Gravitational Waves from Reheating: Messengers of the

Pre-BBN Universe

XU, Yong #RE (MITP & University of Mainz)

June 26, 2025
FHIEMRA, LBKERT
Tsung-Dao Lee Institute, Shanghai Jiao Tong University

[
1 JGlu
Cluster of Excellence
for

A + sonannes GUTENBERG
t) PR'SMA UNIVERSITAT MAINz

Mainz Institute
Theoretical Physics


https://yongxudm.github.io/

Observations of GWSs from Binary Black Hole Merger
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GW150914, GW151226, GW170817, GW190521, GW20011, GW230529...
= Triumph of General Relativity and new era of GW astronomy!
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The early Universe...

hosts a variety of GW sources.



This talk: the unavoidable GWs in inflationary cosmology

@ Overview of recent advances in gravitational waves (GWs) from reheating

@ Demonstrate how this GW background can probe the physics before BBN
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History of the Universe: several key events

e t~ 1075 s: QCD deconfinement transition with T ~ 150 MeV
quark gluon soup = p, n

e t~ 1s— 200 s: Big Bang Nucleosynthesis with MeV > T > 50 keV

p+n—2H+~
p+iH — He++
H+’H-—°He+n
H+2H —*H+p
SHe +*H — *He +p
SH+’H — *He+n

@ t ~ 380kyrs : Recombination = neutral atom with T ~ 0.3eV

e +pt > H+y
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Cosmic Microwave Background (CMB)

@ Before recombination
e +ty<re +7

o After recombination: v became free = CMB

@ Questions:
@ Why looks so homogeneous?

Universe so big = causaly disconnected = Horizon problem

@ What is the origin of the tiny inhomogeneities?
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Cosmic Inflation

Slow-roll

e Cosmic inflation (exponential expansion)

e% = small to BIG

_ (3?2 _ plo) V(o)
H2:<5) 3M?¢H 3M?§a*eH

e.g. Polynomial Inflation vs) =« [¢4 — 8/3¢0 (1 — B) 3 + 2¢g¢2] [Drees, YX 2104.03977, 2209.07545]
@ Quantum fluctuation of ¢
d¢ = CMB inhomogeneities and seeds for structure

which also sources GW §¢ =— g,
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Inflation dilutes everything expotentially

@ After inflation: the Universe is cold and empty

@ 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 ph?, yapip

o Oscillating ¢ = particles production = interaction =—> SM thermal
bath = define temperature

e Can be complex with non-perturbative phenomena
[Dolgov, Kirilova '89] [Traschen, Brandenberger '90] [Kofman, Linde, Starobinsky '97]... [Garcia, Kaneta, Mambrini, Olive '20]...

[Drees, YX '21]...[Barman, Bernal YX '24]...
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Temperature is important: WIMP Freeze-out

o Freeze-out after reheating T¢, < Tyy =

3 — _loo)n2 2
o i + 3w = —(o0) (03, — nZ)
i Ty, = 10° GeV
—y
10t m =100 GeV
(o) =3 x 107 [GeV 7]
L op
g severe constraints|
i
o0
10
Quuh? = 0.12 k‘
1012 .
10 10 10" 10 100

x=m/T

o Freeze-out during reheating with T¢, > T, = much smaller (ov) —
evade experimental constraints
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1074 m =100 Ge 1079
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[Bernal, YX 2209.07546 ]
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Temperature during r

eating is important:

@ New source of Leptogenesis [prees vx 24010285 ]

100

Radiative Instability

90 =215 Mp

mg = 5.7 % 10 Gev

0% 10" 10 101
M, [GeV]

@ Double peaked GW from Phase Transition [Buen-Abad, Chang, Hook 2305.09712 ]
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But, what controls the evolution of temperature?
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Evolution of Background

@ Shape inflaton potential V(¢) ~ miq{)z
o Couplings pgh?, yonp = Ty ~ u?/my,y>m,

Reheating

dpR +4Hpr = 4T3 pg

1011
Trpf'  Ta~/ToMp

10
1010

]
e =

&e,

=
Inflation

Dif”g

10° T = Ty, = 100 MeV

104 4— - — — -
107 10 10°% 107 1070 100 10°

a/am
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Evolution of Background for different T,

101
T~ 913/4 T~ /Ty Mp:

[YX 2308.15322 Phys. Rev. D 108, 083536 ]

12 /31

GWs from Reheating: Messengers to the Pre-BBN

XU, Yong #&E (MITP & University of Mainz)


https://arxiv.org/abs/2308.15322
https://yongxudm.github.io/

How To Probe Reheating?

