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 Thomson scattering
* Linear theory of stochastic cosmological perturbations

* Spectrum of temperature anisotropies

 Polarisation and tensors

'_' * Observation summary; Planck results for ACDM model

’ * Why can we measure independently the ACDM parameters ?
=  Beyond ACDM: CMB & neutrino masses, N, inflation, DM ...
S * Future CMB surveys

“— -

aN—
The Young Universe: Primordial Cosmology,
edited by R. Taillet (John Wiley & Sons, 2022) ISBN : 1789450322

— Chapter 2: Cosmological Microwave Background, by JL

(also: Chapter 5 of: Neutrino Cosmology, JL et al., CUP 2013)
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Thomson scattering
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lonisation fraction in the Universe

conformal time —
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Thomson scattering rate
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102 103 lQ4
f 100‘ ndec, nreio,-
21071 o
Z O
g 1072
E 1073
= 10 n [Mpc]
102 103 10*
AN ldec . INreio .. 101
| — - — 07T AT Ne
g 2
xXa “x, 1072
. 5
decoupling
-8
recombination reionization
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Optical depth of cosmic fog
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optical depth T

11

Visibility function

102 103 1%
n [Mpc]

CMB physics - J. Lesgourgues

probability of last interaction at
= probability of interaction at i
X (1-probability of interaction after n)

recombination reionization
Mdec lNreio ..
-0.02 <.
0,
O
E
0.012
X100 r<
' ©
94% nl
I\ \ =
il E— 16%=—30.00
10° 10*
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Mean free path and diffusion length

random walk

tttttttttttt
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Linear cosmological perturbations

tttttttttttt
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Bardeen decomposition

—

g,LW (77755) — g,u’/ (77) _I_ 5.9#7/ (7773_5) and TMV("?'Q?) . TW(”) _|_ 5TMV(777£)

S .

Q\Wd @a\\d\ (for each species!)
Y W7 K
0oL el O Q0

FLRW background invariant under spatial rotations

= irreducible representations of SO(3) — decoupled sectors
= Bardeen | scalars (gravity forces) : 4 d.o.f.

| vectors (graviton magnetism) : 2 d.o.f.

tensors (gravitational waves) : 2 d.o.f.
James Bardeen 1986

. Theoretical
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Newtonian gauge

Gauge freedom: perturbations depends on choice of coordinates

\

Newtonian gauge: eliminate 2 scalar d.o.f. to stick to diagonal 53;41/
ds® = —(1 + 2)dt? + (1 — 2¢)a*(t)dT *
= a’(n) [ (1 +2¢)dn” + (1 — 2¢)dE °]

Local distorsion of time L ocal distorsion

= generalised of expansion rate
gravitational potential

Particle Physics
oooooooooooo
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Matter perturbations

5TW,X - still 4 d.o.f. per species X
\Z

Oy : relative fluctuation of energy density

0y : divergence of bulk velocity

opy : fluctuation of (isotropic) pressure

Oy : anisotropic stress = quadrupole of (anisotropic) pressure

Perfect fluids (strong interactions)

U

Pressure is isotropic (oy = 0)
Local pressure relates to local density (e.g. Opy <> Oy)

J
only 2 d.o.t.

Particle Physics
oooooooooooo
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( .
. . oS
Comoving Fourier space W00 &
SIS
Thereafter: only flat . A3 7 Oﬁ 3 v
cosmologies for dx (n,k) :/ Ox (n,&)e K2
simplicity (27)3/2

Wavelengths A(n) = a(n) 2x/k

Decelerated expansion = grow slower than Hubble radius Ry(n) = c a(n)/a(n)

radius of
H<4observaple
universe
S cosmological
s scales
n
Q
O
-
S
U
U .
f : decoupling
R/M equality M/A equality
07 Gy 00
10 10 10 10 10
n [Mpc]
Condition for Hubble crossing : k ~ aH ~ 1/n
Institute for I‘w I H

. Theoretical
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Linearised Einstein Equations

2 a’ a’
e from Gg = 837G Tg: ? {]‘CZQb + 35 <¢/ + ;Zﬂ)} — —SWGZ,EX(SX
X

dominates on sub-Hubble dominates on super-Hubble
J J
Poisson equation : Using Friedmann :
k2
_Egb = 4nG p total 5t0ta1 ZW - = 5tota1
2 k*

-fromGji=87rG7}": §§(¢—¢) :87TGZ(,5X + px)ox
X

perfect fluids 2> oy, =0=> ¢ =y

e other scalar equations redundant with upcoming equations of motion (Bianchi identity)

Particle Physics
oooooooooooo
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Equations of motion

Without details: each decoupled species fulfils energy/momentum conservation:
/

+ continuity equation: 0% = —(1 +wx)(0x — 3¢") — 3%(C§X ~wy)dy
- / a’ 2 C?X 2 2 2
+ Euler equation: 0y = —— (1 —3c; v)0x + k“ox — k“ox + k“y
a 1 +wx
(featuring sound speed ¢, and adiabatic sound speed c,)
In ACDM:
 CDM : negligible pressure/stress: closed system
. . 4p
* e/baryons: negligible pressure/stress but Thomson scattering: + gg—%’(eb —0-)
b
* photons, neutrinos: when not strongly coupled, anisotropic stress
—need Boltzmann equation
d
_ d
d_nfv—c[f%fe] %fy =0

19 CMB physics - J. Lesgourgues T et
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Photon phase-space distribution

1
Blackbody shape:  f~(n,Z,p,nn) = >

eT(n,z,n) — ]

Up to very good approximation: preserved even when leaving thermal
equilibrium, but becomes direction-dependent due to gravitational
iInteractions:

redshifting along @ 1n(ap) = ¢ —f -V
geodesics: dn

Particle Physics
oooooooooooo
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Linearised Boltzmann equation

Monopole and dipole of ® account for local density & bulk velocity:

1 - - -
O, x, 1) = Zéy(n,x) + 7 - v, (17, X) + higher multipoles

Thomson scattering wants to align velocity of photons vs. electron/baryons,

and to wash out higher multipoles:

O+A-VO-—¢'+i - Vy=-T, <ﬁ - (V, = ) + higher muItipoIes)

Ao\O \et e
d\\a 6“\ OOQQ Oa\\’e‘( \§
‘ S
A o\O o
g( 6-\1\\6 ’i\(\O«\%

Particle Physics
oooooooooooo
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Boltzmann hierarchy
After:

e Fourier transformation

—

e Legendre expansion O(n.k,a) = Z(—z’)l(Zl + 1)@1(77,E)Pl(cos Q)
one gets: l

4
5;+§97—4¢’:0

1
0! + k? (—Za,y | a,y> — k% = 1'(0, — 61)

ki k(1 -

_1)
9 21+1@l ol + 1 O =70, Vi =2

1

= Solved together with previous equations by Einstein-Boltzmann solvers
(CMBFAST, CAMB, CLASS...)

roics | IRNNTH
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Stochastic theory of cosmological
perturbations

tttttttttttt

23 CMB physics - J. Lesgourgues TTIC rnicrses

oooooooooooo



Initial conditions S
Canonical single-field inflation guarantees: slow LO”
@

A. stochastic perturbations with independent Fourier modes
B. gaussian statistics for each Fourier mode / each d.o.f.
= described by variance(wavenumber) = power spectrum
C. for each Fourier mode, all d.o.f. related to each other (fully correlated) on
super-Hubble scales: "adiabatic initial conditions™
4

4
e.g. during RD: —2¢ = —2¢ n 0y = 0, = §(5b = §5c n constant

Einstein eq. Einstein eq.

