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Figure 27. Ultra-low-surface-brightness dwarf galaxy VF18-71 = VCC 1052
discovered by Sandage & Binggeli (1984). This is an SDSS color image from
WIKISKY. The contrast is set extremely high near the sky to show the low-
surface-brightness dwarf, but it is set very low at higher surface brightnesses
to show some of the internal structure in the trio of galaxies (left to right:
NGC 4440, NGC 4436, and NGC 4431) to the south. VCC 1052 is 4.′5 north of
NGC 4440. This field is in the heart of the Virgo Cluster: M 87 is almost due
east (to the left) and NGC 4374 + NGC 4406 are to the northwest (toward the
upper right).

in turning gas-rich galaxies into S0s. A drawback is that star-
vation decreases surface brightnesses; then Sph and S0 surface
brightnesses are surprisingly high (Boselli et al. 2009). Never-
theless, it seems unavoidable. We do not discuss it further only
because no observations that are within the scope of this paper
constrain it very directly.

8.5. Everything That Is Not Forbidden Is Mandatory

Astronomers like clean explanations. They debate about
which of many possible processes make spheroidals. We have
not reviewed them all; additional examples include various tidal
shaking variants of harassment (e.g., D’Onghia et al. 2009;
Kazantzidis et al. 2011) and the failure to accrete sufficient
baryons after reionization (e.g., Bullock et al. 2000; Cattaneo
et al. 2011).

We suggest that the relevant question is not “Which of these
mechanisms is correct?” It is “How can you stop any of them
from happening?” It seems likely to us that all of the above
processes matter.

9. THE REVISED PARALLEL-SEQUENCE
CLASSIFICATION AND GALAXY BIMODALITY IN THE

COLOR–MAGNITUDE RELATION

Figure 28 shows how spheroidal galaxies and more gener-
ally the revised parallel-sequence classification relate to the
galaxy bimodality in the SDSS color–magnitude diagram. The
bright part of the red sequence consists of ellipticals, S0s,
and early-type spirals. However, the luminosity functions of
all of these galaxy types are bounded (Binggeli et al. 1988;
see also Figure 3 here); they drop rapidly fainter than MV ∼
−18 (log M/M⊙ ∼ 9.7 in the bottom panel).

Figure 3 shows further that spheroidals with MV < −18 or
log M/M⊙ > 9.5 are rare but that the Sph luminosity function
rises rapidly at lower luminosities and masses. At the left

(a)

(b)

(c)

Figure 28. Correspondence between our parallel-sequence classification and
color bimodality in the SDSS color–magnitude relation. This figure is adapted
from a draft of Figure 1 in Cattaneo et al. (2009); we thank Andrea Cattaneo
for permission to use it. Panel (a) shows contours of galaxy number density in
the correlation between SDSS u − r color and galaxy baryonic mass M/M⊙
(Baldry et al. 2004). It shows the narrow “red sequence” of mostly non-star-
forming galaxies and the broader “blue cloud” of actively star-forming galaxies.
Panel (b) shows the morphological types from our Figure 1 that dominate in
various parts of panel (a). The rapidly rising luminosity function of spheroidal
galaxies at the low-mass limit of the diagram accounts for the contour around
(9.0, 2.2) in panel (a). Panel (c) shows the baryonic mass functions of the red
sequence, the blue cloud, and their sum (Bell et al. 2003). The faint-end upturn
of the red-sequence mass function is a statistical fluctuation; it is not a detection
of spheroidals. The diagonal line schematically shows the prediction from the
ΛCDM density fluctuation spectrum. The baryonic mass is approximated by
fbMhalo, where fb is the universal baryon fraction and Mhalo is the halo mass.
The well-known shortfall of observed galaxies with respect to this prediction
is usually interpreted as the result of Mcrit quenching aided by AGN feedback
and continued infall at the high-mass end and supernova-driven (“SN-driven”)
baryon ejection at the low-mass end (see Cattaneo et al. 2009 for a review). We
agree, but we suggest that other processes such as ram-pressure stripping also
transform blue-cloud galaxies into red-sequence Sphs. The important “take-
home point” is that the bright end of the red sequence consists of Es, S0s, and
early-type spirals, but the faint end—beyond the magnitude limit of most SDSS
studies—is dominated by spheroidal galaxies.

boundary of Figure 28, the red sequence is already dominated by
spheroidals. The E–Sph dichotomy is visible in Figure 28 as two
somewhat distinct high points in the red-sequence contours. This
is not evident in most published color–magnitude correlations
because the magnitude limits of most SDSS samples are too
bright to reach the more numerous spheroidals.
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Fig. 1.— The SFR-mass sequence for star-forming galaxies has a non-linear slope out to z = 2.5 (dotted line is linear). The running
medians and scatter are color-coded by redshift, with a power law fit above the mass and SFR completeness limits (solid lines in bottom,
right panel).

way that is independent from the SFR indicator. We
show that star-forming galaxies with different colors and
LIR/LUV ratios occupy different regions of the log(SFR)-
log(M⋆) plane.
We assume a ΛCDM cosmology with ΩM=0.3,

ΩΛ=0.7, and H0=70 km s−1 Mpc−1 throughout the pa-
per.

2. DATA AND SAMPLE SELECTION

Our sample of galaxies is drawn from the NMBS
(Whitaker et al. 2011). This survey employs a new tech-
nique of using five medium-bandwidth NIR filters to sam-
ple the Balmer/4000Å break from 1.5 < z < 3.5 at
a higher resolution than the standard broadband NIR
filters. The combination of the medium-band NIR im-
ages with deep optical medium and broadband photom-
etry and IRAC imaging over 0.4 deg2 results in accu-
rate photometric redshifts (∆z/(1 + z) ! 2%), rest-
frame colors and stellar population parameters. The
SFRs presented in this paper are based in part on
Spitzer -MIPS fluxes at 24µm that are derived from the
S-COSMOS (Sanders et al. 2007) and FIDEL4 surveys.
A comprehensive overview of the survey can be found
in Whitaker et al. (2011). The stellar masses used in
this work are derived using FAST (Kriek et al. 2009),
with Bruzual & Charlot (2003) models that assume a
Chabrier (2003) initial mass function (IMF), solar metal-
licity, exponentially declining star formation histories

4 http://irsa.ipac.caltech.edu/data/SPITZER/FIDEL/

and dust extinction following the Calzetti et al. (2000)
extinction law.
The SFRs are determined by adding the UV and IR

emission, SFRUV+IR = 0.98 × 10−10(LIR + 3.3L2800)
(Kennicutt 1998), adapted for the Kroupa IMF by
Franx et al. (2008), accounting for the unobscured and
obscured star formation, respectively. We adopt a
luminosity-independent conversion from the observed
24µm flux to the total IR luminosity (LIR ≡ L(8–
1000µm)), based on a single template that is the log av-
erage of Dale & Helou (2002) templates with 1 < α <
2.5, following Wuyts et al. (2008); Franx et al. (2008);
Muzzin et al. (2010), and in good median agreement with
recent Herschel/PACS measurements by Wuyts et al.
(2011a). The luminosities at 2800Å (L2800) are derived
directly from the best-fit template to the observed pho-
tometry, using the same methodology as the rest-frame
colors (see Brammer et al. 2011).
With accurate rest-frame colors, it is possible to

isolate “clean” samples of star-forming and quies-
cent galaxies using two rest-frame colors out to
high redshifts (Labbé et al. 2005; Wuyts et al. 2007;
Williams et al. 2009; Ilbert et al. 2009; Brammer et al.
2011; Whitaker et al. 2011). The quiescent galaxies have
strong Balmer/4000Å breaks, characterized by red U–V
colors and bluer V –J colors relative to dusty star-forming
galaxies at the same U–V color.
Whitaker et al. (2011) demonstrated that there is a

clear delineation between star-forming and quiescent
galaxies with the NMBS data set. Quiescent galaxies are

