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Gravitational wave
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Gravitational wave

GW is a direct probe of the early universe physics!



GWs 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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Figure 5: SGWB energy density h2⌦GW for di↵erent cosmological sources compared to the sensitivity of di↵erent
GW detectors. As cosmological signals we have the vacuum GW contribution coming from inflation (grey dashed
line) with r = 0.044 and nT = �r/8, the signal expected in axion inflation models (cyan), the signal generated
by cosmic string networks with Gµ = 10�10 (brown), the signal generated by a FOPT with vw = 0.9, ↵ = 0.1,
�/H⇤ = 50, g⇤ = 100, T⇤ = 200GeV (pink) and the signal generated at second-order by the formation mechanism of
PBHs with fPBH = 1, � = 0.5, k⇤ = kLISA (orange). For GW detectors we report the sensitivity of Planck (darker
green), LITEBird (green), EPTA (blue), SKA (darker blue), LISA (red), DECIGO (purple), LIGO Design (black)
and ET (darker black).

with extra (gauge) fields (Sec. 8.2) [390–396] to models with features in the scalar power spectrum (Sec. 8.3) [397–
399], models where spacetime symmetries are broken during inflation (Sec. 8.4) [400–402, 402–404, 404–407], or
scenarios where non-attractor phases characterise the universe evolution [408–410]. GWs sourced by second-order
scalar fluctuations (Sec. 10.3) can further be associated with PBH formation (Sec. 10). These models are characterised
by an amplitude which, still respecting the CMB bounds, have a large amplitude and a peculiar frequency shape
which may enable detection by LISA. A dedicated analysis for the potential of the LISA space-based interferometer
to detect the SGWB produced from di↵erent inflationary models has been performed in Ref. [411]. This analysis has
shown how LISA will be able to probe inflationary scenarios, in a complementary way to CMB experiments. Besides
these, there are some post-inflationary mechanisms which can also generate GWs with a large amplitude at LISA
scales: for instance several setups beyond the standard model of particle physics (BSM) exhibit a first-order phase
transition (FOPT) around the TeV energy scale that peaks in the LISA frequency window (see Sec. 6). A dedicated
analysis for the detection of a cosmological SGWB from FOPTs have been done in Refs. [412, 413]. Also cosmic
defects can generate a cosmological SGWB which crosses the frequency window of the LISA detector. More precisely
the GW signal from cosmic defects can be detected if the energy of the phase transition that created the defects is at
the right scale (see Sec. 7). A recent analysis to probe the ability of LISA to measure this background, considering
leading models of the string networks has been done in Ref. [414]. In the most optimistic case, LISA might be able
to probe cosmic strings with tensions Gµ & O(10�17). It has been recently pointed out [415] that, depending on
di↵erent assumptions on the astrophysical background and the galactic foreground, LISA will be able to probe cosmic
strings with tensions Gµ & O(10�16 � 10�15).

The detection of any of these SGWBs from the early universe, would allow us to test high energy scales beyond
the reach of particle colliders, like the Large Hadron Collider (LHC).

In Fig. 5 we collect GW cosmological signals expected to peak in the LISA frequency band and we compare them
with the sensitivity of present and future GW detectors.
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[Auclair et al., 2204.05434]

GWs from early universe
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High frequency GW

GWs from early universe



“New” GW sources

(3) Bremsstrahlung from inflaton decay

(2) Inflaton annihilation to gravitons

(4) Inflaton decay to gravitons

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

[KN, Tang (2018)]

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

All of them are perturbative graviton production

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

Φg(g) ⇔

Φs(f) + Φf(s) + Φs|f ⇔

Φs(g) + Φg(s) + Φs|g ⇔

Φf(g) + Φg(f) + Φf |g ⇔

Figure 2: t-channel 2↔ 2 scatterings contributing to gravitational wave production (further processes

are obtained with u and s-channel reflections). The notation is as in fig. 1, with the double line

indicating a graviton. Up to numerical prefactors, the amplitudes squared originating from these

processes, after summing over the physical polarization states of the gravitons and Standard Model

particles, correspond to the cuts shown in eqs. (2.36)–(2.38) (cf. sec. 2.4).

where the breaking of Lorentz invariance through the medium manifests itself only through

the distribution functions Nτ1;σ1σ2
:

CΦg(g) = 4C
[
Φs(g) + Φg(s) + Φs|g

]
= 2N+;++

{
−2

(
s2 + u2

t
+

t2

s

)}
, (2.36)

C
[
Φs(f) + Φf(s) + Φs|f

]
= 2N−;−+

{
2t
}
+ 2N+;−−

{
s
}
, (2.37)

C
[
Φf(g) + Φg(f) + Φf |g

]
= 4N−;−+

{
s2 + u2

t

}
+ 4N+;−−

{
t2

s

}
. (2.38)

We note that eq. (2.36) could be written in a more symmetric form, but for later conve-

nience we prefer to use the same structures as in eq. (2.38). Eqs. (2.36)–(2.38) correspond to

amplitudes squared for processes illustrated in fig. 2 (cf. sec. 2.4).

The drastic simplification that we have observed when going on the light-cone has a known

precedent: it also takes place for photon production from a thermal medium. Furthermore, in

that case it is well understood. The transverse correlator to which physical photons couple,

ImGR
T, can be replaced by the full vector correlator, ImGR

V = ImGR
T + ImGR

L , because a

Ward identity guarantees the vanishing of ImGR
L for zero virtuality. We are not aware of a

similar operator relation between the tensor channel correlator in eq. (2.3) and one without

any T’s, even if intriguing relations between photon and graviton production amplitudes

are known to exist (cf. sec. 2.4).
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(many other diagrams …)
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Figure 4: Energy fraction of gravitational waves per logarithmic frequency interval from the pri-
mordial thermal plasma in the SM, cf. Eq. (2.19). From top to bottom, the solid lines correspond
to the following maximal temperatures: Tmax = MP (violet), 1016 GeV (blue), 1013 GeV (green),
1010 GeV (orange), 108 GeV (red), 105 GeV (dark red), 103 GeV (black). The dashed lines give
the projected sensitivities for planned gravitational wave experiments.

bang. The peaks in the spectra, for di↵erent Tmax, occur around 80GHz, less than 10% higher
than the generic estimate (2.24) based on the analytic approximation (2.21) and the leading-log
result for ⌘̂(T, k̂), while they are reproduced with an accuracy of the order of 3% or better (1% or
better for hCGMB

c ) by the formulae (2.38) and (2.34).
To end this section, let us note that the theoretical uncertainty of the above results for h2⌦CGMB

in the SM is of the order of 0.1%. This has been estimated by considering the e↵ect of varying
the renormalization scale by a factor of 2, and by considering values between -3000 GeV and 3000
GeV of the unknown parameter qc appearing in the three-loop contributions to the QCD pressure
of Ref. [29]. Note that the final uncertainty is one order of magnitude lower than the maximal
theoretical uncertainties found for ⌘̂; this is due to cancellations between the variations of ⌘̂ and
the e↵ective numbers of degrees of freedom.

