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A PRIMER ON
GRAVITATIONAL WAVES
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TU] Cosmological Principle
Background metric and matter

Uni o Homogeneous & Isotropy
niverse *

U] FLRW expanding Universe !
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Gravitational Framework

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

expand in perturbations
9dop = Gap T 59045

How do we define GWs ?



9o = Jas + 59045
Let’s continue
this approach...

| hope you took a
good load of coffee
(‘cause you are gonna need it)




Definition of GWs
1st approach



Gravitational Wave Definition

Minkowski

T

1st approach to GWs Juv = Nuv + Iy ()
(hw| < 1)




Gravitational Wave Definition

Minkowski

Y T
~EARIZED GRAV G = T+ Py (1)
(| <1)




Gravitational Wave Definition

Minkowski

T

1st approach to GWs Juv = Nuv + Iy ()
(hw| < 1)




Gravitational Wave Definition

Minkowski

1st approach to GWs Juv = Muv + hpw ()




Gravitational Wave Definition

Minkowski

1st approach to GWs Juv = Muv + hpw ()




Gravitational Wave Definition

Minkowski

1st approach to GWs Juv = Muv + hpw ()

DIFF - m%’ﬂ(:p)




Gravitational Wave Definition

1st approach to GWs

DIFF - m%’ﬂ(:p)

Minkowski

(1081 S ) | e

h/w(x) — h;ly(x’) = h/w(x) — 0(ﬂ§,/)




Gravitational Wave Definition

1st approach to GWs

DIFF - x%’u(:p)

Minkowski

Guv = Muw + My (z)

( ](%f,/(a:)\ S ‘huu‘ )

hﬂy(x) — h/fw(x’) = h/w(x) — 0(”5,/)

Notation: .
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Gravitational Wave Definition

Minkowski

1st approach to GWs Juv = Muv + hpw ()

Let’s expand Einstein Equations !
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Minkowski

1st approach to GWs

Trace-reversed
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Is that all ? Not really ...
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Minkowski
T fixed
1st approach to GWs G = N + v (2) ¢ o
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e
S e ! (6-4=2d.0.f.) dof?
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Gravitational Wave Definition

(TT gauge: 6-4 =2 d.o.f.)

1st approach to GWs ' =0, hi=0, 0hiy= 0@
Qu\s\
SOUCE

0,0"h;; =0 | Wave Eq. = Gravitational Waves !

can GW be 'gauged away’ ? No !

2 dof = 2 polarizations fas(t, %) = / df / div hyy (f, )e 2T/ (E=1x)

\ (plane wave)
transverse plane

he  hy 0) Transverse-

Z ha(f (A) (n) = hy —hy O Traceless
A=+ x (2 dOf)



Gravitational Wave Definition

(TT gauge: 6-4 =2 d.o.f.)

1st approach to GWs M =0, hi=0, 0jhi;=0

0,0"h;; =0 | Wave Eq. = Gravitational Waves !

can GW be 'gauged away’ ? No !

pyoemn 3 {1 £ e
he {7 {3 Sy O

wt = 3"/7

https://www.youtube.com/watch?v=U_ hLM1WPDgM https://www.youtube.com/watch?v=EtL9UyRx Us
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Gravitational Wave Definition

Minkowski
2nd approach to GWs G =N +909, (|09, < 1)
(gauge invariant def.)
g0 = 26, (svt decomposition)
- Ogor = g0 = (OB +5)), s scalar

g | ~Vivector
| 0gy = 0gi = 200, + (00 — 36,V )E+ OF; + OF; + by, L tensor
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T (svt metric perturbations)

080i = 0gio = (0B + Si)
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................................................................................

(svt E/p-tensor components)

1
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(svt E/p-tensor components)

................................................................................

1

58@/ VAR B 4 T'L“/
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|Scalar(s) o, B, Y, E o, U, P,
V@CtOI’(S) > c %3 Si, Fl' U, 0;
Tensor(s) | hj 11;
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T (svt metric perturbations)

4

Ty =Ti = poy+ (90 —

1

...............................................................................

