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ATOMIC	  GAS:	  	  
A	  KEY	  INGREDIENT	  TO	  UNDESTAND	  GALAXY	  EVOLUTION	  

Fuel	  for	  star	  forma5on	  
	  
Sensi5ve	  tracer	  of	  different	  environmental	  processes,	  such	  as	  ram	  pressure	  
stripping	  and	  5dal	  interac5ons,	  but	  also	  harassment	  and	  eventual	  
preprocessing	  in	  infalling	  groups	  
	  
Observa5ons	  have	  shown	  that	  the	  HI	  gas	  is	  disturbed	  and	  eventually	  truncated	  
and	  exhausted	  in	  galaxies	  in	  low-‐z	  clusters	  
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HI distribution

HI disks reach far into the DM 
halo and are very fragile

HI gas in galaxies:
   

➔ Not only a basic ingredient for star formation
➔ But also particularly sensitive to environmental processes
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BLIND	  ULTRA	  DEEP	  HI	  ENVIRONMENTAL	  SURVEY	  

BUDHIES	  

HI	  ultradeep	  survey	  of	  	  ~2400hrs	  with	  Westerbork	  Synthesis	  Radio	  
telescope	  in	  and	  around	  two	  clusters	  at	  z~0.2,	  A963	  and	  A2192	  
	  
Effec5ve	  volume	  depth	  of	  328	  Mpc,	  a	  coverage	  on	  the	  sky	  of	  ~12	  X	  12	  
Mpc	  
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BUDHIES: Blind Ultra-deep Distant HI Environmental Survey
with the Westerbork Synthesis Radio Telescope

z=0.188

(the clusters 
themselves only 

occupy ~4% of the 
surveyed volumes)

z=0.206



BLIND	  ULTRA	  DEEP	  HI	  ENVIRONMENTAL	  SURVEY	  

BUDHIES	  

	  
127	  HI	  detec5ons	  in	  A963	  and	  36	  in	  A2192	  M_HI	  >=	  2	  X	  10^9	  Msun	  
	  
Ancillary	  data:	  WHT	  and	  WIYN	  spectroscopy,	  B+R	  imaging	  INT,	  NUV
+FUV	  Galex,	  Spitzer	  imaging	  

Uniqueness	  of	  this	  study:	  a)	  very	  large	  volume	  sampling	  clusters	  and	  all	  
the	  large	  scale	  structure	  around	  them,	  sampling	  all	  environments;	  b)	  first	  
direct	  imaging	  study	  of	  neutral	  hydrogen	  gas	  	  at	  a	  redshij	  when	  
evolu5onary	  effects	  start	  to	  show	  

GOAL:	  	  where,	  how	  and	  	  why	  star-‐forming	  late-‐type	  galaxies	  get	  
transformed	  into	  passive	  early-‐types	  
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ABSTRACT

We investigate the effect of ram-pressure from the intracluster medium on the stripping of HI
gas in galaxies in a massive cluster at z ∼ 0.2 from the Blind Ultra Deep HI Environmental Survey
(BUDHIES). We use cosmological simulations, and velocity vs. position phase-space diagrams
to infer the orbital histories of the cluster galaxies. In particular, we define regions in phase-
space where galaxies are more likely to be infalling for the first time, or have crossed the cluster.
We further utilize a simple analytical approach to determine (in phase-space) when a galaxy is
sufficiently stripped by ram-pressure to fall below the HI detection limit of our survey. We find
a striking agreement between the model predictions and the observed location of HI-detected
and non-detected galaxies in phase-space, strongly implying that ram-pressure plays a key role
in the gas removal cluster galaxies, and that this can happen on their first infall. Our results are
strengthen by the distribution of galaxy colours in phase-space, that indicate a later quenching
of the galaxies after they have lost their gas reservoirs. However, we find a significant number of
red gas-poor galaxies in the infall region of the clusters that cannot easily be explained with our
simple simulation of ram-pressure stripping. One possibility is that these galaxies were quenched
in their previous environment. Finally, this work demonstrates the use of phase-space diagrams
to analyse cluster processes, in particular when using HI data.

Subject headings: galaxy clusters.... (Abell 963, Abell 2192)

1. Introduction

Much work has been done to understand the
physical processes driving galaxy evolution. It
has been shown by many observational studies
that the environment plays an important role in
shaping galaxies (e.g. Dressler 1980; ?; Gómez
et al. 2003; Koopmann & Kenney 2004; Boselli
& Gavazzi 2006; Poggianti et al. 2006; Desai et al.
2007; Moran et al. 2007; Bamford et al. 2009; Jaffé
et al. 2011).

A particularly important ingredient for under-
standing galaxy evolution is the atomic gas. Neu-
tral hydrogen (HI) does not only fuel star forma-
tion, but is also a sensitive tracer of different envi-

ronmental processes, such as ram-pressure strip-
ping and tidal interactions. Gunn & Gott (1972)
first predicted (analytically) that ram-pressure
can be effective in removing the galaxies’ interstel-
lar medium (ISM) as they pass through a dense in-
tracluster medium (ICM), thereby affecting their
star formation. Observations (e.g. Cayatte et al.
1990; Bravo-Alfaro et al. 2000, 2001; Poggianti
& van Gorkom 2001; Kenney et al. 2004; Crowl
et al. 2005; Chung et al. 2007, 2009; Abramson
et al. 2011; Scott et al. 2010, 2012) have shown
that the HI gas in galaxies is indeed disturbed
and eventually truncated and exhausted in clus-
ters. Recent simulations (see Roediger 2009, for
a review) have further supported the idea that

1

The Astrophysical Journal Letters, 756:L28 (5pp), 2012 September 10 doi:10.1088/2041-8205/756/2/L28
C⃝ 2012. The American Astronomical Society. All rights reserved. Printed in the U.S.A.

GAS RESERVOIRS AND STAR FORMATION IN A FORMING GALAXY CLUSTER AT z ! 0.2
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ABSTRACT

We present first results from the Blind Ultra-Deep H i Environmental Survey of the Westerbork Synthesis Radio
Telescope. Our survey is the first direct imaging study of neutral atomic hydrogen gas in galaxies at a redshift
where evolutionary processes begin to show. In this Letter we investigate star formation, H i content, and galaxy
morphology, as a function of environment in Abell 2192 (at z = 0.1876). Using a three-dimensional visualization
technique, we find that Abell 2192 is a cluster in the process of forming, with significant substructure in it. We
distinguish four structures that are separated in redshift and/or space. The richest structure is the baby cluster
itself, with a core of elliptical galaxies that coincides with (weak) X-ray emission, almost no H i detections, and
suppressed star formation. Surrounding the cluster, we find a compact group where galaxies pre-process before
falling into the cluster, and a scattered population of “field-like” galaxies showing more star formation and H i
detections. This cluster proves to be an excellent laboratory to understand the fate of the H i gas in the framework of
galaxy evolution. We clearly see that the H i gas and the star formation correlate with morphology and environment
at z ∼ 0.2. In particular, the fraction of H i detections is significantly affected by the environment. The effect starts
to kick in in low-mass groups that pre-process the galaxies before they enter the cluster. Our results suggest that by
the time the group galaxies fall into the cluster, they are already devoid of H i.

Key words: galaxies: clusters: general – galaxies: clusters: individual (Abell 2192) – galaxies: evolution

Online-only material: color figure, animation

1. INTRODUCTION

It has been established that the shaping of galaxies, as
well as their star formation activity, strongly depends on their
environment (e.g., Dressler 1980). Recent large surveys (SDSS,
2dF; Lewis et al. 2002; Gómez et al. 2003) and studies of galaxy
groups, cluster outskirts, and filaments (e.g., Treu et al. 2003;
Wilman et al. 2009; Fadda et al. 2008; Porter et al. 2008) have
further shown that the environmental dependencies extend to
lower density environments, and have suggested that galaxies
may be “pre-processed” before they fall into clusters. Clusters
of galaxies, in relation to the large-scale structure in which they
are embedded, thus offer a unique laboratory to study the effects
of environments on the properties of their constituent galaxies.

The evolution of galaxy properties in clusters is strong even
in the last few Gyr: the fraction of blue galaxies was higher in
the past (Butcher–Oemler effect; Butcher & Oemler 1978), and
the relative number of S0 galaxies increases with time, at the
expense of the spiral population (Dressler et al. 1997; Fasano
et al. 2000). Similar trends are also found in the field (Bell 2007;
Oesch et al. 2010), where the relative number of red, passively
evolving, early-type galaxies increases with time.

Much work has been done to understand the physical pro-
cesses driving galaxy evolution, at low and high redshift, and at
many wavelengths. In particular, H i in and around galaxies is a
very useful tool for understanding galaxy formation and evolu-
tion, as it is the key ingredient for forming stars, and a sensitive
tracer of environmental processes. Observations (e.g., Cayatte
et al. 1990; Bravo-Alfaro et al. 2000, 2001; Poggianti & van
Gorkom 2001; Kenney et al. 2004; Crowl et al. 2005; Chung
et al. 2007, 2009; Abramson et al. 2011; Scott et al. 2010, 2012)
have shown with impressive amount of detail that the H i gas in
galaxies is disturbed and eventually truncated and exhausted in

clusters, and simulations (see Roediger 2009, for a review) have
suggested that this happens via ram pressure stripping and grav-
itational interactions (e.g., Vollmer 2003; Tonnesen & Bryan
2009; Kapferer et al. 2009). However, due to technological lim-
itations, studies of the H i content in galaxies have so far mostly
been carried out in the local universe.