(Comes from A(n, X) = A(n + on(X)) = A(n) + A'(n) Sn(x) )

perturbation 6A (7, X)
INn adiabatic case

Particle Physics
oooooooooooo
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Primordial power spectrum ,

Canonical single-field inflation guarantees: slow LO”

7z

A. stochastic perturbations with independent Fourier modes

B. gaussian statistics for each Fourier mode / each d.o.f.
= described by variance(wavenumber) = power spectrum

C. for each Fourier mode, all d.o.f. related to each other (fully correlated) on
super-Hubble scales: "adiabatic initial conditions™

= need power spectrum for single degree

. a4 Utot. .
of freedom, e.g. curvature perturbation R = ¢ -— in Newt. Gauge
a a
. . — " —), —», — 27'('2
= Primordial spectrum: (R (Mini,k)R™ (Mini,k")) = op (K" — k) ﬁpn(k)

25 CMB physics - J. Lesgourgues T rere



Transfer functions

For each Fourier mode Z:

« all perturbations — system of linear coupled differential equations

—

. adiabatic ICs — single constant of integration R(nini,k)

* e.J. for densities \V/Xv 0X (777]2) = ax (nvk) R(ninialg)

A
stochastic Fourier mode/ \ stochastic IC

Deterministic solution of e.0.m. normalised to R =1
= transfer function of oy
Isotropic background = depends only on k
= denoted later as dx(t, k)

26 CMB physics - J. Lesgourgues T arce Py



Linear transport of probability

Probabillity s s

Time

Linearity of solutions = probability shape always preserved
(standard model: Gaussian)
= variance evolves like squared transfer function

Particle Physics
oooooooooooo
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Power spectrum

Adiabatic initial conditions

= for any perturbation at any time:

(A, k) A%(n, K)) = AGr, k) A*(g, k) (R ri, k) R, k)

i 27
=||A01. ) "=~ P k)

~

5,k — k)

>
transfer function of A = /4 \

power spectrum of A at 7 dimensionless primordial

28 CMB physics - J. Lesgourgues
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Spectrum of temperature anisotropies

Particle Physics
oooooooooooo
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Temperature multipoles

g(n) very peaked at 174,
J

last scattering sphere

T
Im
. . . N/ dglg -~ —
inversion + Fourier + Legendre = aym = (—1) ﬁ}/lm(k)@l(n&k)
stochastic, Gaussian < stochastic, Gaussian
photon primordial
transfer spectrum
function
: ' sk K K ]_ dk 2
correlation/variance = (G1m a1, ) = 0570, 0 52 ?@z (n0,k)Pr (k)
T
30 CMB physics - J. Lesgourgues m :T’h:t:;f:g{o;y ‘



Temperature power spectrum

Multipole correlation/variance:

% K ¢cK
<almal’m’> — 5ll’5mm’

Observations: estimator:

31 CMB physics - J. Lesgourgues

transfer primordial
function spectrum

(_

1

Q2
\__

_ )
dk
?@%(ank)ﬂz(k)

_/

theory «— observations

=Cf

temperature power spectrum

21530 500 1000 1500



Physics of temperature anisotropies

tttttttttttt
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“Line-of-sight” integral in Fourier space

Boltzmann hierarchy = formal solution Zaldarriaga & Harari astro-ph/9504085:

mo

@z(no,/?)zf dn {9 (©o + ) ji(k(no —n))

Tini

| + gk™'0y §i(k(no —n))
valid both fgr

single mode k or + e (¢ + ") Gi(k(no —m)) )
transfer function with k

structure: Jdﬂ [f(ﬂ) A(n, z) JAk(mg — 1)) ]

“Physical effects relevant at times described by f(#)

imprint CMB photon anisotropies described in Fourier space by A(x, %),
that project to multipole space according to j(k(1y — 1))’

Particle Physics
oooooooooooo
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Angular projection of Fourier modes

Role of j/ (kg — 1)) ?

0.101 |

oo U /\/\/\/\]\N\/\/\ﬁ

0 20 40 60 80 100

T A2 _ a(n)w/k

Main contribution: 6 = — = & L =k(ny —
[ = da  aln) (g — 1) (o =)

Other contributions: harmonics
34 CMB physics - J. Lesgourgues 1TK E:?"‘g:{"’w“? ‘ UNWEI%-IEJY\I



Sachs-Wolfe term

ini

O1(n0,k) = /no dn {9 (©o + ) ji(k(no —n))

+ gk™'0, 7 (k(no —n))
+ e (¢ + ") Gu(k(no —n)) }

Neglecting reionization: g(#) very peaked at 174,
= effect takes place only on last scattering sphere

= mode k projectto £ = k(g — Ngec)

Oo(Mgecs k) + W (M gecs k) = intrinsic fluctuation + gravitational Doppler shift

super-Hubble modes with
adiabatic IC: ¢ = — 20, ,
Sachs-Wolfe effect wins,
negative picture of last
scattering sphere !

hot photons get redshifted by potential well

cold photons get blueshifted

Particle Physics
oooooooooooo
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Doppler term

o100 F) = [ " {9 (@0 + ) julk(o —n))

ini

+ gk™0, 7 (k(no —n))
+ e (¢ + ) qilk(no —n))}
Neglecting reionization: g(#) very peaked at 174,

= effect takes place only on last scattering sphere

= mode k projectto £ = k(g — Ngec)

=scalar —1 : - ./ :

vy = k™6, = velocity Doppler shift (J from a gradient)
. photons get e.g. redshifted by emission velocity

Vi

photons get .. blueshifted by emission velocity

Particle Physics
oooooooooooo
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Integrated Sachs-Wolfe (ISW) term

O1(no.k) = - + e (¢ + ") qi(k(no — n))

Neglecting reionization: e~ " negligible before n4.., =~ lafter
= effect takes place at all times n > 14, along each line of sight

= mode k projects from each sphere to £ = k(y, — 1)

0,191, k) +w(n, k) } comes from dilation + gravitational Doppler effects

photons get continuously red/blue-shifted by metric fluctuations

e @,y static: no dilation, gravitational Doppler effect is conservative: only (Wy.. — Wops)

« @,y time-dependent: net effect (e.g. net redshift when crosses deepening potential wells)

Particle Physics
oooooooooooo
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Summary

Final goal: compute C; = (lapm]?) = ! /%@%(no,kﬂ)n(k)

T on2 |k
1o

with transfer functions @l(no,kT:/ dn{g (©o + ) ji(k(no —n))
.

ini

+ gk_lé’b 71 (k(no —mn))
+ e (¢ + ) Gi(k(no —n))}

behaviour of

Detailed physical

understanding O (Mgecs k)
1T
of the C/TT shape — e 6, (Hiee)
% | | - ISW
— W 2 Ngecs k) = &
: 7] —— lensed | — —
10! 1162 10°

