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Summary of Lecture 4
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1 spin-two map < 2 scalar maps (E = gradient field, B = rotation field), but:

scalar modes — gradients — B-mode vanish
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CMB polarisation
Temperature spectrum: CTT (alz;lalzk) = Jdkkz[@')f(no, k)* Pg(k)

7o
with transfer function ©;(n9.k) = / dn{g (©o + ) ji(k(no —n))

ini

+ gk~ "0y ji(k(no —n))
e~ (¢ + ) ji(k(no —n))}

For polarisation:
Kosowsky 1996; Seljak & Zaldarriaga astro-ph/9609170; Hu & White astro-ph/9702170
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CMB polarisation
Temperature spectrum: CTT (ag;lalzk) = Jdkkz[@)f(no, k)* Pg(k)

7o
with transfer function ©;(n9.k) = / dn{g (©o + ) ji(k(no —n))

+ gk~ "0y ji(k(no —n))
e~ (¢ + ) ji(k(no —n))}

For polarisation:
Kosowsky 1996; Seljak & Zaldarriaga astro-ph/9609170; Hu & White astro-ph/9702170

. 2
E-mode polarisation spectrum: CEE (aﬁiaﬁl) = — Jdk kz[Ag(ﬂO, k)] P 4(k)
E T

Mo
with transfer function Afj(no, k) = J dn g {O,+...} (...) jk(ny—n))

Hini
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CMB polarisation
Temperature spectrum: CTT (ag;lalzk) = Jdkkz[@)f(no, k)* Pg(k)

7o
with transfer function ©;(n9.k) = / dn{g (©o + ) ji(k(no —n))

+ gk™'0p ji(k(no — n))
e~ (¢ + ") ji(k(no—m)} +...

For polarisation:
Kosowsky 1996; Seljak & Zaldarriaga astro-ph/9609170; Hu & White astro-ph/9702170

. 2
E-mode polarisation spectrum: CEE (aﬁiaﬁl) = — Jdk kz[Ag(ﬂO, k)] P 4(k)
E T

Mo
with transfer function Afj(no, k) = J dn g {O,+...} (...) jk(ny—n))

Hini
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CMB polarisation

Corrections to temperature spectrum taking into account polarisation anisotropies
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CMB polarisation
Temperature spectrum: CTT (ag;lalzk) = Jdkkz[@')f(no, k)* Pg(k)

7o
with transfer function ©;(n9.k) = / dn{g (©o + ) ji(k(no —n))

+ gk™'0p ji(k(no — n))
e~ (¢ + ") ji(k(no—m)} +...

For polarisation:
Kosowsky 1996; Seljak & Zaldarriaga astro-ph/9609170; Hu & White astro-ph/9702170

E-mode polarisation spectrum: CEE (aﬁiaﬁ*) = Jdk kz[AE(;yO, k)] P 4(k)
E

Mo
with transfer function Af(ﬂo, k) = J dn g {O,+...} (...) jk(ny—n))

Hini

.. no Doppler ... no Sachs-Wolfe ... no ISW ...
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CMB polarisation

CP
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CMB polarisation
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A (10, k) =[ dn g {0, + ...} (...) jlk(nyg—n))
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CMB polarisation
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CMB polarisation

al ai’ +af al” 2
Cross spectrum: CfTE = < 1 > 1 = ;Jdkkz O (19, k) Ag(ﬂo, k) Pg(k)

To

with transfer function ©;(ng,k) = / dn{g (©o +¢) 51(k(no — 1))
-

ini

+ gk "0y ji(k(no — n))
+ e (¢ +¢) qlk(no —n)} +...
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8 le—10

CMB polarisation

61e—12

Bardeen scalars
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Tensor modes

Juv = a’ (nuv T huV)

Bardeen scalars (spin-0) Bardeen tensors (spin-2)
2% 0 0 0 00 0 0
, | 0o =2 o0 0 heo—| 0 Mmoo he O
wy 0 0 _2¢ 0 H 0 h2 —hl 0
0 0 0 —2¢ o0 0 0
(Newtonian gauge) (for GWs along x3)

Boltzmann with scalars: ©' +7-VO =7 - Vi — ¢’ + 'Thomson]|

grav. Dop. dilation

Boltzmann with tensors: #'! + 4 &V# = —%h;jﬁ%j + [Thomson]
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Tensor modes

no GW, isotropic
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Tensor modes

A,

no GW, isotropic > GW
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Tensor modes

no GW, isotropic

Particle Physics
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Tensor modes

GW

no GW, isotropic » GW, temperature quadruple

Particle Physics
oooooooooooo
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Tensor modes
Scalar Boltzmann: ©' + 7, - VO = f - Vi) — ¢’ + [Thomson]

- 1, .
Tensor Boltzmann: #' + 7 aV# = —§hi;jnzn~7 +[Thomson]
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Tensor modes
Scalar Boltzmann: ©' +#-VO =#- Vi — ¢’ + [ Thomson]|

- 1, .
Tensor Boltzmann: #' + 7 aV# = —§hi;jﬁ%~7 +[Thomson]

General expansion: O(#, X, 1) — O(n, lz, n)=, 0,(@, z)Ylm(ﬁ)

