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* Cosmology with GWs

Standard sirens: distances in cosmology;
* Late Universe: Measuring HO and EoS dark energy;

cosmological parameters;

modify gravity, lensing, ...
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Answering these questions lies at the heart
of what these lectures are about !
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Before answering ...
... let us ask another question
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WHY ?7?

ONE and ONLY ONE reason
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@ WEAKNESS of GRAVITY:

ADVANTAGE: GW DECOUPLE upon Production
DISADVANTAGE: DIFFICULT DETECTION

@ ADVANTAGE: GW — Probe for(Early Universe]

_) Decouple — Spectral Form Retained
Specific HEP < S ecnﬁc GW

What processes of the early Universe ?
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Late Universe
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Gravitational Framework

. 1
General Relativity (GR) G =z L
geometlry matter
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Primer (Introduction)
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The Equivalence Principle
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The Equivalence Principle

(Earth gravity too
weak to observe

the effect, but —— e.g. the sun does a better job !

Eddington 1919

. o star

Light does not
change speed,
but direction



The Equivalence Principle

Einstein understood like this...
light bending,
light red/blue-shifting,
gravitational time dilation,




The Equivalence Principle

Einstein understood like this...

a mathematical formulation was needed !




Mathematical formulation
of General Relativity (GR)
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General Relativity Equations

Acceleration = Gravity

curved space-time
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General Relativity Equations

Presence of Matter (Energy/p)
dictates ‘Space-Time' Geometr




General Relativity Equations

‘Space-Time' Geometry
dictates Movement of Matter
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General Relativity Equations
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General Relativity Equations
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General Relativity Equations
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General Relativity Equations

ds® = —c*dt* + ) dwjda’
J
Space-time invariant
interval (Special Relativity)



General Relativity Equations

Einstein convention

, Summation
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General Relativity Equations

Einstein convention

, Summation
ds* = —c*dt® + Z dx;dx’ —— | ds® = n,,dztdz” | over repeated
j indices

Space-time invariant

interval (Special Relativity) Minkowski Metric

n = diag(—, +, +, +)

Space-time invariant
interval (General Relativity)
guv(z)dztdz” = g, 5(x")dz'*dz’”

Ox'® Ox'P
g,UJV('CE) — dﬂj'u dajy g/OéB (x/)




General Relativity Equations

General Relativity: Generalisation of Special Relativity



General Relativity Equations

General Relativity: Generalisation of Special Relativity

* Equivalence Principle »  (Geodesic motion
d?xH dz® dz” .
ds? @ ds ds
M 1 U
Mg = 59" (9ra5 + 92,0 = Gapn)

Christoffel Symbol



General Relativity Equations

General Relativity: Generalisation of Special Relativity

* Equivalence Principle »  (Geodesic motion

Arbitrary

/ /
* Principle of Relativity » " =a"({z"}) change of
coordinates

Juv(x)dxtdx” = g g (z")dz'“dz'”

ox'® Oz'P ;
g,UJV('CC) — d:lj'u dw” g/Oéﬁ (x/)




General Relativity Equations

General Relativity: Generalisation of Special Relativity

* Equivalence Principle »  (Geodesic motion
d? dz® daz”
X | Fﬂﬁ[g**] T dx _ )
ds? @ ds ds
, / Arbitrary
* Principle of Relativity » xt =a({z%})  change of

coordinates

Guv(z)dztdx” = g;B(x’)dx’o‘d:U’B
- 02'* 0P

/
g,uJV (ZC) - dCIZ”u dﬂ?y gaﬁ (ZC ) space—time matter
geometry (energy/p) .
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General Relativity Equations

General Relativity: Generalisation of Special Relativity

Arbitrary G (z)da dz” = gg,p(a")da’ '
=2 ({2)) changeo dore ou® |
coordinates Guv(T) = " Gos (")

1 1 : G 1 : _
GW[Q**] =R — §QWR = m—T,W , = omy=244-10" GeV
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geometry (energy/p)
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General Relativity: Generalisation of Special Relativity

