
Galaxy clusters
Longair, Chapter 4



Large-scale distribution of galaxies in SDSS

SDSS:  
Sloan Digital Sky Survey.
600 simultaneous spectra,
redshifts of ~106 galaxies

“Voids” with sizes up to Δz ~ 0.01-0.02.
Physical scales Δr =Δcz/H0 ~ 40-80 Mpc



Distribution of galaxies

• Galaxies are not distributed randomly in the 
Universe - most of them are found in groups or 
clusters.

• The groups and clusters are themselves 
clustered - the Universe is hierarchically structured

• The Milky Way belongs to a small group, the 
Local Group (first recognized by Hubble, 1936)



Brightest LG members
MV % Lum.

M31 -21,2 49

Milky Way -20,9 37

M33 -18,9 6

Large Magellanic Cloud -18,5 4

Small Magellanic Cloud -17,1 1

M32 -16,5

NGC 205 -16,4

IC 10 -16,3

NGC 6822 -16

The Milky Way and M31 
together account for 86% 
of the total luminosity of 
the Local Group.

Today more than 50 
members are known, but 
most are very small and 
faint.
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M31 - The Andromeda Galaxy
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M33



APOD 
10.05.2006

The Large Magellanic Cloud (LMC)



APOD 
16.06.2005

The Small Magellanic Cloud
Globular cluster: 

47 Tuc (foreground)



APOD 06.08.2006

LMC

SMC



M81 group



The Fornax Cluster



APOD 21.03.2006

The Coma cluster





The Abell catalogue

• Northern survey (Abell 1958) - Palomar 
48-inch Schmidt telescope, 2712 galaxy 
clusters

• Southern survey (Abell et al. 1989) - UK 
48-inch Schmidt at Siding Spring - 1361 
clusters

• Clusters classified by Richness, 
Compactness and Distance.



Case study: The Coma Cluster

• Mean radial velocity: <v> = 6900 km s-1,  
distance = 96 Mpc (for H0 = 72 km s-1 Mpc-1)

• Located near Galactic north pole: little 
extinction, well suited for detailed study
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Line-of-sight velocity dispersion:

�2

v,los =
1

N � 1

NX

i=1

(vi � hvi)2

�v,los ⇡ 1100 km s�1

hvi ⇡ 6900 km s�1

⇡ 1.1 Mpc Gyr�1

Half-light radius:  
  rh ~ 41 arcmin
      ~ 1.1 Mpc for distance ~ 96 Mpc

Crossing time at rh is much less than the age of 
Universe - cluster is a bound entity.

Case study: The Coma Cluster



Masses of clusters
Virial theorem for a system in dynamical equilibrium:

T = �1
2
U (T and U: total kinetic and potential energy )
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If velocity distribution is isotropic, i.e. then
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For m1 = m2 = .. mN:

(also holds for unequal-mass systems if particles of all masses share the same 
velocity dispersion).
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Estimating masses - cont’d
T =

3
2
M�2

1D

Potential energy:

U = �↵
GM2

R
α = constant of order unity

Then

T = �1
2
U ) 3M�2

1D =
↵GM2

R
)M =

3
↵

�2
1DR

G

For realistic density profiles and Rh = half-mass radius, α ≈ 0.4, i.e.

M = 7.5
�2

1DRh

G

Finally, Rh(3D) ≈ 4/3 Reff (2D), so

M = 10
�2

1DRe↵
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Mass of the Coma cluster
σ1D = 1000 km s-1

Reff = 1.1 Mpc ➝    M = 2.6×1015 M⊙

Compare this with the luminosity of the cluster:

LB ~ 7.7×1012 LB,⊙

This gives a mass-to-light (M/L) ratio of

M/LB ⇡ 340 M�/LB,�



Dark matter in galaxy clusters
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Fritz Zwicky (1933)

Stars alone can only produce M/L ratios on the order 
of ~a few.
(E.g. globular star clusters:  M/LB ~ 1-2 M⊙/LB,⊙)

Most of the mass in galaxy clusters is in the form of 
invisible “dark matter”



Masses from observations of hot gas

XMM-Newton X-ray image of the Coma cluster
(© ESA)

Rich galaxy clusters contain large 
amounts of hot X-Ray emitting 
gas.

Mass in hot gas can exceed 
stellar mass by factors of several.

X-ray gas is also an important 
tracer of overall potential.



