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Cosmology describes the dynamics and structuration of our Universe

e B e

NI
::: P\ A, P
ALY /N M

S ‘ =7 >

R N z r k P . N A<'— ‘:_..
\ o "o 28
Y v - " = -~
3 2 L - SR ~
e 2 D -

(((El

SO\

AN

-~

N

N
nw\\(\'\\\(‘\\' d
i
\.\\ b

(0 (e

————

L)

Camille Flammarion "I atmosphere : météorologie populaire”




Cosmology describes the dynamics and structuration of our Universe
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A. Einstein G. Lemaitre

o Start from FEinstein’s equations

A. Friedmann

BE. Hubble

Gl_“/ = R“y -

1
2

V. Slipher

- Under homogeneity and ) y ) [ dr? T
1sotrsopy hypoth6818, ds = gm,d:l:“dx = dt - a(t) 1 — k7-2 “+7r d9 + r“sn 9d¢ :|
i.e. for a FLRW metric

- Leads to the FL. equations K

a

e\ 2
d ) = Ha) = HQ,a~ + Q a= + Qa2 + Q,

~ With a Hubble expansion rate nowadays
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Hy ~ 70 km/s/Mpc
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Iraction ol energy density

| A sketch of our Un1verse1story {

e ——— e —— e —————— — — e —

Dark Matter Structure
Production Formation
present
L0 0.1 TeV 0.1 MeV 0.1eV energy density
' 10 0 .
log(T/G(\V) radiation
dark energy (68%)
log(t/sec) dark matter (27%)
-30 -20 -10 0 10
0.0 1 1 I 1 L SLIiiiis baryons (5%)
3 min 380 kyr 13.8 Gyr
Inflation Big Bang Cosmic Microwave
Nucleosynthesis Background
o At high temperature, kinetic equilibrium will be achieved through processes such as
ei’y <o ei'y Vel > Ve€ pei <o pei Thermal equilibrium
e pere py = iy =0 ee” = vy = He— = —Het- Chemical equilibrium
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The Pr1mord1a,1 Plasma a.>>1000

o These processes ensure that a Boltzmann dlstrlbutlon will be reached for each species:

n(t) = oy [ it

fy = 1 9 3
+ = e(E—n)/T 41 ;O(t) — )3 d pESfS(tap) )

2
—P(t)6% = —52(@ /d3 Py to(tp)

© Number density, energy density and pressure depends on the ratio M/T:

I QC(3)T3 x{ 1 bosons (mT)% i
71-2 . ' — g — €

3/4 fermions

2m
’ 1 bosons 3
= Tt OSOLS p = mn+-nT =~ mn
f = 159 T - 2 Tr<m
5 fermions

P = nT<p
.1
3p

o At early times, the universe 1s dominated by radiation:

- n=; o o= Y a(2) o -m+am X u(%) ow-m)

bosons fermions
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| The umverse expands adlabatlcally I\ Leiden, 17.10.2019
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© From the 2nd law of thermodynamics:
s=8S/V si(T,,u):'Oz % aldiy S—Zsz—heff 45 T3
d(sa®) =0 s(T)a® o heg(T)T?a® = const =T he_ﬂfl/:;a_l

Vivian Poulin - LUPM/CNRS Cosmo in a Nutshell 8 /47



————

| Freeze out and the produotlon of matter i

* Helden 17.10.2019
[

_ dn 2 2
Xtx< f+f = 3y o) - ZLX<UX2<;—>foZ’
dilution production destruction
3
x = My Cx A2 (yle _ 2T (M,
dac 1'2 [X ( X ) ]7 45 eff( )H(MX)
tE (ns)
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o Applied to CDM:

3 x 1072%cm3s—!

(ov)

Qedqmh? ~0.12 x

2y

o Assuming homogeneous, baryon-symmetric
universe and no B-violation processes:
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» Blg Ba,ng Nucleosynthems |
The ﬁrst « observa,tlona,l » pllla,r |

sec. | Deuterium np — 2Hn~ ll

min

v
temperature

| In practice, one solves numerically (e. g PArthENoPE)

- The Friedmann-Lemaitre and continuity equations

i + A set of integrated coupled Boltzmann equations (one per nuclei) ]\
- A Boltzmann equatlon for the neutmnos phase space dlstmbutlon :
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» » Bg Nuoles: |
The first « observational » pillar|

0.22-3 ] ! R R P |
f&lllllll T T

z 2
10~ 2 Ol _ —
= ’_l T o] T :: T i’” b e —————
-§ 026 |nrerrrrrereer e > e 3 | One free parameter:
.2 - (T NG | the baryon-to-photon ratio
S oM o NN N =np/n,=6*10-10
B e . _:' —— — —— _———
=

| For 3 nuclei, great success!

