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Overview

Tensor perturbations and B-modes

Tensors from inflation

Tensors from phase transitions
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Cosmological Perturbations

Expand Einstein equations around y
i ' - Ty =0 G, = 8nGT,
1sotropic & homogeneous universe VAT pv pv

Linearize metric and stress-energy tensor

G (%) = Guw(t) + 09, (8, F) , Tu(l, &) = Ty (t) + 0T, (2, F)

Linearize (spatial) line element

/N

background scalar perturbation tensor perturbation (GW)
expansion isotropic stretching anisotropic stretching
Lifshitz (1946)
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CMB Polarization

Before recombination, e-7y are tightly coupled through Thomson scattering

e - do 3o

PG "% 12
® v ds 87 €7 el

Cross section is sensitive to photon polarization states
Complementary probe of the universe at recombination

Foundational work connecting B-mods and tensor perturbations

Ma, Bertschinger 1995

Hu, Sugiyama 1995

Seljak, Zaldarriaga 1996

Zaldaririaga, Seljak 1997

Kamionkowski, Kosowsky, Stebbins 1997
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CMB Polarization

Thomson scattering in a quadrupole intensity field

Adapted from Modern Cosmology (Dodelson)
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CMB Polarization

scattered ‘ polarized!
photon

1

Thomson scattering in a quadrupole intensity field ... does yield polarization!

Adapted from Modern Cosmology (Dodelson)
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B-mode Power Spectrum

Need initial tensor power spectrum to predict B-modes

272 -

g EnE) = (% ) PaEm2s(E - 7)

So the key observable is

k

dk
P = 18T02/ — P (k) F(k)?
0

Rubakov (Theory of the Early Universe)

Pirsa: 25080022 Page 8/34



B-mode Power Spectrum

Need initial tensor power spectrum to predict B-modes

272 -

g En R = (% ) PaEmPs(E - 7)

So the key observable is

= dk
DBE _ 1872 /  Pu(k)Fik)
d ;

|

Primordial tensor power spectrum, calculable from fundamental physics

Rubakov (Theory of the Early Universe)
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Overview

Tensor perturbations and B-modes

Tensors from inflation

Tensors from phase transitions
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Cosmological Inflation

V(9)

N

Epoch of exponentially fast expansion ¢ < 1s [

a(t) o eflit

Due to displaced field ¢ on nearly flat potential

Guth 1981

Mukhanov, Chibisov 1981
Linde 1982

Starobinsky 1982
Albrecht, Steinhardt 1982
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Cosmological Inflation

V(9)

N

Epoch of exponentially fast expansion ¢t < 1s 8—35

a(t) o elit

Due to displaced field ¢ on nearly flat potential

N
-&

Solves “horizon problem”
Why are causally disconnected CMB regions statistically identical?

Solves “flatness problem”
Why is the universe observed to have negligible spatial curvature?

Solves “monopole problem”
Grand unified theories predict large monopole density, which is not observed

Generates scalar and tensor perturbations from quantum fluctuations in ¢
Discovered later, not the original motivation!
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Inflationary Fluctuations

Power spectra governed by shape of V

2 \V 2 14

“Slow-roll” parameters i - 0

inflation reheatin
° end SunE

Scalar perturbations measured with CMB/LSS
| g2 o\ e As = (2.10 £0.05) x 1079
PC — 5 7'2 — AS (—) ns = 0.9649 + 0.0042
8mee Mg, k. k. = 0.05 Mpc " Planck 2018

Upper limit on tensor perturbations A
r= " <0.036 £ 0.009
S

2 H? k5
D= =2 A= _
"2 M2, t(k:) Vg R

BICEP/Keck 2022

Both nearly scale invariant n¢ ~ns —1~0
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Inflationary B-mode Predictions

104

102

10°

(K]
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—T —
BICEP/Keck &

100 1000
Multipole moment £

Pimentel++ 2203.08128
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Inflationary B-mode Predictions

“Tensor fluctuations are a prime target for future observations of the
cosmic microwave background, because if detected they can provide a
conclusive verification of the theory of inflation and a unique

tool for exploring the details of this theory”

— Flauger & Weinberg

Is inflation the only way to make B-modes?

astro-ph/0703179
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Overview

Tensor perturbations and B-modes

B-modes from inflation

B-modes from phase transitions
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Cosmological Phase Transitions

Witten (1984)

Turner and F. Wilczek (1990)

Kosowsky, Turner, and Watkins (1992)
Kosowsky and Turner (1993)

Kamionkowski, Kosowsky, and Turner (1994)
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Cosmological Phase Transitions

Standard Model phase transitions

Electroweak PT, QCD PT. However, neither is first order (no GW) :(

First order phase transition
Proceeds through bubble nucleation
GW from bubble collisions, sound waves, turbulence...
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Cosmological Phase Transitions

Standard Model phase transitions

Electroweak PT, QCD PT. However, neither is first order (no GW) :(

First order phase transition
Proceeds through bubble nucleation
GW from bubble collisions, sound waves, turbulence...

Characteristic parameters

__ Pbsm
Prad

T, = temp of PT 37! = duration «

k = GW efficiency
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What is the Tensor Power Spectrum?

Conservatively only consider GW from bubble collisions

—

g Enig ) = (S ) Pai)am)8(E - B

During PT, the tensor equation of motion has nonzero source term

8mGa?

transverse-traceless stress energy tensor

—

<H%—j (1, KT (72, E’)) = (27m)38(k— k") L(71,72,k),
T

white-noise power spectrum

Caprini, Durrer, Konstandin, Servant 0901.1661
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What 1s the Tensor Power Spectrum?

Conservatively only consider GW from bubble collisions

272 -

g Enig ) = () Pai)(om)8(E - B

During PT, the tensor equation of motion has nonzero source term

8mGa?

Solve using Green’s function while source is turned on

8nGa? [* ,
hij(z < xy) = 12 / dy sin(z — y) I1;;(y) .

Valid until PT completes at T = Iy

Caprini, Durrer, Konstandin, Servant 0901.1661
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