Arbitrary G (z)da dz” = gg,p(a")da’ '
=2 ({2)) changeo dore ou® |
coordinates Guv(T) = " Gos (")

1 1 : 8t 1 : _ 18
G,ul/[g**] = R,LLV o §g,u1/R — m—IQ)TMV ! A = m—% , = 2.44-10°" GeV
space-time matter
geometry (energy/p)
Rog=T" 5, —T" 5+ FM)\MFA — I FAOW Ricci tensor
1
F“aﬁ = 59“’)\ (9ra.8 + 9rB.0 — Gas.A) ~ (metric)®  Christoffel Symbol



General Relativity Equations

General Relativity: Generalisation of Special Relativity

, e G (2)da s = gl @' da”
=2 ({2)) changeo dore ou® |
coordinates Guv(T) = " Gos (")

1 1 : 87 1 : _ 18

G |gex]) =R — §9WR — m_%TW e Saa m, = 2.44-10'® GeV

space-time matter

geometry (energy/p)

(Ricci scalar)
_TH e H A u A : _
Raﬁ_Faﬁju—Fw’ﬁJrF /\MF — I F , R:g'LWR,LW
1

F“aﬁ = 59“’)\ (9ra.8 + 9rB.0 — Gas.A) ~ (metric)®  Christoffel Symbol
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Gravitational Framework

General Relativity (GR) Guv = 7z T
geometlry matter
metric
T
G, =Dlgas] = mngW(Matt, Rad, Top.Defects, DarkEnergy, ...)
l source

2nd order, non-Linear

U
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\ glU

Universe ?



BASICS of COSMOLOGY
y General Relativity v

theoretical pillars —
\‘E)osmological PpIeJ
hot Big Bang (hBB)

(evolution of the Universe)\
o Expansion

observational pillars
P i: CMB
BBN

Cosmology

L Cosmological Pple
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CMB/LSS
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Cosmological Principle

Principle of Symmetry:
G,Lu/ — LQCZ—ILW > . -
My - The Universe is
geometry of matter within .
the Universe the Universe Homogeneous & |SOtI‘OpIC

a”(t)
"1 — kr2’

Friedmann-Lemaitre
-Robertson-Walker

G = diag (—1 a®(t)r?, a2 (t)r* sin’ 9) FLRW



Cosmological Principle

- L Principle of Symmetry:
vy T mE TR " The Universe is
geometry of matter within .
the Universe the Universe Homogeneous & Isotroplc
2
U]l — g3; 4 a (t) 2/ N2 20 \2 i 2 FLRW
I = dlag< L, 1 — k12 » & (t)r & (t)r sin” 6 Friedmann-Lemaitre

-Robertson-Walker

dr 2
ds* = g, dx"dr” = —dt* @ (2 - 72 (d6? 4 sin® Odyp )}

f k < 0,Open
Scale Factor Curva’rure{ k=0, Flat
(dynamical) (const.) k > 0, Close



Cosmological Principle

- L Principle of Symmetry:
vy T mE TR " The Universe is
geometry of matter within .
the Universe the Universe Homogeneous & Isotroplc
. a*(t) . FLRW
g/[“/] = diag <_1’ 1 — kre o (t)TQ’ a’ (t)r2 sin” 9) Friedmann-Lemaitre
-Robertson-Walker
d
ds* = g, dx’dx” = —dt* + a*(t ) 1 Tk > r?(d9* + sin? Odyp )}
— Kkr

(c = const.) a—afc —, T, kr? physical
a

k—k/c? a,r, k unphysical
invariant:{ rerenr I:{>
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- L Principle of Symmetry:
vy T mE TR " The Universe is
geometry of matter within .
the Universe the Universe Homogeneous & Isotroplc
Redshift
+ald )
/ /\ Ao, — A1
21 =
A Cl,l
o — 1
iy a(ty)
t\ — a'(tO)
14+ 2z =
o/ | a(t)