Whitaker+15 
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The Star-formation Mass Sequence out to z = 2.5 5

Fig. 4.— A cartoon (left) and observed (right) view of how star-forming galaxies populate the log(SFR)-log(M⋆) plane, with 54% of all
galaxies residing on the “normal” star formation sequence, showing increasing amounts of dust (higher LIR/LUV ratios) and lower sSFRs
(shallower slope) towards higher stellar mass. 7% of galaxies have blue colors and high LIR/LUV ratios, falling in the upper envelope (grey).
11% of galaxies have low LIR/LUV ratios and red colors, populating the lower envelope (also grey).

sequence, with a significantly shallower slope of ∼ 0.6.
We note that some models predict slopes that are too
steep compared to the observations (e.g., Bouché et al.
2010; Dutton et al. 2010); it is possible that discrep-
ancies between the inferred SFRs may be alleviated if
the stellar IMF is systematically weighted toward more
high-mass star formation in rapidly star-forming galaxies
(Narayanan & Davé 2012).
The observed scatter of the “normal” star formation

sequence is 0.25 dex, which includes contributions from
both random and systematic errors. We estimate the av-
erage random scatter by perturbing the 24µm photome-
try and photometric redshifts within the 1σ error bars for
100 realizations, finding a small contribution of ∼ 0.05
dex. Additionally, about 0.08 dex scatter is introduced
because the average SFR evolves within the redshift bin.
Finally, uncertainties in the conversion from 24µm flux to
LIR introduce ∼ 0.15 dex scatter (Marcillac et al. 2006),
although we note that this value is quite uncertain (e.g.,
Wuyts et al. 2011a). In total, we estimate that random
and systematic errors introduce 0.18 dex scatter to the
star formation sequence, from which we estimate the in-
trinsic scatter to be 0.17 dex . Semi-analytic models pre-
dict an even smaller scatter (0.12±0.1 dex). However, the
model scatter may be underestimated due to a simplified
treatment of the halo mass accretion history. Cosmolog-
ical hydrodynamical simulations by Dekel et al. (2009)
find a scatter of up to 0.3 dex in the gas accretion rates
on to galaxies in 1012 M⊙ haloes at z = 2.5. If this scatter
translates linearly into scatter in the SFRs, this may rec-
oncile the differences between the models and observed
scatter.
To bolster the cartoon view presented in Figure 4, we

additionally consider the composite SEDs of normal star-
forming galaxies in bins of stellar mass. Due to the in-
creasing levels of dust attenuation, we see a clear evo-
lution of the composite SEDs in Figure 5. On average,
the most massive star-forming galaxies have characteris-
tically dusty spectral shapes, with a 2175Å dust feature
evident, whereas lower stellar mass galaxies have decreas-
ing amounts of dust obscuration. We note that we see

similar trends at higher and lower redshifts, but are un-
able to make robust statements due to incompleteness.
We speculate that the small fraction of dusty, blue

galaxies are mainly starbursts, as very few appear to
be associated with X-ray sources. Remarkably, we see
that the spectral shapes of these galaxies are all very
similar, irrespective of stellar mass (upper right panel in
Figure 5). This suggests that the same physical process
is dominating the stellar light, possibly a merger driven
starburst.
While 28% of galaxies with log(M⋆) > 10 have already

quenched their star formation at 1 < z < 1.5, we find
that 11% may be in the process of shutting down star for-
mation. These galaxies have red colors and low LIR/LUV
ratios, occupying the lower envelope of the star forma-
tion sequence. We compare the composite SEDs of these
red, low-dust star-forming galaxies to that of quiescent
galaxies at the same stellar mass and redshift (solid lines
in bottom right panel of Figure 5). These galaxies have
similar rest-frame V –J colors to quiescent galaxies, but
somewhat bluer rest-frame U–V colors, consistent with
the idea that they are in the process of shutting down star
formation and may soon migrate to the red sequence.
By studying four distinct populations of galaxies se-

lected from the NMBS, we have demonstrated that quan-
tifying the observed properties of the star formation se-
quence and how the sequence evolves with time requires
a thorough understanding of the selection techniques and
biases. A consequence of the strong dependence of dust
attenuation on stellar mass is that measurements of the
star formation sequence will depend critically on the sam-
ple selection. The gradual evolution we measure of the
slope of the star formation sequence toward shallower
values at high-z is driven by the combination of the cur-
vature of the “normal” star formation sequence and the
evolution of the mass-completeness limits with redshift.
An in-depth analysis of the physical properties of these
galaxies and comparisons between the observations and
models will help constrain the physical mechanism driv-
ing this potential curvature and the outliers from the star
formation sequence.
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Fig. 4.— A cartoon (left) and observed (right) view of how star-forming galaxies populate the log(SFR)-log(M⋆) plane, with 54% of all
galaxies residing on the “normal” star formation sequence, showing increasing amounts of dust (higher LIR/LUV ratios) and lower sSFRs
(shallower slope) towards higher stellar mass. 7% of galaxies have blue colors and high LIR/LUV ratios, falling in the upper envelope (grey).
11% of galaxies have low LIR/LUV ratios and red colors, populating the lower envelope (also grey).
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We note that some models predict slopes that are too
steep compared to the observations (e.g., Bouché et al.
2010; Dutton et al. 2010); it is possible that discrep-
ancies between the inferred SFRs may be alleviated if
the stellar IMF is systematically weighted toward more
high-mass star formation in rapidly star-forming galaxies
(Narayanan & Davé 2012).
The observed scatter of the “normal” star formation

sequence is 0.25 dex, which includes contributions from
both random and systematic errors. We estimate the av-
erage random scatter by perturbing the 24µm photome-
try and photometric redshifts within the 1σ error bars for
100 realizations, finding a small contribution of ∼ 0.05
dex. Additionally, about 0.08 dex scatter is introduced
because the average SFR evolves within the redshift bin.
Finally, uncertainties in the conversion from 24µm flux to
LIR introduce ∼ 0.15 dex scatter (Marcillac et al. 2006),
although we note that this value is quite uncertain (e.g.,
Wuyts et al. 2011a). In total, we estimate that random
and systematic errors introduce 0.18 dex scatter to the
star formation sequence, from which we estimate the in-
trinsic scatter to be 0.17 dex . Semi-analytic models pre-
dict an even smaller scatter (0.12±0.1 dex). However, the
model scatter may be underestimated due to a simplified
treatment of the halo mass accretion history. Cosmolog-
ical hydrodynamical simulations by Dekel et al. (2009)
find a scatter of up to 0.3 dex in the gas accretion rates
on to galaxies in 1012 M⊙ haloes at z = 2.5. If this scatter
translates linearly into scatter in the SFRs, this may rec-
oncile the differences between the models and observed
scatter.
To bolster the cartoon view presented in Figure 4, we

