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Q@ Init. Cond. REHEATING:

t = 0: NO particles (Empty space),

ONLY inflaton zero-mode or Vacuum energy
@ Theory of REHEATING:
0<t<tru: L=L(P,0i, Vi Ay, by,

)

© Physics of REHEATING: SCALAR SECTORs
V =

V(p) + %!/2(‘)2;\,2 + V(x) (Chaotic, Hybrid models)

QFT in a FRW : k; £ Ak; — ¢ (t), ng(t) ~ exp{u t}
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BASICs of REHEATING

@ Init. Cond. REHEATING:

t = 0: NO particles (Empty space),
ONLY inflaton zero-mode or Vacuum energy

@ Theory of REHEATING:
0<t< tRH: L= £(¢’ gpiawj)Aua hulﬂ )

@ Physics of REHEATING: SCALAR SECTORs
V =V(¢)+ 39°¢*x*> + V(x) (Chaotic, Hybrid models)

QFT in a FRW : k; + Ak; — p(t), ng(t) ~ exp{ux t}



SCALAR REHEATING (Examples)

V(g x) s+ gmi2x? 4+ 39%°¢°x®  (Massive Chaotic)

|
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Vig,x) = A"+ gm2x? +  39%°¢°x? (Massless Chaotic)

Vig,x) = 2p2¢* + 2032 —v%)? + L1g%¢** (Hybrid)



SCALAR REHEATING (Examples)

Vig,x) = 5120 + smi2x* 4+ 39%°0°x® (Massive Chaotic)
Vig,x) = 1A' 4+ sm2x® +  1g%¢*x? (Massless Chaotic)

Vg, x) = 120> + 2 —0v?)? + 1g%¢x®  (Hybrid)

d(t)+V'(¢) =0 (Oscillations of Inflaton Zero — Mode : @ | |)
O + (V") ¢ =0
Oxk + (V") xe =0 (Dzatt+3H8t+g)

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



Reheating in Chaotic Scenarios: PARAMETRIC
RESONANCE

Massless : Xy + (k% + —(n 2(2))X, =0 (Lamé Eq.)
X, ~ etk t
Massive : X}/ +(A, — 2gcos(2z2)) X, =0 (Mathieu Eq.) ng ~ et
q=g"®%/(2p)?,  Ap=(k/a)*/u* +2q



Reheating in Chaotic Scenarios: PARAMETRIC
RESONANCE

Massless : X}/+(k? + %(1712(2)))(,C =0 (Lamé Eq.)

Massive : X} + (A — 2gcos(22)) X, =0 (Mathieu Eq.)

q=g*®*/(2p)?,
Chaotic Inflation (KLS94,GKLS97)
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Reheating in Hybrid Scenarios: SPINODAL INSTABILITY

D)+ (2 + g Ix)o(1) =0 o i~ T
Xi + (k>4 m? (:)—” - 1>+/\‘X|2)Xk —0 (k< m = V30)



Reheating in Hybrid Scenarios: SPINODAL INSTABILITY

o0+ + )00 = 0 Xy N ~ V>R
Xk + (K2+ m? (§ - 1)+)“X|2)Xk —0 (k< m = /)

Hybrid Preheating

¢ < 4= A2v/g
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© Physics of GW:

h..NGQijNMG<U2> U d3 [P 26..
e T Q’U f x(x’l'/‘UJ x lJ)p

@ GW Sources:

N o Astrophysics : M 1T,v 1
Mo 1T = hig 11 { Early Universe: Ap 17,0 11

© Physics of REHEATING: @, + w?(k,t)or =0

Spinodal Instability : w? =k?+m?(1 — At) <0 (Tachyonic)
Parametric Resonance : w? = k? + ®(t) sin? ut (Periodic)

At kit pp,, e, ~ er(R)t — Inhomogeneities: L;, v T7
= REHEATING : IDEAL GW GENERATOR
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EXPECTATION: REHEATING = GW

© Physics of GW:
) .2
by~ G G Qij = [ dx(wizj — 2°0;5)p

r

@ GW Sources: N
. B strophysics : M TT,v 17
Moo 1T = R 11 { Early Universe : Ap 11,0 11



EXPECTATION: REHEATING = GW

© Physics of GW:
B~ G Qi ME {v?) Qij = [ Pa(ziz; — 226;)p

= Ay ro?