38 CMB physics - J. Lesgourgues T et
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Tight-Coupling Approximation (TCA)

Op = i% = %51, — from thermal equilibrium
Tightly coupled baryon-photon fluid: 3kO©; =0, = 0, from efficient
O;>2 =0 Thomson scattering

Photon Boltzmann hierarchy + baryon e.o.m. —> TCA equation:

R’ k? R’
/! / 2 2 / /!
@O | @O—I—k CS@Q:——MI O + ¢

1+ R 3 1+ R

baryon pressure gravity local baryon  dilation
damping force force damping
1 3Ph

Sound speed / baryon-to-photon ratio: ¢ = ., R= X a

" Y P > 3(1+ R) 4D~

Newtonian gauge with ds? = —(1+ 2¢)a2d7'2 + a2(1 — 2¢)5ijdxid:vj

Particle Physics
oooooooooooo
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Tight-coupling equation

R’ k? R
/! / 2 2 / /1
0 0 T k700 = —— ¢ - ¢ + ¢
I+ R ! 14+ R
baryon pressure gravity local baryon  dilation
damping force force damping
1 4oy,
Sound speed / baryon-to-photon ratio: Cg — 31 + R) , R= 3:; X a
: 1
Equilibrium point neglecting metric time derivatives: O3 = —3 ;Y =—(1+R)y
CS
WKB TCA solution “ “ “ : ©¢ = A(1 + R) Y4 cos (k /CS(T)dT) — (1+ R)Y

Very good approximation up to gravity boost + (Silk) damping/diffusion effects

Particle Physics
oooooooooooo
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Evolution for one mode

Transfer(t, k) for k=0.5 [1/Mpc]

Hubble cross. eq. rec.
1.01 ™ = N
0.5
0.0 -
—0.5 1
™~
—1.0- sound hor.|cross.
o o o
T [Mpc]
CMB physics - J. Lesgourgues

(Newtonian
gauge)




Evolution for one mode

Transfer(t, k) for k=0.5 [1/Mpc]
Hubble cross. eq. rec.
1.0- ~ ~
Adiabatic IC
(R=1, = 2/3)\
0.5
positive
grav. pot. 0.0
Fourier mode '
=>
negative 054
density
Fourier mode
~1.0- ™~
: sound hor.|cross.
oo o e
T [Mpc]

Institute for
Theoretical
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Evolution for one mode

Transfer(t, k) for k=0.5 [1/Mpc]
Hubble cross. eq. rec.
1.0- ~ ~ ~
Adiabatic IC
(R=1, = 2/3)\
0.5
positive
grav. pot. 0.0
Fourier mode '
=>
negative 054
density
Fourier mode
~1.0- ™~
sound hor.|cross.

T/ o
T [Mpc]

Metric damped near Hubble crossing during RD

> photon pressure, Poisson: —k*¢ = 471G a® §p, < a’py. 8, ~ a® 410 ~

Theoretical
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Evolution for one mode

Transfer(t, k) for k=0.5 [1/Mpc]
Hubble cross. eq. rec.
1.0- ~ ~ ~
Adiabatic IC
(R=1, = 2/3)\
0.5
positive
grav. pot. 0.0
Fourier mode '
=>
negative 054
density
Fourier mode
~1.0- ™~
sound hor.|cross.

T/ o
T [Mpc]

Metric damped near Hubble crossing during RD

2—440 _ —2

—> photon pressure, Poisson: —k*¢ = 4nG a* §p, < a*p, 6y ~ a a

—> very different from MD: —k*¢p = 4nG a® bpm x a®pp Oy ~ a7 ~ constant
RWNTH

Theoretical
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1.0-
neutrino shear
(unimportant)

0.5-

0.0-

—0.51
—1.01
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Evolution for one mode

Transfer(t, k) for k=0.5 [1/Mpc]

Hubble cross. eq. rec.
N N N
N —
™~
sound hor.|cross.
T o o
T [Mpc]

Institute for

Theoretical
Particle Physics
and Cosmology




1.0+

0.5 1

0.0 -

photon IC

Oy =-1/3 o

—0.5

photon
equilibrium —

@Oz '2/3 —1.0-

Evolution for one mode

Transfer(t, k) for k=0.5 [1/Mpc]

Hubble cross. eq. rec.
N N N
\'—"‘{:? ..........................
™~
sound hor.|cross.
L T o
T [Mpc]
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Evolution for one mode

Transfer(t, k) for k=0.5 [1/Mpc]
Hubble cross. eq. rec.
1.0 ~ ~ ~
N
0.5 1
| ,
\ — ¢
0.0 Skttt
phOtOﬂ |C ooy oo o _(]_ +R)‘»U
O =-1/3 TS | — O
photon Ryl I R— “ “
equilibrium — / | “
@0 =-2/3 —1.01 v\sound hor.|cross.
10010t
T [Mpc]

L e’ 5 Theoretical
47 CMB physics - J. Lesgourgues [T Focictse



Evolution for one mode

Transfer(t, k) for k=0.5 [1/Mpc]
Hubble cross. eq. rec.
1.0 ~ ~ ~
N
0.5
| w
\ — ¢
0.0 - P B i 11 e A _(1+R)w
B
J V)
™~
sound hor.|cross.
100 100102
T [Mpc]
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Evolution for one mode

Transfer(t, k) for k=0.5 [1/Mpc]
Hubble cross. eq. rec.
1.0 ~ ~|
N
0.5 -
| w
N\ — ¢
0.0 pe e ekt 1+ R
[T
/ |
N
sound hor.|cross.
1o To°
T [Mpc]
. R/ / /!
Gravity boost effect from 77 7? + ¢
Will be important for effect of neutrinos, DR...
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Evolution for one mode

Transfer(t, k) for k=0.5 [1/Mpc]
Hubble cross. eq. rec.
1.0- ~ ~|  ~
N
0.5-
| ,
\ — ¢
0.0 e N T A k111711111 e S _(1+R)W
(T
A
N
sound hor.|cross.
T o, e
T [Mpc] I
symmetric and stationary oscillation
(deep sub-Hubble, deep DR)

. Theq lllllll s
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Evolution for one mode

Transfer(t, k) for k=0.5 [1/Mpc]
Hubble cross. eq. rec.
1.0 ~ ~ ~
N
0.5
| w
\ — ¢
0.0 - P B i 11 e A _(1+R)w
T
I,
J V)
™~
sound hor.|crgss.
100 100102
T [Mpc]

exponentially damped oscillations

(approaching recombination)
RWNTH

Institute for
Theoretical
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Evolution for one mode

Transfer(t, k) for k=0.5 [1/Mpc]
Hubble cross. eq. rec.
1.0 ~ ~ ~
N
0.5
| w
\ — ¢
0.0 \-a-—r I _(1+R)w
B
J V)
™~
sound hor.|cross.
100 100102

T [Mpc]

Final goal: O (10, k) = / dr {g (©¢ + ) + (g k—29b)/ +§—m(¢/ + WZ} Ji(k(mg — 7)) |
(MZ’s line-of-sight Tini — A
ntegral) TSw._ . boppler  ISW

L e’ 5 Theoretical
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Evolution for one mode