2.4 CGMB in minimal BSM models explaining neutrino masses, DM, and the
BAU

So far, our predictions were based on the assumption that the SM is valid up to the Planck scale,
and the value of the temperature Tmax was left unspecified. However, there is a strong case for
BSM physics. It is definitely required to explain neutrino masses and mixing, the origin of the non-
baryonic DM, and the BAU. Therefore, we consider now two minimalistic extensions of the SM
which solve also these problems. In addition to the latter issues, these models also accommodate
realizations of the inflation mechanism, which can address the flatness and horizon problems asso-

17

[Ringwald, Schutte-Engel, Tamarit (2020)]



(2) GW from inflaton annihilation
[Ema, Jinno, Mukaida, KN (2015), Ema, Jinno, KN (2020)]

Graviton EoM in FLRW background
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(2) GW from inflaton annihilation
[Ema, Jinno, Mukaida, KN (2015), Ema, Jinno, KN (2020)]

Graviton EoM during reheating

~ inflaton “annihilation” to graviton pair
Graviton production from inflaton oscillation
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Figure 2: Stochastic GW background spectrum for Hinf = 1014GeV, Hend = m� = 1013GeV, and
TR = 1012GeV (left) and 1010GeV (right). The solid lines correspond to the vacuum contribution
that is amplified due to the inflaton oscillation during the reheating era and the dashed lines
correspond to the inflationary GW that is amplified during the inflation stage.

more general form of the inflaton potential. We will come back to this issue in a separate
work.

Lastly we discuss other contributions to the high-frequency stochastic GW background
spectrum, which can hide the vacuum contributions that we found. The Standard Model
thermal plasma emits gravitons through scattering processes and they also constitute a
stochastic GW background [22, 23]. The typical frequency of the emitted graviton at the
temperature T is of order T and it is redshifted as a

�1(t). Since the temperature is also
redshifted as a

�1(t), the typical comoving frequency (or the frequency observed today) is
roughly the same independently of the temperature. The overall amount of GW is dominated
by those emitted earlier epoch for all the frequency range, i.e., at the highest temperature
TR and the result is#4

⌦(th)
GW(k) ⇠ 2⇥ 10�13

✓
TR

1010 GeV

◆✓
k

a⇤T⇤

◆3

'

✓
k

a⇤T⇤

◆
, (28)

where T⇤ denotes the reference temperature taken to be the electroweak scale, and '(x) ' 1
for x ⌧ 1 and exponentially decreases for x & 1. Another contribution comes from the
graviton bremsstrahlung processes associated with the perturbative inflaton decay. The
spectrum is given by [24,25]

⌦(brem)
GW (k) ' ⌦r

m
2
�

16⇡2M2
P

f

fhigh
, (29)

for f ⌧ fhigh. Note that the coupling that is responsible for the inflaton decay may also
induce the preheating and resonant particle production if the coupling is relatively large [38–

#4 The dilute plasma before the completion of the reheating also emit gravitons. However, one can show
that this contribution goes like k

4.6 toward lower frequency and is hidden by the k
3 tail of (28).
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[Mudrunka, KN (2026)]

Figure 2: (Left) Time evolution of several length scales: Hubble scale H
→1 (black line),

physical GW wavelength a/k (red lines), the e!ective inflaton mass scale m
→1
ω

(blue dashed
line). The time at the end of inflation is represented by te and the star represents when the
condition k = amω is satisfied for one choice of k at t = tm, at which particle production
happens. (Right) Expected GW spectrum as a function of (present) GW frequency f : f1

and f2 correspond to the comoving wavenumber k1 and k2. The blue shaded region is hard to
predict analytically and we need numerical simulation to derive the behavior in this region.
We assumed w < 1/3 in this figure, where w is the equation of state parameter during the
inflaton oscillation epoch.

Figure 3: The same as Fig. 2, but for w > 1/3.
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Figure 7: GW spectrum in the T-model with n = 2 (upper left), n = 2.5 (upper right),
n = 4 (lower left) and n = 6 (lower right). We have taken !/MPl = 0.5.

the observed density perturbation. The inflaton mass and the Hubble scale are given by

mω → 1.4↑ 1013 GeV

(
60

N

)
,

He

mω

=
!↓
6MPl

. (53)

Therefore, for ! ↔ MPl we have hierarchy He ↔ mω. For general n, the coupling constant
ω is given by

ωM
n→4
Pl =

3ε2
nPε

N2

(
MPl

!

)n→2

, (54)

and defining m
2
ω
(te) = ω!n→2, we obtain

mω(te) →
√

3ε2nPε

N
MPl,

He

mω(te)
→ !↓

3nMPl

. (55)

The result of numerical calculation for the GW spectrum are shown in Fig. 7 for n = 2
(upper left), n = 2.5 (upper right), n = 4 (lower left) and n = 6 (lower right). We have
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Nontrivial structure for low scale inflation models

Next talk



(3) GW from bremsstrahlung
[KN, Tang (2018); Barman, Bernal, Xu, Zapata (2023)]

Perturbative inflaton decay necessarily produces brems graviton
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[KN, Tang (2018)]

Note that we should take redshift into account and evaluate the above function at E '

2⇡f ⇥ TR/T�0 for present frequency f and CMB temperature T�0 = 2.73K = 8.6⇥ 10�5 eV.
In Fig. 6 we plot the predicted spectrum from bosonic decay (very similar for fermionic

decay except at high energy tail), in comparison with current or future gravitational-wave
experiments, SKA [8], LISA [9], DECIGO [10], LIGO’s first operation (O1) and LIGO
designed [11]. There are four illustrating cases defined by the following parameter pairs,

• IA: M = 0.5MP ,� = 10�5
MP ,

• IB: M = 0.1MP ,� = 10�5
MP ,

• IIA: M = 0.5MP ,� = 10�10
MP ,

• IIB: M = 0.1MP ,� = 10�10
MP ,

and the dominant contribution is from those produced at H = �, which should be less than
or equal to the Hubble scale during inflation. As shown in the figure, the peaks of cases I
are di↵erent from cases II, which is due to the redshift from cosmic expansion. Since they
have di↵erent Hubble parameters, the reheating temperatures are di↵erent, TR ' 0.3

p
�MP ,

and the peaks are around energy MT�0/TR. For the same �, larger M would give stronger
gravitational emission, therefore the overall height of the spectrum is enhanced, which is
proportional to (M/MP )2. Note that in all cases the spectrum have a finite range due to
the energy threshold ⇤ below which particle description is not accurate. It is shown that,
although gravitational waves from particle origin could be the dominant contribution to the
energy density at high frequency, they are beyond the sensitivity regions of ongoing and
future experiments.

From the above discussion, we would expect that although decreasing � or H could
broaden the frequency domain of spectrum, the overall strength is reduced because ⌦(f) is
proportional to E at low energy, which can be easily seen from Eq. 22 and d�1/dx / 1/x. In
cases where there are some other long-lived particles, such as dark matter, decaying in the
present time, the resulting spectrum would be either in very high frequency region or much
below the plotted ⌦(f) range.

