know that ram pressure can
cause star formation in the stripped wake of galaxies Therefore
we investigated the amount and location of newly formed stars
for the different ram-pressure scenarios.

We found a relation between the relative velocity and the
amount of star forming regions in the wake. The higher the rel-
ative velocity between the galaxy and the surrounding medium,
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Fig. 6. The evolution of the mass fraction of newly formed stars in the
wake (distances larger than 10 kpc above the disc) in comparison to
the total amount of newly formed stars for vrel = 500 km s−1. Note that
the solid line is, corresponding to the surrounding gas density of 1 ×
10−28 g/cm−3, is almost constantly zero, i.e. no stars are formed at dis-
tances larger than 10 kpc behind the disc.

the more star forming region are developing in the wake. The ex-
planation is the fact, that stronger external ram pressure strips off
more gas from the disc, which leads to a depletion of gas in the
galaxy. The highest ratio, i.e. nearly all new stars being formed
in the wake, can be found in the simulation with the highest sur-
rounding gas density and the highest relative velocity.

In the case of the lowest relative velocity (i.e. 100 km s−1)
almost no new stars are formed in the wake, because nearly no
gas is stripped in these scenarios. Note that the wake is defined
as region above 10 kpc the stellar disc (i.e. the same definition
as in Kronberger et al. 2008).

In Figs. 6 and 7 the evolution of the amount of newly formed
stars in the wake relative to the total amount of newly formed
stars is shown. In the case of 1000 km s−1 relative velocity and
a surrounding gas density of 5 × 10−27 g/cm3 more than 95%
of all new stars are formed in the wake, as the disc as stripped
almost completely. In the scenarios with a relative velocity of
500 km s−1, the amount decreases to nearly 70% in the case
with the highest surrounding gas density. Note that the ratio
of star formation in the disc to the wake saturates at different
timescales, depending on the strength of the ram pressure. We
find timescales in the range from several 50 Myr in the strongest
ram pressure cases to nearly 300 Myr in the scenarios with the
lowest surrounding gas densities. This behaviour reflects the
ram-pressure stripping time scales, i.e. the time until the ram
pressure has stripped the gaseous disc to a radius of equilibrium
between internal and external forces, i.e. the stripping radius.

As a next step we investigated the amount of newly formed
stars in the stripped wake as a function of the ram pressure. In
Fig. 8 the total mass of newly formed stars as a function of the
surrounding gas density is shown. It is remarkable that nearly
1 × 109 M⊙ of stellar mass is present in the wake after 500 Myrs
of evolution in the strongest ram pressure scenario. Even in the
case of a very low relative velocity of 100 km s−1 1 × 108 M⊙
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Fig. 5. Ratio of the star formation of the different simulations to the star
formation integrated over 500 Myr for the isolated evolving galaxy.

3. Results

In this section we investigate the influence of different strengths
of ram pressure on the gaseous and stellar components of the
model galaxy. In addition we present mock observations of the
simulations in different wavelengths regimes. The virtual obser-
vations span from radio to optical and X-ray wavelengths.

3.1. The influence of ram pressure on the star formation

Recent numerical studies (Kronberger et al. 2008) showed that
ram pressure does enhance the star formation in a galaxy. In or-
der to study a relation between the star formation enhancement
and the external ram pressure, we calculated the ratio between
the temporal integrated-star formation rate of each simulation
including an external ram pressure to the case of the isolated
galaxy (i.e. no external ram-pressure).

We vary the relative velocities and surrounding gas densi-
ties, as summarised in Table 2. The higher the external density,
the stronger the star formation enhancement (see Fig. 5). The
effect of the relative velocity between the galaxy and the sur-
rounding medium is relatively small. The rate of star-formation
enhancement changes depending on the ambient pressure, which
depends on the gas density. The rate does nearly not change in
the simulations with vrel = 100 km s−1. The reason is the de-
pletion of the gas disc, which can be stripped completely in the
case of simulation 4, and the resulting suppression of star forma-
tion in the disc. The faster the relative velocity, the larger is the
amount of stripped ISM, which will be kinematically stronger
disturbed, i.e. kinetic energy will be partly converted in inter-
nal – thermal – energy, as in the case with lower relative velocity.
This leads to fewer star forming regions than in cases with lower
relative velocities.