Reheating

VoYY
SM thermal bath

(photon, neutrino...)

transparent to GW

@ Probing Reheating with GWs! <« direct messengers



Goal of the rest part of this talk

@ Overview of recent advances on GWs from reheating

@ Demonstrate how the resulting GW spectrum can probe reheating



Graviton Bremsstrahlung during Reheating

o If, reheating: ¢FF radiation production from ¢ decay

@ Then, graviton production

gravitons emission = propagation = stochastic GW Background

[Nakayama, Tang 1905.08510] [Barman, Bernal, YX, Zapata 2301.11345] [Bernal, Cléry, Mambrini, YX 2311.12694]
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GR as a Low Energy EFT

@ Einstein-Hilbert action:
M>
SEH = /OAX\/—g (;R)

o Recall the definition: R),,, ~ 9,I'5, + .. and T'},, ~ g9, 8,,
= R~ 0glg

@ Expansion

B N (h 2) - (--+) pert. in linearized GR
Buw = Tl " Mp huy  a dynamical field in field theory

o Effective terms in the action

2,

[A. Zee Quantum Field Theory in a Nutshell: Second Edition]

h h?
Sen D /d‘lxM,QD (8h8h + V@h@h + —0hoh+ )
P
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GR as a Low Energy EFT: including matter fields

@ The action

S>O /d4x\/—g(£EH + Ly + Lint.)

Inflaton sector

Lo= 58" 0,00,6 V(o)

@ Interaction part ~
Lint. D pdlp|* + yoop

Use the expansion

2
g = Nuv + h“”ﬁp

o Gravitational vertex

1
VEEED g b T

(N

eg. T = 0"¢d"d — 1 (0°0ad — m36?)

XU, Yong #&E (MITP & University of Mainz) GWs from Reheating: Messengers to the Pre-BBN 15/31


https://yongxudm.github.io/

Graviton Production: Example with F = ¢

f
@ Matrix element:
. . i —i Uk
IMl = (I/L) X m X VP [26;"'(6 — (U)U — T’uy(e . (g — (AJ) — mé)] et
_ il
- MP f-w

where w? = mé =0
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Graviton Production: Example with F = ¢

Diagram 1:

Diagram 2:

Diagram 3:

Diagram 4:

XU, Yong #&E (MITP & University of Mainz)

My = i bl
IMl o IMpe w

/1’ P,u,pz/ 123
iMy = i— et
2 Mp p-w

M ququ v

IMg—IMPq w

iMy o< n, e = ey —0
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Graviton Production Rate

F [ ) F
[ —— _<’//E \\‘ ’ ﬁjﬂlkh,,,,
AN Iy ’
\]? ) F
2 2
1 1-2
13 (/5/3) (% bosonic decay
dr dE|M|? Z(1—2x)[2x(x— 1)+ 1
— = f# ~ 1 (me( X) 2x(x— 1) +1] fermionic decay
dEyp, 64m3my 6473 \ Mp X
A2 1—x)?
Rl 2[)745 A-x" bosonic annihilation
873 m3 Mp X
0 xX= n%: X—0 = % — 00 (soft divergence) weinberg 'ss] [Barker, Gupta and Kaskas '69]

[Nakayama, Tang 1810.04975] [Barman, Bernal, YX, Zapata 2301.11345] [Barman, Bernal, YX, Zapata 2305.16388] [Bernal, Cléry, Mambrini,
YX 2311.12694]
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Formalism for GW Spectrum

o GW spectrum (k = 27f)

