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L3a: Measuring Cosmic Parameters

L3b: Cosmic Microwave Background
Frontiers: Secondary Anisotropies &
Polarization & Gravity Waves



WMAP3 thermodynamic CMB temperature fluctuations




WMAP3 5 channel CMB temperature fluctuations

WMAP 3yr temperature maps...
what the sky really looks like.
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WMAP3 cf. WMAP1
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WMAP3 sees 3" pk, B03 sees 4t
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CBI combined TT sees 5" pk

6000 6000
————— A-CDM
5 O WMAP3
P O CBI Combined
5000 - - § !5 -5000
j !
b
$ |
4000 | T | -14000
b
! I
é 1
|
i 1| B
3000 - ——i ' - 3000
T
{ I
YNy
2000 - il | \\g ia 2000
P a
o P \
3 3
1000 f%)q},@’ - \_@5 P 1000
K
¢ LY
i
0 | | | | | | 1 | | | | | 1 _h_l__h
10 20 30 40 50 200 400 600

0
800 1000 1200 1400 1800 1800 2000



[#E]?

Power

6000

4000

2000

Theory < Observables

~
-

e ~larger — angles — smaller - 53

Spectrum
Computation

Data
Reduction

& Noise
Separation

8000 —

[K]?

0 200 400 800 800

angular scale { {multipoles)

Power

2000

“t g

1 1 | |
0 200 400 800 800
angular scale ¢ (multipoles)




Sound & nght in the Early Universe
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Period of inflationary expansion,
quantum noise = metric perturb.

Parameters of Cosmic Structure Formation
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The Parameters of Cosmic Structure Formation
WMAP3 WMAP3+CBlcombinedTT+CBlpol
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CMBall = Boom03pol+DASIpol +VSA+Maxima+WMAP3+CBlcombinedTT+CBIlpol

Q h2 =.0222 +- .0007
Q.h%= 107 +- .007
Q,=.75+- .03

.= .087 +- .03
(.005 PL1)



Some Parameters: Total Density




Curvature of the Universe

25°




CMB Data pre-WMAP3




How Constrained are Things?




Parameter degeneracies
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Angular Diameter distance degeneracy breaking
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Some Parameters: Baryon Density




How Constrained are Things?
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Some Parameters: Dark Matter Density




How Constrained are Things?




Some Parameters: Initial Fluctuation Shape




How Constrained are Things?
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The Parameters of Cosmic Structure Formation
WMAP3 WMAP3+CBlcombinedTT+CBlpol
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CMBall = Boom03pol+DASIpol +VSA+Maxima+WMAP3+CBlcombinedTT+CBIlpol

Q. h? =.0222 +- .0007
Q.h%= 107 +- .007
Q,=.75+- .03
Tc=.087 +- .03
z.,=11+-3

Q. =-.02 +- .02 +HST



The Parameters of Cosmic Structure Formation pre-WMAP3
Quh? = 0227 +- .0008 (0002PL1) o p2=1.68 Qb2

Q.h%=.126 +- .007 (.0015 PL1) +=4.1x 10?
Qh2=YmM4ev<.lif equal mass Tc=-11+-.05
(.005 PL1)
(m<04ev, +bias info<0.16 ev derived
BoomO3, + Lya<0.18 ev 6,=.85 +- .05
cf. 3 ev H3 Am? ~ 8X10‘5,~2.5X10'3) h=.70 +- .03
Q =-.03+-.02 Q =.30+-.03
Q,=.70+- .03 Q, =.045 +-

(W< -0.75 95%; .94 +- .10 incl SN) z,, =13 +- 4



The Parameters of Cosmic Structure Formation post-WMAP3

Q,h? =.0222 +- .0007 Qh2= 1.68 Q.

Q.h?=.107 +- .007 +=4.1x 10?

Q h?=3¥m/94 ev< .l 1f equal mass Tc=.087 +- .03
(.005 PL1)

(m < + bias info < 0.23 ev derived

. 3 ev H Am? ~ 8x10°5,~2.5x103) = 77 +04

Q, = -.02 +- .02 (+HST) h=.73+-.03

Q,=.75 +- .03 Q,=.25+- .03
Q, = .045 +-

(Wo<-0.8395%; .97 +- .09 incl SN)
z.,=11+-3



The Parameters of Cosmic Structure Formation pre-WMAP3

Cosmic Numerology pre-WMAP3: CMBall + LSS, stable & consistent pre-WMAP1
& post-WMAP1 (BCP03), Jun03 data (BCLP04), CMBall+CBIpol04,
CMBall+Boom03+LSS Jul’21 05, CMBall+Acbar Jul05

LSS=2dF, SDSS (weak lensing, cluster abundances); also HST, SN1a
A =22+-3x 101
n = .95 +- .02 (.97 +- .02 with tensor) (+- .004 PL.1)
r=A,/ A;<0.36 95% CL (+- .02 PL2.5+Spider)
n, consistency relation

dn, /dIn k = -.07 +- .04 to -.05 +- .03 (+- .005 P1)