From observations (e.g. Mihos et al. 2005) it is evident
that an intra-cluster stellar population exists. Some observations
claim that 10−40% of all stars in galaxy clusters are in the
space between the galaxies (e.g. Feldmeier et al. 1998; Theuns
& Warren 1997; Arnaboldi et al. 2003). From recent numerical
studies (Kapferer et al. 2008) we know that ram pressure can
cause star formation in the stripped wake of galaxies Therefore
we investigated the amount and location of newly formed stars
for the different ram-pressure scenarios.

We found a relation between the relative velocity and the
amount of star forming regions in the wake. The higher the rel-
ative velocity between the galaxy and the surrounding medium,
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Fig. 6. The evolution of the mass fraction of newly formed stars in the
wake (distances larger than 10 kpc above the disc) in comparison to
the total amount of newly formed stars for vrel = 500 km s−1. Note that
the solid line is, corresponding to the surrounding gas density of 1 ×
10−28 g/cm−3, is almost constantly zero, i.e. no stars are formed at dis-
tances larger than 10 kpc behind the disc.

the more star forming region are developing in the wake. The ex-
planation is the fact, that stronger external ram pressure strips off
more gas from the disc, which leads to a depletion of gas in the
galaxy. The highest ratio, i.e. nearly all new stars being formed
in the wake, can be found in the simulation with the highest sur-
rounding gas density and the highest relative velocity.

In the case of the lowest relative velocity (i.e. 100 km s−1)
almost no new stars are formed in the wake, because nearly no
gas is stripped in these scenarios. Note that the wake is defined
as region above 10 kpc the stellar disc (i.e. the same definition
as in Kronberger et al. 2008).

In Figs. 6 and 7 the evolution of the amount of newly formed
stars in the wake relative to the total amount of newly formed
stars is shown. In the case of 1000 km s−1 relative velocity and
a surrounding gas density of 5 × 10−27 g/cm3 more than 95%
of all new stars are formed in the wake, as the disc as stripped
almost completely. In the scenarios with a relative velocity of
500 km s−1, the amount decreases to nearly 70% in the case
with the highest surrounding gas density. Note that the ratio
of star formation in the disc to the wake saturates at different
timescales, depending on the strength of the ram pressure. We
find timescales in the range from several 50 Myr in the strongest
ram pressure cases to nearly 300 Myr in the scenarios with the
lowest surrounding gas densities. This behaviour reflects the
ram-pressure stripping time scales, i.e. the time until the ram
pressure has stripped the gaseous disc to a radius of equilibrium
between internal and external forces, i.e. the stripping radius.

As a next step we investigated the amount of newly formed
stars in the stripped wake as a function of the ram pressure. In
Fig. 8 the total mass of newly formed stars as a function of the
surrounding gas density is shown. It is remarkable that nearly
1 × 109 M⊙ of stellar mass is present in the wake after 500 Myrs
of evolution in the strongest ram pressure scenario. Even in the
case of a very low relative velocity of 100 km s−1 1 × 108 M⊙
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Fig. 8. Mass of newly formed stars in the wake (distances larger than
10 kpc above the disc) after 500 Myr of evolution.

of stellar matter can be found at distances larger than 10 kpc to
the disc.

How the morphology of the stellar distribution is affected
by different strengths of ram pressure can be seen in Figs. 9
and 12, respectively. The two figures show the stellar distribu-
tion after 500 Myr of ram pressure acting on the galaxy. The
isocontours show the projected stellar density for the different
ram-pressure scenarios. The surface density varies by five orders
of magnitudes, with the maximum at the very centre of the disc.
The stronger the ram pressure the more gas is stripped from the
galaxies (see next section for details) which acts as gas reservoir
for new stars. Assuming a constant mass to light ratio these two
figures can be directly interpreted as optical observations. In the
cases of vrel = 500 km s−1 three times less luminous stellar re-
gions than in the central parts are seen up to 120 kpc behind the
disc (see Fig. 9). In the cases with vrel = 1000 km s−1 the dis-
tances can reach up to 400 kpc. In the case highlighted as (d) in
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i.e. run 1 and 2, are shown here in an exemplary way. The cho-
sen time interval of 50 Myr is the approximate life time of less
massive B stars in OB-associations. These associations would
be observable in Hα. In Fig. 10 the distribution of all stars (grey
scale) and the young stars (formed within the last 50 Myr; iso-
lines) are shown in a logarithmic scale. The timesteps (a)−(d)
correspond to 50 Myr, 250 Myr, 500 Myr and 750 Myr after the
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onto the disc. More details on the influence of ram pressure on
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3.2. The influence of ram pressure on the gaseous disc

How different strengths of ram pressures will affect the gaseous
disc of the galaxy will be investigated in this section. In Fig. 13
the ratio of the gas mass in the wake to the total gas mass as
a function of the surrounding gas density for the three different
relative velocities after 500 Myr of evolution is shown. As the
ram pressure depends on the product of the square of the relative
velocity and the surrounding gas density the increase for the sce-
narios with vrel = 1000 km s−1 and vrel = 500 km s−1 is stronger
than the increase for vrel = 100 km s−1.