Hot gas in galaxy clusters

Credit: C. L. Sarazin
http://ned.ipac.caltech.edu/level5/March02/Sarazin/frames.html

A1367 A262

A2256 A85

http://ned.ipac.caltech.edu/level5/March02/Sarazin/frames.html


Chandra images of galaxy clusters 
(Credit: NASA, CXC, MSFC, M. Bonamente et al.
http://www.learner.org/courses/physics)



Hydrostatic equilibrium
Assume spherical geometry

M(r)
r

dr

⇢

Gravitational pull on a thin shell:

“Lift” due to pressure gradient:

Fp = 4⇡r2

✓
dp

dr

◆
dr

Fg = �G(4⇡r2⇢
gas

dr)M
tot

(r)

r2
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Cluster masses from X-ray observations
From hydrostatic equilibrium:

M(r)
r

dr

⇢and ideal gas law:

p =
⇢kT

µmH

If we can determine T(r) and gas density ρ(r), then we can solve for Mtot(r)

Total mass within r
dp

dr
= �G⇢

gas

M
tot

(r)

r2<latexit sha1_base64="u8BknJJkH58PglfU4lvK2hTUXU4="></latexit><latexit sha1_base64="u8BknJJkH58PglfU4lvK2hTUXU4="></latexit>



X-ray masses cont’d

(⌫) = (const)⇥ g(⌫, T )NNeT
�1/2e�h⌫/kT

106K(k/h)

5⇥ 106K(k/h) T follows directly from shape of 
spectrum - corresponds to 
“break” where spectrum 
changes from flat to steep.

Density ρ then follows from 
overall scaling.

Intra-cluster gas is hot, optically thin - main radiation mechanism is free-free 
emission (“bremsstrahlung”). 
Emissivity (energy per time per unit volume) is given by



X-ray masses cont’d

• We do not measure κ(ν) directly.

• We measure its line-of-sight integral, i.e. the 
intensity I(ν)

• This needs to be deprojected

(⌫) = (const)⇥ g(⌫, T )NNeT
�1/2e�h⌫/kT



X-ray masses cont’d
Observed intensity I(ν) is line-of-sight integral of κ(ν): 

ar
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l

l =
p

r2 � a2

dl =
rp

r2 � a2
dr

I(a) =
1
2⇡

Z 1

a

(r)rp
r2 � a2

dr

I(a) =
Z 1

�1

(r)
4⇡

dldl

Abel integral, can be inverted to find κ(r) for observed I(a):
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(note: eq. 4.26 in Longair is incorrect)



Mass of Coma cluster from X-Ray data
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Hughes (1989)

Two curves show range of solutions 
allowed within uncertainties of data.

Gas mass:

Mgas ⇡ 2⇥ 1014M�

Hot gas accounts for about 10% of the 
total mass.

Significantly more mass in (hot) gas 
than in stars!
But not enough to explain D.M.

Total mass within 5 Mpc:

M
tot

⇡ 2⇥ 1015M�

(Mvir ⇡ 2.6⇥ 1015M�)



Evidence for DM
• Range of scales and phenomena:

• Individual (spiral) galaxies: rotation curves

• Local Group: relative motion of Milky Way and 
M31 (e.g. course on sterrenstelsels)

• Elliptical galaxies: kinematics at large radii (globular 
clusters, planetary nebulae)

• Masses of galaxy clusters (virial, X-ray gas, 
gravitational lensing)



Fig. 1. The dependence of mass-to-light ratio, M/¸
!
, on scale, R, for average spiral galaxies (stars), elliptical galaxies

(elliptical symbols), and groups and clusters ("lled circles) [11,15]. The large-scale point at &15h"#Mpc represents
Virgo cluster infall motion results [11]. The location of !

!
"1 and !

!
"0.3 are indicated by the horizontal lines.

A #attening of M/¸
!

is suggested at !
!

K0.2$0.1. A recent result for a supercluster using weak gravitational lensing
(M/¸

!
"280$40h at RK6h"#Mpc [14]), is also presented; it strongly supports the suggested #attening of M/¸(R).

This upper limit on !
!

is a simple, model independent and powerful constraint: a critical density
universe is inconsistent with the high baryon fraction observed in clusters (assuming the nucleo-
synthesis limit on !

!
, Eq. (2)). A universe dominated by hot dark matter that is too hot to clump

into clusters may survive this critical test; however, such a hot universe is unable to form the
observed galaxies at high redshift, and is therefore unlikely.

4. Evolution of cluster abundance

The observed present-day abundance of rich clusters of galaxies places a strong constraint on
cosmology: !

$
!%&'

!
K0.5, where !

$
is the rms mass #uctuations on 8h"#Mpc scale, and !

!
is the

present cosmological density parameter [21}26]. This constraint is degenerate in !
!

and !
$
;

models with !
!

"1, !
$
&0.5 are indistinguishable from models with !

!
&0.25,!

$
&1. (A

!
$
K1 universe is unbiased, with mass following light on large scales since galaxies (light) exhibit

!
$

(galaxies)K1; !
$
K0.5 implies a biased universe with mass distributed more di!usely than

light.)
The evolution of cluster abundance with redshift, especially for massive clusters, breaks the

degeneracy between !
!

and !
$
; see, e.g. [23,24,27}34]. The evolution of high mass clusters is

strong in !
!

