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We propose a scenario where superheavy dark matter (DM) can be produced via symmetry restoration
first-order phase transition during inflation triggered by the evolution of the inflaton field. The phase
transition happens in a spectator sector coupled to the inflaton field. During the phase transition, the
spectator field tunnels from a symmetry-broken vacuum to a symmetry-restored vacuum. The massive
particles produced after bubble collisions are protected against decaying by the restored symmetry and may
serve as a DM candidate in the later evolution of the Universe. We show that the latent heat released during
the phase transition can be sufficient to produce the DM relic abundance observed today. In addition,
accompanied with the super heavy DM, this first-order phase transition also produces gravitational waves
detectable via future gravitational wave detectors.
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I. INTRODUCTION

Despite the fact that most of the matter in our universe is
dark, the particle nature of dark matter (DM) and its
production mechanism remains unknown. The most popu-
lar DM production scenario is the so-called weakly
interacting massive particles (WIMPs) with the freeze-
out mechanism. This type of DM starts out in thermal
equilibrium in the early universe. As the universe expands,
the interaction rate of WIMPs drops below the expansion
rate of the Universe, and the WIMPs can no longer
maintain thermal equilibrium with ordinary matter. They
then exit the thermal bath and become a thermal relic today.
Since the annihilation cross section is inversely propor-
tional to the mass square of the DM particles, DM particles
which are too heavy will drop out of the thermal equilib-
rium too early, resulting in the overproduction of DM. This
sets an upper limit on the mass of the DM particle, which is
around 105 GeV [1].

DM heavier than 105 GeV can be produced nonther-
mally via the freeze-in mechanism [2–11]. Alternative
scenarios are also proposed, such as Planckian interacting
DM [12–16], SUPERWIMP [17], FIMP [3] etc. See
[18–26] for relevant recent developments along this line.
For a review of the nonthermal DM production mecha-
nisms, see Ref. [27]. Superheavy DM can also be produced
during either inflation [28–32] or the transition between
inflation and the subsequent evolution of the universe.
The particle production mechanism is mostly related to
the nontrivial evolution of the cosmological background.
Particles can be produced from vacuum through time-
dependent Bogoliubov transformations computable via the
Stokes-line method [33]. See [30,34–37] for recent works
and [38] for a recent review on this topic.
Superheavy DM can be produced during inflation via the

quantum fluctuation. However, the amount of DM particles
may not be sufficient to explain the relic abundance of
the DM today. This is because the inflationary spacetime
resembles that of a de Sitter (dS) space, and the dS-invariant
production number density of heavy DM particles is

suppressed exponentially by the factor e
−2π

ffiffiffiffiffiffiffiffiffiffi
m2
DM
H2 −9

4

q
once

mDM ≫ H, where H is the Hubble expansion rate.1
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1Unless specified,H in this paper always stands for the Hubble
parameter during inflation.
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In this work, we propose a much more efficient DM
production mechanism, by introducing a symmetry restora-
tion first-order phase transition (SRFOPT) during inflation.
Motivated by the fact that the inflaton ϕ traverses a large
distance in field space [39], the inflaton may encounter
nontrivial features on the scalar manifold. We consider a
massive spectator scalar field σ weakly coupled to the rolling
inflaton. The inflaton rolling off the potential Vðϕ; σÞ
triggers a SRFOPT in the σ direction. When the phase
transition happens, the energy difference between the true
vacuum and false vacuum is injected into expanding bubble
walls. The subsequent collisions of bubble walls dissipate
the energy into σ particles, producing observable gravita-
tional wave (GW) signals simultaneously. These σ particles
end up in a symmetric vacuum and are thus protected from
decaying, making them perfect superheavy DM candidates.
The signatures of the accompanying GW signal are also

important as they provide further information about the phase
transition. We point out that this is only when the symmetry
restoration phase transition is first order. Second order phase
transitions (such as the gravitational misalignment mecha-
nism [40–44]) can generate gravitational wave by domain
wall production. The GW signatures from phase transition
during inflation have been studied in [45–51] (see also [52]
for the GW signature from phase transition before inflation
and [53,54] for the GW signature at the end of inflation), and
their unique oscillation signatures can help us distinguish
them from those produced during post inflationary evolu-
tions. As a result, this GW signature can serve as an indirect
probe of superheavy DM produced during inflation.
In the rest of the paper, we illustrate this idea with a

simple but viable model. The spectator sector we consider
is composed by a real scalar field σ, and the effective action
is written as

