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Cosmic web and galaxy clustering

✤ 2-point correlation function

Yang et al. (2007, SDSS Group catalog)

projected

Zehavi et al. (2005)

3D real space
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What is environment?

✤ Halo properties
✤ mass, concentration

✤ Local density
✤ Large scale density
✤ Different methods:

✤ Neighbors

✤ Aperture
✤ Multiscale analysis with 

annuli (probes different 
physical regimes: core, halo, 
outskirts, infall regions...)

see Muldrew et al. (2011)

What is galaxy environment? 5

Table 1. List of environment measures used in this study and the authors
who implemented them, including references where applicable. See Sec-
tion 3 for further details. References: 1Baldry et al. (2006); 2 Li et al.
(2011); 3 Cowan & Ivezić (2008); 4 Park et al. (2007); 5 Grützbauch et al.
(2011); 6 Gallazzi et al. (2009); 7 Croton et al. (2005) and 8 Wilman et al.
(2010).

Num. Method Author

Neighbours
1 Third nearest neighbour Muldrew
2 Projected Voronoi Podgorzec & Gray
3 Mean fourth and fifth nearest neighbours Baldry1

4 Five-neighbour cylinder Li2

5 Seventh projected nearest neighbour Ann
6 10-neighbour Bayesian metric Cowan3

7 20-neighbour smooth density Choi & Park4

8 64-neighbour smooth density Pearce

Aperture
9 1 h−1 Mpc (± 1000 km s−1) Grützbauch & Conselice5

10 2 h−1 Mpc (± 500 km s−1) Gallazzi6

11 2 h−1 Mpc (± 1000 km s−1) Grützbauch & Conselice
12 2 h−1 Mpc (± 6000 km s−1) Gallazzi6

13 5 h−1 Mpc (± 1000 km s−1) Grützbauch & Conselice
14 8 h−1 Mpc spherical Croton7

Annulus
15 0.5–1.0 h−1 Mpc (± 1000 km s−1) Wilman & Zibetti8

16 0.5–2.0 h−1 Mpc (± 1000 km s−1) Wilman & Zibetti8

17 0.5–3.0 h−1 Mpc (± 1000 km s−1) Wilman & Zibetti8

18 1.0–2.0 h−1 Mpc (± 1000 km s−1) Wilman & Zibetti8

19 1.0–3.0 h−1 Mpc (± 1000 km s−1) Wilman & Zibetti8

20 2.0–3.0 h−1 Mpc (± 1000 km s−1) Wilman & Zibetti8

When using three dimensions, careful considerations of redshift
distortions are needed, and this often leads to two-dimensional pro-
jected distances often being used. The nearest-neighbour estimator
was recently applied to the Galaxy and Mass Assembly (GAMA)
catalogue (Driver et al. 2011) by Brough et al. (2011) using the
distance to the first nearest neighbour above a given luminosity,
although typically 3–10 neighbours are used.

Variations on the nth nearest neighbour approach have been pro-
posed in an attempt to improve the robustness of statistic as a
measure of local density. One such method used by Baldry et al.
(2006) was to take the average of two different neighbour densities,
in their case the fourth and fifth nearest neighbour projected surface
densities. An alternative proposed by Cowan & Ivezić (2008) was
to use the distance to every neighbour up to the 10th instead of just
the distance to the 10th to calculate the density. They adopted a
Bayesian metric such that

φ = C
1

∑10
i=1 d3

i

, (6)

where C = 11.48 is empirically determined so that the mean
of φ matches the number density when the density is estimated
on a regular grid for a uniform field and di is the distance to
neighbour i.

One can also use numerical simulations to guide the nearest-
neighbour calibration. Calculating densities using neighbours
has long been used in smooth particle hydrodynamics (SPH), and
this technique can be applied to galaxies in simulations. SPH calcu-
lates the density around a point by weighting each neighbour based
on its distance from the point, with the smoothed galaxy density

defined as

ρ =
n∑

i=1

W (|ri |, h). (7)

Here, n is the number of neighbours used and W (|ri |, h) is the
weighting given by

W (r, h) = 8
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where r is the distance to each neighbour and h is the distance to
the nth nearest neighbour. This weighting corresponds to the spline
kernel of Monaghan & Lattanzio (1985) and is the standard kernel
of SPH.1 This method was used with 20 neighbours in Park et al.
(2007), but values of 32 and 64 are more common in SPH.

Another way to constrain local galaxy density using neighbours
was proposed by Li et al. (2011) for the Redshift One LDSS-3
Emission line Survey (ROLES; Gilbank et al. 2010). Li et al. (2011)
considered the volume element of the nearest neighbour found by
constructing a three-dimensional cylinder using the five nearest
neighbours to define its radius and depth. In other words, this tech-
nique encloses the five nearest neighbours in a cylinder that no
longer has to be centred on the galaxy being sampled, and leads to a
better estimate of the relevant volume when compared with simply
using a sphere of radius of the fifth nearest neighbour.