additionally consider the composite SEDs of normal star-
forming galaxies in bins of stellar mass. Due to the in-
creasing levels of dust attenuation, we see a clear evo-
lution of the composite SEDs in Figure 5. On average,
the most massive star-forming galaxies have characteris-
tically dusty spectral shapes, with a 2175Å dust feature
evident, whereas lower stellar mass galaxies have decreas-
ing amounts of dust obscuration. We note that we see

similar trends at higher and lower redshifts, but are un-
able to make robust statements due to incompleteness.
We speculate that the small fraction of dusty, blue

galaxies are mainly starbursts, as very few appear to
be associated with X-ray sources. Remarkably, we see
that the spectral shapes of these galaxies are all very
similar, irrespective of stellar mass (upper right panel in
Figure 5). This suggests that the same physical process
is dominating the stellar light, possibly a merger driven
starburst.
While 28% of galaxies with log(M⋆) > 10 have already

quenched their star formation at 1 < z < 1.5, we find
that 11% may be in the process of shutting down star for-
mation. These galaxies have red colors and low LIR/LUV
ratios, occupying the lower envelope of the star forma-
tion sequence. We compare the composite SEDs of these
red, low-dust star-forming galaxies to that of quiescent
galaxies at the same stellar mass and redshift (solid lines
in bottom right panel of Figure 5). These galaxies have
similar rest-frame V –J colors to quiescent galaxies, but
somewhat bluer rest-frame U–V colors, consistent with
the idea that they are in the process of shutting down star
formation and may soon migrate to the red sequence.
By studying four distinct populations of galaxies se-

lected from the NMBS, we have demonstrated that quan-
tifying the observed properties of the star formation se-
quence and how the sequence evolves with time requires
a thorough understanding of the selection techniques and
biases. A consequence of the strong dependence of dust
attenuation on stellar mass is that measurements of the
star formation sequence will depend critically on the sam-
ple selection. The gradual evolution we measure of the
slope of the star formation sequence toward shallower
values at high-z is driven by the combination of the cur-
vature of the “normal” star formation sequence and the
evolution of the mass-completeness limits with redshift.
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galaxies and comparisons between the observations and
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ing this potential curvature and the outliers from the star
formation sequence.
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Fig. 4.— A cartoon (left) and observed (right) view of how star-forming galaxies populate the log(SFR)-log(M⋆) plane, with 54% of all
galaxies residing on the “normal” star formation sequence, showing increasing amounts of dust (higher LIR/LUV ratios) and lower sSFRs
(shallower slope) towards higher stellar mass. 7% of galaxies have blue colors and high LIR/LUV ratios, falling in the upper envelope (grey).
11% of galaxies have low LIR/LUV ratios and red colors, populating the lower envelope (also grey).
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similar, irrespective of stellar mass (upper right panel in
Figure 5). This suggests that the same physical process
is dominating the stellar light, possibly a merger driven
starburst.
While 28% of galaxies with log(M⋆) > 10 have already
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that 11% may be in the process of shutting down star for-
mation. These galaxies have red colors and low LIR/LUV
ratios, occupying the lower envelope of the star forma-
tion sequence. We compare the composite SEDs of these
red, low-dust star-forming galaxies to that of quiescent
galaxies at the same stellar mass and redshift (solid lines
in bottom right panel of Figure 5). These galaxies have
similar rest-frame V –J colors to quiescent galaxies, but
somewhat bluer rest-frame U–V colors, consistent with
the idea that they are in the process of shutting down star
formation and may soon migrate to the red sequence.
By studying four distinct populations of galaxies se-

lected from the NMBS, we have demonstrated that quan-
tifying the observed properties of the star formation se-
quence and how the sequence evolves with time requires
a thorough understanding of the selection techniques and
biases. A consequence of the strong dependence of dust
attenuation on stellar mass is that measurements of the
star formation sequence will depend critically on the sam-
ple selection. The gradual evolution we measure of the
slope of the star formation sequence toward shallower
values at high-z is driven by the combination of the cur-
vature of the “normal” star formation sequence and the
evolution of the mass-completeness limits with redshift.
An in-depth analysis of the physical properties of these
galaxies and comparisons between the observations and
models will help constrain the physical mechanism driv-
ing this potential curvature and the outliers from the star
formation sequence.
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Environment and self-regulation in galaxy formation 11

Figure 9. Specific star formation rate as function of look-back time for early-type galaxies of various masses as indicated by the labels. The grey hatched curves
indicate the range of possible variation in the formation time-scales that are allowed within the intrinsic scatter of the α/Fe ratios derived. No dependence on
environmental density is found. The upper x-axis connects time and redshift adopting Ωm = 0.24, ΩΛ = 0.76, andH0 = 73 km/s/Mpc. Note that these star
formation histories are meant to sketch the typical formation history averaged over the entire galaxy population (at a given mass). Real star formation histories
of individual objects are expected to be more bursty and irregular. Intermediate- and low-mass galaxies in low-density environments get rejuvenated via minor
star formation events below redshift z ∼ 0.2 (see Section 3.8). This suggests a phase transition from a self-regulated formation phase without environmental
dependence to a rejuvenation phase, in which the environment plays a decisive role possibly through galaxy mergers and interactions.

indeed be occurring in early-type galaxies also at recent epochs.
Moreover, AGN outflows at high redshift provide observational ev-
idence for AGN feedback at early epochs in the evolution of galax-
ies (e.g. Nesvadba et al. 2008). The most recent renditions of semi-
analytic, hierarchical galaxy formation models include a prescrip-
tion of AGN feedback (De Lucia et al. 2006; Croton et al. 2006;
Bower et al. 2006; Monaco et al. 2007; Cattaneo et al. 2005, 2006;
Dekel & Birnboim 2006; Cattaneo et al. 2007; Cavaliere & Menci
2007). De Lucia et al. (2006) show that the simulations now pro-
duce star formation histories that are much closer to the obser-
vational constraint presented in T05 (and Fig. 9 of the present
work) than previous generations of semi-analytic models. The ob-
served α/Fe enhancement of early-type galaxies and in particu-
lar its correlation with galaxy mass (Fig. 3) needs yet to be recon-
ciled with hierarchical models of galaxy formation (Thomas 1999;
Nagashima et al. 2005; Pipino et al. 2009). In Pipino et al. (2009)
it is shown that the predicted α/Fe-mass relationship is still flat-
ter and has considerably more scatter than the observations even in
models with AGN feedback. This conclusion is confirmed by the
recent study of Arrigoni et al. (2009), who show that the α/Fe-σ
relation can only be produced if a top-heavy initial mass function
and a lower fraction of binaries that explode as Type Ia supernovae
are adopted.