S≡
Z

d4x
ffiffiffiffiffiffi
−g

p �
−
1

2
ð∂ϕÞ2 − 1

2
ð∂σÞ2 −Uðϕ; σÞ

�
; ð1Þ

where ϕ is the inflaton field. The potential takes the form

Uðϕ; σÞ≡ Vðϕ; σÞ þ VsrðϕÞ; ð2Þ

where

Vðϕ; σÞ≡ 1

2
μ2effðϕÞσ2 þ

λ

4
σ4 þ 1

8Λ2
σ6; ð3Þ

and VsrðϕÞ is the usual slow-roll potential of the inflaton
sector in the slow-roll inflation. Notice the Z2 symmetry
σ ↔ −σ of the Lagrangian. The reason we choose this
potential is to have nondegenerate vacua and at the same
time preserve the Z2 symmetry in the σ field sector. We
assume the σ sector has an energy density subdominant to
that of the inflaton, i.e., Vðϕ; σÞ ≪ VsrðϕÞ. As mentioned
before, the rolling ϕðtÞ field background introduces a time
dependent effective mass of the σ field,

μ2effðϕÞ≡ μ2 − c2ϕ2; ð4Þ

triggering the symmetry restoration phase transition in the
σ sector (see Fig. 1 for a cartoon illustration, assuming ϕ
rolling down to 0 from a large value during inflation).
In Sec. II, we describe the details of the phase transition

this model. Then in Sec. III, we analyze the evolution of
the σ particle number density and calculate the DM relic
abundance. We move on to the accompanying gravitational
wave signals in Sec. IV. We summarize and give outlooks
in Sec. V.

II. FIRST-ORDER PHASE TRANSITION INDUCED
BY THE EVOLUTION OF THE INFLATON

Denoting the typical mass scale of the σ particles as
mσ ∼ μ, the bubble nucleation rate per physical volume of
the universe can be written as

Γ
Vphys

¼ Oð1Þ ×m4
σe−S4 ; ð5Þ

where S4 is the classical action of the bounce solution.
We define the parameter β to characterize how fast the
SRFOPT happens

β≡ −
dS4ðtÞ
dt

¼ Oð100Þ×
����

_ϕ

ϕ − μ2

c2ϕ

����: ð6Þ

In order that the phase transition can finish in time, we
require the β parameter to be sufficiently large. The typical
value of β we consider is of order β ∼ 5H. The universe

FIG. 1. The potential shape Vðϕ; σÞ and the field trajectory. The
magenta, cyan, and green curves show the plane sections along
the σ direction. The inflaton rolls down along the ϕ direction due
to a slow-roll potential. Initially, the field follows the false
vacuum (red). Then as the true vacuum (blue) forms and becomes
lower than the false vacuum, the σ field tunnels through the
barrier (black dashed line) and triggers the SRFOPT.
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should be filled with true vacuum bubbles before signifi-
cant inflationary expansion tears them apart. This condition
indicates that [47]

m4
σ ≫ β4: ð7Þ

On the other hand, the requirement that the energy density
of the spectator sector is subdominant yields

m4
σ ∼ Vðϕ; σÞ ≪ VsrðϕÞ ∼M2

plH
2: ð8Þ

During the SRFOPT, the bubbles collide into each other,
producing a large amount of σ particles that thermalize
quickly due tomutual interactions. Thesemassive σ particles
are formed in the Z2-symmetric phase. Therefore, the σ
particles are stable and can be theDMcandidate. The energy
of the σ particles comes from the colliding bubble walls,
which originates from the latent heat

L≡ γPTm4
σ ð9Þ

of the SRFOPT. This is because after the phase transition, the
latent heat is transferred to the kinetic energy of the bubble
wall. After the bubble collision, the bubble wall oscillates
and is dissipated into thermalized σ particles at a timescale
t ∼ 1=β [48]. Here γPT is a dimensionless factor that can, in
principle, be computed from the model (3) itself. However,
it is more convenient to consider it as an input parameter
for generic potentials that take forms different from (3).
Since the tunneling processes mainly happen at critical
points where different terms in the potential Vðϕ; σÞ are of
comparable sizes, γPT will not be far from unity in general.
One way to estimate the upper bound of γPT is to look at

the potential Vðϕ; σÞ and get the maximum value of the
difference between the true vacuum and the false vacuum.
In the symmetry-broken phase, the potential of the σ field
has three minima, while at the symmetric phase, the
potential of the σ field has only one minimum at σ ¼ 0.
The critical case is when the two minima away from σ ¼ 0

disappear, which leads to the condition λ2 ¼ 3μ2eff=Λ2. The
minima are located at σfalse ¼ � ffiffiffiffiffiffiffiffiffiffiffiffiffi

