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New Frontier in CMB research
toward smaller scales & higher sensitivities

Planck in 2010s
(simulations) 

COBE in 1990s 

<0.1 degree

WMAP in 2000s 
1 degree

10 degree
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homog. reion. kSZpatchy reion. kSZ

Residual Poisson Sources

Thermal SZ effect

Amplitude of SZ power spectrum has very sensitive 
dependence on matter power spectrum normalization, σ8

Measurements of the SZ power spectrum

Lueker et al. (2009)
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Amplitude of SZ power spectrum has very sensitive 
dependence on matter power spectrum normalization, σ8

Measurements of the SZ power spectrum

Shirokoff et al. (2010)
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Tension in σ8 measurements
Cluster Abundance SZ power spectrum

σ8 = 0.80±0.02 

E. Rozo’s talk

σ8 = 0.771±0.013 

In tension at a few σ level?

Shirokoff et al. (2010)
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Assume that the 
theoretical template 
is correct (AtSZ=1)
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Tension in σ8 measurements
Cluster Abundance SZ power spectrum

σ8 = 0.80±0.02 

E. Rozo’s talk

σ8 = 0.771±0.013 

Shirokoff et al. (2010)
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I argue that the current SZ template is overpredicting the amplitude by 50-100%
Missing Key Physics: Gas Motions in Outskirts of Groups and Clusters

L. Shaw, D. Nagai, S. Bhattacharya, E. Lau, 2010, 725, 1452 (in December 2010 issue)

Assume that the 
theoretical template 
is correct (AtSZ=1)
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Astrophysical Uncertainty in 
the SZ power spectrum

Current SZ theoretical template is uncertain by 100% 
due to poorly understood cluster astrophysics at high-z!!
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Semi-analytic models

X-ray derived pressure profile
(Arnaud et al. 2009)

Hydro sims
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Astrophysical Uncertainty in 
the SZ power spectrum

• High-z groups are poorly studied 
observationally.

• Impact of star-formation, AGN, 
SNe, difficult to evaluate.

• Additional important effects not 
incorporated in semi-analytic 
models (e.g. gas motions in 
clusters)

Thermal SZ power spectrum contains significant contributions from outskirts of 
low mass (M<2x1014 Msun), high-z (z>0.6) groups at l~3000-5000
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• Analytic calculations 
• take ‘universal’ mass function (e.g. Tinker et al. 08)

• assume spherical gas pressure profiles (e.g. Komatsu and Seljak 02)

• approximately capture cluster physics, but important for parameter 
estimation (need to vary both cosmology + cluster physics)
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• Numerical simulations
• don’t need to ‘assume profiles’
• follow detailed hydrodynamical evolution of gas in clusters 

         (+ star-formation, AGN, bulk+turbulent gas motions...)
• need both large simulation boxes and high-resolution to resolve 

relevant sub-grid cluster physics. Prohibitably expensive!!

Cosmology Astrophysics
electron pressure profile

Predicting the SZ power spectrum
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• Dark Matter Halos - NFW density profiles 

• Gas resides in hydrostatic equilibrium in dark matter halos

• Polytropic equation of state for the ICM: Ptot=P0(ρgas/ρ0)Γ 
with Γ=1.2 and Ptot(r)=Ptherm(r)+Pnt(r)

• Assume that some fraction of the gas has radiatively cooled 
and formed stars.  Adopt the observed stellar mass fraction 
(Giodini et al. 2010).

Duffy et al. 2008
AC = 1

c.f., Ostriker et al. 2005; Bode & Ostriker et al. 2007

Toward realistic cluster gas model
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• Energy feedback from Supernovae/AGN: εf  ~ 10-6-10-5

• Dynamical heating by mergers: εDM ~ 0.05
• Non-thermal pressure due to gas motions in galaxy clusters

2h-1 Mpc

Major Merger Minor Merger

0.82h-1 Mpc

Gas motions due to incomplete virialization are 
ubiquitous in ΛCDM clusters

Cluster Astrophysics
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• Energy feedback from Supernovae/AGN: εf  ~ 10-6-10-5

• Dynamical heating by mergers: εDM ~ 0.05
• Non-thermal pressure support: α0, β, nnt

where α(z)=α0(1+z)β

AMR simulations of 16 groups and clusters

Lau, Kravtsov, Nagai 2009
Talks by M.Bruggen & S.Borgani
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Calibrate with hydro simulations: 
α0=0.18, β=0.5, nnt=0.8

enhanced at high-z 

enhanced toward outskirts18% at R500 at z=0

Cluster Astrophysics
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Astrophysical Parameters
fiducial min. max.

energy 
feedback (εf)

10-6 0 10-5

dynamical 
heating (εDM)

0.05 0 0.1

non-thermal
amplitude (α0)

0.18 0 0.3

non-thermal
z-evolution (β)

