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1. Introduction

Cosmic inflation stands as an elegant paradigm for addressing cosmological issues such as
the horizon, flatness, and monopole problems. The simplest theory involves scalar field(s) slowly
rolling down from a flat potential, driving exponential expansion of the Universe [1]. Subsequent to
inflation, the energy of the inflaton must transition to other lighter degrees of freedom, interacting and
ultimately forming into a thermal bath. This energy transfer can proceed through inflaton decay via
trilinear couplings [2]. Due to the inherent coupling between the background metric and the energy-
momentum tensor, gravitons can be generated in a radiative Bremsstrahlung process accompanying
inflaton decay [3, 4]. After production these gravitons propagate throughout the universe, giving
rise to a homogeneous and isotropic stochastic gravitational wave (GW) background.

In this talk, I revisit the GW spectrum generated from graviton Bremsstrahlung during in-
flationary reheating, which has been recently investigated Refs. [5, 6]. Here, I present a concise
summary of the main findings discussed in these references. I will start by introducing the two-body
inflaton decay for reheating and the three-body decay for graviton production in Section 2. The GW
spectrum for an inflaton oscillating in a quadratic potential is presented in Section 3. In Section 4, I
extend the analysis to potentials ∼ 𝜙𝑛, discussing the novel features in the GW spectrum. I conclude
with a summary in Section 5.

2. The Setup

In this section, I will briefly discuss the inflaton two-body decay for reheating. Following that, I
will shift the focus to graviton production through a three-body decay process. Regarding reheating,
we consider the scenario where the inflaton decays into a pair of lighter boson (e.g. Higgs field
in the standard model) or vector-like fermion (e.g. right-handed neutrino) through the following
trilinear couplings:

Lint ⊃ −𝜇 𝜙 |𝜑 |2 − 𝑦𝜓 𝜓 𝜓 𝜙 , (1)

with which the decay rates read [5]

Γ1→2 ≃


𝑚𝜙

8 𝜋

(
𝜇

𝑚𝜙

)2
bosonic decay ,

𝑚𝜙

8𝜋
𝑦2
𝜓 fermionic decay .

(2)

Here, 𝑚𝜙 denotes the inflaton mass, while the couplings 𝜇 (with mass dimension one) and 𝑦𝜓

parameterize the corresponding interaction strengths. With the couplings and inflaton mass, one
can estimate the reheating temperature: 𝑇rh ∝

√︁
𝑀𝑃 Γ1→2, where 𝑀𝑃 denotes the reduced Planck

mass.
Utilizing the expansion of the metric 𝑔𝜇𝜈 around Minkowski spacetime: 𝑔𝜇𝜈 ≃ 𝜂𝜇𝜈 + 2

𝑀𝑃
ℎ𝜇𝜈 ,

one finds gravitational interactions [7]:

√−𝑔Lint ⊃ − 1
𝑀𝑃

ℎ𝜇𝜈 𝑇
𝜇𝜈 . (3)

2



P
o
S
(
C
O
R
F
U
2
0
2
3
)
0
4
7

Gravitational Wave from Graviton Bremsstrahlung during Reheating Yong Xu

Here, ℎ𝜇𝜈 denotes the graviton field, representing a quantum fluctuation over a flat background,
while 𝑇𝜇𝜈 represents the energy-momentum tensor encompassing all matter particles involved in
the theory.

