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the lexicon

* Halo : 
a self-bound, quasi-equilibrium structure comprised of multiple, 
interacting fluids (dark matter, multi-phase baryons, and radiation) 
formed via gravitational collapse within a cosmic web of random 
noise.

* Cluster :
a redshift-space projection of a massive halo, and its line-of-sight 
neighbors, with the resultant system containing multiple, bright 
galaxies and other visible components (multi-phase baryons, non-
thermal matter, etc.).



massive halo phenomenology:  observable signal likelihoods 

halo of 
mass M
redshift z

=> 

optical/lensing   sub-mm       X-ray 

          “Astrophysics 101”

1. Dimensional analysis => mean relations are power-laws

2. Central Limit Theorem => deviations are log-normal



X-ray scaling behavior of nearby clusters

REXCESS sample analysis
      – 31 nearby (z<0.2) X-ray selected clusters (from ROSAT REFLEX survey) 

– selected to be approx. volume-limited sample
– all re-observed with XMM-Newton satellite moderate exposures

Pratt et al (2009)



X-ray scalings are consistent with PL + ~log-normal scatter

REXCESS sample analysis
– luminosity-temperature scaling using full LX

Pratt et al (2009)



X-ray scalings: core emission makes dominant contribution to scatter 

REXCESS sample analysis
– luminosity-temperature scaling using core-excised LX

Pratt et al (2009)



X-ray scalings: minimal scatter between Lx and Yx outside core  

REXCESS sample analysis
– core-excised luminosity-YX scaling 
          (YX = Mgas TX = ICM thermal energy) 

Pratt et al (2009)



X-ray scalings: gas mass fraction runs with halo mass

REXCESS sample analysis
– note: total masses estimated from prior M-T scaling

Pratt et al (2009)



optical scaling using stacking of similar-richness clusters

Johnston et al (2007)
Sheldon et al (2007)maxBCG sample analysis

 
  ~13000 nearby (0.1<z<0.3) 
optically selected clusters 
from Sloan Digital Sky Survey 
(SDSS) 

  – richness N200 is number of 
bright, red galaxies within r200



optical scaling using stacking of similar-richness clusters

Johnston et al (2007)
Sheldon et al (2007)maxBCG sample analysis



Lx-Mass scaling relation from SDSS maxBCG lensing + RASS 

Johston et al 2007
Rykoff et al 2008 

Good agreement 
between X-ray and 
optically selected 
samples
  slope = 1.6 ± 0.1

17000 clusters, Ngal ≥ 9
M200 from weak lensing,  LX from RASS (stacked Ngal bins)

potential tilt due to 
intrinsic optical–X-ray 
correlation



cosmology from 
counts and clustering 

of massive halos



* 1933, 36: Zwicky infers the existence of dark matter in the Coma 
cluster using the virial theorem and ~dozen galaxy velocities

* 1993:  the baryon fraction in clusters, coupled with nucleosynthesis 
limits on the global baryon density, implies a low-density matter 
parameter, Ωm ≈ 0.3
      
* 1998: the existence of hot clusters at high redshift (z~0.8) further 
supports an Ωm ≈ 0.3 model

brief history of cluster cosmology



basic ingredients for cosmology from cluster counts and clustering

1. halo space density (aka, mass function), dn(>M, z)/dV
– well calibrated (~5% in dn) by (dark matter only) simulations  

2. two-point spatial clustering of halos (aka, bias function), b(M, z)
– similarly well calibrated 

3. population model for signal, S, used to identify clusters, p(S | M, z)
– power-law with log-normal deviations (typically self-calibrated) 
– projection effects (signal-dependent) Sobserved ≠ Sintrinsic

4. selection model for signal, S
– completeness (missed clusters)
– purity (false positives) 



expected halo counts above fixed mass of 2e14 Msun/h

Ruhl et al (2004)

mass-limited
sample
(formally 
unobservable) 



observable signal choices for surveys: pros and cons

Signal Pros Cons

X-ray 

• spatially compact signal 
(relative to other methods)
• hot thermal ICM is unique to 
clusters
• 40+ year science history

• expensive (space-based)
• flux confusion from AGN
• surface brightness dimming
• most sources will have 
moderate S/N

Optical

• inexpensive (free with any 
galaxy survey!)
• old, `red sequence’ galaxies 
reside in massive halos
• 80+ year science history

• confusion from line-of-
sight projection
• moderate S/N (Poisson 
statistics for N≥10)
• galaxy formation!  