3.3 Contribution From Soft Emission

Although it is not the main contribution, soft graviton emission always exists. The spectrum
of soft massless particles (photon and graviton) with E < T , where T is temperature of the
plasma, has an universal behavior due to the infrared e↵ects [4]. For minimal coupled matter
content, we can show the di↵erential number density for graviton emitted in ⇤ < E < T in
a Hubble time is given by

dn

dE
⇡

n�F

1 + F

1

E

A

H
, (23)

10

However, typical inflaton mass is 
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Figure 6: The predicted stochastic gravitational waves from particle decay vs sensitivities of
various experiments. See the text for details about the parameters that define the illustrated
four cases.

where the critical energy density ⇢c = 3M2
PH

2
0 and the present frequency of gravitational

wave f = E0/2⇡. We can rewrite the above equation as

⌦(f) =
⇢�

⇢c


1

⇢�

E0dn

d lnE0

�
, (21)

where the present value of ⇢�/⇢c is 5.38 ⇥ 10�5 and the factor in bracket is approximately
constant in cosmic evolution after BBN, therefore it can be evaluated in the early time.
Approximating with instantaneous reheating and taking into account decouple of heavy
particles, we have

1

⇢�

Edn

d lnE
'


2

gs(TR)

�1/3 �1/�

1� x̄

x
2
d�1

�1dx
. (22)
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BBN bound

[Huang, Yin (2019), Barman et al. (2023), Bernal et al. (2024), 
Inui, Mikura, Yokoyama (2024), Jiang, Suyama (2024), Murayama et al. (2025)]Some of recent studies :
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FIG. 1: Example graviton bremsstrahlung decays �!   ̄+h
of a scalar � (dashed) into fermions  (solid), involving one
graviton h (wiggle, blue) in the final states.

Instant preheating. – After the period of inflation,
driven by the inflaton, inflaton’s energy density is con-
verted into conventional matter and thus enters the Big
Bang cosmology through reheating process. However,
during the early stage of reheating, known as preheat-
ing, particles much heavier than the inflaton can be e�-
ciently produced [35, 36]. As we discuss, even temporary
production of such superheavy particles and their sub-
sequent decays can naturally result in significantly en-
hanced emission of GWs from graviton bremsstrahlung.

If a scalar particle � is coupled to the inflaton, such
particles are produced non-perturbatively through the
inflaton oscillations after period of inflation. Since �’s
mass depends on the field value of the inflaton, it is time-
dependent. Then, �’s mass can be as heavy as the Planck
scale temporarily. If � is further coupled to some lighter
particle species, � decays into them [37]. This scenario of
instant preheating allows for � particles to be very e�-
ciently produced while they decay when their masses are
close to the Planck scale. This implies that branching
ratio for processes in Eq. (1) can naturally be as large as
⇠ O(0.1). Not only is this an ideal setting for e�cient
graviton bremsstrahlung but it also establishes a testing
ground for Planck-scale physics, since the graviton en-
ergy may be close to the Planck scale.

This scenario can be readily realized within a minimal
setup as we now show. Consider Lagrangian

L � �
1

2
m

2
��

2
�

1

2
�
2
�
2
�
2 + y� ̄ , (2)

where � is the inflaton, � is a scalar field that is directly
coupled to the inflaton through the four-point coupling
�, and  is a fermion that has a Yukawa coupling to the
� particle with a coupling constant y. We have omitted
canonical kinetic terms.

After inflation ends, the inflaton oscillates with an am-
plitude �i ⇠ MPl and � particles are non-perturbatively
produced. The number density of the produced � parti-
cles after just half of oscillation can be estimated as [36]

n� '

✓
k⇤
2⇡

◆3

, k⇤ =
p
�m��i , (3)

when ��i � m�, with k⇤ being the typical momenta.
Produced � particles can e�ciently decay before the next
half oscillation of the inflaton starts if the Yukawa cou-
pling y is sizable. In this scenario of instant preheat-
ing [37], sizable fraction of the inflaton energy rapidly
transforms into radiation during just the first half of os-
cillation.
From Yukawa coupling, the decay rate of � is given by

��! ̄ =
y
2
m�

8⇡
=

y
2
��(t)

8⇡
'

y
2
�m��it

8⇡
. (4)

Thus, the decay time is given by tdec '
p

8⇡/(y2�m��i).
For � particles to decay within half of oscillation, the
decay time should be smaller than the inflaton oscillation
period 1/m�. Hence, we require

m� . y
2
��i

8⇡
, (5)

for the instant preheating to occur. Correspondingly, the
mass of � at the instance of its decay is given by

m�(tdec) ' ��(tdec) '

s
8⇡�m��i

y2
. ��i . (6)

When the upper bound of Eq. (5) is saturated, the infla-
ton energy loss is most e�cient. The energy loss of the
inflaton in one half oscillation is then given by

�⇢�

⇢�
⇠

m�(tdec)n�
⇢�

⇠
�
2

4⇡3

r
8⇡

y2
. O(1)⇥ �

5/2
. (7)

In the last inequality we used Eq. (5) and m� ⇠

1013 GeV, �i ⇠ MPl.
We note that e↵ectiveness of our scenario depends on

the strength of the coupling � between inflaton � and
�. This coupling also induces radiative correction to the
inflaton potential through the Coleman-Weinberg poten-
tial VCW ⇠ (32⇡2)�1(��)4 log � . If one is to require
that inflaton dynamics are not spoiled by this correction
in the setup at face value, this implies an upper bound
� . 10�3. Such restriction would result in ine�cient
particle production and also the e↵ective mass of � is
bounded as m� . ��i ⇠ 1015 GeV. Hence, the graviton
bremsstrahlung e�ciency would also be suppressed.
We emphasize, however, that in many realistic infla-

tion models such a constraint can be avoided and large
enough � ⇠ O(1) is achieved. One such scenario is the
Higgs inflation model and/or its variants [38], in which
the inflaton non-minimal coupling to the Ricci curvature
ensures the flatness of the potential. Another scenario is
a setup based on supersymmetry (SUSY), in which the
radiative correction is mostly cancelled out between the
bosonic and fermionic contributions. For SUSY version
of the instant preheating, we consider the Kahler poten-

Instant preheating [Felder, Kofman, Linde (1998)]
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Br�!  ̄h ⇠ 0.1 may be possible in instant preheating!



Examples of instant preheating

Higgs inflation [Bezrukov, Gorbunov, Shaposhnikov (2008), 
Garcia-Bellido, Figueroa, Rubio (2008)][Bezrukov, Shaposhnikov (2007)]
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 : Higgs : W boson : quarks

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

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

Instant preheating naturally happens if inflaton is directly related to SM sector.
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FIG. 1: Example graviton bremsstrahlung decays �!   ̄+h
of a scalar � (dashed) into fermions  (solid), involving one
graviton h (wiggle, blue) in the final states.

