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INITIAL CONDITIONS: FINAL CONDITIONS:
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ONLY Vacuum Energy

a~ 2

5. THERMAL



PHYSICAL CONTEXT: REHEATING

INFLATION — REHEATING — BIG BANG THEORY

! o
1
: U. ..,_20
! ath(t)? - > a~tl2
' a~eHt I;
? < | iNFLATION®REHEATI THERMAL
. QUILIBRIUM
1 M
1
| PRt
1 &0 8
1 12)
1 oe  x)
! i
_5—‘—\—‘————



PHYSICAL CONTEXT: REHEATING

INFLATION — REHEATING — BIG BANG THEORY

L= f'(c‘), Pis L’J, ‘4;4.1 h,ur/a )

1
|
1
! ath(t)? - > a~tl2
' a~eHt I;
? < | iNFLATION®REHEATI THERMAL
. QUILIBRIUM
1 M
1
| PRt
1 &0 8
1 12)
| eColec0.0,
1 g -l;
\—‘————



PHYSICAL CONTEXT: REHEATING

INFLATION — REHEATING — BIG BANG THEORY
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SCALAR REHEATING: SIMPLE EXAMPLES

Vig,x) = A" + smix? + 39%°¢°x® (Chaotic)

Vig,x) = 120> + Z(x*—02)? + 3g%** (Hybrid)

b(t)+3Hp+V'(¢) =0 (Inflaton Zero-Mode : Damped Oscillator)
Oor + F([ dgdgX|k—q|)0x + .- =0 (Inflaton Fluctuations)
Oxx + F([ daxq: i—q) Xk + ... =0  (Matter Fluctuations)

DYNAMICS:

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



Reheating (Hybrid Scenarios): SPINODAL INSTABILITY

A1) + (12 + g*Ix1H)e(t) = 0 (k <m =)

Xk + (k2+ HLQ ( - 1>+)\|X|2)Xk =0 Xk, ~ € ek

Hybrid Preheating

d<d=mp

m;(k<m)< 0




Scalar Reheating: Observable Phenomena

PHENOMENA FROM (SCALAR) REHEATING:

SUB-HORIZON GRAVITATIONAL WAVES

SUPER-HORIZON GRAVITATIONAL WAVES



EXPECTATIONs of (p)REHEATING: SubH-GW

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

Hybrid Preheating : w? = k?> + m2(1 — V) <0 (Tachyonic)
Chaotic Preheating : w? = k2 + ®2(t) sin” ut (Periodic)

Li ~1/k;
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EXPECTATIONs of (p)REHEATING: SubH-GW

Li ~ 1/k;
ép/p 21
GW from RELATIVISTIC WAVES of MATTER
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EXPECTATIONs of (p)REHEATING: SubH-GW

Li ~ 1/k;
ép/p 21
GW from RELATIVISTIC WAVES of MATTER

mt =32

At ki r,, g, ~ et = Inhomogeneities: {

G-Bellido et al '02 (Hybrid Scenario: A ~ 0.1, VEV = 1073M,,)



Lattice Simulations: Dynamics

e Scalars (ng > 1): Op+Ve=0, Oxg+Vy, =0

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

o FRW: H2=81G), & _ 4G, 13 ,{p (oo + px
3 P a 3 (p p) p:<p¢+px+...>

o GW: h;/j + 27_”7’;3 - Vthj = 167I'GH;‘IJ‘»T, Hij = Ej - <Tz '>FRW
2 2 2 % j hii =0
ds® = a*(—dn® + (0;; + hyj)dz’da?), TT: b 0

TT dof carry energy out of the source!!!
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Hybrid (p)Reheating (Part I)

g2 =2X1=0.25, v=10"3M,, V; =0.024

Bubble Nucleation and Collisions (Animation by Alfonso Sastre)
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Hybrid (p)Reheating (Part I)
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Hybrid (p)Reheating (Part I)
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Hybrid (p)Reheating (Part I)

g2 =2X1=0.25, v=10"3M,, V; =0.024

Bubble Nucleation and Collisions (Animation by Alfonso Sastre)
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Hybrid (p)Reheating (Part II)

g2 =2\ =025 v=10"3M,, V; =0.024

3 stages: Exp. Instabilities — Bubble Collisions — Turbulence
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Hybrid (p)Reheating (Part II)

g2 =2X1=10.25, v=10"3M,, V; =0.024

3 stages: Exp. Instabilities — Bubble Collisions — Turbulence
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Today's Signal (GW RedShifted)
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Hybrid Reheating = Phase Transition

HYBRID REHEATING:
GLOBAL PHASE TRANSITIONS
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T
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Hybrid Reheating = Phase Transition

EVOLUTION of an EARLY UNIVERSE
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Hybrid Reheating = Phase Transition