3

(svt E/p-tensor components)

"

5l‘jv2)0' + &-vj + (9]'7)1' + Hij-

5g'LW T'L“; yi /J/
¥ ¥ ¥
|Scalar(s) ° ¢, B, Y, E P, U, P, O
V@CtOI’(S) > c %3 Si, Fl' U, 0;
Tensor(s) | hj 11;
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T (svt metric perturbations)

080i = 0gio = (0B + Si)
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|
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(svt E/p-tensor components)

1
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e (svt metric perturbations)

080i = 0gio = (0B + Si)

 0gy = 0gji = — 200 + (0i0) — §5ZjV2)E + OiFj + OjFi + hij,

................................................................................

(svt E/p-tensor components)
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______________________________________________________________________ S
08 v T,
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T (svt metric perturbations)

080i = 0gio = (0B + Si)

-

1 |
 0gy = 0gji = — 200 + (0i0) — §5ZjV2)E + OiFj + OjFi + hij,

(svt E/p-tensor components)

................................................................................

- N
Ty =T = pdy + (90 = 36;V7)o + 00; + doi + 1.

08 v T,

Scalar(s) ) o, B, Y, E o, U, P,
V@CtOI’(S) > c %3 \ Si, Fl' \ U, 0;

Tensorg S) |
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T (svt metric perturbations)

g0 =g = (OB +S5), 16 degrees

5 1 : of freedom
(58ij = 5gji = —2¢5ij + (({918] — §5ljvz)E + aiFj -+ @Fl + hija

U (svt E/p-tensor components)

To; = Tio = Ou + i, 16 degrees

| of freedom

Tij — Tji — p(sij =+ (818] — §5le2)0 + &-vj + (9]'7)1' + HZJ

08 v T,

Scalar(s) ) o, B, Y, E o, U, P,
V@CtOI’(S) > c %3 Si, Fl' U, 0;
Tensor(s) | hij I,
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A Sg, (svt metric perturbations)

= 00 = — E

080i = 0gio = (0:B + Si) 10 degrees

: | ; of freedom
0gij = 0gji = —200; + (0,0; — 205V )E + OiF; + OjF: + hyj,

To=p. (svt E/p-tensor components)

Toi = Too = Ou + w; 16 degrees

| ' of freedom

|
Ty =Tji = p oy + (90 — 30;V")o + 00; + v, + Ty

In order NOT
to over-count {
degrees of
freedom




Gravitational Wave Definition

Sge = g, (svt metric perturbations)

00 — — ’ ;

b0 = dgi0 = (DB +S1). 16 degrees
i of freedom
08y = 0gi = =200+ (0,0, — 304V )E+ OF; + OFi + by,

T00:ﬂ """""""""""""""""""""""""""""""""" (svt E/p-tensor components)

Toi = Tio = Ot + ui, 16 degrees
| ; of freedom
Tij — Tji — p(sij =+ (818] — §5le2)0 + &-vj + (9]'7)1' + HZJ

( 9,S; = 0 (1 constraint), 0;F; = 0 (1 constraint), Y Metric

\ .
In order NOT O;hij = 0 (3 constraints),  h; = 0 (1 constraint) | perturbations
{0 over-count <

degrees of
freedom




Gravitational Wave Definition

5g """ - ¢ """"""""""""""""""""""""""""" (svt metric perturbations)

g 00 = — <49, 5

0goi = 0gio = (OB + i), 16 degrees

5 i ; of freedom
0gij = 0gji = —20; + (0;0; — 26;V°)E + O;F; + O;F; + hy, |

Toozp """""""""""""""""""""""""""""" (svt E/p-tensor components)

Toi = Tio = Ot + ui, 16 degrees

| ; of freedom

[ 9;S; = 0 (1 constraint), 0;F; = 0 (1 constraint), ) Metric

\ .
In order NOT O;hij = 0 (3 constraints),  h; = 0 (1 constraint) | perturbations
{0 over-count <

degrees of
freedom

Qiu; = 0 (1 constraint), d;v; = 0 (1 constraint), ) Energy/Momentum
>

\ O1I;; = 0 (3 constraints), II; = 0 (1 constraint), tensor
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Sge = g, (svt metric perturbations)

00 — — ’ ;

b0 = dgi0 = (DB +S1). 16 degrees
i of freedom
: 581’]’ = 5gji — —2¢5,‘j + (8,(‘9] — §5le2)E -+ &-Fj + ajFi + hija

T00:ﬂ """""""""""""""""""""""""""""""""" (svt E/p-tensor components)

Toi = Tio = Ot + ui, 16 degrees
5 ' of freedom

|
Ty =Tji = p oy + (90 — 30;V")o + 00; + v, + Ty

[ 0;S; = 0 (1 constraint), 0;F; = 0 (1 constraint), onstraints for

In order NOT O;hij = 0 (3 constraints),  h; = 0 (1 constraint) | metric perturbations
{0 over-count <

degrees of
freedom

O;u; = 0 (1 constraint), 0;u; = 0 (1 constraint), ) onstraints for E /p

\ OII; = 0 (3 constraints), II; = 0 (1 constraint), lensor components
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T s (svt metric perturbations)

L 0go0 = —20, .

