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Matter	  
component	  

%	  total	  
mass	  

%	  baryonic	  
mass	  

%	  stellar	  
mass	  

Dark	  matter	   85-‐90	   (na)	   (na)	  

Baryons	   10-‐15	   100	   (na)	  

Hot	  gas	   7-‐14	   70-‐95	   (na)	  

Stars	   0.5-‐5	   5-‐30	   100	  

Galaxies	   0.5-‐4	   4-‐27	   70-‐90	  

Intracluster	  
stars	   0.05-‐1	   0.5-‐9	   10-‐30	  

Non-‐
luminous	  
baryons	  

?	   ?	   ?	  
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The	  cluster	  mass	  budget	  

The	  galaxies	  make	  up	  ~1%	  of	  total	  cluster	  mass.	  

X-‐ray:	  NASA/CXC/CfA/M.Markevitch	  et	  al.;	  Optical:	  NASA/STScI;	  
Magellan/U.Arizona/D.Clowe	  et	  al.;	  Lensing	  Map:	  NASA/STScI;	  ESO	  
WFI;	  Magellan/U.Arizona/D.Clowe	  et	  al.	  



  Dark	  energy	  equation	  
of	  state:	  w	  =	  p/ρ	  

  Recent	  interest	  in	  non-‐
Gaussian	  matter	  
perturbations:	  fNL	  

  Make-‐up,	  history,	  and	  
fate	  of	  universe	  

However, this problem is not as severe as one might
expect because the evolution in the mass function itself
is so dramatic, especially for !M!1. This part of the
review discusses what we have learned about structure
formation and cosmological parameters by observing
cluster evolution. It begins with a description of how
mass-function evolution depends on cosmological pa-
rameters and then considers the complications arising
from evolution of the observables themselves. It con-
cludes with a summary of current constraints on !M
from cluster evolution and a look at the prospects for
measuring !" and w with large cluster surveys.

1. Dependence on cosmology

Evolution of the mass function is highly sensitive to
cosmology because the matter density controls the rate
at which structure grows. When the mass function can
be expressed in terms of formulas like Eqs. "52#, "54#, or
"55#, its evolution is controlled entirely by the growth
function D"z#, which is a well-defined function of !M,
!", and w "Sec. III.B.4#. Small-amplitude density pertur-
bations grow as D"z#= "1+z#−1 when !M"z#!1, but per-
turbation growth stalls when !M"z##1. This effect
manifests itself most strongly in high-mass clusters be-
cause they are the latest objects to form in a hierarchical
cosmology with a CDM-like power spectrum "Evrard,
1989; Peebles et al., 1989; Oukbir and Blanchard, 1992;
Eke et al., 1996; Viana and Liddle, 1996#. The exponen-
tial dependence of the mass function on $"M ,z#
=D"z#$"M ,0# makes the effect quite dramatic for ob-
jects sufficiently massive that $"M ,0#%1.

Dependence of the mass function on !" and w is a
little more subtle. These parameters affect mass-
function evolution by altering the redshift at which
!M"z# departs significantly from unity for a given value
of !M at z=0 "Haiman et al., 2001#. The time at which
dark energy begins to dominate the dynamics of the uni-
verse is later for both smaller values of !" and smaller
"more negative# values of w "see Fig. 2#, leading to
greater evolution of the mass function between z$1 and
the present "Wang and Steinhardt, 1998; Weller et al.,
2002; Battye and Weller, 2003#.

Measurements of how the mass function changes with
redshift can provide additional information about !"

and w through the expansion rate of the universe. If the
mass function of clusters is precisely known, then num-
ber counts of clusters exceeding a given mass in each
redshift interval dz reveal the volume associated with
that redshift interval and can be used to determine the
dynamics of the universe’s expansion. The number of
clusters with mass &M on the celestial sphere in the
redshift interval dz is given by

dN
dz

"M# =
4'r(

2"z#c
H"z#

nM"M,z# . "62#

Figure 6 shows this number-redshift distribution for sev-
eral different cosmological models. Notice that the sta-
tistical power of cluster surveys is ultimately limited by

the total number of massive clusters in the observable
universe, which is of order 105.

