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GW is a direct probe of the early universe physics!



GWVs from early universe

® Primordial GW (inflationary GW)

® GWs from preheating

® GWs from phase transition

cosmic strings, domain walls, bubble collisions, ...

® GWs from second order scalar perturbation

[Kohri-san’s talk yesterday]
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“New’’ GWV sources

(1) Gravitons from thermal bath
[Ghiglieri, Laine (2015), Ghiglieri et al. (2020)]

(2) Inflaton annihilation to gravitons .
[Ema, Jinno, Mukaida, KN (2015); Ema, Jinno, KN (2020)] \/\_/\.',Ti

(3) Bremsstrahlung from inflaton decay

[KN, Tang (2018)]

(4) Inflaton decay to gravitons «J/l\i

[Ema, Mukaida, KN (2021); Mudrunka, KN (2023)]

All of them are perturbative graviton production
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High frequency GW spectrum contain
very rich information !!

inflationary GW ' \
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(1) GW from thermal bath

. [Ghiglieri, Laine (2015), Ghiglieri et al. (2020)]
® Graviton abundance
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high-T contribution is dominant

® [ypical frequency

a(TR) (many other diagrams ...)

~ 1R X . ~ CMB frequency (~100GHZ)
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(2) GWV from inflaton annihilation

[Ema, Jinno, Mukaida, KN (2015), Ema, Jinno, KN (2020)]

a

® Graviton EoM in FLRW background i+ (1~ % ) 1 =

2
2

-

L : a”
® During inflation — =~ enhancement of low-k modes

— inflationary GVVs for wide frequency range

@ During reheating a(t) ~ (a(t)) (1 ? (2]\};¢ >) ~ ;ZQD cos®(mgt)

—— enhancement of k£ =ams; modes



(2) GWV from inflaton annihilation

[Ema, Jinno, Mukaida, KN (2015), Ema, Jinno, KN (2020)]

® Graviton EoM during reheating

a2m2 2
“ (kQ I MT COSQ(W@) e \/
1%

Same as Mathieu eq. for reheating analysis

® Graviton production from inflaton oscillation my ¢
Log—hn ~ — 0
P

~ inflaton “annihilation” to graviton pair

High frequency tail of primordial GWVs.



There exists high frequency tail of primordial GWV!

Hi s = 101 GeV, T = 10 GeV Hi s = 10Y° GeV, T = 10 GeV
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Nontrivial structure for low scale inflation models
[Mudrunka, KN (2026)]

semil classical :
Bogoliubov -------- I




(3) GW from bremsstrahlung

[KN, Tang (2018); Barman, Bernal, Xu, Zapata (2023)]

® Perturbative inflaton decay necessarily produces brems graviton

------ <L
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® Branching ratio depends only on the inflaton mass
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Some of recent studies :
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[Huang,Yin (2019), Barman et al. (2023), Bernal et al. (2024),
Inui, Mikura, Yokoyama (2024), Jiang, Suyama (2024), Murayama et al. (2025)]



I n Sta nt P re h eati ng [Felder, Kofman, Linde (1998)]

® A simple model:

1

¢
1 _
LD Qmicbz 2)\2¢2X2 + yxy

® Non-perturbative production of X

ny ~ k3, ke ~ 1/ Amg® [Kofman, Linde, Starobinsky (1997)]

@® Mass of X : my(t) ~ A®Psin(myt) ~ AMp; Production of superheavy particle!

® Decay of X: Iy~ yimy (t) (> my) Decay almost instantaneously

Br, _,,sn ~ 0.1 may be possible in instant preheating!



Examples of instant preheating

® A simple model:

1 1 _
LD zmiqbQ 2>\2¢2X2 +yxy

o o o . [Bezrukov, Gorbunov, Shaposhnikov (2008),
® H'ESS Inflation  [Bezrukoy, Shaposhnikov (2007)] Garcia-Bellido, Figueroa, Rubio (2008)]

@ : Higgs X :W boson 1 : quarks

® Sneutrino inflation [KN,Takahashi,Yanagida (2014)]

® :RH sneutrino X :slepton/up-Higgs 1 :lepton/down-Higgs(ino)

Instant preheating naturally happens if inflaton is directly related to SM sector.