800 @ 10

080i = 08ip = (&'B + Si) , Jﬁ/degrees

: | ; of freedom
581] — 58]’1’ — —2¢5ij + (aza] — —5ijV2)E + 8iFj + c‘?jF,- + hija :

e (5wt Efp-tensor components)
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Toi = Tip = Ou + uj, y@/degrees

5 ’ of freedom

|
Ty =Tji = p oy + (90 — 30;V")o + 00; + v, + Ty

[ 0;S; = 0 (1 constraint), 0;F; = 0 (1 constraint), onstraints for

In order NOT O;hij = 0 (3 constraints),  h; = 0 (1 constraint) | metric perturbations
{0 over-count <
degrees of
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freedom
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T (svt metric perturbations)

0g0i = 080 = (0iB +5i), 10 degrees
’ ' of freedom

(svt E/p-tensor components)
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T (svt metric perturbations)

0goi = 0gio = (OB + i), 10 degrees
’ ' of freedom

(svt E/p-tensor components)
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Tj =Ty = p oy + (00 — 70;V*)o + 0wy + i + IL;. .
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T (svt metric perturbations)

i 5 o
080i = 0gio = (0:B + Si) jﬂ/degrees
E : of freedom

(svt E/p-tensor components)
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T (svt metric perturbations)

080i = 08ip = (aiB + Si) ) 6 degrees

| g of freedom
08ij = 08ji = —2tpd;; + (9;0; — §5ijvz)E + O;F; + O;F; + hy;,

(svt E/p-tensor components)

................................................................................

Ty = Too = O + s 6 degrees
5 ' of freedom

|
Ty =Tji = p oy + (90 — 30;V")o + 00; + v, + Ty
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1
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(4 d.o.f.
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T (svt metric perturbations)

0goi = 0gio = (0;B +S;), 6 degrees

| g of freedom
08ij = 08ji = —2tpd;; + (9;0; — §5ijvz)E + O;F; + O;F; + hy;,

(svt E/p-tensor components)

................................................................................

Ty = Too = O + s 6 degrees

5 | 5 of freedom
Ty =Tji = p oy + (90 — 30;V")o + 00; + v, + Ty

Gauge Invariant !
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(5g """""""" 5 ¢ """"""""""""""""""""""""""""""""" (svt metric perturbations)

= 00 = — E

080i = 0gio = (0:B + Si) 6 degrees

: | ; of freedom
581] — 58]’1’ — _2¢5z'j + (aza] — —5ijV2)E + @Fj + @Fi —+ hija :

L (svi Elp-tensor components)

Ty = Too = O + s 6 degrees

| ' of freedom

|
Ty =Tji = p oy + (90 — 30;V")o + 00; + v, + Ty

Gauge Invariant !

[ ¢ —¢—dy, B—B—dy—d, ) z—¢+B—%E, (1)
| ¢—>¢+%V2d, E— E—2d, |
PhySICa| { } :{> 0= 24— gsz, (1)
Symmetry Si — Si —di, Fi — Fi —2dl',
4 dOf EiESi_lFia (2)
( \ | by — hy.| (2) J - 2

spurious ) with 9,5, — 0
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Gauge Invariant !

@E_¢+B_%a (1)

_ I 1
O =-2-3VE, (1) 6 gauge invariant

. degrees of freedom
2,’ p— S,‘ — EFI', (azzz — 0) (2)

hij = hij,  (ha = 0ihi; =0)  (2)
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Gauge Invariant !

: 1.
= — B — <L,
¢+B—3

(1)

6 gauge invariant
degrees of freedom

Gauge Invariant

Einstein Tensor —

Go = —V?0,

| .
Go; = —Evzzi — 9,0,

1 1 .