EVOLUTION of an EARLY UNIVERSE
PHASE TRANSITION
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Hybrid Reheating = Phase Transition

EVOLUTION of an EARLY UNIVERSE
PHASE TRANSITION
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Aftermath of Hybrid Reheating: NLSM — GW

After the PHASE TRANSITION
(NON-Linear SIGMA MODEL)
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Aftermath of Hybrid Reheating: NLSM — GW

GRAVITATIONAL WAVE BACKGROUND
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Aftermath of Hybrid Reheating: NLSM — GW

GRAVITATIONAL WAVE BACKGROUND
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Aftermath of Hybrid Reheating: NLSM — GW

GRAVITATIONAL WAVE BACKGROUND

goen) =mmp T.(0) wmmp I05(%) wmmp  Ch,=16tGTI

FIELD STRESS ANISOTROPIC (TT ) GW EQUATIONS
FLUCTUATIONS tensor STRESS tensor (TT metric perturb.)
SCALE Qaw (k,no) = 1 (Qi
INVARIANT @ T\ My
SPECTRUM It R - Qowlhn) 356
(FREQ. INDEPENDENT) Qi (ko) N

|  Jones-Smith et al, 2008

| Fenu, DGF, Durrer, Garcia-Bellido 2009




Aftermath of Hybrid Reheating: Scale Inv SubH GW

GRAVITATIONAL WAVE BACKGROUND
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Summary: GW from Scalar (p)Reheating

© GW are Early Universe Ideal Probe: decoupled upon production =
spectral signature retained till today = GWB: “photo* of very Early
Universe

@ GW from Reheating: Form, freq. Peak and Amplitude
— Specific Model of Inflation (Disadvantage/Advantage)

@ Scalar Reheating Models: GW (high amplitude, too high frequency)

@ Hybrid Reheating Models: GW (high amplitude, within BBO)



Q@ NLSM + large-N limit: Self-Ordering Scalar Fields after SSB
(Global PhT).

Q kn. <1 —kn>1:Qqwl(k,n) = const.
Observable at LIGO, LISA, BBO,...

inf
2(,711'

© For VEV = My, then SZ('}H'/g
Scale-Inv GW is not any more a smoking gun of inflation

~ 0(10) — O(100)
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Summary: Scale-Inv GW from Global PhT.
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Summary: Scale-Inv GW from Global PhT.

@ NLSM + large-N limit: Self-Ordering Scalar Fields after SSB
(Global PhT).

Q kn. <1 —kn>1:Qcw(k,n) = const.
Observable at LIGO, LISA, BBO,...

© For VEV = My, then QGW’/QE}{V ~ 0(10) — 0(100)
Scale-Inv GW is not any more a smoking gun of inflation.
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Aftermath Hybrid Reheating: Matter Perturbations

NON-GAUSSIANITY AFTER GLOBAL PhT

‘ 2mG MATTER
A. Jaffe '93: 4(x,n) = T??'fd'ff' 9iToi(x,7') , (DOMINATION)



Aftermath Hybrid Reheating: Matter Perturbations

NON-GAUSSIANITY AFTER GLOBAL PhT

MATTER
f df ‘9 DOMINATION
Matter Densny Energy Momentum Tensor
Perturbations |Toi _ (aoéa)(@a)l (BI-LINEAR)
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Aftermath Hybrid Reheating: Matter Perturbations

NON-GAUSSIANITY AFTER GLOBAL PhT
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Aftermath Hybrid Reheating: Matter Perturbations

NON-GAUSSIANITY AFTER GLOBAL PhT
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Aftermath Hybrid Reheating: Non-Gaussianity

NON-GAUSSIANITY AFTER GLOBAL PhT

(5(1(1)5(1(2)5(1(3)) = (27()85[}(1(1 + ko + kg )B(kl, ko, ka)

(3-Point Correlator) (Bispectrum)



Aftermath Hybrid Reheating: Non-Gaussianity

NON-GAUSSIANITY AFTER GLOBAL PhT

(6(1(1)5(1(2)6(1(3)) = (2#)3513(1(1 + ko + kg)J‘g(kl, ko, k3)

(3-Point Correlator)

v

P N
B(k1, k2, k3) = ASJT\;Q s(k1, ko, ks)

VA

93(]'31, kﬁrkS) =

/ (;T;H(kg—k v, V)

xH(v,k— v)H(k— v,ko+ v)




Aftermath Hybrid Reheating: Non-Gaussianity

NON-GAUSSIANITY AFTER GLOBAL PhT

(6(1(1)5(1(2)6(1(3)) = (27)3513(1(1 + ko + ks )B(kl, ko, ka)

