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Reionization
 Baryons in the universe became neutral after

epoch of recombination (z < 1100)
 Formation of first stars in the universe from

collapse of massive halos @ t ~ 108 yrs
 Massive (M >100 Msun) Pop III stars produce

hard spectra, E > 13.6eV photons released
into IGM

 Neutral IGM gradually reionized
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Reionization - Theory
 Difficult theoretical problem:

 Structure formation + Star formation +
Radiative transfer

 Semi-analytic model by Furlanetto et al
04

 Simulations: Trac & Cen 07, Zahn et al
07, Iliev 08 etc
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Reionization - Observations
 WMAP5 optical depth to scattering of

free e-: τr = 0.087 ± 0.017 corresponds
to zreion ~ 11

 Gunn-Peterson trough observed in
high-z quasars (Fan et al 06)
 weak lower limit on end of reionization,

xHI ~ 10-3 by z = 6.4
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Motivation
 τr is degenerate to

extended reionization
histories

 Ostriker-Vishniac effect
can break this
degeneracy
 Can potentially be

measured in small scale
T-T CMB power spectra
from e.g. ACT, SPT

 Place limits on
extended reionization
models

(Lee 09)
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Kinetic SZ and Ostriker-
Vishniac effects
 Thermal Sunyaev-ZelÕdovich (tSZ) effect:

 distortion from hot ICM in clusters
 Kinetic Sunyaev-ZelÕdovich (kSZ) effect:

 Low redshift: distortion from peculiar motion of
clusters

 High redshift: distortion from cosmological velocity
flows, Ostriker-Vishniac (OV) effect (Ostriker &
Vishniac 1986, Vishniac 1987)
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Ma & Fry 02
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Cl’s for OV
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where

 P(k)’s are linear theory power spectra
 Reionization history encoded in g(w)
 See Vishniac 1987, Jaffe & Kamionkowski 1998
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Reionization histories
 Choose simple

parametrization for
reionization history
(Zaldarriaga et al 04)

 Used to compare
reionization simulations

 Constrain reionization
to end by z=6
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Initial results…
 Top-bottom: dz = 0.1,

1.0, 3.0
 ~ 20% difference

between extreme
cases… not much!

 (ΔT)rms ~ 2.5 µK
 But we already know

exact reionization
history for most of
universe’s lifetime
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High z contribution

 Throw out signal from z < 6
 ~2.5x difference between dz = 0.1 and dz = 3.0
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(Lots of) Caveats
 Considered only ‘toy model’ linear OV for

homogeneous reionization…
 Non-linear kSZ

 Low-z contribution can be measured and removed (e.g.
Ho et al 09 for z<1)

 High-z nonlinear kSZ can be incorporated by using
nonlinear P(k) in calculation

 Patchy reionization signal from bubble growth
 McQuinn et al 05 suggests this is subdominant
 Iliev et al 07 suggests this is dominant…even if so would

this scale with redshift together with homogeneous
signal?
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The End!
 Summary:

 OV effect has power to constrain reionization
history, break degeneracy of τr

 Can use temperature-temperature Cl’s from small
angular scale CMB experiments… ‘cheap’

 Needs detailed understanding of systematics, but
there is reason to hope!

 See: Khee-Gan Lee 2009 arxiv/0902.1530