1 dps »
Q = — =38 — 1
aw( e din k T 8h o h

where

o /d?’kf _ /kd3kf 2%_ 47rk3f
h = 8h 7(%)3 hs  Ph = 8h 7(2703 h dk —gh7(27r)3 h

@ The target: the graviton phase space distribution function f,

5 k| e 0 = o b

n+m n+m
Cp = gﬁm/(Hdﬂ) fy~ﬁ,\ﬂ| 27r45(4 Zp— Z pj

Jj=n+1

foer+X2+"'+Xn_>Xn+1+Xn+2+"'+Xn+m+h
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Bremsstrahlung GWs

2 —18 mg Ten f
Qewh” ~ 10 13 13 9
1013 GeV 1013 GeV 10° Hz
1076,

10 10 10 10 4

10711, 10711,
o
o 10718 mg = 10" GeV &, 10-15 ‘l
< < .
z z [
o —22 | . 1
10 il
107204 [
— Ty, =10° GeV. o | H
10730 — T =10° Gev 107301 == GV N
— 7, =107 GeV (= g =10 GeV | |
107344 Ty, =10° GeV/ 10734 =een iy = 10 Gev | :

2 b
10738 . . . - - 107554 T - - - ! - I
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F M) f [He]

1 am 10l m 10*% Gev
o Peak frequency: fyeak %T% ~ 10" (1013 ¢GeV) ( Ten - ) Hz
)2

o At the peak: Qew x (grrcay) = Probe the inflaton mass

1013 GeV
[YX, 2407.03256 JHEP 10 (2024) 174]
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Inflaton Scattering and Decay

e So far: ¢ — FFh,,

F F F F
[ ’
/ %“HL ) Iy ;
o o S U ‘ T N
F F ) F F
Infl ing with d duct 1272 ~ 173 x (L
@ Intlaton scattering with decay product 1, ~ 1y X mg
1) F 16} F
¢ ----- nnne Ty F s F
¢! . E Fi P Xﬂ%"%%
2 R F F [P v~ Ty
@ Inflaton decays (possible only at 1-loop level!) in Einstein-Hilbert framework
[ o™
, Py /;ﬁ\
1 -
F
S wnnannns Ny, Iy Ty

[YX, 2407.03256 JHEP 10 (2024),174]
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Pure Inflaton Scattering

@ Inflaton Inflaton

o Ry 6 Py
¢ - ronnne By G oo ; N
¢--mmem s By o ; hyw & b & By
2
2=z _ P Mo Py My

£ T my32r ML 321 MY

[Choi, Ke, Olive, 2402.04310]  [Bernal, Xu, Wu, YX 2503.10756]

e Computationally challenging with O(10°) terms to contract using
traditionally Feynman diagram method with double gravitons (spin-2)
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Triple Graviton Vertex

;41/
uH o)

(k,q)

+ +

+

6 Py

o
[ Py

w2

i 1 v . .

5 {aaos = st [0+ (= 06— 4 0 = S
2rdo []/\(r,aﬁl;u/,’yé + I'\U’wéf"u’aﬁ . ]Au,aﬁ[nuw . ]nu,aﬂpu,w]
(0" (NasI ™6 + 161 ag) + 30 (NasI ™55 + a1 as)
qz(naﬁlﬂu’vé + T]’ytslw/ﬁaﬁ) U"V(JA(]U(Uaﬁ] S\ nﬁ/élaﬁ,/\a)}
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Iayyqélaﬁ )\okﬂ - [aﬂyfyﬁlaﬂ,)\oku)

q (I aplyso” + Top " I70s) + n“”q*qn (Lap oI55 + LisapI? 0p)]

1
KW+%7@%OWWMJ+FZMW”*ﬂWﬂmO

(K136 1" 0 + (k — )*10asI"5)] } gr-qc/0607045 (81)

—> lengthy and tedious...
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Alternative Methods

@ Bogoliubov formalism:
H'(k) + wih(k) =0 with wi ~ K —a"(7)/a(T)

nh = (in|a£ak|in) =0 = M= (in|bek\in> = [Bk?#0

o Techniques from scattering amplitude (double-copy)

Mgraviton NAYM % AYM

[projects in progress|

XU, Yong #&E (MITP & University of Mainz) GWs from Reheating: Messengers to the Pre-BBN 24/31


https://yongxudm.github.io/

Gravitational Waves and Scattering Amplitudes

Snowmass White Paper: Gravitational Waves
and Scattering Amplitudes

Alessandra Buonanno,'* Mohammed Khalil,
Mikhail P. Solon,” Mao Zeng’