(Bispectrum)
Comparing with
Local Model
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Aftermath Hybrid Reheating: Non-Gaussianity

NON-GAUSSIANITY AFTER GLOBAL PhT
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Aftermath Hybrid Reheating: Non-Gaussianity

NON-GAUSSIANITY AFTER GLOBAL PhT

95(ki ke, ) = 95k ko)

STATISTICAL
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Aftermath Hybrid Reheating: Non-Gaussianity

NON-GAUSSIANITY AFTER GLOBAL PhT
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Aftermath Hybrid Reheating: Non-Gaussianity

NON-GAUSSIANITY AFTER GLOBAL PhT
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Aftermath Hybrid Reheating: Non-Gaussianity

NON-GAUSSIANITY AFTER GLOBAL PhT

cos(#)=cos(kj,kp) gs(llkT?ll, 97)

STATISTICAL
ISOTROPY




Aftermath Hybrid Reheating: Non-Gaussianity

NON-GAUSSIANITY AFTER GLOBAL PhT
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Aftermath Hybrid Reheating: Non-Gaussianity

NON-GAUSSIANITY AFTER GLOBAL PhT

cos(6)=c0s(ki, ko) 94(u,0)
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Aftermath Hybrid Reheating: Non-Gaussianity
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Results for Hybrid Reheating: Turbulence

Turbulece: var(¢) ~ t=2P,

o1k
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Results for Hybrid Reheating: Turbulence

Turbulece: var(¢) ~t=27,  n(k,t) =t~ 7Pn,(t"Pk) (M, T '04)

T T 5 T T T T T
“l HF
- | mi= R
Fang i 8 Imt= .
35| s 3
'l‘-‘-_ e, 6 | '.
O
30 | r e, nl E
:E. -, :. SCALING
Z < L.
£207 - S, %005 1152253535k
15 | ]
-,
o
10} ot
-y
5 J
0% 2 1 10




Results for Hybrid Reheating: Turbulence

Turbulece: var(¢) ~ t=2P,

n(k,t) = t=Pn, (t~Pk) (M,T '04)
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Lattice Techniques
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Lattice Simulations: Numerics

9,0(z) — (O(z + p) — Oz — p))/2a,
9,0,0(x) — (O(x + 2u) + O(x — 2p) — 20(x)) /4a?,

X3 : CONFIG. SPACE a :D P3: MOMENT. SPACE
a Prin = 2m P_.
=NPp_.
® Pmax min
A
PERIODIC
BOUNDARY
L=aN COND. (X3 F?)
(Pmax ) @
DISCRETIZED
® v STEP (P3 X3)

L
(Pmax )



Scalar Source (Configuration Space):
hij (X, t) + 3Hh” (X, t) — G%Vzhij (X, t)

L8 TT{V10°V ¢} (x, 1)
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GW extraction

Scalar Source (Configuration Space):

hij (X, t) + 3Hh” (X, t) — a%Vthj (x, t) = 1(?72” TT {Vlrf)“'Vm@“'} (x,t)

Scalar Source (Fourier):

huij (k, t) + 3H (K, 1) + 55 hij (k, t) = 167 Ay (K) { V10"V 100} (K, 1)
Aijim = PuPjm — 5PijPim,  Pij = 6ij — kik; /K



GW extraction

Scalar Source (Configuration Space):

hij(x,t) + 3Hhj(x,t) — 5 V2hi(x,t) = 8 TT{V,6°V,,0°} (x.1)

Scalar Source (Fourier):

R (K, 1) + 3Hhij (K, 1) + 55 Ry (K, 8) = 161 Nijn (K) {V16°V,,0} (K, 1)
Nijim = PiPjm — $PijPim,  Pij = 0ij — kik; /k?

Solution: (f;(to) = hij(te) = 0)
hij (K, 1) = Agjim (K) j;f(') d'G(t — TR (k, 1), T = Vi$p Vi



S
GW extraction (1)

Building the Solution:

1) Non-Physical eq.:
iiij (X, t) + 3Hﬂij(x, t) — oz Uij (X, t) = 167 {gf)a,i ¢a,j } (X, t)

2) Fourier transform: w;;(x,t) — w;;(k,t)

3) Proyection: hij (k, t) = Aiij (k)ulm(k, t)
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o
GW extraction (1)

Outputs: pow = 550575 [ d°x hijhij

gz 7 ) Kl (1)1
1) Total GW density:

paw = gorps % [ K2dk [ dQ Aij i (K) i (8, k)i, (£, k)

2) Spectrum: &

_ 1 3
dlogk — 8GL3

k <Aij,lm (f{)“w (t7 k)ufm (t, k)>

4

3) Snapshots: hi;(t,x) = (27)73/2 [ d®ke ™Ay o (K)tpm (t, k)
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