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Probing large-scale structure with galaxy surveys



Galaxy spatial distribution

Question: what kind of clustering do you expect in 
a perfectly homogeneous and isotropic Universe?
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The real Universe has 
structure precisely because 

it is not perfectly 
homogeneous
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Quantifying the galaxy spatial distribution
Galaxy Distribution and Correlations!

•  If galaxies are clustered, they are “correlated”!
•  This is usually quantified using the 2-point correlation 

function, ξ (r), defined as an “excess probability” of finding 
another galaxy at a distance r from some galaxy, relative to a 
uniform random distribution; averaged over the entire set:!

•  Usually represented as a power-law:!

•  For galaxies, typical correlation or clustering length is r0 ~ 5 
h-1 Mpc, and typical slope is γ ≈ 1.8, but these are functions of 
various galaxy properties; clustering of clusters is stronger!

( ) 210 )(1)( dVdVrrdN ξρ +=

( ) γξ −= 0/)( rrr
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The 2-point correlation functionThe two point correlation function ⇠(r)

Joint probability �2P12 of finding a galaxy in some volume
�V1 at r1 and another in �V2 at r2 is

�2P12 = n̄2 [1 + ⇠(r12)] �V1 �V2 (1)

⇠(r) is the two-point galaxy-galaxy correlation function
n̄ is mean number density of galaxies
r12 = |r1 � r2| (statistical homogeneity and isotropy)

⇠(r) > 0 =) galaxies are clustered
⇠(r) = 0 =) galaxies are randomly distributed
⇠(r) < 0 =) galaxies tend to avoid each other

NB: Integral constraint
⇣

4⇡
R
⇠(r)r2dr must not diverge

⌘
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Computing ξ(r)
Computing ⇠(r)

A simple ‘estimator’ used to compute ⇠(r) is

⇠̂(r) =
DD(r)
RR(r)

� 1 (2)

DD(r) are ‘data-data’ pair counts, number of galaxy pairs
in bin of separation r ±�r/2
RR(r) are ‘random-random’ pair counts

Can be computationally ‘expensive’ as for Nd galaxies
there are Nd(Nd � 1)/2 pairs!

Typically a random catalogue has Nr & 10 ⇥ Nd points s.t.

⇠̂(r) =
Nr (Nr � 1)DD(r)
Nd (Nd � 1)RR(r)

� 1 (3)

NB: Randomly generated points must have same ‘selection function’
as data 5
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Galaxy clustering by colour
A good description of ⇠(r) is (sometimes!) a powerlaw

⇠(r) = (r/r0)
�� (4)

r0 is correlation length

‘Red’ galaxies are more strongly clustered than ‘blue’
galaxies (have larger r0)

Skibba+ 13 6



ξ(r)!

Redder galaxies 
(or early-type, 
ellipticals) are 
clustered more 
strongly than 
bluer ones (or 
late-type, spirals)!

That, too, says 
something about 
galaxy formation!

Clustering dependence on galaxy type
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Galaxy Biasing!
Suppose that the density fluctuations in mass and in light are not 
the same, but 

(Δρ/ρ)light = b (Δρ/ρ)mass Or: 
ξ(r)light = b2 ξ(r)mass  

Here b is the bias factor. 
If b = 1, light traces mass exactly (this is indeed the case at z ~ 0, 
at scales larger than the individual galaxy halos).  If b > 1, light is 
a biased tracer of mass. 

One possible mechanism for this is if the galaxies form at the 
densest spots, i.e., the highest peaks of the density field.  Then, 
density fluctuations containing galaxies would not be typical, but 
rather a biased representation of the underlying mass density field; 
if 1-σ fluctuations are typical, 5-σ ones certainly are not. 
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High Density Peaks as Biased Tracers 
Take a cut through a density field.  Smaller fluctuations ride atop 
of the larger density waves, which lift them up in bunches; thus 
the highest peaks (densest fluctuations) are a priori clustered more 
strongly than the average ones: 

Thus, if the first galaxies form in the densest spots, they will be 
strongly clustered, but these will be very special regions. 

Proto-
cluster 

Proto-
void 
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The Evolution of Bias 

At z ~ 0, 
galaxies are 
an unbiased 
tracer of mass, 
b ~ 1 

But at higher 
z’s, they are 
progressively 
ever more 
biased 

(Le Fevre et al., 
VIMOS Survey Team) 24



Environment and Galaxy 
Properties



Y. Matsuda based on Dressler (1980)



Balogh et al. (2004)

Colour-density relation



Galaxy Groups and Clusters



Galaxy clusters V/s galaxy clustering

CfA survey

Galaxy clusters: conglomeration of 
galaxies

Galaxy clustering: describes the 
large-scale distribution of galaxies

Virial Masses of Clusters:!
Virial Theorem for a test particle (a galaxy, or a proton), 
moving in a cluster potential well: 

Ek = Ep / 2              mg σ2 / 2 = G mg Mcl / (2 Rcl) 

where σ is the velocity dispersion 

Thus the cluster mass is:       Mcl = σ2 Rcl / G 
Typical values for clusters: σ ~ 500 - 1500 km/s 

Rcl ~ 3 - 5 Mpc 

Thus, typical cluster masses are  Mcl ~ 1014 - 1015 M 
The typical cluster luminosities (~ 100 - 1000 galaxies) 
are Lcl ~ 1012 L, and thus (M/L) ~ 200 - 500 in solar units 

 Lots of dark matter! 
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Galaxy groups and clusters
Galaxies are preferentially found in groups or larger conglomerations 

called clusters.