"1, low-!
$

(biased) Gaussian models, where only a very low cluster abundance is
expected at z'0.5. Conversely, the evolution rate in low-!

!
high-!

$
models is mild and the

cluster abundance at z'0.5 is much higher than in !
!

"1 models.
In low-density models, density #uctuations evolve and freeze out at early times, thus producing

only relatively little evolution at recent times (z!1). In an !
!

"1 universe, the #uctuations start
growing more recently thereby producing strong evolution in recent times; a large increase in the
abundance of massive clusters is expected from z&1 to &0. In a recent study by Bahcall et al.
[31] we show that the evolution is so strong in !

!
"1 models that "nding even a few Coma-like

236 N.A. Bahcall / Physics Reports 333}334 (2000) 233}244

The matter density appears to be sub-critical, Ω0 ~ 0.2-0.3

M/L ratio reaches a “plateau” 
of (M/L)B ~ 200-300 h on 
large scales.

(M/L)B ~ 1350 h needed to 
reach Ω0 = 1.0

DM dominates on large scales 
- less “clumpy” than baryons

Agreement with SN Ia results (and CMB).



Baryonic mass density
• For the Coma cluster: M(tot) ~ 10 M(gas) ~ 50 M(stars)

• These numbers are fairly typical: For rich clusters, 

hMgasi ⇡ 0.07 Mvir h�3/2

hMstarsi ⇡ 0.03 Mvir

⇡ 0.11 Mvir

(Bahcall 2000)

• This baryon density agrees well with independent constraints 
from Big-Bang nucleosynthesis, ΩB ~ 0.045

⌦B ⇡ (0.11 + 0.03)⇥ ⌦0 ⇡ 0.04



Predicted abundances
Key results:

Observed He fraction (Y~25%) is 
naturally explained by BB 
nucleosynthesis.

Abundances of other light 
elements depend strongly on the 
baryon density, ΩB.



Basic parameters

• H0 - Hubble constant

• ΩB - Baryonic matter density

• Ω0 - Total matter density

• ΩΛ - Dark energy density

• T0 - age of the Universe

✔ (72 km s-1 Mpc-1)

✔ (Ω0 ~ 0.25)

✔ (ΩΛ ~ 0.75)

✔ (T0 ~ 13.8 Gyr)

✔ (Ω0 ~ 0.04)



The Sunyaev-Zeldovich effect
• Predicted by R. Sunyaev & Y. Zeldovich in 1969, first 

observed in 1983

• Basic idea:  
Photons from the Cosmic Microwave Background 
are scattered by free electrons in the hot intra-
cluster gas (inverse Compton scattering)

• Distorts the CMB black-body curve in a 
characteristic way

• Small effect: typically only 1% of photons passing 
through a cluster are scattered

• S-Z effect independent of redshift.



The S-Z effect: basics
Photon from CMB is inversely Compton scattered by electron in host 
cluster gas with temperature Te:

Compton optical depth of cluster gas:

y =
Z

kTe

mec2
�T Nedl

Depends only on electron density, temperature and size of the cluster.

�E⌫/E⌫ ⇡
kTe

mec2



Compton optical depth
Some typical numbers:

Mgas ~ 1014 M⊙,  R ~ 1 Mpc  ⇒  <Ne> ~ 1000 m-3

Scattering probability

Compton optical depth for typical electron temperature Te ~ 108 K:

⇡ 2
kTe

mec2
�T NeR ⇡ 10�4

2�tNeR ⇡ 0.004

y =
Z

kTe

mec2
�T Nedl



The S-Z effect
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the SZE caused by the hot thermal distribution of electrons provided by the ICM
of galaxy clusters. CMB photons passing through the center of a massive cluster
have only a⇡ 1% probability of interacting with an energetic ICM electron. The
resulting inverse Compton scattering preferentially boosts the energy of the CMB
photon by roughly kBTe/mec2, causing a small (.1 mK) distortion in the CMB
spectrum. Figure 1 shows the SZE spectral distortion for a fictional cluster that is
over 1000 times more massive than a typical cluster to illustrate the small effect.
The SZE appears as a decrease in the intensity of the CMB at frequencies below
.218 GHz and as an increase at higher frequencies.
The derivation of the SZE can be found in the original papers of Sunyaev &

Zel’dovich (Sunyaev & Zel’dovich 1970, 1972), in several reviews (Sunyaev &
Zel’dovich 1980a, Rephaeli 1995, Birkinshaw 1999), and in a number of more re-
cent contributions that include relativistic corrections (see below for references).
This review discusses the basic features of the SZE that make it a useful cosmo-
logical tool.