To address the questions of where, how, and why star-forming
spiral galaxies get transformed into passive early-type galaxies,
we have embarked on a Blind Ultra-Deep H i Environmental
Survey (BUDH iES) with the Westerbork Synthesis Radio
Telescope (WSRT). We refer to Verheijen et al. (2007) for
technical details on the H i survey. The strategy has been to
study in detail two galaxy clusters, at z ≃ 0.2 and the large-scale
structure in which they are embedded. The unique aspect of our
study is that, for the first time, we have accurate measurements
of the H i content in galaxies in different environments at
intermediate redshift.

Our study is the first where optical properties and gas content
are combined at a redshift where evolutionary effects begin to
show, and in a volume large enough to sample all environments,
ranging from voids to cluster cores.

The surveyed clusters, Abell 2192 and 963 (A2192 and A963
hereafter), are very distinct. A2192, at z = 0.188, is less massive
and more diffuse than A963. In this Letter we present first results
on the effect of environment on the incidence of star-forming
and H i-detected galaxies in A2192. The complete analysis of
the two clusters and the large-scale structure around them will
be presented in a series of papers.

2. DATA

BUDH iES is a deep H i survey of galaxies in two clusters
at 0.16 " z " 0.22 and the large-scale structure around them,
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ABSTRACT
We present the optical spectroscopy for the Blind Ultra Deep H I Environmental Survey (BUD-
HIES). With the Westerbork Synthesis Radio Telescope, BUDHIES has detected H I in over
150 galaxies in and around two Abell clusters at z ≃ 0.2. With the aim of characterizing the en-
vironments of the H I-detected galaxies, we obtained multifibre spectroscopy with the William
Herschel Telescope. In this paper, we describe the spectroscopic observations, report redshifts
and EW[O II] measurements for ∼600 galaxies, and perform an environmental analysis. In
particular, we present cluster velocity dispersion measurements for five clusters and groups in
the BUDHIES volume, as well as a detailed substructure analysis.

Key words: galaxies: clusters: general – galaxies: clusters: individual: Abell 963 – galaxies:
clusters: individual: Abell 2192 – galaxies: evolution.

1 IN T RO D U C T I O N

Rich clusters of galaxies, in relation to the large-scale structure
in which they are embedded, offer a unique laboratory to study
the effects of global and local environments on the properties of
their constituent galaxies. Evidence has accumulated that the star
formation activity, as well as galaxy morphology strongly depend
on the environment in which galaxies are located. This is well
exemplified by the morphology–density relation (Dressler 1980),
that shows that early-type galaxies are more frequent in regions
with high local density (the number of galaxies per unit pro-
jected area, or volume), while spirals dominate the low-density
regions.

The evolution of galaxy properties in clusters is strong, even in
the last few Gyr: the fraction of blue galaxies in clusters was higher
in the past (Butcher–Oemler B–O effect, Butcher & Oemler 1978),
and the relative number of S0 galaxies increases with time, at the
expense of the spiral population (Dressler et al. 1997; van Dokkum
et al. 1998; Fasano et al. 2000; Desai et al. 2007). Similar trends
are now known to take place also in the field (Bell 2007; Oesch
et al. 2010), where the relative numbers of red, passively evolving,
early-type galaxies increases with time.

⋆ E-mail: yara.jaffe@astro-udec.cl

Recent large surveys (SDSS, 2dF; Lewis et al. 2002; Gómez
et al. 2003; Haines et al. 2007; Mahajan, Raychaudhury &
Pimbblet 2012) and studies of groups, cluster outskirts and fila-
ments (e.g. Treu et al. 2003; Fadda et al. 2008; Porter et al. 2008;
Wilman et al. 2009; Roychowdhury et al. 2012) have shown that the
environmental dependences extend to the lowest density environ-
ments. It is now thought that galaxies may be ‘pre-processed’ before
they fall into clusters, i.e. environmentally driven evolution occurs
in lower density environments. A remaining question is where and
how does this happen.

Furthermore, clues (or perhaps questions) come from the struc-
ture formation scenario of " cold dark matter ("CDM) cosmology,
that predicts that many galaxies have undergone the transition from
field to cluster environments since z " 1 (De Lucia et al. 2012). In
fact, there is an ongoing debate on whether it is the cluster environ-
ment that drives galaxy evolution and transforms galaxies (nurture),
the field population that accretes on to clusters and that evolves with
cosmic time (nature), or both (e.g. Kauffmann et al. 1999; Poggianti
et al. 1999; Ellingson et al. 2001; Kodama & Bower 2001; Desai
et al. 2007; Bolzonella et al. 2010; Vulcani et al. 2010; Jaffé et al.
2011).

A crucial tracer of galaxy evolution is the neutral atomic hydrogen
gas from which the stars are formed. H I is a sensitive tracer of differ-
ent environmental processes, in particular of tidal interactions and
ram pressure stripping. Observational evidence (e.g. Cayatte et al.
1990; Bravo-Alfaro et al. 2000, 2001; Poggianti & van Gorkom

C⃝ 2013 The Authors
Published by Oxford University Press on behalf of the Royal Astronomical Society
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A2192:	  z=0.1876,	  intermediate-‐mass	  cluster,	  sigma=530	  km/s,	  L_X=	  7	  X	  10^43	  erg/s,	  
dynamical	  mass	  =	  1.6	  X	  10^14	  Msun,	  weak	  X-‐ray	  
	  
A963:	  	  z=0.2039,	  sigma=993	  km/s,	  dynamical	  mass	  1.1	  X	  10^15	  Msun,	  regular	  and	  
centrally	  concentrated	  in	  X-‐ray	  and	  weak	  lensing,	  	  2116 Y. L. Jaffé et al.

Figure 5. Redshift histograms for A963 (left) and A2192 (right). The top panels show the full redshift range of BUDHIES (The limits of the H I survey are
indicated with vertical dashed lines), the middle panels a zoom in on the main clusters and bottom panels additional groups. The open histograms correspond
to the distribution of all galaxies with a redshift (of all qualities). The filled-dashed histograms show the H I-detected galaxies for reference, although we note
that these will be fully analysed in subsequent papers. The different structures identified are represented in different colours, as described by the labels. In the
case of A963_1, the redshift of its brightest cluster galaxy is indicated with an arrow.

In total, we measured 512 new reliable (quality flag ≥−1) red-
shifts in A2192 and A963. The redshift distributions for the sur-
veyed volumes are shown in the top panels of Fig. 5. Note that
the redshift distribution of the H I-detected galaxies is overplotted
in the histograms for reference, although the complete analysis of
the distribution and properties of the H I-detected galaxies will be
presented in subsequent papers. We refer to Jaffé et al. (2012) for
first results on the H I distribution in A2192’s main cluster.

We estimate the typical redshift error from galaxies that have been
observed more than once (i.e. in more than one configuration) and
we get an uncertainty of !0.0003. We further cross-checked our
redshift measurements with previous spectroscopic observations,
available for a substantial number of galaxies in our sample and
confirmed the quality of our redshift measurements.

In addition to the redshifts, we also measured rest-frame equiv-
alent widths (EW) of the [O II]3727 Å line, which will be used
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Figure 2. 3D (α–δ–redshift) visualization of galaxies in A2192_1 (made with the
S2PLOT programming library; Barnes et al. 2006). The galaxies are color coded
according to the substructure they belong to: red corresponds to A2192_1a,
light gray to A2192_1b, turquoise to A2192_1c, and yellow to A2192_1d,
as in Figure 3 (darker gray represents galaxies not associated with any of the
mentioned structures). H i-detected galaxies are surrounded by blue open cubes,
while star-forming galaxies are surrounded by (smaller) open orange cubes.
Morphology is illustrated with different symbols: big spheres correspond to
early-type galaxies, solid cubes with spikes are late types, and small symbols are
galaxies with undetermined morphology. Only galaxies in the “reduced sample”
are used. The α–δ plane is ∼=14 × 14 Mpc. The white segment indicates 1 Mpc
at the cluster redshift.

(An animation of this figure is available in the online journal.)

in A2192_1. The bottom panel of Figure 3 further shows
the redshift distribution of the galaxies in A2192_1 (black
open histogram), with additional histograms for H i-detected
(blue) and star-forming (orange) galaxies. Interestingly, the H i

Figure 3. Top: the overall redshift distribution of the galaxies in A2192_1 (open
black histogram), and the four substructures found within A2192_1 in colored
filled-dashed histograms (same colors as in Figure 2). Bottom: the redshift
distribution of A2192_1 galaxies is shown, in addition to the distribution of the
H i-detected galaxies (blue filled-dashed histogram), and the galaxies with [O ii]
emission (solid dark orange histogram). In the top plot we use all galaxies in
A2192_1, and in the bottom plot we use the “reduced sample.”