Transfer(t, k) for k=0.5 [1/Mpc]
Hubble cross. eq. rec.
Adiabatic IC 107 ™ e B

(R=1, 1= 2/3) - /\ | H
@04—10:1/3&1_ ” w

0.0 -

photon IC
Op=-1/3 ™~

—0.5

L

sound hor.|cross.

o

—1.01

T e A B O L I S S S T G S o SNl T T T g i, T S B\ A G L > AR T Ny g e T it WX PN =3 T P At o T I e s O i A T oo 0 ANl T NG I, M, s B e i i O T o 0, Nl T AT IO, e, s BN e i i O T o 0., B IR TN 5P 2t oy~

70

Finalgoal: 1 ey(r, k) = / dr {g(©0 + ) + (9k720) +e (¢ + )} ji(k(ro — 7))
(MZ’s line-of-sight Tini — ;
integral)

TSW Doppler ISW

SCSUGRIPS S SIS/ /SO IS ISELSE SEPCIr S S S W B PSSV VD SYP SIS SSEUSE NG | SESUU VIR LYY S SR LS VO SV W I S SIC ST, SRSV WIS YV DU LIS SIS SRS S STV PRI PRSI I GRS S ST PR PO T

Institute for
Theoretical

53 CMB physics - J. Lesgourgues TTIC rnicrses

and Cosmology




Evolution for one mode

Transfer(t, k) for k=0.5 [1/Mpc]

Hubble cross. eq. rec.
1.0- ™ ~~ ~

0.5 1

0.0 -

—0.5

—1.01

N
sound hor.|cross.

102

ORI o o Nl TG I, M BN i O T G o 0 Bl TG I, S s BN i O o o 0. P IR TR, P St g T
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Evolution for all wavenumbers
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Evolution for all wavenumbers
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Evolution for all wavenumbers
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Evolution for all wavenumbers
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Evolution for all wavenumbers
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Evolution for all wavenumbers
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Evolution for all wavenumbers
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Evolution for all wavenumbers
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Transfer functions at recombination/decoupling
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Projection effects

Instantaneous decoupling, small angle: |.s.s.
g _ T _ N2 7wk
B [ da(zdec) B T0 — Trec )\/2

— | = k(70 — Trec)

Recover it from the CMB equations with ¢(7) ~ §(7 — Trec) , ji(x) ~ 6(l — x) -

Oilro ) = [ dr {g(©0-+v) + (9h~20,) +TSW} jilh(m — 7)

ini '

O, (70, k) = {(O0 + w)rec + ("'Q{D)rec + (-.0p + ISW)rec} J1(k(To — Trec))

2
Ci~ () {(@0 + 0)T,. sty ) + Dobpler +ISW } Pre (k)
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Projection effects:

Transfer(Tgec, K)
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Projection effects:

Transfer(Tgec, K)
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Projection effects

e Thickness of |.s.s produces small-scale smoothing:

observed photons could
carry temperature from
wherever inside circles
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Projection effects

e Thickness of |.s.s produces small-scale smoothing:

observed photons could
carry temperature from
wherever inside circles

 Mathematically, two types of smoothing:
Or(ro.k) = [ dr {g(®0+ )+ (gk*6,) +1SW) ju(k(ro )

C) = 4W/dk k2 (©1(10, k))* Pr(k)

—> contribution of wide range of times and wavenumber to single C}
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Projection effects

e Thickness of |.s.s produces small-scale smoothing:

observed photons could
carry temperature from
wherever inside circles

 Mathematically, two types of smoothing:

o ) = | " dr (9O + ) + (gk=20,) +1SWY ji(k(ro — 7))

ini

C) = 4W/d/c k2 (©1(10, k))* Pr(k)

—> contribution of wide range of times and wavenumber to single C}

* Even in instantaneous limit: Spherical Bessel functions —> effects beyond
small angle, effect of smaller non-transverse Kk, ...: extra smoothing on all scales
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Towards final CTT’s
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Towards final CTT’s
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Evolution for all wavenumbers
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Towards final CTT’s
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Towards final CTT’s
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Detailed physical understanding of the C,TT shape
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B Planck EE+lowP
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BN Planck TT HowP Planck 2015 Xlll Parameters
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Flat prior

Derived

PlanckTTTEEE+SIMlow

Parameter 68 % limits
Qph®> . .. ... ..., 0.02218 + 0.00015
QH> . .. ... 0.1205 + 0.0014
10060pc . . . . . ... 1.04069 + 0.00031
T o 0.0596 + 0.0089
In(10%49) . . . . ... 3.056 + 0.018
Mg o oo 0.9619 + 0.0045
Hy ........... 66.93 + 0.62
Om . o oo i 0.3202 + 0.0087
T8 o e 0.8174 + 0.0081
og Q%S L 0.4625 + 0.0091
og Q%2> L 0.6148 + 0.0086
Tre o o o e e e e e 8.24 + 0.88
10°Ae™" . ... ... 1.886 + 0.012
Age/Gyr .. ... .. 13.826 + 0.025

Planck 2016 intermediate results 1605.02985
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PlanckTTTEEE+SIMlow

Parameter 68 % limits
Quh? . . ... ... 0.02218 + 0.00015 «—— Interesting to compare to BBN
QM. .. 0120500014 |
| 1000« o e 1.04069 = 0.00031 = | ]
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Parameter

PlanckTTTEEE+SIMlow
68 % limits

Flat prior

0.02218 £+ 0.00015

0.1205 + 0.0014
1.04069 + 0.00031

0.0596 + 0.0089 <«— Interesting to compare to quasars,

Gunn-Peterson...

3.056 +£ 0.018

Derived 025

T = 0.090+ 0.030

1
Spergel et al., 2006 ®, o WMAP 3—years TT,TE,EE
o
o' _
. ‘ T = 0.089+ 0.014
Hinshaw et al., 2013 I WMAP 9-—years
I
=
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| T . WMAP + eCMB+BAO+HO
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! = 0.089+ 0.032
Planck Coll. XVI, 2014 ‘ T @ Planck TT
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' T =0.067+ 0.016 .
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Flat prior

Derived

PlanckTTTEEE+SIMlow

Parameter 68 % limits
Quh?. .. . 0.02218 + 0.00015
Q. ... .. 0.1205 + 0.0014
1000mc « « o v e 1.04069 + 0.00031
T 0.0596 + 0.0089
In(10%49) . . . . ... 3.056 + 0.018
My oo 0.9619 + 0.0045 <+—— interesting for inflation
Hy .. ... ... 66.93 + 0.62 i 3
0 T 0.3202 + 0.0087 _ ‘
T8 0.8174+0.0081 3
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o QU2 L 0.6148 + 0.0086 _ s
T e e 824088 &
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Parameter 68 % limits
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Hatprior f 0.0596 + 0.0089
In(10%49) . . . . ... 3.056 + 0.018
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|.SS data
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2nd peak scale

Transfer(t, k) for k=0.04 [1/Mpc]

167
T [Mpc]

Dashed lines: higher baryon density

€g. rec.
— B
i.“\c
...... \...
0 0
T [Mpc]
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1.0 1

0.5 1

0.0 1

—0.5 1

—1.0-

{Wbaxwma QA? Treios Asv ns}

1st peak scale

Transfer(t, k) for k=0.02 [1/Mpc]

eq.
\

rec.

