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Inflation dilutes everything expotentially

o After inflation: the Universe is cold

@ However, Big Bang Nucleosynthesis needs a Thermal background

Cold Thermal

e

Tnd ~ 0 TBBN ~ MeV

e
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Reheating

@ A theory describing how inflaton ¢ energy = thermal background

Reheating

Oscillation

@ Basic ingredients:
o Couplings p ¢h?, y dnp
e Oscillating @ = particles production = interaction = thermal bath
—> define temperature

o Complex with non-perturbative phenomena [poigov, Kirilova '89] [Traschen, Brandenberger '90]

[Kofman, Linde, Starobinsky '97]...
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Reheating
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o Talks on different aspects of (p)reheating by N. Bernal, S. Clery, M. Garcia,
M. Gross, K. Kaneta, D. Maity, J. Trankle



Temperature is important: WIMP

o Freeze-out in standard case (radiation phase after reheating) Ty, < T, =

1

Y ~ ﬁ = (ov) ~ 1079GeV 2 <= too large, ruled out!
ov

o Freeze-out during reheating with T3, > T,, = much smaller (cv) —
evade experimental constraints
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[Bernal, YX 2209.07546 |
@ More examples: see talk by N. Bernal
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Temperature is important: Leptogenesis

Ny

1016
Radiative Instability
1014
>
[}
O, 1024
£
=
S
1010 g
A
7 —
Qa ¢o = 21.5 Mp s
) mg = 5.7 x 101 GeV
10° += + T T
108 10%0 10" 10
M; [GeV]

e T, > M, = thermal leptogenesis
e T, < M, = non-thermal leptogenesis ¢ — H/N
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We have learned

@ Knowing the background temperature or physics before BBN is important!

Cold Thermal
BSM DM
BBN
BAU @ PT
Tend [ad 0 TBBN Y MeV

@ But, what are the dynamics controlling the background evolution?



Evolution of Background

o Shape inflaton potential V() ~ m3¢?
o Couplings 1 ph?, y phnhp => Ly~ p?/my,y*my

dp dp
7;+3Hp¢:—l“¢p¢; WR+4HpR:+F¢p¢
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Evolution of Background for different T,
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How To Probe Reheating?

Reheating

VoYY
SM thermal bath

(photon, neutrino...)

transparent to GW

@ Probing Reheating with GWs!



Goal of the rest part of this talk

@ Show a simple and unavoidable source of GWs via graviton
Bremsstrahlung

@ Demonstrate how such GW spectrum can help to probe reheating



Graviton Bremsstrahlung during Reheating

e If, reheating: ¢FF (decay) or ¢>FF (annihilation)

¢ F
F . .
[ <
F ® F
@ Then, graviton production
f
2 F
¢ ~ ™~
. Ry “ hy
F o‘, ) F

gravitons emission = propagation — SGWB

[Nakayama, Tang 1810.04975]

[Huang, Yin 1905.08510]

[Barman, Bernal, YX, Zapata 2301.11345]
[Bernal, Cléry, Mambrini, YX 2311.12694]
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Graviton Production Rate

Py
o i
1 (1—22)
3 (ﬂi) — bosonic decay
dr 2 rmy\? (1—22)[2z(z — 1) + 1
diEQ ~ 63? (]\4?;) ( z) | z(w )+1] fermionic decay
A2 1—x)®
= m?f;ﬁ, % bosonic annihilation
e r = %; r—0 = dd]g — 0 (soft divergence) [Weinberg '65] [Barker, Gupta and Kaskas '69]

[Nakayama, Tang 1810.04975]
[Barman, Bernal, YX, Zapata 2301.11345]
[Bernal, Cléry, Mambrini, YX 2311.12694]
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o GW amplitude:

1 dpgw d(pew/pPr)
Q = — = QO B ———]
aw(/) p.dnf B dlnf

d(PGW/PR)
dln Eg

0

o Differential spectrum

oonlos) o (47 LY (E2)

dE, dE, T, mg

~ (differential BR) x (energy fraction)

@ Recall that ) )
dr — p” my 7

— X —=— and ', o« —

dEg M]% E, ‘ my

@ Expect

Qe o d(pow/Pr) ~ (Ey x my)
W dlnE, M3
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Bremsstrahlung GWs
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o At the peak: Q¢yw x (wﬁfﬁ)