Table 1
Characteristics of A2192_1 and Its Composing Substructures (see Figures 2 and 3)

Name of zc No. Frac. H i Frac. [O ii] Frac. LTGs Frac. LTGs σcl R200 Remarks
Structure Members Galaxies Emitters with H i with [O ii] (km s−1) (Mpc) (and Color in Figures)

A2192_1 0.1876 101 14+4
−3% 39 ± 5% 21+7

−5% 56 ± 7% 653 ± 62 1.43 Central “cluster” in A2192

(93) (13/93) (36/93) (10/48) (27/48) (red histogram in Figure 1)

A2192_1aa 0.1859 50 2+5
−1% 28+7

−6% 5+9
−1% 36+11

−9 % 530 ± 56 1.16 Richest and more massive

(46) (1/46) (13/46) (1/22) (8/22) substructure in A2192_1 (red
in top panel of Figures 2 and 3)

A2192_1b 0.1898 29 24+10
−6 % 52+9

−10% 40+13
−11% 80+7

−14% – – Disperse, “field-like”

(25) (6/25) (13/25) (6/15) (12/15) (gray)
A2192_1cb 0.1881 8 38+18

−13% 25+19
−9 % 50 ± 25% 50 ± 25% – – Poor, disperse

(8) (3/8) (2/8) (1/2) (1/2) (turquoise)
A2192_1da,b 0.1902 11 18+16

−6 % 55+13
−15% 13+20

−5 % 63+13
−18% 161 ± 52a 0.35 Small, compact group

(11) (2/11) (6/11) (1/8) (5/8) *σGapper (yellow)

Notes. The columns are: name of cluster/structure, median redshift (zc), number of galaxies (R !19.4), fraction of H i-detected galaxies, fraction of galaxies
with EW[O ii] "4 Å, fraction of late-type galaxies with H i emission, fraction of late-type galaxies with EW[O ii] "4 Å , cluster/group velocity dispersion,
R200 (“–” is placed when it is not applicable), comments. The numbers inside parenthesis at the bottom of the quoted values correspond to the “reduced sample”
we used to calculate H i and O ii fractions of Columns 4–7. Error on the fractions corresponds to the confidence intervals (c ≈ 0.683) for binomial populations,
from a beta distribution (see Cameron 2011).
a The luminosity-weighted geometric centers of A2192_1a and A2192_1d are at α = 246.◦64774, δ = +42.◦727723, and α = 246.◦48559, δ = +42.◦380932,
respectively.
b Because these structures are located far from the pointing center of WSRT’s primary beam, the H i fractions suffer from beam attenuation effects (fully treated
in B. Z. Deshev et al. 2012, in preparation). We estimate that the fraction of H i galaxies among the late types can increase at most by a factor of two.

3

Four	  dis5nct	  structures,	  all	  within	  turnaround	  radius	  
-‐-‐-‐-‐	  main	  cluster,	  Gaussian,	  virialized,	  least	  HI-‐rich	  (2%),	  but	  
28%	  with	  OII	  emission	  
-‐-‐-‐-‐	  rich	  ensemble	  of	  “field”	  galaxies,	  very	  dispersed	  in	  
space,	  not	  bound	  –	  late-‐types:	  40%	  with	  HI,	  80%	  with	  OII	  
-‐-‐-‐-‐	  not	  bound,	  “field”	  spa5ally	  segregated	  structure,	  HI-‐rich	  
-‐-‐-‐-‐	  compact	  galaxy	  group,	  161	  km/s,	  6.3	  X	  10^12	  Msun,	  
mainly	  late-‐types:	  63%	  OII,	  ~15%	  HI	  in	  the	  outskirts	  
(>1R200)	  –	  intermediate	  between	  “cluster”	  and	  “field”	  
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Figure 2. 3D (α–δ–redshift) visualization of galaxies in A2192_1 (made with the
S2PLOT programming library; Barnes et al. 2006). The galaxies are color coded
according to the substructure they belong to: red corresponds to A2192_1a,
light gray to A2192_1b, turquoise to A2192_1c, and yellow to A2192_1d,
as in Figure 3 (darker gray represents galaxies not associated with any of the
mentioned structures). H i-detected galaxies are surrounded by blue open cubes,
while star-forming galaxies are surrounded by (smaller) open orange cubes.
Morphology is illustrated with different symbols: big spheres correspond to
early-type galaxies, solid cubes with spikes are late types, and small symbols are
galaxies with undetermined morphology. Only galaxies in the “reduced sample”
are used. The α–δ plane is ∼=14 × 14 Mpc. The white segment indicates 1 Mpc
at the cluster redshift.

(An animation of this figure is available in the online journal.)

in A2192_1. The bottom panel of Figure 3 further shows
the redshift distribution of the galaxies in A2192_1 (black
open histogram), with additional histograms for H i-detected
(blue) and star-forming (orange) galaxies. Interestingly, the H i

Figure 3. Top: the overall redshift distribution of the galaxies in A2192_1 (open
black histogram), and the four substructures found within A2192_1 in colored
filled-dashed histograms (same colors as in Figure 2). Bottom: the redshift
distribution of A2192_1 galaxies is shown, in addition to the distribution of the
H i-detected galaxies (blue filled-dashed histogram), and the galaxies with [O ii]
emission (solid dark orange histogram). In the top plot we use all galaxies in
A2192_1, and in the bottom plot we use the “reduced sample.”

Table 1
Characteristics of A2192_1 and Its Composing Substructures (see Figures 2 and 3)

Name of zc No. Frac. H i Frac. [O ii] Frac. LTGs Frac. LTGs σcl R200 Remarks
Structure Members Galaxies Emitters with H i with [O ii] (km s−1) (Mpc) (and Color in Figures)

A2192_1 0.1876 101 14+4
−3% 39 ± 5% 21+7

−5% 56 ± 7% 653 ± 62 1.43 Central “cluster” in A2192

(93) (13/93) (36/93) (10/48) (27/48) (red histogram in Figure 1)

A2192_1aa 0.1859 50 2+5
−1% 28+7

−6% 5+9
−1% 36+11

−9 % 530 ± 56 1.16 Richest and more massive

(46) (1/46) (13/46) (1/22) (8/22) substructure in A2192_1 (red
in top panel of Figures 2 and 3)

A2192_1b 0.1898 29 24+10
−6 % 52+9

−10% 40+13
−11% 80+7

−14% – – Disperse, “field-like”

(25) (6/25) (13/25) (6/15) (12/15) (gray)
A2192_1cb 0.1881 8 38+18

−13% 25+19
−9 % 50 ± 25% 50 ± 25% – – Poor, disperse

(8) (3/8) (2/8) (1/2) (1/2) (turquoise)
A2192_1da,b 0.1902 11 18+16

−6 % 55+13
−15% 13+20

−5 % 63+13
−18% 161 ± 52a 0.35 Small, compact group

(11) (2/11) (6/11) (1/8) (5/8) *σGapper (yellow)

Notes. The columns are: name of cluster/structure, median redshift (zc), number of galaxies (R !19.4), fraction of H i-detected galaxies, fraction of galaxies
with EW[O ii] "4 Å, fraction of late-type galaxies with H i emission, fraction of late-type galaxies with EW[O ii] "4 Å , cluster/group velocity dispersion,
R200 (“–” is placed when it is not applicable), comments. The numbers inside parenthesis at the bottom of the quoted values correspond to the “reduced sample”
we used to calculate H i and O ii fractions of Columns 4–7. Error on the fractions corresponds to the confidence intervals (c ≈ 0.683) for binomial populations,
from a beta distribution (see Cameron 2011).
a The luminosity-weighted geometric centers of A2192_1a and A2192_1d are at α = 246.◦64774, δ = +42.◦727723, and α = 246.◦48559, δ = +42.◦380932,
respectively.
b Because these structures are located far from the pointing center of WSRT’s primary beam, the H i fractions suffer from beam attenuation effects (fully treated
in B. Z. Deshev et al. 2012, in preparation). We estimate that the fraction of H i galaxies among the late types can increase at most by a factor of two.
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detections are offset to higher redshift with respect to A2192_1a.
Star-forming galaxies, on the other hand, are spread across all
redshifts.

In the following we analyze the characteristics of each
substructure and its galaxy population, as presented in
Figure 2, to unveil the effect of environment on the galaxies’
properties.

1. A2192_1a. This structure is the main cluster. It is well
defined in space, is the richest and most massive of all
substructures, and has a nearly Gaussian redshift distri-
bution, suggesting it is gravitationally bound and virial-
ized. It is an intermediate-mass cluster (2.27 × 1014 M⊙, or
σcl = 530 km s−1), and is clearly still assembling. Addi-
tional evidence that supports the presence of a cluster comes
from the X-ray emission in A2192, which, although weak,
coincides with the group of early-type galaxies at the core
of A2192_1a. Moreover, the derived virial mass is consis-
tent with the X-ray luminosity (LX ≃ 7 × 1043 h−2

100 erg s−1;
Voges et al. 1999).

A2192_1a is the least H i-rich of the four structures.
Only 1 out of 46 (2%) of the galaxies in this cluster are H i
detections, and these are located at a projected distance
of ∼2 × R200 from the center, at the boundary of the
cluster, where A2192_1a meets A2192_1b. Nonetheless,
A2192_1a has a significant fraction (28%) of galaxies with
[O ii] emission. All of the H i-detected galaxies, as well
as the majority of the star-forming galaxies are late types,
as one would expect. Overall, the galaxies in this cluster,
although devoid of H i, still host star formation, especially
toward the outskirts.

2. A2192_1b. Although very rich, it is very dispersed in space.
This “structure” is unlikely to be a bound group, as its
shape and location are consistent with that of a population
of field galaxies. The late-type galaxy population in this
ensemble of “field” galaxies has 40% of H i detections
and 80% of emission-line galaxies. All the H i-detected
galaxies have [O ii] emission, and all H i and [O ii] galaxies
were classified as late-type galaxies, as one could expect.
However, it is interesting to note the presence of a few
(8 out of 25) early-type galaxies with neither H i nor [O ii]
emission. It is possible that some of the early types in this
group are truly field E/S0 galaxies, but it is also possible
that some are early spirals that were classified as E/S0.

3. A2192_1c. With less than 10 galaxies, and considerably
spread in space, it is unlikely to be a gravitationally
bound system. Although spatially separated from the other
structures, it resembles the “field” (like A2192_1b). Its
galaxies span the whole morphology range, with a few more
late-type galaxies than early types. The fraction of late-type
galaxies detected in H i is similar to that in A2192_1b.