Group/Poor cluster 
• a few to tens of bright galaxies 
• classic example is our “Local Group” 
• median radius ~ 1 Mpc

(Rich) Cluster 
• tens to hundreds of bright galaxies 
• classic example is Abell 1689 
• median radius ~ 4-5 Mpc

4



Clusters come in all shapes & forms at all z
The Perseus Cluster The Coma Cluster!

•  Nearest rich cluster, with 
>10,000 galaxies!

•   Distance ~ 90 Mpc!
•   Diameter ~ 4-5° on the sky, 

6-8 Mpc!

Visible light!

X-Ray!

X-ray / visible overlay!

Coma Cluster

A Very Distant Cluster 0939+4713  (z = 0.41) 

Visible (HST) X-Ray  (Rosat) 

0939+4317 at z=0.41

One of the most 
distant clusters now 
known, 1252-2927  
(z = 1.24) 

Visible (HST) 

X-Ray 

1252-2927 at z=1.24 5



The Local Supercluster!

•  Many other superclusters are known; 
these are the largest (~ 100 Mpc) 
structures known to exist!

•  A ~ 60 Mpc flattened structure, centered on the 
Virgo cluster; the Local Group is at the outskirts!

6



Galaxy cluster surveys
Surveys for clusters

Synyaev-Zeldovich Effect!

Spectrum 
distortion!

Radio map!

•  Clusters of galaxies are filled with 
hot X-ray gas!

•  The electrons in the intracluster gas 
will scatter the background photons 
from the CMBR to higher energies 
and distort the blackbody spectrum!

•  This is detectable as a slight 
temperature dip or bump in the 
radio map of the cluster, against the 
uniform CMBR background!

Galaxy Cluster with hot gas 

Incoming CMB 
photon Outgoing CMB photon 

Surveys for Galaxy Clusters 
Galaxy clusters contain galaxies, hot gas, and dark matter, and 
we can search for them through each of these components 

1.  Optical:  Look for overdensities of galaxies on the sky 
•  Could use colors for an additional selection 
•  Disadvantage: vulnerable to projection effects 

2.   X-Ray:  Clusters contain hot gas, and are prominent X-ray sources 
•  Much less vulnerable to accidental projection effects 

3.  Sunyaev-Zeldovich effect:  Distortion of the CMB due to 
photons scattering off electrons in the cluster 
•   Advantage:  redshift independent, can see clusters far away 

4.  Weak Gravitational Lensing: look for systematic distortions 
in background galaxy images 
•    Selection based on mass.  Difficult observationally 
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The SZ effect on the CMB spectrum 

Figure credit: Ned Wright

CMB

CMB+SZ
(exaggerated)

Interaction of 
CMB photons 

with high-energy 
electrons in ICM

The SZ effect in combination with X-ray images allows us to determine the thermal 
profile and mass profile of the galaxy cluster

The SZ effect 
has been used 

to discover new 
galaxy clusters



Why are clusters interesting?
Observationally: 
• Large number of galaxies at same distance 
• Best place to look for environmental effects on galaxy formation  
   and evolution  

Theoretically: 
• Largest bound structures in the Universe. Indeed, time for a galaxy 
to cross a cluster is:

Why are clusters interesting?
Observationally:

• Large number of galaxies at the same distance
• Most dramatic place to look for environmental effects

on galaxy formation and evolution

Theoretically:
• `Largest bound structures in the Universe’. Time for a

galaxy to cross a cluster is:

t
cross

»1010  d
10  Mpc  v

1000  km s-1 
−1

 yr

…galaxies on the outskirts of a cluster have only 
made ~ a few orbits of the cluster.• Extremely rare objects that formed in the most over-dense peaks 

of the initial density fluctuations. This implies that their number 
density (number per comoving volume) is a sensitive function of the 
amplitude of the initial perturbations.

where d is the cluster radius and v is the velocity dispersion.
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314 ROOD AND SASTRY 

Cluster 
Type 

cD 
(supergiant) 

��

(binary) 

L 
(line) 

C 
(core-halo) 

F 
(flat) 

I 
(irregular) 