\

T [Mpc]

1.0 1

0.5 1

2nd peak scale

Transfer(t, k) for k=0.04 [1/Mpc]

eq. rec.
— —

-“
.

.
.
4 '
i
rs)
kK
Ok

Less pressure for the same gravity, odd
peaks enhanced, even peaks reduced

S

equi.
0

1

2
3¢z

—(14+ R)y
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ref. A\CDM
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le—10

Angular scale of the peaks

20 d Cgq \
0. — ds (Zrec) . fz] Ve HV(‘:‘;
da (Zrec) jDZrec /Ijld(?;)

ref. ACDM
Wm
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le—10

Angular scale damping enveloppe

Zoo Hz fladte) ] /2
9 dd (Zrec) |:fzrec _\ H(ZT b[‘
‘- — Zrogaiii )
dg (Zrec) u{O \ HGI(ZZ) .

DS o

p
-

v

\,

2 3¢

H(2)h\? o § 0
( n ) :wr(1+z)4“}wm?ﬁr(1+z)3+ K

ref. A\CDM
Wm
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1st peak scale 2nd peak scale
Transfer(t, k) for k=0.02 [1/Mpc] Transfer(t, k) for k=0.04 [1/Mpc]
o eq._é\’ rec.\é* o GQ-_é\’ rec.\;
0.5-
0.0- \
—0.5- \
—1.01
10! 10
™ [Mpc] T [Mpc]
Yy
— ¢ —> Zrec Nearly fixed by Trec but Tree shifts slightly due to
--------- —(1+R)y expansion rate prior to recombination. Rrec is fixed. Most
— O, important change: (Teq - Trec)
—— Oty
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1st peak scale 2nd peak scale
Transfer(t, k) for k=0.02 [1/Mpc] Transfer(t, k) for k=0.04 [1/Mpc]
eq. ! rec. eq. rec.
0.5-
0.0- \
~0.51 \ _____________
~1.0-
- [Mpc] T [Mpc]
v .
— ¢ More gravity for the same pressure,

even peaks reduced

......... —(1 + R)w I_eSS early |SVV equ1 1
— O O, ':—3—2 =—(1+R)¢
— O+ Y Cs
e | IRNNTH
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le—10 B

ref. ACDM
Wm

[ + 1)/2m]C)T
N

10t 102 108
/

Exercise: add to this plots the individual effect of the matter density increase on
the elSW and TSW components, to see which one dominates and in which range.
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Exercise result (thank you Renan, Micol, Oscar...)

le—10
ref. \NCDM
7_ wm
6_
E_. s -
<
=
SN 4 -
—
—+
_—
P—
2_
1

. Theqretical
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le—10 N

ref. A\CDM
Qp

Angular scale of the peaks

Zoo dzc.(2z)
0. — ds(zrec) _ fzrec H(z)
i da (Zrec ) f Ozref/’ % :ﬁ;{':f

SOCR \

(FOY' 12+ 1+ 50

)
H(Z)h 2 3 A 5 ﬁ_/’”ﬂﬂa&j‘;‘\%«{““ | | - 163
only impacts H(z) at small z
T — B ——
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)|

(V)
]

ref. A\CDM
Qp
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le—10 N

ref. A\CDM
Qp

Angular scale damping enveloppe

LIZKDdzjxmﬁfm}l/Q

Qd _ dd(zrec) _ Rrec H(z)
da (Zrec) f OzreCH"”EZ“

e

(FOY' 12+ 1+ 50

7, % 10°

(H@m)2:WAL+@4+wmk1+@?t1—951

only impacts H(z) at small z

B EEE—
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)|

(V)
]

ref. A\CDM
Qp

m
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le—10 —

ref. A\CDM

Redshift and time of M/A cquality

/,» N o — 1 3
/ Q A \‘\ /
1 + Z A T ] 0
\. _ A

X
Sl : -

o'
1é
&
.

"
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D S G e,

¢

10!

-0.4

T [Mpc]

0.3

101
k [h/Mpc]

10!
k [h/Mpc]
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ref. A\CDM

Redshift and time of M/A cquality

/,» N o — 1 3
/ Q A \‘\ /
1 + Z A T ] 0
\. _ A

X
Sl : -

o'
1é
&
.
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ref. A\CDM

Treio
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ref. ACDM A
Treio /A \
10712 | |
LIQ
& 10—13_
—
+
L]
=
10—14_
10—15__
10! 102 1103
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{Cdb, Wim s QA) Treios AS) ns}

Quadrupole
Anisotropy

Thomson

—~ 5 ! Scattering

[.inear
Polarization

cosB in Thomson —> coupling with 2nd Boltzmann hierarchy sourced by ©2
—> observable polarisation spectrum depends on (g ©2) instead of g(@o+)

Ma & Berstchinger 1995 (2 hierarchies, flat, scalar);
Tram & JL 2013 (2 hierarchies in flat/open/closed, scalar/vector/tensor)
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{Wb, Wim s QA) Treios AS) ns}

T

Optical depth: K= / dr I' = / dr k'

0

70
Visibility function: ¢(7) = —k’e™" by construction normalised to / g(t)dr =1
0

0.0200 -

0.0175 1 M
0.0150 -
0.0125 {
0.0100 -

0.0075 x100

visibility g [Mpc™1]

0.0050 1

0.0025 -

e_mreio~94% j < (1 _ e_mreio) - 6%

>
0.0000 )

T N ¢
Trec T [Mpc] T(Zreio)
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{Cdb, Wim s QA) Treios AS) ns}

CMB temp. Transfer function: A} (1o, k) = / dr {g (00 + ) +...} ji(k(r0 — 7))

J

ini

TSW
70
CMB pol transfer function: AF (10, k) = / dr {g©2+ ...} ji(k(1o — 7))
Finally:  C*Y =4n / dk k*A (B)AY (k)Pr (k)
. . o — 2K reio 0.0200
Usual contribution multiplied by € 00175
. . . — 0.0150 1
plus new contribution projectead oy
= 0.0125 -
© 0.0100
under | ~ k(19 — Treio) g ]
:g 0.0050 -
0.0025 - \¥ k
0.0000 + J
w0




10! 1.00

0.75

-0.50

-0.25

rec. 0.4

damping scale cro 0.00

T [Mpc]
T [Mpc]

-0.3

103 _ -—0.25

—0.50

—0.75

10*

—— ~1.00 R
102 10! 10° 102 10~ 10°

k [h/Mpc] k [h/Mpc]

Aj (1o, k) = / dr 19(©0 +v) +...} Ji(k(10 — 7)) Crt = 47T/dk KA7 (k)A] (k)Pr (k)

1ni TSW
o pr | RANTHAACHEN
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10! o
Hubble ci
sound hori

S rec. 5 0.4
o o
= damping scale cross. 0.00 =
~ ] |" -0.3

103_

1048

T A 1= o 10-
k [h/Mpc] k [h/Mpc]

AT (ro.k) = [ dr {g(@0 +u) .} ik~ 7)) G = dx [k AT (AT (PR

v/

ini v
TSW
0 . Institute for
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{wb, Wi QAﬁ, Treios As» ns}
le—10 B

ref. A\CDM

Treio

[ + 1)/2r]C]T
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10! o
102 i R/M €qQ.

e) rec.

o

=

~
1035

10*

damping scale cro

U]

NIRRT
k [h/Mpc]

NG

1.00

0.75

-0.50

-0.25

-0.00

-—0.25

—0.50

—-0.75

—1.00

10!

