GRAVITATIONAL WAVE
— BACKGROUNDS —

3rd Lecture

DANIEL G. FIGUEROA

MITP Summer School - CrossLinks of Early Universe Cosmology, 15 July - August 2, 2024



Early

Sources

Gravitational Wave
Backgrounds

OUTLINE

— PR -
— o a B - P TIND = oo o —g

ﬁ 2) GWs from Inflation v

: g 3) GWs from Preheating
Universe {

9) GWs from Cosmic Defects .'

§ " core
§\ Topics

i 4) GWs from Phase Transitions §



Gravitational Wave
Backgrounds

OUTLINE

2) GWs from Inflation v

Early '3)‘GWsd fro re h'eatlng_

. ; ., cove
Universe { e A At OSSO o)
Sources 4) GWs from Phase TranS|t|ons

5) GWs from Cosmic Defects




INFLATIONARY COSMOLOGY

'cures' hBB

_ _ Scalar
(initial) _ Primordial {
] / cond. perturbations Utensor: Irreducible GWs
Inflation

\ Extra species/symmetries
Scenari034 Enhanced Scalar Pert.

\. |

> Enhanced GWs




INFLATIONARY COSMOLOGY

'cures' hBB

Scalar
|n|t|al - Primordial

. CO"d perturbathnS{Tensor: Irreducible GWs
Inflatlon

Extra species/symmetries

cenarloséz Enhanced Scalar Pert. > Enhanced GWs

Matchlng mflatlon)

Reheating = W|th the hBB Th



INFLATIONARY COSMOLOGY

'cures' hBB

Scalar
|n|t|al - Primordial

. CO"d perturbathnS{Tensor: Irreducible GWs
Inflatlon

Extra species/symmetries

cenarloséz Enhanced Scalar Pert. > Enhanced GWs

J

Matchlng inflation :
Reheating = W|th the hBB Th. ) I:{> New GW production



INFLATIONARY COSMOLOGY

'‘cures' hBB
Scalar
|n|t|al - Primordial {
_ °°"d perturbations Utensor: Irreducible GWs
Inflatlon
\ Extra species/symmetries

cenanosd Enhanced Scalar Pert. > Enhanced GWs

J

= i — S R ————— ——

Matchlng inflation :
Reheating = W|th the hBB Th. ) I:{> New GW productlorﬂ

S ——————— S——— S——— ———————




INFLATIONARY REHEATING

INFLATION — REHEATING — BIG BANG THEORY

-
o

T q ~ {172

THERMAL
EQUILIBRIUM

REHEATING

Z
nl
>
-
)
r 4



INFLATIONARY REHEATING

INFLATION — REHEATING — BIG BANG THEORY

INITIAL CONDITIONS: FINAL CONDITIONS:
NO Particles, Thermal Equilibirum, T_RH

ONLY Vacuum Energy

24> THERMAL

K9 QUILIBRIUM

v
Z
L
2
-
)
z
m
T
.
-




INFLATIONARY REHEATING

INFLATION — REHEATING — BIG BANG THEORY

q ~ {172

bbbbbb

Fuetflc THERMAL
ENoekeQUILIBRIUM




INFLATIONARY REHEATING

INFLATION — REHEATING — BIG BANG THEORY

L = E(éa Pis E)Ja Ap-:l h‘p.ua )

q ~ t1/2

gasstflc THERMAL
ENSekeQUILIBRIUM

™)
Z
L
>
=
O
2
m
T
.
=




INFLATIONARY REHEATING

INFLATION — REHEATING — BIG BANG THEORY

L = E(éa Pis E)Ja Ap-:l h‘p.ua )

q ~ t1/2

gasstflc THERMAL
ENSekeQUILIBRIUM

™)
Z
L
>
=
O
2
m
T
.
=




SCALAR REHEATING

1) Vig,x) = 32" + smix® + 39°¢°x® (Chaotic)

2) Vipg,x) = su26*> + 203012 + 1g%¢*x? (Hybrid)
INFLATON DAUGHTER COUPLING



SCALAR REHEATING

1) Vig,x) = 32" + smix® + 39°¢°x® (Chaotic)

2) Vipg,x) = su26*> + 203012 + 1g%¢*x? (Hybrid)
INFLATON DAUGHTER COUPLING

!

( Ruled out for inflation, )
Not for reheating !



SCALAR REHEATING

1) Vig,x) = 32" + smix® + 39°¢°x® (Chaotic)

2) Vg, x)= ip2¢* + F(x*2—vH)? + 1g%¢*x2® (Hybrid)
INFLATON DAUGHTER COUPLING

[ o(t) + 3H¢o + V'(p) =0 (Inflaton Zero-Mode : Damped Oscillator)

¢ O¢r + F(J dgdgXik—q|)Pk + ... =0  (Inflaton Fluctuations)

C Oxe + F(J daxg, djp—q))xk + ... =0 (Matter Fluctuations)




SCALAR REHEATING

1) Vig,x) = 32" + smix® + 39°¢°x® (Chaotic)

2) Vg, x)= ip2¢* + F(x*2—vH)? + 1g%¢*x2® (Hybrid)
INFLATON DAUGHTER COUPLING

[ o(t) + 3H¢o + V'(p) =0 (Inflaton Zero-Mode : Damped Oscillator)

¢ O¢r + F(J dgdgXik—q|)Pk + ... =0  (Inflaton Fluctuations)

C Oxe + F(J daxg, djp—q))xk + ... =0 (Matter Fluctuations)

DYNAMICS:

Non-Linear, Non-Perturbative & Far-From-Equilibrium

k; £ Ak; — @or(t), ng(t) ~ exp{urt}




SCALAR (P)REHEATING

1) Vig,x) = 32" + smix® + 39°¢°x® (Chaotic)