Further consideration of the volume can be made by calculating
the Voronoi volumes around each galaxy as a measure of the en-
vironment (e.g. Marinoni et al. 2002; Cooper et al. 2005). Voronoi
volumes are polyhedrons constructed by bisecting the distance vec-
tors to the nearest neighbours. Each galaxy will have a volume
around it, for which it does not have to be at the centre, defining
the points in space that are closer to it than any other galaxy. This
gives an estimate of the local density. Unlike the other neighbour-
based methods, the number of neighbours used to define the shape
of the volume probed is not fixed, which makes the technique fully
adaptive. For this study, a projected Voronoi measurement is made
by collapsing galaxies into two-dimensional slices of 50 h−1 Mpc
in depth. The Voronoi shapes are then constructed on these surfaces
to calculate the surface density of each galaxy.

In Section 4, we apply a number of the above nearest-neighbour
methods to the mock galaxy catalogue described in Section 2 and
quantify their relative strengths, weaknesses and optimal applica-
tions.

3.2 Fixed aperture environment measures

In contrast to nearest-neighbour methods, which define environment
using a varying scale around each galaxy set by the distance to a pre-
determined number of galaxy neighbours, fixed aperture methods
instead probe a fixed area or volume around each galaxy, within
which the number of neighbours are counted. The more the galaxies

1 We have adopted the notation of h corresponding to the point at which the
kernel equals zero as opposed to 2h as is used in traditional SPH literature.
This is just a notational change.
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Figure 2. Left: the r-band luminosity function for the mock galaxy catalogue created using the HOD of Skibba & Sheth (2009) (red line) compared with that
of the semi-analytic De Lucia & Blaizot (2007) model (blue line) and the SDSS observed values (Yang, Mo & van den Bosch 2009) (black points with errors).
Right: two-point correlation function of all, red and blue galaxies in the mock catalogue (lines), compared with the equivalent observed results in the SDSS
from Zehavi et al. (2005) (points with errors).

a structure built hierarchically. This also agrees with Blanton &
Berlind (2007) who find that galaxy distributions are only affected
by the host dark matter halo, and not by the surrounding density
field, for the SDSS galaxy group catalogue.

The r-band luminosity function of galaxies in the mock catalogue
is shown in the left-hand panel of Fig. 2 and is compared to both
the observed SDSS luminosity function (Yang et al. 2009) and a
popular semi-analytic galaxy formation model (De Lucia & Blaizot
2007). In the right-hand panel of Fig. 2, we show the mock two-point
correlation functions of all, red and blue galaxies, and compare them
with the equivalent SDSS measurements of Zehavi et al. (2005).
Note that the colour-dependent two-point function measured by
Zehavi et al. (2011) is slightly different from that constrained in the
mock, likely due to the presence of the Sloan Great Wall in the real
data, an unusually massive supercluster at z ∼ 0.08.

We have made the mock galaxy catalogue as realistic as possible,
and although the catalogue reproduces the observed environmental
dependence of luminosity and colour, there are none the less a few
limitations to the model. For example, we have assumed virialized
(dynamically relaxed) dark matter haloes even though some haloes
are not, such as those having recently experienced a merger (e.g.
Macciò et al. 2007). We have also assumed that central galaxies are
always the brightest galaxy in a halo and lie at the centre of their
potential well, although in a non-zero fraction of haloes, especially
massive haloes, this assumption is not valid (Skibba et al. 2011).
Finally, we force satellite galaxy properties to depend only on halo
mass, not on halocentric position, although there is evidence of
such a dependence at fixed mass (e.g. van den Bosch et al. 2008a;
Hansen et al. 2009). While our mock galaxy catalogue resembles
a spectroscopic catalogue, some environment measures used in the
literature are based on photometric data (e.g. Gallazzi et al. 2009);
for tests with such measures, one can add scatter to the redshifted
mock galaxy positions, for example.

3 EN V I RO N M E N TA L M E A S U R E S

There are many different methods of measuring galaxy environment
available in the literature. Most of these can be categorized into two
broad groups: those which use neighbour finding and those that use
a fixed aperture. An overview of the methods used in this work are
presented in the following subsections and summarized in Table 1
along with the authors who implemented them.

3.1 Nearest-neighbour environment measures

The principle of nearest-neighbour finding is that galaxies with
closer neighbours are in denser environments. To create a standard
measure for this, a value of n is chosen that specifies the number
of neighbours around the point of interest. In its simplest form, the
projected surface density of galaxies, σn, can then be defined as

σn = n

πr2
n

, (4)

where n is the number of neighbours within the projected distance
rn, the radius to the nth nearest neighbour. One disadvantage of
quantifying environment using projected statistics is that two galax-
ies can appear close together when they are in fact just a chance
alignment and are actually separated by a larger distance in the
third dimension. While there is no simple way to overcome this
observationally, one can adopt a velocity cut about each galaxy,
typically of the order of ±1000 km s−1, to minimize the number of
such alignments.