*He/H, D/H
-
/

Areadigais | 4He/H =Y, > 0.2368
’ : 2.56*105<”H/H<3.48*105
- 3He/H < 1.5* 105

_ __ —

| The « Lithium problem » |
| Over-prediction of the “Li abundance |
Y stheo=3 * Y7 ;0bs

1 > 10 _ _ _

Coc & Vengoni 2015  nx10"
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Thermal radiation: a relic from the « hot » prlmordla,l era.
- Predicted by Ga,mow observed (accndentallyl) by Pen21as &° Wilson.

The most perfect blackbody ever observed ..

Wavelength [mm]
0. s7 0.5
| I 1

e FIRAS data with 4000 errorbars i
2.725 K Blackbody

300 -

200 =

Intensity [MJy/sr]

100 =

0 . . . T=2.72548 +/- 0.00057 K

0 5 10 15 20
V [/em]

Firas [astro-ph/9605054] Planck 2015 (ESA website)
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- Temperature and polarization anisotropies carries a wealth of information: how
to exploit it?

CMB temperature fluctuations are random: Quantum fluctuations of the inflaton.

Our theory does not predict temperature fluctuations, only statistical properties.
=> We need moments of the distribution !
the so called « n-points correlation functions ».

Paradigm : O(77) follows a Gaussian distribution.
| Linear perturbation theory ensures that this will always be the case.

Only two moments of interest : (O(n)) =0 (©(n1)O(n2)) #0
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SHI
<a€m> =0 <a£mazm> — 522’ 5mm’C€

It represents the variance of the distribution for a given scale ¢ = 7 /6
(in real space, you can relate it to the amplitude of fluctuations in a given box size)

We can determine this power spectra both experimentally and theoretically !
Minimal LCDM = 6 free parameters to fit : {wy, wWeam, b, As, Ns, Zreio}

One can extend thlS mlmmal model andsea,rch for new physms ' |
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Temperature E-mode polarization
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Planck 2015 [arXiv:1502.01589]

A characteristic scale and a series of acoustic peaks
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© Era of the universe at which p and e- recombine. y
| © About 380 000 y after the Big Bangat T'= 0.2¢eV. |

HT +e” « H(1s) +~v(FE > 13.6 eV) i‘ v(E >13.6 ¢V)
(

Leads to the « saha » equation at equilibrium {

|
‘ => Wrong in Cosmology!
RS, —

i, ﬁ Toy model: The « three-levels atom » f

| by |. Peebles H+—|—6_HH*—|—’Y d H++¢ ....

| followed by H(2p) <> H(1s) + v | < I ]:—QF
H(2s) <> H(1s) +v+ 1~ |

‘ For cosmology, sub % precision is needed ! a“
l Thus, numerical codes have been developed: }
:‘ e.g. Hyrec, CosmoRec and a fudged Recfast )i

78' A 4 A 4

Vivian Poulin - LUPM/CNRS Cosmo in a Nutshell 16/4%7



Leiden, 17.10.2019

109+

n,/ng
—
3

x,(2)
S

10731

Saha equation
Three-level atom

HII— HI

Hell— Hel

Helll— Hell

[
I
I
1
I
I
I
1
I
I
I
I
I
/
I
1
I
I
)
I
I
I
I
I
I
I
I

1000 pedshift z

3000

5000

8000

104
300

Vivian Poulin - LUPM/CNRS

Cosmo in a Nutshell

17/47



Leiden, 17.10.2019

o Start from 0GY = 8nGOT! and L(d f) = iamf: leads to Boltzmann hierarchy!
© In the tightly-coupled photon-baryons fluid, we can combine equations to get:

Gravity / 2
. /" R @ k @ — k R /!
T+ TR oT0 T A GO0 = 1+ R
Friction Pressure Gravity

A damped, forced acoustic oscillator in k-space!

credit: Hu & White

: Op~ + 0Dy 1
- Characterised bv a sound speed: 2 _ 07 —
Y P %= %0, +opp  3(1+R)