Instant preheating. – After the period of inflation,
driven by the inflaton, inflaton’s energy density is con-
verted into conventional matter and thus enters the Big
Bang cosmology through reheating process. However,
during the early stage of reheating, known as preheat-
ing, particles much heavier than the inflaton can be e�-
ciently produced [35, 36]. As we discuss, even temporary
production of such superheavy particles and their sub-
sequent decays can naturally result in significantly en-
hanced emission of GWs from graviton bremsstrahlung.

If a scalar particle � is coupled to the inflaton, such
particles are produced non-perturbatively through the
inflaton oscillations after period of inflation. Since �’s
mass depends on the field value of the inflaton, it is time-
dependent. Then, �’s mass can be as heavy as the Planck
scale temporarily. If � is further coupled to some lighter
particle species, � decays into them [37]. This scenario of
instant preheating allows for � particles to be very e�-
ciently produced while they decay when their masses are
close to the Planck scale. This implies that branching
ratio for processes in Eq. (1) can naturally be as large as
⇠ O(0.1). Not only is this an ideal setting for e�cient
graviton bremsstrahlung but it also establishes a testing
ground for Planck-scale physics, since the graviton en-
ergy may be close to the Planck scale.

This scenario can be readily realized within a minimal
setup as we now show. Consider Lagrangian

L � �
1

2
m

2
��

2
�

1

2
�
2
�
2
�
2 + y� ̄ , (2)

where � is the inflaton, � is a scalar field that is directly
coupled to the inflaton through the four-point coupling
�, and  is a fermion that has a Yukawa coupling to the
� particle with a coupling constant y. We have omitted
canonical kinetic terms.

After inflation ends, the inflaton oscillates with an am-
plitude �i ⇠ MPl and � particles are non-perturbatively
produced. The number density of the produced � parti-
cles after just half of oscillation can be estimated as [36]

n� '

✓
k⇤
2⇡

◆3

, k⇤ =
p
�m��i , (3)

when ��i � m�, with k⇤ being the typical momenta.
Produced � particles can e�ciently decay before the next
half oscillation of the inflaton starts if the Yukawa cou-
pling y is sizable. In this scenario of instant preheat-
ing [37], sizable fraction of the inflaton energy rapidly
transforms into radiation during just the first half of os-
cillation.
From Yukawa coupling, the decay rate of � is given by

��! ̄ =
y
2
m�

8⇡
=

y
2
��(t)

8⇡
'

y
2
�m��it

8⇡
. (4)

Thus, the decay time is given by tdec '
p

8⇡/(y2�m��i).
For � particles to decay within half of oscillation, the
decay time should be smaller than the inflaton oscillation
period 1/m�. Hence, we require

m� . y
2
��i

8⇡
, (5)

for the instant preheating to occur. Correspondingly, the
mass of � at the instance of its decay is given by

m�(tdec) ' ��(tdec) '

s
8⇡�m��i

y2
. ��i . (6)

When the upper bound of Eq. (5) is saturated, the infla-
ton energy loss is most e�cient. The energy loss of the
inflaton in one half oscillation is then given by

�⇢�
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m�(tdec)n�
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�
2

4⇡3

r
8⇡

y2
. O(1)⇥ �

5/2
. (7)

In the last inequality we used Eq. (5) and m� ⇠

1013 GeV, �i ⇠ MPl.
We note that e↵ectiveness of our scenario depends on

the strength of the coupling � between inflaton � and
�. This coupling also induces radiative correction to the
inflaton potential through the Coleman-Weinberg poten-
tial VCW ⇠ (32⇡2)�1(��)4 log � . If one is to require
that inflaton dynamics are not spoiled by this correction
in the setup at face value, this implies an upper bound
� . 10�3. Such restriction would result in ine�cient
particle production and also the e↵ective mass of � is
bounded as m� . ��i ⇠ 1015 GeV. Hence, the graviton
bremsstrahlung e�ciency would also be suppressed.
We emphasize, however, that in many realistic infla-

tion models such a constraint can be avoided and large
enough � ⇠ O(1) is achieved. One such scenario is the
Higgs inflation model and/or its variants [38], in which
the inflaton non-minimal coupling to the Ricci curvature
ensures the flatness of the potential. Another scenario is
a setup based on supersymmetry (SUSY), in which the
radiative correction is mostly cancelled out between the
bosonic and fermionic contributions. For SUSY version
of the instant preheating, we consider the Kahler poten-

A simple model:
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FIG. 2: Expected GW energy spectrum at present time from
graviton bremsstrahlung associated with heavy particle de-
cays during reheating for several choices of (�, y) (solid),
along with sensitivity curves (black, dashed) of proposed
and existing GW detectors, the fifth observing run (O5) of
the aLIGO-Virgo detector network [64], Laser Interferometer
Space Antenna (LISA) [65], Cosmic Explorer (CE) [66], Ein-
stein Telescope (ET) [67], Big Bang Observer (BBO) [68],
DECi-hertz Interferometer Gravitational wave Observatory
(DECIGO) [69] and resonance cavities [70, 71]. Contributions
from thermal plasma [8–10] (blue, dashed) are displayed for
reference.

factor at the � decay and the completion of reheating, re-
spectively. In the limit of most e�cient instant preheat-
ing, the Universe soon turns into radiation domination af-
ter inflation, so w = 1/3 and ✏ = 1. Ine�cient prolonged
reheating phase would result in small ✏. The peak value
of the GW spectrum in Eq. (13) at energy Ep approxi-
mately follows ⌦GW ⇠ ✏⌦radBr�!  ̄h(⇢�/⇢tot)zdec . For
E0 . Ep, the spectrum is proportional to E0. Here, we
do not go into details regarding the exact range how far
the spectrum of Eq. (13) can be extended to low frequen-
cies [11]. When the upper bound on Eq. (6) is saturated,
we have (⇢�/⇢tot)zdec ⇠ O(1) and ✏ = 1, and hence we
can expect huge generated amount of GWs. The typical
GW frequency, fp = Ep/(2⇡), can be estimated as

fp ' 4.6⇥ 1013 Hz⇥

✓
adec

areh

◆✓
m�

MPl

◆✓
1015 GeV

Treh

◆
,

(14)

where Treh is the reheating temperature.
Fig. 2 shows GW energy spectra from graviton

bremsstrahlung in our scenario for several character-
istic parameter choices of (�, y) along with sensitivi-
ties of proposed and existing GW detectors, considering
m� = 1013 GeV and �i = MPl. Here, we consider e�-
cient preheating such that the radiation-dominated Uni-
verse begins soon after inflation ends, with �y

2 & 10�4

in Eq. (5). For reference, we also showcase the expected
GW contributions from thermal plasma [8–10] taking the
maximum reheating temperature of Treh = 1016 GeV.