−2λ=3
p

Λ and σtrue ¼ 0.
The difference of the vacuum energy is thus −λ3Λ4=27. So
we have

γPTm4
σ ≲ −λ3Λ4=27: ð10Þ

For instance, a parameter choice λ ¼ −1, Λ ¼ 2mσ leads
to γPT ≲ 0.6.
Since the during the phase transition the σ particles are

tightly coupled to each other, and mσ ≫ β, it is reasonable
to assuming that the marginally relativistic σ particles
immediately thermalize after the phase transition. The
distribution function of the σ particles is then given by
the Maxwell-Boltzmann distribution

fðE; TðtÞÞ ¼ e−E=TðtÞ; EðpÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

σ þ p2

q
: ð11Þ

The initial temperature TPT ≡ TðtPTÞ can then be deter-
mined from the latent heat by

L ≃ γPTm4
σ ¼

Z
d3p
ð2πÞ3 EðpÞfðE; TPTÞ: ð12Þ

The initial number density of σ particles is

nσðtPTÞ ¼
Z

d3p
ð2πÞ3 fðE; TPTÞ: ð13Þ

Later, as the universe expands, the temperature TðtÞ drops
and the energy density of the thermal bath decays as

ρðtÞ ¼ γðtÞm4
σ ¼

Z
d3p
ð2πÞ3 EðpÞfðE; TðtÞÞ: ð14Þ

The σ particles become approximately nonrelativistic when
hEi ≃ 2mσ at t� with

γ� ≡ γðt�Þ ≃ 0.01: ð15Þ

After t�, there will be a slight imbalance in the reaction rates
and the distribution starts to deviate from the equilibrium
result (11). For now, let us first neglect such a process. Later
we will see that it does not change the final relic abundance
significantly.
According to the Planck 2018 [55] and BAO [56] result,

the relic abundance of the DM is

Ωσh2 ¼ 0.11923: ð16Þ

The absolute value of the energy of DM today is

ρð0ÞDM ¼ Ωσρ0 ¼
0.11923
0.682

ð3M2
plH

2
0Þℏ2c4

¼ ð1.76 × 10−12 GeVÞ4: ð17Þ

where ρ0 is the critical energy density of the universe today.
If the SRFOPT happened N� e-folds before the end of
inflation, the energy density of DM today can be written as

ρð0Þσ ∼ γ� ×m4
σe−3ðNtodayþNPT−1

4
lnðγPT=γ�ÞÞ; ð18Þ

whereNtoday is the e-folds the universe expands from the end

of inflation to today. Then, by requiring ρð0Þσ ¼ ρð0ÞDM, we can
calculateNPT for a given scenario of the universe history. For
instance, if we assume H ¼ 1012 GeV and require that the
reheating process finished within one e-fold, we can get that
Ntoday ≈ 65 and thus obtain NPT ≈ 18.
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III. DM NUMBER DENSITY EVOLUTION
AFTER SRFOPT

At the end of the SRFOPT, the σ particles thermalize due
to efficient σσ → σσ scattering. This can be seen from
estimating the interaction rate

Γ ¼ nσðtPTÞσ2→2v ∼ γPTm3
σ ·

λ2

m2
σ
≫ H: ð19Þ

In a marginally relativistic thermal equilibrium, the σ self-
interactions lead to balanced σσσσ → σσ and σσ → σσσσ
scatterings. Yet as the universe expands, the average energy
of the σ particles drops below the σσ → σσσσ threshold,
leading to the imbalance between these two processes. In
addition, the number density of σ particles can also reduce
through the process of producing the inflaton particles.
More explicitly, the inflaton field can be decomposed
into the homogeneous background ϕ̄ and the perturbation
part φ,

ϕðxÞ ¼ ϕ̄ðtÞ þ φðt;xÞ: ð20Þ
The potential term can thus be expanded as

Vðϕ; σÞ ¼ 1

2
μ2effðϕ̄Þσ2 þ c2ϕ̄φσ2 þ 1

2
c2φ2σ2

þ λ

4
σ4 þ 1

8Λ2
σ6: ð21Þ

After estimating the interaction rates, we find that the
Feynman diagrams in Fig. 2 give the main contributions
to reduce the comoving DM number density. Thus the
decrease of the number density of the σ particle can be
described using the following Boltzmann equation,

a−3
dðnσa3Þ

dt
¼ Cσσσσ→σσ þ Cσσ→φφ þ Cσσσ→σφ: ð22Þ

The detailed computations for the collision terms are given
in the Appendix. At t ¼ tPT, the σ particle number density
nσðtPTÞ is given by Eqs. (12) and (13). Right after the phase
transition, the evolution of nσðtÞ follows that in a thermal
equilibrium, where the comoving number density is kept as
a constant. The deviation from equilibrium starts at t ¼ t�,
with γ� ¼ 0.01. Therefore, the subsequent evolution of
nσðtÞ can be solved from (22) with an initial condition
nσðt�Þ ¼ γ�m3