2) Vg, x)= ip2¢* + F(x*2—vH)? + 1g%¢*x2® (Hybrid)
INFLATON DAUGHTER COUPLING

[ o(t) + 3H¢o + V'(p) =0 (Inflaton Zero-Mode : Damped Oscillator)

¢ O¢r + F(J dgdgXik—q|)Pk + ... =0  (Inflaton Fluctuations)

C Oxe + F(J daxg, djp—q))xk + ... =0 (Matter Fluctuations)

DYNAMICS:

Non-Linear, INon-Perturbativel& Far-From-Equilibrium
k;, + Ak; = or(t), ni(t) ~ exp{uxt} %I PREHEATINGI




SCALAR (P)REHEATING

A
1) Vig,x)= —¢" + smix* + 39°¢°x* (Chaotic)
n



SCALAR (P)REHEATING

A
1) Vig,x)= —¢" + smix* + 3¢°¢*°x* (monomial)
n

!

( Ruled out for inflation, )
Not for reheating !



SCALAR (P)REHEATING

A
1) Vig,x)= —¢" + smix* + 39°¢°x* (Chaotic)
n



SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE



SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

Vie,x) = V(o) + smix* + 359°¢°x® (Chaotic Models)

X!+ [k* 4+ m?(¢)|Xx =0 (Fluctuations of Matter)

V(¢)




SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

Vie) = V(o) + m2x® + Lg%¢*x* (Chastic Modele)

e.d. Alpha
X!+ [k* 4+ m?(¢)|Xx =0 (Fluctuations of Matter) Attractors
h \ , - »
\ / .
\ V() / Inflation




SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

Vie,x) = V(o) + smix* + 359°¢°x® (Chaotic Models)

X!+ [k* 4+ m?(¢)|Xx =0 (Fluctuations of Matter)

V(¢)




SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

Vie,x) = V(o) + smix* + 359°¢°x® (Chaotic Models)

X!+ [k* 4+ m?(¢)|Xx =0 (Fluctuations of Matter)

V(¢)




SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

Vie,x) = V(o) + smix* + 359°¢°x® (Chaotic Models)

X!+ [k* 4+ m?(¢)|Xx =0 (Fluctuations of Matter)

V(¢)




SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

Vie,x) = V(o) + smix* + 359°¢°x® (Chaotic Models)

X!+ [k* 4+ m?(¢)|Xx =0 (Fluctuations of Matter)

V(¢)




SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

Vie,x) = V(o) + smix* + 359°¢°x® (Chaotic Models)

X!+ [k* 4+ m?(¢)|Xx =0 (Fluctuations of Matter)

V(¢)




SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

Vie,x) = V(o) + smix* + 359°¢°x® (Chaotic Models)

X!+ [k* 4+ m?(¢)|Xx =0 (Fluctuations of Matter)

V(¢)




SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

Vie,x) = V(o) + smix* + 359°¢°x® (Chaotic Models)

X!+ [k* 4+ m?(¢)|Xx =0 (Fluctuations of Matter)

V(¢)




SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

Vie,x) = V(o) + smix* + 359°¢°x® (Chaotic Models)

X!+ [k* 4+ m?(¢)|Xx =0 (Fluctuations of Matter)

V(¢)




SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

Vie,x) = V(o) + smix* + 359°¢°x® (Chaotic Models)

X!+ [k* 4+ m?(¢)|Xx =0 (Fluctuations of Matter)

V(¢)




SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

Vie,x) = V(o) + smix* + 359°¢°x® (Chaotic Models)

X!+ [k* 4+ m?(¢)|Xx =0 (Fluctuations of Matter)

V(¢)




SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

Vie,x) = V(o) + smix* + 359°¢°x® (Chaotic Models)

X!+ [k* 4+ m?(¢)|Xx =0 (Fluctuations of Matter)

V(¢)




SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

Vie,x) = V(o) + smix* + 359°¢°x® (Chaotic Models)

X!+ [k* 4+ m?(¢)|Xx =0 (Fluctuations of Matter)

V(¢)




SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

Vie,x) = V(o) + smix* + 359°¢°x® (Chaotic Models)

X!+ [k* 4+ m?(¢)|Xx =0 (Fluctuations of Matter)

V(¢)




SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

Vie,x) = V(o) + smix* + 359°¢°x® (Chaotic Models)

X!+ [k* 4+ m?(¢)|Xx =0 (Fluctuations of Matter)

V(d)

() < m2(¢)

m(¢) > m2()




SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

Vie,x) = V(o) + smix* + 359°¢°x® (Chaotic Models)

X!+ [k* 4+ m?(¢)|Xx =0 (Fluctuations of Matter)

ADIABATIC V(®)  aAplaBATIC
REGION | | REGION
m(¢) < m2(¢) ! L mi(9) < m2(¢)
' NON

X lt) ~ ADIABATIE X, (t) ~

Exp (i m(e)ct) | 1 EXp cifmig)ar)

P Ny>> 1)




SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

MATTER FIELD FLUCTUATIONS :
Maszsléless : X+ (k% + gen?(2) Xk =0 (Lamé Eq.) c]z%; <

(n=4)
[X = a”y]

W+l

k
— 5, Z
()2



SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

MATTER FIELD FLUCTUATIONS

M(aSS{gSS XPH(R? 4 gen®(2)Xp =0 (Lamé Bq.) o= c=" ¢ c=
n = *
M(%s_sizx)fe : X4+ (A — 2gcos(22)) X, =0 (Mathieu Eq.) _ 897

K
2 = wsl C()*Em(p
[X = a’y]

&



SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

MATTER FIELD FLUCTUATIONS :
, k
Massless : X;'+(x° + gcn?(2)) X, =0 (Lamé Eq.) qz%; K=— 1 25