0.5 -1 1

cDM-M relation
(AC)

1.0
Duffy et al. 2008

0.8 1.2
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fgas ≡ Mgas/Mtot
No feedback model with εf = εDM = 0

Miximal feedback model 
with εf =10-5 and εDM = 0.1

εf  = 10-7, 10-6, 5x10-6, 10-5

εDM = 0.05
varying εf 
10-7-10-5 

Matching to fgas-M observations at z~0
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Energy feedback does NOT significantly modify 
the electron pressure profiles of massive clusters.
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Black: M=3x1014 h-1 Msun

Universal electron pressure profile (Arnaud et al. 2009) 

20% scatter

εf  = 10-7, 10-6, 5x10-6, 10-5

Hydrodynamical simulations 
without AGN feedback (r>R500)

X-ray observations (r<R500) 

Impact of Energy Feedback on Pressure Profiles
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εf  = 10-7, 10-6, 5x10-6, 10-5

Black: M=3x1014 h-1 Msun
Red: M=3x1013 h-1 Msun

But, significant impact on groups!

Impact of Energy Feedback on Pressure Profiles
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Astrophysical Uncertainty in the SZ power spectrum
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Dark Matter StructuresEnergy injection by 
Stars and SMBHs

Gas Motions in Clusters Evolution of Gas Motions

Current SZ theoretical template is uncertain by 100% 
due to poorly understood cluster astrophysics at high-z!!

No feedback model

Miximal feedback model Red: Fiducial model

enhanced gas motions 
toward high-z

εf :10-7⇒ 10-6 ⇒10-5 0.8⇒ 1.0 ⇒ 1.2

0 ⇒ 18% ⇒ 30% @ R500 -1⇒ 0.5 ⇒ 1
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KS02 model predicts larger power by a factor of 2 
at all scales, compared to our model.

No star formation
No feedback
No dynamical heating
No non-thermal pressure

Comparison to Komatsu & Seljak (2002)

Our fiducial model
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The predicted power spectra match at large scales, but 
our model is slightly below that of the A09 profile at small 
scales due to enhanced non-thermal pressure at high-z. 

Calibrated based on X-ray 
observations of massive, 
low-z clusters at r<r500 and 
hydro simulations at r>r500.   
Assuming self-similar 
evolution.

Comparison to the universal pressure profile

Our fiducial model
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Our model with non-
thermal pressure and 
dynamical heating, 
but no feedback

Non-radiative 
hydrodynamical 
simulations

The overall amplitude is in reasonable agreement, but 
our model predicts less power at small scales (l > 4000) 
compared to the simulation, likely due to substructures. 

Comparison to hydrodynamical simulations

Our fiducial model

103 104

Hydro Sims. by Battagalia et al. 2010

Full Hydro. Sims, 
including AGN feedback
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Our new model with non-thermal 
pressure due to gas motions

A old model without non-
thermal pressure

Non-thermal pressure by gas motions 
due to incomplete virialization causes 

reduction of power by 60% at all scales.
Additional contributions possible from CRs 

(C.Pfrommerʼs talk) and MTI instability (I.Parrishʼs talk)

Missing Astrophysics
Impact of Gas Motions on the SZ power spectrum

Current SZ template is overpredicting the amplitude by 50-100%!!
Missing Physics: Gas Motions in the Outskirts of Groups and Clusters
L. Shaw, D. Nagai, S. Bhattacharya, E. Lau, 2010, 725, 1452 (in December 2010 issue)

A model template used in the 
current SPT and ACT analyses
(Sehgal et al. 2010)
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New models with non-
thermal pressure in cluster 

outskirts

An old model without 
non-thermal pressure

Improved Constraints on σ8

New SZ template yields results consistent with 
the cluster abundance measurements: σ8=0.8
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Trac et al. (2010)

Sehgal et al. (2010)
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Evidence for Gas Clumping in Cluster Outskirts

A transition of the smooth state in the virialized region to a clumpy 
intergalactic medium in the infall region outside of r ≈ R500

R500 = 1Mpc

A. Simionescu’s talk

A. Vikhlinin’s talk

Chandra observation of A133
Suzaku observation of Perseus
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Gas Clumping in the Outskirts of ΛCDM Clusters

Cluster outskirts are clumpy with large cluster-to-cluster variations. 
The clump distribution is also highly anisotropic.

D. Nagai & E. Lau, 2011, accepted for publication in ApJ Letters
astro-ph/1103.0280

Mock Chandra X-ray simulation 
of a LCDM cluster

R500Median profile for the sample 
of 16 simulated clusters
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Cosmic Gas Flows @ high-zPhysics of Reionization

High-z Galaxies

Cosmology + Cluster Physics

New Crossroads of Cosmology & Astrophysics

The SZ power spectrum promises to be a new gold mine 
of cosmology & astrophysics!
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