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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 [I], [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 i) 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 [BH5] — 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-
[I5] 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.
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FIG. 1. Today’s fractional contribution of primordial GWs to
the energy density in the universe per logarithmic frequency
interval, h?Qaw, versus the frequency, f, as predicted in
SMASH for the benchmark points 1 (lighter) and 2 (darker).

The SMASH model—In the SMASH model [3H5], a
new complex scalar field o (the Peccei-Quinn (PQ) field),
a vector-like quark @) and three singlet neutrinos IV;, 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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Here, the dimensionless couplings are assumed to obey
A, Ao > 0, )‘%{a < AgAy, in order to ensure that the
PQ and electroweak symmetries are broken by the vac-
uum expectation values (HTH) = v%/2, {|o|?) = v2/2,
where v, > v = 246 GeV. The hypercharge of the vec-
tor quark @ and the PQ charges of the SM fermions
are chosen such that the only allowed interactions of
the exotic fermions N;,Q are £ D —[F;;N;PrL;eH +
%YijoNiPLNj +y0QPLQ+ deiaDiPLQ + h.c.]. In the
previous formula the fermion fields are four-component
spinors. D,, L; denote the Dirac spinors associated with
the down quarks and leptons of the ith generation, while
the N, are taken to be Majorana spinors. In this model
the strong CP problem is solved by the PQ mecha-
nism [I7]. The axion [I8, 19] — the pseudo Goldstone
boson associated with the spontaneous breaking of the
PQ symmetry — can be the main constituent of dark mat-
ter if its decay constant f, = v, ~ 10! GeV [20-22]. The
PQ symmetry breaking scale also gives rise to large Ma-
jorana masses for the heavy neutrinos. This can explain
the smallness of the active neutrinos’ masses through the
seesaw mechanism [23H26] and also results in the genera-
tion of the baryon asymmetry of the universe via thermal
leptogenesis [27].

The cosmic history in SMASH.—Inflation results from
the dynamics of the PQ and Higgs fields in the presence
of non-minimal couplings to the Ricci scalar R [28432],
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Here, the mass scale M is related to the reduced Planck
mass (Mp =~ 2.435 x 1018 GeV) by M2 = M? + £go? +
&,v2.  After a Weyl transformation of the metric to
the Einstein frame, which eliminates the non-minimal
gravitational couplings, the potential becomes flat for
large field values. Problems with perturbative unitar-
ity [33, 34] are avoided by requiring 1 > &, > &y > 0;
we will neglect £y in the following. To ensure a vi-
able reheating scenario, slow-roll inflation should take
place along an inflationary valley that can be approxi-
mated by the line h/¢ = \/—Agos /g, where h denotes
the neutral component of the Higgs doublet in the uni-
tary gauge, while one can take ¢ = v/2Reo. This re-
quires a negative portal coupling A\, < 0. The po-
tential along the valley is characterized by an effective
coupling A\, = A\, — A%, /Ag. With the power spectrum
of scalar/tensor perturbations during inflation parame-
terized as Ai/t(k:) = Ag/i(ky) (Ic/k:*)nb'/t(k*)‘”"'7 where
k. is a given reference pivot scale, the predictions for
the spectral index ngs(k.) and the tensor-to-scalar ratio
r = A¢(ky)/As(ks) are shown in Fig. [2| for a pivot scale
k, = 0.002Mpc™ !, together with the newest CMB con-
straints at the 95% confidence level arising from a com-
bination of Planck and BICEP/KECK results [35].

In SMASH, inflation ends when ¢ ~ O(Mp), after
which the background goes through Hubble-damped os-

0.500F T T T T T T
[ 68/95 % c.l., Planck 2018+BICEP/KECK 2021 ]

0.100F
0.050
. [
0.010}
0.005F

0.001 s L. TEEEERNEN :
0.955 0.960 0.965 0.970 0.975 0.980
Mg
FIG. 2. Inflationary predictions in SMASH in the r vs

ns plane with a pivot scale of 0.002 Mpc~!. The green

solid/dashed gray lines are contours of constant &, /number
of efolds, respectively. Accounting for a consistent reheating
history gives the orange region, and the red dots correspond
to the benchmark scenarios BP1 (upper dot) and BP2 (lower
dot). We also show the 68% and 95% C.L. contours arising
Planck and BICEP/KECK data [35].

cillations that mimic a radiation fluid. Hence radia-
tion domination starts immediately after inflation, which
fixes the number of efolds N = Aloga —where a is the
scale factor of the Friedmann-Robertson-Walker (FRW)
metric— between the pivot scale’s crossing of the horizon
and the end of inflation. This results in the orange band
in Fig. [2| providing an excellent fit to the data.