(n=4)
2472

M(%s_sizx)fe : X4+ (A — 2qgcos(22)) X, =0 (Mathieu Eq.) 4= if; . K

7 = W« )

Q.08

0.06
0.04 (\
0.0z}
[\ [\ NN N A A A A
GUUUJDU‘UUGMUUM
0.0z} 7 = W+l

-0.04 ¢

0. 06T U




SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

MATTER FIELD FLUCTUATIONS
Massless : X;'+(x° + gcn?(2)) X, =0 (Lamé Eq.)
M(%s_sizx)fe : X +(Ar —2qcos(22)) X, =0 (Mathieu Eq.) ng ~ etk

Z:C()*t

[\/\ﬁﬂﬂﬂnnn.
nUUUmU‘UU&MUUéﬂ




SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

Broad (q>1)

MATTER FIELD FLUCTUATIONS

Massless : X;'+(x° + gcn?(2)) X, =0 (Lamé Eq.)

M(%S_Siz‘)fe : X4+ (A — 2gcos(22)) X, =0 (Mathieu Eq.) ng ~ etkt

(Floguet Exponent)

0.25
0.08 r 0.20 q=5 0.20 q=8 0.20 g=11
T 0.15 0.15 0.15
0.10F & 0.10 0.10
0.05f 1% 0.05 0.05 n
000k = tecomcnnnne r===4 0.00 R — 0.00fponas""accegens posa]
guaer 0 T2 T3 a8 001 2 3 45 0 1 2 3 a4 5
0.25 0.25 0.25
0.20 q=29 0.20 q=43 0.20 q=130
0.15 0.15 0.15
0.04¢ 0.10 0.10 0.10
0.05 0.05 - 0.05
0.00 | 0.00fz=-t tocoobomono-- 0.00 ‘
oozt it pno o012 345 0 1 23 45 0 1 23 &5
T 0.25 0.25 0.25 : ,
[\ 020 q=275 | o020 q=584 | o. q=1030
ﬂ 0.15 0.15 i o.1s
0.10 0.10 0.10
1] Udﬂv V "u'r -SM AWV ¥ 0.05 0.05 0
0.00f=t . teczecze---d O 0 | 0.00k-c-2 . to-t--d
L, 0 12 3 45 0 1 2 3 a5 0 1 2 3 &4 s
-0.0z2k Z m— a)*t 0.25 25
0.20 q=1550{ o.20 q=2200{ o020 q=3000
0.15 0.15 0.15 -
0.10 0.10 0.10
=0.04 ¢ 0.05 05 0
(X0 ) ST, — S Yo | S S— — i R, Yo s | S fppup
000000000000000000
] = k/
K = Wy



(n

SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

MATTER FIELD FLUCTUATIONS
Massléless : X+ (k% + gen?(2) Xk =0 (Lamé Eq.)

)

M(%s_sizx)fe : X +(Ar —2qcos(22)) X, =0 (Mathieu Eq.)

Q.08

J.0& ¢

0.04 k

Q.02+

-0.02 p

-0.04 ¢

0. 06T

0.20 q:5

0 1 2 3 4 5

P S -
&

0.20 =275
i ot d

0 II
Io y
‘0

Og° = o “VOZ
0.20 q=1550 0.2
0.15 0.1
0.10 0.1
0.05

0.00

0 1 2 3 4 5

I T S B e

nk AU elukt

(Floguet Exponent)

0.20 q=8 0.20
0.15 0.15
0.10 0.10
0.05 0.05
0.00 —A

g=11

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

000000

000000

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

000000

000000

000000

000000

--------
000000




SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

MATTER FIELD FLUCTUATIONS
Massless : X;'+(x° + gcn?(2)) X, =0 (Lamé Eq.)
M(%s_sizx)re : X +(Ar —2qcos(22)) X, =0 (Mathieu Eq.) ng ~ etk

Mk 0.25 P:
o 0.20 | ) q=275 -
0.15¢ " :
- 4 A}
(\ 0.10 ',' .
o 0.05 — : ‘. :
0 [\U[\U{'}Uﬂ\;ﬂuf;‘unvnuﬂh 0.00 =" . .. ., l‘- -rm=m=om
-0.02 | U 7 = Wl O 1 2 3 4 5
-0.04 ¢ K E k/a)*
-0.06 7t U




SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

MATTER FIELD FLUCTUATIONS

Massless : X;'+(x° + gcn?(2)) X, =0 (Lamé Eq.)
(n=4) X}, ~ etk t

Massiye - X/4+(Ar —2gcos(22)) Xy =0 (Mathieu Eq.) ng ~ eknt

100.0 ¢
x> 0.1822=
72 107
107"
10—10'_
10—13 e




SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

MATTER FIELD FLUCTUATIONS

Massless : X;'+(x° + gcn?(2)) X, =0 (Lamé Eq.)

M(%S_Sig)fe : X4+ (A — 2gcos(22)) X, =0 (Mathieu Eq.) ngp ~ ettt

100.0/
B1x. > 0.1 o
2 2 10_4f

107"} \
107191 - \
0.5 1 5 10 50100

K = K/«




SCALAR (P)REHEATING
2) Hybrid Scenarios : SPINODAL INSTABILITY

() + (12 + ¢*Ix[*)p(t) = 0 }

0+ (K2 m? (5 — 1) +ANE) e = 0

Hybrid Preheating

71\

Inflaton




SCALAR (P)REHEATING
2) Hybrid Scenarios : SPINODAL INSTABILITY

infl ' - '

|n" aton m‘3828 2/,c;oupllng Self Coupllngv\ /V E.V
o(t) + (1° + g%|x|*)e(t) =0 m = v\

