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Cosmology with Galaxy Clusters

• Mapping the Cosmic Web over time
– Tracing the evolution of bias of starbursts, spheroids, disks, AGN 

across the dark matter density field.

• Effect of environment on the physics of galaxy evolution
– LSS is well modeled by CDM;  need to sample the full range of  

environments to understand the relationship of structure to star 
formation, black hole formation, AGN-ignition, etc.

• Dominant evolutionary modes?
– Bulges vs disks

– Starbursts vs Quiescent

– Star-formation (nucleosynthesis) vs AGN (accretion) activity

• Mass buildup at high-redshift
How do we relate high-SFR (submm) sources to formation  of massive 

objects, which are a challenge for CDM models;  

Need large volumes for rare high-mass halos. (1015.5 Mo halos)

Star an Galaxy Formation - Open Questions:
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ALMA

E-ELT, GMT, TMT

ELTs:
Stars, Black Holes, 

Warm ISM

ALMA:
Cold Gas & Dust:
Building Blocks for 
Stars & Black Holes, 

What ALMA Will Do for Galaxy Evolution:

Determine robust rotation curves and study velocity fields for distant 
galaxies as a function of redshift and mass

Establish a clean dynamical estimate of galaxy merger fractions as a 
function of redshift and mass

Measure gas fractions as a function of redshift, mass, environment and 
galaxy morphology;  explore the dependence of star formation rates on 
galaxy properties

Resolve clumps, measure dynamical masses, velocity dispersions and gas 
fractions  at ~few hundred pc (~0.03” - 0.05”) resolution;  together with 
ELTs, resolve nature and internal evolution of clumpy high-z galaxies 

Measure outflow rates of cold gas and test feedback models

Together with ELTs, establish MBH/Mgal as a function of z, L for obscured 
and unobscured AGN population
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t=20%

z=2

t=10%

z=6

t=100%

z=0

100Mpc

The formation of large-scale sturcture in the universe, as seen
through numerical simulations of dark matter evolution.
Here: 100 Mpc comoving volume:

For movies, see http://www.mpa-garching.mpg.de/~hmathis/Galaxien/movies.html



Galaxy Clusters

How to find?
Optical  (confusion)

X-ray  (sensitivity)

lensing (difficult, confusion)

Sunyeav-Zeldovich (calibration)

Optical

X-rays

m
=0.3

m
=0.3

=0.7

m
=0.1

          

Galaxy Clusters
redshift distribution

time
40%   60%           80%                          90%

Measure for:

1. Volume-Redshift Relation

2. Speed of structure 

formation 

Cluster redshift 

distribution yields 

important information 

on cosmology, 

complementary to CMB 

and SNIa.
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Determination 

of Dark Energy

Larger equation of

state parameter 

w = P/  :
- Larger Volume

- Faster clumping

12

Time evolution of dark energy

Supernova

SZ

w0

w1

Weller et al. 2002

w = P/  =    w
0
  + w

1
  z

scaling not physical –  better:

w = w0 + wa (1-a)  



z=1.4

XMM

Serendipitous cluster survey using archive XMM images.
See ESO press release
http://www.eso.org/outreach/press-rel/pr-2005/pr-04-05.html

Known galaxy clusters at high z:



z~0.9

2x3 arcmin
2.7 x 2.7 arcmin

clusters show a “red sequence” 

of early-type galaxies

For more info on the red sequence cluster surveys, 
see:   http://www.rcs2.org/
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Zhang, Pen, Wang 2002

Rashid Sunyaev *1943 Yakov  Zel'dovich (1914-1987)

Comments on Astrophysics and Space Physics 
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Thermal SZE is a small (<1 mK) 
distortion in the CMB caused by inverse 
Compton scattering of the CMB 
photons.

Pressure integrated along line of sight.

Not a source, therefore redshift independent 
- great tool for cluster surveys!

Total cluster flux density is independent 
of redshift! 

Measures the T-weighted mass = 
thermal energy

Compare with X-ray:



limiting
mass

@ 150 GHz

[M
sun

]

redshift

serendipitous
XMM

Limiting Mass of SZE Surveys

 80 mJy

 2 mJy1014

1015
well understood 

selection function

study:

growth of structure

individual clusters

8=0.7

8=1.0

8=0.8

8=0.9



SZ Effect

1 deg

SZ plus CMB

APEX
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Discovery of thousands of galaxy clusters by mapping of 100 to 4000 sqd to  ~50 μK 

detection limit.

constrain cosmological parameters, e.g. 
8
 and Dark Energy parameter w. 

Demonstrate new detector technology

APEX-SZ SZ-Array South Pole Telescope
Atacama Cosmology Telescope

Find signatures from z>10 supernova-remnants.

Observe evolution of structure, and test theories of  structure formation.