It can be seen that the peak position of the GW en-
ergy spectrum is determined by m� and peak frequency
ranges ⇠ 109 � 1013 Hz. Over broad range in frequen-
cies, bremsstrahlung GWs can dominate thermal plasma
GWs by orders of magnitude. Intriguingly, recently pro-
posed GW detectors based on resonant cavities [70, 71]
are sensitive to GWs from graviton bremsstrahlung due
to heavy particle decays during instant preheating. Fur-
ther, at lower frequencies, our scenario can also be tested
by proposed GW experiments such as DECIGO [69].

We have demonstrated multiple venues for successful
realizations of instant preheating. On the other hand,
scenarios with small couplings between inflaton and �,
when the inequality of Eq. (5) is not satisfied, are also
interesting to further explore. In such a case, most of �
particles do not decay in one inflaton oscillation period
and resulting Bose enhancement can lead to broad
parametric resonance [35, 36]. Then we expect mixture
of GWs from the bremsstrahlung and that from the
large density fluctuation of the scalar field [72–80]. We
leave detailed investigation of this for future work.

Conclusions. – We have demonstrated that quan-
tum gravitational processes accompanying all particle
decays can be unsuppressed and produce huge amounts
of GWs. As we have shown with concrete particle
physics models, this can naturally occur for graviton
bremsstrahlung from superheavy particle decays within
preheating stage after period of inflation in the early
Universe. The masses of such decaying particles can
be close to the Planck scale in our scenario and hence
the observation of resulting GWs can be a direct probe
of the Planck-scale physics that are challenging to
probe otherwise. Interestingly, such GWs can dominate
among other known GW sources over a wide frequency
range and are within the reach of recently proposed
experiments. On the other hand, if there are significant
yet unexplored modifications of quantum field theory
close to the Planck scale, then the decay rates, spectra
or the graviton dispersion relations could be altered and
a↵ect resulting GW spectra. Thus, observations of high
frequency GWs can carry unique opportunities for new
insights into the Planck-scale physics.

Acknowledgments. – This work was supported by
World Premier International Research Center Initiative
(WPI), MEXT, Japan. W.Y.H was supported by the Na-
tional Natural Science Foundation of China (NSFC) (No.
11975029, No. 12325503). V.T. acknowledges support of
the JSPS KAKENHI grant No. 23K13109. Y.T. was
supported by NSFC No. 12147103 and the Fundamental
Research Funds for the Central Universities.

[Hu, KN, Takhistov, Tang (2024)]GWs from instant preheating

Instant preheating can maximize bremsstrahlung GWs!
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Figure 2. Feynman diagrams responsible for graviton (hµω) production from inflatons (ω) and
reheatons (ε), in the presence of the trilinear interaction in Eq. (2.3).

production via graviton Bremsstrahlung during inflaton decay into a pair of reheatons.

The third row (III) represents inflaton-reheaton scattering, leading to the emission of a

single graviton. Finally, the last row (IV) shows the production of graviton pairs from

reheaton annihilations.5 This corresponds to all possible tree-level diagrams with at most

four external particles.

We note that, beyond tree level, graviton production can also arise at loop level. For

example, one can have the semi-annihilation of inflatons into an inflaton and a graviton,

or the inflaton decay into a pair of gravitons. Processes with more external particles

can also occur, such as 2-to-3 annihilations ω ω → ω ω h, ε ε → ε εh, or ω ε → ω εh.

5
We remind the reader that in the current setup with a minimal coupled Einstein-Hilbert action, there

is no vertex between a single particle and two gravitons.
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2 The Model

We consider a minimally coupled gravity framework, where the action is given by

S →

∫
d
4
x

↑
↓g [LEH + Lω + Lωε + Lε] . (2.1)

Here, g denotes the determinant of the metric gµϑ , LEH = 1

2
M

2

P R represents the Einstein-

Hilbert term for gravity,3 and R is the Ricci scalar, and MP ↔ 1/
↑

8ω GN ↗ 2.4↘1018 GeV

is the reduced Planck mass. The second term in Eq. (2.1) corresponds to the Lagrangian

density of a real singlet inflaton field ε, given by

Lω =
1

2
g
µϑ

ϑµε ϑϑε ↓ V (ε) , (2.2)

where V (ε) represents the inflaton potential. Although this potential may have a com-

plicated form during inflation, it is assumed to be approximated by V (ε) ↗
1

2
m

2

ω ε
2 after

inflation, particularly during the oscillatory phase of the inflaton. This quadratic form

occurs in various inflationary models, including Starobinsky inflation [42], certain classes

of ϖ-attractor models [43, 44], and both small- and large-field polynomial inflation scenar-

ios [45–48]. Depending on the specific inflationary model, the inflaton mass mω can vary

significantly. For example, in the Starobinsky or large-field polynomial inflation model, it

can be as large as mω ↗ 1013 GeV, whereas in a small-field polynomial inflationary sce-

nario, it can be as low as mω ↗ 102 GeV. In this work, we take an agnostic approach and

treat the inflaton mass mω as a free parameter.

The third term in Eq. (2.1) describes the interaction between the inflaton and a real

bosonic daughter field ϱ, which eventually mediates the energy transfer from the inflaton

to the SM degrees of freedom; ϱ is therefore called the reheaton. We focus on inflaton

decay via the interaction

Lωε →
1

2
µ ε ϱ

2
, (2.3)

where µ is a dimension-one coupling constant. This trilinear term induces an inflaton decay

rate into a pair of reheatons

!ω =
µ
2

32ω mω

[
1 ↓

(
2 mε

mω

)
2
]
1/2

↗
µ
2

32ω mω
, (2.4)

where mε is the mass of ϱ.

The final term in Eq. (2.1) describes the free-field Lagrangian density for ϱ, given by

Lε =
1

2
g
µϑ

ϑµϱ ϑϑϱ ↓
1

2
m

2

ε ϱ
2
. (2.5)

3
In this paper, we adopt the (+,→,→,→) sign convention for the metric. In addition, we should clarify

that the Riemann and Einstein signs in our setup are → and +, respectively. Hence, there is no extra minus

sign in the Einstein-Hilbert term LEH. For further clarification, see the (→,→,+) convention in the “table

of sign conventions” of Ref. [39]. We have checked that the notation used in this work is the same as that

in Refs. [40, 41].
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Figure 4. Comparison of the di!erent sources of GWs. Equivalent of Fig. 3 but for µ = mω/10.

In Fig. 4, we consider a scenario with a smaller trilinear coupling µ with respect to

the inflaton mass: µ = mω/10. As expected, the amplitudes of all spectra reduce, and the

frequencies span over a larger range. Similarly to the previous case, the GWs produced

from ω ε → ε h have the largest amplitude. In this scenario, the GW spectrum could fall

within the sensitivity of uDECIGO for a light inflaton with mass mω ↭ 107 GeV.

Before closing, we comment on the e!ect of HI . For the GW spectrum from ω ε → ε h,

the peak is determined by mω and µ (cf. Eq. (4.22)) and is independent of the inflationary

scale HI . Instead, HI governs the frequency band range, as shown in Eq. (4.11). A smaller

HI shifts the lower limit fmin upward, narrowing the frequency range.