Even low gas densities can deplete the gas mass in the disc.
Up to 40% of the gas mass in the disc is reduced in the case of
the lowest density of the surrounding gas and a relative velocity
of 1000 km s−1. If the gas density is larger than 5 × 10−27 g/cm3

the gas reduction in the disc is strong, the gaseous disc vanishes
in the scenario with 1000 km s−1 and only 20% of the gaseous
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• Simple Stellar Population (SSP) spectra of (up 
to) 220 different ages (104 to 14x109 yr);

• full age-dependent extinction;

• most recent models from Charlot & Bruzual (see 
Gustavo’s talk from yesterday);

• includes emission lines calculated through 
CLOUDY.
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Models
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SINOPSIS
SFH prescriptions

• Non-parametric with 12 independent SFR values 
for each bin (up to 24 free parameters);

• double exponential (up to 9 free parameters);

• lognormal (5 free parameters);

• upgradable to any analytical prescription.
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SINOPSIS
Examples

• Derives: 
✴ stellar masses (3 definitions);
✴ SFR in 4 age bins;
✴ extinctions (line and continuum);
✴ luminosity- and mass- weighted ages;

• Uses:
✴ non-parametric SFH;
✴ state-of-the-art SSP models;
✴ emission lines;
✴ selective extinction.



SFH in Jellyfishes

luminosity and temperature ( =T 3.93 0.1 keVX ; Shang &
Scharf 2009) and optical richness. According to previous
studies, IIZW108 has little intracluster light and is undergoing
major merging in its central regions, with four galaxies now in
the process of building up the BCG (Edwards et al. 2016; see also
Figure 3). The only velocity dispersion estimates for this cluster
are from WINGS and OMEGAWINGS: 549±42 km s−1

(Cava et al. 2009)and revised values of 611±38 km s−1 based
on 171 spectroscopic members (Moretti et al. 2017) and

-
+ -545 513 km s35

37 1 based on 179 spectroscopic members
including/excluding galaxies in substructures (A. Biviano et al.
2017, in preparation). Cluster mass and radius are estimated from
the dynamical analysis of A. Biviano et al. (2017, in preparation)
with the MAMPOSSt technique (Mamon et al. 2013) as =M200
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The dynamical analysis of IIZW108 confirms that it has a
highly significant substructure in the central regionand shows
evidence for a few additional, less significant substructuresdis-
tributed from the northeast to the southwest of the cluster, as
shown in Figure 18 (see also A. Biviano et al. 2017, in
preparation). However, there is no evidence for JO206 residingin
any of these substructures. On the contrary, this galaxy appears to
haverecently falleninto the cluster as an isolated galaxy.
JO206 is located in the most favorable conditions for ram-

pressure stripping within the cluster: it is at a small projected
clustercentric radius ( ~r R0.3cl 200 from the BCG), and it
has a high differential velocity with respect to the cluster
redshift ( sD ~ ~-v 800 km s 1.5cl

1
cl; Figure 18). We can

compute the expected rampressure on JO206 by the ICM as
r= ´P vram ICM cl

2 (Gunn & Gott 1972), where r ( )rICM cl is the
radial density profile of the ICM. As we do not have a good
estimate of r ( )rICM cl for IIZW108, we used the well-studied Virgo
cluster as a close analog (the clusters have very similar mass),

Figure 16. Stellar maps of different ages, illustrating the average star formation rate per kpc2 during the last ´2 10 yr7 (top left), between ´2 10 yr7 and
´5.7 10 yr8 (top right), between ´5.7 10 yr8 and ´5.7 10 yr9 (bottom left), and> ´5.7 10 yr9 ago (bottom right). Contours in all panels are continuum isophotes,

as in Figure 4.

Figure 17. Left:map of luminosity-weighted stellar age. Right: stellar mass density map. Contours in both panels are continuum isophotes, as in Figure 4.

