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We investigate how perturbative reheating after inflation modifies the primordial gravitational wave
(GW) spectrum generated by cosmological phase transitions. Within a specific inflationary setup, we show
that the thermodynamic quantities that control the phase transition depend on the effective equation of state
of the cosmological background, which is itself set by the form of the inflaton potential during reheating.
Assuming reheating proceeds via perturbative dissipation of the inflaton condensate into boson or fermion
pairs, we find that phase transitions taking place in this epoch generally produce GW signals that are
systematically suppressed compared with the standard radiation-dominated scenario. We also identify
characteristic spectral features that may arise in this case, which could serve as distinctive signatures of the

modified expansion history during reheating.
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I. INTRODUCTION

The emergence of gravitational wave (GW) astronomy,
heralded by the pioneering discoveries of the LIGO,
VIRGO, and KAGRA Collaborations [1,2], has profoundly
transformed our understanding of the Universe, igniting
widespread interest in probing GW sources across diverse
frequency bands and considering various production mech-
anisms. More recently, pulsar timing array collaborations
(NANOGrav [3], EPTA [4], PPTA [5], and CPTA [6]) have
provided compelling evidence for a GW stochastic back-
ground (GWSB) in the nanohertz regime. Beyond their
astrophysical origins, GWs have also gathered significant
interest for their connections to the models of particle
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physics and the early Universe,
Refs. [7-9] for recent reviews.

Among the various mechanisms proposed for GW gen-
eration, cosmological phase transitions stand out as one of
the most promising sources. These transitions are connected
to the symmetry breaking in the particle physics models. As
such, these transitions are known to occur within the
Standard Model (SM), related to the electroweak symmetry
breaking and QCD confinement transition. However, in the
SM, both of these transitions are smooth crossovers and do
not lead to the production of GWSB in the early Universe
[10,11]. GWs are instead sourced by first-order phase
transitions (FOPT), which often occur in the extensions
of the SM, i.e, beyond Standard Model (BSM) models.
These models can render the electroweak transition strongly
first order (see, for example, Refs. [12—17] for comprehen-
sive reviews and, e.g., [ 18-33] for model-specific analyses).
Additionally, a variety of hidden or dark sector scenarios
have been explored in this context [34-50]. However, only a
handful of studies, e.g., [51-62], have considered the
influence of the cosmological background on the FOPT
dynamics and the resulting GW spectra.

Motivated by these considerations, we investigate the
distinctive imprints that (perturbative) reheating can leave

see, for example,
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on the GW signal generated by a thermal first-order phase
transition occurring during this epoch. We work within the
framework of single-field inflation, assuming an attractor-
type inflaton potential. Then, reheating occurs at the end of
inflation, near the minimum of a monomial potential of the
form ¢", thereby determining the effective equation of state
through the shape of the potential. We explore the resulting
GW signatures from the FOPT by considering three distinct
perturbative reheating channels: (i) decay of the inflaton
condensate into a pair of Higgs-like bosons (dubbed as
“bosonic reheating”), (ii) scattering of the inflaton con-
densate into a pair of Higgs-like bosons, and (iii) decay of
the inflaton condensate into a pair of SM-like fermions
(“fermionic reheating”). For each mechanism, we illustrate
how the corresponding GW spectrum deviates from the
canonical radiation-dominated (RD) case.

The paper is organized as follows. In Sec. II, we discuss
the postinflationary perturbative reheating dynamics. The
details of the FOPT during reheating and the corresponding
GW signature are discussed in Secs. III and IV, respec-
tively. A qualitative and quantitative discussion of our
findings is elaborated in Sec. V. Then, we present our
conclusions in Sec. VL.

II. REHEATING AFTER INFLATION

We begin by outlining the dynamics of reheating
following single-field inflation. In this section, we derive
analytical results that elucidate the key features of reheat-
ing, in particular, its dependence on the free parameters of
the theory. Subsequently, we perform a comprehensive
numerical analysis to determine the resulting gravitational
wave spectrum in an inflaton-dominated cosmological
background.

