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Abell 2670 (z = 0.076) 
“A Galaxy Zoo”

- Post-merger signatures (Sheen et al. 2012)
- GALEX UV properties (Sheen et al. 2016)
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A2670 @ z = 0.076

• redshift = 0.08

• r = 16.32

• g - r = 0.99

• Mr = -21.5

• log(M✴) ~ 11.2 

• fracDeV ~ 0.9
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MOSAIC 2/Blanco

• Disturbed features in 
the galaxy halo  

• Blue blobs (tadpoles) 
around the galaxy  

• Tails of the tadpoles 
pointing to the 
cluster centre

1 hr

0.5 hr
MUSE observations

Try MUSE 
observations to 
confirm 
associations of 
the tadpoles to the 
elliptical galaxy
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Figure 2.1: Graphical representations of the splitting and slicing procedures in the MUSE instrument. The example
shown is for wide-field mode; narrow-field mode operates in the same way with a scaled-down field size. Note that the
sizes given are approximate, the real data does not exactly cover a square region on the sky.
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Stellar kinematics of post-merger galaxies 



거대타원은하의 형성과 AGN 피드백

• 은하단 내 거대타원은하에 존재하는 중성
가스의 함량을 측정하여 모은하의 특성을 
추정하고 은하 병합 중 별 생성을 억제하는 
기작에 대하여 논의 

• Impossible with a single dish antenna 
> go for ALMA  

• High-quality complementary data: 
deep UV - optical images, optical 
spectra, IFU spectra

ALMA observation (inset) of Antennae galaxy 
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ABSTRACT
We present the ATLAS3D H I survey of a volume-limited, complete sample of 166 nearby
early-type galaxies (ETGs) brighter than MK = −21.5. The survey is mostly based on data
taken with the Westerbork Synthesis Radio Telescope, which enables us to detect H I down to
5 × 106–5 × 107 M⊙ within the survey volume.

We detect ∼40 per cent of all ETGs outside the Virgo galaxy cluster and ∼10 per cent of
all ETGs inside it. This demonstrates that it is common for non-cluster ETGs to host H I. The
morphology of the detected gas varies in a continuous way from regular, settled H I discs and
rings to unsettled gas distributions (including tidal or accretion tails) and systems of clouds
scattered around the galaxy. The majority of the detections consist of H I discs or rings (1/4 of
all ETGs outside Virgo) so that if H I is detected in an ETG it is most likely distributed on a
settled configuration. These systems come in two main types: small discs [M(H I) < 108 M⊙],
which are confined within the stellar body and share the same kinematics of the stars; and
large discs/rings [M(H I) up to 5 × 109 M⊙], which extend to tens of kpc from the host galaxy
and are in half of the cases kinematically decoupled from the stars.
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The ATLAS3D project – XIII. Neutral hydrogen 1841

Figure 2. A sequence of H I-rich ETGs with increasingly less regular gas configurations (left to right). The sequence shows galaxies with very large H I

distributions relative to the stellar body. The top row shows total-H I contour images. We refer to the caption of Fig. A1 for a description of the content of each
image. In this figure the top-right scale bar indicates 10 kpc at the galaxy distance. The bottom row shows position–velocity diagrams of galaxies in the top
row, drawn along an axis which highlights relevant features in the H I kinematics (see text). We plot angular and velocity offset along horizontal and vertical
axis, respectively. The diagrams are drawn along an axis whose position angle is indicated on the bottom right of each diagram (north to east). Contours are
drawn at 1.0 × 2n mJy beam−1, n = 0, 1, 2, . . . . The cross on the bottom left indicates 10 kpc along the horizontal axis and 50 km s−1 along the vertical axis.