Im

<", Institute for
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Tensor modes

GW h;,
v
Tensor temperature quadrupole
Other tensor temperature multipoles Tensor polarisation multipoles
v v
T-anisotropies E and B-anisotropies

Scalar and tensor sector
statistically independent,
solved independently,

ClTT _ CZTT(S) n CZTT(t)

CEE = CEE®) 4 CEE®)
C[TE — CITE (s) + CITE (1)
z /
CPP =0+ CPPY
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Observational constraints on! CDM + r

0.08 0.12 0.16 0.20

Tensor-to-scalar ratio (ry go2)
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Primordial tilt (ns)

Energy scale of inflation Vi
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Power-law inflation
R? inflation
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Ve
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Low scale SB SUSY
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Observational constraints on! CDM + r
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Observational constraints on! CDM + r
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Planck + BICEP + Keck 2021 Ns 0.002 .
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CMB spectral distortions
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Blackbody radiation in early Universe

Elastic and inelastic scattering. 1" > H Inelastic scattering. I > H
J U
Momentum exchange Chemical equilibrium
= |
l z:'l/ti'left o z:'l/ti'right
Thermal/kinetic equilibrium l

Bose-Einstein / Fermi-Dirac For particle without conserved numbers:

f(p) = : Number-changing reactions
E-)IT |
) !

I w=0
for massless particles

1
fp) =
e(P—ﬂ)/T — 1 \
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Blackbody radiation in early Universe

din(ap) _
-

"l Bavs

Redshifting along geodesics:

Gravity preserves blackbody, but what about late interactions?
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Blackbody radiation in early Universe

* Compton scattering (CS):

of _;Te 10 ( [g£+Tf(1+f)D

ot Me T2 O
y+e —> y+ e (number conserving) Kompaneet equation
(solution: BE with arbitrary 1)
* double Compton scattering (DC):
y+e —> y+y+ e (non-number conserving)

* Bremsstrahlung (BR):

e —> ¢ +y (non-number conserving)

e Ry 7 Theoret ical
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Blackbody radiation in early Universe

z> 3% 10% CS, DC, BR efficient: BE with 4 = 0 = blackbody

energy injection-> no distortion

z> 4% 10* only CS: BE with arbitrary mu, Kompaneet can only impose

T
Jp:; T, u=0) = f(p; T', ) = fpp(p; T,O){ 1+ pu [ 0.4561 — o1

energy injection-> p-distortion

z> 10> CS not efficient: Kompaneet at next-to-leading order in H/I" can only impose

-

Jp; T, u=0) = fpe(p; T,0)4 1 +

§

pe’T 41 A
N Tem—1

energy injection-> y-distortion

. 7~ 107 additional residuals

* Even later: CMB photons decoupled anyway

Reionization: CS again, possible y-distortions (Sunyaev-Zel'dovitch 1970)
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Source of distortions in standard cosmology

* Adabatic cooling of electrons and photons: Lucca, Schéneberg, Hooper

. UR particles in equilibrium with themselves: T o a™! JL, Chluba 1910.04619

« NR particles in equilibrium with themselves: T « a2

. EfficientCS: T, =1, =T, x a!
- Inefficient CS: T, =T, < T,
— energy extracted from photon, y = —=3x 10™°, y=—-5x 10719

* Dissipation of acoustic waves:

 Diffusion damping — superposition of BB with different temperature,
— reprocessed as i = 2 X 1078, y=4X 10~°

* Transfer of energy from small-scale anisotropies to spectral distortions

* Accurately computed by CLASS

« Probe of Pg(k) on very small scales

* Emission/absorption lines during H and He recombination: y-distorsions + small residuals

« Sunyaev-Zel'dovitch effect from hot electrons during reionization — y ~ 107°
RWTH

L ey’ 5 Theoretical
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Source of distortions in non-minimal cosmology

« Extra power in small-scale Pg(k)

107 /- PBH |
_4 ‘."‘u...""'
10 LISA I
& 1076 SKA ]
CMB Integrated power in ACDM
-8 anisotropies \ “.... casegivesrisetoy = 10
" = W . = 0.965 ﬁ
e N e ’_7_:,:_— .
10 Super-PIXIE T
100 a4 ¢ 408 1012 16
10 1 10 10 10 10
k [Mpc™]

J. Chluba et al., BAAS 51, 184 (2019), 1903.04218
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Exclusion plots on peaks producing PBH

M M)
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* DM annihilation or decay: products end up heating electrons

Source of distortions in non-minimal cosmology

* PBH accretion or evaporation

* QOther exotic energy injection mechanisms in dark sector

Lucca, Schéneberg, Hooper,

JL, Chluba 1910.04619

* also produces change in recombination, and thus CMB anisotropies...
— anisotropy/distortion synergy — distorsion module in CLASS, ExoCLASS branch

107
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10—13

10—7 i

Decaying DM

I Planck+FIRAS

I Planck+PIXIE
LiteBIRD+CMB-S4+PRISM

—.— CMB, P17

""" y- and u-FIRAS, P17

---- BBN, K05

---- BBN, P17

10 10v 108 102 10%  10%

Tdec [S]

101
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