For Mg, < 0, the oscillations of the scalar background
after inflation allow for an efficient reheating. The re-
heating temperature was estimated in Ref. [4] to be
around Ti, ~ 10'9GeV, under the assumption of no
exponential growth of Higgs fluctuations. Such an es-
timate will be improved in this paper by including the
Higgs field and its decays in the preheating simulations.
The PQ symmetry is restored during reheating, with the
axion field acquiring random values, and breaks sponta-
neously at later times. Around the QCD cross over, the
axion field becomes massive and starts oscillating, be-
having as dark matter in the so-called post-inflationary
PQ symmetry breaking scenario, with the correct DM
abundance reached for v, between 3.3 x 101 GeV and
1.5 x 10™ GeV [36].

Benchmark points.—In order to calculate the spec-
trum of GWs from SMASH we fixed f, = 1.2 x 10"
GeV and chose for the remaining parameters two ex-
tremal benchmark points corresponding to the maxi-
mum/minimum values of r within the allowed window
0.036 > r > 0.0037 between the red dots of Fig.
We have chosen points satisfying the stability condi-
tions of Ref. [4]. Benchmark point 1 (BP1) has
r = 0.036, ny, = 0.965, ¢, = 21.4Mp, Pena = 2.2Mp,
Eo(ds) = 0.014, Ay () = 1.25 x 10712, where field val-
ues are given in the Jordan frame, and ¢, is the value of



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 Hiut(¢«) = 2.0 x 107> Mp and
Hend = 1.8 x 107°Mp. The number of post-inflationary
efolds assuming radiation domination immediately af-
ter inflation is Nposs = 64.8. The model’s couplings
at the f, scale are \,(f.) = 3.0 x 107 Ago(fa) =
—1.5 x 1075, Ag(fa) = 0.079, Yi;i(f.) = 1.2 x 1073,
y(fa) = 8.5 x 107, For benchmark point 2 (BP2)
in turn we have: r = 0.0037, ns = 0.967, ¢, = 8.4Mp,
bond = 0.76Mp, &,(ps) = 1.0, A\o(ds) = 5.3 x 10710,
Hint(ds) = 6.5x107Mp, Hena = 2.4x107Mp, Npost =
65.0, A\o(fa) = 4.0 x 1072, Ao (fa) = —2.4 x 1075,
A (fa) = 0.15, Yii(fo) = 4.5 x 1073, y(f,) = 3.6 x 1073,

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, Qgw/(f), defined as
Qaw = pawo/peo = [Qaw(f)dlog f, where pawo is
the present energy density of GWs and p.y = 3HZMZ
the current total energy density. Ho = 100 hkm/s/Mpec
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]
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Above, Hine(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 = 27 fao/a,
where ag is the present value of the scale factor, and k is
the comoving momentum). g, 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

] 1/2
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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. [I} the vertical dashed sections
represent the cutoff for frequencies that never exited the
horizon during inflation [38]. When zooming into fre-
quencies near 1 Hz, 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 [II] (for
other approaches, see for example Refs. [I3] [14]). This
gives [39]
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In the equations above, h2Q.q = 4.2x 1077 is the current
energy fraction of radiation, 7 denotes conformal time
(with current value 7y and satisfying dr/dt = 1/a) while
p(7) is the total energy density. V is the 3D spatial vol-
ume, and 7, is the moment at which the time-averaged
stress-energy tensor reaches a well defined equation of
state p = wp; we expect w & 1/3. 7y, denotes the time at
which the light particles produced by the inflaton’s frag-
mentation dominate the energy density. T1T (7 k) are
the Fourier transforms of the spatial components of the

transverse-traceless projection of the stress-energy ten-
sor,

(6)
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In the equation above, k denotes the unit vector in the
direction of the 3-momentum k, while P,,,, (k) = 6 —
I%m/%n 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 h*Qycwp from Eq.
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 o
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FIG. 3. Upper plot: Power spectra of Reo (blue) and Im o