σ=2. As shown by Eq. (A5), in the non-
relativistic regime, Cσσσσ→σσ can be estimated as

Cσσσσ→σσ ∼ −
n4σ
m8

σ
: ð23Þ

To estimate Cσσσ→σφ, the three-point coupling vertex of
σ2φ can be read from Eq. (21) as c2ϕ̄. During phase
transition, the c2ϕ̄2 is at the order of magnitude of m2

σ.

Therefore, the 3pt coupling can be estimated as
m2

σ=ϕ̄ ∼m2
σ=Mpl. Therefore, we have

Cσσσ→σφ ∼ −
n3σ

ð2mσÞ3m4
σ

�
m2

σ

Mpl

�
2

; ð24Þ

where the approximation L ≈ nσmσ is used.
For the annihilation process, Cσσ→φφ can be estimated as

Cσσ→φφ ∼
c4n2σ

ð2mσÞ2
: ð25Þ

During SRFOPT, we have c2 ∼m2
σ=M2

pl. Therefore, right
after the completion of the SRFOPT we have

Cσσ→φφ ∼
�

L
ρinf

�
2

H4: ð26Þ

FIG. 2. The diagrams that contribute to the decreasing in the
number of the σ field.
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Now, we can calculate the evolution of the comoving
number density. We define YσðtÞ ¼ nσðtÞa3ðtÞ=nσðt�Þ
a3ðt�Þ, neglecting all the order one factors, the evolution
equation of Yσ can be written as

dYσ

dt
∼ −

Y4
σn3σðt�Þ
m8

σ
e−9Hðt−t�Þ −

Y3
σn2σðt�Þ
m3

σM2
pl

e−6Hðt−t�Þ

−
Y2
σnσðt�Þm2

σ

M4
pl

e−3Hðt−t�Þ; ð27Þ

with the initial condition Yσðt�Þ ¼ 1. The integration of t
will produce a factor of 1=H for each term on the right-hand
side of Eq. (27). For the second term, this contribution is
equivalent to decrease Yσ by a factor of about

n2σðt�Þ
m3

σM2
plH

∼
γ2�m3

σ

M2
plH

∼
γ2�H
mσ

L
ρinf

: ð28Þ

From the condition (7), we require mσ ≫ β ≫ H for the
SRFOPT to complete. Furthermore, the nonrelativistic
condition gives γ� ≈ 0.01. We also require L ≪ ρinf for
the spectator sector to be subdominant. Therefore, the
second term on the right-hand side of Eq. (27) can only
produce a negligible effect on the evolution of Yσ . A similar
argument shows that the effect from the third term on the
right-hand side of Eq. (27) is also negligible. Therefore,
(27) can be simplified as

dYσ

dt
¼ −

CY4
σn3σðt�Þ
m8

σ
e−9Hðt−t�Þ; ð29Þ

where the C is a numerical factor collecting the information
of the couplings, symmetry factors, and phase space factors
in the calculation of the collision term. Depending on the
detailed choice of the model parameters, C varies from
Oð1Þ to Oð0.001Þ. The details are presented in the
Appendix. Thus, we have

Yσð∞Þ ¼
�
1þ Cn3σðt�Þ

3m8
σH

�−1=3
¼

�
1þ Cγ3�mσ

24H

�−1=3
: ð30Þ

Therefore the formula for today’s DM energy density (18)
should be written as

ρð0Þσ ¼ γ�m4
σYσð∞Þe−3ðNtodayþNPT−1

4
lnðγPT=γ�ÞÞ: ð31Þ

In next section, we will discuss the production of the
GWs during SRFOPT. The strength of the GWs today is
proportional to ðL=ρinfÞ2. Thus, we rewrite Yσð∞Þ as a
function of L=ρinf ,

Yσð∞Þ ≈
�
1þ γ3�C

24

�
Mpl

H

�
1=2

�
L
ρinf

�
1=4

�
3

γPT

�
1=4

�−1=3
:

ð32Þ

With L=ρinf fixed to 0.1, γPT fixed to 1, Yσð∞Þ as functions
of H for different values of C are shown in Fig. 3. One can
see that the σσσσ → σσ process does not significantly
reduce the comoving number density of σ particle as long
as H > 100 GeV.