For data where a third dimension has been measured for each
galaxy (e.g. redshift), the denominator of equation (4) is replaced
by the enclosed volume:

"n = n

(4/3)πr3
n

. (5)
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inside this area or volume, the denser the environment is assumed
to be, and vice versa.

Fixed aperture measures are often expressed as a density contrast,
δ, instead of a density, ρ. Density contrast rescales the aperture count
with respect to the mean and is typically defined as

δ ≡ δρ

ρ
= Ng − N̄g

N̄g
, (9)

where Ng is the number of galaxies found in the aperture and N̄g is
the mean number of galaxies that would be expected in the aperture
if galaxies were instead distributed randomly throughout the entire
volume.

The fixed aperture technique was used by Croton et al. (2005)
to investigate the environments around galaxies in the 2dFGRS
(Colless et al. 2003). Croton et al. (2005) used spherical apertures
of radius 8 h−1 Mpc, having investigated a range of sizes from 4 to
12 h−1 Mpc (see also Abbas & Sheth 2006).

When distance information is not of sufficient accuracy (or ab-
sent), apertures in this methodology are instead projected on to
the sky. Where possible, authors will then impose a velocity cut of
the order of ±1000 km s−1 to minimize interlopers (e.g. Grützbauch
et al. 2011), for the same reasons discussed in Section 3.1. The mag-
nitude of this velocity cut can vary depending on distance uncertain-
ties. This was investigated by Gallazzi et al. (2009) who found that
velocity cuts of ±6000 km s−1 (dz = 0.02) represent the typical
photometric redshift uncertainty and ±500 km s−1 (dz = 0.0015)
represent the typical spectroscopic redshift uncertainty. Such errors
can often have a detrimental effect on the measured density if not
appropriately accounted for. Note that when a velocity cut is im-
posed, an otherwise spherical aperture elongates into a cylinder in
three-dimensional space, within which galaxy counts are then taken.
Whether this distortion is important for the environment measure
depends on the focus of the analysis. Typical scales for the radius
of an aperture range from 1 to 10 h−1 Mpc, probing environments
spanning individual haloes to large superstructures and voids in the
cosmic web.

A variation on the fixed aperture method was proposed in Wilman
et al. (2010), where counts were taken in annuli of increasing inner
and outer radius, rather than within a single fixed aperture volume.
This technique enables the larger scale environment to be probed
and the influence of local regions around individual galaxies to be
removed. In its optimal form, different sized annuli are applied in
combination with apertures to better constrain the halo size and
changes of environment with distance from the galaxy.

Finally, in addition to environment being defined by galaxy po-
sitions within the volume, we also measure environment as in-
ferred from the background dark matter distribution. To obtain the
neighbourhood dark matter environment in the Millennium Sim-
ulation, the full volume is broken into a three-dimensional grid
with side length 2 h−1 Mpc. At the centre of each grid element,
a three-dimensional Gaussian density is calculated using the local
dark matter particles, smoothed over three different scales: 2.5, 5
and 10 h−1 Mpc. This Gaussian-smoothed density is similar to the
kernel-smoothed density of equation (7), but with a dark matter
particle mass term in the sum.

In Section 4, we apply a number of fixed aperture methods to
the mock galaxy catalogue and measure local density around each
galaxy. This allows us to quantify the properties that aperture-
measured densities best probe, and compare with the previously
described nearest-neighbour estimators.

4 R ESULTS

To investigate the different properties of each galaxy environment
measure, in this section, we consider how they correlate with (1)
the host dark matter halo mass, (2) the underlying dark matter
environment and (3) the colour of the galaxies.

To facilitate this, we have converted the output of each to a
‘percentage rank’ for each galaxy. This is computed by listing the
galaxies in order of increasing density, then assigning them a per-
centage based on where they appear in that list, with 0 per cent
being the least dense and 100 per cent the most dense. Therefore, a
galaxy with a percentage rank of 95 has 5 per cent of the galaxies
in the sample denser than it and 95 per cent less dense than it. This
normalization provides a fairer comparison between environment
estimators and probes their relative rather than absolute distribu-
tions across the environment spectrum, which would otherwise be
definition-dependent.

4.1 Dark matter halo mass

By design, the most fundamental property for a galaxy within
our model is its dark matter halo mass. Halo mass determines
both the spatial distribution of the galaxy population and the in-
dividual galaxy properties. Therefore, each environment measure
should reveal some underlying correlation. Typically, halo masses
of ∼1012 h−1 M⊙ correspond to the field, ∼1013.5 h−1 M⊙ to groups
and ∼1015 h−1 M⊙ to clusters.

