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Observations

Universe is flat and istropic at large scale Ô⇒ flatness and horizon problems

Need inflation, which is driven by vacuum energy Einflation

After inflation: the Univerese is empty and cold

Big Bang Nucleosynthesis needs a Thermal background
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Reheating

A theory describing how inflaton ϕ energy Ô⇒ thermal background

Slow-roll

Reheating

Oscillation

←−

Basic ingredients:

Couplings µϕh2, λϕ2h2, y ϕψ̄ψ

Oscillating ϕ Ô⇒ particles production Ô⇒ interaction Ô⇒ thermal bath

Complex with non-perturbative phenomena [talks by Piani, Loayza, Marschall]

Reheating Ô⇒ thermal background. Temperature is important:

DM production, Baryogenesis, Phase Transition, GW...
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Evolution of Background

Shape of inflaton potential around minimum V (ϕ) ∼ ϕn

Couplings µϕh2, y ϕψ̄ψ Ô⇒ Γϕ

dρϕ

dt
+ 3(1 +w)H ρϕ = −(1 +w)Γϕ ρϕ

dρR
dt
+ 4H ρR = +(1 +w)Γϕ ρϕ
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[YX 2308.15322 ]
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Evolution of Background
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Fermionic decay: Γϕ ∼ y2mϕ

8π
with mϕ ∝ V ′′ ∝ ϕn−2

Annihilation: Γϕ ∼ λ2 ρϕ

16πm3
ϕ

Bosonic decay: Γϕ ∼ µ2

8πmϕ

n and type inflaton-matter couplings Ô⇒ background evolution

[YX 2308.15322 ]
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How To Probe Reheating?
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Graviton Bremsstrahlung during Reheating

Reheating: via ϕFF (decay) or ϕ2FF (annihilation)

Graviton Production: Tµνgµν with gµν ≃ ηµν + 1
MP

hµν Ô⇒ 1
MP

Tµνhµν

gravitons emission Ô⇒ propagation Ô⇒ SGWB
[Nakayama, Tang 1810.04975]

[Bernal, Cléry, Mambrini, YX 2311.12694]
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Graviton Production Rate

dΓ

dEg
≃

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

y2

64π3
(
mϕ

MP
)
2 (1 − 2x) [2x(x − 1) + 1]

x
fermionic decay

1

64π3
( µ

MP
)
2 (1 − 2x)2

x
bosonic decay

λ2

8π3

ρϕ

m2
ϕM

2
P

(1 − x)2

x
bosonic annihilation

x = Eg

mϕ
; when x → 0 Ô⇒ soft divergence [Weinberg ’65] [Barker, Gupta and Kaskas ’69]

[Barman, Bernal, YX, Zapata 2301.11345]
[Barman, Bernal, YX, Zapata 2305.16388]
[Bernal, Cléry, Mambrini, YX 2311.12694]
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GW Spectrum

GW amplitude:

ΩGW(f ) =
1

ρc

dρGW
d ln f

= Ω0
γ

d(ρGW/ρR)
d ln f

∼ Ω0
γ

d(ρGW/ρR)
d lnEg

Differential spectrum

d(ρGW/ρR)
dEg

∝ ( dΓ

dEg

1

Γϕ
) × (

Eg

mϕ
) × dilution

∼ differential BR × energy fraction × dilution

Expect
ΩGW(f ) ∝ f

[Barman, Bernal, YX, Zapata 2301.11345 ]
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GW Spectrum: Bosonic decay vs Fermionic decay
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Bosonic Decay

n = 6

n = 4

n = 2
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Fermionic Decay

n = 6

n = 4

n = 2

GW amplitude lager in bosonic decay for n > 2 with V (ϕ) ∼ ϕn

The distinction in GW Ô⇒ a novel channel to probe reheating

[Barman, Bernal, YX, Zapata 2301.11345]
[Barman, Bernal, YX, Zapata 2305.16388]

Yong Xu (MITP, JGU Mainz) Probing Reheating with Graviton Bremsstrahlung 04.06.2024 @ Planck24, Lisbon 9 / 12

https://arxiv.org/abs/2301.11345
https://arxiv.org/abs/2305.16388
https://yongxudm.github.io/


GW Spectrum: Bosonic Decay vs Bosonic Annhilation
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φφ→ ϕϕ+ hµν

φ → ϕϕ+ hµν
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φ → ϕϕ+ hµν

φφ→ ϕϕ+ hµν

[Bernal, Cléry, Mambrini, YX 2311.12694]
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Summary

Reheating explains Cold → Thermal

The dynamics and background temperature evolution controlled by:

1 inflaton potential shape (n)

2 type of inflaton-matter coupling (Γ)

There is an unavoidable SGWB from Graviton Bremsstrahlung

Future GW experiments could potentially probe reheating
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Probing Reheating: Astro-Cosmo-Collider Synergy

Thanks for your attention!
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Probing Reheating via Axion Experiments
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Assume QCD axion makes up all DM. If a positive signal with

4 ⋅ 10−9 eV ≲ ma ≲ 5 ⋅ 10−7 eV

Ô⇒ bosonic annihilation less likely

[YX 2308.15322 ]
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ALP
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Probing Reheating with LLP Searches in the LHC

[Becker, Copello, Harz, Lang, YX 2306.17238 ]

https://arxiv.org/abs/2306.17238


Polynomial Inflation

Monomial Chaotic Inflation V (ϕ) ∼ ϕp has been ruled out

A General and Renormalizable Potential

V (ϕ) ∼ bϕ2 + c ϕ3 + d ϕ4

arXiv:2110.00483
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Alpha Attractor Inflation

The E model [Kallosh and Linde ’13]

V (ϕ) = λM4
P (1 − e

−
√

2
3α

ϕ
MP )

n

0.95 0.96 0.97 0.98
ns

0.00

0.01

0.02

0.03

0.04

0.05

0.06

r 0
.0

5

P
la

nc
k1

8+
B

K
18

+
B

A
O

50

60

E model with n = 2

α = 1

α = 5

α = 10

α = 20

0.95 0.96 0.97 0.98
ns

0.00

0.01

0.02

0.03

0.04

0.05

0.06

r 0
.0

5

P
la

nc
k1

8+
B

K
18

+
B

A
O

50

60

E model with n = 4

α = 1

α = 5

α = 10

α = 20

During reheating, i.e . ϕ≪MP Ô⇒ V (ϕ) ∼ ϕn