IV. GRAVITATIONAL WAVE SIGNALS

GWs often serve as indirect probes to superheavy DM.
Superheavy DM production from first-order phase
transition after inflation and its complementary GW sig-
natures has already been studied extensively in the liter-
ature [57–65]. Here we discuss the GW properties related to
superheavy DM produced via first-order phase transition
during inflation. The strength of the GW signal strongly
spends on the reheating scenario after inflation.

A. Instantaneous reheating scenario

In scenarios such as parametric resonant preheating, the
energy stored in the inflaton potential thermalized within
e-fold [66–69]. In this case, the frequency of the GWs
observed today can be calculated by counting the redshifts
at various eras of the evolution of the Universe that [47]

ftoday ¼ fPTe−NPT−Ntoday ð33Þ

where fPT is the GW frequency when it was generated,NPT
and Ntoday are the e-folds the Universe expanded from
SRFOPT to the end of inflation and from the end of
inflation to today, respectively. In the instantaneous reheat-
ing scenario, Ntoday can be calculated from today’s CMB
temperature and the reheating temperature

FIG. 3. Yσð∞Þ as a function ofH for different values of C. Here
the value of L=ρinf is fixed to be 0.1.
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e−Ntoday ¼ TCMB��
30

gðRÞ� π2

��
3H2

r
8πGN

��
1=4 ; ð34Þ

where Hr is the Hubble parameter at the beginning of RD.
We further assume the inflation is quasi–de Sitter, and thus
we have Hr ≈H.
Due to the distortion from inflation, the highest peak of

theGWspectrum appears at fpeak� ≈H=2π [47,51]. Together
with the relations L ¼ γPTm4

σ and ρinf ¼ 3H2M2
pl, and

require σ particles constitute all the DM today, we obtain
the relation between ftoday and H,

fpeaktoday ¼
1

2π

�
γPT
γ�

�
1=12

�
L
ρinf

�
−1=3

�
ΩDMHH2

0

Yσð∞Þ
�

1=3

; ð35Þ

where H0 is today’s Hubble expansion rate. Assuming

gðRÞ�S ∼ gðRÞ� ∼ 100, the peak frequency of today’s GW signal
is shown in Fig. 4. One can see that for high scale inflation
scenarios, the correspondingGWs fall in the sensitive region
of the space-based GW detectors, such as LISA, Taiji,
Tianqin, DECIGO and BBO. For low scale inflation, ifH is
around 10−18–10−14 GeV, the signal may be detected by
pulsar time arrays. If H is around 1012–1014 GeV, the
frequency of the corresponding GW signal will be around
1–10 Hz, and thus can be detected by future terrestrial GW
detectors, such as the Einstein telescope [70] and theCosmic
Explorer [71].
The generic features of the GW produced by first-order

phase transition during inflation have been studied in
[45–47,49,51]. The IR part of the spectrum has a universal
k3 law which is fixed by causality [72,73]. The spectrum
today can be written as

ΩGWðftodayÞ ¼ ΩRSð2πf�Þ
�

L
ρinf

�
dρflatGW

Ld ln fp
; ð36Þ

where ΩR is today’s abundance of radiation. The GW
spectrum in the flat space is given by [74]

dρflatGW

Ld ln fp
¼ κ2

�
L

3M2
plH

2

��
H
β

�
2

Δð2πfpÞ; ð37Þ

where κ ¼ 1 since the energy density of the plasma is
negligible. The shape function ΔðkpÞ is fixed by numerical
simulation [74] and also analytically in [75]

ΔðkpÞ ¼ Δ̃ ×
3.8k̃pk2.8p

k̃3.8p þ 2.8k3.8p
; ð38Þ

where Δ̃ ∼ 0.077 and k̃p ∼ 1.44β. The GW spectrums
generated in our DM formation model for various choices
of H, L=ρinf are shown in Fig. 5. Here, the relic energy
density of σ particles is fixed to the observed DM relic
energy density. The value for β=H is fixed to five. For
the details of the model parameters, we fixed λ ¼ −1
and Λ ¼ 2mσ, then mσ can be calculated from the latent
heat. The collision parameter C are calculated in the
Appendix.

