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• Lensing
– Clean out scalar B mode to recover tensor signal

– Cross—correlate with other tracers of large—scale structure

– Measure dark energy by seeing evolution of power spectrum 
amplitude from early times to late times

• SZ clusters                               

• Diffuse SZ 

• Reionization

r,  / ,  ( , ),  vbf dN dz P k z

Applications of Secondary* 
Effects

7 4
8 8 and tSZ kSZ

l lC Cσ σ∝ ∝

Probe deeper into the dark ages than 
with GP troughs in quasar spectra.

Zaldarriaga and Seljak 1999, Seljak and Zaldarriaga 1999, Hu 2001, Hu and Okamoto 2002, Knox and Song 
2002, Kesden et al. 2002, Cooray and Kesden 2002, Song et al. 2002, Grego et al. 2000, Holder et al. 2001, 
Haiman et al. 2000, Levine et al. 2002, Dore et al. 2002, Peel and Knox 2002, Bond et al. 2002, Komatsu and 
Seljak 2002, Holder 2002, White et al. 2002, Kaplinghat et al. 2002, …

*Any alteration/creation of CMB anisotropy after last—scattering and 
the onset of matter--domination
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Harmonic effects of lensing:

1) creates B out of E (and vice—versa)

2) leads to correlation between ' '
 and  proportional to 

l l l la a ϕ −

�
�
 


Use to build estimator for φ
Hu (2001), Hu and Okamoto (2002)

Lensing Application I:  Detecting 
Tensor Perturbations

15
infl 2 10  GeVE > × Knox & Song, PRL (2002) ; Kesden et al. PRL (2002)

Hu and Okamoto, 
2002 lensing 
potential 
reconstruction

The “B mode” 
polarization pattern 
is not generated by 
scalar perturbations 
in linear perturbation 
theory. 

Lensing—
induced scalar 
B mode

Residual 
scalar B mode 
power
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Lensing Application II:  Cross—
correlate with other tracers of 

large—scale structure

1) Lensing generated by large—scale structure 
over a wide range of redshifts between here and 
last—scattering with peak contribution near z ~ 
2.  Therefore correlates with many other tracers 
of this large—scale structure.

2) Far—infrared background (and its fluctuations) 
also arises over a wide range of redshifts.  
Fluctuations can be related to those of the dark 
matter via a halo model.  

FIRB/Lensing Cross—correlation
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Lensing—FIRB cross--
correlation

Song et al. 2002

Error bars are 
for Planck 
observations of 
cleanest 10% of 
the sky.  They 
include effects 
of galactic dust 
contamination.

Lensing—FIRB cross—correlation 
power spectrum

Lensing Application III:  Study 
evolution of growth factor from 

z=1100 to z=0.5 to 3

• Primary CMB measurements will provide 
high—precision measurement of fluctuation 
amplitude at z=1100.

• Lensing power spectrum can provide 
high—precision measurement of fluctuation 
amplitude averaged over z=0.5 to 3.

• Combine to study evolution, constrain dark 
energy
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Lensing power

Varying w from –1 to –0.4 at fixed 2 2, , , ,s s s m bA n h hθ Ω Ω

Angular size of 
sound horizon

Song 2002

Deflection angle 
power spectrum

Power spectrum of 
errors in 
reconstructed 
deflection angle for:

Fwhm=4’, noise=4 
uK-arcmin

No noise

Optical image  of Hydra A from La 
Palma and B. McNamara

Sunyaev—Zeldovich Effects

Chandra image of Hydra A

Thermal SZ effect is a spectral 
distortion proportional to eTτ

Thermal SZ difference 
from Planck law

LK+Dore, Nuccitell i , Peel 
& White 

S. Church
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ISW

RS

suppression

lensing

Doppler δ-mod

i-mod

linear

l

10

100

1

0.1
10 100 1000

l
10 100 1000

∆ T
(µ

K
)

(a) (b)

SZ

Multi-nu Thermal SZ
30 GHz 70 GHz 353 GHz

545 GHz 857 GHz

217 GHz144 GHz

S. Church

Hu & Dodelson 2002

Kinematic SZ effect

( / )v cτKinematic SZ effect is proportional to 
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Measuring      with the SZ effects pecv

Thermal

Kinetic

2 2

CMB

Spectral distortion characterized by Compton y parameter
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Sunyaev & Zeldovich 1980

Applications of Peculiar 
Velocities

I) Gravitational Potential Reconstruction 
(i.e., POTENT on 60 Mpc to Gpc scales)

II) Two—point correlation as function of 
redshift (to constrain cosmological 
parameters)

III) Velocity—ISW correlation (dependent 
on dark energy parameters)
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Peculiar Velocity Application I:       
Reconstruction

• For shallow survey (0.2 < z 
< 0.4) there are 360 clusters  
per 100 sq. degrees.

• Assume can achieve 100 
km/s error on every cluster 
with in solid angle       .

• � Can reconstruct every 
mode in the survey with 
wavelength greater than ~60 
Mpc with S/N > 1. 

2θ

Note:   If can achieve 100 
uK rt-sec on kinematic SZ 
then need ~3 months to do 
every cluster in SDSS 
photometric survey (0.2 < 
z < 0.4).

Holder (2002), Nagai et al. (2002)

Dore, Knox and Peel astro-ph July 2002

ˆ( , )r θΦ

14 1with 10M h M−> �

Some uses of the potential map

• Cross—correlate density map with galaxies, 
groups, galaxy clusters, quasars, … to learn about 
galaxy formation, etc.

• Make constrained realizations to compare 
simulations to reality on object—by—object basis

• Cross—correlate with CMB temperature maps on 
large—angular scales (ISW effect) a la Boughn, 
Crittenden and Turok.
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How well can      be measured?pecv

With a small (~1’) beam the kSZ signal stands out against the 
confusing background of CMB anisotropy.

1370
880

815
630

Abell 2163:  490 /

Abell 1689:  170 /

r

r

v km s

v km s

+
−
+
−

= +

= +
Holzapfel et al. (1997):
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Haehnelt & Tegmark 
(1996)

Expected OV effect…and velocity substructure limits one to 

100 km/svσ ≥ Holder (2002), Nagai et al. (2002)

Peculiar Velocity Application II:  
Cosmological Parameters from 

2—point statistics

0.01 9000/m N∆Ω =
Peel and Knox (2002)*

So what, you say?
+ 0.05

+ 0.04

+ 0.15σΩM
=

w0+w1

w
1

+ 0.00

SUGRA

Figure 17 of 

Weller & Albrecht (2001)
Omega_m prior allows 
SNAP to measure time—
rate of change of w.

*Linear theory assumed 
throughout.  Non—linear/biasing 
corrections are important.  
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Detection of a GOP Trough
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Does it signal the end of the dark ages?

GP Trough 
�

Detection of Dark Age?
i.e., Do Quasar Spectra Really Imply 

Reionization at z=6.3?

• GP trough due to x_HI > 0.001 so x_e can 
still be quite large

• Rapid transition appears to be happening 
near z=6.3, but is it from x_e =0 or 
x_e=0.5?

• CMB polarization observations are uniquely 
qualified to answer these questions.

Kaplinghat, Chu, Haiman, Holder and Knox (2002)

Becker et al. (2001)
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The polarization reionization “bump”

A (highly model—dependent) detection of the polarization 
reionization feature: 2

, 0.04 K  @ 90% confidenceE
l peakC µ>

Kaplinghat et al. (2002)

Hu & Dodelson ARAA 2002

Beyond τ
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Conclusion

The CMB will continue to play a key role in 
the confrontation between cosmological 
theory and observation through the next 
decade. 