. 1
Gij = =5 0hj — 0% — 500, (22 + ©) + 5y 5v2 29 +0) -6




Gravitational Wave Definition

Gauge Invariant !

@z_¢+3_%a (1)
O=-29Y— %VZE, (1)

1.
ZiES,’— —Fi,
2

hz’j — hij , (hm — @hw — O)

6 gauge invariant
degrees of freedom

Gauge Invariant
(perturbed)

Einstein Eqs. —
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Gauge Invariant !

——¢+B—%E (1)

O=-2¢— %VZE, (1)

6 gauge invariant
degrees of freedom

Gauge Invariant
(perturbed)
Einstein Egs.
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. . Gauge Invariant
6 gauge invariant d.o.f. (perturbed)

- . N P R . R _ _ . . u = P
SRR STANTSRS NN A CrnesPane Einstein Eqs. e
- v - . - - : o - . P 2 - - . - - g - -
o SRS oo o e Lot G e ST i iR i s B g o e s ot e - LB s crr
/",

V2O = —Lp (1) V= ﬁ (p+ 3p — 3i) (1) ?

D

VY = —28.(2) Ohy = —311;.  (2)

g 2y <Fg - V4 BY DI.e o3 KN g I TN A - LY <Xy - S T4 L. o~ P, IR TR TR SN X N = Y T DA I, L
&> =0 05 O VI o3y ] > « 'V &> ¥o %5 O JOC T S A X R =~ NIy BN A\
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. . Gauge Invariant
6 gauge invariant d.o.f. (perturbed)

- . N P R . R _ _ . . u = P
SR SRNPIR TN AT resrape  Einstein Eqs. weree
- v - . - - : o - . P 2 - - . - - g - -
o SRS oo o e Lot G e ST i iR i s B g o e s ot e - LB s crr
"‘,

V20 = —Lp (1) V20 =L (p+3p—3i) (1) 5

ViEi=—-5

transverse
& traceless
(tensor dof)
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. . Gauge Invariant
6 gauge invariant d.o.f. (perturbed)

- . N P R . R _ _ . . u = P
SR SRNPIR TN AT resrape  Einstein Eqs. weree
- v - . - - : o - . P 2 - - . - - g - -
o SRS oo o e Lot G e ST i iR i s B g o e s ot e - LB s crr
"‘,

V20 = —Lp (1) V=L (p+3p—3i) (1) §

VS = -5,

SIS 2y <y DAl 0B DI C S KN % ME T U ] DS 2y S o N & Tt MRV R TR BUR U, (T o o St o W & ooy MR RN
F BT 0 o, l"' e d ,_.A <l ~- :...,,, &d s> Tl & e _..‘ .‘»,., :\.,,,7 = N HTy N “ e Lo S 2 < T,
4 % A LSt o ~ ‘g . N H2 e - S - UL D y - m o < e S L)

transverse
& traceless
(tensor dof)

Only radiative (~ propagating wave Eq.)
gauge invariant degrees of freedom !



Gravitational Wave Definition

. . Gauge Invariant
6 gauge invariant d.o.f. (perturbed)

PP . - - - . . _ . - _ _ . B L] L] P
SRR rsomarnssps Einstein Eqs.  waesy
"‘,

V20 = —Lp (1) V20 =L (p+3p—3i) (1) 5

VS = -5,

transverse
& traceless
(tensor dof)

Only radiative (~ propagating wave Eq.)
gauge invariant degrees of freedom !

Gravitational Waves (GWs) are TT d.o.f. metric
perturbations, independently of system of reference



Cosmological Backgrounds of Gravitational Waves

Chiara Caprini

Laboratoire Astroparticule et Cosmologie, CNRS UMR 7164, Université
Paris-Diderot, 10 rue Alice Domon et Léonie Duquet, 75013 Paris, France.

Daniel G. Figueroa

Laboratory of Particle Physics and Cosmology Institute of Physics (LPPC), Ecole
Polytechnique Fédérale de Lausanne (EPFL), CH-1015 Lausanne, Switzerland.

Abstract. Gravitational waves (GWs) have a great potential to probe cosmology.
We review early universe sources that can lead to cosmological backgrounds of

d in_a

glﬂ/(m) — 77;u/ + huu(aj) ) |h';u/(x>| < 1.