102_

T [Mpc]

103_

104_

Ao = [ dr {g@s+ ..} lklro —7)

Tini
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R/M eq.

rec.

R
k [h/Mpc]

NG

0.20

0.15

-0.10

-0.05

-0.00

-—0.05

-0.10

-0.15

-0.20

CrY =dn / dk k*A (B)AY (k)Pr(k)
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© ©)
10' ° 1.00 10! 2 0.20
Hubble cross.
075 sound horizon crogs. 0.15
| 0.50 | 0,10
-0.25 -0.05
S) rec. S
o o
Z damping scale cross.| [0-09 = -0.00
~ -
10° L _0.25 10°] 0,05
—-0.50 -0.10
~0.75 | ~0.15
104 10°8
—— ~1.00 o s R AT A e —0.20
10~2 101 109 102 101 100
k [h/Mpc] k [h/Mpc]

AP(ouk) = [ dr {g@: -}k = 1) G =ar [ak RA¥RIAY (9Prib

Tini

‘e
+ ", Institute for
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ref. A\CDM a A .

Treio /A \f
10—12_ V | '
10_]_3 | e_zﬁrelo
10—14_
101> « >

] | rleilolnlisation history _ -
101 102 103
/
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Why can we measure 6 ACDM parameters

independently with CMB?

8 physical governing C/'s shape

e (C1:
e (C2:
e (3
e (C4:
e (b
« (G6:
e (C7:
e« (8:

angular scale of the peaks, 6s

pressure at recombination, Rrec

metric (value and derivative) at recombination, zeq
angular scale of damping enveloppe, 64

global amplitude

global tilt

plateau tilting by late ISW

reionisation effects

but all tight to 6 parameters in ACDM

Particle Physics
oooooooooooo



~
1

(@)

[ + 1)/2mIC]T
N

le—10

And even more parameters ....

N
1

(O8]
1

ref. A\CDM
Qp

le—10

ref. A\CDM
Q

1o

102 10°

In ACDM + Qx, same 8 effects only, but tight to 7 parameters:
CMB only can also bound Qk (enters C1, C4 through da(zrec) )
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[2(2 + 1)/2r1C]T

And even more parameters ....

le—10 le—10
ref. A\CDM y ref. A\CDM
7 Q, 7 O,
6 6 -
5 5-
4 - 4 -
3 3
2 5
14 -
0 0-
10! 102 103
)

Qg = —0.040700%  (95%, Planck TT,TE,EE+lowP)

Qg =0.000 £ 0.005 (95%, Planck TT+lowP+lensing+BAOQO)




0.4 T 0.4 T 0.4 T

Planck+lensing Planck + DESI Planck + Euclid (oo} r r r T r r r T r r r T r r
LiteCORE-80 LiteCORE-80 + DESI LiteCORE-80 + Euclid [ ]
CORE-M5 CORE-M5 + DES| CORE-M5 + Euclid F 0 Planck TT+lowP ]
;- COrE+ COrE+ + DESI COrE+ + Euclid ~ — B Planck TT+lowP+BAO —
() | i
— 02} {1 02t {1 02t 1 o | ™88 Planck TT,TE EE+lowP ]
= [ ]
(@ " ‘3
0! 0 0 2 < F .
0.035 0.055 0.075 0.035 0.055 0.075 0.035 0.055 0.075 [ - ]
- . - - [ Aver et al. (2013) R
Parameter LiteCORE-80, TEP | LiteCORE-120, TEP CORE-M5, TEP COrE+, TEP o~ F \A\ / ]
Neg 3.06 £ 0.12 3.05 £0.10 3.05+£0.10 3.048 +0.092 [ X 3\' K 0 ]
[ ¢ i
YI?BN 0.2463 =+ 0.0069 0.2463 £ 0.0057 0.2464 £ 0.0056 0.2465 £ 0.0052 — __Coo\ke ]
2 +0.000085 +0.000048 B E
Qph 0.0221857 5 ygposa 0.022182 4 0.000063 | 0.022181 £ 0.000058 | 0.0221837 J00050 o & . . . | . . . | . . . | . . ]
Qch2 01206:':00018 Nn1anc 1 A NNt Nn1anc 1 N NNnt4 Nn1anr | N Nnn1o - - - PR - - - - 0024 0026
1000 ¢ 1.04067 + 0.00044
T 0.0597 + 0.0020
ng 0.962075-5052
In(10'0A,) 3.056510 000 . .
o i | om0 BayeS|an paran ieter extraction codes
g 0.8175 £ 0.0037
B Euclid-Pk+w, prior+6, prior )
r M, [eV]
o— +Euclid
2
3 < 66
£ 65 \\\ ‘\\ i
64 »
0.08 0.16 0.24 0.32 0\.40 0.00 0.08 0.16 0.24 - 0.32 0.40 | | | | | |
M, [eV] M, [eV] 0.00 0.05 0.10 0.15 0.20 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
‘- Euc‘lid-Pk+wh ‘prior+9§ p;'ior B Euclid-Pk+w, prior+6, prior M,, [eV] MV [eV]
| Euclid-lensing+w, prior+6, prior 2.32 B Euclid-lensing+w, prior+6, prior ' ' ' [ ‘ ‘ ‘ ‘
B CORE mmm CORE 7 \ CORE-M5
\
\
\Y
£ 0.960
0.00 O.IOS 0.10 0.‘15 0.‘20 0.25 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.00 0.02 0.04 0.106 0.108 0.10 0.112 0.14 0.16
0.00 0.08 0.16 0.24 0.32 0.40 0.00 0.08 0.16 0.24 0.32 0.40
M, [eV] M, [eV]

hacs | IRNNTH
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e Bayes theorem and inversion

* Metropolis-Hastings

 Proposal density, acceptance rate

 Covmat, jumping factor, covmat update, jumping update
 Number of chains: convergence, independence, communication

» Cycles, eigenvectors, fast/slow, Cholesky

Institute for
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MontePython

developed internally
in development (internally)

developed externally

Plik
I ¢ &
~ i | . q / / /
-\65\\ N | Qurren?ly 60 likelihoods &\i\ N \G'A 6\(@)
Q \O 5 implemented (CMB, BAO, N > $ <&
& & (\C{‘ SNIaq, Hubble, time delay, O/ K O R Y
& > NC : % ) O O
Q ) Q cosmic clocks, galaxy N N S
correlation, cosmic shear, ...
| | 1 1 | 1 1 | | )
4
Generic interface/APT
with likelihoods
\
1 mcmc.py (Metropolis-Hastings
a | H g ® with Cholesky and covmat update)
ASS classy.py Jd <3S ®
(€) python wrapper S S s § nested_sampling.py _ PyMultinest Multinest
S s sampler.py o 7 interface wrapper (fortran)
¢ O© wn 3.
£ E S8 | cosmo_hammerpy _  CosmoHammer
£ + 3 3 :
Al ] o o & 8 inferface (C++)
cAMB _ CAMB _ CTNVPY |5 o “> 1 . .
(fortran) py‘rhon inr?;r'face 8 'S 3 - lmpor"rance_samplmg.py + Polychord
HrEpper available soon
\ ) | o
montepython.py