Figure 1 The cosmic microwave background (CMB) spectrum, undistorted (dashed
line) and distorted by the Sunyaev-Zel’dovich effect (SZE) (solid line). Following
Sunyaev & Zel’dovich (1980a) to illustrate the effect, the SZE distortion shown is for
a fictional cluster 1000 times more massive than a typical massive galaxy cluster. The
SZE causes a decrease in the CMB intensity at frequencies .218 GHz and an increase
at higher frequencies.
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S-Z effect for a hypothetical cluster with 
a mass 1000x greater than a typical 
galaxy cluster (Carlstrom et al. 2002)

High frequencies: 
Increased intensity of CMB

Low frequencies (λ ≳ 1 mm):
Reduced intensity, “Holes in the sky” 

�I⌫/I⌫ = �2y
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Figure 2 Spectral distortion of the cosmic microwave background (CMB) radiation due to
the Sunyaev-Zel’dovich effect (SZE). The left panel shows the intensity and the right panel
shows the Rayleigh Jeans brightness temperature. The thick solid line is the thermal SZE and
the dashed line is the kinetic SZE. For reference the 2.7 K thermal spectrum for the CMB
intensity scaled by 0.0005 is shown by the dotted line in the left panel. The cluster properties
used to calculate the spectra are an electron temperature of 10 keV, a Compton y parameter
of 10�4, and a peculiar velocity of 500 km s�1.

electron velocities are becoming relativistic, and small corrections are required
for accurate interpretation of the SZE. There has been considerable theoretical
work that includes relativistic corrections to the SZE (Wright 1979; Fabbri 1981;
Rephaeli 1995; Rephaeli & Yankovitch 1997; Stebbins 1997; Itoh et al. 1998;
Challinor & Lasenby 1998, 1999; Sazonov & Sunyaev 1998a,b; Nozawa et al.
1998b; Molnar & Birkinshaw 1999; Dolgov et al. 2001). All of these derivations
agree for kBTe . 15 keV, appropriate for galaxy clusters. For amassive cluster with
kBTe⇠ 10 keV (kBTe/mec2⇠ 0.02), the relativistic corrections to the SZE are on
the order of a few percent in the RJ portion of the spectrum but can be substantial
near the null of the thermal effect. Convenient analytical approximations to fifth
order in kBTe/mec2 are presented in Itoh et al. (1998).
Particularly relevant for finding clusters with an SZE survey is the integrated

SZE signal. Because the SZE signal is the integrated pressure, integrating over
the solid angle of the cluster provides a sum of all of the electrons in the cluster
weighted by temperature. This provides a relatively clean measure of the total
thermal energy of the cluster. Integrating the SZE over the solid angle of the
cluster, d� = dA/D2A, gives

Z
1TSZE d� /

Ne hTei
D2A

/

M hTei
D2A

, (5)

where Ne is the total number of electrons in the clusters, hTei is the mean electron
temperature, DA is the angular diameter distance, andM is the mass of the cluster
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The S-Z effect

Distortion of CMB spectrum 
due to S-Z effect.

Main effect:
Thermal SZE (hot cluster gas)

Also relevant:
Kinetic SZE (bulk motion of 
cluster relative to CMB rest 
frame; here 500 km s-1)

Carlstrom et al. (2002)



Figure 3: Images of the Sunyaev-Zel’dovich effect toward twelve distant clusters with redshifts spanning
0.83 (top left) to 0.14 (bottom right). The evenly spaced contours are multiples starting at ±1 of 1.5σ to
3σ depending on the cluster, where σ is the rms noise level in the images. The noise levels range from 15
to 40 µK. The data were taken with the OVRO and BIMA mm-arrays outfitted with low-noise cm-wave
receivers. The filled ellipse shown in the bottom left corner of each panel represents the FWHM of the
effective resolution used to make these images.

7

Images of S-Z effect in 
high-redshift galaxy 
clusters
(OVRO, BIMA. 
Wavelength ~ 1 cm)

Carlstrom et al. 2000



Observing the S-Z effect

• Best seen at mm wavelengths

• Challenging from the ground - absorption due 
to water vapour in Earth’s atmosphere

• Requires extremely dry conditions

• Or go to space



Atacama Cosmology Telescope:
- In Chilean Atacama desert at 5170 m elevation.
- Run by Princeton University and collaborators
- Dedicated to measuring the CMB, including S-Z
- Wavelengths 1-2 mm
- Field size 1 deg



South Pole Telescope
Large collaboration of US Universities
Observing at wavelengths 1-3 mm
10 m aperture, 1 deg2 fov