«Notice that under a Lorentz transformation z/, = A Yz, g/, (z') = A,*A,Pg.s(x), preservation
of Eq. @) requires |A,*A,Phog(z)] < 1, so that it remains true that |h),,(z')] < 1. Rotations do
not spoil the condition |h,,(z)| < 1, but boosts could, and therefore must be restricted to those that
do not spoil such condition. As h,,(x) is invariant under constant displacements z'* — z* + a*,

linearised gravity Eq. @ is also invariant under Poincaré transformations.
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3rd approach
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(for a FLRW space-time) (FLRW)
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3rd approach to GWs Guw (2) = G (2) +0g, (), [dg] <1
(for a FLRW space-time) (FLRW)

Flat-FLRW: ds* = g, dx"dx" (t = Conformal time)
= a*()(—dt* + dx - dx)

= az(t);ywdx”dx”
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3rd approach to GWs Guw (2) = G (2) +0g, (), [dg] <1
(for a FLRW space-time) (FLRW)

Flat-FLRW: ds* = a*(O)n,, dx*dx* (¢ — Conformal time)
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3rd approach to GWs G (%) = Gy (%) +0g, () 5 [39,0| <1
(for a FLRW space-time) (FLRW)

Flat-FLRW: ds”* = a*(t)y,,dx*dx* (¢ — Conformal time)

Flat-FLRW + GWs :  ds” = a*(D)[,, + h,, Jdx"dx"

Transverse-
where  hy, =0, h; =0, dh; =0 Traceless (TT)

d.o.f.
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3rd approach to GWs G (%) = Gy (%) +0g, () 5 [39,0| <1
(for a FLRW space-time) (FLRW)

Flat-FLRW: ds”* = a*(t)y,,dx*dx* (¢ — Conformal time)

Flat-FLRW + GWs :  ds” = a*(D)[,, + h,, Jdx"dx"

Transverse-
where  hy, =0, h; =0, dh; =0 Traceless (TT)

d.o.f.
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Conformal Transf.: ds* = gw(x)dx”dx” = Q%(){)igﬂy(xzdx”dx”

a*(t) [n,,+h,]
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3rd approach to GWs G (%) = Gy (%) +0g, () 5 [39,0| <1
(for a FLRW space-time) (FLRW)

Flat-FLRW: ds”* = a*(t)y,,dx*dx* (¢ — Conformal time)

Flat-FLRW + GWs :  ds” = a*(D)[,, + h,, Jdx"dx"

Transverse-
where  hy, =0, h; =0, dh; =0 Traceless (TT)

d.o.f.
2 ~
Conformal Transf.: ds* = gw(x)dx”dx” = Q%(){)igﬂy(xzdx”dx”

a’() [, +hy, 1
= &,,(%)
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Einstein Eqs: G,, =R, — ERg”U =m,"1,
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)
RMI/ o mp T/’w -

Question: Rﬂy[g** = QZ(X)g**] ?
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1
EinsteinEgs: G,, =R, — ERgW = mp—2TMU

h
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R/w — My T/ﬂ/

Question: Rﬂy[g** = QZ(X)g**] ?

Note: R, [§«] = (0,1, —0o,%) + [, — U7



Gravitational Wave Definition

1
EinsteinEgs: G,, =R, — ERgW = mp—2TMU

h

—_—

D =)
R/w — My T/w

7 p

Question: Rﬂy[g** = QZ(X)g**] ?

Note: R, [§«] = (0,1, —0o,%) + [, — U7
[ a(ﬂfv) — 0/451/ T av&ﬂ

Notation: :
\ a[ﬂév] = aﬂgV - avéﬂ

. . _2—
_ R, =m,"1,
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Einstein Eqs:

— 1 )
= RW — —ng =m_ T

2 P MU

—_—

—

— 12
R, =m,"1,, =

o=
R,W — 1 T/w

_ 1
[T//w = T//”/_E g’m/]

Question: Rﬂy[g** = QZ(X)g**] ?

» B ra 14
q e T

I lad™ pv]
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~ - _ = a~d /A
Then: R[] =017, + 17,17,
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Then: Rﬂy[g**] = R/,w[g**] + 5R/,w

[ T, = T[] + 8T, gun, o] |

It can only
take this form !
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Then: R/,w[g**] = R/,w[g**] + g;wa)

[ 2,0=200,-20,,-2g, 0,0%—-g, (0%, ] ;o =logal(?)