4.3 Phase transitions in the local universe

A fundamental difference with respect to previous results is the lack
of a dependence on environment. Fig. 10 in T05 presenting the for-
mation epochs shows a significant delay in the formation of mas-
sive galaxies in the field. As discussed in T05, this suggested that
massive galaxies in low densities form later but on the same time-
scales as their counterparts in clusters (see Fig. 10 in T05) as the
direct consequence of early-type galaxies in denser environments
having higher ages but the same α/Fe ratios. This implied that star
formation must have essentially been on hold for the first 3 Gyr
in massive objects in low densities. The new (and statistically more
robust) results presented here suggest a different picture. In the new
version of the star formation history plot (see Fig. 9) the main for-
mation epochs of early-type galaxies as a function of galaxy mass
are independent of the environmental density.

However, some early-type galaxies are rejuvenated, i.e. they
must have harboured minor star formation events at recent epochs
within the past few Gyrs (see Section 3). Such recent star forma-
tion activity that we call ’rejuvenation’ occurs on top of the star for-
mation histories shown in Fig. 9. The fraction of this rejuvenated
galaxy population increases both with decreasing galaxy mass and
with decreasing environmental density (see Fig. 8). This implies
that the impact of environment increases with decreasing galaxy
mass (Tasca et al. 2009). The dependence on environment suggests
that galaxy interactions and merger activity might have been the
major triggers of early-type galaxy rejuvenation in the past few

Thomas+09 
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Bimodality in galaxies distribution 
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Salim+07 

sian function. At this time, the region between the blue cloud and the red sequence,

merely noted as a rather empty-region between two peaks, acquired its own identity

and the term “green valley” was coined (see Figure 1.2, Salim et al., 2007)

Figure 1.2: Color-magnitude diagram of the SDSS/GALEX galaxies at z < 0.22

(Salim et al., 2007), showing clearly the di↵erent galaxy populations (blue cloud,

green valley and red sequence). The horizontal axis represents the SDSS r-band

absolute magnitude and the vertical axis represents the NUV�r color. The dashed

horizontal lines delimit the green valley region. The gray arrow illustrates the pas-

sage of a galaxy on the CMD: from the blue cloud to the red sequence, passing

through the green valley.

Many di↵erences have been identified between galaxies in the blue cloud and

those in the red sequence: blue cloud galaxies are typically gas-rich galaxies with

predominantly young populations and active star formation, while red sequence

galaxies are for the most part passive gas-poor galaxies with older stellar populations.

Moreover, Pan et al. (2013) have shown that stellar populations in green valley

galaxies are older than those in blue cloud galaxies and younger than those in red

sequence galaxies. This supports an evolutionary scenario on the galaxy CMD,

where blue galaxies evolve into red ones, transitioning through the green valley.

3



AGN feedback in the Green Valley  
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Terceira análise
Cessação da formação estelar em função da presença de AGN 

Blue Cloudl
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Nogueira-Cavalcante, Riguccini et al., in prep 
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Jellyfishes galaxies 

VCC1217 in the Virgo 
cluster, Fumagalli+11 

Ram-pressure  
stripped galaxies 

In the Coma 
cluster, 
Kenney+15 

Check also Ebeling+14, 
Poggianti+15, etc. 
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Star-formation activity in Early-type 
galaxies (ETGs) 

Davis+12, ATLAS3D 
collaboration 
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Star-formation activity in Early-type 
galaxies (ETGs) 

Davis+12, ATLAS3D 
collaboration 

What is the effect of the environment on the 
star-formation activity of ETGs? 
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MIEGs 
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NGC 4694  
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HI distribution of NGC 4694 region from 
Chung+09 

dwarf galaxy 
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Coma MIEGs 
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HI detections 
350 H. Bravo–Alfaro et al.: VLA HI imaging and continuum in Coma. II.
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Fig. 3a. Hi density distribution of Mrk 057, superposed on a
DSS B-band gray scale image. The contours are 0.6 (2.5 σ), 2.3,
3.4, 4.6, 5.7, 6.8 and 8.0× 1020 cm−2. The FWHM is indicated
by the circle, 30.7′′ × 27.2′′ .
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Fig. 3b. Intensity weighted mean velocity field of Mrk 057.
The optical center of the galaxy is indicated with a cross. The
numbers indicate heliocentric velocity in km s−1. The FWHM
is indicated by the circle, 30.7′′ × 27.2′′ .

CO peak is detected in the NW, roughly coincident with
the Hi and radio continuum emission. Lavezzi et al. (1999)
reported a normal MH2 content (2.56 × 109 M⊙), which
gives a very low fraction of neutral to molecular gas ratio:
MHI/MH2 ∼ 0.17 (NGC4848 is Hi deficient by a factor of
around 10).
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Fig. 4. Hi density distribution of NGC 4848, superposed on a
DSS B-band gray scale image. The contours are 0.3 (2.5 σ),
1.0, 1.7, and 2.3 × 1020 cm−2. The FWHM is indicated by the
circle, 30.5′′ × 27.5′′.

Mergers do not account for the Hi morphology or the
star formation activity in NGC4848, because no obvi-
ous companion is seen in the DSS optical image (Fig. 4).
However, the more detailed B-band CCD imaging by
Gavazzi et al. (1990) shows a ring-like structure and blue
bright zones in the NW, where the Hi and the secondary
peaks of CO, Hα and 20 cm radio continuum are found.
The hypothesis of a dwarf system crossing the NGC 4848
disk is explored by Vollmer et al. (2001a) but further ob-
servations, both optical and higher resolution Hi imaging,
are needed to confirm it. N–body simulations by the same
authors suggest that NGC4848 has already gone through
the cluster core, 4×108 yr ago, and is now moving away
from the cluster. They conclude that re-accretion of some
of the stripped gas could explain the star formation burst.

Mrk58
This Sb, blue disk galaxy is projected onto the X–ray

emission, some 20′ (∼400 kpc) SW of NGC4874, in the
zone lying between the main cluster and the SW group.
It is gas deficient by a factor of 3. Its Hi map (Fig. 5)
displays a considerably asymmetry, with the gas swept
from the NE. The Hi is observed at an offset posi-
tion of ∼12′′ (4 kpc) SW from the optical disk. The ob-
served Hi distribution could be explained if we consider
the supersonic velocity of Mrk 58 relative to the clus-
ter, 1575 km s−1 (the sound speed in Coma is estimated
around 1460 kms−1 by Stevens et al. 1999); under these
conditions the interaction with the ICM may produce
ram pressure stripping to enhance the density behind the
galaxy (Stevens et al. 1999).
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HI detections 
✔ 

✔ 

✔ 

✔ 

GMRT observations carried 
out last July-August 

Data reduction on the way… 
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F24/FK 
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r 

Typical spectra 
of a MIEG; 
numerous 
emission lines 

Typical spectra of 
an ETG (non 
MIEG), no 
emission lines, 
few absorption 
lines 

Hα Hβ 

Hα 

Spiral 
galaxies 

ETGs 

Riguccini+15 

MIEGs 

MIEGs:  
•  star formation as high as in late-types 
•  optical colors much bluer than normal galaxies 
•  Hα emission line : confirmed star formation activity 
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Nature of the MIEGs 
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3 optically blue galaxies with F24/FK ratio similar to the bulk of ETGs in Coma 

Blue ETGs in Coma 
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D.M.Neumannetal.:ThedynamicalstateoftheComacluster7

Fig.2.TheimageisthesameasinFig.1onlywithdifferentimagevaluecutsandalinearlook-up-table(lut)insteadofa
logarithmiclut.Thecontoursarethesignificancesoftheresidualsabovemainrelaxedclusterandbackgroundemission
(seealsotext).Thelowestcontourandthestepwidthbetweentwocontoursareeach5σ.Colourscale:darkblueregions
correspondtoacountrateof0.0192cts/sec/arcmin2andwhiteregionstocountrates≥0.32cts/sec/arcmin2.

