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The Big Picture: A New Window into Reheating

• Cosmic Inflation solves key cosmological puzzles (Horizon,
Flatness) and seeds the primordial density fluctuations observed
in the CMB.

• Reheating is the crucial, mysterious transition that follows,
setting the initial conditions for the BBN.

• The inflaton’s energy populates the universe with Standard
Model particles.

• Gravitational Waves (GWs) can be a direct probe, traveling
almost freely from this primordial era.

• Our Work: We investigate GWs from a Graviton
Bremsstrahlung during inflaton decay, focusing on two key
aspects:

• Decay Products: Massive spin-3/2 Rarita-Schwinger (RS)
particles.

• Inflaton Potential: General anharmonic form, V (ϕ) ∝ ϕk .

Figure: The oscillatory phase after
inflation where reheating occurs.
We explore potentials beyond the
simple quadratic to understand the
impact on the GW signal.
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The Gravitational Interaction: An Unavoidable Signal
• In General Relativity, spacetime is dynamical. We consider a small fluctuations about a flat

Minkowski spacetime. The hµν is identified with the gravitons :

gµν = ηµν +
2

MP
hµν

• The Principle of Equivalence dictates that gravity couples universally to all forms of energy
and momentum, described by the energy-momentum tensor Tµν .

• This leads to an unavoidable interaction term in the Lagrangian, suppressed by the Planck
Mass MP :

Lint, grav =
1

MP
hµνT

µν
total

• Physical Consequence: Graviton can be emitted during inflaton decay and scattering
processes. This process, Graviton Bremsstrahlung, is an unavoidable source of a stochastic
GW background.
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Action and Lagrangian

The complete dynamics of our system are defined by the Action:

S =

∫
d4x

√
−g

[
M2

P

2
R + Lϕ + LRS + Lint

]
M2

P

2 R The Einstein-Hilbert Lagrangian for gravity.
Lϕ Lagrangian for the scalar inflaton field ϕ.
LRS Lagrangian for the massive spin-3/2 Rarita-Schwinger (RS) field ψµ.
Lint The interaction terms, governing all decays.

The key physics is in the interaction Lagrangian, which has two parts:
• Gravitational Coupling: 1

MP
hµνT

µν
total (as seen on the previous slide).

• Direct Decay Vertex: This term allows the inflaton to decay, reheating the universe. It
distinguishes between interactions that preserve or violate parity.

Ldecay = ψ̄µ( λs︸︷︷︸
Scalar (Parity Even)

+ iγ5λp︸ ︷︷ ︸
Pseudoscalar (Parity Odd)

)ψµϕ
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The Rarita-Schwinger (RS) Field: A Spin-3/2 Particle

• The field ψµ is a massive spin-3/2 fermion. It arises naturally in theories like supergravity and
is a well-motivated dark matter candidate.

• The dynamics of a free RS field are described by the Lagrangian (Source: Kaneta et al.,
arXiv:2309.15146):

L3/2 = ψ̄µ(iγ
µρν∂ρ −m3/2γ

µν)ψν where γµνρ =
i

2
{γµ, γν , γρ}

This can be written in a more standard form for an on-shell process:

L3/2 = − i

2
ψ̄µϵ

µνρσγ5γν∂ρψσ −m3/2ψ̄µσ
µνψν

• Calculations require summing over the physical spin states using spin-sum projectors, which
differ for particles (ua) and anti-particles (va):

• Particle Sum (uaūb):
∑

uaūb = ( ̸ p +m3/2)×
(
ηab − 1

3
γaγb − 2

3
papb
m2

3/2

+ paγb−pbγa
3m3/2

)
• Anti-Particle Sum (vav̄b):

∑
vav̄b = ( ̸ p −m3/2)×

(
ηab − 1

3
γaγb − 2

3
papb
m2

3/2

− paγb−pbγa
3m3/2

)
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The Bremsstrahlung Process: Amplitudes & Diagrams

ψ̄µ

ψµ
hαβ

φ

ψ̄µ

ψµ

hαβφ
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ψ̄µ

ψµ

hαβ
φ

ψ̄µ

ψµ

hαβ
φ

(c) (d)

Figure: The four Feynman diagrams contributing to
the decay ϕ→ ψψ̄h.