-.002 +- .01 (+Lya McDonald etal 04)

(A, / A, <0.3 large scale, < 3 small scale n,,, = 1.1+-.6)

1SO



The Parameters of Cosmic Structure Formation post-WMAP3
Cosmic Numerology: WMAP3+CMBallpol (incl CBITT+pol)

WMAPS3 + x

A =22+-2x 101

n,=.95 +- .015 (.99 +.02 -.04 with tensor)
r=A,/A;<0.28 95% CL <.55 wmap3, <1.5 +run
n, consistency relation

dn, /dIn k = -.055 +- .025 to -.06 +- .03

-.10 +- .05 (wmap3+tensors)
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L3b: Cosmic Microwave Background
Frontiers: Secondary Anisotropies &
Polarization & Gravity Waves
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\ Forecasts of precision on 9
\ ‘“standard model” parameters

WMAP4 3/9 to £0.01, 7/9 to 0.1

| « WMAP4+gnd 4/9 to *£0.01, 8/9+0. 1

Moon at

Swingby

MAP & Planck orbit @ L2,
the 2nd earth-sun Lagrange point



Foreground Spectra

)
&
| -
x.\
=2
Q©
| -
-
i
o
S
Q©
o
=
Q©
|_
4y,
c
c
)
—
c
<

1 1 1 1 1 R |
40 60 80 100
Frequency (GHz)




Synchrotron
3-Colour Fo regrou nds Bremsstrahlung (Free-Free)

Thermal Dust

100 GHz 143 GHz 217 GHz

353 GHz 545 GHz 857 GHz

AT = 8f/df/dT in deg K, linear in sqrt(AT), 1 threshold




Cosmic Web & Superclustering: a natural
consequence of the gravitational instability of a
hierarchical Gaussian random density field

clusters,
filaments,
membranes

& voids




2°x2° map — AT & 30GHz —
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pass the CMB thru the cosmic web; CBI extra power??
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CBI 2000+2001, WMAP, ACBAR, BIMA
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Scattering of light by electrons

1. The electric field of a light wave shakes an
electron along the direction of polarization.




Scattering of light by electrons

2. Light 1s not emitted in the direction of shaking!

Green = probability
of emitting in that
direction...




Environment around electrons at
t=380,000 years leads to polarization

Uniform “glow” around electron =
“shaking” 1n all directions =
all polarizations emitted equally.




Environment around electrons at
t=380,000 years leads to polarization

Non-uniform “glow’ around electron =
preferential “shaking” =
polarized emission.




E and B mode patterns
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SPIDER Tensor Signal

e Simulation of large scale polarization signal

e This is what we are after!!
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BOOMERanG ‘03 Flight

Mol

e Polarization sensitive receivers 145/245/345 GHz
(PSBs - same as PLANCK detectors)

Flight January 2003
* 195 hours of science data f; = 1.8%
e First results published in July 2005

Masi et al. astro-ph/0507509
Jones et al. astro-ph/0507494
Piacentini et al. astro-ph/0507507
Montroy et al. astro-ph/0507514
MacTavish et al. astro-ph/0507503
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WMAP3 sees 3" pk, B03 sees 4t
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CBI Dataset

CBI observes 4 patches
of sky — 3 mosaics & 1
deep strip

Pointings in each area
separated by 45°.

Mosaic 6x6 pointings,
for 4.5°2, deep strip 6x1. [N

Lose 1 mode per strip to
ground.

2.5 years of data, Aug
02 — Apr 05.

1170 — 0.60 mK



Polarization EE: WMAP3 sees 1t pk, part of 29, DASI sees
2 pk, BO3 sees 2" and 3@, CBI sees 39, 4th, 5th
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Does TT Predict EE? (incl wmap3 TT data) YES
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Take the same TT curvature plot
and then show its EE spectrum
against the data. There are O free
parameters in the EE model yet it
agrees extremely well with the
data. EE-only measures the
angular scale of the CMB to 3%,
and gets the same answer as TT.
Other parameters (dark matter,
baryons...) from EE agree as well,
but precision isn’t great yet (~30-
40%0 accuracies, typically).



CBIl ongoing to Sept’05+ Bicep | Qu1et2
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Gravity waves stretch space...




... and create variations
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tensor (gravity wave) power to curvature power, a direct measure
of e = (g+1), q=deceleration parameter during inflation

g may be highly complex (scanning inflation trajectories)

many inflaton potentials give the same curvature power spectrum, but
the degeneracy is broken if gravity waves are measured

(q+1) =~ 0 is possible - low scale inflation — upper limit only

Very very difficult to get at this with direct gravity wave detectors —
even in our dreams

Response of the CMB photons to the gravitational wave
background leads to a unique signature within the CMB at large
angular scales of these GW and at a detectable level. Detecting

these B-modes is the new “holy grail” of CMB science.