U




Gravitational Wave Definition

8xx
Then: RW[(?**] = Rﬂy[ﬂ** + Ne] + @,uva)

[ 2,0=200,-20,,-2g, 0,0%—-g, (0%, ] ;o =logal(?)

U




Gravitational Wave Definition

Then: R//w[g**] = R//w[ﬂ** ~+ h**] + @Wa)

[ 2,0=200,-20,,-2g, 0,0%—-g, (0%, ] ;o =logal(?)

U




Gravitational Wave Definition

Then: R//w[g**] = R//w[ﬂ** ~+ h**] + @Wa)

[ 2,0=200, -2v,, -2, 0,0%-g, (0., ] ;o = loga(r)

U




Gravitational Wave Definition

Then: Rﬂy[g**] = R//w[?’]** ~+ h**] + @Wa)

[ 2,0=200,-20,,6 -2¢, 0,0%—-g, (0%, ] ;o =logal(?)

U




Gravitational Wave Definition

Then: Rﬂy[g**] = R//w[?’]** ~+ h**] + @Wa)

| D0 = 20,0, = 20, ~28,0,0° = g, (@7, | i ©=loga(

U




Gravitational Wave Definition

Then: Rﬂy[g**] = R//w[?’]** ~+ h**] + S’Zﬂya)

[ 2,0=200,-20,,6 -28 0,0%—g, (09, ] ;@ = logal(r)




Gravitational Wave Definition

Then: Rﬂy[g**] = R//w[?’]** ~+ h**] + @Wa)

[ 2,0=200,-20,,-2g, 0,0%—-g, (0%, ] ;o =logal(?)

U




Gravitational Wave Definition

Then: Rﬂy[g**] = R//w[?’]** ~+ h**] + S’Zﬂya)

[ 2,0=200,-20,,-2g, 0,0%—-g, (0%, ] ;@ = logal(r)




Gravitational Wave Definition

Then: Rﬂy[g**] = R//w[?’]** ~+ h**] + S’Zﬂya)

[ 2,0=200,-20,,-2g, 0,0%—-g, (0%, ] ;@ = logal(r)




Gravitational Wave Definition

Then: Rﬂy[g**] = R//w[?’]** ~+ h**] + S’Zﬂya)

[ 2,0=200,-20,,-2g, 0,0%—-g, (0%, ] ;@ = logal(r)




Gravitational Wave Definition

Then: Rﬂy[g**] = R//w[?’]** ~+ h**] + S’Zﬂya)

[ 2,0=200,-20,,-2g, 0,0%—-g, (0%, ] ;@ = logal(r)




Gravitational Wave Definition

Then: Rﬂy[g**] = R//w[?’]** ~+ h**] + S’Zﬂya)

[ 2,0=200,-20,,-2g, 0,0%—-g, (0%, ] ;@ = logal(r)




Gravitational Wave Definition

Then: Rﬂy[g**] = R//w[?’]** ~+ h**] + S’Zﬂya)

[ 2,0=200,-20,,-2g, 0,0%—-g, (0%, ] ;@ = logal(r)




Gravitational Wave Definition

~/

Then: R, =R, [1e+ he] + (QZWCO)(O) + (& Wa))(l) + (9D Wa))(z)

[ 2,0=200,-20,,-2g, 0,0%—-g, (0%, ] ;@ = logal(r)




Gravitational Wave Definition

~/

Then: R, =R, [1e+ he] + (@mﬂ))(o) + (& Wa))(l) + (9D Wa))(z)

[ 2,0=200,-20,,-2g, 0,0%—-g, (0%, ] ;o =logal(?)

U




Gravitational Wave Definition

~/

Then: R, =R, [1e+ he] + (@mﬂ))(o) + (& Wa))(l) + (9D Wa))(z)

?




Gravitational Wave Definition

~/

Then: R, =R, [1e+ he] + (@mﬂ))(o) + (& Wa))(l) + (9D Wa))(z)

?




Gravitational Wave Definition

~/

Then: R, =R, [1e+ he] + (@mﬂ))(o) + (& Wa))(l) + (9D Wa))(z)

?




Gravitational Wave Definition

~/

Then: R, =R, [1e+ he] + (@mﬂ))(o) + (& Wa))(l) + (9D Wa))(z)

?