143 CMB physics - J. Lesgourgues

Institute for
Theoretical
Particle Physics
and Cosmology

RWTH




H#———— Experiments to test (separated with commas)-———
data.experiments=['Planck_highl', 'Planck_lowl', 'Planck_lensing']

Hmmm—— Settings for the over-sampling.
data.over_sampling=[1, 4]

p Parameter list ——————
# Cosmological parameters list

[ 2.2253, None, None, 0.028, 0.01, 'cosmo'l]
[0.11919, None, None, 0.0027, 1, 'cosmo'l]
[ 1.0418, None, None, 3e-4, 1, 'cosmo'l]
[ 3.0753, None, None, 0.0029, 1, 'cosmo']
1
1

data.parameters['omega_b']
data.parameters|['omega_cdm']
data.parameters|['100xtheta_s']
data.parameters['ln10~{10}A_s']
data.parameters['n_s"']
data.parameters|['tau_reio'l]

[0.96229, None, None, 0.0074, , 'cosmo']
[0.09463, 0.04, None, 0.013, , 'cosmo'l]

# Nuisance parameter list
data.parameters['A_cib_217"'] = [ 61, 0, 200, 7, 1, 'nuisance']

data.parameters['A_planck']

[100.028, 99, 110, .25, 0.01, 'nuisance']
# Derived parameters

data.parameters['z_reio'] = [1, None, None, 0, 1, 'derived']
aéia.parameters['sigma8'] = [@, None, None, 0, 1, 'derived']

# Other cosmo parameters (fixed parameters, precision parameters, etc.)
data.cosmo_arguments['k_pivot'] = 0.05

data.cosmo_arguments['N_ur'] = 2.0328
data.cosmo_arguments['N_ncdm'] =1
data.cosmo_arguments['m_ncdm'] = 0.06

# These two are required to get sigma8 as a derived parameter
# (class must compute the P(k) until sufficient k)
data.cosmo_arguments['output'] = 'mPk'
flata.cosmo_arguments['P_k_max_h/Mpc'] = 1.



Run and analyse

mpr —-p base2015.param -o saopaolo_test/ -N 1000 -b bestfit/base2015.bestfit -c covmat/base2015.covmat
mpr —-p base2015.param -o saopaolo_test/ -N 1000 -b bestfit/base2015.bestfit -c covmat/base2015.covmat
mpr —-p base2015.param -o saopaolo_test/ -N 1000 -b bestfit/base2015.bestfit -c covmat/base2015.covmat

mpi info saopaolo_test/[

Parameter best fit, mean, convergence R-1
Bestfit and covmat files

Table in latex

Triangle plot

1D probability plot

log.param file for next runs and records

Institute for

Theoretical RW“'
Particle Physics
and Cosmology




{h, weam} from various BAO data + HST (Jorge & Javier):

_ +0.0195
wcdm—o 158_0‘0223

0.102 0.159 0.217

h:0‘742—l—0.0229
0025 0.814
< 0.7431
0.671-
0.671 0.743 0.814 0.102 0.159 0217 0.671 0.743  0.814

Wedm h

Institute for
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N, Wedm, Wb, Oa} from various

BAO data + HST
N + cosmic clocks (H(z))
1 (Rafael):

£
S 0.117f
3

0.0856

0.756 -

= 0.72F

0.685

0.77r

\ 4

0.665 -

1 1 1 1 1 1 1 1 1 1
2.2 2. 87 354 0.0856 0.117 0.148 0.685 0.72 0.756 0.665 0.718 0.77
100 wy Wedm h Qa
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le—10

ref. ACDM
7 LC/T >m,
6_
|

4
Z 3 Planck results and parameter effects beyond ACDM
2&/ 2nd peak
11 /\

102 102 103

/



ACDM + M,

le—10

ref. A\CDM

7 A va

[ + 1)/2m]C)T
N

10t 102 108

[ m,
| nr — — 1
Cannot exaggerate the effects with large masses... 2 (5.28 < 104 eV)

Institute for
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ACDM + Mv

le—10

ref. A\CDM

7 A va

[ + 1)/2m]C)T
N

T T R T

[
Fixed parameters: {wb,-eamgm Treio s AS, TLS}
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/\CDM + Mv

le—10

[£(2 + 1)/2m]1C]T
IN

ref. ACDM

2m,

101

Fixed parameters:

fixed zeq, NOtzs 4

CMB physics - J. Lesgourgues

12

103

{Wb WWTQTT Treios A87 ns}

m
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ACDM + M,

le—10

)]

(V)
]

[ + 1)/2m]C)T
N

5. Trivial late ISW reduction
(cosmic variance...)

ref. A\CDM

2m,

Fixed parameters:

fixed zeq, Ntz 4

152 CMB physics - J. Lesgourgues

12

10

{wb WWTQTT Treios AS) TLS}

wdm 9

m

Institute for
Theoretical

Particle Physics

and Cosmology




/\CDM + Mv

10
0sSSs. 0.6
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10! ¢
0SS. 0.6
Usual elSW region , 0.5
102
—_ 0.4
S
=
b -0.3
103
Extra elSW from
non-relativistic 0.2
neutrino transition
0.1
10*1  M/L eq.
- = 0.0
102 101 100
k [h/Mpc]

Je
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ACDM + Mv

le—10

2m,

ref. A\CDM

10t 102 108
/

Neutrino Cosmology, CUP 2013, JL, Mangano, Miele, Pastor
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ACDM + Mv

5
10 ] ref. A\CDM
va
1O4g
<
2103?
=
X
Q-].OZ';
10+ ;
104 1073 1072 10! 100

k [h/Mpc]

1 - 8(L)V/(Um Hu, Eisenstein, Tegmark 1997; Lesgourgues & Pastor 2006
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ACDM + Mv

ref. A\CDM

LS

1

10_7?

8%.
()
—

e LT/ (T + 1),17]

10_9?

101



~]

@)

[ + 1)/2m]C)T
N

le—10

ACDM + Mv

)]

(V)
]

ref. A\CDM

2m,
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ACDM + Mv

Ym, < 0.72¢V (PlanckTT+lowP)

>m, < 0.59eV (PlanckTT+SimLow)

>m, < 0.34eV (PlanckTTTEEE+SimLow)

>m, < 0.17eV (PlanckTT+SimLow+lensing+BAOQO)

>m, < 0.14eV (PlanckTTTEEE+SimLow+lensing)

Planck 2016 Iintermediate results 1605.02985 all at 95%CL
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ACDM + Nef

[ + 1)/2m]C)T
N

ref. A\CDM
Nt up to 11

1o

Fixed parameters:

102 103

/
{wbaﬁma QA) Treio Asa ns}




[ + 1)/2r]C]T

ACDM + Nef

le—10
ref. A\CDM
71 Nt up to 11
6_
5_
4_
3_
2_
1_
O_
10! 107 1073
[
Fixed parameters: {wb,-eam, QA, Treio s AS, TLS}
Zeq

(pr, Pm, PA) rescaled equally




ACDM + Nef

le—10

ref. A\CDM
Nt up to 11

g _ Gs(Zrec) _
° da(zrec)
T —
1_
O_
Fixed parameters: {wb,-eam, QA, Treio s AS, TLS}

<
(or, Pm, PA) rescaled equally °d



ACDM + Nef

le—10

ref. A\CDM
Nt up to 11

However if h changes 64 does too!