5 Conclusions

In this work, a novel gravitational wave (GW) production mechanism is explored for the

first time, where gravitons are generated during the non-thermal phase of the cosmic re-

heating era. We consider a scenario in which reheating occurs via inflaton decays into a

weakly coupled intermediate state (i.e. the reheatons), which subsequently transfer their

energy to Standard Model (SM) degrees of freedom, leading to the formation of a thermal

SM bath. Before thermalization is complete, a large population of highly energetic re-

heatons emerges, with energies comparable to the inflaton mass. During this phase, GWs

– 17 –

GWs from inflaton rescattering
[Xu, (2024), Bernal, Wu, Xu, Xu (2025)]



(4) Inflaton decay to gravitons
[Ema, Mukaida, KN (2021)]Question: does scalar decay into graviton pair?

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

Note: scalar annihilation to graviton is possible.

In Einstein gravity there is no such process.
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(4) Inflaton decay to gravitons
[Ema, Mukaida, KN (2021)]

Operators beyond Einstein:
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L = c¡R. This coupling, however, does not induce the decay, contrary to the claims in [71–73]. The
key point is that R contains a linear term in the (scalar part of) graviton and hence c induces a kinetic
mixing between the graviton and ¡. Therefore one has to solve the kinetic mixing before discussing
the decay of ¡. Solving the kinetic mixing is equivalent to moving to the frame without the nonmin-
imal coupling, or the conformal frame, by the Weyl transformation. One does not have any coupling
between¡ and two gravitons in the conformal frame, meaning that there is no decay induced by the
operator ¡R [1]. The next simplest possibility is the couplings between ¡ and the quadratic curva-
ture. Among them, ¡R2 and ¡Rµ∫Rµ∫ do not induce the decay in the flat spacetime [37, 38]. This is
probably most easily seen by noting that the on-shell graviton equation of motion gives R = 0 and
Rµ∫ = 0 in the flat spacetime. We thus focus on the operators (1.1) and (1.2) in this section.

3.1 Scalar decay rate into graviton pair

In Sec. 2 we have shown that there appear scalar field couplings to the quadratic curvature in the
form of L¡RR (1.1) and/or L¡R eR (1.2) after integrating out heavy particles.\3 These terms induce a
scalar decay into the graviton pair. Both operators give the same decay rate as\4
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Given a renormalizable interaction between¡ and other scalars, fermions or vector bosons, one can
calculate the cutoff scale §, following the procedure given in the previous section. For the scalar
coupling L¡RR , from Eq. (2.56), we obtain

§= v¡
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where for simplicity we assumed that the coupled scalar, fermion and vector boson masses are given
in the universal form by m(1+¡/v¡) and NS , NF and NV are the number of real scalar, Weyl fermion
and gauge boson that are decoupled above the scale m¡. Although the decay rate into the graviton
pair (3.1) might be small due to the M 4

Pl suppression, it is possible that the branching fraction of ¡
decay into the graviton is sizable, or even dominant.

We emphasize that the scalar decay into the graviton pair is always allowed unless it is prohibited
by some symmetry. For example, let us consider the action\5
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\3Note that we cannot remove these couplings by the Weyl transformation.
\4This rate differs from the one in [38] by a factor of 16. We believe that this difference originates from that [38] does

not properly normalize the graviton field.
\5If the VEV of ¡ is zero, v¡ in (3.2) should be regarded as v¡ = m/∏. If, on the other hand, m = 0 and ¡ has a finite

VEV, v¡ in (3.2) is regarded as the VEV of ¡.
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(4) Inflaton decay to gravitons
[Ema, Mukaida, KN (2021)]

where we now include the nonminimal coupling between ¬ and the Ricci scalar. As we explained at
the beginning of this section, the effective coupling is given by
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where µ is the scale that is introduced in the dimensional regularization, and
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With Eq. (2.12), we obtain the effective coupling to the quadratic curvature terms as
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where we use that Wµ∫ = 0 for the scalar field. In particular, if we assume that the mass of ¬ comes
from the scalar field vacuum expectation value (VEV), the original interaction may be written as

Lmass =° ∏̃
2
©2¬2, (2.21)

with©= v¡+¡. We then identify that (note that ∏ is dimensionful and ∏̃ is dimensionless)
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Fermion. We next consider the fermion. We may take the action as
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The effective action is given by
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We note that the spinor traces of odd ∞s vanish, and hence
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We thus obtain the effective action as
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Such operator appears by integrating out heavy fieldwhere the trace is over the spinor indices. In the fermion case we have (see App. A)
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With Eq. (2.12), we then obtain the effective coupling as
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In particular, if we assume that the mass of the fermion comes from ¡, we may take m = ∏v¡ (here
∏ is dimensionless) and we have

Leff =
1

16º2

¡

v¡

∑
1

72
R2 ° 1

45
Rµ∫Rµ∫° 7

360
Rµ∫ΩæRµ∫Ωæ

∏
. (2.30)

Here it may be appropriate to comment on the gravitational chiral anomaly. Indeed, the cou-
pling induced by the gravitational anomaly can be computed within the same framework. In order
to see this point, we may consider the following action:
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We may expand the effective action to linear order in ¡ and obtain
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In the same way as above, this is rewritten as
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Only the term proportional to ∞5 in Wµ∫W µ∫ contributes and we thus get

Leff =
1
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f
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In order to see that this is consistent with the gravitational chiral anomaly, we note that the axial
phase in the mass can be rotated away by

√! e°i∞5¡/ f √. (2.35)

This rotation then induces [59]

Lanom = 1
192º2

¡

f
Rµ∫ΩæR̃µ∫Ωæ, (2.36)

through the gravitational chiral anomaly, in addition to the derivative interaction between ¡ and√.
Assuming that the derivative coupling does not induce further threshold corrections (which is the
case e.g., in the axion-gauge field system [60], and what we expect from the decoupling theorem),
this agrees with the effective coupling that we derived.
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Figure 1: The schematic picture that the propagator induces the scalar field couplings to the curvature tensors.
The thick line on the left hand side indicates the full propagator of the heavy intermediate particle, which
contains the curvature tensors as indicated on the right hand side. The vertex insertion is indicated by the
crossed dot, the scalar field by the dashed lines, and the graviton by the wavy lines.

2.1 Propagator and WKB expansion

The propagator plays the central role in our derivation of the scalar field couplings to the quadratic
curvature terms. In this subsection, we review the derivation of the propagator based on the Schwinger-
DeWitt formalism (see e.g., [52–54] and references therein).

