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Outline
• Connections to thePast

What doesMAP aloneadd to the cosmology?

What role doother anisotropy experimentsstill have to play?

How do you use the MAP analysis to gobeyondthe standard
cosmological model?

• Thoughts on theFuture

Ionization historydependence of the polarization

Gravitational wavestudies with polarization

Glitch studieswith polarization

Indirect implicationsof reionization for structure



Theorist's Time-Ordered Data
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Before and AfterMap
• Parameter Estimates(1σ range)

Peak ParametersBefore(Wang et al; Knox et al) MAP (Spergel et al)

`A 300− 308 297− 301

Ωmh2 0.118− 0.135 0.12− 0.16

Ωbh
2 0.020− 0.026 0.023− 0.025

Initial Spectrum

ns 0.93− 1.05 0.95− 1.03

Reionization

τ 0− 0.1 0.1− 0.24

• Previous experiments bothpreciseandaccurateon peak
parameters!

• Importantly, theextended rangein previous experiments̀
improvesΩmh2, consequences fordark energy



Acoustic Basics
• ContinuityEquation: (number conservation)

Θ̇ = −1

3
kvγ

whereΘ = δnγ/3nγ is the temperature fluctuation with nγ ∝ T 3
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Acoustic Basics
• ContinuityEquation: (number conservation)

Θ̇ = −1

3
kvγ

whereΘ = δnγ/3nγ is the temperature fluctuation with nγ ∝ T 3

• EulerEquation: (momentum conservation)

v̇γ = k(Θ + Ψ)

with force provided bypressure gradients
kδpγ/(ργ + pγ) = kδργ/4ργ = kΘ and potential gradientskΨ.

• Combine these to form thesimple harmonic oscillatorequation

Θ̈ + c2
sk

2Θ = −k2

3
Ψ

wherec2
s ≡ ṗ/ρ̇ is thesound speedsquared



Harmonic Peaks
• Adiabatic (Curvature) Mode Solution

[Θ + Ψ](η) = [Θ + Ψ](0) cos(ks)

where thesound horizons ≡
∫

csdη andΘ + Ψ is also the
observed temperature fluctuationafter gravitational redshift
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Harmonic Peaks
• Adiabatic (Curvature) Mode Solution

[Θ + Ψ](η) = [Θ + Ψ](0) cos(ks)

where thesound horizons ≡
∫

csdη andΘ + Ψ is also the
observed temperature fluctuationafter gravitational redshift

• All modes arefrozenin at recombination

[Θ + Ψ](η∗) = [Θ + Ψ](0) cos(ks∗)

• Modes caught in theextremaof their oscillation will have
enhanced fluctuations

kns∗ = nπ

yielding afundamental scaleor frequency, related to the inverse
sound horizon and series dependent on adiabatic assumption



Extrema=Peaks
•	First peak = mode that just compresses

•	Second peak = mode that compresses then rarefies

	
    

Θ+Ψ

∆T
/T

−|Ψ|/3 Second
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Θ+Ψ

time time
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Recombination Recombination
First
Peak

k2=2k1k1=π/ sound
horizon

•	Third peak = mode that compresses then rarefies then compresses 



Peak Location
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diameter distanceDA
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Peak Location
• Fundmental physical scale, the distance sound travels, becomes an

angular scaleby simple projection according to the angular
diameter distanceDA

θA = λA/DA

`A = kADA

• In a flat universe, the distance is simply DA= D ≡ η  0− η∗ ≈ η0, the
horizon distance, andkA = π/s∗ =

√
3π/η∗ so

θA ≈
η∗
η0

• In amatter-dominateduniverseη ∝ a1/2 soθA ≈ 1/30 ≈ 2◦ or

`A ≈ 200



Curvature
• In acurved universe, the apparent orangular diameter distanceis

no longer the conformal distance DA= R sin(D/R) 6= D

DA

D=Rθ

λ

α

• Comoving objects in a closed universe are further than they appear!
gravitationallensingby the background...  

• Future: gravitational lensing of large-scale structure
  



Using the MAP Constraint
• Universe is neither fully matter dominated at recombination nor at

the present due toradiationanddark energy

• Given arecombination epocha∗ (depends mainly on temperature
and atomic physics) calculate thesound horizon

s∗ ≡
∫

csdη =

∫ a∗

0

da
cs

a2H

note that this depends mainly on theexpansion rateH ata∗, i.e.
thematter-radiation ratio.