Study clusters in detail: structure, evolution, galaxy populations, baryon fraction.

Study CMB secondary anisotropies, weak lensing, Ostriker-Vishniac effect, 

quadratic Doppler effect, etc.



Current and future SZ surveys

name type beam telescope  clusters  when

[arcmin] [m]

ACBAR Bolo 4 few ?

Bolocam Bolo 151 1 10 10s          ?

SuZIE Bolo 1 10 ?             1997

BIMA HEMT ? few          2001

CBI HEMT 13 4 0.9 ? ?

SZA HEMT 8 0.1 3.5 100 2007

AMiBA HEMT 19 2 1.2 100s        2006

OCRA HEMT 100 1.5 32 100s 2006

AMI HEMT 10 1 3.7 100s 2007

APEX Bolo 325 1 12 1,000s     2007

ACT Bolo 1000 1 6  1,000s     2008

Bolocam-2 Bolo 0.2 40 ? 2008?

SPT Bolo 1000 1 8 20,000 2008

Planck Bolo 5 2 10,000 2009

APEX
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APEX-SZ Survey

UCB: Lee, Holzapfel ...
Colorado: Halverson, Bender ...
Bonn: Bertoldi, Menten, Basu, Nord, Pacaud ...
MPE: Böhringer
OSO: Horellou

(DFG funding: SPP, Transregio)
optical:  ESO/MPG 2.2m  with GROND

image at 2mm with 1‘ (45") beam

to rms~2mJy~10μK

sensitivity aim: 500 μK s1/2  for 300 channels

1 sqd to 10μK needs ?h

100 sqd need ???h
with 15h/day, ?? days.

see http://bolo.berkeley.edu

12m primary, 16 micron surface rms 125t
optical pointing telescope

chopping secondary (AZ only)

ALMA common software (python)

beam    8” at 350 micron, 

           18” at 870 micron, 
           45”  (60”) at 2 mm

www.apex-telescope.org



APEX @5080m

Vicuñas



Bolometers

 LABOCA-1: 295-channel at 870 m (MPIfR) 

 FOV: 11', beam 18” (same as MSX and Herschel 250 m)

 SABOCA: 37-channel at 350 m (MPIfR)

 330-channel at 1.4/2 mm for Sunyaev-Zel'dovich survey (UCB, MPIfR)

 new software: BoA  (Python/F95)  www.openboa.de

Heterodyne

 183 GHz water vapour radiometer

 210-270 GHz  (OSO)

 270-375 GHz  (OSO)

 375-500 GHz (OSO)  [currently: 460/810 GHz “FLASH”]

 800-900 GHz  (MPIfR, PI)

 CHAMP+   600-720/790-920 GHz,  2 7-elements (MPIfR, PI)

 FIR receivers: up to 1.5 THz = 200 micron (OSO, Köln)

Instrumentation

 

D. Schwan et al., in prep 2009

~1m



 

“Spiderweb” 

Bolometers

0.4 deg FOV

 



 

APEX-SZ Camera shown mounted in 
cabin with pulse tube lines & ballasts 
visible.

 

0.4 deg FOV



10/8m off-axis 

1000-element bolometer

first light 2007

PI: J. Carlstrom

Atacama 

Cosmology 

Telescope 

(ACT)

6m off-axis fixed-elevation dish with 

ground screen.

1000-element pop-up bolometer

first light 2006/7.

first publication 

http://arxiv.org/abs/0907.0461

Goal:

200  deg2 to 3μK. 

Secondary anisotropies. 

Less massive clusters.



from  M. White 

Power Spectrum

1'2'4'12'2o

8 
= 0.8

(need multi-frequency obs.)

Reichardt et al. 2009
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SZ  cluster count constraints
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Normalization of 
the power 
spectrum at 
8 Mpc

Total matter density

Dark energy 

EOS: P/  

No prior 
M/T

250 sq deg
Y = 2e-5



Problem: Systematic Mass Bias

-25%

8
=0.83

+25%

8
=0.95

 
8
=1.0

 
W

Controlling systematic 
errors on mass is prime
concern !

Need multi-wavelength
follow-up.

