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Lick catalog of 
400,000 galaxies
Shane & Wirtanen 1967

Seldner et al. 1977

CfA catalog 6 deg slice  
~1,000 galaxies

deLapparent, Geller & Huchra 1986

early `large’ surveys: clusters= largest, grav. bound systems
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MS1054: Luppino & Kaiser 1997 

clusters are the `birthplace’ of dark matter

Fritz 

Zwicky

M = c σgal
2  <rgal> / G

virial equilibrium of galaxies (1933) 

weak gravitational lensing (1997)

M =  κ Σcrit ∆Ω

Kneib et al. 2004 strong lensing cluster cores are natural telescopes

~25x mag

z ∼ 7
r ∼ 1 kpc

dMstar/dt ∼ 2.5

triply imaged 
galaxy in A2218
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hot intracluster medium (ICM) dominates visible mass

M ICM ~ 10 (h/0.65)-3/2 Mgal

optical 

White et al 1993

estimates for Coma

Mgal =1.0± 0.2×1013h−1MΘ M ICM = 5.5±1.0×1013h−5/2MΘ

clusters’ deep potential wells trap `missing’ baryons

X-ray

Chandra/XMM offer increasing detailed views of hot ICM

New York Times

Henry et al 2004
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clusters surveys: many efforts in different wavebands

SDSS 
N~104 to z~0.6 

RCSII 
N~104 to z~1.4 

REFLEX/NORAS
N~103 to z~0.5

MACS
N~102 to z~1

XCS
N~104 to z~1.5

DUO (phase A SMEX)
N~104 to z~1.5

DLS
N~102 to z~1 

SNAP?
N~104 to z~2?

APEX-SZ
N~103 to z~3

SZA
N~103 to z~3

AMI
N~103 to z~3

SPT
N~104 to z~2

cluster tests of dark energy

Friedmann equation

controls distance/volume as function of redshift

and growth rate of linear perturbations 

Phenomenology:

number counts: N(M,z)

clustering: ξ(r | M,z) ;  counts in cells  

characteristic sizes: fgas ; angular sizes
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tests of dark energy: counts
Haiman, Mohr & Holder 2001

mass limited

sample

>1014 Msun

ΛCDM

w = –0.6

w = –0.2

ΟCDM

dN/dz for SPT 4000 sq degree Survey
(could be done in one austral winter)

Goal: constrain DE 

equation of state

p = w ρ

Courtesy J. Carlstrom (U Chicago)
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tests of dark energy: astrophysical confusion

Haiman, Mohr & Holder 2001

mass limited sample

>1014 Msun

sharpening tools of the cluster trade…

space 
density 
n(M, z) 

scaling  
relations

spatial 
clustering

internal 
structure

Halo Model

– forged by computational modeling of non-linear structure

– core element is the mass of collapsed, quasi-equilibrium regions (halos)
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QM in Early 
Universe

Gravity 

Source

Amplifier
linear -> non-linear 

Differentiator Dissipation via 
radiative cooling  

Star / BH
Formation 

large-scale structure formation via gravitational instability

Galaxy Cluster = 

“A large knot of quasi-
equilibrium, self-gravitating 

matter embedded within an 

evolving filamentary 

network (the `cosmic web’) 

of growing density 
perturbations.”

typical characteristics -

Ngal ~ 10 or more

kBTX ~ 1-15 keV

R ~ 0.3-2 h-1 Mpc

M ~ 1013 - 1015.5 h-1 Msun

B. Moore, http://www.nbody.netbirth of a virtual cluster (physical frame)

QuickTime™ and a
YUV420 codec decompressor

are needed to see this picture.
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Evrard & Gioia 2002 
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Santa Barbara cluster simulations: radial structure
Frenk et al 1999

Santa Barbara cluster simulations: bulk measures 
Frenk et al 1999
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Allen et al 2004
constraints from a constant gas fraction assumption  

26 luminous, `dynamically relaxed’ clusters observed by Chandra 

Allen et al 2004
constraints from a constant gas fraction assumption  
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reference point: spherical self-similar infall

collisionless (DM) infall onto point 
perturbation in an otherwise `empty’ 
Einstein-deSitter universe

λ = r/rta       rta ~ t8/9    ξ ~ t2/3

- phase wrapped orbits 

- hydrostatic within λ~1/3 `boundary’

infall of  γ= 5/3 gas 
- develops shock at λ~1/3 
same `boundary’ as dark matter

- hydrostatic interior 
- inner gas density profile traces DM 

(except for caustics)