TABLE I 
Classification Criteria 

Description Standard 

A cluster which contains an outstandingly brightest member, a cD A401 = cD 
galaxy (defined originally by Morgan and Lesh 1965). For an opera- A2199 = cDp 
tional definition, the size (semimajor axis plus semiminor axis) is ^ 3 (NGC 6166) 
times that of any other galaxy in the cluster. If the main body is multi- 
ple or shows any other peculiarity, a subscript ��is added to the type 
designation. 
Two supergiant galaxies separated by ^ 10 diameters of the larger gal- A1656 = ��
axy, and with combined size ^ 3 times that of any other cluster member. (Coma) 
A subscript b indicates a connecting bridge between the supergiant A154 = Bb 
binary, or the components of one or both of its members. 
Three or more brightest galaxies among the top ten members arranged A426 = L 
with comparable separations in a line, and numerous fainter members (Perseus) 
distributed around them. 
Four or more of the top ten brightest members with comparable separa- A2065 
tions located near the center, and numerous fainter members distributed (Cor Bor) 
around them. 
Several of the top ten brightest members and a large fraction of fainter A397 
galaxies are distributed in a flattened configuration. A2151 
The galaxies are distributed irregularly, or without a well-defined (Hercules) 
center. A400 

Palomar Sky Survey print. Clusters were identi- 
fied with the help of their rectangular coordinates 
(Sastry and Rood 1971). Each cluster was in- 
spected with the naked eye and a 5X or 6X 
magnifier on both red and blue prints. Attention 
was given to the entire region within which 
cluster members are evident, both by their ap- 
pearance and areal number density. Obvious 
foreground and background galaxies were dis- 
carded, and the distribution of the ten most 
luminous member galaxies was estimated. Con- 
necting bridges and envelopes and obvious pecu- 
liarities among these "top-ten" galaxies were 
noted. 

The classification criteria and standard clusters 
are presented in Table I. Figure 1 is a schematic 
representation of the classification scheme. 
Plates I to IV are photographs of a large inner 
region of clusters of four different types. Table II 
lists preliminary types for the 111 Abell clusters 
with distance classes less than four. Figure 2 
gives the observed frequency distributions of 
cluster types. 

While classifying individual clusters, we looked 
for superclusters (second-order clusters). We 
define an Abell supercluster as two or more Abell 
clusters of the same distance group which are 
located on the same Sky Survey print or adjacent 
prints, and the areal density of galaxies between 
the clusters is larger than that of the surrounding 
general field. A total of 15 Abell superclusters 
containing 37 rich clusters were identified. They 
are designated by Greek letters in Table III. 

��. Incidental Observations 
While inspecting the galaxies in clusters, we 

noticed some interesting characteristics, some of 
which are given in the Table II notes for individ- 
ual clusters. The observations include the fol- 
lowing: 

1. Among the ten most luminous galaxies of 
the 111 Abell clusters, a total of 33 binary gal- 
axies with connecting envelopes or bridges 
(b systems) were discovered. We think that this 
count is complete insofar as b systems are recog- 
nizable on the Sky Survey prints. However, it is 
clear from statistical considerations that several 

© Astronomical Society of the Pacific · Provided by the NASA Astrophysics Data System 

Morphological classification of clusters:  
the Rood & Sastry scheme

This classification is not as clean as the Hubble sequence 
because clusters are young, merging systems 11



Classification of clusters: morphology

Classification of clusters
Can classify clusters of galaxies according to (i) richness, and 
(ii) morphology. No morphological scheme enjoys same 
support as Hubble’s tuning fork diagram for galaxies. Example:

Rood and Sastry scheme

Dominant
central
galaxy

Central
binary

Flattened
distribution

Irregular
distribution

Importance: some clusters have cD galaxies. Expect a range of
morphologies because clusters are young, merging systems…

A tuning fork for clusters: Rood & Sastry (1971)

Line 
distribution

Core-halo 
distribution

10



Question: baryon fraction in clusters V/s that in 
normal galaxies - higher or lower?

f
b

=
M

baryons

M
total

stars + gas

stars + gas 
+ Dark Matter

Deeper cluster potential wells (i.e. stronger gravity) ensure that 
the cluster holds on to its gas mass. The baryon fraction is very 

close to the cosmological ratio. 

12



Question: temperature of gas in a cluster

kT ' 1

2
mpv

2

where k is Boltzmann constant, T is gas temperature, mp is 
proton mass and v is velocity dispersion (assume ~ 1000Km/
s). This yields T ~ 108 K.
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where k is Boltzmann constant, T is gas temperature, mp is 
proton mass and v is velocity dispersion (assume ~ 1000Km/
s). This yields T ~ 108 K.

Gas in galaxy clusters
Observe extended emission in X-ray observations of clusters
of galaxies - indicates presence of hot gas distributed 
throughout the cluster volume:

Coma in the optical Coma in X-rays

14



Cool-core and non-cool-core galaxy clusters

Cool-core:
* central temperature increases outwards
* more regular and symmetric
* central dominant galaxy / little substructure
* not recent merger

Non-cool-core:

* central temperature has flatter profile
* irregular
* no central dominant galaxy / multiple substructures

* recent merger