Figure 3. A sequence of H I-rich ETGs with increasingly less regular gas configurations (left to right). The sequence shows galaxies with H I distributions of
size similar to that of the stellar body. See the caption of Fig. 1 for a description of the images. In this figure, position–velocity diagrams are drawn using the
R01 cubes. Contours are drawn at N0 × 2n mJy beam−1, n = 0, 1, 2, . . . , where N0 = 0.5 for NGC 2768, 0.75 for NGC 5422 and NGC 3489, and 1.0 for
NGC 7280.
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ABSTRACT
We investigate the effect of ram-pressure from the intracluster medium on the stripping of
H I gas in galaxies in a massive, relaxed, X-ray bright, galaxy cluster at z = 0.2 from the
Blind Ultra Deep H I Environmental Survey (BUDHIES). We use cosmological simulations,
and velocity versus position phase-space diagrams to infer the orbital histories of the cluster
galaxies. In particular, we embed a simple analytical description of ram-pressure stripping in
the simulations to identify the regions in phase-space where galaxies are more likely to have
been sufficiently stripped of their H I gas to fall below the detection limit of our survey. We find
a striking agreement between the model predictions and the observed location of H I-detected
and non-detected blue (late-type) galaxies in phase-space, strongly implying that ram-pressure
plays a key role in the gas removal from galaxies, and that this can happen during their first
infall into the cluster. However, we also find a significant number of gas-poor, red (early-type)
galaxies in the infall region of the cluster that cannot easily be explained with our model
of ram-pressure stripping alone. We discuss different possible additional mechanisms that
could be at play, including the pre-processing of galaxies in their previous environment. Our
results are strengthened by the distribution of galaxy colours (optical and UV) in phase-space,
that suggests that after a (gas-rich) field galaxy falls into the cluster, it will lose its gas via
ram-pressure stripping, and as it settles into the cluster, its star formation will decay until it is
completely quenched. Finally, this work demonstrates the utility of phase-space diagrams to
analyse the physical processes driving the evolution of cluster galaxies, in particular H I gas
stripping.

Key words: galaxies: clusters: general – galaxies: clusters: invidivual: Abell 963 – galaxies:
clusters: intracluster medium – galaxies: evolution – galaxies: general.

1 IN T RO D U C T I O N

Much work has been done to understand the physical processes
driving galaxy evolution. It has been shown by many observational
and theoretical studies that the environment plays an important role
driving the evolution of galaxies (e.g. Dressler 1980; Lewis et al.
2002; Gómez et al. 2003; Koopmann & Kenney 2004; Boselli &
Gavazzi 2006; Poggianti et al. 2006; Moran et al. 2007; Bamford
et al. 2009; Jaffé et al. 2011b). An unassailable result from ob-
servations of galaxies in the local Universe is that cluster galaxies
are more likely to have an elliptical or S0 morphology than field
galaxies, which are typically star-forming spirals (Dressler 1980).
In addition, it is known that the morphology of galaxies corre-

⋆ E-mail: yara.jaffe@astro-udec.cl

lates with their stellar populations. In a colour–magnitude diagram
(CMD), elliptical and S0 (i.e. early-type) galaxies follow a tight
correlation (the so-called ‘red sequence’; Baum 1959; Visvanathan
& Sandage 1977), that indicates they have old stellar populations
(Bower, Lucey & Ellis 1992; Aragón-Salamanca et al. 1993; Jaffé
et al. 2011a). Spiral and irregular (i.e. late-type) galaxies instead
tend to display a wide range of bluer colours, often referred to as
the ‘blue cloud’. The existence of a clear colour bimodality in clus-
ters strongly supports the idea that environment plays an important
role in quenching the star formation in galaxies. Moreover, observa-
tions of distant galaxies have shown a steady rise in the fraction of
S0s in clusters, along with a comparable decline in the spiral frac-
tion since z ∼ 0.5, while the fraction of elliptical galaxies remains
constant (Fasano et al. 2000; Desai et al. 2007). When considering
the predicted evolution of large-scale structure from cosmological
simulations (e.g. De Lucia et al. 2012), this result suggests that

C⃝ 2015 The Authors
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Figure 9. The same PPS of Fig. 7 is shown, but only for massive galaxies (M⋆ > 1010 M⊙), this time colour-coded (and differentiated by symbols) by the
stellar-population ages, inferred from their NUV−r colours (see Section 2.3.2), as labelled. H I-detections are highlighted with blue open squares. Lines are as
in Fig. 7.