(orange) for BP1, as a function of today’s frequency for sub-
sequent values of the conformal time. Lower plot: present
energy density of GWs for BP1, with the source integrated
up to different times. The red lines correspond to the final
time of the simulation.

and the neutral component of the Higgs— in lattices with
256 points. The couplings were evaluated at a renor-
malization scale y = f,, and we accounted for Higgs
decays by including a decay term in the Higgs’ equation
of motion. We modeled the decay products with a ho-
mogeneous relativistic fluid, whose density p;.q evolves
in time ensuring the covariant conservation of the to-
tal stress-energy momentum tensor. The scale factor
was also evolved in a consistent manner, and the initial
conditions were determined from the backgrounds and
power spectra at the end of inflation. The computations
were carried out with a modified version of CLUSTEREASY
[41l, [42]; see Ref. [40] for more details. We took 7, as
the final time of the simulation and computed w using
w = —1/3(1 + 2da/a?) (with "= d/dt). 7, was inferred
from the results for the energy densities, carrying out
extrapolations if necessary. Assuming thermalization in
the radiation bath at 7, we estimated the reheating
temperature as T = (30 prad (Ten)/ (7204p(Ten)) /4. By
matching the extrapolated Hubble rate to Hg, accounting
for the late period of matter domination, we estimated
Npost = log aO/aend'

The results of the simulations for BP1 are illustrated in
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Fig.[3] which shows the power spectra of the fields for dif-
ferent values of time, as well as the present energy density
of GWs obtained when integrating the source up to differ-
ent times. The spectra of the fields show resonance bands
and peaks which are correlated (up to distortions from
the convolution appearing in Eq. @)) with the peaks in
the GW spectrum. The GW spectra for both benchmark
points are shown by the middle curves in Fig. [T} Dashed
sections represent an extrapolation based on an f2 be-
haviour for small frequencies [11], cross-checked with ad-
ditional simulations.

For BP1 we infer w = 0.3398, Npost = 64.3, Trp, =
9.7x10'2 GeV, h2Qpgwp = 9.5x 10711, while for BP2 we
obtain w = 0.3334, Npost = 65.0, Tyn = 2.0 x 102 GeV,
hQQpGWB = 1.1 x 107!°. The reheating temperatures
are significantly higher than the estimates of T}y, ~ 100
GeV in Ref. [4], which assumed that no resonant growth
of Higgs fluctuations was possible. This is indeed the
case during the first oscillations of the background after
inflation, but no longer true once the fluctuations of Im o
start becoming amplified, lowering the Higgs mass thanks
to the negative portal coupling. The resulting growth of
Prad is illustrated in Fig. [4

The main features of the GW spectra can be captured
by the following parameterizations,
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which follow from writing the typical size of field
inhomogeneities during the fragmentation process as
R = a/(f%\/j\—g(bendaend), and estimating the energy
fraction in GWs at the onset of fragmentation as
paw (Tirag) /P(Tirag) = a(RHpag)? [I].  To arrive to
Eq. we further assumed radiation domination and
Tirag = 200/ (v Ao Pendena) (see Fig. Ié—_l[) Eqgs. can fit
the peak frequency and total energy fraction in BP1/BP2
with & = 0.05/0.08 and a = 1 x 107°/3 x 107*.

GWs from thermal fluctuations.—The Cosmic Grav-
itational Microwave Background (CGMB) arising from
thermal fluctuations in the plasma during radiation dom-
ination has been studied in Refs. [7, 43| [44], giving

T ] [g*smh)} o
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= T, 2m | = =
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where T}, and Ty denote the maximum temperature of
the plasma after it starts dominating the energy density
and the current CMB temperature, respectively. The
function 7 is only known for low and high values of k/T'.