Q(g)



BASICS of COSMOLOGY
/ / General Relativity

theoretical pillars
T Cosmological Pple
hot Big Bang (hBB)

(evolution of the Universe)\
o Expansion

observational pillars
P i: CMB
BBN

Cosmology

L Cosmological Pple
Inflation = (Lr::gl) 'cures' hBB | :> {
CMB/LSS



BASICS of COSMOLOGY
/ / General Relativity

theoretical pillars
T Cosmological Pple
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H&I

T = diag(—p, p, p, p)

vV

m. G, {ggRW)} =T"
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H&I

T = diag(—p, p, p, p)

Friedmann Equations

P



Expanding Universe

H&I

Friedmann Equations
T} = diag(—p, p,p, p) R S




UNIVERSE:

Expanding Universe

Friedmann Equations

(w — E) Equation of
State (EoS)




Expanding Universe

adt) 3m2 a2
b Critical density (p=pc & K =0)

2
(ID H? = (1@)— P K > pCESm§H2



Expanding Universe

a dt 3m2  a? _ .
b Critical density (p=pc & K =0)

(ID H? = (1da) P K - ,0653777,129]172

P:Z[%‘; QiE% |:>

1

0 k
— €2 ) —1=
Pe Z a? H?

Cosmic Sum



Expanding Universe

p K
Smg a?
pi —> 0=

1 = Close(k > 0)
1 = Flat(k = 0)
1 = Open(k < 0)

P
o =20 =

Pe = SmZ%HZ

Critical density (p=pc & K =0)

—1=

k

a’ H?

one-to-one
correlation

Cosmic Sum




Expanding Universe

| P = BmZ%H2

am HQE(M@) A

a dt Bmf9 a2

0;
p=D_pii U= = zpﬁ ZQ
ey 1/a’
1d,0 Sda _3 [ 4a )
°27 01 Jatw) — ) 1/44
A aqltw s> pxe /a
const.

Critical density (p=pc & K =0)

(2

k
a?H?

Cosmic Sum

, Mat.(w = 0)
,Rad.(w =1/3)
,C.C.(w=-1)



Expanding Universe

(ID H? = (1;2&) 3’02 [g - pCESm§H2
a dt m a
b Critical density (p=pc & K =0)

0 k
— €2, 0 —1=
Pe Z a? H?

Cosmic Sum

,OZZ,O@, ZEZ_=>

(IIT) + (II) :
1 3 2 }
H2(a) = H? {Qgﬁ (%) + Q¥ (%) + Q) (@) + Q) =3 %““‘0}

a

= H*E?(a)

0 0 4 o o 3 o 0 2 o a (0) _ k
E(G)E\/QQ () 40 (%) 100 () +ofess 2o 0 =

a a o'"o
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Past: particle ensemble

Statistical Mechanics

to > 11

dU  dV U=ap,
dt

d
(IID) d—i +3H(p+p) =0 —>



Expansion History

Past: particle ensemble

Statistical Mechanics

to > t1
q U:GJS,O,
(IID) d—§+3H(p+p) =0 — s | pdV =0,
dt dt V =a3
U 4 pdV _ 7dS >~ Thermal Eq.

=> 1 us

a =V, > Adiabatic Exp.
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Expansion History

Thermal Eq. (densities)
_ 9 n=g. | dpf(p), number
———————— .. .. % : p — g* f dﬁE(ﬁ)f(ﬁ) ) energy
.......... o ’ . — 2 -
..g__t v -— D :/g* [ dp 3?(5) f(p), pressure
\ ‘ dof D/'S,OerS/'On Statistical

(

F(+) [fermions]
B(—) [bosons]

pr x 1/a*
poyv x 1/a3

x1l/a, = z2>zrq (t<lgq), PR > PM



Expansion History

Thermal Eq. (densities)
- % N = g« fdﬁf(ﬁ) , number
"""""" A v p=g.[dFE@)(F). eneray
.......... o 172 .
..g__t v -— D :/g* f dp 3?(5) f(p), pressure
\ ) dof Dispersion Statistical