Onefinalpointconcerningtheresults:thehardness
ratioimageshowstwo“hotspots”totheSouth.Thesig-
nificanceofthesetwopointsisverylowsincetheylieboth
inpointingno.4,whichhasanexceptionallylowexposure
time(seeTab.1).Itisthusquitelikelythatthesefeatures
arestatisticalartefacts.

5.Discussion

5.1.InfallofasubstructurelocatedbetweenComa
centerandNGC4839

InFigure3,thereisanobvious,largeresidualtotheWest
oftheclustercentre.Theregionlyingbetweenthisstruc-
tureandtheComacentreshowsatemperatureincreaseto
temperaturesequaltoorabove10keV.Thissuggeststhat
itisheatedviacompressionorviashockwaves,whichwere
createdduringtheinfallofthissub-structureontothe
Comacentre.Thecreationofshockwavesisobservedin

Neumann+03 
40 
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Background image: ROSAT X-ray image 
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ETGs 

MIEGs 

Distribution of the MIEGs among 
the Coma cluster 
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Background image: ROSAT X-ray image 
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ETGs 

MIEGs 

Distribution of the MIEGs among 
the Coma cluster 

Galaxies at different stages of their 
evolutionary history : 

- MIEGs = ETGs with signs of 
strong star formation (hypothesis of 
cluster merging triggering the star 
formation) 

- « Blue sources » = ETGs with 
blue optical colors but no remaining 
of current star formation (post-
MIEG candidates where the recent 
star formation would have been 
quenched due to ram pressure 
stripping) 
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Search for MIEGs-type sources in 
other clusters 

•  Work lead by Douglas Brambila (Valongo) 

•  Need to adapt the MIEGs criterium from 
Riguccini+15 to a all sky survey 

•  Need to revise the way to select ETGs 

•  Solutions: 
– WISE all-sky survey: L22/L3.4 instead of L24/LK  
– Morphological parameters: frac-dev> 0.8 and 

concentration > 2.6 
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et al. (2012) on the y-axis. Excluding three sources that show
unrealistic flux estimates (NGC 4365, NGC 4621, NGC 4649),
a linear fit to these data returns a slope of (0.98± 0.01) and a
y-intercept of (1.85± 0.79)mJy, showing that on average these
flux estimates are identical.
These three outliers, marked with black squares on Figure 1,

are elliptical galaxies and their fluxes are not expected to be as
high as estimated by Leipski et al. (2012). Bressan et al. (2007)
looked at the IRS Spitzer spectroscopy of ETGs. NGC 4365
and NGC 4621 are part of their sample and they found that
these two galaxies show clear evidence for dust emission
beyond 8 μm, which could explain the difficulties encountered
in determining their 24 μm fluxes. Martini et al. (2013) selected
38 ETGs to study their dust properties and reported the 24 μm
fluxes of NGC 4365, NGC 4621, and NGC 4649 to be,
respectively, 31.2, 33.2, and 59.4 mJy. These values are closer
to the fluxes obtained by Temi et al. (2009b) (22.2
+/−4.7 mJy, 34.9+/−6.3 mJy, and 108+/−10 mJy, respec-
tively) than the ones obtained by Leipski et al. (2012) (110.01,
100.62, and 342.10 mJy, respectively). This figure shows
evidence that our 24 μm fluxes are in agreement with another
study and appear reliable.

Figure 1. L24μm/LK distribution as a function of the K-band luminosity for our samples of early-type galaxies in Virgo (in red) and Coma (in blue). Elliptical galaxies
are represented by open symbols while lenticulars are represented by filled ones. Known AGN sources are marked in green (green rectangles for Virgo and green
triangles for Coma). The histograms on the right side show the L24μm/LK distribution for non-AGN sources. The black lines (dashed for Virgo and dot–dashed for
Coma) correspond to the best fit of each distribution. The three black rectangles are sources with extreme 24 μm fluxes according to Leipski et al. (2012), as detailed in
Section 3.2.1.

Figure 2. Correlation between the 24 μm flux estimates from Leipski et al.
(2012) and Temi et al. (2009b). The dotted line is a fit obtained while excluding
three outliers (red diamonds with names, except for NGC 4472, since the
Leipski et al. 2012 estimate is much larger) and the dot–dashed lines are 3σ
limits.
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The Astrophysical Journal, 810:138 (21pp), 2015 September 10 Riguccini et al.
Mid-IR Enhanced Galaxies (MIEGs) 
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•  The already known 
MIEGs from 
Riguccini+15 are 
not selected as 
ETG by the new 
ETG selection but 
they lie in the 
« non-ETG » part 
of the diagram 

•  6 new MIEG-type 
source have been 
found 

Check of the new 
method on the 
Coma cluster: 
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Log(Lw1) vs Log(Lw4/Lw1) for Coma
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S-PLUS survey 
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astronomical facility in Chile (Cerro 
Pachón), dedicated to mapping the 
observable Universe in 7 narrow-band 
filters and 5 broad-band (Sloan-like, 
ugriz) filters in the optical region 

Covering 8,500 sq degrees 
with the T-80 South Telescope 
(0.826-meter) 



S-PLUS survey: filters 
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Conclusions	

" We isolate extreme lenticulars (MIEGs) in the Coma sample and the 
Virgo sample: sample of transition galaxies 
" Coma MIEGs show peculiar properties, different than the rest of the 
ETGs sample: 

# Located in the SW part of the cluster (infalling substructure): 
enhanced star formation 
# Typical spectra with emission lines (and bluer g-r colors) 
# Interesting objects with peculiar morphology (disturbed): new class 
of transition objects? 

"  Analogy: These blue sources would be the analogs of the post-
starburst candidates in a evolutionary path for ETGs where MIEGs would 
be the analog of starburst galaxies.  
"  Interest in expanding the search for MIEGs to other clusters: we want 
large numbers of galaxies in transition 
"  great candidates for an S-PLUS project!! 



