




Gravitational Waves
• Inflation predicts near scale invariant spectrum of gravitational waves

• Amplitude proportional to the square of the Ei=V1/4 energy scale

• If inflation is associated with the grand unification Ei~1016 GeV
 and potentially observable
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Gravitational Wave Pattern
• Projection of the quadrupole anisotropy gives polarization pattern

• Transverse polarization of gravitational waves breaks azimuthal
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Electric & Magnetic Polarization
(a.k.a. gradient & curl)

Kamionkowski, Kosowsky, Stebbins (1997)
Zaldarriaga & Seljak (1997)

• Alignment of principal vs polarization axes 
(curvature matrix vs polarization direction)
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Patterns and Perturbation Types

Kamionkowski, Kosowski, Stebbins (1997); Zaldarriaga & Seljak (1997); Hu & White (1997)

• Amplitude modulated by plane wave → Principal axis
• Direction detemined by perturbation type → Polarization axis
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Scaling with Inflationary Energy Scale
•	 RMS B-mode signal scales with inflationary energy scale
	 squared Ei2
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Contamination for Gravitational Waves
•	 Gravitational lensing contamination of B-modes from
	 gravitational waves cleaned to Ei~0.3 x 1016 GeV

Hu & Okamoto (2002) limits by Knox & Song (2002); Cooray, Kedsen, Kamionkowski (2002)
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The B-Bump
•	 Rescattering of gravitational wave anisotropy generates the B-bump

•	 Potentially the most sensitive probe of inflationary energy scale

•	 Potentially enables test of consistency relation (slow roll)

1

10

10 100 1000

l

∆P
 (µ

K
) EE

BB
reionization 

B-bump
recombination

B-peak
lensing

contaminant











Weighing Neutrinos
• Massive neutrinos suppress power strongly on small scales 

[∆P/P ≈–8Ων/Ωm]: well modeled by [ceff2=wg, cvis2=wg, wg: 1/3→1]

• Degenerate with other effects [tilt n, Ωmh2...] 

• CMB signal small but breaks degeneracies 

• 2σ Detection: 0.3eV [Map (pol) + SDSS]
Power Suppression Complementarity
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Lecture III: Summary
• Polarization by Thomson scattering of quadrupole anisotropy

• Quadrupole anisotropy only sustained in optically thin conditions
of reionization and the end of recombination

• Reionization generates E-modes at low multipoles from and
correlated to the Sachs-Wolfe anisotropy

• Reionization polarization enables study of ionization history, low
multipole anomalies, gravitational waves

• Dissipation of acoustic waves during recombination generates
quadrupoles and correlated polarization peaks

• Recombination polarization provides consistency checks, features
in power spectrum, source of graviational lensing B modes

• Gravitational waves B-mode polarization sensitive to inflation
energy scale and tests slow roll consistency relation
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