The interactions outlined in Eq. (3) lead to 3-body decays of the inflaton into pairs of 𝜑 and 𝜓 in
the final state, accompanied by the emission of a massless graviton, as depicted in Fig. 1. Applying

Figure 1: Inflaton decays into a pair of particles F ∈ {𝜑, 𝜓} and a graviton ℎ𝜇𝜈 .

the standard Feynman rules for the diagrams shown in Fig. 1, one can show that the differential
graviton production rates are [5]

𝑑Γ1→3

𝑑𝐸𝜔

≃


1

128 𝜋3

(
𝜇

𝑀𝑃

)2 (1 − 2𝑥)2

𝑥
bosonic decay ,

𝑦2
𝜓

64 𝜋3

(
𝑚𝜙

𝑀𝑃

)2 (1 − 2𝑥)
𝑥

[2𝑥 (𝑥 − 1) + 1] fermionic decay ,
(4)

where 𝑥 ≡ 𝐸𝜔/𝑚𝜙 and with a graviton energy spanning the range

0 < 𝐸𝜔 ≤ 𝑚𝜙/2 or 0 < 𝑥 ≤ 1/2 . (5)

We note that a graviton can carry a maximum of half of the inflaton energy, which occurs when
the daughter particle mass approaches zero. In such case, the differential decay rate tends toward
zero as the phase space closes. This is why the differential decay rate goes to zero when 𝑥 → 1/2.
Moreover, we note that when 𝑥 → 0, the spectrum 𝑑Γ1→3

𝑑𝐸𝜔
→ ∞, which is a well-known feature of

(infrared) graviton Bremsstrahlung [8]. In this work, our main interest lies in quantities proportional
to 𝑑Γ1→3

𝑑𝐸𝜔
𝐸𝜔 , so we do not need to worry about the divergence here. However, to address such

divergence, it is necessary to include vertex and self-energy diagrams1 [9].

3. Gravitational Wave Spectrum

After being produced from inflaton decays, gravitons propagate throughout the universe, giving
rise to a homogeneous and isotropic stochastic gravitational wave (GW) background. The GW
spectrum ΩGW( 𝑓 ) at present, defined for a frequency 𝑓 , is characterized by:

ΩGW( 𝑓 ) ≡ 1
𝜌𝑐

𝑑𝜌GW
𝑑 ln 𝑓

= Ω0
𝛾

𝑔★(𝑇rh)
𝑔★(𝑇0)

[
𝑔★𝑠 (𝑇0)
𝑔★𝑠 (𝑇rh)

]4/3
𝑑 (𝜌GW(𝑇rh)/𝜌𝑅 (𝑇rh))

𝑑 ln 𝐸𝜔

. (6)

1This is similar to the situation in QED.
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Here, 𝑔★(𝑇) and 𝑔★𝑠 (𝑇) represent the numbers of relativistic degrees of freedom contributing to
the total radiation and entropy, respectively. The quantity 𝜌𝑐 represents the critical energy density,
and Ω0

𝛾ℎ
2 ≃ 2.47 × 10−5 denotes the observed photon abundance at present. The graviton energy

𝐸𝜔 in Eq. (6) is related to the frequency 𝑓 as follows2:

𝐸𝜔 = 2𝜋 𝑓
𝑎0
𝑎rh

= 2𝜋 𝑓
𝑇rh
𝑇0

[
𝑔★𝑠 (𝑇rh)
𝑔★𝑠 (𝑇0)

]1/3
, (7)

which accounts for the redshift of the graviton energy from the end of reheating to the current
epoch. In the last step, we have utilized the assumption that entropy is conserved after reheating,
allowing us to rewrite 𝑎0/𝑎rh.

The differential GW energy spectrum at the end of reheating takes a form [5]

𝑑 (𝜌GW(𝑇rh)/𝜌𝑅 (𝑇rh))
𝑑𝐸𝜔

≃
(
𝑑Γ1→3

𝑑𝐸𝜔

1
Γ1→2

) (
𝐸𝜔

𝑚𝜙

) [
1 −

(
𝑇rh
𝑇max

)8/3
]
, (8)

where 𝑇max denotes that maximum of the temperature during reheating. In Eq. (8), the first part
denotes the differential branching ratio for the inflaton decaying into gravitons, the second piece
corresponds to the fraction of energy transferred to gravitons in each decay, and the last term arises
from the entropy dilution during reheating. It’s worth mentioning that under the assumption of
instantaneous decay of the inflaton, the expression within the square brackets simplifies to unity.
Using Γ1→2 and 𝑑Γ1→3