B. Intermediate matter/kination
domination scenario

In this section, we discuss the case that inflation is
connected to a matter dominated (MD) intermediate stage
or a kination dominated (KD) stage before going into
radiation domination [85]. The evolution of the scale factor
between inflation and radiation domination is aðtÞ ¼ tp̃,
p̃ ¼ 1=3; 1=2; 2=3 for kination domination, radiation domi-
nation and matter domination, respectively. The frequency
of the highest peak of the GW spectrum does not depend on
the physics of the intermediate stages. Since the redshift of
GW is completely determined by the expansion of the scale
factor expð−Ntoday − N�Þ, which is determined by Eq. (18).
Thus, we can still use Eq. (35) and Fig. 4 to estimate the
peak frequencies. However, the strengths of the GW signal
various with intermediate stages.
Matter domination: In some inflationary models, the

inflation will end and the inflaton will oscillate for a while
at the end of inflation. This leads to a matter dominated
universe at the end of inflation.
Kination domination: Denoting τr as the conformal time

at the beginning of RD, τPT as the conformal time when
the phase transition happens, the e-folding number of the
kination domination stage NK can be computed as

NK ¼ log
ar
aend

¼ NPT þ log 2
2

þ 1

2
log

τr
jτPTj

: ð39Þ

FIG. 4. The frequency of the highest peak of the GW spectrum
today produced by SRFOPT during inflation as function of H for
various values of L=ρinf . The relic energy density of ρDM is fixed
to today’s observed value. The collision parameter C in Eq. (32) is
fixed to 0.01. Sensitive regions of future space GW detectors and
pulsar timing arrays are also shown by the shaded regions.
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The final spectrum for GWs generated in our DM
formation model with instantaneous reheating/a kination
domination stage between inflation and radiation domina-
tion/a matter domination stage between inflation and
radiation domination is shown in the lower panel of Fig. 5.
In the figure, the brown, purple and red lines correspond to
the inflation scale NPT¼18.6;mσ ¼170H;H¼1014GeV,
NPT ¼ 15; mσ ¼ 5 × 106H;H ¼ 105 GeV and NPT¼7.8;
mσ ¼1.7×1016H;H¼10−15GeV, respectively. As we can
see from the figure, the gravitational wave signature with
intermediate kination domination has the strongest signal
and the gravitational wave signature with intermediate

matter domination stage has the weakest signal. During
the KD stage, the kination energy density quickly dilutes
as ρ ∼ a−6, whereas the GW energy density still dilutes as
a−4. The energy density of the radiation today is fixed, so
the duration of the KD stage is very short compared with
the radiation dominated stage. As a result, the gravita-
tional wave signal has shorter time to decrease. As a
result, the observed GW signal is enhanced compared to
the instantaneous reheating scenario [85–87]. On the other
hand, during the matter dominated stage, the matter
energy density dilutes as ρ ∼ a−3 and the GW energy
density dilutes as a−4. It will take longer time for the

FIG. 5. The upper figure shows the gravitational wave signal associated with the SRFOPT for different superheavy dark matter mass
and different e-folding number before the end of inflation. The thickest line corresponds to L=ρinf ¼ 0.3 and the think line corresponds
to L=ρinf ¼ 0.1. The lower figure shows the gravitational wave signature for different universe evolution scenarios. The thickest line
denotes the case of instantaneous reheating, the second thickest line denotes the case of kination domination immediately after the end of
inflation, the thinnest line denotes the case of matter domination immediately after the end of inflation. In the p̃ ¼ 1=3 and p̃ ¼ 2=3
case, we used τr=jτPTj ¼ 10. In both figures, for the three cases, we take NPT ¼ 18.6; mσ ¼ 170H;H ¼ 1014 GeV for the brown curve,
NPT ¼ 15; mσ ¼ 5 × 106H;H ¼ 105 GeV for the blue curve and NPT ¼ 7.8; mσ ¼ 1.7 × 1016H;H ¼ 10−15 GeV for the red curve. We
choose the parameters NPT andmσ such that the SRFOPT can produce just enough σ field to explain the DM relic abundance today. The
other parameters are chosen to be β ¼ 5H, λ ¼ −1, γPT ¼ 0.6 and Λ ¼ 2mσ when making this plot. The experiments are LISA [76],
eLISA [77], DECIGO [78], UDECIGO [79], BBO1 [80], BBO2 [81], TianQin [82] and Taiji [83], ET [70], and CE [84].