Sunyaev-
Zel’dovich

• inexpensive (free with any 
CMB survey)
• nearly redshift-independent 
signal 

• point source confusion
• l-o-s projected confusion 
with low angular resolution
• moderate S/N for most 
sources 



cluster samples today are sparse relative to massive halos on the sky

Allen, Evrard & Mantz 2011

symbol size scales 
with median redshift

Halo mass scale is 
M200m

(h = 0.7)

zmed=0.83

zmed=0.39

X-ray
Optical

SZ
theory

eRosita?



South Pole Telescope is now operating



SPT is finding distant, massive clusters

Foley et al, arXiv:1101.1286



surprise from Planck measurement of maxBCG SZ signal

Planck Collaboration arXiv:1101.2027

SZ decrement in optically 
selected clusters smaller than 
model prediction 

Rykoff et al. arXiv:1104.2089

X-ray masses at fixed optical 
richness differ by ~40% for 
Chandra vs. XMM analyses



consistent cosmology from existing optical and X-ray samples  

Rozo et al 2010

optical: maxBCG
   (shaded)
    ~14,000 clusters
 
X-ray: 400d, BCS
   (lines) 

~100 clusters 

systematics 
limited !



how hard is counting?  Major systematic error sources for cluster cosmology

1. 3D halo mass is not directly observable 
– what is the form of intrinsic signal likelihood, p(Sint | M, z) ?

2. The universe is a big place 
– how does projection along Gpc sight-line chance the observed 
signal, Sobs ?

3. Baryons (17% of matter) are dynamically complex on Mpc scales
– how significant are the decaying modes excited by baryon 
hydrodynamics in LSS formation? 

Sobs  =  Sint + Sproj



cosmological complementarity from cluster counts + clustering
Cunha, Huterer Frieman, 
0904.1589

nuisance: 
4 mass bias params
7 mass variance params

PCA analysis of DE figure of merit 



PL+LN covariance model for halo signals

piecewise
power-law 
mass function

assumed form 
of signal-mass
relation



PL+LN covariance model for halo signals

exact form 
for multi-signal
space density

mean mass 
selected by 
signals is biased 
low (Malmquist 
bias)



PL+LN covariance model for halo signals

cosmology

astrophysics



PL+LN covariance model for halo signals

anti-correlated
signals best for 
mass selection



mass scatter for two-property joint selection



mass scatter for hot gas observables from Millennium Gas Simulations

Allen, Evrard & Mantz 2011
Stanek et al 2010

preheating (200 kev-cm2 @z=4)
gravity only



PL+LN covariance model for halo signals

future program: 
combine large 
samples to 
extract signal 
covariance



RASS analysis of maxBCG sample

scatter in Lx at fixed Ngal 

! 

"
ln LX |  Ngal

= 0.83± 0.03

Rykoff et al 2008a 
X-ray luminosity in ROSAT 
All-Sky Survey (RASS) at 
locations of maxBCG 
clusters



first measurement of property covariance for clusters
Rozo et al 2009 

From SDSS-RASS: 
 •  dn(N200)/dN200 
 •  LX–N200 scaling 
      slope, norm, scatter
 •  M200–N200 scaling 
      slope, norm
missing: 
  M200–N200 scatter
  M200, LX | N200 correlation 

Extra information: 
 400d survey 
 LX –M500 scaling 
    slope, norm, scatter

Vikhlinin et al 2008 
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scatter in ln(mass) at fixed Ngal 



PL+LN covariance model for halo signals

expect large covariance if 
optical selection has larger mass 
scatter than X-ray



benefits of large, overlapping cluster samples 

1.  Test basic model component with cross-signal abundance matching 
– e.g., true halo mass for Nth-ranked cluster identified with signal 1 
must agree with the estimate for a sample selected with signal 2 

2.  Constrain signal covariance at fixed halo mass 
– mean and variance of signal 2 binned in signal 1

3.  Astrophysical models make explicit joint signal predictions 
– e.g.,  <lnYSZ> should dependent linearly on <lnMgas> and <lnTX> 



role of LSS simulations 
in dark energy studies



basic steps to study dark energy (DE) with large-scale structure

1. produce a large survey of a class of cosmic objects to z≥1, using a 
class that enables statistical tracing of dark matter