ESA Planck satellite
Launched 2009
All-sky survey of CMB at 0.3-10 mm



Planck Collaboration: The physics of the Coma cluster
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Fig. 2. The Planck y map of the Coma cluster obtained by combining the HFI channels from 100 GHz to 857 GHz. North is up and west is to
the right. The map is corrected for the additive constant yoff . The final map bin corresponds to FWHM = 10′. The image is about 130 arcmin ×
130 arcmin. The contour levels are logarithmically spaced by 21/4 (every 4 lines, y increases by a factor 2). The outermost contour corresponds to
y = 2 × σnoise = 4.6 × 10−6. The green circle indicates R500. White and black crosses indicate the position of the brightest galaxies in Coma. The
white sectors indicate two regions where the y map shows a local steepening of the radial gradient (see Sect. 7 and Fig. 6).

where

n2
e(r) = n2

0
(r/rc)−α

[1 + (r/rc)2]3β−α/2
1

[1 + (r/rs)3]ϵ/3

+
n2

02

[1 + (r/rc2)2]3β2
, (4)

and

T (r) = T0
(r/rt)−a

[1 + (r/rt)b]c/b
· (5)

Notice that, for our purpose, Eq. (3) is only used to fit the clus-
ter pressure profile. For this reason, it is unlikely that, when

considered separately, the best-fit parameters of Eqs. (4) and (5)
reproduce the actual cluster density and temperature profiles.
The best-fit parameters, together with their 68.4% confidence
level errors, are reported in Table 2.

The resulting model, with the 68.4% envelope is overlaid in
the lower-right panel of Fig. 5. The above temperature and den-
sity functions contain many more free parameters than Eq. (2).
All these parameters have been specifically introduced to ade-
quately fit all the observed surface brightness and temperature
profiles of X-ray clusters of galaxies. This function, thus, is
capable, in principle, of providing a better fit to any observed
SZ profile. Despite this, we find that compared with Model C,

A140, page 5 of 19

Planck collaboration: 
Ade et al. 2013



A&A 554, A140 (2013)

500 kpc500 kpc500 kpc

Fig. 8. Westerbork Synthesis Radio Telescope 352 MHz total inten-
sity image of the Coma cluster from Fig. 3 of Brown & Rudnick
(2011) overlaid with the y contour levels from Fig. 2. Most of the ra-
dio flux from compact sources has been subtracted; the resolution is
133 arcsec × 68 arcsec at −1.5 degrees (W of N). The white circle
indicates R500.

Fig. 9. Scatter plot between the radio map after smoothing to FWHM =
10′ and the y signal for the Coma cluster. To make the plot clearer, we
show errors only for some points.

in an overestimation and underestimation of the observed SZ sig-
nal at smaller and larger radii, respectively. The overestimation
of the observed profile at lower radii is consistent with WMAP
(Komatsu et al. 2011). This is expected, since merging systems,
such as Coma, have a flatter central pressure profile than the
“universal” model (Arnaud et al. 2010). For merging systems,
Model B should provide a better fit, as it has been specifically
calibrated, at r < R500, to reproduce the average X-ray profiles of
such systems (Arnaud et al. 2010). Figure 5 shows that this latter
model indeed reproduces the data well at r < R500. Nevertheless,

Fig. 10. Comparison of the y (black) and diffuse radio (red) global ra-
dio profiles in Coma. The radio profile has been convolved to 10 arcmin
resolution to match the Planck FWHM and simply rescaled by the mul-
tiplication factor derived from the linear regression shown in Fig. 9.
The radio errors are dominated by uncertainties in the zero level due
to a weak bowling effect resulting from the lack of short interferometer
spacings.

Fig. 11. Comparison of the pressure slopes of the best-fit models shown
in Fig. 5. The red, green, blue and grey lines correspond to Models A,
B, C, and D, respectively.

as for Model A, it still underestimates the observed y signal at
larger radii. The observed profile clearly requires a shallower
pressure profile in the cluster outskirts, as evident in Models C
and D. This is important, as the external pressure slopes of both
Model A and B are tuned to reproduce the mean slope predicted
by the hydrodynamic simulations of Borgani et al. (2004), Nagai
et al. (2007), and Piffaretti & Valdarnini (2008, from now on,
B04+N07+P08). The Planck observation shows that the pres-
sure slope for Coma is flatter than this value. This is also illus-
trated in Fig. 11 where we report the pressure slope as a function
of the radius in our models: we find that while at R = 3 × R500
the mean predicted pressure slope is >4.5 for Models A and B,
the observed pressure slope of Coma is ≈3.1 as seen in Model C
and Model D.