Gravitational Wave Definition

~/

Then: R, =R, [1e+ he] + (@mﬂ))(o) + (& Wa))(l) + (9D Wa))(z)

?




Gravitational Wave Definition

~/

Then: R, =R, [1e+ he] + (@mﬂ))(o) + (& Wa))(l) + (9D Wa))(z)

(1) (2)
0+06R,, + SR,




Gravitational Wave Definition

Then: R,=6R,+06R,+(2,0)"+(D,0)"+(D,,0)




Gravitational Wave Definition

Then: R, =(92,0)" + 5R +(2,0)") + SR +(D,0)?
) uv — ,uva) Uv ,uva) Uv ,uva)




Gravitational Wave Definition

Then: R, =(92,0)" + 5R +(2,0)") + SR +(D,0)?
) uv — ,uva) Uv ,uva) Uv ,uva)

OhP, O(h) O(hZ,




Gravitational Wave Definition

Then: R, =(92,0)" + 5R +(2,0)") + SR +(D,0)?
) uv — ,uva) Uv ,uva) Uv ,uva)

(0) (1) 2)
R R, R,

1%




Gravitational Wave Definition

(O N ¢ VI

Then: R =R, +R, +R,




Gravitational Wave Definition

(O N ¢ VI

Then: R =R, +R, +R,




Gravitational Wave Definition

(O N ¢ VI

Then: R =R, +R, +R,




Gravitational Wave Definition

(O N ¢ VI

Then: R =R, +R, +R,




Gravitational Wave Definition

O ©

Then: R =R, +R, +R,

Let’s forget for the moment
of second order parts ...




Gravitational Wave Definition

© W

~/ ~/

Then: R;w = R/w + R

Let’s forget for the moment
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i (0) (1) (2)
Then: R = R <+ R/w +<R/w>

Uv Uv
[Friedmann [GW Eq. GW energy-momentum ; How gravity
Equations]  motion] over background ! gravitates !

Energy density
carried by
Gravitational Waves

Sub-horizon & Free fields
(k> X) (after emission)

r ap .
GW Energy density Spectrum
Pow = |dlogf - itati

dlo o f of Gravitational Waves
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2
My

4

1 «
(R) = =7 (0u0gap 0,09°") mulp tuy = —(D.09ap 0,09"")

It can be shown that only TT dof contributeto <...>

m2 TT TT
t,ul/: Tp <8,u59fij al/égz'j >

-

(09i; = hij)
GW energy-momentum tensor GW energy density
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High Freq. / Short Scale? Ry = —[RIT" m_z%

What about the 1 1 High
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What about the
High Freq. / Short Scale? K

ng _ _[RELQJ]High T

(2) |High .
Ry ~ O As — |R&2)\ngh negligible
R Lo

-

Creation of GWs
INn curved space-time

TT dof = truly radiative !
[no gauge choice]
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GW Propagation/Creation
in Cosmology

hi; = 0

FLRW: ds? = a?(—dn? + (8;; + h;;)dxdz’), TT:
o hijrj = 0

Creation of GWs in curved space-time Source: Anisotropic Stress

Eom:|hf; + 2Hhi; — VZhi; = 167GILH (T = To — (Tig)

GW Source(s): ( SCALARS , VECTOR . FERMIONS )
H;‘;Z;-T o< {9;x0;x Y, {E;E; + B;B;}'", {YvyDjy}tt




Cosmic History

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



GWs: probe of the early Universe

Q@ WEAKNESS of GRAVITY:
JPLE upon Production

ADVANTAGE: GW DECOUPLE
DISADVANTAGE: DIFFICULT DETECTION

@ ADVANTAGE: GW —_Probe for Early Universe

= e e e <

_) Decouple — Sectral Form Retained
Specific HEP < Specific GW

Inflation
Reheating

Phase Transitions
Cosmic Defects

© Physical Processes:




The Early Universe

Particle Phase Probe of
Production Transitions the ear|y

Universe

BIG BANG

Quantum
Fluctuations

Cosmic
(At 5 ls) Defects

GWs dp .
HfriIL;'T[qu Auawa“'] > dlogf




GWs: probe of the early Universe
OUTLINE

1) Cosmology + GWs \/
‘ 2) GWs from Inflation
Early 3) GWs from Preheating

Universe
4) GWs from Phase Transitions

5) GWs from Cosmic Defects
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