, L 11/2
Zoo dz f(K',R)
fzrec H(z) }

da, (Zrec) fOZrec Hd(z)

1w 10
{
Fixed parameters: {wb,-eam, QA, Treio s AS, TLS}
Zeq

(pr, Pm, PA) rescaled equally




ACDM + Nef

le—10
ref. ACDM
7 le—10 Nt up to 11
_— —— —_—
61 74
o5 7.2
) o
& 4 7.071 _— S —
— — - —
T 3 210 220
=
2_
Gravity boost and neutrino drag
AC . —
Tl = —0.072 ANeff :)2 103
r
Alpeac = — FA(("LS)) (0.19127 R, + O(R?)) Bashinsky & Seljak 2004;
AL Neutrino Cosmology, CUP 2013
T — E—
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ACDM + Nef

ref. A\CDM
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ACDM + Nef

ref. A\CDM

N et

Same effects as in temperature,
peak shift easier to measure
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T — EE— Institute for

ACDM + Nef

ref. A\CDM
N £t
10—12
LIQ
& 10—13
—
_|_
= Same effects as in temperature,
10714 peak shift easier to measure
7
T — T ————————————
10—15__
102 103

Treio fixed but expansion rate changes ¢
with h: then zrio must also vary
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Ho [kms™* Mpc™1]
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ACDM + Nef

Institute for
Theoretical

3.13 £0.32 Planck TT+lowP;
3.15+0.23 Planck TT+lowP+BAO;
2.99 +0.20 Planck TT, TE, EE+lowP ;
3.04+0.18 Planck TT, TE, EE+lowP+BAO
| | T T |
Planck TT+lowP! I ! 0.900
B I ..I | 0.885
|.°'. --"-'°. : -1 0.870
7 | lL 0 4 |4 osss
: | | - 0.840 J
e | | | | |H{os2s
. : : 0.810
.“;'}". | | 0.795
60 % )
“ Planck TT, TE, FE:+10WIT+BAO 0.780
2.0 2.5 3.0 3.5 4.0 4.5
Nete
1
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B ACDM

S~ CFHTLenS

ACDM + Neff
B Planck TT+lowP +lensing I +lensing+BAO
| | | | | |
+ Ngr + Negr+2m,,
09 B
& 0.8 -
0.7 B
| | |
| | | | | |
+>m, +Neff+mif,Fsterile
0.9 | 1 _
& 0.8 |- S E
0.7 + +
] ] ] ] ] ]
56 64 72 56 64 72
Ho HO
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ACDM + r

0.25

Planck TT+lowP

Planck TT+lowP+BKP
Planck TT+lowP+BKP+BAO
Natural inflation

0.20

Hilltop quartic model
o attractors
Power-law inflation
Low scale SB SUSY
R? inflation

V x ¢?

V o ¢?

V x ¢/

V x ¢

V o ¢?/3

N,=50

N,=60

0.15

Tensor-to-scalar ratio (70.002)
0.10

0.05

0.00

0.94 0.96 0.98 1.00
Primordial tilt (ng)

Planck 2015 XX constraints on inflation 1502.02114

haris | IRVNTH
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NC
NC
NC
NC
NC
NC
NC

‘unning

‘unning + running of the running

orimordial spectra with parametrised tfeatures
oinned primordial spectra

parametrised inflation potential

ISocurvature modes

wlvlvivivlwlw
< << << <K<K
+ + + + + + +
+ + + + + +

0.07 | I — ‘I — |:] n=4 10_7 L L L B
> 0.03 L= = 3 / B 0 n=3 B
S L 10-8 |
= B n=2 ;
= 10— |
— T T - ~— 1 ! [
0.01 e — 5 ¢ - 0 - [
;\ 2 \\\ N 10—10 -_
(\l>_0 02 N N\ N\ 1 LN N ] C
o . ) N \ > -
— N\ ) —11 [
—0.05 a R ~ /I 1L \I\ - L 10 F
| | | | | | | | B
003 F~—_ — <~ 1F A\ ) ‘(’_\\ 1 10712 3
n> ; / 7, / N\ N NS :

N _

B0.01_\11// __1/ /// 1L \\\ N\ 10 135_

_0.01 /. ! R ' ' i o-w v ]

0.000 o.ooi 0.016 ~0.01 %03 0.07 —0.05 —2.202 0.01 e 1o o5 0.0
%4 1%
Y b — P
Planck 2015 XX constraints on inflation 1502.02114
tttttttttttt RWNTH
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Tensor modes

Juv = a’ (nuv T huV)

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

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

grav. Dop. dilation

v

= 1 S | . .
O +n-VO = —§h;jﬁ7’f7f7 + §8ih00ffzz — hg,7" + [Thomson]

Relevant for tensors
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no GW

circ\e
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Tensor modes

no GW -GV possing by
> (2
cirde. dlipse i© we Araw
ehyafcl Aishsnces” (nef-

codiate Aistances)

Particle Physics
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Tensor modes

[}
] ’-.‘
500 ——
2. /)
) ’ s
/ \
'0
/
ﬁg. -”'

Fa{:“’“Y isoTopic WS
[no Fc&vr\ua\-rons} @:.0/

Ju homsgenssos| isetropic
theron E:&gvmd}
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Tensor modes

no GW GW passing 137;
50— O —=-
' 2 I}

prleddy isdropic pdons  GW praduees defermation o spece

[no FCMQ\'IOAS/ @;O/ Hme Sucn {"‘l;&' ébéﬁﬂ/ér Lees

\')UA' homsgmews/isoﬁvp?c Moe(e p\r\o(ws P@(‘ SO‘?&Q ang(e

theron B:&grmd} Coming Feom [e@l—/t\fgﬁlf‘ and [ess
fom top/ boftom: g cruaék‘upo(e
®, hos L:casgex\e(:;\"ed)’.

RWTHAACHEN
UNIVERSITY

57 s
TTTTTTTT
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Tensor modes

Two sectors decoupled and statistically independent: split in two

0 =00 0

each obeying
/ N v, 1 I ~1n] 1 ~ ! ~1
O +n-VO = —ihijn n’ + §0ih00n — ;N + [ThOIIlSOIl]

with either curvature perturbations or GWs in the metric.

All tensor modes vanish before recombination (h'=0 + scattering)

Then @g) —> other temperature multipoles
—> polarisation

+ ISW-like contribution to temperature (h” along line of sight)

e Ry 7 Theoret ical
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Tensor modes

Finally

XY € {T,E,B} me{st} Puk)=Prk) Puk)="Puk)

with the line-of-sight integrals
A?(t)(k) ~ /dT{g@gt) L VD)5 (k(To = Tree))

APPO () o /dT{g@g“ D)5k (To = Tree)

Particle Physics
oooooooooooo
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Scalar versus tensor spectra

r=0.1 atky,=0.05Mpc-

—— BB(lensing)

L+ 1)CX7/2m [x101°]

[
<
@)

1078
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