4. A2192_1d. Likely to be a galaxy group, it is very compact
and clearly separated in space. Its dynamical mass is
small (6.34 × 1012 M⊙, based on σcl = 161 km s−1), and
it is composed mainly of late-type galaxies. Sixty-three
percent of the late-type galaxies are star forming, and a
few (between 13% and 26%) have H i reservoirs. All the
galaxies with H i or [O ii] emission are late types, while
the rest are early types. As in A2192_1, the H i-detected
galaxies are in the outskirts of the group (at >1 × R200),
with the exception of one. The star formation on the other
hand is more widely spread. The properties of this group
place it somewhere in between the cluster (A2192_1a) and
the field (A2192_1b), which suggests that it might be a place

Figure 4. EW[O ii] vs. stellar mass for the different structures in A2192_1
(filled circles, same colors as in Figure 2). For comparison, we also include the
field population at a similar redshift (in A2192 and A963, blue crosses), and
other clusters in the redshift range (same as in gray histograms of Figure 1, red
crosses). Lines correspond to average EW[O ii] in several mass bins for field
galaxies (dotted blue), A2192_1a (solid red), A2192_1b (solid gray), and other
clusters (dotted red). We adopt the same “reduced sample” of Figure 2.

where galaxies are being “pre-processed.” It is also possible
that the gas gets removed from group galaxies as the groups
become more compact (Verdes-Montenegro et al. 2001), or
that the gas in this compact group gets removed as it moves
closer to the cluster, or both.

The structures surrounding the main cluster (A2192_1a) are
all at a distance well within A2192_1a’s turnover radius (cf.
Rines & Diaferio 2006), implying that they will eventually be
accreted by the cluster.

To assess whether the star formation rate in star-forming
galaxies is reduced/suppressed by the environment, we com-
pared the EW[O ii] in each structure at fixed galaxy stellar mass.
As Figure 4 shows, star-forming galaxies in A2192_1a have a
suppressed star formation (i.e., lower EW[O ii]) at stellar masses
!3 × 1010, while A2192_1b is consistent with the field popu-
lation. Unfortunately, the numbers are too low to make con-
clusions about A2192_1c and A2192_1d. Nonetheless, (near
and far) UV color–color plots reveal a clear separation of the
structures (see M. Montero-Castaño et al. 2012, in preparation):
A2192_1a and A2192_1d have redder (older) galaxies, when
compared with A2192_1b and A2192_1c, supporting our envi-
ronmental definitions.

4. SUMMARY

We have studied the fraction of star-forming and H i-detected
galaxies in A2192. In B. Z. Deshev et al. (2012, in preparation)
we present the ultra-deep H i survey covering 0.16 " z " 0.22,
which is the core of this study. In this Letter we present
first results from combining the H i observations with optical
spectroscopy and imaging. The redshift distribution reveals
several structures. We focus on the central overdensity at
redshift z = 0.1876 (A2192_1). This “cluster” shows clear
signs of substructure, both in its redshift and spatial distribution.
By inspecting it in 3D (α–δ–z) we identify four distinct
substructures: a medium-sized galaxy cluster in the process of
forming, surrounded by a less massive infalling group, and a
spread population of “field-like” galaxies.

Further evidence from observed galaxy properties support
the idea that the cluster is still assembling. Most notably, the
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A2192:	  A	  CLUSTER	  IN	  FORMATION,	  ACCRETING	  
PRE_PROCESSED	  GALAXIES	  

The	  main	  cluster	  is	  prac5cally	  devoid	  of	  
galaxies	  with	  M_HI>=	  2	  X	  10^9	  Msun,	  has	  
suppressed	  star	  forma5on,	  and	  a	  core	  of	  
red	  early-‐type	  galaxies	  that	  coincides	  with	  
the	  X-‐ray	  center.	  
	  
Surrounded	  by	  a	  scamered	  “field”	  of	  
mostly	  late-‐type	  galaxies	  that	  are	  ac5vely	  
star-‐forming	  and	  preserve	  their	  HI	  
reservoir.	  
	  
Moreover,	  there	  is	  a	  spa5ally	  segregated	  
compact	  group	  where	  galaxies	  show	  signs	  
of	  pre-‐processing:	  effects	  on	  HI	  start	  to	  
kick	  in	  in	  low-‐mass	  groups	  

Progressive	  removal	  of	  
HI	  and	  suppression	  of	  SF	  
from	  low-‐mass	  galaxy	  
groups	  to	  cluster-‐sized	  
structures	  



ON	  TO	  A963:	  RAM	  PRESSURE	  AT	  WORK	  
PPS where ram-pressure is expected to be most
effective.

The paper is organized as follows: In Section 2
we summarize the data collected for BUDHIES
(Sec. 2.1), including the main characteristics of
the cluster (Sec. 2.2), and the properties of their
member galaxies Sec. 2.3). In Section 3 we show
how the cluster galaxies are distributed in PPS,
highlighting the location of the HI-detections. In
Section 4 we create a simple ram-pressure strip-
ping model, which we embed in the cosmological
simulations presented in Section 5. These are, in
turn, used to derive the assembly histories of the
observed clusters and predict the final location of
stripped galaxies in PPS. In Section 6 we combine
all of our results to acquire a complete understand-
ing of the processes afecting galaxies in the differ-
ent environments studied, and compare our results
with previous work. We also use galaxy colours
in the PPS analysis as tracers of post-stripping
evolution, to better understand the late stages of
quenching as a function of the orbital histories of
the cluster galaxies. We summarize our findings
and draw conclusions in Section 7.

Throughout this paper we assume a concor-
dance ΛCDM cosmology with ΩM =0.3, ΩΛ =0.7,
and H0 =70 km s1 Mpc1.

2. Observations

2.1. BUDHIES data

BUDHIES is an ultra-deep HI survey of galax-
ies in and around two clusters at 0.16 ≤ z ≤ 0.22.
The survey has an effective volume depth of 328
Mpc and a coverage on the sky of ∼12×12 Mpc
for each cluster, which allows us to study the large
scale-structure around the clusters. At the core of
our study are the ultra-deep HI observations, car-
ried out at the Westerbork Synthesis Radio tele-
scope (Verheijen et al. in prep.), from which we
have detected 127 galaxies in A963 1 and 36 in
A2192 1 with HI masses ! 2 × 109M⊙. In ad-
dition to the HI data, we have obtained B- and R-
band imaging with the INT, NUV and FUV imag-
ing with GALEX (Fernandez et al. in prepa-

ration), Spitzer imaging (Cybulski et al. in

preparation). SDSS photometry as well as lim-
ited spectroscopy is available in the fields. Finally,
we have carried out a spectroscopic campaign with
WIYN and the AF2 on the William Herschel Tele-

Fig. 1.— R-band magnitude versus M⋆ for the
cluster members (black circles). The HI-detections
are distinguished with open blue squares. At
the top and right-hand side of the plots his-
tograms of the R-band magnitude and M⋆ are
also shown. The dashed red line indicates the
mass cut adopted in the analysis of Section 6 (see
also Section 3), and the dotted blue line the mass
of the Milky Way-like galaxy used as a prototype
to explore the effects of ram-pressure stripping in
the clusters (c.f. Section 4). The magnitude limit
adopted in the spectroscopic campaign is indicated
by the vertical orange line.

scope (WHT), from which we have characterized
the environment in the surveyed volumes (Jaffé
et al. 2013, Paper I from now on).

2.2. A963 1

With a dynamical mass of 1.1 × 1015h−1M⊙

(σcl = 993 km s−1), A963 1 is the most massive
cluster in BUDHIES. It is found at z = 0.2039 and
its R200 was estimated to be 1.55 h−1Mpc (Jaffé
et al. 2013). The cluster has previously been stud-
ied both in X-rays and using weak lensing (Allen
et al. 2003; Smith et al. 2005). Its regular and
centrally concentrated X-ray and mass morpholo-
gies (on a central cD galaxy; see Fig. 6 of Smith
et al. 2005) suggest it is a relaxed cluster. How-
ever, in Paper I, we concluded that the “relaxed”
part of the cluster is at its core, while there is
a mild presence of substructure in the outskirts,
as shown by a Dressler-Shectman test (Dressler &
Shectman 1988).
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Fig. 2.— Left: B-R vs R diagram showing the red galaxies (red symbols) in A963 1, defined to be at most
±0.25mag away from the red sequence fit (dotted and solid lines). The blue-cloud galaxies (blue), lie below
the dotted line. Right: NUV-optical colour-magnitude diagram showing the red-sequence and blue-cloud
galaxies defined in the left panel, and dotted lines separating regions (colour ranges) that correspond to
different stellar-population ages, as labeled (see text for description). In both panels HI detections are
highlighted with blue squares.

2.3. The cluster galaxies

In the following, we present derived properties
of the member galaxies of A963 1.

2.3.1. Stellar masses

To compute stellar masses (M⋆) for all the
spectroscopically confirmed cluster members, we
first converted the 5-band SDSS photometry avail-
able to absolute magnitudes using our spectro-
scopic redshifts, and the interpolation utility In-
terRest (Taylor et al. 2009). We then computed
the stellar masses following the prescription by Zi-
betti et al. (2009), with a Kroupa initial mass func-
tion.

The distribution of M⋆ of the cluster members
is shown in Figure 1. In the main panels of the
figure M⋆ is plotted against R magnitude. HI-
detected galaxies are marked with a blue square
and occupy the region of lower stellar masses and
fainter R magnitudes. The horizontal dashed red
line indicates the stellar mass cut (M⋆ = 1010M⊙)
used to define a mass-limited sample, adopted
in some of the analysis presented in this paper.
This mass cut roughly matches the magnitude cut
where our spectroscopic campaign is most com-
plete (dashed orange vertical line, see Paper I for
details on the target selection).

2.3.2. Colours

To distinguish different galaxy populations, we
constructed colour-magnitude diagrams (CMDs)
using the UV and optical data. In the left panel
of Figure 2, we show the B − R vs. R CMD for
A963 1. We fitted the red sequence using the red-
dest (B − R > 1.8) early-type galaxies3. The fits
are shown by the solid black line in the plots. We
further define the blue cloud to contain all galax-
ies bluer than 0.25mag of the red sequence (lower
dashed line, blue filled symbols).