25Here R200 is defined as the projected radius delimiting a sphere with
aninterior mean density 200 times the critical density of the universe, and it is
a good approximation of the cluster virial radius.
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SFH in Jellyfishes

Moretti+ ‘18

Hoag’s jellyfish galaxy 4057

Figure 1. Left. RGB image of JO171 extracted from the MUSE data cube. The three bands correspond to the integrated flux in the Johnson I band (in grey
colour), the integrated flux inside a 40 Å-wide band centred on H α (thus including both the H α emission and the continuum under H α, here in green colour)
and the integrated flux in the Johnson B band (blue in the image). Red circles indicate foreground stars that have been masked for the purposes of our analysis.
The superimposed scale shows that 1 arcsec corresponds to 1.01 kpc at the galaxy redshift. North is up, East to the left. The arrow indicates the direction
towards the brightest cluster galaxy (BCG). Right. A grey-scale image of the galaxy with superimposed a red circle enclosing the spheroid (Re), and blue
circles enclosing the ring (see the text).

5 × 5 pixels kernel data cube, in order to maximize the signal to
noise.

We determined the stellar kinematics using the penalized pixel-
fitting (PPXF) software (Cappellari & Emsellem 2004) on spatially
binned spectra. For the binning we used a Voronoi tessellation algo-
rithm (Cappellari & Copin 2003) that analyses the white light image
extracted from the original data cube and bins spectra on the basis of
their signal-to-noise (S/N). We imposed an S/N = 10. The derived
spectra have been fitted with the Vazdekis et al. (2010) stellar pop-
ulation templates. In particular we used single stellar populations
(SSPs) with metallicities that range from [M/H] = −1.71 to [M/H]
= 0.22 and ages from 1 to 17.78 Gyr, calculated with the Girardi
et al. (2000) isochrones.

We used our spectrophotometric code SINOPSIS, recently mod-
ified to be able to work with observed data cubes (Fritz et al. 2017).
The code fits the observed spectra with a combination of SSPs
from Charlot & Bruzual (in preparation) calculated with a Chabrier
(2003) IMF between 0.1 and 100 solar masses. The range in metal-
licities goes from Z = 0.0001 to Z = 0.04. On this set of SSPs
nebular emission has been added. The code is also able to prop-
erly handle spectra with superimposed gas and stellar components
with different velocities, as the two redshifts are given as inputs to
the code. The SINOPSIS code gives as output a best-fitting model
cube, as well as a stellar only model cube, that is then subtracted
from the original one to obtain an emission only cube, useful for
the determination of emission line fluxes corrected for stellar ab-
sorption. Finally, it gives stellar masses, SF histories, and stellar
ages (both luminosity and mass weighted) for each spaxel. Due to
the characteristics of the SINOPSIS code, we calculated the total
mass in a given spaxel as the sum of the masses in four main age
bins, but neglecting the mass of stars older than 0.57 Gyr when the
spectra had a global S/N lower than 3. In these cases, in fact, the
code is forced to find a not meaningful solution that includes a low

percentage of old stars. The contribution of young stars, instead,
is taken into account, given the fact that it is estimated from the
emission lines, which are more trustable features.

The gas metallicity has been derived using the line flux mea-
surements made on the emission-only and dust-corrected spectra
of the spaxels where the ionization is typical of H II regions. In
particular the internal extinction correction due to the galaxy dust
has been taken into account measuring the Balmer decrement in
each spaxel, and assuming an intrinsic H α/H β = 2.86 and the
Cardelli, Clayton & Mathis (1989) extinction law. We then used
the PYQZ code (Dopita et al. 2013) to derive both the ionization pa-
rameter q and the gas metallicity through the comparison with a set
of photoionization models (MAPPINGS IV). In particular, we used
the [N II]6583/[S II]6716,6731 versus [O III]5007/[S II]6716,6731 in-
dicator, given that the [O II]3727 doublet lies beyond the MUSE
spectral range, and that H β is prone to uncertainties in the sub-
traction of the stellar contribution. The systematic errors introduced
by modelling inaccuracies are usually estimated to be ∼0.1–0.15
dex, whereas discrepancies of up to 0.2 dex exist among the various
calibrations based on photoionization models (Kewley & Ellison
2008).