Bertschinger 1985

Gunn & Gott  1972 ; Bertschinger 1985

Evrard, Metzler & Navarro 1996

1b. variable ∆: ∆(Ωm ) =18π 2 + 82x − 39x2  ;  x ≡ Ωm (z) −1

1a. fixed ∆ ∆ = const ≈102

1. critical contrast ρ(< r∆ ) ≡ ∆ρc (z)  ;  ρc (z) ≡ 3H(z)2 /8πG

2. mean contrast ρ(< r∆ ) ≡ ∆ρ m (z)  ;  ρ m (z) = Ωm (z)ρc (z)

ρ(< r∆ ) ≡ 3M∆ /4πr∆
3 WARNING!

multiple
conventions in 
literature !

clusters as spherical cows…

`surface’ radius r∆ ∆ ∆ ∆ & enclosed mass M∆∆∆∆≡ ≡ ≡ ≡ M(<(<(<(<r∆∆∆∆)
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QuickTime™ and a
TIFF (LZW) decompressor

are needed to see this picture.

spherical cows?  where’s the hide? M. White 2002

r200,c

r180,b

Busha et al, in prepphase-space structure in concordance future

2563-particle Gadget model ; �m= 0.3,  �Λ= 0.7 ;  evolved to 70Gyr (a=100) 
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phase-space structure in concordance future Busha et al, in prep

Ultimate halo mass –

Mhalo / M200 =1.9

outer & inner zero-

velocity surfaces 
merge by a~2 

- internal structure -
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Navarro, Frenk & White 1996; 97

density profiles at z=0 of
halos spanning four 
orders of magnitude in 
mass M200

internal structure of dark matter halos

fit by single functional form:  the `NFW profile’

ρ(r) = δs

(r /rs)(1+ r /rs)
2

vc
2 = GM(<r)/r

Navarro, Frenk & White 1996
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halo structure: systematic trends + scatter

concentration  

c = r∆ / rs

simulations show weak 
trend in c with mass, with 
significant scatter

not all profiles are well fit 
due to presence of sub-
structure in ongoing 
mergers 

Jing & Suto 2000

Lin, Mohr, & Stanford 2004 projected radial profiles of 2MASS galaxies 

radial profile fits projected 
NFW form with c=3.0±0.3
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concentration is linked to formation history Wechsler et al  2002

Bullock et al 2001

Mmax (a) = M0 exp[−acS(ao /a −1)]  ;  (S = 2)

internal structure of dark matter halos
Wechsler et al  2002

early formation  high c

late formation low c

formation epoch

co
nc

en
tr

at
io

n

possible avenue to 

constraining dark energy 

models, but effects are small 

and degenerate with σ8.

Dolag et al  2004
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- space density -

Jenkins et al 2001 
Sheth & Tormen 1999

n(σ −1(M)) ∝ A(ρm / M)exp[− |lnσ −1(M) + B | ε ]

space density (aka, mass function) takes `universal’ form in σ(M)
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<- rms deviations about 
fit  at <~5% level

fit to functional form of 
Jenkins et al 2001 using 
~1.4M clusters at z=0

fit parameters A, B are 
now Ωm dependent

Evrard et al 2002

critical ∆=200 mass function calibration from Hubble Volume sims

Hu & Kratsov `02 - ART simulation

uses parameters fit 

as linear ftn’s of  Ωm

calibrated@ Ωm=0.3 

applied@ Ωm=0.15
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observed space density in X-rays Mullis et al 2004

observed space density in X-rays Mullis et al 2004
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- clustering -

clustering: massive halos are `positively biased’ 
Mo & White 1996

Sheth, Mo & Tormen 2000

σ 2(M) = d3kW (kM1/ 3)P(k)�

halo 2-pt correlation function (or 
power spectrum) is biased 
version of overall matter 2-pt ftn

0.6001.0ττττCDM

0.900.70.3ΛΛΛΛCDM

σ8ΩΛΩmModel

for power-law P(k)~kn

σ  ~ M-(n+3)/6
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halo bias from Hubble Volume simulations
Colberg et al 2000

halo bias from HOT simulations
Seljak & Warren 2004
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observed bias in X-ray selected REFLEX sample
Schuecker et al 2001

galaxies

clusters

observed bias in 2dFGRS groups
Yang et al 2004
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- scaling relations -

links total mass to direct observables (gas T &  galaxy velocities)

