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BASICs of REHEATING

1 Init. Cond. REHEATING:

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

2 Theory of REHEATING:

0 < t < tRH : L = L(φ, ϕi, ψj , Aµ, hµν , ...)

3 Physics of REHEATING: SCALAR SECTORs

V = V (φ) + 1
2g

2φ2χ2 + V (χ) (Chaotic,Hybrid models)

QFT in a FRW : ki ±∆ki → ϕk(t), nk(t) ∼ exp{µk t}
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
φ̈(t) + V ′(φ) = 0 (Oscillations of Inflaton Zero−Mode : Φ ↓↓)

�φk + 〈V ′′〉φk = 0

�χk + 〈V ′′〉χk = 0 (� ≡ ∂tt + 3H∂t + k2

a2 )

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



Reheating in Chaotic Scenarios: PARAMETRIC
RESONANCE

Massless : X ′′k+(κ2 + g2

λ cn
2(z))Xk = 0 (Lamé Eq.)

Massive : X ′′k+(Ak − 2q cos(2z))Xk = 0 (Mathieu Eq.)
q = g2Φ2/(2µ)2, Ak = (k/a)2/µ2 + 2q

 Xk ∼ eµk t
nk ∼ eµk t
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Massive : X ′′k+(Ak − 2q cos(2z))Xk = 0 (Mathieu Eq.)
q = g2Φ2/(2µ)2, Ak = (k/a)2/µ2 + 2q

 Xk ∼ eµk t
nk ∼ eµk t

Chaotic Inflation (KLS94,GKLS97)



Reheating in Hybrid Scenarios: SPINODAL INSTABILITY

φ̈(t) + (µ2 + g2|χ|2)φ(t) = 0

χ̈k +
(
k2+ m2

(
φ
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)
χk = 0


χk, nk ∼ e

√
m2−k2t

(k < m =
√
λv)
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Hybrid Preheating



EXPECTATION: REHEATING ⇒ GW

1 Physics of GW:

hij ' G
c4
Q̈ij
r ∼M

G
c4
〈v2〉
r , Qij =

∫
d3x(xixj − x2δij)ρ

2 GW Sources:

M, v ↑↑ ⇒ hij ↑↑
{

Astrophysics : M ↑↑, v ↑↑
Early Universe : ∆ρ ↑↑, v ↑↑

3 Physics of REHEATING: ϕ̈k + ω2(k, t)ϕk = 0{
Spinodal Instability : ω2 = k2 +m2(1−A t) < 0 (Tachyonic)
Parametric Resonance : ω2 = k2 + Φ(t) sin2 µt (Periodic)

At ki: ϕki , nki ∼ eµ(k)t ⇒ Inhomogeneities: Li, v ↑↑

⇒ REHEATING : IDEAL GW GENERATOR
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G-B,GA,GP 2002: λ ≈ .01, V ≈ .001, v = 10−3Mp



Reheating in the Hybrid Scenarios (Pictorically)

G-B GA GP 2002: λ ≈ .01, V ≈ .001, v = 10−3Mp



Lattice Simulations: Dynamics

Scalars (nk >> 1): �φ+ V,φ = 0, �χa + V,χa = 0

Semi-classical regime πk ≈ κφk + ... (Squeezed States)

FRW: H2 = 8π
3 ρ,

ä
a = − 4π

3 (ρ+ 3p), ,

{
ρ =< ρφ + ρAµ + ... >
p =< pφ + pAµ + ... >

GW: ḧij + 3Hḣij − 1
a2∇2hij = 16πΠTT

ij , Πij = Tij − 〈Tij〉FRW
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Lattice Simulations: Dynamics

Scalars (nk >> 1): �φ+ V,φ = 0, �χa + V,χa = 0

Semi-classical regime πk ≈ κφk + ... (Squeezed States)

FRW: H2 = 8π
3 ρ,

ä
a = − 4π

3 (ρ+ 3p), ,

{
ρ =< ρφ + ρAµ + ... >
p =< pφ + pAµ + ... >

GW: ḧij + 3Hḣij − 1
a2∇2hij = 16πΠTT

ij , Πij = Tij − 〈Tij〉FRW

ds2 = a2(−dη2 + (δij + hij)dxidxj), TT :
{
hii = 0
hij ,j = 0

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



Lattice Simulations: Numerics

∂µO(x)→ (O(x+ µ)−O(x− µ))/2aµ

∂µ∂µO(x)→ (O(x+ 2µ) +O(x− 2µ)− 2O(x))/4a2
µ



GW extraction (I)

Scalar Source (Configuration Space):

ḧij(x, t) + 3Hḣij(x, t)− 1
a2∇2hij(x, t) = 16π

a2 TT {∇lφa∇mφa} (x, t)
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2PijPlm, Pij = δij − kikj/k2
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a2∇2hij(x, t) = 16π

a2 TT {∇lφa∇mφa} (x, t)

Scalar Source (Fourier):

ḧij(k, t) + 3Hḣij(k, t) + k2

a2 hij(k, t) = 16π Λij,lm(k̂) {∇lφa∇mφa} (k, t)

Λij,lm = PilPjm − 1
2PijPlm, Pij = δij − kikj/k2

Solution: (hij(t0) = ḣij(t0) = 0)

hij(k, t) = Λij,lm(k̂)
∫ t
t0
dt′G(t− t′)Πeff

lm(k, t′), Πeff
lm = ∇lφ∇mφ



GW extraction (II)

Building the Solution:

1) Non-Physical eq.:

üij(x, t) + 3Hu̇ij(x, t)− ∇
2

a2 uij(x, t) = 16π {φa,i φa,j } (x, t)

2) Fourier transform: uij(x, t)→ uij(k, t)

3) Proyection: hij(k, t) = Λij,lm(k̂)ulm(k, t)



GW extraction (II)

Outputs: ρGW = 1
32πG

1
L3

∫
d3x ḣij ḣij = 1

32πG
1
L3

∫
d3k|ḣij(t,k)|2

1) Total GW density:
ρGW = 1

32πGL3 ×
∫
k2dk

∫
dΩ Λij,lm(k̂)u̇ij(t,k)u̇∗lm(t,k)

2) Spectrum: dρ
d log k = 1

8GL3 k
3
〈

Λij,lm(k̂)u̇ij(t,k)u̇∗lm(t,k)
〉

4π

3) Snapshots: hij(t,x) = (2π)−3/2
∫
d3ke−ikxΛij,lm(k̂)ulm(t,k)



Results for Hybrid Reheating (Part I)

g2 = 2λ = .25, v = 10−3Mp, V = .024(φc
√
λv)

Bubble Nucleation and Collisions
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Results for Hybrid Reheating (Part II)
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3 stages: Exp. Instabilities → Bubble Collisions → Turbulence
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Results for Hybrid Reheating (Part II)
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3 stages: Exp. Instabilities → Bubble Collisions → Turbulence



Results for Quartic Chaotic

λ = 10−14, g2/λ = 120 (V = 1
4λφ

4 + 1
2g

2φ2χ2)



Results for Quartic Chaotic

λ = 10−14 (V = 1
4λφ

4)



Today’s Signal (GW RedShifted)



CONCLUSIONS/NEXT STEPS

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

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

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

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

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

6 GW = f(VI ,g) ANALITICALLY
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