In Fig. 12 we compare the scaled pressure profile of Coma
with the pressure profiles derived from the numerical simula-
tions of B04+N07+P08 and with the numerical simulations of

A140, page 10 of 19

Planck collaboration: 
Ade et al. 2013
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specialized instrumentation to carefully control the systematics that often prevent
one from obtaining the required sensitivity. The sensitivity of a low-noise radio
receiver available 20 years ago should have easily allowed the detection of the
SZE toward a massive cluster. Most attempts, however, failed due to uncontrolled
systematics.Now that the sensitivities of detector systemshave improvedby factors
of 3 to 10, it is clear that the goal of all modern SZE instruments is the control
of systematics. Such systematics include, for example, the spatial and temporal
variations in the emission from the atmosphere and the surrounding ground, as
well as gain instabilities inherent to the detector system used.
The observations must be conducted on the appropriate angular scales. Galaxy

clusters have a characteristic scale size of order a megaparsec. For a reasonable
cosmology, a megaparsec subtends an arcminute or more at any redshift; low
redshift clusters will subtend a much larger angle—for example the angular extent
of the Coma cluster (z= 0.024) is of order a degree (core radius⇠100) (Herbig et al.
1995). The detection of extended low–surface brightness objects requires precise
differential measurements made toward widely separated directions on the sky.
The large angular scale presents challenges to control offsets due to differential
ground pick-up and atmospheric variations.

Sources of Astronomical Contamination and Confusion

In designing an instrument for SZE observation, one also needs to take into ac-
count several sources of possible contamination and confusion from astronomical
sources. One such source is anisotropy of the CMB itself (see Figure 3). For dis-
tant clusters with angular extents of a few arcminutes or less it is not a serious
problem, as the CMB anisotropy is expected (Hu &White 1997) and indeed found
to be damped considerably on these scales (Church et al. 1997, Subrahmanyan

Figure 3 Illustration of the characteristic angular scales of primary CMB anisotropy and
of the SZE. The images each cover one square degree and the gray scales are in µK. (Left)
An image of the SZE from many galaxy clusters at 150 GHz (2 mm) from a state-of-the-
art hydrodynamic simulation (Springel et al. 2001). The clusters appear point-like at this
angular scale. (Center) A realization of CMB anisotropy for a 3CDM cosmology. (Right)
The combination of the CMB and SZE signals. Note, the SZE can be distinguished readily
from primary CMB anisotropy, provided the observations have sufficient angular resolution.
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The S-Z effect and CMB fluctuations
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Table 1
Cluster Detections

ID R.A. Decl. S/N at 95 GHz 225 GHz Best θcore Best y0 × 104

150 GHz

SPT-CL 0517-5430 79.144 −54.506 −8.8 −3.4 −0.4 1.′5 0.97 ± 0.13
SPT-CL 0547-5345 86.650 −53.756 −7.4 −3.9 1.9 0.′5 1.31 ± 0.21
SPT-CL 0509-5342 77.333 −53.702 −6.0 −3.4 0.1 1.′25 0.67 ± 0.12
SPT-CL 0528-5300 82.011 −52.998 −5.6 −2.6 −1.3 0.′5 1.00 ± 0.19

Notes. R.A. and decl. are in units of degrees (J2000). The value of θcore reported here is that which maximized the S/N of each cluster
in the filtered 150 GHz maps (out of the 14 values of θcore in steps of 0.′25) and should be interpreted only as a rough measure of that
cluster’s angular scale. The value of y0 reported for each cluster is the value in the 150 GHz map filtered at the best values of θcore.
The uncertainty on the value of y0 is calculated for θcore fixed at the best value. Once we fix β and θcore, y0 is the only remaining
free parameter, so the fractional uncertainty on y0 is simply equal to the inverse of the 150 GHz S/N in quadrature with the 150 GHz
calibration uncertainty.

40 deg2 for the signal-to-noise ratio (S/N) of the least significant
cluster candidate listed in Table 1 and Figure 1. Furthermore,
a disproportionately large fraction of the false detections occur
when the simulated maps are filtered with the smallest scale
optimal filter—which is not surprising, given that there are more
independent resolution elements in this filtered map than in the
maps filtered for detection of larger-scale objects. If we restrict
the filtering of the simulated maps to the scales on which the
four clusters in Table 1 are most effectively detected, the false
rate above 5.5σ drops below 0.01 per 40 deg2.

3. RESULTS

In this section, we present the four highest significance
cluster candidates found by our matched filter in the 150 GHz
map of the ∼40 deg2 BCS5h30 field. The highest significance
candidate in our field was previously identified as a cluster in
the Abell supplementary southern catalog (Abell et al. 1989), in
which it is identified as AS0520, and in the ROSAT-ESO Flux
Limited X-ray (REFLEX) survey (Böhringer et al. 2004), in
which it is identified as RXCJ0516.6-5430. The remaining three
cluster candidates are new discoveries. Based on the simulated
observations described in Section 2.5, there is roughly a 2%
chance that our lowest significance detection is false; the chances
that any of the top three are false detections are significantly
smaller than 1%.