(

F(+) [fermions]
B(—) [bosons]

pr x 1/a*
poyv x 1/a3

x1l/a, = z2>zrq (t<lgq), PR > PM

Past: Radiation Domination ! |1+ zeq = Q7 /Q), ~ 3400




Expansion History

Thermal Eq. (densities)
n=g. | dpf(p), number

p=g. | dFE(D)f(P), energy

p=g [ dj 55/ (P), pressure

dof Dispersion Stat{st/cg/
relation Distribution

(

N (QE(ﬁ>/T N >_1 ; F(‘l‘) [fermions]
- "| B(—) [bosons]

Past: Radiation Domination (RD)

9 (

0 i) 7T
Pgiz) — figg)—Tf, Ji = 9
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Expansion History

Thermal Eq. (densities)
n=g. | dpf(p), number

p=g. | dFE(D)f(P), energy

p=g [ dj 55/ (P), pressure

dof Dispersion Stat{st/cg/
relation Distribution

(

(eE(ﬁ)/T 4+ 1>_1 » F(+) [fermions]
\B(—) [bosons]

0 DT 1, B

R 1Y% 30 "¢ ) 1 \%7 o




Expansion History

Thermal Eq. (densities)
n=g. | dpf(p), number

p=g. | dFE(D)f(P), energy

p=g [ dj 55/ (P), pressure

dof Dispersion Stat{st/cg/
relation Distribution

(

(eE(ﬁ)/T 4 >_1 <F(-|-) [fermions]
- | B(—) [bosons]

2
W) _ 0T )L B
— JiYx S51Li o i = 9
PR 9 20 i \%7 0
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Expansion History

Adiabatic Exp:

3
S = a”(p+p) = const.

T

1) Species Decoupling, T — T; ,

When do ¢.(T), ¢\ (T) change ?
2) Mass threshold , T' < 2m,; ,
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BiGGER size,
SMALLER Temp TODAY [Galaxies, Clusters, ...]

(13.700 Million years)

FIRST GALAXIES
(500 Millions years)

~ ATOMS CREATION
(300.000-400.000 years)

ATOMIC NUCLEI CREATION
(3 minutes !)

/" FIRST SECOND

SMALLER SIZE, A
\, of the UNIVERSE!

LARGER Temperature
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The Early Universe

# relativistic dof

1 1 72 / T 2
H? = — (DT = t~ ( ) S
(2t)2 ~ 3m230° () MeV
\/
PR

T 1 MeV 200 MeV  O(10%) GeV  O(10'%) GeV  O(10'°) GeV

| 1s 107° s 10710 g 10737 s 1074 s
BBN QGP EWSB GUT QG
observational theoretical theoretical theoretical theoretical
evidence ! iInput iInput speculation speculation

How can we probe the early Universe ?



The Early Universe

# relativistic dof

1 1 7T2 / T —2
(2t)° 3m? 309 () MeV

p

1) Species Decoupling, T"— T;,

When do ¢9«(T) change ?
2) Mass threshold , T’ < 2m, ,



The Early Universe

# relativistic dof

1 1 x2/ T \ 2
H? = — (TYT* = t~ ( ) S
(2t)2 ~ 3m230° (T) MeV
1) Species , ',._' T —T;,

When do ¢+(T) change ?
2) Mass threshold , T’ < 2m, ,

t) < 1 = decoupling

t+ At
=M X { — Nyt = / dt'Ting () ~
t

//\

number cross  velocity
density section (c=1)

) > 1 = Thermal Eg.



The Early Universe

# relativistic dof

2 T \ 2
pro L _ 1T 417yr4 = th< :) S

MeV

(2t)2  3m?2 30

p

Decoupling:

t) < 1 = decoupling

t+ At
Dint = M X {(0V) —>  Nint :/ dt' Ting (t') ~
¢

¢
1SS g 2:/;]2“77)2 , massless gauge

section ™

) > 1 = Thermal Eg.