SUPERHEAVY DARK MATTER PRODUCTION FROM … PHYS. REV. D 107, 023522 (2023)

023522-7



matter energy density to dilute, so the gravitational wave
signal will dilute more compared with an intermediate
matter dominated stage.

V. SUMMARY AND DISCUSSIONS

We discuss the possibility that sufficient amount of
superheavy DM can be produced during inflation via a
SRFOPT. We consider a specific phase transition model
where an inflaton ϕ and a spectator field σ is involved.
During the phase transition, the released latent heat can
largely contribute to the production of the superheavy DM.
After examining the leading processes that reduce σ number
density, we found the resulting reduction of DM density to
be insignificant. As a result, this mechanism can robustly
produce the correct DM relic abundance today. We then
briefly commented on the potential instability of σ particles
due to Planckian effects, and suggested an alternative model
with localZ2 symmetry for this case. At last, wemoved on to
the gravitational wave signatures accompanying the phase
transition.We showed that the signal frequency falls into the
BBO band, with a considerable signal-to-noise ratio, and is
thus feasible for future experiments.
In our minimal model above, the σ particle is protected

by the restored global Z2 symmetry against decaying,
hence they can play the role of DM. However, we comment
that (i) symmetry restoration phase transition is not
absolutely necessary to generate a Z2 symmetry, and that
(ii) a global symmetry may not be sufficient for the stability
of σ. The reason for (i) is that the Z2 symmetry can also be
realized as a remainder of a larger symmetry group after
breaking, although the corresponding phase transition will
still be first-order to generate gravitational waves. As for
point (ii), it is widely believed there is no exact global
symmetry in quantum gravity [88–90]. Wormhole tunnel-
ing processes that violate global charges manifest them-
selves as Planck-suppressed operators in the low-energy
effective Lagrangian [91]. Therefore, quantum gravita-
tional effects may induce the decay of σ particles, making
them unable to serve as DM. This issue can be solved if we
evoke a local Z2 symmetry which arises from the symmetry
breaking of a gauge theory. For instance, consider a Uð1Þ
gauge theory with two scalars σ, η that carry chargeþ1 and
þ2, respectively [92]. The action reads

S ¼
Z

d4x
ffiffiffiffiffiffi
−g

p �
−
1

2
ð∂ϕÞ2 − j∂η − 2igAηj2 −Wðϕ; jηjÞ

− j∂σ − igAσj2 −m2
σjσj2 −

1

4
FμνFμν

�
: ð40Þ

Similar to (2), Wðϕ; jηjÞ is a potential providing a slow-
rolling inflaton ϕ that dynamically generates a VEV for the
η field. This leads to a symmetry-breaking phase transition
with bubble collision and σ particle production. Now due to
the charge difference, the Uð1Þ gauge symmetry is broken
down to a local Z2 symmetry:

σ → eiαðxÞσ ¼ �σ;

η → e2iαðxÞη ¼ η;

A → Aþ 1

g
∂αðxÞ; with αðxÞ ¼ 0; π: ð41Þ

Since the local Z2 is essentially a gauge redundancy, it must
still be respected in quantum gravity. In effect, Z2-violating
operators that leads to σ decay are strictly forbidden in the
effective Lagrangian. Thus the σ particles thermally pro-
duced in the plasma of phase transition can serve as stable
DM. In the case where σ is the lightest massive particle, i.e.,
H ≪ mσ ≪ mη; mA, the latent heat of phase transition is
almost entirely stored in the σ sector. The calculations of
relic abundance and GW production are similar to our
original model and will be skipped here for simplicity.
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APPENDIX: ESTIMATION OF DARK MATTER
REDUCTION RATE

In this appendix, we estimate the DM reduction rate. In
order to find out the dominant process that contributes to
the superheavy DM decay, it is useful to first examine how
large each vertex will contribute to certain Feynman
diagrams. We listed them in Fig. 6.

FIG. 6. The magnitude estimation of different elements that will
contribute to the scattering amplitude in the model. We can use it
to estimate the dominant processes that contribute to DM
reduction.
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1. Processes due to σ self-interaction

The collision term Cσσσσ→σσ relevant for this channel is

Cσσσσ→σσ

¼
Y6
i¼1

Z
d3pi

ð2πÞ32Ei
ð2πÞ4δ3ðp1 þ p2 þ p3 þ p4 − p5 − p6Þ

× δðE1 þ E2 þ E3 þ E4 − E5 − E6Þ
× ½jM2→4j2f2ð1þ fÞ4 − jM4→2j2f4ð1þ fÞ2�:

where f is given as a Maxwell distribution as in (11), now
with a time-dependent temperature TðtÞ.M2→4 andM4→2

denotes the scattering amplitudes for the 2 → 4 process
and 4 → 2 process, respectively. As mentioned before,
these two processes balance each other until the particles
become nonrelativistic at γ� ≃ 0.01. In this regime, f ≪ 1,
so we can approximate 1þ f ∼ 1. So the collision term
simplifies to