To confirm that these detections have a thermal SZ spectrum,
we look in filtered versions of our 95 GHz and 225 GHz maps
at the locations of the 150 GHz detections. To check each object
at the other two frequencies, we use a single-frequency filtered
map—created using a matched filter as described in Section
2.4 with the cluster spatial profile that produced the highest
significance for that object in the 150 GHz map—and look
at the single map pixel that corresponds to the center of the
150 GHz detection. The use of this method, and the fact that
the pixel distributions in the filtered maps are Gaussian to a
high degree of precision, allows us to easily interpret the S/N
at the cluster candidate locations in the 95 GHz and 225 GHz
maps.

The candidate locations, the S/N at that location in the filtered
map in each of our observing bands, the value of θcore that
maximized the S/N at 150 GHz, and the value of the best-fit
central Comptonization parameter, y0, for that value of θcore
are presented in Table 1. We emphasize that this value of θcore
is the result of a search over a very coarse grid in parameter
space using a model that may not be an accurate description
of the detailed cluster morphology. It is also reported without
a confidence interval. As such, it should be interpreted only as
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Figure 1. Images of four galaxy clusters found in the SPT SZ survey. In each
panel, the region shown is a 20 by 20 arcmin box centered on the cluster. All
images are oriented with north up and east to the left. In the top row, we show
the beam-smoothed 150 GHz map, and the scale has units of µKCMB. The
lower three rows show the 150, 95, and 225 GHz maps filtered using a β = 1
model with the θcore listed in Table 1. The ringing on either side of the cluster
in the 150 GHz filtered maps is an artifact of the filtering. The scale gives
detection significance in σ . The detections at 95 GHz range in significance from
2.5σ to 3.9σ (see Table 1) and provide supporting evidence for the 150 GHz
cluster detections. Our 225 GHz maps are consistent with noise at these four
locations (see Table 1 and Section 3), providing another cross-check that the
data are consistent with SZ sources. The first cluster shown here, SPT-CL 0517-
5430, was previously identified in the REFLEX X-ray cluster survey, in which
it is identified as RXCJ0516.6-5430 and in the Abell supplementary southern
catalog, in which it is identified as AS0520.

a rough measure of the angular scale of the cluster candidates.
Similarly, the value of y0 and the uncertainty on that value
reported in the table are the results of an effective one-parameter
fit to the data with β fixed at 1 and θcore fixed at the grid value
that maximized detection significance.

Images of all four candidates in the filtered maps are shown
in Figure 1. Two things are immediately evident from the
S/N values in the table and the images in the figure: (1) from
the significance of the 150 GHz detections alone, all of the
candidates are inconsistent with noise fluctuations. (They are
also inconsistent with emission from sources such as radio-loud
AGNs or dusty protogalaxies because of the polarity of the
signal.) (2) From the 95 and 225 GHz images and detection
significances, all four detections appear consistent with thermal

Galaxy clusters discovered with SPT
(Staniszewski et al. 2009)

Note:
- No signal is seen at 225 GHz
- Strongest signal at ~150 GHz

40 STANISZEWSKI ET AL. Vol. 701

Figure 3. Pseudo-color optical images of the galaxy distributions toward the SPT clusters. All images are oriented with north up and east to the left, as in Figures 1 and
2. The SPT position is marked with a 1 arcmin diameter green circle, as in Figure 2. Populations of early-type galaxies with similar color and central giant elliptical
galaxies are found to lie within 0.′5 of the SPT position of each system. Gravitational lensing arcs are apparent near the central galaxy in SPT-CL 0509-5342 and to
the southwest of the cluster core in SPT-CL 0547-5345. The REFLEX position for SPT-CL 0517-5430/RXCJ0516.6-5430 is indicated with a blue circle in the upper
left panel, as are the positions of the possible RASS counterparts for SPT-CL 0547-5345 and SPT-CL 0509-5342 in their respective images. The diameter of each blue
circle is equal to the positional error given for that source in the RASS Faint Source Catalog.

maps, supports their identification as SZ sources. One of these
four systems was previously identified as a cluster in the Abell
supplementary southern catalog and the REFLEX X-ray cluster
catalog. Two of the others have potential RASS Faint Source
Catalog counterparts, but had not been identified as clusters.
We have used data from the Blanco Cosmology Survey to pro-
duce pseudo-color optical images in the direction of the four SZ
detections and find clear galaxy overdensities within 1 arcmin
of the reported SPT positions. We also see evidence for strong
gravitational lensing arcs in at least two of the optical images.
Preliminary photometric redshift estimates indicate that two of
the systems lie at moderate redshift (z ∼ 0.4) and two at high
redshift (z ! 0.8), consistent with the rough estimate of cluster
angular scale from the SZ detections.