2. Evolution of the observables

All of the mass-observable relations discussed in Sec.
III.C evolve with redshift, partly because the definition
of M200 is pinned to the critical density and partly be-
cause of galaxy-formation physics. Clusters of a given
mass are hotter earlier in time because their matter den-
sity is larger; both T200 and the square of the dark-matter
velocity dispersion for a fixed value of M200 vary with
redshift as H2/3"z# "Sec. III.C.2#. One therefore expects
Tlum and the square of the galaxy velocity dispersion to
depend on redshift in the same way, but it is possible
that the physics of galaxy formation adds additional red-
shift evolution that must be accounted for in precise cos-
mological measurements. Galaxy formation plays a
more explicit role in the mass-richness and M200-LX re-
lations, because the optical luminosities of galaxies
evolve with time and because the physics of galaxy

FIG. 6. Predicted number of clusters on the sky as a function
of redshift in different cosmologies. Upper panel shows the
number of clusters per unit redshift with M200&3
)1014h70

−1M! over the entire sky. Notice that there are a few
tens of thousands of such clusters on the sky in models with
!M=0.3, most of them at z%1. There are many fewer massive
clusters at z&0.5 in the *CDM model with !M=1 because
cluster evolution is so rapid in that case. The lower panel
shows the numbers of clusters with M200&1)1015h70

−1M!. Dif-
ferences between models with !M!0.3 but differing values of
!" and w should be detectable in large cluster surveys contain-
ing $104 clusters and extending to z$1.

234 G. Mark Voit: Tracing cosmic evolution with clusters of galaxies

Rev. Mod. Phys., Vol. 77, No. 1, January 2005
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Voit	  2005	  
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The thermal 
Sunyaev-Zelʼdovich 
effect#
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The kinetic  
Sunyaev-Zelʼdovich 
effect#



Measured SZ spectrum 
of A2163

from Ned Wright 
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Take	  home	  message	  #1	  
	  SZ	  signal	  is	  not	  an	  emissive	  process	  
but	  a	  spectral	  disortion,	  and	  so	  is	  
nearly	  redshift	  independent†	  

Take	  home	  message	  #2	  
	  SZ	  signal	  is	  a	  direct	  probe	  of	  cluster	  
gas	  pressure,	  and	  so	  is	  a	  good	  
proxy	  for	  cluster	  mass	  



  (Sub)millimeter	  wavelength	  
telescope:	  
  10	  meter	  aperture	  
  1’	  FWHM	  beam	  at	  150	  GHz	  
  Off-‐axis	  Gregorian	  optics	  design	  
  20	  micron	  RMS	  surface	  accuracy	  
  1	  arc-‐second	  pointing	  
  Fast	  scanning,	  up	  to	  4	  deg/sec	  in	  

azimuth	  
  SZ	  receiver:	  

  1	  sq.	  deg	  FOV	  
  ~960	  background	  limited	  pixels	  
  Observe	  in	  3+	  bands	  between	  

95-‐220	  GHz	  simultaneously	  	  
  Modular	  focal	  plane	  
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  Vanderlinde	  et	  al.	  (2010),	  
ApJ	  
  Optical	  studies	  by	  High	  et	  al.	  