We define the propagator as

(⇤+X ) i DF (x, x 0) = p°g
±(d)(x °x 0), (2.5)

where we allow X dependent not only on the mass term but on the curvature tensors in general.
Here DF is understood either scalar/bispinor/tensor depending on the spin of a particle that we in-
tegrate out, and hence we use the bold font for the unit operator in the right hand side. Furthermore,
we anticipate the UV divergences and hence we perform the dimensional regularization. With the
proper time ø the propagator is expressed as

DF (x, x 0) =
Z1

0
døK (ø; x, x 0), (2.6)

where

K (ø; x, x 0) = hx|exp[°iø (⇤+X )] |x 0i ¥ hx,ø|x 0,0i. (2.7)

The function K satisfies the Schrödinger-type equation:

i
@

@ø
K (ø; x, x 0) = (⇤+X )K (ø; x, x 0), (2.8)

and this guarantees Eq. (2.6), where we use that K (ø; x, x 0) ! 0 as ø ! 1 due to the implicit i≤-
prescription. We now make the WKB ansatz\1
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6
R

∂∏
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\1This is the so-called R-summed version of the WKB ansatz [55, 56].

4

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

String effective theory often contains Gauss-Bonnet correction term

This paper is organized as follows. In Sec. 2 we briefly review the inflaton dynamics
and summarize the formulae for evaluating the curvature perturbation in the presence of
Gauss-Bonnet coupling. In Sec. 3 we calculate the characteristic GW spectrum predicted in
the model through the perturbative inflaton decay and show that the high frequency GW
amplitude is so huge that it is can be a smoking gun signature of the model. Sec. 4 is devoted
to conclusions and discussion. For readers’ convenience, comparisons of the formulae for the
curvature perturbation with other literature are summarized in Appendix A.

Throughout this paper we use the following convention. The derivative with respect to
the conformal time a (t) d⌧ = dt will be denoted by 0 with a(t) being the cosmic scale factor,
while the dot will be kept for the derivative with the cosmological time, e.g., a0 = aȧ.

2 Inflation with Gauss-Bonnet term

In this section we review the inflation with Gauss-Bonnet term correction. First we derive
the background dynamics of the inflaton and then study the scalar and tensor perturbations
generated during inflation. In the calculation of the power spectra we follow the procedure
described in Ref. [15].

2.1 Inflaton dynamics

The model we study in this article is described by the following action
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Due to the inflaton field coupling to the Gauss-Bonnet term, it is no longer a topological
term and contributes to the field equations in a non-trivial way. The field equation is [11]
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where Gµ⌫ is the Einstein tensor and Tµ⌫ is the energy-momentum tensor. For now we
consider arbitrary coupling function ⇠ (�) and inflaton potential V (�). Later we will restrict
our calculation to a specific choice. For the flat Friedmann-Lemaitre-Robertson-Walker
(FLRW) universe the modified Friedmann equation is
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Inflation with Gauss-Bonnet term

Prediction on scalar spectral index & tensor-to-scalar ratio change

Gauss-Bonnet term induces inflaton decay to gravitons!

[Mudrunka, KN (2023)]

[Satoh, Soda (2008), Guo, Schwarz (2010)]



where we have defined ⇣ ⌘
2m2

⇠0

3M2
pl
. The scalar spectral index ns and the tensor-to-scalar ratio

r are then evaluated through Eqs. (25) and (40). Furthermore, we demand that the density
perturbation satisfies the condition (26) to determine the inflaton mass m. The results
for (ns, r) for various values of � and ⇣ are shown in Fig. 1. We find that the results are
consistent with those presented in Ref. [18]. Red and blue lines correspond to the parameter
region derived by the CMB data only and CMB + baryon acoustic oscillation (BAO) data,
respectively [1]. We see that unlike in pure GR without the Gauss-Bonnet term, the �2 model
can be made consistent with the observational bounds. The range of � and ⇣ consistent with
the observation is presented in Fig. 2, and the consistent inflaton mass is shown in Fig. 3.
This results gives us a lower bound on the inflaton mass as mmin ' 1.94⇥ 1013 GeV for the
1� CMB only region of Fig. 1 and mmin ' 1.98 ⇥ 1013 GeV for the 1� joint CMB + BAO
region. These points are marked in Fig. 1, Fig. 2 and Fig. 3 by a red point for the CMB
only region value and blue point for the joint CMB + BAO region value.

Figure 1: Prediction of ns and r for various values of ⇣ and �. The value of � varies along
each line from 0.04 to 0.6. The crosses mark an increase in � by 0.04. Three dots represent
our reference parameter points.
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Under the slow roll approximation, the tensor spectral index nT and tensor-to-scalar ratio
r for this model is
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So far there is no severe observational constraint on the tensor spectral index nT . On the
other hand, the tensor-to-scalar ratio should be smaller than about 0.05 [1]. Detailed analysis
will be done in the next section.

3 Gravitational wave background

In this section we show that the inflation model with a simple power law potential can be
consistent with the CMB observation after the Gauss-Bonnet correction is taken into account.
Then we show that the Gauss-Bonnet term leads to the inflaton decay into the gravitons
during the reheating phase, so that the very abundant high frequency GW background is
the unique prediction of this model. To be concrete, we restrict ourselves to the following
choice of ⇠ (�) and V (�):

⇠ (�) = 8⇠0e
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2
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Thus we have three model parameters: ⇠0,� and m. In Sec. 3.1, these parameters are
determined so that the model is consistent with the CMB observation. In Sec. 3.2, we
compute the high frequency graviton spectrum produced by the inflaton decay by using the
parameters determined in Sec. 3.1.

3.1 Viable model consistent with the Planck result

In order to compare theoretical predictions for (ns, r) with the observations, the slow-roll
equation (6) was integrated using the fourth order explicit Runge-Kutta scheme. We assumed
that inflation lasts for 60 e-folds. The endpoint of the inflation is determined by the condition
max (✏,|⌘|,|↵|,|�|,�) = 1. For our �2 potential they are explicitly given by
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� = 0.04� 0.6

Consistent with Planck observation

[Mudrunka, KN (2023)]
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Figure 5: GW background spectrum predicted in our model. We have taken TR = 109 GeV
(upper left), 1010 GeV (upper right), 1011 GeV (lower left), 1012 GeV (lower right). The new
contribution from the inflaton decay to the gravitons due to the Gauss-Bonnet term is shown
by the “reheating(GB)” line. The reheating GWs, which would be expected if there were
no Gauss-Bonnet term, is shown by the “reheating(w/o GB)” line. The inflationary GWs
is shown by the “inflation” line, the bremsstrahlung GW is shown by the “brems” line and
GWs from thermal bath is shown by the “thermal” line. Also shown are sensitivity curves
of future GW observation: SKA, LISA, DECIGO, ET and resonant cavity from left to right.