𝑑𝐸𝜔
from Section 2, we obtain [5]:

ΩGW( 𝑓 ) ≃ CΩGW

(
𝑇rh

5.5 × 1015 GeV

) (
𝑚𝜙

𝑀𝑃

) (
𝑓

1012 Hz

)
, (9)

where CΩGW takes values of approximately 1.4 × 10−8 for scalars and 2.8 × 10−8 for fermions.
Note that the differential graviton production rate takes the form 𝑑Γ1→3

𝑑𝐸𝜔
∝ 1

𝐸𝜔
(cf. Eq. (4)).

Consequently, the GW spectrum ΩGW ∝ 𝐸𝜔 , explaining why the spectrum is linearized in 𝑓 . Since
the maximum graviton energy is 𝑚𝜙/2, it is important to note that Eq. (9) applies for frequencies
𝑓 satisfying

𝑓 ≲
𝑚𝜙

4𝜋
𝑇0
𝑇rh

[
𝑔★𝑠 (𝑇0)
𝑔★𝑠 (𝑇rh)

]1/3
≃ 4.1 × 1012

(
𝑚𝜙

𝑀𝑃

) (
5.5 × 1015 GeV

𝑇rh

)
Hz , (10)

where 𝑇0 = 2.73 K, 𝑔★𝑠 (𝑇0) = 3.94 and 𝑔★𝑠 (𝑇rh) = 106.75 have been utilized. We can further
calculate the dimensionless strain parameter, defined as [13]:

ℎ𝑐 ( 𝑓 ) =
1
𝑓

√︄
3𝐻2

0 ΩGW( 𝑓 )
2𝜋2 = 1.26 × 10−18

(
Hz
𝑓

) √︃
ℎ2 ΩGW( 𝑓 ) , (11)

where 𝐻0 ≡ 𝐻 (𝑇0) ≃ 1.44 × 10−42 GeV corresponds to the Hubble parameter at present.
In Fig. 2, we present the dimensionless strain ℎ𝑐 as a function of the gravitational wave

frequency 𝑓 . Furthermore, the figure includes sensitivity curves from several proposed GW

2Here, we use the Planck-Einstein relation between energy and frequency: 𝐸 = 2𝜋ℏ 𝑓 . In high energy physics, natural
units with ℏ = 1 are commonly employed.
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Figure 2: The dimensionless strain ℎ𝑐 as a function of the gravitational wave frequency 𝑓 , considering two
benchmarks (➀ and ➁) outlined in the main text. The black solid and blue dashed dotted curves represent
decays into fermionic and bosonic final states with an additional graviton, respectively.

detectors, encompassing LISA [14], the Einstein Telescope (ET) [15], the Big Bang Observer
(BBO) [16], ultimate DECIGO (uDECIGO) [17], and resonant cavities [18]. These sensitivity
curves have been adapted from Refs. [19, 20]. We refer to [21] for a review on high frequency GW
searches. Note that the energy stored in GWs shares characteristics akin to those of dark radiation,
thereby contributing to the effective number of neutrino species denoted as 𝑁eff. Here, we present
a compilation of various constraints related to this. The Planck 2018 established a result at 95%
confidence level: 𝑁eff = 2.99 ± 0.34. Future experiments, such as COrE and Euclid, are expected
to further improve these constraints at the 2𝜎 level, yielding Δ𝑁eff ≲ 0.013. It is also interesting to
mention a bound Δ𝑁eff ≲ 3 × 10−6 based on a hypothetical cosmic-variance-limited (CVL) CMB
polarization experiment [22].