*? Donal O'Connell,’ Radu Roiban,’

" Max Planck Institute for Gravitational Physies (Albert Einstein Institute). Am Mihlenbery 1
Potsdam, 14476, Germany

2Department of Physics, University of Maryland, College Park, MD 20742, USA

*Higgs Centre for Theoretical Physics, University of Edinburgh, James Clerk Mq
ing, Peter Guthric Tuit Road, Edinburgh, EH9 3FD, UK

4 Department of Physics, Pennsylvania State University, University Park, PA 16802, USA

rwell Build-

®Mani L. Bhaumil: Institute for Theoretical Physics, University of California al Los Angeles,
Los Angeles, CA 90095, USA

ABSTRACT:  We 1¢
tools from theoretical high

W T

t progress and future prospects for harnessing powerful
nergy physics, such as seattering amplitudes and effec

ystematically improvable framework for calcu-
lating gravitational-wave signals from binary systems composed of black holes and /o
neutron stars. This effort aims to provide state-of-the-art predictions that will enable
high-precision measurements at future gravitational-wave detectors. In turn, applying
the tools of quantum field theory in this new arena will uncover theoretical structures
that can transform our understanding of basic phenomena and lead to new tools that
will further the cycle of innovation. While still in a nascent stage, this research di-

field theory, to develop a precise and

2204.05194v1 [hep-th] 11 Apr2022

arXiv

vection has already derived new analytic results in general relativity, and promises to
advance the development of highly aceurate waveform models for ever more sensitive
detectors

( )2~}~D~{~f'ﬁ
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Pure Thermal Scattering

o Graviton from thermal particles scattering

U —> hw ) — Ry
vy vy
’LZ —— h,uy Y ~rnAAN—— Y

@ A single graviton production dominates

& s

. )
IMoyyhy|™ = WE ¢

divergent when t = (p; — p3)?> = —2E; E3(1 — cos ) — 0 (need regulator)

@ Graviton production rate
T
Lg~ gWPe KT
o Graviton energy: Eg~ T = Eg(now) = Tx 2 ~ Temp ~ O(100)GHz

[Ghiglieri, Laine 1504.02569] [Ghiglieri, Jackson, Laine, Zhu, 2004.11392] [Ringwald, Schiitte-Engel, Tamarit 2011.04731]...
[Bernal, YX 2410.21385] [YX, 2412.21137] [Xu, YX, Yin, Zhu 2505.08868]
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Thermal GW from the Standard Model

3
Qowh? ~ 8.6-10-11  — I f A
1014 Gev ) \ 1011 Hz

1011 7
2
10-124 &
1014</
~
=
=
S 10164 -
g1 -
PR
10718427
— T =102 GeV ',
107204 == T}, =109 GeV o\
P aann Trh:IOGGeV "‘
2 ; .
10 1010 1011 1012
f [Hz]

[¥YX, 2412.21137; Phys.Lett.B 865 (2025) 139483]
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All Channels

s

) F;"ﬂ ‘ ﬁ'ﬁ\ﬁ Iy
[ ¢------ < P------ . ¢------ o iy,

Ry

Py

+ thermal scatterings with SM



A Systematic Comparison

107*

10—10 ]
me = 10" GeV
T = 10'2 GeV
~ 10713 i
<
z
O
(o] 10716,
Hing = 103 GeV
10—19 ]

mm [nflationary GW
mam Hp—hh
1022 m— g = dph

— 1) — P h

m SM SM — SM h

105 102 102 106  10°  1oM
f [Hz]

o Low f regime: inflationary GWs dominate = probe Hiu¢
@ High f regime: thermal GWs dominate (unless my > T,,) = probe T,
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Detection of Ultra-high Frequency Gravitational Waves

Challenges and opportunities of gravitational-wave searches at Citations per year

MHz to GHz frequencies

Nancy Aggarwal (North

U).Odylo 0. Aguiar (530 Jo

Bauswein (Darmstadt, GS1), Giancario Clla (INFN, Pisa), Sebastian Clesse (Brussels U)
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Cold Thermal