This colour classification helps us get an idea of
the ages of the stellar populations in these galax-
ies. The majority of red-sequence galaxies, for
instance, are expected to have stopped forming
stars, while blue galaxies are still hosting star for-
mation and thus contain a significant fraction of
young stellar populations. In the Figure 2 we have
also highlighted the location of HI-detected galax-
ies. As expected, these populate the blue cloud.

In the right panel of Figure 2we show a UV-
optical colour-magnitude diagram. UV is very sen-

3We performed visual classification of the galaxies from the
INT B and R images. Several co-authors assigned mor-
phologies to the galaxies and these were later combined. In
this paper we only used the morphological information to
fit the red sequence.
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Fig. 3.— The observed PPS for all galaxies in A963 1. Massive galaxies (M∗ > 1010M⊙) are represented
with darker and larger filled symbols, HI-detected galaxies are enclosed by a blue open circle, and the grey
countours follow the number density of the galaxies. The dashed black line corresponds to the escape velocity
in a NFW halo (see text for details). The solid purple line delimits the region (right of the line) containing
the vast majority of the HI-detections in both clusters.

further normalized v to the velocity dispersion of
A963 1. Galaxies inside the caustic line are ex-
pected to be gravitationally bound to the cluster.

The “virialized” region of the cluster is roughly
located at r ! R200 and ∆v < 1.5σ (see e.g. Ma-
hajan et al. 2011), although the shape of the viri-
alized region is best approximated by a triangle,
rather than a square (as will be shown in Fig-
ures 6 and 8). Inside this region, a significant
fraction of galaxies will have passed pericentre
more than once. The crossing time of our clusters
(from r = R200 to the other side of the cluster) is
∼ 4 Gyr, so the virialized region contains galaxies
that have most likely been in the cluster for more
than a percentric passage (" 2 Gyr).

In the PPS of Figure 3, we have distinguished
low-mass galaxies from more massive ones with
symbol sizes, and we can see that low- and
high-mass galaxies are roughly evenly distributed
across PPS in the cluster (although there are re-

gions notably dominated by massive galaxies, such
as 0.3 ! r/R200 ! 1 and |∆v|/σ ! 0.7). Although
we always plot all galaxies for completeness, it is
important to be aware that a significant assess-
ment of the incidence of different galaxy popu-
lations can only be done in a mass-limited (or
spectroscopically complete) sample. For this rea-
son we mostly focus on the high-mass galaxies,
plotted with bigger symbols in our analysis.

In Figure 3 we also highlight, for the moment,
HI-detected galaxies (blue squares), as these ob-
servations are the core of the survey. Later, in
Figures 6 and 8 we will see how other galaxy prop-
erties are distributed in PPS. It is clear that the
HI-detected galaxies are located outside the clus-
ters’ virialized regions, and that there is also a no-
table lack of HI-detections outside the virialized
regions, at high velocities and small radii. We in-
dicate with the solid purple line in Figure 3 the
boundary between the HI-rich region (right of the

6

THE	  ORBITAL	  HISTORIES	  OF	  THE	  DIFFERENT	  GALAXY	  POPULATIONS	  

What	  is	  removing	  the	  gas	  in	  	  
galaxies	  in	  the	  red	  region?	  

Projected	  distance	  from	  cluster	  center	  
normalized	  by	  R200	  vs	  the	  peculiar	  line-‐of-‐
sight	  velocity	  of	  each	  galaxy	  with	  respect	  to	  
the	  cluster	  recessional	  velocity	  normalized	  by	  
sigma	  	  

Grey	  contours	  =	  galaxy	  number	  density	  distribu5on	  
Dashed	  line:	  escape	  velocity	  in	  a	  NFW	  halo,	  projected	  
Solid	  line	  delimits	  the	  region	  where	  the	  vast	  majority	  
of	  HI	  detec5ons	  are	  



Fig. 6.— The same PPS as in Figure 6 is shown, but with added information: As before, massive galaxies
(M∗ > 1010M⊙) are represented with darker and larger filled circles, HI-detected galaxies are enclosed by
a blue open circle, and grey countours follow the number density of the galaxies. In addition, galaxies are
divided into red-sequence and blue cloud, as defined in the top panels of Figure 2. Furthermore, galaxies
with EW[OII]> 4Å have an open orange diamond around them and galaxies with recent star formation
(NUV − r < 5, see bottom panels of Figure 2) are marked with a cross. The dashed grey line delimits
the area in PPS (left of the line) where a MW galaxy is expected to be completely stripped as it falls into
the cluster. The solid green line (and shaded area) delimit the area where the model galaxies are stripped
enough to fall out of the detection limit of our survey (see Section 5). As in Figures 3 and 5, the dark solid
lines divide the regions were most HI-detections are found, from the “stripped” area, with the dotted line
being the extrapolation of the solid line in the region without datapoints.

gion of complete stripping. The region to the left
of the black dashed line instead, represents the
area in PPS where most galaxies are considered
to be ”virialized”, or at least not on their first
infall. Both of these regions are mostly devoid
of HI-detections, which coincides with the region
where simulated galaxies that have been stripped
of their gas are located in PPS, regardless of their
time since infall (Figure 5). To the right of these
dashed lines we have the region where galaxies
that recently joined the cluster are located. This
is full of HI-detections.

6.1. HI stripping in PPS

We first focus on the distribution of HI-detected
galaxies (blue open squares), that notably avoid
the region to the left of the dashed lines. As
shown in Section 5, this area coincides with the
simulation’s predicted location in PPS of stripped
galaxies. Our results clearly reflect how galaxies
infalling into the cluster for the first time, will in-
crease their velocities as they approach the clus-
ter centre, and eventually cross the dashed green
line of Figure 6 for the first time. This, on aver-
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COMPARING	  WITH	  A	  SIMPLE	  RAM	  PRESSURE	  MODEL	  

Dashed	  grey	  line:	  to	  the	  lej	  of	  which	  MW-‐like	  galaxies	  are	  expected	  to	  be	  completely	  
stripped	  of	  HI	  gas	  

a	  simple	  model	  following	  
Gunn	  &	  Gom	  prescrip5on,	  
a	  beta	  cluster	  model	  and	  
galaxy	  parameters	  for	  the	  
Milky	  Way	  

Solid	  green	  where	  galaxies	  are	  stripped	  enough	  to	  fall	  below	  our	  HI	  detec5on	  limit	  

These	  are	  effects	  on	  first	  infall	  galaxies	  

“Virialized	  region	  roughly	  at	  r<R200	  and	  Av<1.5sigma,	  where	  many	  of	  the	  galaxies	  
have	  passed	  pericenter	  more	  than	  once,	  thus	  have	  been	  in	  the	  cluster	  for	  >	  2	  Gyr	  
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Fig. 4.— The 3D (left) and projected (right) phase-space of the simulated cluster galaxies. The top panels
shows galaxies that are infalling into the cluster for the first time. They clearly occupy the regions in phase-
space close to the cluster “envelope” and far away from its core. The middle panels show all (virialized and
infalling) galaxies, which occupy the entire trumped-shape area of phase-space. At the bottom, we show
only massive galaxies (i.e. with masses similar to that of our MW prototype).

sures, assuming the β-model presented in Section 4
(see Table 1 in particular). We assume the halos
contain a MW-like disk with the same properties
listed in Table 2, and flag them as “stripped” (i.e.
non-detected in HI) once they have been truncated
down to rt and have thus fallen below the detec-
tion limit of our survey.

In the top panels of Figure 4, we plot the fi-
nal positions (at z=0) in a phase-space diagram,
using only the halos that are infalling into the clus-
ter for the first time, and distinguish the ‘HI de-
tected’ (open light green circles) from the the ‘non-
detected’ or stripped galaxies (filled dark green
circles). It is noticeable how galaxies drop out of
our detection limit as they pass through the ram-

pressure stripping cone, described in Section 4 (see
also green area in the left-panel of Figure 6). This
is less clear in the projected phase-space diagram
(right-hand side of Figure 4), although it is still
evident. In the middle panels of the figure we
plot all halos (infalling and virialized), and see
that the non-detected galaxies are not only in this
cone, but elongate along a “wedge” that stretches
to r > R200.

From Figure 4, we can see how, the position
of the simulated galaxies in PPS evolve with cos-
mic time. On first infall, the galaxies distribute
along the escape-velocity caustic we saw in Fig-
ure 3, avoiding low r and low v values (top panels
of Figure 4). As the cluster evolves and becomes
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virialized, the galaxies cluster in the low r and
low v region, as shown in the middle panels of the
Figure (filled darker symbols). This shows the ca-
pability of PPS to predict, in a statistical sense,
the time since infall of cluster galaxies.

In order to ensure that dynamical friction is
of the correct magnitude in our results, we sub-
sample our halos, creating a ‘MW-like’ subsample
with initial halo mass: 0.25×1011−7.5×1012M⊙.
This approximately selects halos with the correct
mass to match the stellar mass of our MW-like
model (see Eq. 3 in Guo et al. 2010). There are
96 in total in this mass range (bottom panel of Fig-
ure 4). By subsampling our halos, we are also as-
suring that there is a good match between the disk
mass and the halos, although the general trends
observed in the middle and bottom panels of Fig-
ure 4 are not dissimilar. To be safe however, we
only use the sample plotted in the bottom panels
in our analysis.

To project the 3D phase-space to 2D, we ran-
domize the line-of-sight to the cluster, spinning
the cluster by a random angle about the x-axis,
then another random angle about the y-axis. The
line-of-sight is then chosen down the z-axis, with
r =

√

x2 + y2, and vlos = vz . To compute the
probability, per PPS bin, that a galaxy has been
stripped, Pstrip, we spin the cluster 1000 times
and build up an average in each pixel of the PPS
diagram (fraction of HI non-detected to the to-
tal number that lie in that pixel). This is shown
in Figure 5, where red-orange regions trace the
highest probabilities for a galaxy to have been
stripped. In the figure, we have overplotted the
line separating HI-detections from non-detections
in the observed PPS shown in Figure 3. The model
predictions for where the effect of ram-pressure is
strongest in PPS is in striking agreement with our
observations, qualitatively reproducing the region
in PPS where there are no HI-detected galaxies
(left of the line).