14

<latexit sha1_base64="oiUbotF1AdzOwa2pSCtki75FcXM="></latexit>

m� ⇥ aR
a0



[Mudrunka, KN (2023)]

<latexit sha1_base64="1t/NFtjeqkf3j6+PUqpyF/+4r5c="></latexit>

TR = 109 GeV
<latexit sha1_base64="c5Xc602+X5iG+lMAKehDfQ6QjGs="></latexit>

TR = 1010 GeV

10
-28

10
-25

10
-22

10
-19

10
-16

10
-13

10
-10

10
-7

10
-10

10
-7

10
-4

10
-1

10
2

10
5

10
8

10
11

10
14

d
Ω

h
/d

ln
f

f	[Hz]

reheating(GB)
reheating(w/o	GB)

inflation
brems

thermal
10

-28

10
-25

10
-22

10
-19

10
-16

10
-13

10
-10

10
-7

10
-10

10
-7

10
-4

10
-1

10
2

10
5

10
8

10
11

10
14

d
Ω

h
/d

ln
f

f	[Hz]

reheating(GB)
reheating(w/o	GB)

inflation
brems

thermal

10
-28

10
-25

10
-22

10
-19

10
-16

10
-13

10
-10

10
-7

10
-10

10
-7

10
-4

10
-1

10
2

10
5

10
8

10
11

10
14

d
Ω

h
/d

ln
f

f	[Hz]

reheating(GB)
reheating(w/o	GB)

inflation
brems

thermal
10

-28

10
-25

10
-22

10
-19

10
-16

10
-13

10
-10

10
-7

10
-10

10
-7

10
-4

10
-1

10
2

10
5

10
8

10
11

10
14

d
Ω

h
/d

ln
f

f	[Hz]

reheating(GB)
reheating(w/o	GB)

inflation
brems

thermal

Figure 5: GW background spectrum predicted in our model. We have taken TR = 109 GeV
(upper left), 1010 GeV (upper right), 1011 GeV (lower left), 1012 GeV (lower right). The new
contribution from the inflaton decay to the gravitons due to the Gauss-Bonnet term is shown
by the “reheating(GB)” line. The reheating GWs, which would be expected if there were
no Gauss-Bonnet term, is shown by the “reheating(w/o GB)” line. The inflationary GWs
is shown by the “inflation” line, the bremsstrahlung GW is shown by the “brems” line and
GWs from thermal bath is shown by the “thermal” line. Also shown are sensitivity curves
of future GW observation: SKA, LISA, DECIGO, ET and resonant cavity from left to right.
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Toward detection of high-f GWs

Graviton-photon conversion under magnetic field

GW interaction with materials, qubits, etc.

(inverse Gertsenshtein effect)

Astrophysical observations with telescopes

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

GW
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[Ito, Kohri, KN (2023)][Tokareva (2023)]

9

Inter galaxy 1Mpc and 4000Mpc

f/Hz

hc h
2⌦GW

f/Hz

FIG. 4. Limits on stochastic gravitational waves converted to photons in inter galaxies with various telescope observations are
shown. The coherence length of magnetic fields is set as lIG = 1Mpc for upper figures and lIG = 4000Mpc for lower ones. The
pink, black, deep green, red, and navy lines (dashed lines) are obtained from observations of the CMB [63], the CPB (COBE,
AKARI, CIBER, HST, EUVE, MAXI, COMPTEL, FERMI) [63], active galactic nuclei of FERMI [64] and of MAGIC [64], and
ultra high energy photons (Pierre Auger) [66], respectively, for BIG = 0.1nG (BIG = 10�17G). The light blue line represents
limits from pulasr observations [51]. The blue (grey) and the orange (lime green) lines respectively represents the constraints
with EDGES and ARCADE2 for maximal (minimum) amplitude of cosmological magnetic fields [44]. The violet line is the
upper limit from 0.75 m interferometer [92]. The wine red, green, and magenta lines represents constraints with ALPS, OSQAR,
and CAST, respectively [12].
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The listed conditions provide an upper bound zmax =
Min (z1, z2, z3) for the integral (22). The lower limit is
determined by the decay of inflaton particles and reheat-
ing, zmin = 1. We visualize the described bounds in
Figure 1 for Treh = 108 GeV and show that all of them
are relevant for the computation5.

V. RESULTS AND CONCLUSIONS

Graviton production after inflation leads to stochastic
GW background contribution at very high frequencies.
Detection methods for GWs is currently the actively de-
veloping area of research [33–38]. We present the results
of our computations in Figures 2 and 3 for GW spec-
tra plotted over the projected sensitivities of various high
frequency GW detection proposals, including [39–43], see
also the Living review [44].

As a main conclusion, let us stress here that the con-
tribution of even Planck suppressed inflaton and matter
couplings to gravity can lead to potentially observable
outcome in high frequency GWs and in dark radiation
measurements [45–47]. Thus, even if the theory is valid
until the Planck scale, it does not mean that the higher
derivatives can be always safely omitted. Needless to say,
if the unitarity breaking scale for the model describing in-
flation and reheating is lower than the Planck scale, the
described e↵ects are getting stronger. In particular, the
bound on �Neff leads to several reheating-dependent
constraints on the unitarity breaking scale. Although
the exact bounds are model dependent, it can be ob-
served from the plots that having ⇤UV . 10�3

MP can
lead to a contradiction with observations.

The methods and results of this work can be straight-
forwardly generalised to the other couplings between
matter (including fermions and vectors [32, 48]) and grav-
ity, as well as for the other mechanisms of reheating.
Even if the inflaton has � ! �� symmetry forbidding
some operators studied here, the gravitons still would be
produced during reheating and preheating stages, how-
ever, the computations are much more complicated and
may require non-perturbative methods in this case. The
results obtained on a lattice show the high frequency GW
signal from preheating as a generic feature of this epoch
[49–54].

Our study of graviton production in the early Universe
is incomplete from the side of reheating, as we do not
compute graviton production in hot plasma. There are a
lot of recent papers presenting state-of-art computations
of GWs from the hot stage [45, 55–63], where e↵ects of
interactions in a dense plasma are crucial and lead to an

5
The recent paper [32] presents the results for GW production

from bremsstrahlung which partially coincide with obtained in

this work for ⇤UV = MP . The main di↵erence is that they do

not take into account IR cuto↵ related to superhorizon modes,

thus, they overestimated GW spectrum at low frequencies.

m=1013 GeV, Treh=1013 GeV

Taiji

m=1013 GeV, Treh=1012 GeV

m=1016 GeV, Treh=1014 GeV

m=1015 GeV, Treh=1013 GeV

FIG. 2: Gravitational wave spectra from inflaton decay.
The mass and temperature is given in GeV. Red curves
saturate the current dark radiation bound while the

blue curves correspond to the choice �GW = 0.01�SM .
For all these plots ⇤UV & 10m so the computations are

still within the regime of validity of EFT.

FIG. 3: Gravitational wave spectra from graviton
bremsstrahlung during the inflaton decay. The mass,
scale ⇤5 and temperature are given in GeV. The plots
shown here illustrate the two cases: heavy inflaton (1016

GeV) with Planck suppressed couplings only (violet
colours), and lighter inflaton (m = 1013 GeV) with
⇤5 = 1012 GeV corresponding to the lower unitarity
breaking scale ⇤UV ⇠ 1015 GeV (green colours). Both
cases are within the reach of resonant cavities GW

experiments proposed for the future.

upper bound on ⌦GW [64]. As the graviton production
we computed here happens when there are not so many
matter particles yet, it is safe to neglect these e↵ects in
the current work.
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Summary

Many high frequency GW sources are found recently.

They are directly related to inflaton properties. 

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

New probes of inflation !