® GWs from instant preheating [Hu, KN, Takhistov, Tang (2024)]
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Instant preheating can maximize bremsstrahlung GVWVs!



GWs from inflaton rescattering

[ Xu, (2024), Bernal, Wu, Xu, Xu (2025)]
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(4) Inflaton decay to gravitons

® Question: does scalar decay into graviton pair! [Ema, Mukaida, KN (2021)]

— |n Einstein gravity there is no such process. ‘J,Ti
4 _M]FQ)I 1 [ _
S = [ d'ay=g | "R - 50" 0,00, - V(®

2 N VA

2 1.2
h, b= hi; h, (8}%3’)2» h(ahij)Z

~ m*®* around potential minimum

No ®h mixing, No ¢(dh;;)* term

® Note: scalar annihilation to graviton is possible. \/\_/Q‘
[Ema, Jinno, Mukaida, KN (2015)] gl



(4) Inflaton decay to gravitons

[Ema, Mukaida, KN (2021)]
® Operators beyond Einstein:

L~ cidR + copR* + c3d R R + cad R, o RFVPC

1
1 ['(p—2h) = >
® |Inflaton decay rate: c4 = A 4T A= My,



(4) Inflaton decay to gravitons

[Ema, Mukaida, KN (2021)]
® Operators beyond Einstein:

L~ iR+ codR® + c30R,,, R* + c4p R,y po RMYP7

/

~ ¢(0h)*

After solving mixing between
scalar and graviton, it vanishes.

In short, go to Einstein frame!

® |Inflaton decay rate: c4 =

= |



(4) Inflaton decay to gravitons

[Ema, Mukaida, KN (2021)]
® Operators beyond Einstein:

L~ cidR + copR* + c3d R R + cad R, o RFVPC

/ 1
~ ¢(Oh)* R=R,, =0

After solving mixing between for on-shell graviton.
scalar and graviton, it vanishes.

In short, go to Einstein frame!

® |Inflaton decay rate: c4 =

= |



(4) Inflaton decay to gravitons

[Ema, Mukaida, KN (2021)]
® Operators beyond Einstein:

L~ iR+ codR® + c30R,,, R* + c4p R,y po RMYP7

/ T T

2
~ ¢(8h) R=R, =0 Only this term induces
After solving mixing between  for on-shell graviton. decay to gravitons!
scalar and graviton, it vanishes.

In short, go to Einstein frame!

® |Inflaton decay rate: c¢4 =

= |



(4) Inflaton decay to gravitons

[Ema, Mukaida, KN (2021)]

® Such operator appears by integrating out heavy field

S:fd4x\/—_gtp[iW—m—Acp]w @Q+Q+£)\+

L Ap[1 ., 1

7
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® Scalar can even dominantly decay into gravitons!
[Ema, Mukaida, KN (2021); Strumia, Landini (2025); KN, Takahashi, Wada (2025)]

Dark matter may decay into graviton. [Dunsky, Krnjaic, Pinetti (2025)]



New GW probe of inflation

[Mudrunka, KN (2023)]

® 5String effective theory often contains Gauss-Bonnet correction term

® Inflation with Gauss-Bonnet term

S = /d%\/—g % SR ;5’”¢5’M¢—V(¢) 1166(@ Rép
Rty = R"*°R .3 — 4R" R, + R’

® Prediction on scalar spectral index & tensor-to-scalar ratio change
[Satoh, Soda (2008), Guo, Schwarz (2010)]

® Gauss-Bonnet term induces inflaton decay to gravitons!



[Mudrunka, KN (2023)]
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dQ,/dInf

Huge GW background from inflaton decay to gravitons!
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Toward detection of high-f GVVs

® Graviton-photon conversion under magnetic field
(inverse Gertsenshtein effect)

® Astrophysical observations with telescopes

® Use of axion experiments (cavity haloscope, helioscope, etc. )

—

GW B photon

VAVARRIIERVAVA

® GW interaction with materials, qubits, etc.
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Summary

® Many high frequency GW sources are found recently.

® They are directly related to inflaton properties.

New probes of inflation !

® Experimental efforts for high-f GW detection
are on-going.