6. The big picture

In Section 2.3 we studied the properties of the
galaxies in the two main BUDHIES clusters. In
Section 3 we saw how the galaxies, and in par-
ticular, the HI-detections occupy distinct regions
in PPS. To understand their distribution, we first
used a model to define where galaxies that have
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Pstrip:

Fig. 5.— Distribution in PPS of the probabilities
that a MW-type galaxy has been stripped in a
cluster with the ICM model of A963 1. The red-
orange points trace the region where galaxies have
most likely been stripped of their gas. The thick
black line is the same as in Figure 3, that shows
the boundary between the region where most HI-
detected galaxies are (right of the line) and the
region without HI-detections (left of the line).

just fallen into the cluster are expected to be
stripped of their gas by means of ram-pressure,
making them undetectable by our survey (Sec-
tion 4). Then, in Section 5 we used simulations
to further study the regions in PPS where galax-
ies that already have been stripped will sit in PPS.
This includes not only infalling galaxies but also
virialized ones, that have been in the cluster for
more than a pericentric passage (! 2 Gyrs). In
this section, we combine all of the results to build
a complete picture of the histories of galaxies in
the studied clusters.

Figure 6 shows the PPS of galaxies in A963 1.
As in Figure 3, galaxies of different masses are
shown with different symbol sizes, where the larger
symbols correspond to the mass-limited sample.
HI-detections are highlighted as before. We also
distinguish between red-sequence and blue-cloud
galaxies (defined in Figure 2). The area to the
left of the dashed green line indicates the region
where our ram-pressure stripping model predicts
where galaxies will be stripped (enough to fall out
of the BUDHIES detection limit) as they first fall
into the cluster. The grey line delimits the re-
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HIGH-‐RES	  N-‐BODY	  SIMULATIONS	  WITH	  ADAPTIVE	  MESH	  REFINEMENT	  CODE	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (Warnick+	  2006,	  2008,	  Knebe+	  2001)	  

We	  follow	  the	  orbits	  of	  individual	  haloes	  in	  the	  cluster,	  and	  apply	  our	  ram	  pressure	  model	  	  

Top:	  only	  haloes	  that	  are	  infalling	  for	  the	  first	  5me	  
Middle:	  as	  cluster	  evolves	  and	  becomes	  virialized,	  galaxies	  end	  up	  at	  low	  r	  and	  low	  v	  for	  dynamical	  
fric5on	  -‐-‐	  so	  galaxies	  in	  this	  region	  are	  stripped	  because	  they	  are	  virialized,	  and	  have	  been	  in	  the	  
cluster	  for	  more	  than	  a	  pericentric	  passage	  (>	  2	  Gyr)	  –	  they	  have	  already	  been	  in	  the	  “stripping	  
region”	  of	  the	  diagram	  
Bomom,only	  for	  MW-‐like	  galaxies	  (subsampling	  our	  haloes)	  



Fig. 6.— The same PPS as in Figure 6 is shown, but with added information: As before, massive galaxies
(M∗ > 1010M⊙) are represented with darker and larger filled circles, HI-detected galaxies are enclosed by
a blue open circle, and grey countours follow the number density of the galaxies. In addition, galaxies are
divided into red-sequence and blue cloud, as defined in the top panels of Figure 2. Furthermore, galaxies
with EW[OII]> 4Å have an open orange diamond around them and galaxies with recent star formation
(NUV − r < 5, see bottom panels of Figure 2) are marked with a cross. The dashed grey line delimits
the area in PPS (left of the line) where a MW galaxy is expected to be completely stripped as it falls into
the cluster. The solid green line (and shaded area) delimit the area where the model galaxies are stripped
enough to fall out of the detection limit of our survey (see Section 5). As in Figures 3 and 5, the dark solid
lines divide the regions were most HI-detections are found, from the “stripped” area, with the dotted line
being the extrapolation of the solid line in the region without datapoints.

gion of complete stripping. The region to the left
of the black dashed line instead, represents the
area in PPS where most galaxies are considered
to be ”virialized”, or at least not on their first
infall. Both of these regions are mostly devoid
of HI-detections, which coincides with the region
where simulated galaxies that have been stripped
of their gas are located in PPS, regardless of their
time since infall (Figure 5). To the right of these
dashed lines we have the region where galaxies
that recently joined the cluster are located. This
is full of HI-detections.

6.1. HI stripping in PPS

We first focus on the distribution of HI-detected
galaxies (blue open squares), that notably avoid
the region to the left of the dashed lines. As
shown in Section 5, this area coincides with the
simulation’s predicted location in PPS of stripped
galaxies. Our results clearly reflect how galaxies
infalling into the cluster for the first time, will in-
crease their velocities as they approach the clus-
ter centre, and eventually cross the dashed green
line of Figure 6 for the first time. This, on aver-
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COLORS	  

only	  	  a	  few	  of	  the	  blue	  galaxies	  in	  the	  stripped	  and	  virialized	  zones	  have	  HI,	  while	  most	  
of	  the	  	  blue	  galaxies	  in	  the	  recent	  infall	  zone	  are	  detected	  in	  HI	  
Also,	  no5ceable	  frac5on	  of	  red	  HI	  poor	  galaxies	  in	  the	  recent	  infall	  zone,	  possibili5es:	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  -‐-‐-‐-‐	  preprocessing	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  -‐-‐-‐-‐	  wide	  scamer	  in	  ram	  pressure	  strength	  at	  fixed	  radius,	  non-‐smooth	  ICM	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  -‐-‐-‐-‐	  backsplash	  galaxies,	  but	  insignificant	  at	  r>	  2	  R200	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  -‐-‐-‐-‐	  “mass-‐quenching”?	  (discussing	  with	  Kovac…)	  



BUDHIES	  TAKE-‐AWAY	  MESSAGES	  

Ø  	  in	  the	  forming	  cluster	  A2192	  we	  see	  effect	  of	  gas	  stripping	  both	  in	  the	  main	  
virialized	  cluster	  and	  in	  a	  compact	  infalling	  group	  

Ø  In	  the	  massive	  A963	  cluster,	  we	  have	  inves5gated	  the	  cause	  and	  the	  
5mescale	  of	  gas	  stripping	  and	  subsequent	  quenching	  

	  
Ø  	  clear	  segrega5on	  of	  HI-‐stripped	  and	  non-‐stripped	  galaxies,	  with	  HI-‐

detected	  galaxies	  avoiding	  the	  regions	  they	  “should	  avoid”	  based	  on	  
ram	  pressure	  model	  +	  cosmological	  N-‐body	  simula5ons	  –	  combina5on	  
of	  stripping	  on	  	  first	  infall	  +	  gezng	  virialized	  due	  to	  dynamical	  fric5on	  	  

	  
Ø  	  trends	  of	  other	  proper5es	  (colors,	  OII)	  also	  segregate,	  but	  less	  clearly	  

than	  the	  HI,	  consistent	  with	  galaxies	  losing	  their	  HI	  and	  having	  s5ll	  blue	  
colors	  for	  a	  while	  (did	  not	  show	  NUV	  colors	  analysis)	  

	  
Ø  	  presence	  of	  quenched,	  HI-‐poor	  galaxies	  in	  the	  infall	  region	  might	  

indicate	  preprocessing,	  or	  some	  backsplashing	  
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THE	  WINGS	  DATASET	  

B	  and	  V	  deep	  photometry	  	  on	  34’X34’	  	  
FOV	  1.2-‐2.7Mpc,	  res.	  0.7-‐1.6kpc,	  MV~-‐13	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
400.000	  gal	  phot.,	  40.000	  surf.phot	  +	  morph	  

Op5cal	  fibre	  spectroscopy	  
48	  clusters,	  6500	  spectra,	  100-‐200	  galaxies/cluster,	  down	  to	  MV~-‐17	  

Near-‐IR	  deep	  photometry,	  J	  and	  K	  
36	  clusters	  –	  galaxy	  masses,	  SED	  +	  struct.props	  

u,	  	  V	  and	  B	  on	  a	  1deg	  sq.	  with	  Omegacam/VST	  +	  
AAOmega/AAT	  spectroscopic	  follow-‐up	  –	  out	  to	  2.5	  
virial	  radii,	  90%	  spectr.	  completeness	  to	  V=20,	  30k	  
spectra	  

Ongoing	  	  -‐	  	  

U-‐band	  with	  INT,	  LBT	  &	  Bok	  

Large	  effort:	  114	  telescope	  nights,	  28	  refereed	  pubs	  so	  far,	  all	  wide-‐field	  –	  ALL	  PUBLIC	  on	  VO	  
(MoreX+	  2014)	  
WFC/INT,	  WFC/ESO2.2,	  WYFFOS/WHT,	  2dF/AAT,	  WFCAM/UKIRT,	  90prime/Bok,	  LBC/LBT,	  Omegacam/VST,	  AAOMEGA/AAT,GMOS/
Gemini,VIMOS/VLT	  	  

LBT 

ESO2.2m 

Sigma=500-‐1200+km/s,	  Log	  LX=43.3-‐44.7	  erg/s	  



“JELLYFISH”	  GALAXIES	  IN	  OMEGAWINGS	  

In	  prep.	  
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Figure 2. HST images (F606W+F814W) of extreme cases of ram-pressure stripping in MACS galaxy clusters at 0.30 < z < 0.43. In each panel, the direction
and projected distance to the cluster center (as given by the location of the BCG) is marked in the bottom, right corner; red arrows denote the approximate
direction of motion of the respective galaxy.