[Barman, Bernal, YX, Zapata 2301.11345] [Bernal, Cléry, Mambrini, YX 2311.12694] [YX, 2407.03256]
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Probing Reheatin with Bremsstrahlung GWs
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o If null signal at a frequency = my = 10*® GeV with a specific T}, ruled out

[YX, 2407.03256]
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Inflaton Scattering and Decay

o Inflaton scattering with decay product
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@ Inflaton decays (possible only at 1-loop level) in Einstein-Hilbert framework
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[YX, 2407.03256]
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A Systematic Comparison
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o Left my > T,,: 1 — 3 dominates

e Right m, < T,,: 2 — 2 dominate

[YX, 2407.03256]
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GW Spectrum: Bosonic Decay vs Bosonic Annhilation
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Probing inflaton decay or annihilation

[Bernal, Cléry, Mambrini, YX 2311.12694]
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Cold Thermal

— Reheating — BBN

Reheating explains Cold — Thermal (important for many phenomena)
@ Two important parameters

Q m,

Q T,

@ Unavoidable SGWB from Graviton Bremsstrahlung, dominates if m, > T,

Future GW experiments could potentially probe reheating

Yong Xu, MITP (JGU Mainz) Probing Reheating with Graviton Bremsstrahlung 14 /15


https://yongxudm.github.io/

Probing : Astro-Cosmo-Collider

Synergy

[2308.15322, YX] Haloscope

Telescope

[2209.07546, Bernal, YX] [2301.11345, 2305.16388, Barman, Bernal, YX, Zapata]
[2311.12694, Bernal, Cléry, Mambrini, YX]
[2402.04310, Choi, Ke, Olive]
[2410.21385, Bernal, YX]

[2407.03256 YX]

Reheating

[0804.1827, Nakayama, Saito, Suwa, Yokoyama]
[2305.00027 Barman, Ghoshal, Grzadkowski, Socha]
=
Cher, Copey, B [1404.6704, Dai, Kamionkowski, Wang] [2305.09712, Buen-Abad, Chang, Hook]

» Hay

"2, 2404.16090 B B I, YX
La,,g’ YX] [ arman, Bernal, YX]

Thanks for your attention!
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Polynomial Inflation

@ Monomial Chaotic Inflation V(¢) ~ ¢ has been ruled out

@ A General and Renormalizable Potential
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e During reheating: V(¢) ~ ¢?

[Drees, YX 2104.03977]
[Drees, YX 2209.07545]
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Alpha Attractor Inflation

@ The E model [Kallosh and Linde '13]

V(g) = AM (1 e TM%)

E model with n = 2

n

E model with n = 4
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@ During reheating, i.e . ¢ < Mp = V(¢) ~ ¢"

0.98



Evolution of Background for n > 2
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GW Spectrum: Bosonic decay vs Fermionic decay
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@ The distinction in GW = a novel channel to probe the shape parameter n
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Thermal GWs during Reheating

@ Graviton from thermal plasma [Ghiglieri, Laine 1504.02569] [Ringwald, Schiitte-Engel, Tamarit 2011.04731]

TS
Ly~ =
Mg
—4
10 /,’ 10-44 T =10" GeV ——— w=la=1
s —w—0,a=3
10 // | 10-5
y )¢
10-12 j e / 10-8
. A
%1071 Y § g 3 10710
g s \ £
S 10 ‘| c
u A 10-14
10 g 10716
1072 = 1, =6 x 10 Gey P 1018
- = 10 GeV =
10732 4— . 4 — ; 1020 .
107 107" 100 10° 10° 107 10 10" 10% 102

[Bernal, YX 2410.21385]


https://arxiv.org/abs/1504.02569 
https://arxiv.org/abs/2011.04731
https://arxiv.org/abs/2410.21385

Ultra-high frequency GW Detection Prospect
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FIMP from LLP decay

@ DM freeze-in from a gauge charged parent particle decay

P — DM + fom

o T¢ > T, freeze-in during reheating:
mpm = 1GeV

10 106
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@ Interesting interplay between collider searches and inflationary constraints!
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