(2010),	  ApJ	  
  X-‐ray	  studies	  by	  Andersson	  et	  

al.	  (2010),	  arXiv:1006.3068	  
  21	  clusters	  

  12	  previously	  unknown	  
  0.15	  <	  z	  <	  1.1	  
  median	  z	  =	  0.74	  
  M200	  ≥	  0.5	  ×	  1015	  Msol	  

  30%	  improvement	  on	  w	  
and	  σ8	  from	  WMAP7	  alone	  
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  Williamson	  et	  al.	  (2011),	  
arXiv:1101.1290	  
  Highest	  z	  cluster,	  Foley	  et	  

al.	  (2011),	  arXiv:1101.1286	  
  26	  clusters	  

  12	  previously	  unknown	  
  0.098	  <	  z	  <	  1.13	  
  median	  z	  =	  0.40	  
  M200	  =	  1-‐3	  ×	  1015	  Msol	  

  Consistent	  with	  	  
  ΛCDM	  
  Gaussian	  density	  

perturbations	  
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•	  In	  SPT	  



  Williamson	  et	  al.	  (2011),	  
arXiv:1101.1290	  
  Highest	  z	  cluster,	  Foley	  et	  

al.	  (2011),	  arXiv:1101.1286	  
  26	  clusters	  

  12	  previously	  unknown	  
  0.098	  <	  z	  <	  1.13	  
  median	  z	  =	  0.40	  
  M200	  =	  1-‐3	  ×	  1015	  Msol	  

  Consistent	  with	  	  
  ΛCDM	  
  Gaussian	  density	  
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1/11/11	   The	  South	  Pole	  Telescope	  Cluster	  Survey	   15	  

•	  In	  SPT	  and	  Planck	  •	  SPT	  only	  
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z	  =	  0.296,	  M200	  =	  3.1×1015	  Msol	  SPT-‐CL	  J0658-‐5556	  
Bullet	  Cluster	  
The	  most	  massive	  cluster	  in	  our	  
sample	  
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SPT-‐CL	  J2106-‐5844	  
The	  most	  massive	  known	  z	  >	  1	  
galaxy	  cluster	  
Foley	  et	  al.	  (2011),	  arXiv:1101.1286	  

z	  =	  1.132,	  M200	  =	  1.3×1015	  Msol	  
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  More	  SZ	  clusters	  from	  SPT,	  at	  all	  redshifts	  
  SZ	  mass-‐observable	  calibration	  with	  X-‐rays	  and	  weak	  

gravitational	  lensing,	  for	  improvements	  in	  cosmological	  
constraints	  and	  understanding	  of	  “gastrophysics”	  
  Approved	  Magellan/Megacam	  2011A	  weak	  lensing	  program	  for	  

9	  clusters	  at	  0.3	  <	  z	  <	  0.6	  
  Approved	  HST/ACS	  Cycle	  18	  weak	  lensing	  program	  for	  7	  clusters	  

at	  0.6	  <	  z	  <	  1	  
  Existing	  or	  scheduled	  X-‐ray	  observations	  of60	  clusters	  

  The	  Dark	  Energy	  Survey:	  industrial	  scale	  optical	  studies	  of	  
clusters	  
  Joint	  SZ+optical	  studies	  down	  to	  low-‐mass	  scales	  
  Stacked	  weak	  lensing	  
  Lots	  of	  traditional	  galaxy	  and	  cluster	  studies,	  but	  deeper+wider	  
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  Galaxy	  clusters	  are	  fascinating	  and	  useful	  
  independent	  tests	  of	  dark	  energy	  
  complementary	  to	  the	  Hubble	  expansion	  measurements	  
  see	  Dark	  Energy	  Task	  Force	  report	  

  The	  Sunyaev-‐Zel’dovich	  effect	  	  
  a	  novel	  way	  to	  survey	  clusters	  
  remarkable	  property	  of	  ~	  redshift-‐independent	  signal	  
  good	  cluster	  mass	  observable	  

  The	  South	  Pole	  Telescope	  
  a	  dedicated	  SZ	  experiment	  
  dozens	  of	  new	  clusters,	  many	  at	  high	  redshift	  
  clean	  selection	  

  The	  next	  5-‐10	  years	  will	  see	  a	  boom	  in	  galaxy	  cluster	  science:	  SPT,	  
ACT,	  Planck,	  DES,	  …	  	  
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SPT-‐CL	  J2106-‐5844	  
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