6	  examples	  from	  Ebeling+	  2014in	  X-‐ray	  clusters	  at	  z=0.3-‐0.4	  
2 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).

ily 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, orienta-
tion), conditions that are unlikely to be met in the small num-
ber of nearby clusters, all of which feature relatively low mass
(except for Coma). Indeed, observations show atomic hydro-
gen 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, rou-
tinely encountered by galaxies falling into very massive clus-
ters where the particle density1 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 clus-
ters. 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 4000Å. Although debris trails of star-forming
knots are discernible already with WFPC2 (left panel of Fig-
ure 1), the greatly superior resolution 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 com-
pression of the ISM at the galaxy-gas interface causing vig-
orous and widespread starbursts, removal of intragalactic gas,
star formation in molecular clouds swept out of the galaxy,

1 In spite of the enrichment of the ICM with metals, hydrogen is the dom-
inant 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.

as well as partial back-infall. Furthermore, tidal compression
in the cluster’s gravitational potential may contribute to the
observed pronounced and wide-spread star formation.

More robust conclusions are hard to arrive at from the few
examples observed to date since, as expected from simple
theoretical considerations and the results of numerical sim-
ulations, the progression and observational signature of ex-
treme 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 clus-
ters from the Massive Cluster Survey (MACS; Ebeling et al.
2001) obtained with ACS aboard HST. Our project uses all
37 MACS clusters2 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 in-
efficiency 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 us-
ing 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 iden-
tify the brightest and most spectacular examples of extreme
ram-pressure stripping. The second phase then uses the un-
ambiguous cases thus unveiled as a training set to establish
quantitative color and morphology criteria that allow the se-
lection 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 on the former step; a detailed description of

2 Four of these in fact hail from the southern extension of MACS which
covers the extragalactic sky at � < �40�.
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Figure 2. Top panel: close-up views of the jellyfish galaxies highlighted in Figure 1. The green contours show the surface brightness at ∼1σ above the background
for an image generated by co-adding the F435W, F606W, and F814W images using the SWarp tool (Bertin et al. 2002). The white circle shows the AAOmega fiber
aperture size. Bottom panel: AAOmega spectra (where available) for the jellyfish galaxies. We note that the broad feature at ∼8650 Å seen in the F0237 and F1228
spectra is due to sky subtraction residuals.
(A color version of this figure is available in the online journal.)

2007; Yoshida et al. 2008; Smith et al. 2010; Hester et al.
2010). However, at redshifts comparable to A2744, only three
have been observed, all in separate clusters (Owen et al. 2006;
Cortese et al. 2007). Indeed, Cortese et al. (2007) found only
two examples in a survey of 13 intermediate-redshift clus-
ters. The rarity of jellyfish galaxies in intermediate-redshift
clusters emphasizes the significance of the observations pre-
sented here; we observe four such systems within A2744.
While the statistics at intermediate redshifts are sparse, S10
compiled a sample of 13 Coma cluster galaxies that har-
bor ultraviolet asymmetries/tails. The orientation of the tails,
which generally point away from the cluster center, suggested
that these galaxies formed from an infalling population ex-
periencing the cluster environment for the first time (S10).
However, there are two key distinctions to be made when com-
paring the low-redshift jellyfish population with that of A2744.
First, the knots in A2744 are bright (−13 ! MI ! −17) when
compared to prominent examples in Coma (GMP4060/RB199,
MI > −13 S10; Yoshida et al. 2012) and Virgo (IC3418,
MI > −11; Hester et al. 2010; Fumagalli et al. 2011) while
only ESO 137-001 in the merging cluster A3627 has knots with
comparable brightness (Sun et al. 2007; Woudt et al. 2008).
Thus, the bright knots seen in A2744 are rare in low-redshift
clusters. Second, the orientation of the tails in A2744 is less well
ordered than those seen in Coma. This does not preclude the ex-
istence of a faint, Coma-like infalling population of jellyfish
in A2744, which may be revealed by deeper observations, but
indicates that the picture outlined by S10 is unlikely in this case
for the jellyfish observed in A2744. Thus, there appears to be a
relatively larger number of jellyfish in A2744 compared to other
intermediate-redshift clusters and these jellyfish appear to be a
different, brighter version of their low-redshift counterparts.

Is the major merger in A2744 driving the formation of an
excess of these bright jellyfish galaxies? There is a strong

spatial correlation between the jellyfish galaxies and features
associated with the high-speed Bullet-like subcluster (Figure 1
and O11): the proximity of (1) F0083 and F0237 to the
portion of the Bullet-driven shock front revealed as an edge
in the Chandra observations, and (2) the central jellyfish to
the X-ray peak associated with the remnant gas core of the
Bullet-like subcluster. While we cannot know the exact three-
dimensional locations of the jellyfish galaxies with respect to
the intracluster medium (ICM) structures, the small projected
distances suggest that the jellyfish galaxies may have recently
been overrun by the shock front and/or the Bullet-like subcluster
gas. This indicates that a mechanism related to an interaction
with these ICM features may be responsible for either the
stripping of the gas leading to the tails or the triggering of the
star formation in the tails, or both. This assertion is supported
by the young ages of the stellar populations in the knots and
filaments, which suggest that the star formation was triggered
!100 Myr ago (Section 3.2). On these timescales, a galaxy
with velocity ∼1000 km s−1 travels !100 kpc, so we would
expect there to still be a strong spatial coincidence between the
jellyfish and the putative ICM features responsible for triggering
the star formation. Furthermore, consideration of the peculiar
velocity of the Bullet-like subcluster (vpec ≃ 2500 km s−1;
O11) and of the three jellyfish galaxies with measured redshifts
(vpec = −729,−2277, and − 2528 km s−1; lower panels,
Figure 2) indicates that the jellyfish galaxies are not members
of the Bullet-like subcluster, and that if they have interacted
with the shock or the Bullet-like subcluster’s ICM, then the
relative velocity of the interaction was high—of the order
of the merger velocity ∼4750 km s−1. Similarly, Owen et al.
(2006) suggested that the jellyfish-like galaxy C153 in A2125
may be a result of enhanced ram pressure stripping caused
by a high-velocity encounter with the ICM due to a cluster
merger, while S10 find hints that some of their jellyfish galaxies
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Figure 19: Cluster A1069. Left panel: rest frame velocity distribution (km/s) for galaxies in the input
redshift range (z±0.015); member galaxies (membership as defined above) are in green, other galaxies
in blue. The mean velocity of the cluster and the rest frame velocity dispersion are written on the
top of the figure. The long dotted lines define the ±� region. Right panel: redshift distribution for
galaxies in the input redshift range (z ± 0.015); colors as in the left; the mean redshift is indicated on
the top.

Figure 20: Cluster A1069. Left: RA DEC position of member galaxies. The green, red and black dots
rapresent respectively the X center, the optical center and the BCG location. The circle of radius
R200 is plotted in red, centered on the old WINGS centre coordinates. Right: RA DEC position of
galaxies in the substructure (red circles) and member galaxies (blue crosses). The red big circle gives
an idea of the R200 of the cluster. and the green one of a tentative R200 of the substructure.
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Together with the data we also plot the best-fitting func-
tion given by Madau & Dickinson (2014), expressed by the
analytical form:

 (z) = 0.015
(1 + z)2.7

1 + [(1 + z)/2.9]5.6
M � yr�1Mpc�3. (6)

The PM2GC values are reported with black dots. The
plot shows that the PM2GC ⇢SFR trend follows quite well
the SFR estimates at di↵erent redshifts. The only noticeable
discrepancy is in the highest redshift bin (z > 2), where the
PM2GC value is a factor of ⇠ 1.66 higher then the mean
⇢SFR obtained by integrating the Madau best-fit function at
the same epoch. This behaviour can be either attributable
to the low temporal resolution of the ⇢SFR computed by our
model, or to an underestimation of the Madau ⇢SFR due to
incompleteness of high redshift data.

4.2 The star formation history in di↵erent
enviroments

In figure 2 we compare the PM2GC field SFH (black dots)
with that of the WINGS cluster sample (red dots). The
PM2GC has been also divided into single galaxies (blue
dots), binaries (cyan dots) and groups (green dots), accord-
ing to the criteria described in §2. VOLUME The cluster
⇢SFR are systematically higher than in the field, of a factor
larger than two order of magnitude at any redshift. This re-
flects the di↵erence in density (number of galaxies per unit
volume) between the two enviroments, being clusters much
denser enviroments than the field. Single galaxies contribute
to the total ⇢SFR by a factor 1.4 higher than groups in the
lowest redshift bin, while at higher redshifts the relation is
inverted in favour of groups and the factor is almost the
same. Binary galaxies provide the smallest contribution at
all redshifts.

To make the comparison more explicit, in the lower
panel all the values have been normalized so to coincide
with the ⇢SFR of PM2GC at z=0. It is evident that in all
enviroments the star formation process was more active in
the past than in the present age, which makes the SFHs
behaviour decrease with decreasing redshift. However, the
slope is much steeper for clusters than for field galaxies.
Clusters have formed the majority of their stars at high z,
due to the main population of galaxies they are composed of,
i.e. early type and massive galaxies. In contrast, in the field
the process is smoother, being the galaxies within it het-
erogeneous and with a prevalence of lower mass late-type
galaxies. The decreasing factor in ⇢SFR between the highest
and the loweest redshift bin is estimated for WINGS to be
roughly 40 while for PM2GC is ⇠ 7. The same analysis has
been conducted for the subsamples in the field, and shows
that the ⇢SFR of galaxies in groups decreases of a factor
of 10.5 going from high to low redshifts, while this factor
turns out to be only 5 and 5.5 for binary an single galaxies,
respectively.