The cluster search presented in this paper was performed over
a ∼40 deg2 subfield of the SPT survey region observed in both
the 2007 and 2008 seasons. The SPT is expanding the survey
coverage, with an eventual target of "1000 deg2. Future analysis
will include additional data, as well as improvements to the data
processing, calibration, and cluster identification algorithms.
These initial cluster detections demonstrate the potential of SZ
effect surveys, and in particular the SPT, to produce a sample
of SZ-selected galaxy clusters. In combination with optical and
X-ray data, these and future SZ-selected clusters will enable
new explorations of galaxy cluster properties and constraints on
cosmological models.
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Figure 2 Spectral distortion of the cosmic microwave background (CMB) radiation due to
the Sunyaev-Zel’dovich effect (SZE). The left panel shows the intensity and the right panel
shows the Rayleigh Jeans brightness temperature. The thick solid line is the thermal SZE and
the dashed line is the kinetic SZE. For reference the 2.7 K thermal spectrum for the CMB
intensity scaled by 0.0005 is shown by the dotted line in the left panel. The cluster properties
used to calculate the spectra are an electron temperature of 10 keV, a Compton y parameter
of 10�4, and a peculiar velocity of 500 km s�1.

electron velocities are becoming relativistic, and small corrections are required
for accurate interpretation of the SZE. There has been considerable theoretical
work that includes relativistic corrections to the SZE (Wright 1979; Fabbri 1981;
Rephaeli 1995; Rephaeli & Yankovitch 1997; Stebbins 1997; Itoh et al. 1998;
Challinor & Lasenby 1998, 1999; Sazonov & Sunyaev 1998a,b; Nozawa et al.
1998b; Molnar & Birkinshaw 1999; Dolgov et al. 2001). All of these derivations
agree for kBTe . 15 keV, appropriate for galaxy clusters. For amassive cluster with
kBTe⇠ 10 keV (kBTe/mec2⇠ 0.02), the relativistic corrections to the SZE are on
the order of a few percent in the RJ portion of the spectrum but can be substantial
near the null of the thermal effect. Convenient analytical approximations to fifth
order in kBTe/mec2 are presented in Itoh et al. (1998).
Particularly relevant for finding clusters with an SZE survey is the integrated

SZE signal. Because the SZE signal is the integrated pressure, integrating over
the solid angle of the cluster provides a sum of all of the electrons in the cluster
weighted by temperature. This provides a relatively clean measure of the total
thermal energy of the cluster. Integrating the SZE over the solid angle of the
cluster, d� = dA/D2A, gives

Z
1TSZE d� /

Ne hTei
D2A

/

M hTei
D2A

, (5)

where Ne is the total number of electrons in the clusters, hTei is the mean electron
temperature, DA is the angular diameter distance, andM is the mass of the cluster
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The S-Z effect as a distance indicator

for (diameter) distance DA and angular size θ

S-Z effect + assume spherical geometry:

y / NeR = NeDA✓

X-Ray intensity:

IX / N2
e R = N2

e DA✓

Eliminate Ne:

IX

DA✓
/ y2

D2
A✓2

DA /
y2

✓IX
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Figure 9 SZE-determined distances versus redshift. The theoretical angular dia-
meter distance relation is plotted for three different cosmologies, assuming H0 =

60 km s�1 Mpc�1. �M = 0.3, �3 = 0.7 (solid line), �M = 0.3, �3 = 0 (dashed line),
and �M = 1.0, �3 = 0 (dot-dashed line). The clusters are beginning to trace out the
angular diameter distance relation. References: (1) Reese et al. 2002; (2) Pointecouteau
et al. 2001; (3) Mauskopf et al. 2000a; (4) Reese et al. 2000; (5) Patel et al. 2000;
(6) Grainge et al. 2000; (7) Saunders et al. 2000; (8) Andreani et al. 1999; (9) Komatsu
et al. 1999; (10) Mason et al. 2001, Mason 1999, Myers et al. 1997; (11) Lamarre et
al. 1998; (12) Tsuboi et al. 1998; (13) Hughes & Birkinshaw 1998; (14) Holzapfel et
al. 1997; (15) Birkinshaw & Hughes 1994; (16) Birkinshaw et al. 1991.

To date, there are 38 distance determinations to 26 different galaxy clusters from
analyses of SZE and X-ray observations. In Figure 9 we show all SZE-determined
distances from high signal-to-noise SZE experiments. The uncertainties shown
are statistical at 68% confidence. There are currently three samples of clusters
with SZE distances: (a) a sample of 7 nearby (z < 0.1) galaxy clusters observed
with the OVRO 5-m telescope (Myers et al. 1997, Mason et al. 2001); (b) a sam-
ple of 5 intermediate redshift (0.14< z< 0.3) clusters from the Ryle telescope
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S-Z distances vs redshift
S-Z distances independent 
of other techniques

Best fit: 
H0= 60 ± 3 km s-1 Mpc-1

(but dominated by ~30% 
systematic uncertainties)