We have considered two sets of model parameters: ➀ 𝑚𝜙 = 𝑀𝑃/5 and 𝑇rh = 5.5 × 1015 GeV,
and ➁ 𝑚𝜙 = 𝑀𝑃/103 and 𝑇rh = 𝑀𝑃/(2×104). For larger 𝑚𝜙 and 𝑇rh, the signal is larger as implied
in Eq. (9). The curves bends when the frequency 𝑓 reaches to upper limit shown in Eq. (10). We
note that for large inflaton masses, resonant cavity detectors could potentially probe the signal at the
high-frequency regime, while detectors like uDECIGO might catch the lower frequency part of the
spectrum. However, constructing a viable inflation model with these parameters while satisfying
current CMB constraints may not be straightforward.
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4. Probing Reheating with Graviton Bremsstrahlung

So far, we have assumed that the inflaton oscillates in a quadratic potential∼ 𝜙2. In this section,
we generalize our discussion to a general potential ∼ 𝜙𝑛 with 𝑛 > 2, which can be realized, for
example, in the attractor inflation models [10]. As mentioned earlier, the effect of entropy dilution
during reheating also manifests in the GW spectrum (cf. Eq. (8)).

In the case of a quadratic potential with 𝑛 = 2, the reheating dynamics are similar for both
bosonic and fermionic decay. Consequently, the dilution effect on the GW spectrum is similar.
However, for 𝑛 > 2, the difference becomes prominent. For bosonic reheating, the inflaton decay
rate Γ1→2

b ∝ 1/𝑚𝜙 (cf. Eq. (2)), while for fermionic reheating Γ1→2
f ∝ 𝑚𝜙 (cf. Eq. (2)). Note that

for 𝑛 > 2, the inflaton mass is not constant and takes the form 𝑚𝜙 ∝ 𝜙𝑛−2 with 𝜙 being a decaying
function with time [11, 12], resulting in the radiation released in the bosonic reheating case tends to
be suppressed. Consequently, the GW spectrum in the bosonic reheating scenario can be boosted.
This provides an intuitive picture, and we refer interested readers to [6] for more computational
details.
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Figure 3: The dimensionless strain ℎ𝑐 as a function of the gravitational wave frequency 𝑓 and 𝑛. The left
frame and right frame correspond to the spectrum for inflaton bosonic and fermionic decay, respectively.

In Fig. 3, we present the spectrum by varying the value of 𝑛 with much smaller model
parameters: 𝑚𝜙 (𝑇rh) ≃ 1013 GeV, 𝑇rh ≃ 𝑚𝜙 (𝑇rh) and 𝑇max/𝑇rh = 10. As argued earlier, we see that
the spectrum can be boosted in the bosonic case, whereas the enhancement in the fermionic reheating
scenario is not as prominent. This is particularly interesting because future high-frequency GW
detectors, such as the resonant cavity detector, could be used to probe the dynamics of reheating. If
a null result is obtained, we could potentially rule out certain regions of the model parameter space
in the bosonic reheating scenario.

5. Conclusions

To summarize, in this talk, I show that inflaton decay is an inevitable and interesting source of
gravitational waves (GW) via graviton Bremsstrahlung during inflationary reheating. For an inflaton
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oscillating in a quadratic potential ∼ 𝜙2, the GW spectrum is linear with respect to frequency 𝑓

and exhibits a peak in the ultra-high-frequency regime, as depicted in Fig. 2. In such cases, a
large inflaton mass and reheating temperature are necessary to produce a sizable signal. When the
inflaton oscillates in a potential ∼ 𝜙𝑛, with 𝑛 > 2, we observe that the signal can be amplified in a
bosonic reheating scenario due to the suppression of entropy dilution. The enhancement on the GW
spectrum increases with 𝑛, as demonstrated in Fig. 3. By highlighting the distinct features in the
GW spectrum, we emphasize that graviton Bremsstrahlung offers a novel pathway for probing the
dynamics of reheating, including the type of inflaton-matter coupling and the shape of the inflaton
potential.
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