The matrix elements for these processes are:

iM1 = −i
λ

MP

ū(p)ϵ∗µν lµlνv(q)

MϕEw

iM2 = i
λ

MP

ū(p)ϵ∗µνpµpνv(q)

p · ω

iM3 = i
λ

MP

ū(p)ϵ∗µνqµqνv(q)

q · ω
M4 ∝ ηµνϵ

∗µν

Key Simplifications:

• M1 = 0: The inflaton decays at rest, so its
four-momentum is l = (Mϕ, 0).

• M4 = 0: Since the graviton is massless
and thus traceless (ηµνϵ

∗µν = 0).
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Calculating the Decay Rates

Two-Body Decay (Γ1→2): This is the primary reheating channel.
• The rate depends on the scalar (λs) and pseudoscalar (λp) nature of the coupling. For a mass
ratio y = m3/2/Mϕ:

Γλp=0 =
1

2Mϕ

∫
dΠn|M|2 = λ2sMϕ

72πy2

√
1− 4y2(1− 10y2 + 42y4 − 72y6)

Γλs=0 =
λ2pMϕ

72πy2

√
1− 4y2(1− 2y2 + 10y4)

Three-Body Decay (Γ1→3): The Graviton Bremsstrahlung process that sources the GWs.

• Its differential rate, dΓ1→3

dEw
, has three critical features:

• Infrared (IR) Divergence: The rate diverges as the graviton energy Ew → 0. This is
characteristic of Bremsstrahlung processes.

• Regularization: We handle this by imposing a low-energy cutoff Λ (e.g., Λ = 10−7Mϕ). The
final results are insensitive to its exact value.

• Kinematic Cutoff: The graviton energy is kinematically forbidden from exceeding half the
inflaton’s mass in the simple particle picture, Ew ≤ Mϕ/2.
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Anharmonic Potentials

The shape of the inflaton potential, V (ϕ) ∝ ϕk , dictates the physics of the entire reheating era.
(Jiang & Suyama, arXiv:2410.11175)

Quadratic Case (k = 2)

• The potential is harmonic, like a simple
pendulum.

• The equation of state parameter is
wϕ = k−2

k+2 = 0.

• The inflaton’s energy density redshifts like
non-relativistic matter (dust): ρϕ ∝ a−3.

• Conclusion: The inflaton can be accurately
modeled as a collection of individual,
decaying particles. This is the particle
picture.

Anharmonic Case (k = 4, 6, 8, ...)

• The potential is anharmonic, leading to
complex oscillations.

• The equation of state is non-zero,
wϕ = k−2

k+2 > 0.

• The energy density redshifts faster than
matter: ρϕ ∝ a−6k/(k+2).

• Conclusion: The inflaton is not a simple
particle; it must be treated as a single,
coherent, oscillating classical field. This
requires the classical field picture.
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The GW Spectrum in the Multi-Mode Picture

The multi-mode nature of anharmonic potentials leaves a distinct imprint on the GW spectrum.

Particle Picture (k = 2)

• Decay from a single mass state mϕ.

• Produces a GW spectrum with a single peak.

• Hard kinematic cutoff: Ew ≤ Mϕ/2.

Classical Field Picture (k ≥ 4)

• Decay from a ”tower” of effective masses
mn = nω.

• Produces a GW spectrum with multiple
peaks.

• Higher energy gravitons can be produced
from higher frequency modes.

The presence of multiple peaks in the GW spectrum is a unique signature of an anharmonic reheating
potential. 9 / 16



The Multi-Mode Framework for Anharmonic Decay

To calculate decay rates in the classical field picture, we decompose the inflaton’s complex
oscillation into a sum of simple harmonics.

• The oscillating field is a superposition of a slowly-decaying envelope ϕ0(t) and a rapidly
oscillating part P(t), which contains a tower of harmonic modes:

ϕ(t) ≈ ϕ0(t)P(t) where P(t) =
∑
n

Pne
−inωt

• This is physically equivalent to the inflaton being a collection of particles, where a fraction bn
have an effective mass mn = nω.