4.1.1 Nearest-neighbour results

Fig. 3 shows contours of the abundance of galaxies that have envi-
ronments of a given percentage rank plotted against the host halo
mass, for four different nearest-neighbour-based techniques, with
the number of neighbours increasing from left to right. These are
the third nearest neighbour density in three dimensions, the sur-
face density for the projected seventh nearest neighbour, the three-
dimensional density using a 10-neighbour Bayesian metric and the
smooth kernel three-dimensional density using 64 neighbours.

The most noticeable feature of all panels in Fig. 3 is that galax-
ies divide into two distinct groups, with the top ∼20 per cent
dense environments occupied by galaxies in haloes more massive
than ∼1012.5 h−1 M⊙, and the remaining ∼80 per cent of envi-
ronments occupied by galaxies in haloes with masses lower than
∼1012.5 h−1 M⊙. This bimodality arises from the assumed associ-
ation between galaxies and dark matter haloes required to fit the
observed luminosity function and clustering observations, and is
explored further below.

Looking in more detail, the lower 80 per cent of rank-ordered
densities in Fig. 3 shows no trend with halo mass, and as such, the
term ‘local environment’ no longer applies. In terms of a character-
istic halo mass for a given environment, this result leaves individual
galaxies near clusters indistinguishable from isolated galaxies in
voids.

In contrast, the behaviour of the high-density–halo mass correla-
tion depends on the neighbour method employed. In the highest 20
per cent environments, low n neighbour searches smooth away any
density dependence with halo mass. This can be seen by comparing
the far left-hand panel in Fig. 3 (low n) with the far right-hand panel
(high n). As the number of neighbours used to define environment is
increased, galaxies belonging to increasingly massive haloes (which
host an increasing number of satellites) will be labelled as increas-
ingly dense. Thus, to more precisely draw out the high-density–halo
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Central vs. satellite galaxies

✤ Galaxies are born in their own 
DM halo

✤ Halos grow hierarchically
✤ some galaxies merge with the 

central one of the main halo
✤ some are accreted as satellites 

(likely dissolving their own 
DM halo in the main halo)

✤ Central and satellites experience 
different kind of interactions 
with the environment

✤ New approach: large 
spectroscopic surveys required!

Lacey & Cole (1996)
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Systematic differences between 
satellite and central galaxies

✤ Easily seen after the main 
dependence on stellar mass 
is removed

✤ Satellite galaxies 
systematically differ from 
central galaxies at given 
stellar mass, being older 
and more metal rich (more 
for more massive halos)

✤ Less massive galaxies suffer 
much more from the 
environmental effects

Pasquali, Gallazzi et al. (2010)

944 A. Pasquali et al.

Figure 5. Ages and metallicities of central and satellite galaxies as a function of stellar mass (left-hand panels) and halo mass (right-hand panels). From top
to bottom the panels show the luminosity-weighted ages (panels a and d), the mass-weighted ages (panels b and e) and the stellar metallicities (panels c and
f). The grey band in each panel marks the 16th–84th percentile range of the distribution of centrals, with the dotted line indicating the corresponding median.
The coloured solid lines indicate the medians for satellites in logarithmic bins of halo mass (left-hand panels) or stellar mass (right-hand panels), as indicated
in panels (b) and (e) (stellar and halo masses are in h−2 M⊙ and h−1 M⊙, respectively). The coloured filled circles indicate the corresponding medians for the
centrals in those bins, with the associated mean logarithmic values of Mh and M∗ indicated in panels (c) and (f), respectively.

in haloes with 11 < log10(Mh/h−1 M⊙) ≤ 12 and those in massive
clusters.

Analogous trends can be seen for the stellar metallicities, shown
in panels (c) and (f). Massive satellites with M∗ ! 3 × 1010 h−2 M⊙,
which all reside in haloes more massive than ∼3 × 1012 h−1 M⊙,
have metallicities that are similar to centrals of the same stellar mass
and independent of halo mass. The metallicities of satellites with
M∗ " 3 × 1010 h−2 M⊙, though, increase with the mass of the halo
in which they reside. Similar as for the ages, this mass dependence
becomes stronger for less massive satellites. In the case of satellites
with 9 < log10(M∗/h−2 M⊙) ≤ 9.5, the mean stellar metallicity

increases by almost 0.3 dex from log10[Z/Z⊙] ≃ −0.55 in haloes
with 11 < log10(Mh/h−1 M⊙) ≤ 12 (very similar to that of central
galaxies of the same stellar mass) to log10[Z/Z⊙] ≃ −0.27 in
massive clusters.

