Measuring the thermal history of the universe by the Sunyaev Zeldovich effect — p.1/2



\ 4

Measuring the thermal histor y of the univer se
by the Sunyaev Zeldovic h effect

Pengjie Zhang

Fermilab
Collaborated with
Ue-Li Pen (CITA)

Hy Trac (Dept. of Astronomy & Astrophysiscs, University of Toronto)

A Measuring the thermal history of the universe by the Sunyaev Zeldovich effect — p.2/2



Probesof thethermalhistory of the universe '
> . Reionization. First stars.

When? Lyman- Gunn-Peterson trough
. WMAP

Did it happened once? Twice? Many times?
CMB E-polar. 21 cm. NIR from rst stars. etc.
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> . Reionization. First stars.

When? Lyman- Gunn-Peterson trough
. WMAP

Did it happened once? Twice? Many times?
CMB E-polar. 21 cm. NIR from rst stars. etc.

< . Preheating? Feedback? Radiative cooling?
Cluster properties( - , - , - ). Entropy oor?

Soft X-ray background contributed by intergalactic
medium (IGM). keV/nucleon energy injection?

Galaxy survey/IR/SN/etc. SFR/AGN?
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The Suryaers Zeldovich effect '

Free electrons scatter off CMB photons by the inverse
Compton scattering and generate secondary CMB
anisotropies. Electron energy CMB
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The Suryaers Zeldovich effect '

Free electrons scatter off CMB photons by the inverse
Compton scattering and generate secondary CMB
anisotropies. Electron energy CMB

The thermal SZ effect: baryon thermal energy.

The kinetic SZ effect  1onized electrons at high

Focus on SZ statistics such as mean , power

speciIum, etc., in a blank sky survey. CMB-like
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Advantageof the SZ effect v

Unbiased. All free electrons participate. Electric
neutrality. Thermal+kinetic energy.

Large range. Compton scattering: independent.

Large M range of clusters. keV. More sensitive
to thermal processes than massive clusters.

Relatively easy to model.
Relatively simple physics at cluster scales.

Easier to model than individual clusters.

Will be measured to high accuracy by ACT, APEX,

PLA , SPT, SZA, etc.
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(1) Precisiormodeling

Precision modeling is required. Involves nonlinear gas
physics.

Hydro simulations. Current standard: grids or
particles. Though best equipped, must be used In
caution!

Limited box size, limited resolution, etc.
Simulation artifacts to be quanti ed and corrected.
Analytical models. Simple, versatile, but ad hoc. Various

assumptions and free parameters. To be tested and
calibrated against simulations.
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Simulationsartifacts
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KSZ simulations (Zhang, Pen & Trac, 2003a).
Momentum power spectrum

Lose power at large scales due to nite box size.

lose er at small scales due to nite resolution.
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Only , the curl part of , contributes to
the kinetic SZ effect.

Analytical model/lineamregime

In the linear regime,

Vishniac (1987) predicted:

K,k K k k

. One Introduced by the density eld.
The other introduced by the curl-free velocity eld.
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nonlinear, : linear (Hu 2000; Ma & Fry
2002). But L

Analytical model/nonlinearegime
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nonlinear, : linear (Hu 2000; Ma & Fry
2002). But L

Analytical model/nonlinearegime

K,K K k k

Grid version: model nite simulation box size effect;
W : model limited resolution.
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nonlinear, : linear (Hu 2000; Ma & Fry
2002). But L

Analytical model/nonlinearegime

K,K K k k

Grid version: model nite simulation box size effect;
W : model limited resolution.

K

W k Kk K,K W kK k Kk
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Testagainstself similar simulations
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Box size effect . Resolution effect

Our version predictions
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WMAP simulations
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agcuracy at all reliable and range!
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KSZ power spectrum
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TSZ directly measures the baryon thermal energy.
Gravitational heating.

Preheating, feedback, radiative cooling (da Silva et al.
2001; Lin et al. 2002; White et al. 2003; Zhang & Wu
2003).
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ThethermalSZ effect v

TSZ directly measures the baryon thermal energy.

Gravitational heating.