Figure by Joe Mohr

Combined measurement of X-ray, SZ, optical, and weak lensing cosmic shear 

will become a powerful tool to study structure of galaxy clusters.



z=1.39



The Bullet Cluster

X-ray Surface Brightness

• Clusters are strong X-ray emitters of 

thermal Bremsstrahlung

• X-rays give high S/N, high resolution picture of cluster 

centers

• Can determine Tx from spectra

• Drawbacks: highly sensitive to cluster structure, strong 

redshift dependence



Spherical Isothermal -Model

• consistently good empirical fit

• SZ and X-ray integrals have analytic 
solution

• ne0 also analytic

However, some clusters have peaked core, 
then take double-peaked profile:

ne(r) = ne0 1+ r2

rc
2

3 /2

LaRoque et al. 2006, ApJ 652, 917



Calculating Gas Masses
• First solve for ne0:

• Then integrate over density distribution to get mass:

(SZ)

(X-ray)

Calculating Total Mass

• Total gravitational mass comes from assuming ICM is in 
hydrostatic equilibrium with dark matter distribution:

• Same for both SZ and X-ray

• Depends only on shape of gas distribution



From Cluster Masses to M

• Mass composition of clusters reflects universal mass 

composition:

• Get B from Big Bang Nucleosynthesis measurements

• Get mean fg from clusters

• Comparison of SZ and X-ray results sheds light on cluster 

systematic uncertainties = structure

Results for M

• Assume  B = 0.0205 +- 0.018 h-2   (O'Meara et al. 2001) 

• Assume cluster galaxies contribute 0.20 h3/2 Mgas

  to the cluster mass in baryons (White et al. 1993)

• For h=0.7:

X-ray:  fg=0.094 ± 0.002       M  0.36

SZ:       fg=0.083+0.010
0.007     M  0.41

• Assume 10% of baryons are lost in cluster formation 



Systematic Uncertainties

• Hydrostatic equilibrium: may be other means of 
support, like turbulence or magnetic fields

• Clumping: small-scale changes in density field could 
enhance Sx 

• Temperature structure: Chandra and XMM have 
shown that clusters are not isothermal

X-Ray and Sunyaev-Zel'dovich Effect Measurements of the Gas Mass Fraction in Galaxy Clusters

LaRoque et al. 2006, ApJ 652, 917
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Abell 2204:
Prototypical relaxed

Cluster

X-ray image with
SZ contours

SZ image with
X-ray contours

Abell 2204, Basu, Zhang, Nord et al.

X-ray

SZE
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Abell 2204:
Prototypical relaxed

Cluster

X-ray image with
SZ contours

SZ image with
X-ray contours

Direct de-
projection
of density and 
temperature.
No parametric
modeling!
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Abell 2204 

Basu, Zhang, Nord et al.

Gas in hydrostatic equilibrium inside the 
dark matter potential well

WMAP
stacking

Isothermal

Cosmic  f
b

Lensing

X-ray

gas mass



evolution of cluster properties: 

size, temperature, structure, virialization

Non-gravitational heating (star formation) and chemical 

enrichment. 

Evolution of galaxy populations in clusters (nothing known at z>1)

  SZ surveys will produce precision 

cosmological constraints competitive 

with SN 1a surveys and CMB anisotropy.

REPORT OF THE DARK ENERGY TASK FORCE

Dark energy appears to be the dominant component of the physical Universe, yet 
there is no persuasive theoretical explanation for its existence or magnitude. The 
acceleration of the Universe is, along with dark matter, the observed phenomenon 
that most directly demonstrates that our theories of fundamental particles and 
gravity are either incorrect or incomplete. Most experts believe that nothing short 
of a revolution in our understanding of fundamental physics will be required to 
achieve a full understanding of the cosmic acceleration. For these reasons, the 
nature of dark energy ranks among the very most compelling of all outstanding 
problems in physical science. These circumstances demand an ambitious 
observational program to determine the dark energy properties as well as 
possible.

The Dark Energy Task Force (DETF) was established by the Astronomy and 
Astrophysics Advisory Committee (AAAC) and the High Energy Physics Advisory 
Panel (HEPAP) as a joint sub-committee to advise the Department of Energy, the 

National Aeronautics and Space Administration, and the National Science 
Foundation on future dark energy research.



Fundamentalist physics: why Dark Energy is bad for Astronomy
Simon D.M. White

(Submitted on 18 Apr 2007)

Astronomers carry out observations to explore the diverse processes and objects which 
populate our Universe. High-energy physicists carry out experiments to approach the 
Fundamental Theory underlying space, time and matter. Dark Energy is a unique link 
between them, reflecting deep aspects of the Fundamental Theory, yet apparently accessible 
only through astronomical observation. Large sections of the two communities have therefore 
converged in support of astronomical projects to constrain Dark Energy. In this essay I argue 
that this convergence can be damaging for astronomy. The two communities have different 
methodologies and different scientific cultures. By uncritically adopting the values of an alien 
system, astronomers risk undermining the foundations of their own current success and 
endangering the future vitality of their field. Dark Energy is undeniably an interesting problem 
to attack through astronomical observation, but it is one of many and not necessarily the one 
where significant progress is most likely to follow a major investment of resources. 

Essay commissioned for publication in Reports on Progress in Physics. 
19 pages including 3 figures
arXiv:0704.2291v1 [astro-ph]

APEX Base Camp near 

San Pedro de Atacama  
2400m,  76km from APEX