. 2 _ Critical
Xk T+ (k2+1”2 (% — 1)J+>"X‘2)Xk =0 e =m/g value

(8°p* — m?)
Hybrid Preheating

2
1
1.8
1 7Z\

Inflaton

. |
Higgs -



SCALAR (P)REHEATING
2) Hybrid Scenarios : SPINODAL INSTABILITY

infl ' i, i

|n" aton m‘3828 2/,c;oupllng Self COUp|Iﬂg\ /\/ FV
o(t) + (u* + g%|x|%)e(t) = 0 m = vv

. 2 _ Critical
Xk T+ (k2+ m? (% — 1)+>"X‘2)Xk =0 e =m/g value

Hybrid Preheating

mz(k<m )<
Inflaton I( )<0

2
1
1.8 7Z\<¢’< ¢=m/g
1 :



v)
m2—k2t

k<m=+vV\
ne ~ €

(

Xk

SPINODAL INSTABILITY

SCALAR (P)REHEATING
o(t) + (1?4 g*[x?)o(t) = 0

Hybrid Preheating

2) Hybrid Scenarios

=)

2 v

1l E

oL p,cm
v o o2

= =

Inflaton

B

s
L s
i
ﬂ.“...l..‘....l....l.”..l...l.l.l g ]
el e




SCALAR (P)REHEATING
2) Hybrid Scenarios : SPINODAL INSTABILITY

() + (12 + ¢*Ix[*)p(t) = 0 (k <m = V)

.e 2
Koo+ (K2 m? (i_ - )“!X\Z)xk =0 Xy T~ €Y




INFLATIONARY PREHEATING

Physics of (p)REHEATING: ¢ + w?(k,t)pr = 0

Hybrid Preheating: w? = k* + m?(1 —Vt) <0 (Tachyonic)
Chaotic Preheating : w? = k% 4+ ®2(¢) sin” ut (Periodic)




INFLATIONARY PREHEATING

Physics of (p)REHEATING: ¢ + w?(k,t)pr = 0

Hybrid Preheating: w? = k* + m?(1 —Vt) <0 (Tachyonic)
Chaotic Preheating : w? = k% 4+ ®2(¢) sin” ut

At kz

O, g, ~ et = Inhomogeneities: ¢

(Periodic)

(L ~1/k;

op/p 21




INFLATIONARY PREHEATING

Physics of (p)REHEATING: ¢ + w?(k,t)pr = 0

Hybrid Preheating: w? = k* + m?(1 —Vt) <0 (Tachyonic)
Chaotic Preheating : w? = k% 4+ ®2(¢) sin” ut (Periodic)

(L ~1/k;

At ki: o, nE, ~ et Bt = Inhomogeneities: { dp/p = 1




INFLATIONARY PREHEATING

Physics of (p)REHEATING: ¢ + w?(k,t)pr = 0

Hybrid Preheating: w? = k* + m?(1 —Vt) <0 (Tachyonic)
Chaotic Preheating : w? = k% 4+ ®2(¢) sin” ut (Periodic)

(L ~1/k;

At ki: o, nE, ~ et Bt = Inhomogeneities: { dp/p = 1




INFLATIONARY PREHEATING

Physics of (p)REHEATING: ¢ + w?(k,t)pr = 0

Hybrid Preheating: w? = k* + m?(1 —Vt) <0 (Tachyonic)
Chaotic Preheating : w? = k% 4+ ®2(¢) sin” ut (Periodic)

(L ~1/k;

op/p 21

/"

At ki1 @, g, ~ etFD = Inhomogeneities:




INFLATIONARY PREHEATING

Lattice Simulations: Dynamics — non-linear
> out-Eq



INFLATIONARY PREHEATING

_» hon-linear

| attice Simulations: Dynamics
4 S out-Eq

e Scalars (ng > 1): »+Vy=0,Oxeg+V,, =0

Semi-classical regime 7, ~ k¢ + ... (Squeezed States)



INFLATIONARY PREHEATING

c non-linear

| attice Simulations: Dynamic
4 S out-Eq

e Scalars (ng > 1): »+Vy=0,Oxeg+V,, =0

Semi-classical regime 7, ~ k¢ + ... (Squeezed States)

o FLRW:H2 = 82C) 4 — 470 (p 43 ,{p:<p¢"p><"'“>
3 P a 3 (p p) p:<p¢——px——...>



INFLATIONARY PREHEATING

_» hon-linear

| attice Simulations: Dynamics
4 S out-Eq

e Scalars (ng > 1): »+Vy=0,Oxeg+V,, =0

Semi-classical regime 7, ~ k¢ + ... (Squeezed States)

o FLRW:H2 = 82C) 4 — 470 (p 43 ,{p:<p¢"p><"'“>
3 P a 3 (p p) p:<p¢——px——...>

o GW: 1y + 2Hhi; — V?hij = 167GITLY,  TIGT = {9:;x“9;x* "

hi; =0

ds? = a?(—dr*+ (0;; + hy;)dztdx?), TT: {
hij,j =



INFLATIONARY PREHEATING

_» hon-linear

| attice Simulations: Dynamics
4 S out-Eq

e Scalars (ng > 1): »+Vy=0,Oxeg+V,, =0

Semi-classical regime 7, ~ k¢ + ... (Squeezed States)

o FLRW:H2 = 82C) 4 — 470 (p 43 ,{p:<p¢"p><"'“>
3 P a 3 (p p) p:<p¢——px——...>

o GW: hf; + 2Hh]; — V?hy; = 16nGIET,  TET = {8;x"9;x*N.L)

How do you

d82 = a2(—d7'2+ (523 + h@])dszdxj), TT : { Zﬂ :_O 0 obtain TT7
179 —



GW Spectrum

Parameter Dependence (Peak amplitude)
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Parameter Dependence (Peak amplitude)

