CMB Windows on Dark Energy
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Radiation (~ 0.01%)
 Luminous Matter (~ 0.1%)

Baryonic Matter (~ 4%)

Dark Matter (~ 25%)

Dark Energy (~ 70%)
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Describe dark energy by (Turner & White 1999)
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Cosmological tests of Dark Energy

H?(z) = H? [QM(l + 2 4+ Q14+ 2)* + Qpp(l + z)3(1+w)]

Age of Universe in Giga—years
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(Huterer & Turner, Weller & Albrecht, Kujat et al.,
Linder, Hu, Tegmark, etc. etc.)



Strong Gravitational Lensing Statistics
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(Huterer & Ma 2003; also Chae et al. 2002)
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CMB and Dark Energy
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e peak locations are sensitive to dark energy (but not much):
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e Same as a measurement of angular diameter distance to z ~ 1000

with Qyh? fized

e Find up constraining: D = {2y — 0.28(1 + w) ~ 0.3
(Planck: D to ~ 10%) (Frieman et al. 2003)



CMB provides a single measurement of the distance to LSS, therefore

e Degeneracy in parameter estimation

e Only weg is probed
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Assuming w(z) = wy + wy 2:

Frieman et al. 2003
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Integrated Sachs—Wolfe Effect

Potential redshift: g,,=—(1+¥)2 Sij

Kofman & Starobinskii (1985) Hu & Sugiyama (1994)
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Recall, Poisson eq. V*® = 3/2 Hj Qy (0/a)

4

> dk _
CZSW — 9/ ?A%{)@(karrec)jg[krrec}
0

CISW _ 167T/OO %AQ (k r )>< /Trecd’r/ ! ig(Zl) jQ(kr/)) 2
9 . L OP\vy rec ) g(Zrec) dr’



But cosmic variance rules...

7000 T T IIIIIII T T IIIIIII T T IIIIIII T T mrrrrr

6000

5000

4000

— 3000

2000

1(+2)C, / (21) (K"

1000

O 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1

10 100 1000 10000

=



Getting Around Cosmic Variance!

2 Kamionkowski & Loeb (1997)
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Growth Rate of fluctuations

6(z) = 6(0) D(z)
0 +2(a/a)d —AnGpyd = 0
o(@) = D(a)/a

(Cooray, Huterer & Baumann 2003)



Polarization measurements from
clusters
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(Sazonov & Sunyaev 1999, Challinor et al. 2000,
Cooray & Baumann 2003)

e Maximum signal: 0.1(7/0.02) uK.

e Other effects: k—T% T2, 872
Mec

e [requency separation possible; PP"™ dominates
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Most optimistic ellipses assume:

e 3 arcmin resolution — ~ 2 meter dish

e a few K y/sec resolution per detector with ~ 100 detectors
so that ~ 10,000 sq. deg. can be covered in about 1/2 year at ~ 0.1 K
sensitivity.

or, in several years of running, a few tens of n K sensitivity.



CMB-LSS Cross-Correlation

Hijzﬁ
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Non-zero correlation would be a signature of ISW

and, therefore, dark energy!

Boughn, Crittenden, Turok et al. (1997)
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Scranton et al. (2003)
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Will it work even better with Cy(z)?



Polarization from clusters recap:

e Observationally challenging.
e Provides Cy(2)

e Which leads to %(z)

e Decreases cosmic variance on (5

e Probes different scales of P(k)



“Multipole Vectors”!
(Copi, Huterer & Starkman 2003)

WMAP science team
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To compute the vectors v;

lth

solve 3l coupled [*" order equations?!

Thankfully, no...






Tests of Non-(Gaussianity with
Multipole Vectors
(PRELIMINARY!)

1. Bipolarity (for any multipole [;)

I'= zﬂ%yz Zy? Z%Z@'
Sowiz Yo vz A

2. Dot products (for any I;, ;)

3. Dot products of cross products (for any ;, /)
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Probability of dot product of cross products for [[;,[;] € {2,3,....,8}:

4 parts in a thousand!

But: goes away when quadrupole, octupole are omitted.