@ GW Sources: A o1t
N strophysics : M TT,v
Mo Tl = hij T1 { Early Universe : Ap 1T,v 17

© Physics of REHEATING: $; + w?(k,t)pr =0

Spinodal Instability : w? =k?+m?(1 — At) <0 (Tachyonic)
Parametric Resonance : w? = k2 + ®(t) sin? ut (Periodic)

At ki op,,np, ~ etFt = Inhomogeneities: L;, v 11
= REHEATING : IDEAL GW GENERATOR



Reheating in the Hybrid Scenarios (Pictorically)

G-B,GA,GP 2002: A\ ~ .01, V =~ .001, v = 1073M,,
mb=23 mb=24




Reheating in the Hybrid Scenarios (Pictorically)

G-B GA GP 2002: A ~ .01, V = .001, v = 107M,

mE =32

mt =2'f
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Lattice Simulations: Dynamics

@ Scalars (ng >> 1): o+ Ve =0, Oxa+Vy, =0

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

p=<py+tpa,+..>

FRW: H? = 8%p, & = —4%(p 4 3p),
° 3/ 3t 3p), p=<pg+pa, +..>

o GW: }.lij + 3Hh” - (TIQVthj = 167TH;5—T, Hi]‘ = Tij — <T%j>FRw
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Lattice Simulations: Dynamics

@ Scalars (ng >> 1): Op+Ve=0, Oxa+Vy, =0

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

p=<py+tpa, +..>

FRW: H? = 8%p & = _4%(p 4 3p),
° 3/ 3 (Pt 3p), p=<pg+pa,+..>

o GW: ]I]] + SII}LU - HLZVQ;LU = 167TH?;T7 HU = T;‘,j — <T7J>

FRW
i =0
ijsj =0

d82 = a2(7d772 + ((2] + hl])dxldxj), TT : {

> S

Only TT dof carry energy out of the source!!!



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 (I)

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 (I)

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)
ANijim = PyPjm — 3P,jPu,,  Pij = 6i5 — 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)

DA



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)

DA



Results for Hybrid Reheating (Part I)

g? =2\ =25, v=10"3M,, V = .024(¢.VIv)

Bubble Nucleation and Collisions
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Results for Hybrid Reheating (Part I)
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Results for Hybrid Reheating (Part I)

g? =2\ =25, v=10"3M,, V = .024(¢.VIv)

Bubble Nucleation and Collisions

lime 141.0 lime 11.0

458

1a-0
1008 L
2e-0
110 b 258
- P 0
1e-12 1.5a
1s-14 1e-0
Bu-1
1e-18 o
1u-18
1020

1nop K




Results for Hybrid Reheating (Part I)

g? =2\ =25, v=10"3M,, V = .024(¢.VIv)

Bubble Nucleation and Collisions

lime 15.0 lime 15.0




Results for Hybrid Reheating (Part II)

g2 =2X=.25 v=10"3M,, V = .024(¢.\/Av)

3 stages: Exp. Instabilities — Bubble Collisions — Turbulence

Higgs Variance
Inflaton Variance

0.01 |

0.001

10 100 1000
mt



Results for Hybrid Reheating (Part II)

g>=2)\=.25 v=10"3M,, V = .024(¢.\/\v)

3 stages: Exp. Instabilities — Bubble Collisions — Turbulence

1
0.01 | e e
L1e-04 | i o turbulence 1
‘é bubble collisions
> = . total ——
5 1e-06 | tAchyonic kinetic 1
o growth gradient
potential -
1_[12
1e-08 | gza
3 e
Pgw v=0.001 My
Pgw/10% v=0.1 Mp
1e-10 Pow/102 v=0.01 Mg —— T
5 10 15 20 25 30 35 40 4

mt



Results for Hybrid Reheating (Part II)

g>=2)\=.25 v=10"3M,, V = .024(¢.\/\v)

3 stages: Exp. Instabilities — Bubble Collisions — Turbulence
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Results for Quartic Chaotic

A=10"", g2/A =120 (V = i/\¢4 + %92¢2X2)
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Results for Quartic Chaotic

A=10""(V = 1A¢?)
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Today's Signal (GW RedShifted)

165} BBN bound

ms pulsar

GUT inflation "
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CONCLUSIONS/NEXT STEPS

Q@ GW are Early Universe Ideal Probe: decoupled upon production =

spectral signature retained till today = GWB: “photo* of Early
Universe ¢ < 1 s (Disadvantage/Advantage).
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CONCLUSIONS/NEXT STEPS

© 0 6 ©

GW are Early Universe Ideal Probe: decoupled upon production =
spectral signature retained till today = GWB: “photo* of Early
Universe ¢ < 1 s (Disadvantage/Advantage).

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)
Vector Sources: new channel of GW (not suppressed at Turbulence)

GW = f(V;,g) ANALITICALLY