Hybrid Models: Q%) ~ 10711,

Large amplitude !
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16-04 | Py = 0.
QGW(k’ t) Prin = 0. 0 (ma = 0.25)

1e-06 | — i

20

1e-08 }

1e-10 }

(k)'p,

=1e-12 }

1le-14 |

1e-16 |

1e-18 |

1e-20




GW Spectrum

Parameter Dependence (Peak amplitude)

f, ~10° —10° H
- _ (o) —11 e\
Hybrid Models: Qo ~ 107077, @ O

S
Large amplitude !
(for v ~ 10'® GeV)

25 (ma=0.40) ... |
50 (ma = 0.33)
00 (ma = 0.25)

75 (ma=0.66) — Pmn=0.
00 {ma = D-SD} pmin = g'

=0
f) = =

Qawlk, 1) =of go28
1e-06 | .

1e-08 }

1e-10 }

k)/p.

< 1e-12 |
le-14 |
1e-16 |

1e-18 |

1e-20




GW Spectrum

Parameter Dependence (Peak amplitude)

f, ~10° —10° H
: _ (o) —11 e\
Hybrid Models: Qo ~ 107077, @ O

f, ~ 10> H e
Large amplitude ! \
(for v ~ 1010 GeV) Q‘-\ﬂe—\uﬂ\“g
Qowtk.t) ol etswimss — EREEGE
1e-06 | .
1e-08 | £
- 1e-10 }
:d:“% 1e-12 |
- 1e-14 |
1e-16 |
1e-18 |
1e-20




GW Spectrum

Parameter Dependence (Peak amplitude)

f, ~10° —10° H
Hybrid Models: Q%) ~ 10711 @ <
Large amplitude !

we)
(for v ~ 10'® GeV) Qs'\ﬂe’wnmg

realistically speaking ... Not observable !

i



GW Spectrum

Parameter Dependence (Peak amplitude)

Monomial Models: Single peak spectrum !

(single daughter fld) 1 dpaw
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GW Spectrum

Parameter Dependence (Peak amplitude)

Monomial Models: Single peak spectrum !
(single daughter fld)

ng(li)

1 0_5 T I T T

——— ————— —

—(’

106 E

—
e

1077 =
10-8 =

10-° =

10—10_ I [ e N B

_ g°P;

4 = 2

Resonance
Param.




GW Spectrum

Parameter Dependence (Peak amplitude)

cu2 — V//((I)I)
Monomial Models: Single peak spectrum !
(single daughter fld) _ gAP?
q — 2
Resonance
Param.




GW Spectrum

Parameter Dependence (Peak amplitude)

w? = V"(®r)

° _— I
Monomial Models: Qg\)V X > 6]_1

P, ™~ _ g

w2~

g =

Resonance
Param.

ST T e —=—F | (DGF Torrenti JCAP 2017)




GW Spectrum

Parameter Dependence (Peak amplitude)

D2 =V"(d
6 — (®1)
W~

q
pm]% \ B gQCIDi2

w2~

| 00
Monomial Models: QGW X

g =

Resonance
Param.

1/2
k, x q

Peak
Position

P e e —=—F | (DGF Torrenti JCAP 2017)
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Parameter Dependence (Peak amplitude)

Khlebnikov, Tkachev 97

Monomial Models: Q(O) ~ 10_9 Easther, Giblin, Lim '06-'08
GW ? DGF. G&Bellido, et al '07-'10
Kofman, Dufaux et al '07-’09

Large amplitude ! Many others afterwards ...



GW Spectrum

Parameter Dependence (Peak amplitude)

Khlebnikov, Tkachev 97

Monomial Models: Q(O) ~ 10_9 Easther, Giblin, Lim '06-'08
GW ’ DGF. G&Bellido, et al '07-'10
Kofman, Dufaux et al '07-’09

Large amplitude ! Many others afterwards ...

... at high Frequency !
f, ~ 10° — 10° Hz

Very unfortunate !



GW Spectrum

Parameter Dependence (Peak amplitude)

Khlebnikov, Tkachev 97

Monomial Models: Q(O) ~ 10_9 Easther, Giblin, Lim '06-'08
GW ’ DGF. G&Bellido, et al '07-'10
Kofman, Dufaux et al '07-’09

Large amplitude ! Many others afterwards ...

(DGF, Torrenti JCAP 2017)



GW Spectrum

Parameter Dependence (Peak amplitude)

Khlebnikov, Tkachev 97

Monomial Models: Q(O) ~ 10_9 Easther, Giblin, Lim '06-'08
GW ’ DGF. G2Bellido, et al '07-"10
Kofman, Dufaux et al '07-’09

Large amplitude ! Many others afterwards ...
il === :
L How o ‘oc1/g® ' — What if multiple species with g; 7 g; ?
U (e x g ocg)

(DGF, Torrenti JCAP 2017)



GW Spectrum

Parameter Dependence (Peak amplitude)

Khlebnikov, Tkachev 97

Monomial Models: Q(O) ~ 10_9 Easther, Giblin, Lim '06-'08
GW ’ DGF. G2Bellido, et al '07-"10
Kofman, Dufaux et al '07-’09

Large amplitude ! Many others afterwards ...

r How ¢ ' 1/g° * — What if multiple species with g; 7 g; ?
' (fpeak 7% o< g) : Spectroscopy of particle couplings ?

(DGF, Torrenti JCAP 2017)



GW Spectroscopy

Parameter Dependence (Peak amplitude)

1 1
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GW Spectroscopy

Parameter Dependence (Peak amplitude)

1 1
V(g) + 5&2452)(12 + 5g22¢2)(22 ?