© Friction of photons with baryons: _ 3P

-
- Key quantity: the sound horizon Ts = / CcsdT s, CsT
Tini i
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CMB map and TT power spectrum
Planck 2015 [arXiv:1502.01589]

P(k) and BAO measurements
Andersen et al. 2012 [arXiv:1203.6594]
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ﬂ\_

/ " drSp(r, k)jelk(ro — 7))

St(k,7) = g(©g + ) + (gk~20B) +e (¢’ + 1) +polarisation

ISW

dk
Cp = ?Pn(lﬁ)[@z(ﬁ),k)]2 with ©, (79, k)
g\rN Do;;ler
10784
Inflation «Primordial » physics | — Al
| —— Early ISW

Peak position: owp, om h,Qa

Ratio of odd/even peaks: ov/ 0,

{ —— Late ISW
10_93

Overall peaks size: om/ 0,

Silk damping: mp om

Seljak & Zaldarriaga
AP]J. 469 (1996) 437-444
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— — Polarisation

SW
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The Era of Precision Cosmology

20 years ago
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The Era of Precision Cosmology

10 years ago

Angular scale
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The Era of Precision Cosmology

Today
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The Era of Precision Cosmology

Dy [uK?]
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Very good agreement between all CMB data!

Angular scale
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The Era of Precision Cosmology

Astonishing success of ACDM Cosmology

matter

content Parameter Planck alone Planck + BAO Planck alone
expansion QR .. ... 0.02237 +0.00015  0.02242 + 0.00014 0.6% precision

rate (HO,A) QR ... ....... 0.1200 + 0.0012 0.11933 + 0.00091 1% precision
1000 « - ... ... 1.04092 + 0.00031  1.04101 + 0.00029 0.3% precision

star T 0.0544 + 0.0073 0.0561 + 0.0071 13% precision

formation |04y ... .. 3.044 + 0.014 3.047 + 0.014 5% precision
Inflation Rs oo, 0.9649 + 0.0042 0.9665 + 0.0038 0.5% precision
H() ........... 67.36 =+ 0.54 67.66 +0.42 0_7% precision

e.g. 2015 data: TT +lowP reduced y2 = 1.004

There are ma,ny open questlons 1n Cosmologyl \

————— —— — —
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The Dark

|  « Dlscovered » ﬁrst in ga,la,xy clusters in the 1950 S.
| © A wealth of evidence on many scales.

Observations o hydroged

© o R (x 10001y)

Virial theorem Galaxy rotation curves X-ray & Weak lensing i
in the Coma cluster the Bullet Cluster
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olic

Non-baryonic origin is mai

104

10° ‘

102+

oes! |

5 In the baseline ACDM:

| with cosmological density today pcim = 2.25* 1050 g cm <.

Vivian Poulin - LUPM/CNRS Cosmo in a Nutshell

- Dark Matter is stable, cold, only gravitationally interacting,

— fogm = 0.00 |
t  Planck

_7/47
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A. Guth, P. Steinhardt, A. Linde o
-+ Postulated to solve horizon/flatness problems in 1978.
. Mechanism for origins of perturbations.

| —

—»

Inflation

¢ Conformal Time

Z
0

Skandard
Ccsmclog-j

Quantum
Fluctuations

CMB -
T = o, Reheating -

Inflation

1 1H 2 H?
8% e M3 |—an 72 My lk—an

Pr(k)

Causal Contact SFaceLLke surface
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|
a

- Why is there more matter than |
antimatter?

- Requires « Sakharov
conditions » to be fulfilled.

|
»

10,000,000,001 -

A. Sakharov
I [ D I N R N D B R e
1072~ T T T ——— °
w3k WIMP tineticdecouplig, T = ~= 102
1074 — e i -
10-5 b— Allowed regions —{ 104
A~ \\ ~~
ie/ S~ _ = Ultracompact minihalos (gamma rays, Fermi-LAT) — 10-5 5
- 107}~ T &
& &

~~~~~ Ultracompact minihalos (reionisation, WMAP5 7.) 10-6
10-7 }— \

= = Primordial black holes

8 [— - — 1077
10 — CMB, Lyman-a, LSS and other cosmological probes
109 B 10~
10~°
—10
10 N I N

107710771070 1 10 402 40° 100 100 10° 407 10° 107 10 100 107 10" 10** 10" 10%° 10 10°° 40*°
k (Mpc™1)
<~ Could there be pocket of antimatter at small scales?
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