T? /M2, massive gauge



The Early Universe

# relativistic dof

2 T —2
H? = :1”94T)T4 = t~< ) S

MeV

(2t)2  3m?2 30

p

t) < 1 = decoupling

t+ AL
Fint = N X <O'U> — Nint — / dt/rint(t/) ™~
¢ ) > 1 = Thermal Eq.

Neutrino Decoupling:
I, = (ogw)xn ~T°/My, SH() o T <T,_gec = 0.8MeV

~GET? ~ TP
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The Early Universe

# relativistic dof

1 1 72 / T\’
H? = — (DT = t~ ( ) S
262 = 3mz 300 MeV

p

Ting (¢) < 1 = decoupling

t+ AL
Fint = N X <O'U> — Nint — / dt,rint(t/) ™~
¢ H(t) > 1 = Thermal Eq.

Graviton Decoupling:

. 4 o Graviton(s)
Fg — <Ug> Xn ~ 1T /Mp S H(t) & T S Tg ~ Mp decouple below
Planck Scale !
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late Universe
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The Early Universe

2 T \ 2
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late Universe

t > 1s

observational
evidence !
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~
~
~
~
~
~
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How can we probe the early Universe ? GWs !
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Recombination & release of
Cosmic Microwave Background

Recombination

Atom Formation: Free propagation of

light !
(Recombination) 's
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Cosmic Microwave Background (CMB)

BiGGER size :
’ TODAY [Galaxies, Clusters, ...]
SMALLER Temp 4 (13.700 Million years)
FIRST GALAXIES
(500 Millions years)
Defipis:
' ATOMS FORMATIO! Bijg o 1Ve pro
g B of oft
(300.000-400.000 yee. _ 9 Fram, he
ATOMIC NUCLEI FORMATION
(3 minutes !!)
SMALLER SIZE, RSO s O FIRST SECOND

LARGER Temperature of the UNIVERSE !
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Cosmic Microwave Background (CMB)

: Where is that light?

Cosmic Microwave
°\  Background (CMB)




Cosmic Microwave Background (CMB)

: Where is that light?

PLANCK

Cosmic Microwave

(almost-)ISOTROPIC
B“t o000

There are small ‘Anisotropies’
(variations of 1/100.000 only!)




Cosmic Microwave Background (CMB)

GEOMETRY OF THE UNIVERSE

CLOSED
FLAD TS O o
N TN 1R Lo

Properties of the Anisotropies then .... Geometry of the Universe !
(position of Ist acoustic peak)



Cosmic Microwave Background (CMB)

GEOMETRY OF THE UNIVERSE

Properties of the Anisotropies then .... Geometry of the Universe !
(position of Ist acoustic peak)

The UNIVERSE has FLAT GEOMETRY (k = 0)
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Big Bang

. Formation of atomic nuclei (Is - 3 mins
Nucleosynthesis

P
/;:} \ "

\B .0 n
e
p ) Zil k/ p)\%/ D TN e
Past, / \ y
hotter Afterwards, colder
(1 second) (3 minutes)
>
PI’OtOI‘IS, Universe cools down... Atomic
NEUtI‘OI‘IS ... protons and neutrons don't have N uclei
sufficient energy anymore 0
Interact created !
strongly Then they join together forming

atomic nuclei: Nuclear Physics!



Big Bang

Formation of atomic nuclei (Is - 3 mins

Nucleosynthesis
llllll IR | VAL L LA [ =
107 =, _
107% - 2lg NUCLEAR PHYSICS
107 3 (measured in the lab)
p 107 e i
% 107 )
- I Predicts abundances of
= 10
> H, ‘He, D, *He, "Li, ..
107 :
107
. e oof
107" Another definitive prf rk !
=TI AR TTI B LRWNTTT B [TTT - Bi Bang frameWO H
001 01 .1 1 of hot big N
(Quh —
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