3 R ESULTS

3.1 JO171 structure

From the reduced data cube, we extracted images in three bands,
namely the I band, the H α emission including the underlying contin-
uum in a 40 Å-wide band and the B band, and constructed the RGB
image shown in the left-hand panel of Fig. 1. A grey-scale image
is shown in the right-hand panel. There are clearly two prominent
structures: a central round spheroid and an external ring detached
from the spheroid. The external ring shows a spiral-like pattern,

MNRAS 475, 4055–4065 (2018)Downloaded from https://academic.oup.com/mnras/article-abstract/475/3/4055/4797186
by University of Cambridge user
on 02 July 2018

Hoag’s-like object



SFH in Jellyfishes

Moretti+ ‘18

Hoag’s jellyfish galaxy 4061

Figure 5. SFRs surface densities in four age bins as derived from SINOPSIS: from top left to bottom right we show the ongoing SFR (ages younger than
2 × 107 yr), the recent SFR (ages between 2 × 107 and 5.7 × 108 yr), intermediate and old SFRs (with ages between 5.7 × 108 and 5.7 × 109 and older than
5.7 × 109 yr, respectively). The green circle in the bottom right panel shows the blob of most enhanced SF within the ring in the oldest age bin.

Figure 6. Cumulative mass–age (left) and (right) average SFR per spaxel–age relations for JO171: the central spheroid is traced by the red line/symbol and
the ring by the blue. SFRs in the right-hand panel are in units of 10−3 solar masses per year per spaxel.

mean density of the cluster reaches 200 times the critical density
and is expected to contain most of the virialized cluster mass.

A deeper understanding of the complex galaxy-cluster dynami-
cal status could help linking the JO171’s peculiar morphology to its
position in the cluster. In particular, the dynamical analysis can help
clarifying if the galaxy belongs to a substructure infalling into the

cluster potential well or not. The left panel of Fig. 7 shows the sky
distribution of the spectroscopically confirmed cluster members,
along with the identified substructures colour-coded according to
the probability of being randomly extracted from a Gaussian dis-
tribution with cluster typical values at the given distance. Galaxies
plotted with bluest colours have a higher probability to belong to a

MNRAS 475, 4055–4065 (2018)Downloaded from https://academic.oup.com/mnras/article-abstract/475/3/4055/4797186
by University of Cambridge user
on 02 July 2018
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luminosity and temperature ( =T 3.93 0.1 keVX ; Shang &
Scharf 2009) and optical richness. According to previous
studies, IIZW108 has little intracluster light and is undergoing
major merging in its central regions, with four galaxies now in
the process of building up the BCG (Edwards et al. 2016; see also
Figure 3). The only velocity dispersion estimates for this cluster
are from WINGS and OMEGAWINGS: 549±42 km s−1

(Cava et al. 2009)and revised values of 611±38 km s−1 based
on 171 spectroscopic members (Moretti et al. 2017) and

-
+ -545 513 km s35

37 1 based on 179 spectroscopic members
including/excluding galaxies in substructures (A. Biviano et al.
2017, in preparation). Cluster mass and radius are estimated from
the dynamical analysis of A. Biviano et al. (2017, in preparation)
with the MAMPOSSt technique (Mamon et al. 2013) as =M200

´-
+

☉M1.91 100.45
0.96 14 and = -

+R 1.17 Mpc200 0.10
0.17 .25

The dynamical analysis of IIZW108 confirms that it has a
highly significant substructure in the central regionand shows
evidence for a few additional, less significant substructuresdis-
tributed from the northeast to the southwest of the cluster, as
shown in Figure 18 (see also A. Biviano et al. 2017, in
preparation). However, there is no evidence for JO206 residingin
any of these substructures. On the contrary, this galaxy appears to
haverecently falleninto the cluster as an isolated galaxy.
JO206 is located in the most favorable conditions for ram-

pressure stripping within the cluster: it is at a small projected
clustercentric radius ( ~r R0.3cl 200 from the BCG), and it
has a high differential velocity with respect to the cluster
redshift ( sD ~ ~-v 800 km s 1.5cl

1
cl; Figure 18). We can

compute the expected rampressure on JO206 by the ICM as
r= ´P vram ICM cl

2 (Gunn & Gott 1972), where r ( )rICM cl is the
radial density profile of the ICM. As we do not have a good
estimate of r ( )rICM cl for IIZW108, we used the well-studied Virgo
cluster as a close analog (the clusters have very similar mass),

Figure 16. Stellar maps of different ages, illustrating the average star formation rate per kpc2 during the last ´2 10 yr7 (top left), between ´2 10 yr7 and
´5.7 10 yr8 (top right), between ´5.7 10 yr8 and ´5.7 10 yr9 (bottom left), and> ´5.7 10 yr9 ago (bottom right). Contours in all panels are continuum isophotes,

as in Figure 4.