We have tested the robustness of the results obtained so far by
performing the same analysis on galaxy subsamples that are volume
limited and complete in stellar mass (according to equation A8 in
van den Bosch et al. 2008a). These tests confirm the trends seen in
Fig. 5. Also, the results of Figs 4 and 5 do not change if (i) we use
different cuts in S/N or (ii) we use velocity dispersion (corrected
for aperture) rather than stellar mass.
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The morphology-density relation



Stefano Zibetti - INAF OAArcetri - Astrophysics of Galaxies  - Course 2019/2020 - Lecture XI

A small 
group

Leo triplet

Copyright Andrew Harrison
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A cluster ~1014 M⦿: Virgo

Rogelio Bernal Andreo

http://blog.deepskycolors.com/about.html
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A BIG cluster ~1015 M⦿: Coma

Copyright Bob Francke http://bf-astro.com/abell1656.htm

http://bf-astro.com/abell1656.htm
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The morphology-density relation
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✤ Over 6 orders of magnitude in 
density, covering field, groups 
and clusters
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The morphology-density relation

Postman & Geller (1984)
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The morphology-radius relation 
(in clusters!)
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Whitmore et al. (1993)

Celestial distribution of galaxies brighter than 15.7 from the Catalogue of 
Galaxies and of Clusters of Galaxies (Zwicky et al. 1968) in a 4 × 4 deg2 box 
around the Coma Cluster. The 146 early-type (E+S0+S0a) galaxies (open 
circles) clearly mark the cluster density enhancement, whereas the 49 late-
type (≥Sa) objects (including 10 unclassified spirals; filled circles) hardly trace 
the cluster. A 1° radius circle is traced about the X-ray center. The X-ray 
contours from XMM-Newton are superposed. Boselli & Gavazzi (2006)
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Morphology segregation
✤ Well established dependence of the fraction of morphological types on 

density (or clustercentric radius, which is largely correlated to density)

✤ Appears to “saturate” at large densities

✤ Fraction of spirals decreases further in more X-ray-luminous clusters

✤ Appearance of cluster-specific type: dE
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Sandage, Binggeli & Tamman (1985)
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The color density-relation
L102 BALOGH ET AL. Vol. 615

Fig. 1.—Filled circles in each panel show the galaxy color distribution for the indicated 1 mag range of luminosity (right axis) and the range of local projected
density, in units of Mpc!2, shown on the top axis; 1 j error bars are given by , where N is the number of galaxies in each bin. The solid line is a double-1/2(N" 2)
Gaussian model, with the dispersion of each distribution a function of luminosity only. The reduced value of the fit is shown in each panel.2x

the density calculation gives us a uniform density estimate that
is applicable to our magnitude-limited sample over the full red-
shift range. To ensure robust measurements, we only consider
galaxies sufficiently far from the survey boundary that the den-
sity estimate is unbiased, which limits our sample to 24,346
galaxies. As a measurement of the environment on large scales,
we use the C4 catalog, based on the SDSS (Gómez et al. 2003;
C. Miller et al. 2004, in preparation), to identify galaxies that
lie in groups or clusters. Cluster members are defined to be those
within the virial radius and within 1000 km s!1 of the average
cluster redshift.
Figure 1 shows the color distribution of galaxies in binsu! r

of local density and luminosity. The population is divided into
five density bins with the three middle bins having an equal
number of galaxies and the least and most dense having half as
many, to sample the extremes of the distribution. The median
density of galaxies in the sample is Mpc!2; thus, theS ∼ 0.85
lowest density bin (median density ∼0.1 Mpc!2) is underdense
by a factor of ∼8, while the densest bin corresponds to the typical
density found in cluster cores. Following Paper I, we model the

distributions with two Gaussians using a Levenberg-Marquardt
algorithm. The mean and amplitude of each distribution are var-
ied as a function of luminosity and local density, while the dis-
persions are constrained to be a function of luminosity only. The
optimal parameters are found by minimizing the fit to the2x
data in Figure 1; these best-fit models are shown as the solid
lines.
The most striking result of Figure 1 is that the double-Gaussian

model provides an acceptably good fit to all the distributions,
with reduced . Specifically, there is no convincing evi-2x ∼ 1
dence that the shape of the blue distribution is significantly dis-
torted in dense environments as might be expected if these gal-
axies were slowly being transformed into the late-type (red)
population.
The dominant change in the galaxy population as a function

of environment is in the relative number of galaxies in each
distribution, as seen in earlier morphological (e.g., Dressler
1980) and emission-line (e.g., Paper II) studies. To show this
explicitly, we divide the sample into bins of luminosity and
environment (either local density or group velocity dispersion)

Balogh et al. (2004)
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dispersion, in units of km s!1, using the formula
Rv ’ 0:002!r h!1

100 Mpc from Girardi et al. (1998). For this
calculation, we used !rð1Þ, as discussed in the Appendix.
For consistency with the higher redshift work, we provide
measurements for both the [O ii] and H" emission lines. In
Figure 6 we show the same as in Figure 5, but now for the
SFR and SFRN of galaxies as a function of (projected) clus-
tercentric radius.