GW Spectroscopy

Parameter Dependence (Peak amplitude)

1 1
V(g) + ngqﬁz)(% + 5g22¢2)(22




GW Spectroscopy

Parameter Dependence (Peak amplitude)

| 1
V@) + Sl +
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2g2¢)(2




GW Spectroscopy

Parameter Dependence (Peak amplitude)
1 1
Egicb%z

1
V() + Eg#% + Egiqbz)é +

(LY [ IS TTENh. NN B X T

T | ) ) PR N SR SR S N | ) .1...'1
10 50 100 500 1000 K

Phys. Rev. D 106 (2022) 6, 063522 ; 2202.05805



https://arxiv.org/abs/2202.05805

GW Spectroscopy

Parameter Dependence (Peak amplitude)

1 |
V(g) + g Pyt Egiqbzx% + Egicb%z
| — Stairway
S ¥ Slgnature
; f
-8 I :
10 _ I
-9 ’
10 | ;
167 ‘
1= | : |
10-12 L— I . W st @ yee .I TR TR Al b
10 50 100 500 1000 K

Phys. Rev. D 106 (2022) 6, 063522 ; 2202.05805



https://arxiv.org/abs/2202.05805

GW Spectroscopy

Reconstruction (2-peak signal)
@ LISA

Note: Shift by hand to LISA frequencies



GW Spectroscopy

Reconstruction (2-peak signal)
@ LISA

PCA signhal and noise reconstruction

1077
1078 3
1072 ER My data
—— Input signal
—— Input noise
10717 Rec data
Signal linear fit
+ Noise linear fit
10711 3 e PCAsignal fit (20)
PCA noise fit (20)
10—12 :
10~13 T T — T . j

10~4 1073 102 101 10°
Frequency [Hz]

Note: Shift by hand to LISA frequencies



GW Spectroscopy

Reconstruction (2-peak signal)

@ LISA
' Peak
'positions.
 to better
¥ , than 1% !
Ioglo(fl')m= _—'3_.439tg>833 —— Fisher [
it —— MCMC covariance

— MCMC

0g10(h2Qg;) = —12.27539%3
1%

Phys.Rev.D 106 (2022) 6, 063522, 2202.05805


https://arxiv.org/abs/2202.05805

GW Spectroscopy

Reconstruction (2-peak signal)
@ LISA

Coupling Reconstruction !

Theoretical LISA

g1 =1.16-10"3 J1.661 (25 - 1072 076+8§f§ 10—3
g2 =8.2-1073 |M.3971%2 . 1073764723 . 1073

Phys.Rev.D 106 (2022) 6, 063522, 2202.05805



https://arxiv.org/abs/2202.05805

GW Spectroscopy

Our example serves as proof of principle !

53

¢ Possible new door to particle physics }
% interactions with GW backgrounds ! &

< D o - P = s =




GW Spectroscopy

Our example serves as proof of principle !

53

¢ Possible new door to particle physics }
% interactions with GW backgrounds ! &

< D o - P = s =

Multi-peak Stairway
sighatures expected at:
low scale (p)reheating
phase transitions




INFLATIONARY COSMOLOGY

'cures' hBB

Scalar
|n|t|al - Primordial

. CO"d perturbathnS{Tensor: Irreducible GWs
Inflatlon

Extra species/symmetries

cenarloséz Enhanced Scalar Pert. > Enhanced GWs

J

If early stage of
Reheating = scalar Preheatlng) I:{>Lar eh%wf%rg)ductlon v
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Gravitational Wave
Backgrounds

OUTLINE

— PR -
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ﬁ 2) GWs from Inflation v ‘,

: g 3) GWs from Preheating \/
Universe {

9) GWs from Cosmic Defects .'

f cor€
| Topic®

i 4) GWs from Phase Transitions §



Early

Universe (g

Sources

Gravitational Wave
Backgrounds

OUTLINE

2) GWs from Inflation v
3) GWs from Preheating v

| 4)GstromPhas'eraS|t|ons

_ 5) GWSs from Cosmic Defects

core
wesy |  TOPICS
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cond./  perturbations Ltensor: Irreducible GWs

(CMB B-mode Pol.)

Inflation < _ Extra species/symmetries’
Scenarios <,
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M ( If early stage of

Reheating = scalar Preheating) I:{>Large GW production (high freq)
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EARLY UNIVERSE

'cures' hBB

Scalar: CMB AT anisotropies

(initial) _  Primordial { “(eventually Galaxies)

cond./  perturbations Ltensor: Irreducible GWs

(CMB B-mode Pol.)

Inflation < _ Extra species/symmetries’
Scenarios <,

\ Enhanced Scalar Pert. » Enhanced GWs

M ( If early stage of

Reheating = scalar Preheating) I:{>Large GW production (high freq)

Hybrid Preheating

Phase Transition(s): Large GW{
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Inflation

vV

Universe

EARLY UNIVERSE

'cures' hBB

Scalar: CMB AT anisotropies

(initial) _  Primordial { “(eventually Galaxies)

cond./  perturbations Ltensor: Irreducible GWs

(CMB B-mode Pol.)

~ _ Extra species/symmetries’
Scenarios <} Enhanced Scalar Pert. ¢ Enhanced GWs

« = ( If early stage of ) |:{>Large GW production (high freq)

\4
Thermal
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Hybrid Preheating

Phase Transition(s): Large GW{ )
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EARLY UNIVERSE

'cures' hBB

Scalar: CMB AT anisotropies

(initial) _  Primordial { “(eventually Galaxies)

cond./  perturbations Ltensor: Irreducible GWs

(CMB B-mode Pol.)