• Given adark energymodel, calculate thecomoving distanceto a∗

D =

∫ 1

a∗

da
1

a2H

• Given acurvaturecalculate theangular diameter distance
DA = R sin(D/R)



Using the MAP Constraint
• Put it together:

`A ≡
πDA

s∗

• Note thatH0 always cancels in the ratio, but that with both
radiationanddark energy

• Simple model:aroundΩmh2 = 0.14, Ωbh
2 = 0.024, ΩDE = 0.73,

wDE = −1, α = α0

∆`A

`A

= 1.2
∆Ωtot

Ωtot

−0.11
∆ΩDE

Ωm

+ 0.1∆wDE

−0.25
∆Ωmh2

Ωmh2
+ 0.083

∆Ωbh
2

Ωbh2
+ 2.3

∆α

α

• Leading source of error toΩtot = Ωm + ΩDE, ΩDE is fromΩmh2



Dark Energy and the Peaks

• Peaks shift to lower multipoles as the dark energy density
increases



Dark Energy



Dark Cube
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Equation of State
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Peak Degeneracy
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Equation of State

• Degeneracy is broken at low multipoles, ISW effect



Glitches
• 3 glitchesin the otherwise smooth power spectra

• Low quadrupole(previously known): clusters out toz ∼ 1 should
share in the low quadrupole making their cosmic polarization even
more difficult to detect

• Features at̀ ∼ 40 and first peak: prove whether they are
primordial, dynamic, or systematicwith precision polarization:
(dynamical effects will add with a different phase in the
oscillations, gravitational redshift effects are unpolarized...) likely
requires more sensitivity than MAP will achieve



Quadrupoles at Reionization
• Temperatureinhomogeneitiesat recombination which are on

scales comparable to thehorizonappear asquadrupole
anisotropies to the observer



Polarization from Thomson Scattering 
• Quadrupole anisotropies scatter into linear polarization

aligned with
cold lobe



Polarization During Reionization
• Polarization is aligned with the cold lobe of the quadrupole

and hence correlated with the temperature.

• Correlation appears at large angles (angle subtended by horizon)

m=0

v

hot

hot

cold

v



Reionization and Polarization

• Reionization generates large–scale polarization
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Reionization History
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Reionization: Direct Implications
• High optical depthand finite (but small for CMB purposes) neutral

hydrogen in SDSS quasarabsorptionspectra implycomplex
ionization historyKogut et al

• Measures ofτ assuming anincorrect ionization historymay be
biased at a small but in the future important level for dark energy
studies (% level).

• EE modes(polarization auto correlation) intrinsicallymore
sensitiveto polarization – potentially canget around biasand study
some aspects of theionization history- bumps on the scale of the
horizon whenever optical depth is significant

• Gravitational waveB-mode polarization is larger in the
reionization bumpthan in therecombination bump– easier to
measure if not for foregrounds and systematics



Perturbations & Their Quadrupoles

m=0

v

Scalars:

hot

hot

cold

m=1

vv

Vectors:
m=2

Tensors:

Hu & White (1997)

• Orientation of quadrupole relative to wave (k) determines pattern

• Scalars (density) m=0 
• Vectors (vorticity) m=±1 
• Tensors (gravity waves) m=±2



Polarization on the Sphere

• Polarization due to gravitational waves follows similarly

• m=±2 quadrupole viewed at different angles

• Difference: no symmetry – Q and U polarization

• Coordinate independent description of polarization



Reionization: Indirect Implications
• Bestnormalizationof structure is frompeaksnot COBEAe−τ

fixed. τ errors (4− 7%) smaller than cosmic variance at COBE

• Peaks intrinsically∼ 20% largerin amplitude raising the
normalization.

• For scale invariant spectrumσ8 = 0.9

• Large scale structureandLyα forest clustering spectrasuggest a
lower amplitudeσ8 = 0.7. Suggests tilt ofn ∼ 0.93 Spergel et al

• Tensionbetween early reionization which requires high amplitude
fluctuations at small scales and indications of tilt which imply low
amplitude at small scale



Sensitivity of SZE Power
� Amplitude of fluctuations• 

Bond et al. (2002); Komatsu & Seljak (2002)



Dark Energy from Cluster Counts
• Cluster abundancedepends exponentially on the amplitude of

perturbations: measure thedark energydependence of theirgrowth
butσ8 = 0.7− 0.9 is a factor ofseveraluncertainty in abundance



Summary of Things Past
• Verification that the CMB has entered an era ofprecisionand

accuratecosmology!

• Parameter measurements based onpeak morphologyandlocation
can be readilytransferredto more exotic cosmologies, e.g.
arbitrarydark energymodels.Matter radiation ratiodominates the
internal error budget; Hubble contant and SN still key to isolating
dark energy.

• High ` CMB measurements still help pin downkey parameters
Ωmh2 and resolve tilt debate

• Glitchesintriguing, polarization a good future test



Summary of Things Future
• Reionization signaturein polarization should be stronger in the EE

power spectra, potentially resolving gross features in theionization
historyanddebiasingfuturenormalizationmeasurements. COBE
normalization will give way topeak normalization.

• Gravitational waveB-mode may have a stronger signature at low
` ∼ 10 than` ∼ 100.

• Tilt indicated onlyexternally, otherwise higher intrinsic amplitude
implies more small scale structure, easier to reionize early, more
high redshift clusters
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