Preheating, feedback, radiative cooling (da Silva et al.
2001; Lin et al. 2002; White et al. 2003; Zhang & Wu
2003).

First stars (Oh et al. 2003)
Cluster magnetic eld (Zhang 2003).

TSZ-galaxy cross correlation evolution (Zhang & Pen

2001). Constraining rst star contribution (Cooray & Zhang,
In prep.)
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ModelingthethermalSZ effect

Hydro simulations (da Siiva et al. 2000; Refregier et a eljak et

al. 2001; Springel et al. 2001; Zhang et al. 2002). Shape/a itude not

converged!
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converged!

Analytical models. ad hoc

Halo model (Komatsu & Kitayama 1999; Cooray et al. 2000; Komatsu &
seljak 2002). Gas distributes in halos. SZ of individual
halos. Collective effect.
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ModelingthethermalSZ effect
Hydro simulations (da Silva et al. 2000; Refregier et a eljak et
al. 2001; Springel et al. 2001; Zhang et al. 2002). Shape/a itude not

converged!

Analytical models. ad hoc
Halo model (Komatsu & Kitayama 1999; Cooray et al. 2000; Komatsu &
seljak 2002). Gas distributes in halos. SZ of individual
halos. Collective effect.

Continuum eld model (zhang & Pen 2001). Treat gas as
a continuum eld with |, T distribution. Energy
conservation to related to

Comparison between simulations & halo model (refregier
& Teyssier 2002; Komatsu & Seljak 2002). discrepancy.
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ModelingthethermalSZ effect
Hydro simulations (da Silva et al. 2000; Refregier et a eljak et
al. 2001; Springel et al. 2001; Zhang et al. 2002). Shape/a itude not

converged!

Analytical models. ad hoc
Halo model (Komatsu & Kitayama 1999; Cooray et al. 2000; Komatsu &
seljak 2002). Gas distributes in halos. SZ of individual
halos. Collective effect.
Continuum eld model (zhang & Pen 2001). Treat gas as
a continuum eld with |, T distribution. Energy
conservation to related to

Comparison between simulations & halo model (refregier
& Teyssier 2002; Komatsu & Seljak 2002). discrepancy.

Biased calibration? Simulation artifacts/ad hoc
ass lons.
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Thecontinuum eld model
Gravitational heating: v
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Thecontinuum eld model
Gravitational heating: v

Density weighted temperature
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Thecontinuum eld model
Gravitational heating:

Density weighted temperature

The power spectrum of

Measuring the thermal history of the universe by the Sunyaev Zeldovich effect — p.15/2



Thecontinuum eld model
Gravitational heating:

Density weighted temperature

The power spectrum of

IS calculated by the hierarchical model:
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Comparingwitn simulations
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Scaling relation breaks at low — simulation
limitations!
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Triangle points: using simulated

Dash line: assuming simulated loses power at
large
Simul@tion resolution effect?
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Thegas-darkmatterrelation
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Gas almost perfectly correlates with dark matter.

loses power at highly nonlinear regime. simulation
resolgien?
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ThethermalSZ mean DarameterI
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T1SZ power spectrumpreliminary
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(2) Constraininghethermalhistory
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Constrainingeionizationnistoryny KSZ
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Constraininghethermalhistoryby TSZ
The mean SZ temperature decrement.

\ 4

Preheating decreases TSZ  at all scales.

The TSZ power spectrum:

Radiative cooling decreases  at small scales.

Cross correlations:

TSZ-galaxy correlation thermal history
(Zhang & Pen 2001).

TSZ-near IR, TSZ-21 cm rst star contribution
(Cooray & Zhang, in prep.).
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Summary

The SZ effect is promising probe of the thermal history
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Summary Y
The SZ effect is promising probe of the thermal history

Simulationally tractable . Currently: . Orders of
magnitude improvement soon! (Trac & Pen, in prep.).
Simulation artifacts quanti ed and corrected.

Analytically understandable. Test against CDM and
self similar simulations, aim at accuracy and a wide
range of applicability.

Observationally feasible: expect accuracy.
Sensitive to the thermal history.

We expect acucracy in , accuracy in
preheating, feedback, radiative cooling, rst stars, etc.
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