Weight factor: bn = (k + 2)(k − 1)

(
ω

mϕ

)2

n2|Pn|2 with
∑

bn = 1

• The Modified Decay Rate: The total Bremsstrahlung rate is the weighted sum over all
modes. This is the central result of the classical field treatment.

dΓtotal
dEw

=
∑
n

bn
dΓn
dEw
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Simulating the Cosmic Evolution: The Boltzmann Equations

We numerically solve the coupled Boltzmann equations for the energy densities of the inflaton
(ρϕ), radiation (ρR), and gravitational waves (ρGW ).

Inflaton Depletion:

ρ̇ϕ + 3H(1 + wϕ)ρϕ = −(1 + wϕ)(Γ
1→2 + Γ1→3)ρϕ

Radiation Production:

ρ̇R+4HρR = (1+wϕ)Γ
1→2ρϕ+(1+wϕ)

∫
dΓ1→3

dEw

mϕ − Ew

mϕ
ρϕdEw

GW Production:

d ρ̇GW
dEw

+4H
dρGW
dEw

=
2k

k + 2

ρϕ
mϕ

dΓ1→3

dEw
× Ew

Friedmann Equation:

H2 =
1

3M2
P

(ρϕ + ρR + ρGW )

• ρR(tend) = 0; ρGW (tend) = 0

• ρend = ρ(ϕend) =
3
2
λM4

p

(
ϕend
Mp

)k
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From Simulation to Observable Spectrum

Our Boltzmann simulation yields the energy densities at the time of reheating. To predict the
signal we observe today, we must account for cosmic expansion.

1. Define the Observable: The standard measure for a stochastic GW background is the
dimensionless energy density spectrum, ΩGW :

ΩGW (f ) ≡ 1

ρc,0

dρGW ,0

d(ln f )

where ρc,0 is the critical energy density today, and f is the observed frequency.

2. Connect Past to Present: The spectrum today is related to the spectrum at reheating (Trh)
by the redshift of energy and the conservation of entropy:

ΩGW (f ) = Ωγ,0

[
g∗(Trh)

g∗(T0)

] [
gs∗(T0)

gs∗(Trh)

]4/3
× d(ρGW /ρR)

d(lnEw )

∣∣∣∣∣
Trh

• Ωγ,0 is the present photon energy density fraction.
• g∗ and gs∗ are the relativistic degrees of freedom for energy and entropy.
• The final term, the ratio of GW to radiation energy, is the direct output of our Boltzmann

simulation.
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Key Result 1: Impact of Final State Spin.

We find that the gravitational wave spectrum is highly sensitive to the properties of the particles
produced during reheating.

• Spin: Inflaton decay to massive spin-3/2 particles produces a GW signal which can be significantly
different from the inflaton decay to spin-0 scalar particles.

• There is no significant distinction between scalar (λs) and pseudoscalar (λp) couplings.
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Key Result 2: GW from graviton bremstrahlung

Our primary finding is that the GW spectrum directly encodes the anharmonicity of the inflaton
potential, V (ϕ) ∝ ϕk .

As the potential becomes more anharmonic (increasing k):
• The peak GW amplitude decreases, as the inflaton’s power is spread across
more harmonic modes.

• The peak frequency shifts to higher values due to the modified reheating
dynamics.
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Summary of Findings & ∆Neff Constraints
Summary of Key Findings:

• We performed the first calculation of GWs
from inflaton decay to massive spin-3/2
particles in a general, anharmonic potential
(V ∝ ϕk).

• The GW signal is a powerful probe, sensitive
to:

• The spin of the final state particles.
• The parity of the inflaton interaction.
• The shape (k) of the reheating potential.

Constraint from BBN/CMB:

• The GW energy density contributes to the
effective number of relativistic species:

∆Neff ≈ 8

7

(
11

4

)4/3
ρGW (Trh)

ρR(Trh)

Figure: The GW contribution to ∆Neff as a function of
the inflaton mass. The signal only approaches observable
levels (e.g., ∆Neff ∼ 0.01) when Mϕ is close to the Planck
scale, MP .
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Thank You
Questions?
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