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Revealing the Cosmic History with Gravitational Waves
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The characteristics of the cosmic microwave background provide circumstantial evidence that
the hot radiation-dominated epoch in the early universe was preceded by a period of inflationary
expansion. Here, we show how a measurement of the stochastic gravitational wave background can
reveal the cosmic history and the physical conditions during inflation, subsequent pre- and reheating,
and the beginning of the hot big bang era. This is exemplified with a particularly well-motivated
and predictive minimal extension of the Standard Model which is known to provide a complete
model for particle physics –up to the Planck scale– and for cosmology –back to inflation.

Introduction.—Big Bang cosmology describes how the
universe expanded from an initial state of extremely high
density into the cosmos we currently inhabit. It compre-
hensively explains a broad range of observed phenom-
ena, including the abundance of light elements, the Cos-
mic Microwave Background (CMB) radiation, and the
large-scale structure. It successfully delineates the cos-
mic history back to at least a fraction of a second af-
ter its birth, when the primordial plasma was radiation-
dominated and Big Bang Nucleosynthesis (BBN) took
place, at temperatures around a few MeV.

Direct information about the cosmic history prior to
BBN may be obtained from the observation of Gravi-
tational Waves (GWs). In fact, after their production
they freely traverse cosmic distances, making them a
unique probe of the very early universe [1, 2]. An even-
tual measurement of the complete spectrum of primor-
dial stochastic GWs may inform us in particular about
three cosmological events supposed to occur in cosmic
history: i) a stage of inflationary expansion preceding
the radiation-dominated era, ii) the subsequent pre- and
reheating stages, and iii) the beginning of the hot ther-
mal radiation-dominated era after reheating.

The corresponding GW predictions are model-
dependent. They depend crucially on the field content
and its dynamics, in particular on the parameters deter-
mining the scale of inflation and the reheating tempera-
ture. To get the complete picture, one needs a complete
model for particle physics and cosmology, such as for ex-
ample the Standard Model*Axion*Seesaw*Higgs portal
inflation (SMASH) model [3–5] – a well motivated and
predictive minimal extension of the Standard Model of
particle physics (SM) which addresses five fundamental
problems of particle physics and cosmology in one stroke:
inflation, baryon asymmetry, neutrino masses, strong CP
problem, and dark matter.

In two preceding publications we have determined the
GW spectra in SMASH originating from quantum fluctu-
ations during inflation [6] and from thermal fluctuations
at the beginning of the hot thermal radiation-dominated

stage [7]. In this Letter we determine the GW spectrum
arising from inflaton fragmentation during preheating [8–
15] and provide improved estimates of the reheating tem-
perature and the ensuing spectrum of GWs from the
thermal plasma. To the best of our knowledge, this rep-
resents the first computation of the complete spectrum
of stochastic GWs generated in the early universe for a
particular particle physics model [16], cf. Fig. 1.

101 103 105 107 109 1011

10- 23

10- 20

10- 17

10- 14

10- 11

in ation

preheating

thermal

FIG. 1. Today’s fractional contribution of primordial GWs to
the energy density in the universe per logarithmic frequency
interval, h2ΩGW, versus the frequency, f , as predicted in
SMASH for the benchmark points 1 (lighter) and 2 (darker).

The SMASH model.—In the SMASH model [3–5], a
new complex scalar field σ (the Peccei-Quinn (PQ) field),
a vector-like quark Q and three singlet neutrinos Ni, with
i = 1, 2, 3, are added to the SM. All the new fields, as
well as the quarks and leptons of the SM, are assumed
to be charged under a global U(1)PQ symmetry. The
scalar potential in SMASH, which involves also the Higgs
doublet H (neutral under PQ), has the general form:
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the inflaton when the CMB pivot scale crosses the hori-
zon. The values of the Hubble scale at the crossing and
at the end of inflation are Hinf(φ∗) = 2.0× 10−5MP and
Hend = 1.8× 10−6MP . The number of post-inflationary
efolds assuming radiation domination immediately af-
ter inflation is Npost = 64.8. The model’s couplings
at the fa scale are λσ(fa) = 3.0 × 10−11, λHσ(fa) =
−1.5 × 10−6, λH(fa) = 0.079, Yii(fa) = 1.2 × 10−3,
y(fa) = 8.5 × 10−4. For benchmark point 2 (BP2)
in turn we have: r = 0.0037, ns = 0.967, φ∗ = 8.4MP ,
φend = 0.76MP , ξσ(φ∗) = 1.0, λ̃σ(φ∗) = 5.3 × 10−10,
Hinf(φ∗) = 6.5×10−6MP ,Hend = 2.4×10−6MP , Npost =
65.0, λσ(fa) = 4.0 × 10−9, λHσ(fa) = −2.4 × 10−5,
λH(fa) = 0.15, Yii(fa) = 4.5× 10−3, y(fa) = 3.6× 10−3.