For comparison,we have also constructed a ‘‘ noncluster ’’
(or field) sample of galaxies that consists of all galaxieswithin
our volume-limited sample that are located, in redshift space,
within 3:5!r of a cluster but are at a (projected) clustercentric
distance of greater than 25 Rv from any of our clusters. This
methodology guards against potential redshift selection
effects and/or redshift evolution of the field population,
becausewe have defined our field population in the same red-
shift shells as the cluster galaxies.We note, however, that the
difference in themean (ormedian) SFRof galaxies of the field
population, as defined using our method, and that of taking
all galaxies, regardless of the presence of clusters, is less than
10% (with our mean SFRmeasurement being systematically
higher as expected). Our derived field values for the 25th and
75thpercentiles are shownas lines onFigures 5 and6.

Figures 5 and 6 show a clear decrease in the star forma-
tion activity (in either the SFR or the EW of H" and [O ii])

as a function of clustercentric radius. As seen in Figures 3
and 4, the SFR of galaxies in dense regions differ from that
in the field in two ways: the whole distribution of SFRs (and
EWs) is shifted to lower values, and the skewness of the dis-
tributions decreases, with the tail of the distribution con-
taining high-SFR galaxies diminishing as one enters denser
environments. As discussed in x 3.1, this tail of strongly
star-forming galaxies (H" EW > 5 Å) is dominated by late-
type galaxies. For comparison with higher redshift studies,
the mean (median) of the H" and [O ii] EW distributions
within one virial radius of the clusters studied herein are 3.4
(!0.7) and 3.2 (1.8) Å, respectively.

The results in Figures 5 and 6 are qualitatively similar to
those for distant (z $ 0:3) clusters of galaxies (Balogh et al.
1997). A new aspect of our study, however, is that we can
map this decrease in SFR all the way from the cluster cores
into the field population. We have used the Kolmogorov-
Smirnov (K-S) statistic to test the distributions of EWs and
SFRs in each radial bin of Figures 5 and 6 against the dis-
tribution of EWs and SFRs derived from our field popula-
tion. This test is designed to look for global differences
between two distributions and allows us to determine the
clustercentric radius at which the difference between the two
distributions becomes statistically significant. The distribu-
tion of H" EWs becomes different from the field at the 68%

Fig. 4.—Left: Shaded area represents the distribution of corrected SFR (Hopkins et al. 2001) as a function of the projected local surface density of galaxies.
Right: The shaded area represents the distribution of SFRN (the normalized SFR; see text) as a function of the projected local surface density of galaxies. In
both plots, the top of the shaded area is the 75th percentile, while the bottom is the 25th percentile. The median is shown as a solid line. We have used all avail-
able galaxies in the SDSS EDR that satisfy our selection criteria. We have excluded galaxies near the edge of the survey and those that may have an AGN
present, based on the Kewley et al. (2001) prescription. Each bin contains 150 galaxies. These plots represents the density-SFR relation that is analogous to the
density-morphology relation of Dressler (1980).We note here that the SFRs presented here are not corrected for the 300 SDSS fiber aperture and are, therefore,
systematically lower, by a factor of $ 5, compared to total SFRs derived from the radio or by integrating the light from the whole galaxy (see A.M. Hopkins et
al., in preparation).

No. 1, 2003 STAR FORMATION IN SDSS 215The SFR-density relation Gómez et al. (2003, SDSS)

Negative tail due to stellar absorption
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Clusters as evolutionary labs

✤ Environmental effects reach their maximum intensity

✤ Very high galaxy density

✤ Very high IGM density and temperature

✤ Evolution has proceeded extremely fast

✤ Probably not ideal for studying galaxy-galaxy interactions/mergers 
due to the very high velocity dispersion (~1000 km/s); smaller groups 
are better suited for this



Stefano Zibetti - INAF OAArcetri - Astrophysics of Galaxies  - Course 2019/2020 - Lecture XI

✤ Some process(es) heavily affect the structure of galaxies, to the point 
that a cluster-specific population of galaxies emerges: the dwarf 
ellipticals (dE)
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The realm of dwarf galaxies

Trentham et al. (2005)
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Properties of late-type galaxies 
in clusters at z~0
✤ Late-type galaxies are the most affected by the harsh cluster 

environment

✤ Most likely in the process of being transformed, but not fully 
transformed yet (since they retain the late-type morphology)

✤ Are they different from field late-types?