– extract statistics, yi, for DE test method i (e.g., BAO, WL, CL)

2. compute model expectations for object survey statistics
– calculate likelihood, p(yi | , ),  over cosmological params, , 
and within an assumed astrophysical model, , for the specific 
object class use

3. perform the likelihood analysis, marginalizing over (or just fixing) 
– extract cosmological constraints, p()



  astrophysics                    cosmology     



role of simulations in DE survey science

Survey-specific simulations enable key capabilities: 

* to extract unbiased statistical signals, yi, from the raw object catalog 

* to predict statistical expectations, p(yi | , ) for a variety of models 

* to calculate the expected signal covariance, COV(yi , yj)



An NSF+DOE-funded study of dark energy using four techniques
1) Galaxy cluster surveys (with SPT)
2) Galaxy angular power spectrum 
3) Weak lensing/cosmic shear
4) SN Ia distances

Two linked, multiband optical surveys
5000 deg2 g r i z Y bands to ~24th mag in r
Repeated observations of 40 deg2

Development and schedule
Construction: 2007-2011 

New 3 deg2 camera on Blanco 4m, Cerro Tololo
Data management system at NCSA

Survey Operations: 2012-2016
510 nights of telescope time over 5 years

Fermilab, U Illinois, U Chicago, LBNL, U Michigan
CTIO/NOAO, Barcelona, UCL, Cambridge, Edinburgh

John Peoples, Director

Dark Energy Survey (DES) is nearly ready for first light



DES Simulation Working Group: Blind Cosmology Challenge

3M SU TeraGrid-XSEDE allocation (TACC ranger) + 120 Tb storage (IU HPSS) 

6-12 cosmological models 
– full sky surveys of DM structure to z~6 (variable mass rez.) 
   built from four 20483 N-body sims. of nested volumes (1-6 Gpc/h)
+ empirically-tuned galaxy catalog,  ADDGALs (R. Wechsler, M. Busha)
+ weak lensing shear (M. Becker)  
+ synthetic image generation for ~200 sq deg including multiple detector-
   telescope-sky effects  (H. Lin)
source code to be made available on bitbucket repository

GOALS: 
* validate science pipelines used by DE science teams
* provide testbed for characterizing systematic error sources 
* assist planning for follow-up observations  



simulation workflow to support DES analysis

Catalog Simulations
M. Becker (Chicago)
M. Busha (Zurich)
B. Erickson (Michigan)
A. Evrard (Michigan)
A. Kravtsov (Chicago)
R. Wechsler (Stanford)

Image Simulations
H. Lin (Fermilab)
Nikolai Kuropatkin (Fermilab)
+ DES Data Management



simulation workflow to support DES analysis

Risa Wechsler, DES Penn Collaboration Mtg, 11 Oct 2011



simulation workflow to support DES analysis

Risa Wechsler, DES Penn Collaboration Mtg, 11 Oct 2011



*  what (who?) made the noise? 

visible universe : Milky Way  ::  Earth : whale   (factor of 106)

visible universe : Earth ::  Earth : atomic nucleus (factor of 1020)



*  what (who?) made the noise? 

visible universe : Milky Way  ::  Earth : whale   (factor of 106)

visible universe : Earth ::  Earth : atomic nucleus (factor of 1020)

courtesy H. Lin (FNAL)
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calibration of halo lensing mass estimates 

Becker & Kravtsov 2011



*  what (who?) made the noise? 

visible universe : Milky Way  ::  Earth : whale   (factor of 106)

visible universe : Earth ::  Earth : atomic nucleus (factor of 1020)

cluster cosmology: 
solidifying theoretical framework

 - halo space density (well-calibrated functional form) 
 - halo spatial clustering  (  “  )
 - multi-component signal model (power-law + log-norm scatter)
 - growing body of empirical evidence to inform models
 - improving fidelity of simulations

challenges to survey analysis
 - survey-specific halo selection 
 - detailed form of mass-observable relations
 - absolute calibration of cluster masses 
 - sensitivities to baryon physics (feedback)

 
optical surveys for BAO & WL get clusters “for free”!

large, multi-wavelength surveys are coming



Thank you!

and thanks to Tarun and Subha
for organizing a great school!