Inflation E | ies’
_ xtra species/symmetries
I ™gcenarios < P y

\ Enhanced Scalar Pert. » Enhanced GWs

Xeh eating = If early stage of
=) — \ scalar Preheating
Hybrid Preheating

\ Phase Transition(s): Large GW{

V , Thermal 1st-Order PhT
Thermal/ — —— — e - N

Universe So before going thermal, let’s continue (p)reheating ! |

) I:{>Large GW production (high freq)




Gravitational Wave
Backgrounds

OUTLINE

E_arly Preheatlng
Universe ( gmem e A
Sources ,4) Gstrom‘
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'cures' hBB

_ _ Scalar
|n|t|al - Primordial

. CO"d perturbatiOnS{Tensor: Irreducible GWs
Inflatlon

Extra species/symmetries
cenarloséz Enhanced Scalar Pert.

\ * Enhanced GWs
J

scalar Preheating |:{> Large GW production
(high freq)

(p)Reheatln X

gauge Preheating

fermion Preheating



INFLATIONARY COSMOLOGY

'cures' hBB

_ _ Scalar
|n|t|al - Primordial

. CO"d perturbatiOnS{Tensor: Irreducible GWs
Inflatlon

Extra species/symmetries
cenarloséz Enhanced Scalar Pert.

\ * Enhanced GWs
J

scalar Preheating |:{> Large GW production
(high freq)

(p)Reheatln *

gauge Preheatlng
— _ |Hyb. (p)RH = Ph.T.

fermion Preheating




GAUGE (P)REHEATING
Hybrid Preheating = Higgs+Inflaton model

i”ﬂatowss Ve coupling Self-coupling N /V. E.V.
Inflaton: ¢(t) + (12 + ¢°|x|?)o(t) =0 m = /v

2 _ Critical

Higgs: ¥x + (k24 m? (ﬁ— - 1)+Mx\2)xk =0 b =M/G e



GAUGE (P)REHEATING
Hybrid Preheating = Higgs+Inflaton model

Inflaton: ¢(t) + (u* + g2|x|*)e(t) = 0 m = vAv
G =m/g

Higgs: X + (k*+ m” (ﬁ—; — 1>+A!x\2)xk =0



GAUGE (P)REHEATING

Hybrid Preheating = Higgs+Inflaton model

o(t) + (n* + g°|x[*)o(t) = 0

Inflaton

Hybrid Preheating = Phase Transition

=)

2 ¥

1l E

oL w.n
vV 1,._.|m.h

= =

Inflaton



GAUGE (P)REHEATING

Hybrid Preheating = Higgs+Inflaton model

o(t) + (n* + g°|x[*)o(t) = 0

Inflaton

-
-

L
-

0.2

0.0
©(rad)

0.2

0.4

Hybrid Preheating = Phase Transition

Inflaton



GAUGE (P)REHEATING
Hybrid Preheating = Higgs+Inflaton model

Inflaton: ¢(t) + (4* + g°|x|*)¢(t) = 0 (k < m = vVw)
Higgs: Xk + (K m? (5 — 1)+l e = 0 X T~ €V

Hybrid Preheating = Phase Transition

It is a Phase transition !
by Tachyonic Instability

ehighie
et



GAUGE (P)REHEATING
The Abelian-Higgs+Inflaton model

Just to confuse you a little bit:

_I_

NOW 1

A 2 7.9
V(@:Z)=E(¢'—V‘)‘

g - -, 1 5
¢x+y

2

r

X :inflaton

\ @:i:Higgs

V2



GAUGE (P)REHEATING
The Abelian-Higgs+Inflaton model
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_|_

4 Tr[(D,®)
D,u = a,u -




GAUGE (P)REHEATING
The Abelian-Higgs+Inflaton model
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GAUGE (P)REHEATING
The Abelian-Higgs+Inflaton model

1 9
L=-_F, F!" +Tr[(D,®)" D"®]+— S0, V(@)



GAUGE (P)REHEATING
The Abelian-Higgs+Inflaton model

1 a Vv + L 1 2
L=——F,F" +Tr(D,®) D‘®]+5(aﬂx)‘—V@=%)

4 UV a

{ Minkowski,
EOM: Temporal Gauge (Ag= 0)

$—DiDip+Vy = 0
AE — 53' @jﬂi + 53'3j14j —  2¢°Im " D;p| -
0;A; = 2e*Imp* ] .

= SCALARS eom
—> VECTORS eom

= GAUSS law




GAUGE (P)REHEATING
The Abelian-Higgs+Inflaton model

1 a Vv + L 1 2
L=——F"F" +Tr[(DH(I)) D*‘(I)]+5(aﬁx)‘—V((D,}f)

4 ‘u'lr" a

{ Minkowski,
EOM: Temporal Gauge (Ag= 0)

$—DiDip+ Vg = 0 > SCALARS eom
A; —0;0;A; + 0:0;,4; = 2¢°Im[p" D¢l 4= VECTORS eom
0;A; = 2e7Im[p" @] . 5 GAUSS law
GW EOM

hij — akakhij — 167G HE;&T

. * T
;" = [0;x0;x + 2Re [Dip (D;9)"] — BiB; — E;Ej]

T




GAUGE (P)REHEATING
The Abelian-Higgs+Inflaton model

1 a Vv + L 1 2
L=——F,F" +Tr(D,®) D‘®]+5(aﬂx)‘—V@=%)

4 ;I‘v’ a

{ Minkowski,
EOM: Temporal Gauge (Ag= 0)

hij — 6‘1%85;}1@ — IGTTG HE;&T

;" = [0;x0;x *@ﬁﬂ (D

e

i®)
~ \

$—DiDip+Vy = 0 > SCALARS eom
Ai— 0;0;A; +0;0;A; = 2¢’Im[p" Dig] 4> VECTORS eom
0idi = 2¢°Im[p" ¢l . > GAUSS law
GW EOM
COVARIANT