Figure 17. Left:map of luminosity-weighted stellar age. Right: stellar mass density map. Contours in both panels are continuum isophotes, as in Figure 4.

25Here R200 is defined as the projected radius delimiting a sphere with
aninterior mean density 200 times the critical density of the universe, and it is
a good approximation of the cluster virial radius.
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preparation). However, there is no evidence for JO206 residingin
any of these substructures. On the contrary, this galaxy appears to
haverecently falleninto the cluster as an isolated galaxy.
JO206 is located in the most favorable conditions for ram-

pressure stripping within the cluster: it is at a small projected
clustercentric radius ( ~r R0.3cl 200 from the BCG), and it
has a high differential velocity with respect to the cluster
redshift ( sD ~ ~-v 800 km s 1.5cl

1
cl; Figure 18). We can

compute the expected rampressure on JO206 by the ICM as
r= ´P vram ICM cl

2 (Gunn & Gott 1972), where r ( )rICM cl is the
radial density profile of the ICM. As we do not have a good
estimate of r ( )rICM cl for IIZW108, we used the well-studied Virgo
cluster as a close analog (the clusters have very similar mass),

Figure 16. Stellar maps of different ages, illustrating the average star formation rate per kpc2 during the last ´2 10 yr7 (top left), between ´2 10 yr7 and
´5.7 10 yr8 (top right), between ´5.7 10 yr8 and ´5.7 10 yr9 (bottom left), and> ´5.7 10 yr9 ago (bottom right). Contours in all panels are continuum isophotes,

as in Figure 4.

Figure 17. Left:map of luminosity-weighted stellar age. Right: stellar mass density map. Contours in both panels are continuum isophotes, as in Figure 4.

25Here R200 is defined as the projected radius delimiting a sphere with
aninterior mean density 200 times the critical density of the universe, and it is
a good approximation of the cluster virial radius.

17

The Astrophysical Journal, 844:48 (21pp), 2017 July 20 Poggianti et al.

SFR & cinematic
2nd age bin



luminosity and temperature ( =T 3.93 0.1 keVX ; Shang &
Scharf 2009) and optical richness. According to previous
studies, IIZW108 has little intracluster light and is undergoing
major merging in its central regions, with four galaxies now in
the process of building up the BCG (Edwards et al. 2016; see also
Figure 3). The only velocity dispersion estimates for this cluster
are from WINGS and OMEGAWINGS: 549±42 km s−1

(Cava et al. 2009)and revised values of 611±38 km s−1 based
on 171 spectroscopic members (Moretti et al. 2017) and

-
+ -545 513 km s35

37 1 based on 179 spectroscopic members
including/excluding galaxies in substructures (A. Biviano et al.
2017, in preparation). Cluster mass and radius are estimated from
the dynamical analysis of A. Biviano et al. (2017, in preparation)
with the MAMPOSSt technique (Mamon et al. 2013) as =M200
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The dynamical analysis of IIZW108 confirms that it has a
highly significant substructure in the central regionand shows
evidence for a few additional, less significant substructuresdis-
tributed from the northeast to the southwest of the cluster, as
shown in Figure 18 (see also A. Biviano et al. 2017, in
preparation). However, there is no evidence for JO206 residingin
any of these substructures. On the contrary, this galaxy appears to
haverecently falleninto the cluster as an isolated galaxy.
JO206 is located in the most favorable conditions for ram-

pressure stripping within the cluster: it is at a small projected
clustercentric radius ( ~r R0.3cl 200 from the BCG), and it
has a high differential velocity with respect to the cluster
redshift ( sD ~ ~-v 800 km s 1.5cl

1
cl; Figure 18). We can

compute the expected rampressure on JO206 by the ICM as
r= ´P vram ICM cl

2 (Gunn & Gott 1972), where r ( )rICM cl is the
radial density profile of the ICM. As we do not have a good
estimate of r ( )rICM cl for IIZW108, we used the well-studied Virgo
cluster as a close analog (the clusters have very similar mass),

Figure 16. Stellar maps of different ages, illustrating the average star formation rate per kpc2 during the last ´2 10 yr7 (top left), between ´2 10 yr7 and
´5.7 10 yr8 (top right), between ´5.7 10 yr8 and ´5.7 10 yr9 (bottom left), and> ´5.7 10 yr9 ago (bottom right). Contours in all panels are continuum isophotes,

as in Figure 4.

Figure 17. Left:map of luminosity-weighted stellar age. Right: stellar mass density map. Contours in both panels are continuum isophotes, as in Figure 4.