Table 2. Parameters of the β-model for
A963_1, used to compute the intensity of
ram-pressure as a function of distance from
the cluster centre. The values were taken
from Rizza et al. (1998).

A963_1’s ICM model

β 0.5
Rc 65 kpc
ρ0 14.7 × 10−3 cm−3

Again, vgal is the velocity of the galaxy in 3D, which we also
project to the line-of-sight velocity, v.

We then model the galaxy’s anchoring pressure, $gal, as:

$gal = 2πG%s%g, (8)

where %s and %g are the density profiles of the stellar and gaseous
discs, respectively. We assume an exponential profile for the disc:

% = %0e
−r ′/Rd (9)

where r′ is the radial distance from the centre of the galaxy, Rd is the
disc scalelength, and %0 the central surface density of the galaxy:

%0 = Md

2πR2
d
, (10)

where Md is the mass in the disc.
We adopt the β-model parameters from Rizza et al. (1998) to

compute ρICM for A963_1 (and hence Pram). These values are listed
in Table 2.

Finally, we construct a disc galaxy model to test the effect on
ram-pressure on it. The values used to model the galaxy’s anchoring
force (listed in Table 3) are a reasonable representation of a Milky
Way (MW)-like disc galaxy. Throughout the rest of this paper, we
thus refer to the model as an ‘MW’ model. Note that the stellar
mass of this test galaxy corresponds to the most typical mass in our

Table 3. Values used to compute the restoring force in
the disc of an MW-type galaxy.

Value Reference

Md,stellar 4.6 × 1010 M⊙ Bovy & Rix (2013)
Md,gas ∼0.06 × Md, stellar Gavazzi et al. (2008)
Rd,stars 2.15 kpc Bovy & Rix (2013)
Rd,gas 1.7 × Rd,stars Cayatte et al. (1994)

mass-limited sample (see dotted blue lines in Fig. 1). Using these
values, we obtain $gal = 1.24 × 10−11N m−2 at the centre of the
galaxy (i.e. at r′ = 0, where the restoring force is the strongest). Note
that this value is smaller than the one used by Hernández-Fernández
et al. (2014).

We can now predict the region in PPS where ram-pressure is
expected to strip the gas off the MW-like galaxy in A963_1, i.e.
the case where η = 1. Jumping ahead to the bottom panel of Fig. 4
(or Figs 5, 7, and 9), we can see the case of complete stripping
(r′ = 0) plotted as a grey dashed line at very small r in PPS.
Galaxies infalling into the cluster (from the right-hand side of the
line towards the cluster centre), will eventually cross this line, losing
their gas reservoirs. This line thus constitutes a good measure of
the presence of H I in PPS. However, because our H I observations
have a detection limit of ∼2 × 109 M⊙, there will be some galaxies
that will fail to be detected before the gas disc is truncated all the
way down to r′ = 0. In other words, we expect to stop seeing H I-
detections at larger r/R200 than the grey dashed line predicts. To
account for this effect, we have recomputed $gal at the truncation
radius at which an MW galaxy would fall below BUDHIES’ H I

detection limit. The truncation radius, rt > 0, is computed from the

remaining gas mass in the galaxy, f =
2×109 M⊙

Mgas
, following:

f = 1 +
!

e−rt/Rd

"−rt

Rd
− 1

#$
. (11)
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MUSE Large Programs

• Dissecting Gas Stripping Phenomena in Galaxies with 
MUSE (GASP) (PI B. Poggianti) 

• A MUSE survey of the dense halo gas in z ~ 3 galaxies 
near optically-thick absorbers (PI M. Fumagalli)



Discussion

• HI/CO observations of early-type galaxies in galaxy 
clusters  

• Research topics for IFU surveys (MaNGA, SAMI, CALIFA 
etc.)