✤ What indications do they give about the transformation mechanisms?
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HI properties

✤ In normal, isolated galaxies, the HI gas distribution extends beyond 
the optical disk

✤ column densities ∼1020 atoms cm-2 observed at ∼1.8 times the 
optical diameter, with a relatively flat radial distribution that 
sometimes shows a central dip

✤ weakly bound and easy(ier) to remove than other components

✤ in fact, cluster galaxies have lower HI content than in field
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HI properties

✤ HI deficiency parameter def(HI)= 
logarithmic difference between 
the observed HI mass and the 
expected value in isolated 
objects of similar morphological 
type and linear size (Haynes & 
Giovanelli, 1984)

✤  Galaxies with def(HI) ≤0.3 can be 
treated as unperturbed objects

✤ Large fraction of HI-deficient 
galaxies in clusters
✤ typically display truncated or 

disturbed morphology

Boselli & 
Gavazzi (2006)
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Molecular gas (H2, CO)

✤ ~15% of total gas, but directly related to SF

✤ Environmental effect on molecular gas, directly affect SF

✤ Molecular content of cluster late-types appears normal

✤ molecular gas is much more bound than HI and not so extended: 
hard to remove
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Dust

✤ Dust truncation follows HI 
truncation: dust and HI are 
swept together?

L. Cortese et al.: HeViCS. II. Truncated dust disks in HI-deficient spirals
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Fig. 1. The optical (top), 250 µm (middle) and HI (bottom) maps for galaxies in our sample with different degrees of HI-deficiency.

Fig. 2. The ratio of the submm-to-optical diameters versus
HI-deficiency in the three SPIRE bands. Squares are for Sa-Sab,
stars for Sb-Sbc and hexagons for Sc and later types. For comparison,
the triangles show the same relation for the HI-to-optical diameter
ratio, where the HI isophotal diameters are taken at a surface density
level of 1 M⊙ pc−2 (Chung et al. 2009).

environment has already been proven (e.g., Vollmer 2009).
So, the difference in the dust distribution between gas-poor and
gas-rich spirals observed here is likely due to the effect of the
cluster environment and is not just related to the intrinsic prop-
erties of each galaxy. Future analysis of a larger and more com-
plete sample will allow us to further disentangle the role of en-
vironment from morphology on the dust distribution in nearby
spirals.

A “truncation” in the surface brightness profile of NGC 4569
(the most HI-deficient galaxy in our sample) has already been
observed at Spitzer 24 and 70 µm by Boselli et al. (2006).
However, while a reduction in the 24 and 70 µm surface bright-
ness might just be a direct consequence of the quenching of the
star formation in gas-poor galaxies, this scenario is not valid in

Fig. 3. The 350 µm flux per unit of 350 µm area (left) and optical area
(right) versus HI-deficiency. Symbols are as in Fig. 2.

our case. For λ >∼ 100−200 µm, the dust emission does not come
predominantly from grains directly heated by photons associated
with star formation activity, but from a colder component heated
by photons of the diffuse interstellar radiation field (e.g., Chini
et al. 1986; Draine et al. 2007; Bendo et al. 2010). Since this
colder component dominates the dust mass budget in galaxies,
the trends here observed are likely not due to a reduction in the
intensity of the ultraviolet radiation field, but they imply that in
HI-deficient galaxies the dust surface density in the outer parts
of the disk is significantly lower than in normal spirals.

An alternative way to compare the properties of normal
and gas-poor Virgo spirals is to look at their submm-to-near-
infrared colours. Since the K-band is an ideal proxy for the stel-
lar mass and the SPIRE fluxes provide an indication of the total
dust mass, it is interesting to investigate how the f (250)/ f (K)
and f (500)/ f (K) flux density ratios vary with defHI. We
find that highly HI-deficient galaxies have f (250)/ f (K) and
f (500)/ f (K) ratios a factor ∼2−3 lower than normal galaxies
(Fig. 5). This provides additional support to a scenario in which
gas-poor galaxies have also lost a significant fraction of their
original dust content.

By comparing the dust mass per unit of H-band luminosity
for a sample of late-type galaxies in the Coma-Abell1367 su-
percluster, Contursi et al. (2001) find no significant difference
in the dust content of normal and HI-deficient spirals, appar-
ently in contrast with our results. However, such a difference
is due (at least in part) to the fact that the sample used by
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with star formation activity, but from a colder component heated
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colder component dominates the dust mass budget in galaxies,
the trends here observed are likely not due to a reduction in the
intensity of the ultraviolet radiation field, but they imply that in
HI-deficient galaxies the dust surface density in the outer parts
of the disk is significantly lower than in normal spirals.
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lar mass and the SPIRE fluxes provide an indication of the total
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and f (500)/ f (K) flux density ratios vary with defHI. We
find that highly HI-deficient galaxies have f (250)/ f (K) and
f (500)/ f (K) ratios a factor ∼2−3 lower than normal galaxies
(Fig. 5). This provides additional support to a scenario in which
gas-poor galaxies have also lost a significant fraction of their
original dust content.
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Distribution of individual Hα EW measurements in the Virgo 
Cluster along the Hubble sequence (small circles), and of the 
median Hα EW in bins of Hubble type. Large circles with error 
bars are drawn at the 25th and 75th percentiles of the distribution. 
Filled circles represent  (unperturbed) objects, and open circles 
give  (HI–deficient) galaxies

Star formation
✤ Fraction of star-forming vs properties of 

star-formation
✤ is the “mode” (intensity and/or spatial 

extent) of star formation modified in the 
cluster environment or is it just an on-off 
switch?