The Astrophysical Journal Letters, 781:L40 (5pp), 2014 February 1 Ebeling, Stephenson, & Edge

Figure 1. HST images of extreme cases of ram-pressure stripping in galaxy clusters at z > 0.2. From left to right: galaxy C153 in A2125 at z = 0.20 (WFPC2,
F606W+F814W; Owen et al. 2006); galaxy 234144–260358 in A2667 at z = 0.23 (ACS, F450W+F606W+F814W; Cortese et al. 2007); galaxy F0083 in A2744 at
z = 0.31 (ACS, F435W+F606W+F814W; Owers et al. 2012).
(A color version of this figure is available in the online journal.)

were, however, mainly and necessarily based on observations
of modest stripping events. Extreme ram-pressure stripping is
expected to proceed rapidly and likely requires both high ICM
densities and suitable galaxy properties (e.g., favorable infall
trajectory, gas mass, orientation), conditions that are unlikely
to be met in the small number of nearby clusters, all of which
feature relatively low mass (except for Coma). Indeed, observa-
tions show atomic hydrogen in infalling galaxies to be displaced
and partly removed (e.g., Scott et al. 2010), but find the denser,
more centrally located molecular gas essentially unperturbed
(e.g., Boselli et al. 1997; Vollmer et al. 2001a). In addition, star
formation is found to be globally quenched (and only mildly
enhanced in compressed regions) rather than massively boosted
at the galaxy–ICM interface. All of these findings point toward
mild ram-pressure stripping acting gradually and repeatedly on
galaxies falling into, or orbiting in, clusters.

Extremely rapid and essentially complete stripping must
occur too, but is much more rarely observed because of the,
presumably, much shorter duration of the event (<108 yr, i.e.,
a fraction of a crossing time) and because of its reliance on
a truly extreme environment. The latter is, however, routinely
encountered by galaxies falling into very massive clusters where
the particle density3 of the ICM easily exceeds 10−3 cm−3, and
peculiar galaxy velocities of 1000 km s−1 or more are common.

Consistent with the aforementioned observational bias, the
most dramatic examples of ram-pressure stripping discovered
so far were found in moderately distant, X-ray luminous clusters.
Shown in Figure 1 are the three most dramatic cases of ram-
pressure stripping discovered so far in Hubble Space Telescope
(HST) images of clusters at z > 0.2 (Owen et al. 2006; Cortese
et al. 2007; Owers et al. 2012). In all cases, the respective galaxy
features intense star formation across much of its visible disk,
making it the brightest member of its host cluster at 4000 Å. Al-
though debris trails of star-forming knots are discernible already
with WFPC2 (left panel of Figure 1), the greatly superior resolu-
tion and sensitivity of the Advanced Camera for Surveys (ACS)
is evident (central and right panel of Figure 1). Detailed studies
of all three objects suggest that multiple phases of ram-pressure
stripping can overlap sufficiently to be observed concurrently:
shock compression of the ISM at the galaxy–gas interface caus-
ing vigorous and widespread starbursts, removal of intragalactic
gas, star formation in molecular clouds swept out of the galaxy,
as well as partial back-infall. Furthermore, tidal compression

3 In spite of the enrichment of the ICM with metals, hydrogen is the
dominant atomic species encountered; hence, an ICM particle density of
10−3 cm−3 corresponds approximately to a mass density of 10−24 g cm−3.

in the cluster’s gravitational potential may contribute to the ob-
served pronounced and widespread star formation.

More robust conclusions are hard to arrive at from the few
examples observed to date since, as expected from simple theo-
retical considerations and the results of numerical simulations,
the progression and observational signature of extreme ram-
pressure stripping depends greatly on the intrinsic properties,
orientation, and orbital parameters of the infalling galaxy. A
significantly larger sample of galaxies caught in this violent
phase of their evolution is needed to allow us to test, on a sound
statistical basis, the predictions of numerical simulations in a
physical regime that has barely been probed in studies of galaxy
evolution in nearby clusters.

3. SAMPLE, OBSERVATIONS, AND DATA REDUCTION

In order to identify additional examples of extreme
galaxy–gas interactions in very massive clusters we searched
for the tell-tale signature of ram-pressure stripping in images
of clusters from the Massive Cluster Survey (MACS; Ebeling
et al. 2001) obtained with ACS aboard HST. Our project uses
all 37 MACS clusters4 observed with ACS in two passbands
(F606W and F814W) as part of the HST snapshot programs
GO–10491, –10875, –12166, and –12884 (PI: Ebeling) as of
2013 June 1. This sample constitutes an unbiased subset of the
larger SNAP target list of 128 MACS clusters at 0.3 < z < 0.5,
since their selection for observation was solely driven by con-
straints on the HST observing schedule. Charge-transfer ineffi-
ciency corrected images were aligned and registered using the
astrometric solution of the F606W image as a reference; we
created false-color images using the average of both bands for
the green channel. Source properties were determined using
SExtractor (Bertin & Arnouts 1996) in dual-image mode with
F606W chosen as the detection band.

Our search for galaxies experiencing violent encounters with
the ICM consists of two parts. We first perform a simple
visual inspection of the color images of all clusters to identify
the brightest and most spectacular examples of extreme ram-
pressure stripping. The second phase then uses the unambiguous
cases thus unveiled as a training set to establish quantitative
color and morphology criteria that allow the selection of fainter
objects of conspicuous but less compelling visual appearance
to create an even larger sample of galaxies that might be
experiencing a similar transformation. In this Letter, we focus

4 Four of these in fact hail from the southern extension of MACS which
covers the extragalactic sky at δ < −40◦.
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Figure 1. HST images of extreme cases of ram-pressure stripping in galaxy clusters at z > 0.2. From left to right: galaxy C153 in A2125 at z = 0.20 (WFPC2,
F606W+F814W; Owen et al. 2006); galaxy 234144–260358 in A2667 at z = 0.23 (ACS, F450W+F606W+F814W; Cortese et al. 2007); galaxy F0083 in A2744 at
z = 0.31 (ACS, F435W+F606W+F814W; Owers et al. 2012).
(A color version of this figure is available in the online journal.)

were, however, mainly and necessarily based on observations
of modest stripping events. Extreme ram-pressure stripping is
expected to proceed rapidly and likely requires both high ICM
densities and suitable galaxy properties (e.g., favorable infall
trajectory, gas mass, orientation), conditions that are unlikely
to be met in the small number of nearby clusters, all of which
feature relatively low mass (except for Coma). Indeed, observa-
tions show atomic hydrogen in infalling galaxies to be displaced
and partly removed (e.g., Scott et al. 2010), but find the denser,
more centrally located molecular gas essentially unperturbed
(e.g., Boselli et al. 1997; Vollmer et al. 2001a). In addition, star
formation is found to be globally quenched (and only mildly
enhanced in compressed regions) rather than massively boosted
at the galaxy–ICM interface. All of these findings point toward
mild ram-pressure stripping acting gradually and repeatedly on
galaxies falling into, or orbiting in, clusters.

Extremely rapid and essentially complete stripping must
occur too, but is much more rarely observed because of the,
presumably, much shorter duration of the event (<108 yr, i.e.,
a fraction of a crossing time) and because of its reliance on
a truly extreme environment. The latter is, however, routinely
encountered by galaxies falling into very massive clusters where
the particle density3 of the ICM easily exceeds 10−3 cm−3, and
peculiar galaxy velocities of 1000 km s−1 or more are common.