For the latter, 7 has been computed for the SM with next-
to-leading order precision in Ref. [44], and the result was

h2 QCGMB(f) ~ 4.0 X 10_12 |:
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FIG. 4. Evolution of the mean energy densities of the

scalars (blue) and radiation bath (orange) for BP1, giving
Teh = 835/ (VAo Pend@end) captured within the simulation.

generalized to arbitrary models in Ref. [7]. The ensuing
spectrum has an amplitude scaling with T}, and peak-
ing at a frequency of the order of 80(106.75/(gxs(Tin))"/?
GHz. Hence a precise measurement of the CGMB could
inform us of the temperature and degrees of freedom
of the primordial plasma. Using the values of T}y in-
ferred from the simulations, the thermal spectrum for
the two benchmarks is shown by the rightmost curves in
Fig. |1} the dashed lines interpolate between the results
for low/high k/T.

Discussion.—The collected spectra of GWs in SMASH
are shown in Fig. [, where it can be seen that infla-
ton fragmentation gives the largest emission of GWs in
the frequency range between ~ 10576 Hz and 109719 Hz,
while the inflationary GWs and the thermal GWs dom-
inate below and above this frequency window, respec-
tively. The peaks of the preheating and thermal spectra
are well separated, and the three different components
in the spectrum could be disentangled from each other
if experiments were to reach the required sensitivities.
A hypothetical measurement of the GW spectrum be-
tween ~ 1 Hz and 100 GHz could potentially determine
the Hubble scale during inflation —which enters Q;qwp—
the scale of inflaton fragmentation after inflation —related
to fSSlXVBf and finally the maximum temperature and
the number of relativistic degrees of freedom of the hot
Big Bang plasma, which fix the amplitude and peak of
Qcamp. This could provide an unprecedented window
into the physics of the very early universe.

We expect the main features of the spectrum of Fig. []
to be generic and representative of a wide class of models
featuring inflation and preheating followed by radiation
domination. Our choice of model can be considered as
a conservative benchmark, as it does not feature GWs
sourced by first-order phase transitions, or an appreciable
fraction of GWs from cosmic strings [45].

In Fig. [5| we show the dimensionless strain h.(f) =
V3HEQaw (f)/(272)/ f predicted in SMASH, confronted
with current and projected experimental limits [7, [46-
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FIG. 5. Characteristic amplitude of primordial GWs in
SMASH (orange) compared to present (shaded areas) and
projected limits (colored solid lines) [7) [46H6T]. Indirect dark
radiation constraints [44] [62] [63] are shown with dashed lines.

60] as well as indirect dark radiation constraints [62], [63],
together with the dark radiation limit that would cor-
respond to the theoretical uncertainty in the number of
effective neutrino species [44].

In regards to the prospects for observational detec-
tion, a potential timeline could be the following. First,
the upcoming generation of CMB experiments such as
CMB-54 [64], LiteBIRD [65], and the Simons Observa-
tory [66] has the capability to detect the non-zero tensor-
to-scalar ratio r predicted by SMASH (cf. Fig.[2). Given
a positive measurement, future spaceborne GW inter-
ferometers such as BBO [50] or DECIGO [47] would
be sensitive to Qigwp (cf. Fig. , while Ultimate DE-
CIGO [67] could potentially detect the step-like feature
in the spectrum at around 1 Hz due to the PQ phase
transition [6]. The frequency of the step could be cross-
checked with the indirect determination of f, result-
ing from the potential measurement of the axion mass,
mg =~ 57 ueV (1011 GeV/fa)7 by axion dark matter di-
rect detection experiments sensitive in the mass region
favored in the post-inflationary PQ symmetry breaking
scenario predicted by SMASH, m, > 28(2) ueV [68], such
as for example MADMAX [69]. Probing the waves gen-
erated by preheating and thermal effects requires much
progress in the detection of ultra high frequency GWs
(cf. Fig. p). Such efforts are very well motivated by
the prospect to probe physics shortly after inflation,
and a worldwide initiative towards this goal has already
started [70].
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