GW emission

— | Reheating| — BBN

@ Reheating explains Cold — Thermal (important for many BSM phenomena)
@ Two important parameters (m¢ and T,,)  and several GW sources

@ m¢ > T = Non-Thermal Bremsstrahlung GWs dominate =—> probe m

@ Large T.h, = Thermal GWs dominate —> probe T,

= GWs as messengers of pre-BBN universe!
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Probing : Astro-Cosmo-Collider Synergy and

Landscape of messengers

[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]
[2505.08868 Xu, YX, Yin, Zhu]

Reheating

[0804.1827, Nakayama, Saito, Suwa, Yokoyama]

[2306.1723 [2305.00027 Barman, Ghoshal, Grzadkowski, Socha]
€
Cher, Copeyy, H [1404.6704, Dai, Kamionkowski, Wang] [2305.09712, Buen-Abad, Chang, Hook]
"2 Lan [2404.16090 Barman, Bernal, YX]
8, YX]

Thanks for your attention!
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Temperature is important: WIMP Freeze-out

o Freeze-out after reheating T¢, < Ty =

- it + 3Hnaw = —{ov)(nd, — n2)
e T = 10° GeV
1074 Y m =100 GeV
{ov) =3 x 1077 [GeV~?)
210"
E severe constraints|
i
= 107
100
Quuih? = 012 k'
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https://arxiv.org/abs/2209.07546

Temperature is important: Leptogenesis
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e T, > M; = thermal leptogenesis
e T, < My = non-thermal leptogenesis ¢ — H!N

[Drees,YX 2401.02485 ]


https://arxiv.org/abs/2401.02485

Temperature is important: Phase Transition

@ Possible to have T, < Thax
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https://arxiv.org/abs/2305.09712

Probing Gravitational Dark Matter with Thermal GWs

@ Minimal scenario: DM with pure gravity interaction

@ GWs offers a new avenue: unavoidable cogenesis of DM and GW
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o Left frame: Null signal Qgwh? > 1071 = exclude mpy < 106 GeV

@ Right frame: Positive signal and enough resolution = probe the spin!

[YX, 2412.21137; Phys.Lett.B 865 (2025) 139483]


https://arxiv.org/abs/2412.21137
https://www.sciencedirect.com/science/article/pii/S0370269325002448?via%3Dihub

Polynomial Inflation

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

@ A General and Renormalizable Potential

V(¢) = bo? + c¢® +do" ~ d[¢" —8/3¢0 (1 — B) ¢° + 2¢3¢°]
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e During reheating: V(¢) ~ ¢

[Drees, YX 2104.03977]
[Drees, YX 2209.07545]


https://arxiv.org/abs/2104.03977
https://arxiv.org/abs/2209.07545 

Bremsstrahlung GW Spectrum

o GW amplitude:

Qewlf) = 1 dpew QO d(pew/pr) QO d(pew/pR)
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Matching reheating with inflationary predictions

/l?: Evolution of Comoving Hubble Horizon
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@ Low bound on T, in Starobinsky inflaton: T,, ~ 180 GeV



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

P — DM + fom
Right: during reheating (Tg > Ty, )

o Left: after reheating (Tg < Ty )
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[Becker, Copello, Harz, Lang, YX 2306.17238 ]


https://arxiv.org/abs/2306.17238

FIMP from LLP decay

@ DM freeze-in from a gauge charged parent particle decay
P — DM + fom
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@ In Starobinsky inflation with mpy = 1 GeV: if an event (e.g. yellow star) at
collider = T, > 180GeV!

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


https://arxiv.org/abs/2306.17238

Axion Production during reheating
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Axion Experiments

@ Reheating Dynamics: nand I' = different T = different m, —
experimental implications



Probing Reheating via Axion experiments:

QCD Axion
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@ Assume QCD axion makes up all DM. If a positive signal with

4-1072eV<m,<5-1077 eV

= bosonic annihilation less likely

[YX 2308.15322 Phys. Rev. D 108, 083536 ]


https://arxiv.org/abs/2308.15322
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[YX 2308.15322 Phys. Rev. D 108, 083536 ]


https://arxiv.org/abs/2308.15322
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