Consistent with the aforementioned observational bias, the
most dramatic examples of ram-pressure stripping discovered
so far were found in moderately distant, X-ray luminous clusters.
Shown in Figure 1 are the three most dramatic cases of ram-
pressure stripping discovered so far in Hubble Space Telescope
(HST) images of clusters at z > 0.2 (Owen et al. 2006; Cortese
et al. 2007; Owers et al. 2012). In all cases, the respective galaxy
features intense star formation across much of its visible disk,
making it the brightest member of its host cluster at 4000 Å. Al-
though debris trails of star-forming knots are discernible already
with WFPC2 (left panel of Figure 1), the greatly superior resolu-
tion and sensitivity of the Advanced Camera for Surveys (ACS)
is evident (central and right panel of Figure 1). Detailed studies
of all three objects suggest that multiple phases of ram-pressure
stripping can overlap sufficiently to be observed concurrently:
shock compression of the ISM at the galaxy–gas interface caus-
ing vigorous and widespread starbursts, removal of intragalactic
gas, star formation in molecular clouds swept out of the galaxy,
as well as partial back-infall. Furthermore, tidal compression

3 In spite of the enrichment of the ICM with metals, hydrogen is the
dominant atomic species encountered; hence, an ICM particle density of
10−3 cm−3 corresponds approximately to a mass density of 10−24 g cm−3.

in the cluster’s gravitational potential may contribute to the ob-
served pronounced and widespread star formation.

More robust conclusions are hard to arrive at from the few
examples observed to date since, as expected from simple theo-
retical considerations and the results of numerical simulations,
the progression and observational signature of extreme ram-
pressure stripping depends greatly on the intrinsic properties,
orientation, and orbital parameters of the infalling galaxy. A
significantly larger sample of galaxies caught in this violent
phase of their evolution is needed to allow us to test, on a sound
statistical basis, the predictions of numerical simulations in a
physical regime that has barely been probed in studies of galaxy
evolution in nearby clusters.

3. SAMPLE, OBSERVATIONS, AND DATA REDUCTION

In order to identify additional examples of extreme
galaxy–gas interactions in very massive clusters we searched
for the tell-tale signature of ram-pressure stripping in images
of clusters from the Massive Cluster Survey (MACS; Ebeling
et al. 2001) obtained with ACS aboard HST. Our project uses
all 37 MACS clusters4 observed with ACS in two passbands
(F606W and F814W) as part of the HST snapshot programs
GO–10491, –10875, –12166, and –12884 (PI: Ebeling) as of
2013 June 1. This sample constitutes an unbiased subset of the
larger SNAP target list of 128 MACS clusters at 0.3 < z < 0.5,
since their selection for observation was solely driven by con-
straints on the HST observing schedule. Charge-transfer ineffi-
ciency corrected images were aligned and registered using the
astrometric solution of the F606W image as a reference; we
created false-color images using the average of both bands for
the green channel. Source properties were determined using
SExtractor (Bertin & Arnouts 1996) in dual-image mode with
F606W chosen as the detection band.

Our search for galaxies experiencing violent encounters with
the ICM consists of two parts. We first perform a simple
visual inspection of the color images of all clusters to identify
the brightest and most spectacular examples of extreme ram-
pressure stripping. The second phase then uses the unambiguous
cases thus unveiled as a training set to establish quantitative
color and morphology criteria that allow the selection of fainter
objects of conspicuous but less compelling visual appearance
to create an even larger sample of galaxies that might be
experiencing a similar transformation. In this Letter, we focus

4 Four of these in fact hail from the southern extension of MACS which
covers the extragalactic sky at δ < −40◦.
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Figure 1. HST images of extreme cases of ram-pressure stripping in galaxy clusters at z > 0.2. From left to right: galaxy C153 in A2125 at z = 0.20 (WFPC2,
F606W+F814W; Owen et al. 2006); galaxy 234144–260358 in A2667 at z = 0.23 (ACS, F450W+F606W+F814W; Cortese et al. 2007); galaxy F0083 in A2744 at
z = 0.31 (ACS, F435W+F606W+F814W; Owers et al. 2012).
(A color version of this figure is available in the online journal.)

were, however, mainly and necessarily based on observations
of modest stripping events. Extreme ram-pressure stripping is
expected to proceed rapidly and likely requires both high ICM
densities and suitable galaxy properties (e.g., favorable infall
trajectory, gas mass, orientation), conditions that are unlikely
to be met in the small number of nearby clusters, all of which
feature relatively low mass (except for Coma). Indeed, observa-
tions show atomic hydrogen in infalling galaxies to be displaced
and partly removed (e.g., Scott et al. 2010), but find the denser,
more centrally located molecular gas essentially unperturbed
(e.g., Boselli et al. 1997; Vollmer et al. 2001a). In addition, star
formation is found to be globally quenched (and only mildly
enhanced in compressed regions) rather than massively boosted
at the galaxy–ICM interface. All of these findings point toward
mild ram-pressure stripping acting gradually and repeatedly on
galaxies falling into, or orbiting in, clusters.

Extremely rapid and essentially complete stripping must
occur too, but is much more rarely observed because of the,
presumably, much shorter duration of the event (<108 yr, i.e.,
a fraction of a crossing time) and because of its reliance on
a truly extreme environment. The latter is, however, routinely
encountered by galaxies falling into very massive clusters where
the particle density3 of the ICM easily exceeds 10−3 cm−3, and
peculiar galaxy velocities of 1000 km s−1 or more are common.

Consistent with the aforementioned observational bias, the
most dramatic examples of ram-pressure stripping discovered
so far were found in moderately distant, X-ray luminous clusters.
Shown in Figure 1 are the three most dramatic cases of ram-
pressure stripping discovered so far in Hubble Space Telescope
(HST) images of clusters at z > 0.2 (Owen et al. 2006; Cortese
et al. 2007; Owers et al. 2012). In all cases, the respective galaxy
features intense star formation across much of its visible disk,
making it the brightest member of its host cluster at 4000 Å. Al-
though debris trails of star-forming knots are discernible already
with WFPC2 (left panel of Figure 1), the greatly superior resolu-
tion and sensitivity of the Advanced Camera for Surveys (ACS)
is evident (central and right panel of Figure 1). Detailed studies
of all three objects suggest that multiple phases of ram-pressure
stripping can overlap sufficiently to be observed concurrently:
shock compression of the ISM at the galaxy–gas interface caus-
ing vigorous and widespread starbursts, removal of intragalactic
gas, star formation in molecular clouds swept out of the galaxy,
as well as partial back-infall. Furthermore, tidal compression

3 In spite of the enrichment of the ICM with metals, hydrogen is the
dominant atomic species encountered; hence, an ICM particle density of
10−3 cm−3 corresponds approximately to a mass density of 10−24 g cm−3.

in the cluster’s gravitational potential may contribute to the ob-
served pronounced and widespread star formation.

More robust conclusions are hard to arrive at from the few
examples observed to date since, as expected from simple theo-
retical considerations and the results of numerical simulations,
the progression and observational signature of extreme ram-
pressure stripping depends greatly on the intrinsic properties,
orientation, and orbital parameters of the infalling galaxy. A
significantly larger sample of galaxies caught in this violent
phase of their evolution is needed to allow us to test, on a sound
statistical basis, the predictions of numerical simulations in a
physical regime that has barely been probed in studies of galaxy
evolution in nearby clusters.