Cσσσσ→σσ

¼−
Y6
i¼1

Z
d3pi

ð2πÞ32Ei
ð2πÞ4δ3ðp1þp2þp3þp4−p5−p6Þ

×δðE1þE2þE3þE4−E5−E6ÞjM4→2j2f4: ðA1Þ

The total amplitude consists of three parts (see Fig. 2),
M4→2 ¼ Mcontact þMexchange 1 þMexchange 2, whose sizes
in the nonrelativistic limit read

Mcontact ¼
90

Λ2
; ðA2Þ

Mexchange 1 ¼ −
18λ2

m2
σ
; ðA3Þ

Mexchange 2 ¼
54λ2

m2
σ
: ðA4Þ

We have assumed that the four particles are nonrelativistic at
the initial state, so EðpiÞ ≃mσ for i ¼ 1;…; 4. The corre-
sponding term Cσσσσ→σσ in the Boltzmann equation is thus

Cσσσσ→σσ ¼ −
1

4!2!

1

256m4
σ

ffiffiffi
3

p

π

���� 90Λ2
−
18λ2

m2
σ
þ 54λ2

m2
σ

����
2

n4σ

≡ −Cγ4�m4
σ ×

n4σ
n4σðt�Þ

; ðA5Þ

where nσðtÞ ¼
R
d3p=ð2πÞ3fðEðpÞ; TðtÞÞ is the time-

dependent particle number density. The collision parameter
C defined here is used in Eq. (29).

2. Processes involving interactions with the inflaton

The other processes that might contribute to the decrease
of the number density of the superheavy DM are (a).
σσ → φφ, where two DM particles decay into two inflatons
and (b). σσσ → σφ, where three DM particles decay into
one DM particle and one inflaton. Following the same
procedure, we can obtain the collision terms Cσσ→φφ and
Cσσσ→σφ. The relevant Feynman diagrams are depicted in
Fig. 2.

Cσσ→φφ ¼ −
1

32πm2
σ

���� − c2 −
c4ϕ̄2

m2
σ

����
2

n2σ; ðA6Þ

Cσσσ→σφ ¼ 1

3!

1

72πm3
σ

�
−
���� 12λc

2ϕ̄

m2
σ

����
2

n3σ

�
: ðA7Þ

3. Number density evolution

As stated in the main text, the evolution of nσðtÞ can be
solved by combining (22) with (A5), (A6), (A7), with an
initial condition nσðt�Þ ¼ γ�m3

σ=2. While the full numeric
solution is always attainable, we can already extract
some useful information by comparing the magnitude of
Cσσσσ→σσ , Cσσ→φφ and Cσσσ→σφ. Inserting a set of typical
parameters at t ¼ t�,

λ ¼ −1; Λ ∼ 2mσ ∼ 2000H; γ� ∼ 0.01; ðA8Þ

we arrive at

Cσσσσ→σσ ∼ −9.6 × 10−11m4
σ;

Cσσ→φφ ∼ −1.8 × 10−14m4
σ;

Cσσσ→σφ ∼ −2.2 × 10−12m4
σ: ðA9Þ

Clearly, the first term dominates over the other two.
Considering the first term only, the Boltzmann equa-
tion (22) can be solved analytically:

FIG. 7. This figure shows the evolution of DM comoving
particle number density after considering its interactions. The
parameters are chosen as λ ¼ −1, γ� ¼ 0.01 and Λ ¼ 2mσ when
making this plot.
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YσðtÞ ¼
H3��

CH8

3×16m8
σ
þ H9

nσðt�Þ3

�
− aðt�Þ9

aðtÞ9
CH8

3×16m8
σ

�
1=3

nσðt�Þ
:

ðA10Þ

The full behavior of YσðtÞ is shown in Fig. 7. It can be seen
that the various annihilation processes reduce the σ particle

density at a constant rate initially, and become suppressed
as the universe expands. Within one e-fold, the comoving
particle number density is frozen out to a value not far
below the initial one. As a result, we conclude that with
suitable parameter choices [such as (A8)], the comoving
density of DM is not significantly reduced, and the single-
field approximation for computing relic abundance in
Sec. II is justified.
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