σ 2 ≈ kTX

µmp

∝ GM∆

r∆

H(z)M∆ = AT (cNFW)T 3/ 2 = Aσ (cNFW)σ 3

for mass defined within a critical density threshold ∆, expect self-
similar clusters (fixed concentration cNFW) to follow

virial scaling between mass and temperature
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Mathiesen & Evrard `01
48 P3MSPH simulations 

power-law fit 
parameters are  
independent of  
cosmology/epoch

slope 3/2

ICM virial relation: computational calibration

T alone is a low-noise 
mass estimator: 
~11 % scatter in 
h(z)M500 at fixed kT

DM virial relation: a “world” calibration

N-body simulation data from 
five independent groups

Hydra (Jenkins, Couchman)
P3MSPH (Evrard, Bialek)
TreeSPH (M. White)
Gadget (Springel, Tormen)
Tree (Warren, Heitmann, Habib)

a-i) ΛCDM
j-l) τCDM
m) OCDM
g-i) include 10% gas

factor 1000 in mass resolution



The Future of Cosmology with Galaxy Clusters

Dr. Gus Evrard, KITP & University of Michigan (KITP Galaxy-IGM 10/14/04) 25

DMVT “world” calibration: percent calibration of intercept σDM,15

σ DM(M200,z) = σ DM,15[h(z)M200 /1015M sun ]α

σDM,15 = 1080 ± 10 km s-1

from dark to light: matching the observed space density n(TX)

ratio of specific energies

to match observed n(T): 
degeneracy between ICM  
thermal physics & power 
spectrum normalization 

n(M) V.Thm

 →   n(σDM) β →  n(TX )

β = σ DM
2 /(kTX /µmp )

Evrard et al 2002
Huterer & White 2002

best fit:

β σ8
-5/3 = 1.10 ± 0.07

  hM500
tot (6 keV) = (0.64 ± .06)σ 8

5/ 2 ×1015Mo
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14 % scatter in MICM at fixed TX 

slope 3/2

Mohr, Mathiesen & Evrard 99

ICM mass-temperature relation for X-ray flux-limited sample

self-similar model:
purely gravitational 
heating + constant 
ICM gas fraction

Arnaud & Evrard 1999

X-ray luminosity-temperature relation requires complex ICM

self-similar 
extra physics?
– gas cooling 
– gas heating from

winds/AGN
– other `ISM-like’ 

processes?
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Lin, Mohr, & Stanford 2004 K-band stellar mass-temperature relation

~25% scatter in 
L500 at fixed TX 

assumes binding masses -

Finoguenov et al 2001 

Lin, Mohr, & Stanford 2004 halo occupation distribution

galaxy number ~  M0.84±0.04

nearly-Poisson variations 
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+ clusters (both real + virtual) display structural regularity 

+ multiple mass components offer independent observables: 

X-ray: TX , LX , ΣX(r)

sub-mm:  y0 , y(r)

optical:  Ngal , Lgal , Σgal(r) , σgal , lensing

and several independent ways to infer mass:

TX , σgal , � y , clustering bias, lensing , …

+ large (>104) samples (sub-mm + optical + X-ray) are upcoming

+ accuracy and fidelity of computational modeling are improving

a promising outlook

space 
density

scaling  
relations

spatial 
clustering

internal 
structure

clustering provides additional mass calibration

SZ surveys can be self-calibrating
(or cross-calibrated with surveys at other wavelength) 

Lima & Hu 2004

Majumdar & Mohr 2003
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counts+clustering=powerful cosmological constraints

Lima & Hu 2004

parameter forecasts 
for self-calibrated 
South Pole 
Telescope SZ survey 

first-order treatment: problem is separable

P(obs | cosm)  ~  P(M,z | cosm)  P(obs | M,z) 

• how many DM halos?    n (M,z | cosm) solved (±10%)

• how do halos `light up’? P (obs | M,z) working on it … 

P(cosm | obs)  =   Pprior(cosm) P(obs | cosm) / P(obs)

theoretical efforts & uncertainties lie here 

clusters as cosmological tools?  need correct astrophysics! 
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open issues…

– will photo-z’s be sufficient? 

– how do we best employ ALL the data

on clusters?   (VO+TVO?) 

– is the connection between mass and 

observables too complex?

– can we correctly model sample  

selection biases?

– how `entangled’ are astrophysical

and cosmological parameters?

etc…