Finally, we can determine that 2/3 of stars ever formed
in clusters were formed at z > 2, while more than half all
stars in field galaxies formed at z < 2.
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Figure 2. Comparison between the field (PM2GC, black dots)
and clusters (WINGS, red dots) ⇢SFR. The field sample has also
been divided into groups (green), binary (cyan) and single (blue)
galaxies. Horizontal bars show the extension of time the dots are
refering to. In the top panel ⇢SFR is given in M� yr�1 Mpc�3, in
the bottom panel all samples are normalized to the PM2GC z=0
value.

4.3 The star formation history of star-forming
galaxies

The star formation history throughout the cosmic time in a
given enviroment includes a large number of galaxies and is
the result of star formation processes taking place in galaxies
that are still active in the epoch under consideration. The
decline of the Madau plot from the past and until the present
age is in principle the cumulative result of declining star for-
mation in star-forming galaxies together with the increase in
the number of galaxies that have stopped forming stars, i.e.
are quenched. The study of the SFH of star-forming galaxies
in di↵erent enviroments and in di↵erent mass ranges aims
to disentangle these two e↵ects so to analyse the behaviour
of galaxies which are still actively star-forming today.

In the following description we consider as currently
star-forming those galaxies whose specific star formation
rate (sSFR), i.e. the ratio between the SFR and the stel-
lar mass today, is beyond a fixed threshold. The current
SFR is the average during the last 20 Myr as obtained from
the model. The threshold is derived by means of the sSFR-
mass relation and is taken to be equal to sSFR = 10�12yr�1.
This criterion allows to select from the complete sample 2094
star-forming galaxies in the field and 612 in clusters. These
subsamples have been divided into di↵erent mass bins as de-
scribed in the legend of Figure 3, where the mean values of
⇢SFR per galaxy are plotted.

The SFHs in the plot demonstrate that the global de-
cline in the cosmic star formation is not due only to an
increasing fraction of galaxies becoming quenched at lower

c� 2002 RAS, MNRAS 000, 1–10

MADAU	  PLOT	  IN	  GENERAL	  
FIELD	  (black)	  vs.	  CLUSTERS	  
(red,10^14-‐10^15	  Msun)	  

	  

and	  vs.	  GROUPS	  (green,	  
10^13	  Msun),	  BINARIES	  
(cyan,	  10^12	  Msun)),	  
SINGLES	  (blue,	  10^11.5	  

Msun)	  

COSMIC	  STAR	  FORMATION	  RATE	  DENSITY	  
N
or
m
al
ize

d	  
to
da
y	  
	  	  	  
	  	  	  
	  	  	  
	  	  	  
	  	  	  
	  	  	  
	  S
FR
	  d
en

sit
y	  

2/3	  of	  stars	  in	  clusters	  formed	  at	  
z>=	  2,	  while	  more	  than	  half	  of	  
stars	  in	  the	  field	  formed	  at	  z<	  2.	  
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FIG. 15.— Color of galaxies with different histories and different quenching timescales according to the spectrophotometric model of ??. Left panels: SFRs
as a function of time with different ⌧ and t0, as written in the labels. The linear decline with different timescales is also shown with different colors. In the upper
panel, a zoom of the decline is also shown. Right panels: (U-B)r f color as a function of time for the SFRs shown in the left panels. The different declines are
also shown. Green shaded areas show our definition of green galaxies (see §3) for galaxies with logM?/M�=10.25 and logM?/M�=11.5.

FIG. 16.— Illustration of our main results and interpretation.

type galaxies that have stopped forming stars at any epoch and
that retained their morphology. The non negligible fraction of
post-starburst galaxies (⇠ 15%) in RP late types suggests that
some of these objects became red after a very short (therefore
virtually unobservable) green phase.

If green late types are subject to a morphological transfor-
mation, they might become green early types. The analysis
of the SFH supports such possibility, since no differences in
SFH have been detected between the two populations (plot not
shown). Green early types are characterized by a steeper mass
distribution than the green late types, which extends toward
slightly higher masses (Fig.13). The analysis of the structural

parameters suggests that this mass loss is mainly related to
the progressive disappearance of the disk, which at any given
stellar mass is smaller and less massive. The properties of the
bulges of green late types and green early types are more sim-
ilar, as a consequence the relative proportion of bulges and
disk changes, as reflected in the distribution of B/T ratios and
ratios of the mass in the bulge and in the disk (Fig.13).

This is not the only possible channel of formation for
green early types, as they can also derive from BSF early
types which suffer a reduction of their SFR and a consequent
change in color. Indeed, green and BSF early types present
very similar mass and structural parameters (Sérsic indexes,
B/T ratios, bulge ellipticities, mass in the bulge and in the
disk, size of bulges and disks) distributions (Fig.13), support-
ing this scenario.

Finally, both green early types and RP late types can turn
into red early types. However, given the fact that the RP early-
type population contains galaxies that stopped forming stars
at any earlier epoch, which were characterized by different
structural properties, comparisons between such populations
are very hard and it is difficult to state the frequency of such
transformations.

We note that in some cases, our modeling suggests galaxies
can turn from blue to red quite quickly, going through a very
short green phase (<0.1 Gyr) hardly observable when con-
sidering only colors, but recognizable by their spectral k + a
features.

In principle, red early types might suffer a rejuvenation pro-
cess that makes them change colors, As we have seen in Fig-
ures 9, the structural parameters of red and BGSF ellipticals
are similar, consistently with the hypothesis a common origin.
However, this scenario seems to be ruled out by the character-
ization of the previous SFHs which are clearly different for
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ABSTRACT
Exploiting a mass complete (M⇤>1010.25M�) sample at 0.03< z <0.11 drawn from the Padova Millennium

Galaxy Group Catalog (PM2GC), we use the (U �B)r f color and the morphologies to investigate the properties
of galaxies that are red, blue or green, and ellipticals, S0s or late types. We characterize those galaxies that
show signs of an ongoing or recent transformation of their star formation activity and/or morphology - green
galaxies, red passive late types, blue+green star-forming early types. Color fractions depend on mass and
only for M⇤<1010.7M� on environment. The incidence of red galaxies increases with increasing mass, and,
for M⇤<1010.7M�, decreases going toward the group outskirts and in binary and single galaxies. Notably,
the relative abundance of green and blue galaxies is independent of environment, and increases monotonically
with galaxy mass. Second, we inspect structural parameters, star-formation properties, histories and ages
and propose an evolutionary scenario for the different subpopulations. Color transformations are due to a
reduction and suppression of SFR in both bulges and disks, so that blue late types turn into green late types,
without noticeably changing their structure. Morphological transitions (from blue star-forming late types to
blue star-forming early types, from green late types to green early types) are linked to an enhanced bulge-to-
disk ratio due to the removal of the disk, not to an increase of the bulge. Red passive late types are a very
heterogeneous population that comprises all late type galaxies that have stopped forming stars at any past
epoch and retained their morphology. Our modeling suggests that green colors might be due to star formation
histories declining with long timescales, as an alternative scenario to the classical “quenching” processes.
Finally, we show that ⇠ 4% of all galaxies are quenched on a short timescale and that the majority of them are
only recognizable by their spectral post-starburst/post-starforming features (not from their color or mismatch
of color and morphology). Their excess in groups compared to binary and single systems points to a fast
environmental removal of gas. Our results suggest that, at the masses we consider, galaxy transformations in
star formation activity and morphology depend neither on environment nor on being a satellite or the most
massive galaxy of a halo. The only environmental dependence we find is the higher fast quenching efficiency
in groups giving origin to post-starburst signatures.
Subject headings: galaxies: general – galaxies: formation – galaxies: evolution – galaxies: morphologies

1. INTRODUCTION

Galaxy color and structure are key observables in extra-
galactic astronomy for understanding the formation and evo-
lution of galaxies, and they are the consequence of all physical
processes at work.

The local population of galaxies consists roughly of two
types, and their frequency correlates with the environment:
red galaxies, which on the whole are characterized by larger
stellar masses, bulge-dominated morphologies, are predom-
inant in dense regions, while blue galaxies, with a disk-
dominated morphology, are preferentially found in low den-
sity regions (Blanton et al. 2003; Kauffmann et al. 2003,
2004; Baldry et al. 2004; Balogh et al. 2004; Brinchmann
et al. 2004). Since only relatively small amounts of ongoing
star formation make a galaxy appear blue, the color bimodal-
ity basically reflects star formation quenching: in general, red
galaxies have had their star formation quenched, while blue
galaxies are still forming stars. However, a non-negligible
fraction of red galaxies are clearly edge-on disc objects that
owe their color to an enhanced extinction, and a small frac-
tion of blue galaxies might have already stopped their activity
(see, e.g., Bamford et al. 2009; Schawinski et al. 2009).

This bimodality can originate both from a priori differences
set beforehand, the so-called nature scenario, or from envi-
ronmentally driven processes taking place during the evolu-
tion of galaxies, the so-called nurture scenario. As discussed
in De Lucia et al. (2012), trying to separate the two scenarios
and differentiate their role in driving galaxy evolution might
be an ill posed task, since they are strongly and physically
connected. According to the ⇤CDM model, as time goes by,
smaller structures merge to form progressively larger ones.
This hierarchical growth implies that the fraction of galax-
ies located in groups progressively increases since z⇠1.5, and
at z⇠0 most galaxies are found in groups (Huchra & Geller
1982; Eke et al. 2004; Berlind et al. 2006; Knobel et al.
2009). It is therefore important to understand the role of the
group environment in boosting galaxy transformations from
blue to red colors and from late-type to early-type morpholo-
gies. Bamford et al. (2009) showed that color and morpho-
logical fractions are very different functions of environment
at low-z. Being both sensitive to stellar mass, at fixed stel-
lar mass, color is also highly sensitive to environment, while
morphology displays much weaker environmental trends (see
also Kauffmann et al. 2004; Blanton et al. 2005; Christlein &
Zabludoff 2005; Weinmann et al. 2009; Kovač et al. 2010).