25Here R200 is defined as the projected radius delimiting a sphere with
aninterior mean density 200 times the critical density of the universe, and it is
a good approximation of the cluster virial radius.
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luminosity and temperature ( =T 3.93 0.1 keVX ; Shang &
Scharf 2009) and optical richness. According to previous
studies, IIZW108 has little intracluster light and is undergoing
major merging in its central regions, with four galaxies now in
the process of building up the BCG (Edwards et al. 2016; see also
Figure 3). The only velocity dispersion estimates for this cluster
are from WINGS and OMEGAWINGS: 549±42 km s−1

(Cava et al. 2009)and revised values of 611±38 km s−1 based
on 171 spectroscopic members (Moretti et al. 2017) and

-
+ -545 513 km s35

37 1 based on 179 spectroscopic members
including/excluding galaxies in substructures (A. Biviano et al.
2017, in preparation). Cluster mass and radius are estimated from
the dynamical analysis of A. Biviano et al. (2017, in preparation)
with the MAMPOSSt technique (Mamon et al. 2013) as =M200
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The dynamical analysis of IIZW108 confirms that it has a
highly significant substructure in the central regionand shows
evidence for a few additional, less significant substructuresdis-
tributed from the northeast to the southwest of the cluster, as
shown in Figure 18 (see also A. Biviano et al. 2017, in
preparation). However, there is no evidence for JO206 residingin
any of these substructures. On the contrary, this galaxy appears to
haverecently falleninto the cluster as an isolated galaxy.
JO206 is located in the most favorable conditions for ram-

pressure stripping within the cluster: it is at a small projected
clustercentric radius ( ~r R0.3cl 200 from the BCG), and it
has a high differential velocity with respect to the cluster
redshift ( sD ~ ~-v 800 km s 1.5cl

1
cl; Figure 18). We can

compute the expected rampressure on JO206 by the ICM as
r= ´P vram ICM cl

2 (Gunn & Gott 1972), where r ( )rICM cl is the
radial density profile of the ICM. As we do not have a good
estimate of r ( )rICM cl for IIZW108, we used the well-studied Virgo
cluster as a close analog (the clusters have very similar mass),

Figure 16. Stellar maps of different ages, illustrating the average star formation rate per kpc2 during the last ´2 10 yr7 (top left), between ´2 10 yr7 and
´5.7 10 yr8 (top right), between ´5.7 10 yr8 and ´5.7 10 yr9 (bottom left), and> ´5.7 10 yr9 ago (bottom right). Contours in all panels are continuum isophotes,

as in Figure 4.

Figure 17. Left:map of luminosity-weighted stellar age. Right: stellar mass density map. Contours in both panels are continuum isophotes, as in Figure 4.

25Here R200 is defined as the projected radius delimiting a sphere with
aninterior mean density 200 times the critical density of the universe, and it is
a good approximation of the cluster virial radius.
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SFR & cinematic

luminosity and temperature ( =T 3.93 0.1 keVX ; Shang &
Scharf 2009) and optical richness. According to previous
studies, IIZW108 has little intracluster light and is undergoing
major merging in its central regions, with four galaxies now in
the process of building up the BCG (Edwards et al. 2016; see also
Figure 3). The only velocity dispersion estimates for this cluster
are from WINGS and OMEGAWINGS: 549±42 km s−1

(Cava et al. 2009)and revised values of 611±38 km s−1 based
on 171 spectroscopic members (Moretti et al. 2017) and

-
+ -545 513 km s35

37 1 based on 179 spectroscopic members
including/excluding galaxies in substructures (A. Biviano et al.
2017, in preparation). Cluster mass and radius are estimated from
the dynamical analysis of A. Biviano et al. (2017, in preparation)
with the MAMPOSSt technique (Mamon et al. 2013) as =M200
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The dynamical analysis of IIZW108 confirms that it has a
highly significant substructure in the central regionand shows
evidence for a few additional, less significant substructuresdis-
tributed from the northeast to the southwest of the cluster, as
shown in Figure 18 (see also A. Biviano et al. 2017, in
preparation). However, there is no evidence for JO206 residingin
any of these substructures. On the contrary, this galaxy appears to
haverecently falleninto the cluster as an isolated galaxy.
JO206 is located in the most favorable conditions for ram-

pressure stripping within the cluster: it is at a small projected
clustercentric radius ( ~r R0.3cl 200 from the BCG), and it
has a high differential velocity with respect to the cluster
redshift ( sD ~ ~-v 800 km s 1.5cl