Top row, r-band continuum images with superposed HI isophotal contours adapted 
from Cayatte et al. (1990); middle, Hα NET images; bottom, r and Hα (NET) surface 
brightness profiles (filled and open circles, respectively) for two galaxies in the Virgo 
Cluster: the normal VCC 92 (NGC 4192) and the deficient VCC 1690 (NGC 4569).

Hα truncation radius
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Ratio of the optical to Hα radius vs. the HI deficiency of late-type 
galaxies in the Virgo Cluster. The Hα isophotal radius is computed 
within 10−16.5 ergs cm−2 s−1 Å−1 arcsec−2, and the r-band isophotal 
radius is within 24 mag arcsec−2 (Gavazzi et al. 2006). A radial 

dependence 
within 1Mpc?

Hα (i.e. SFR) truncation 
correlates with def(HI)
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Morphological segregation in 
velocity

✤ The late-type populations in 
clusters displays broader velocity 
distribution than ETG (reminiscent 
also of the broader spatial 
distribution) [e.g. Biviano+1997; 
Binggeli+1987,1993; 
Conselice+2001; Colless&Dunn 
1996]

✤ LTGs not yet fully virialized?

✤ dE’s similar to Spirals

No. 2, 2001 GALAXY POPULATIONS AND EVOLUTION. I. 799

FIG. 5.ÈVelocity histograms for the Virgo ““ core ÏÏ population, with Ðtted Gaussian proÐles. The galaxies here are the subsample of galaxies in Fig. 4 that
are within 6¡ from the dynamical center of Virgo (see text) and whose radial velocities are less than 2400 km s~1. The solid part of the dET histogram
represents the pure dEs.

with a 2% change of being random. This dispersion remains
low (473 km s~1) for all dETs within 3¡ of M49. This has
been known for some time for all galaxies in the M49 region
(Binggeli et al. 1987). We conclude, in agreement with Fer-
guson (1992), that there is some evidence for bound dE
companions to giant galaxies in Virgo, but it is only a sta-
tistically signiÐcant e†ect for M86. As is suggested from
their spatial positions, most dEs are distributed in the
general gravitational potential of Virgo and are not com-
panions of larger galaxies.

To determine if the velocity and projected locations of the
various galaxy populations are statistically distinct, we
perform Kolmogorov-Smirnov (K-S) tests on the positions
and velocities of each individual core population against
each of the other individual core populations. We do not
perform these tests for the total galaxy populations, but
only the core ones, to avoid biases from other Virgo galaxy
clouds. These are two-sided K-S tests that compare the
distributions of velocities and positions of galaxies in di†er-
ent populations with each other (e.g., Press et al. 1992).

Since K-S tests are based on statistics of two vectors, the
positional test is limited to the projected radial distance
from the center of the cluster. These tests are also somewhat
constrained since if galaxies are in equilibrium their spatial
positions and velocities should reÑect the underlying mass
distribution of the cluster. As such the interpretation of a
lack of a correlation between two populations is not
straightforward. On the other hand, if two populations were
accreted into Virgo at the same time, then we might expect
their orbital and spatial positions to be correlated.

The results of these tests are shown in Tables 5 and 6.
Unfortunately, the results are largely inconclusive, showing
no statistically signiÐcant correlation between any two
populations, but they are instructive in several cases. We
discuss individual K-S tests for each Virgo galaxy popu-
lation in ° 3.3.

3.2. Accretion and Orbit Signatures
Figure 9 shows pie diagrams of slices through the total

Virgo sample in both right ascension and declination. These
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Anaemic and fading spirals

✤ “Anaemic” spirals (van den Bergh 1976)
✤ low arm-interarm contrast
✤ gas poor, low SF activity
✤ redder colors than spirals, but similar B/T
✤ inhabit cluster outskirts (Goto et al. 2003)

✤ Result from removing gas from normal spirals?
✤ Link in the transformation from Spirals to S0’s?

✤ Unlikely: present day Spirals are structurally 
different from S0

NGC4921

Spirals

S0
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Conclusions

✤ Galaxy transformations in clusters are VERY COMPLEX

✤ Result from a number of mechanisms involving dynamics and 
hydrodynamics of multiple phases

✤ Interactions with the IGM appear to dominate the transformation of 
late type galaxies in present day clusters, but the efficiency of such 
mechanisms is very inter-dependent on all the other mechanisms