MAGNETIC
ELECTRIC




GAUGE (P)REHEATING
The Abelian-Higgs+Inflaton model

DYNAMICS OF THE HIGGS: mt = 5.5 — mt = 23

E =
o o
o
(]
W
&

Variable 1
[
o o o
o o
o o
(=) —
& o
Variable 1
[
o o o
o o
— N
— N
N 2

—
'
—

Variable 1
[
o ) o
w o
w ~
(-] o
A 4
Variable 1
[
o, o, o
w N

Dufaux et al 2010



GAUGE (P)REHEATING
The Abelian-Higgs+Inflaton model

DYNAMICS OF THE MAGNETIC FIELD: mt = 5.5 - mt = 17

Variable 1
[ R =
o, o, o, o, o,
N — — — —
o o) o ~ o
Variable 1
[ R =
=3 o, =3 o, o,
(4, ] f =N w N —

Dufaux et al 2010



GAUGE (P)REHEATING
The Abelian-Higgs+Inflaton model

DYNAMICS OF THE MAGNETIC FIELD: mt = 5.5 - mt = 17

What’s going on !? |
. . |
Cosmic Strings are formb |

(Topological Defects —— 4th Lecture)

Dufaux et al 2010



GAUGE (P)REHEATING
The Abelian-Higgs+Inflaton model

SCALARS AND VECTORS' SPECTRA:

IRPEAK  MIDDLE PEAK |\ pEaKk

\ / / w2 Gauge
\L’ 3np2 0.2} e/ ,.'-_~:.2 ]

;;5 e/\/1=0.5 ﬁﬁzé

e/ =0.2 e/\/1=8]

Dufaux et al 2010



GAUGE (P)REHEATING
The Abelian-Higgs+Inflaton model

SCALARS AND VECTORS' SPECTRA:

IRPEAK  MIDDLE PEAK |\ pEaKk

\ / , w2 Gauge
\L’ 3np2 0.2} e/ ,.'-_~:.2 ]

;;5 e/\/1=0.5 eiﬁ:é

e/ 1=0.2 e/\/1=8]

How do the GW spectrum look ?

Dufaux et al 2010



GAUGE (P)REHEATING

The Abelian-Higgs+Inflaton model

Evolution of GW background

16-04 | e
| 2.5 —
e/ ﬂ — <50 —
‘ 7.5 — ]
19'05: el =1 \10

1e-06 |

fraction of gravitational wave energy density to total

1e-08

100 pyfaux et al 2010



GAUGE (P)REHEATING

The Abelian-Higgs+Inflaton model

Evolution of GW background

1e-04 | ) pemmmnas
w 25 —— 1
e/A/A = {50 —
, 7.5 — |
1e-05 | /T = 1 \10.

. Several Peaks !
16-06 | (particle physics ;,‘
~ spectroscopy) |

fraction of gravitational wave energy density to total

1e-08
0.1

100 pyfaux et al 2010



GAUGE (P)REHEATING
The Abelian-Higgs+Inflaton model

Several Peaks ! 0l 101t
(particle physics W ’
spectroscopy) Llarge amplitude(s) !



GAUGE (P)REHEATING
The Abelian-Higgs+Inflaton model

Several Peaks ! 0 10711 @ £, ~ 108 — 10° Hz
(particle physics W ’
spectroscopy) Large amplitude(s)! .. but at high Frequency !

Dufaux et al 2010
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The Abelian-Higgs+Inflaton model

Several Peaks ! 0 10711 @ £, ~ 108 — 10° Hz
(particle physics W ’
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Very unfortunate... no good high freq. detectors?



GAUGE (P)REHEATING
The Abelian-Higgs+Inflaton model

Several Peaks ! 0 10711 @ £, ~ 108 — 10° Hz
(particle physics W ’
spectroscopy) Large amplitude(s)! .. but at high Frequency !

We Should look for this effect at low-freq models !
Very unfortunate... no good high freq. detectors?
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fermion Preheating
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'cures' hBB

Scalar
|n|t|al - Primordial

. CO"d perturbathnS{Tensor: Irreducible GWs
Inflatlon
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cenarlosét Enhanced Scalar Pert. > Enhanced GWs

J

scalar Preheating |:{> Large GW productlon \/
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INFLATIONARY COSMOLOGY

'cures' hBB

Scalar
|n|t|al - Primordial

. CO"d perturbathnS{Tensor: Irreducible GWs
Inflatlon

Extra species/symmetries
cenarloséz Enhanced Scalar Pert.

> Enhanced GWs

Reheatlng /




INFLATIONARY COSMOLOGY

'cures' hBB

Scalar
|n|t|al - Primordial

. CO"d perturbathnS{Tensor: Irreducible GWs
Inflatlon

Extra species/symmetries

cenarloséz Enhanced Scalar Pert. > Enhanced GWs

s on RH:

Nlore thind

0812.3622 + 0812. 4624
X oV V7
SQ’BYOPXGS

 GW

Reheatlng /

fer



INFLATIONARY COSMOLOGY

'cures' hBB

|n|t|al —
cond

Inflation

Reheatlng /

Scalar

Primordial {
perturbations Utensor: Irreducible GWs

Extra species/symmetries
cenarloséz Enhanced Scalar Pert.

ga

fer

> Enhanced GWs

RH:
Jore things °

0812.3622 + 0812. 4624

W
1304.2657 + 1 309.1148

x vV T
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Scalar: CMB AT anisotropies
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cond./  perturbations Ltensor: Irreducible GWs

(CMB B-mode Pol.)

Inflation < _ Extra species/symmetries’
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Three-peak signature
(three preheat flds)

1 1 1
V(g) + ng ‘xt o+ 5822 ‘v + 5g32 ‘x3

ANIMATION
(by Nico Loayza)
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