Primordial GWs from SMASH.—Throughout the pre-
viously outlined cosmological history, there are three
sources of stochastic GWs. First, one has GWs gen-
erated from tensor perturbations during inflation. Sec-
ondly, the exponential growth of scalar field fluctuations
in the oscillating phase after inflation (preheating) gen-
erates a source term for GWs which stops when the
fluctuations start to decay. Finally, after reheating is
completed and the energy density is dominated by light
radiation, thermal fluctuations give rise to new source-
terms for GW production, which continues as long as the
fermion and gauge boson abundances remain sizable, i.e.
roughly until the breaking of the electroweak symmetry.
In the following sections we will go over the contribu-
tions from each source to the energy fraction of GWs
per logarithmic frequency interval, ΩGW(f), defined as
ΩGW = ρGW0/ρc0 =

∫

ΩGW(f)d log f , where ρGW0 is
the present energy density of GWs and ρc0 = 3H2

0M
2
P

the current total energy density. H0 = 100h km/s/Mpc
is today’s Hubble rate, with h ≈ 0.68 [37].
GWs from inflation.—The spectrum of the energy frac-

tion of primordial GWs from inflation is well known and
can be approximated as [6]

h2 ΩiGWB(f) ≈ 9.9× 10−17×

× g∗ρ(Thc(f)) [g∗s(Thc(f))]
− 4

3

[

Hinf(f)

3× 1013 GeV

]2

.
(3)

Above, Hinf(f) is the value of the Hubble constant when
the mode corresponding to the frequency f crossed the
horizon during inflation, (i.e. when H = k/a = 2πfa0/a,
where a0 is the present value of the scale factor, and k is
the comoving momentum). g∗ρ and g∗s denote the effec-
tive numbers of relativistic degrees of freedom associated
with the energy and entropy densities, respectively – cal-
culated for SMASH in Ref. [6] – while

Thc(f) =
108GeVf

1.2Hz

[

g∗s(Thc(f)

g∗ρ(Thc(f))

]1/2

[g∗s(Thc(f)]
−1/6 (4)

is the temperature at which the mode re-entered the hori-
zon after reheating. The spectrum of GWs during infla-
tion for the two benchmark points in SMASH is given by

the leftmost curves in Fig. 1; the vertical dashed sections
represent the cutoff for frequencies that never exited the
horizon during inflation [38]. When zooming into fre-
quencies near 1Hz, the spectra feature a step due to the
PQ transition which could be detected by DECIGO [6].
GWs from preheating.—One can estimate the spec-

trum of GWs in terms of the time-dependent stress-
energy tensor of the scalar fields by solving the lin-
earized GW equation in momentum space in a FRW
background using Green’s function methods [11] (for
other approaches, see for example Refs. [13, 14]). This
gives [39]

h2ΩpGWB(f) = h2Ωrad×
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with Sk(τf ) given by
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In the equations above, h2Ωrad = 4.2×10−5 is the current
energy fraction of radiation, τ denotes conformal time
(with current value τ0 and satisfying dτ/dt = 1/a) while
ρ(τ) is the total energy density. V is the 3D spatial vol-
ume, and τw is the moment at which the time-averaged
stress-energy tensor reaches a well defined equation of
state p = wρ; we expect w ≈ 1/3. τrh denotes the time at
which the light particles produced by the inflaton’s frag-
mentation dominate the energy density. TTT

mn (τ
′,k) are

the Fourier transforms of the spatial components of the
transverse-traceless projection of the stress-energy ten-
sor,

TTT
mn (τ,k) =

(

Pmp(k̂)Pnq(k̂)−
1

2
Pmn(k̂)Ppq(k̂)

)

×

×
∑

j

∫

d3p

(2π)3/2
pppqϕj(τ,p)ϕj(τ,k− p).

(7)

In the equation above, k̂ denotes the unit vector in the
direction of the 3-momentum k, while Pmn(k) = δmn −

k̂mk̂n are transverse projectors, and the sum over j runs
over all real scalar fields.
As the energy density of GWs is expected to be small,

one can neglect their backreaction into the evolution of
the scalar fields. To compute h2ΩpGWB from Eq. (5)
we have resorted to lattice simulations of the evolution
of scalar fields in a FRW background, in a similar way
as described in Ref. [40]. We have solved the equations
for three real scalars –the real and imaginary parts of σ
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