3. SAMPLE, OBSERVATIONS, AND DATA REDUCTION

In order to identify additional examples of extreme
galaxy–gas interactions in very massive clusters we searched
for the tell-tale signature of ram-pressure stripping in images
of clusters from the Massive Cluster Survey (MACS; Ebeling
et al. 2001) obtained with ACS aboard HST. Our project uses
all 37 MACS clusters4 observed with ACS in two passbands
(F606W and F814W) as part of the HST snapshot programs
GO–10491, –10875, –12166, and –12884 (PI: Ebeling) as of
2013 June 1. This sample constitutes an unbiased subset of the
larger SNAP target list of 128 MACS clusters at 0.3 < z < 0.5,
since their selection for observation was solely driven by con-
straints on the HST observing schedule. Charge-transfer ineffi-
ciency corrected images were aligned and registered using the
astrometric solution of the F606W image as a reference; we
created false-color images using the average of both bands for
the green channel. Source properties were determined using
SExtractor (Bertin & Arnouts 1996) in dual-image mode with
F606W chosen as the detection band.

Our search for galaxies experiencing violent encounters with
the ICM consists of two parts. We first perform a simple
visual inspection of the color images of all clusters to identify
the brightest and most spectacular examples of extreme ram-
pressure stripping. The second phase then uses the unambiguous
cases thus unveiled as a training set to establish quantitative
color and morphology criteria that allow the selection of fainter
objects of conspicuous but less compelling visual appearance
to create an even larger sample of galaxies that might be
experiencing a similar transformation. In this Letter, we focus
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Figure 1. HST images of extreme cases of ram-pressure stripping in galaxy clusters at z > 0.2. From left to right: galaxy C153 in A2125 at z = 0.20 (WFPC2,
F606W+F814W; Owen et al. 2006); galaxy 234144–260358 in A2667 at z = 0.23 (ACS, F450W+F606W+F814W; Cortese et al. 2007); galaxy F0083 in A2744 at
z = 0.31 (ACS, F435W+F606W+F814W; Owers et al. 2012).
(A color version of this figure is available in the online journal.)

were, however, mainly and necessarily based on observations
of modest stripping events. Extreme ram-pressure stripping is
expected to proceed rapidly and likely requires both high ICM
densities and suitable galaxy properties (e.g., favorable infall
trajectory, gas mass, orientation), conditions that are unlikely
to be met in the small number of nearby clusters, all of which
feature relatively low mass (except for Coma). Indeed, observa-
tions show atomic hydrogen in infalling galaxies to be displaced
and partly removed (e.g., Scott et al. 2010), but find the denser,
more centrally located molecular gas essentially unperturbed
(e.g., Boselli et al. 1997; Vollmer et al. 2001a). In addition, star
formation is found to be globally quenched (and only mildly
enhanced in compressed regions) rather than massively boosted
at the galaxy–ICM interface. All of these findings point toward
mild ram-pressure stripping acting gradually and repeatedly on
galaxies falling into, or orbiting in, clusters.

Extremely rapid and essentially complete stripping must
occur too, but is much more rarely observed because of the,
presumably, much shorter duration of the event (<108 yr, i.e.,
a fraction of a crossing time) and because of its reliance on
a truly extreme environment. The latter is, however, routinely
encountered by galaxies falling into very massive clusters where
the particle density3 of the ICM easily exceeds 10−3 cm−3, and
peculiar galaxy velocities of 1000 km s−1 or more are common.

Consistent with the aforementioned observational bias, the
most dramatic examples of ram-pressure stripping discovered
so far were found in moderately distant, X-ray luminous clusters.
Shown in Figure 1 are the three most dramatic cases of ram-
pressure stripping discovered so far in Hubble Space Telescope
(HST) images of clusters at z > 0.2 (Owen et al. 2006; Cortese
et al. 2007; Owers et al. 2012). In all cases, the respective galaxy
features intense star formation across much of its visible disk,
making it the brightest member of its host cluster at 4000 Å. Al-
though debris trails of star-forming knots are discernible already
with WFPC2 (left panel of Figure 1), the greatly superior resolu-
tion and sensitivity of the Advanced Camera for Surveys (ACS)
is evident (central and right panel of Figure 1). Detailed studies
of all three objects suggest that multiple phases of ram-pressure
stripping can overlap sufficiently to be observed concurrently:
shock compression of the ISM at the galaxy–gas interface caus-
ing vigorous and widespread starbursts, removal of intragalactic
gas, star formation in molecular clouds swept out of the galaxy,
as well as partial back-infall. Furthermore, tidal compression

3 In spite of the enrichment of the ICM with metals, hydrogen is the
dominant atomic species encountered; hence, an ICM particle density of
10−3 cm−3 corresponds approximately to a mass density of 10−24 g cm−3.

in the cluster’s gravitational potential may contribute to the ob-
served pronounced and widespread star formation.

More robust conclusions are hard to arrive at from the few
examples observed to date since, as expected from simple theo-
retical considerations and the results of numerical simulations,
the progression and observational signature of extreme ram-
pressure stripping depends greatly on the intrinsic properties,
orientation, and orbital parameters of the infalling galaxy. A
significantly larger sample of galaxies caught in this violent
phase of their evolution is needed to allow us to test, on a sound
statistical basis, the predictions of numerical simulations in a
physical regime that has barely been probed in studies of galaxy
evolution in nearby clusters.

3. SAMPLE, OBSERVATIONS, AND DATA REDUCTION

In order to identify additional examples of extreme
galaxy–gas interactions in very massive clusters we searched
for the tell-tale signature of ram-pressure stripping in images
of clusters from the Massive Cluster Survey (MACS; Ebeling
et al. 2001) obtained with ACS aboard HST. Our project uses
all 37 MACS clusters4 observed with ACS in two passbands
(F606W and F814W) as part of the HST snapshot programs
GO–10491, –10875, –12166, and –12884 (PI: Ebeling) as of
2013 June 1. This sample constitutes an unbiased subset of the
larger SNAP target list of 128 MACS clusters at 0.3 < z < 0.5,
since their selection for observation was solely driven by con-
straints on the HST observing schedule. Charge-transfer ineffi-
ciency corrected images were aligned and registered using the
astrometric solution of the F606W image as a reference; we
created false-color images using the average of both bands for
the green channel. Source properties were determined using
SExtractor (Bertin & Arnouts 1996) in dual-image mode with
F606W chosen as the detection band.

Our search for galaxies experiencing violent encounters with
the ICM consists of two parts. We first perform a simple
visual inspection of the color images of all clusters to identify
the brightest and most spectacular examples of extreme ram-
pressure stripping. The second phase then uses the unambiguous
cases thus unveiled as a training set to establish quantitative
color and morphology criteria that allow the selection of fainter
objects of conspicuous but less compelling visual appearance
to create an even larger sample of galaxies that might be
experiencing a similar transformation. In this Letter, we focus
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