1
cl; Figure 18). We can

compute the expected rampressure on JO206 by the ICM as
r= ´P vram ICM cl

2 (Gunn & Gott 1972), where r ( )rICM cl is the
radial density profile of the ICM. As we do not have a good
estimate of r ( )rICM cl for IIZW108, we used the well-studied Virgo
cluster as a close analog (the clusters have very similar mass),

Figure 16. Stellar maps of different ages, illustrating the average star formation rate per kpc2 during the last ´2 10 yr7 (top left), between ´2 10 yr7 and
´5.7 10 yr8 (top right), between ´5.7 10 yr8 and ´5.7 10 yr9 (bottom left), and> ´5.7 10 yr9 ago (bottom right). Contours in all panels are continuum isophotes,

as in Figure 4.

Figure 17. Left:map of luminosity-weighted stellar age. Right: stellar mass density map. Contours in both panels are continuum isophotes, as in Figure 4.

25Here R200 is defined as the projected radius delimiting a sphere with
aninterior mean density 200 times the critical density of the universe, and it is
a good approximation of the cluster virial radius.
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Take Away

• RP is a quite efficient mechanism to trigger/
enhance star formation; 

• its effectiveness depends both on galactic and 
ICM properties; 

• RP-induced star formation might be used to date 
the age of IGM-ICM interaction.



THANKS!



SINOPSIS
SSP age binning

140 J. Fritz et al.: SFH in cluster galaxies

Fig. 1. Values of equivalent width of lines and of the D4000 index in the complete set of SSP spectra adopted and described in Sect. 2.1. All are
measured with the method described in Sect. 3 in spectra that have been degraded to a resolution FWHM = 6 Å. Note that equivalent widths are
expressed in Å, and for convenience, their absolute values are plotted. Green points refer to lines measured in emission (negative value of EW),
while red ones are measured in absorption. Vertical dashed lines identify the time intervals of the 13 averaged SSPs as in Table 1.

For instance, the third bin in Fig. 1 includes the stars in the
Wolf-Rayet phase, which have the hardest emission (e.g. UV
continuum) and dominate the SSP light between 4 and 6 Myr,
while the fourth bin includes stars in the Super-Red Giant phase.
Spectral line characteristics as a function of age will be exploited
as the most reliable way to assign an age value to the dominant
stellar populations, while the characteristics of the emission in
the continuum will constrain both the total stellar mass and the
dust attenuation.

Note that, due to the logarithmic scale of Fig. 1, the values of
equivalent width of the older SSPs seem to early reach an almost
constant trend for ages older than ∼2×108 years. However, when
measured on the 13 age-binned spectra, the spectral lines show
remarkably differences from one age to another.

Table 1 spells out the ages and the time interval ∆T over
which we consider a given population to have a constant star
formation rate. As arbitrary naming convention of these “average
SSPs”, in the following we refer to the age of the oldest stellar
population in that time interval. In total, we use 13 averaged SSP
spectra of fixed metallicity.

2.2. The best-fitting and optimization algorithm

Given the SSP spectra and the extinction law, the space param-
eter is defined by the 13 values of mass and 13 of extinction,
one for each stellar population. The code compares each

Table 1. The ages and durations (∆T ) of the set of averaged SSP spectra
used in this work, as it was built according to the criteria explained in
the text and in Fig. 1. Here ∆T is the time interval over which the SFR
is assumed to be constant.

Age interval [yr] ∆T [yr]
(0 ÷ 2) ×106 2.0 × 106

(2 ÷ 4) ×106 2.0 × 106

(4 ÷ 7) ×106 3.0 × 106

(7 ÷ 20) ×106 1.3 × 107

(2 ÷ 6) ×107 4.0 × 107

(6 ÷ 20) ×107 1.4 × 108

(2 ÷ 6) ×108 4.0 × 108

(6 ÷ 10) ×108 4.0 × 108

(1 ÷ 3.2) ×109 2.2 × 109

(3.2 ÷ 5.6) ×109 2.4 × 109

(5.6 ÷ 10) ×109 4.4 × 109

(1 ÷ 1.41) ×1010 4.1 × 109

(1.41 ÷ 1.78) ×1010 4.1 × 109

observed spectrum, previously corrected in order to account for
our Galaxy extinction using Schlegel et al. (1998) extinction
maps, with synthetic spectra automatically performing a random
exploration of the parameter space to find the best combination
of mass and extinction values that reproduces the observed spec-
trum. The comparison between model and observed spectrum is