We consider that reheating takes place either from the
perturbative decay of the inflaton at the minimum of its
potential or from the scattering of the inflaton condensate.
For two-body decay processes, we consider trilinear inter-
actions between the inflaton ¢ and a pair of Higgs-like scalar
doublets ¢ or a pair of SM-like fermions ¥ (such treatment
can be widely found in the literature, see, for example,
Refs. [63-67]). We further consider 2-to-2 scattering of the
inflaton condensate into a pair of ¢’s (see, for example,
Refs. [68,69], for scenarios that motivate inflaton scatter-
ing). The corresponding interaction Lagrangian then reads

LoD —ublol® =y, P9 + ool (2.1)
The interaction strengths are parametrized in terms of the
couplings u, y,,, and o, for decays and scattering, respectively.
We consider the postinflationary oscillation of the inflaton ¢
at the bottom of a monomial potential V(¢) of the form

¢n

where 4, is a dimensionless coupling. The potential in
Eq. (2.2) can naturally arise in a number of inflationary
scenarios, for example, the a-attractor T or E models [70-72]
or the Starobinsky model [73-76]. Now, given a particular
inflationary model, for example, in the a-attractor T model
[70,71], the potential can be expressed as

V(g) = Ay M} {tanh <%>] '

1 for ¢p > Mp,

~ Ay M3 x ,
L (%)1 for ¢ < Mp,

(2.3)

where M p ~ 2.4 x 10'® GeV is the reduced Planck mass and

M = \/@M p- It is worth mentioning here, among the wide
variety of inflationary models, a attractors have emerged as a
particularly attractive framework due to their strong theoreti-
cal foundation and robust observational predictions. These
models can be generalized with the introduction of a new
parameter @, which is inversely related to the curvature in the
field space of the inflaton. The parameter « can be
smaller than 1, and this leads to very small values of the
scalar-to-tensor ratio r. On the other hand, large values of a
render the predictions to be the same as chaotic inflation
V(¢) = (1/2)m3 ¢*. Consequently, an important feature of
a attractors is that they interpolate smoothly between chaotic
inflation and plateaulike models such as Starobinsky infla-
tion, thereby providing a unified description of a broad range
of inflationary potentials [70]. In Ref. [77], a best-fit value of
a = 0.0962 was obtained for the T model with n = 1 using
the Planck 2018 and BICEP2/Keck datasets. A more com-
prehensive study was later carried out in Ref. [78], where
constraints from the overproduction of inflationary primordial
gravitational waves, nonperturbative reheating dynamics, big
bang nucleosynthesis (BBN), and Planck+BICEP/Keck
observations were combined to constrain both E- and
T-attractor models over the range 0.1 < a <20. More
recently, Ref. [79] updated this analysis using the latest
cosmological data from Atacama Cosmological Telescope
(ACT) [80,81] together with Planck 2018, BICEP/Keck
2018, and DESI (collectively referred to as P-ACT-LB-
BK18). Since the primary aim of the present work is not
to derive constraints on the parameter @, we fix its value to
a = 1/6 throughout the analysis without loss of generality.
With this choice, the mass scale simply becomes M = Mp.
The details of the experimental bounds from CMB observ-
ables' on the potential are discussed in Appendix A.

The equation of motion for the oscillating inflaton field
reads [84]

¢+ (BH+Ty)p+V(p) =0, (2.4)

ISee also [79,82,83], for related discussions in the light of
ACT data.
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where

Pyt PR

H =
3M3

(2.5)

denotes the Hubble expansion rate, I'j, the inflaton dis-
sipation rate, dots (-) derivatives with respect to time,
primes (') derivatives with respect to the field, and py, is the
energy density of the radiation bath. During reheating, it is

py/(3M3). Defining the

energy density and pressure of ¢ as p, = 2(;52 + V(¢) and
Py =%d*—V(¢), together with the equation of state
parameter w=p,/ps = (n—=2)/(n+2) [84], one can
write the evolution of the inflaton energy density as

legitimate to approximate H =~

dp¢ 6n
dt +2—|—n

2 +n
During reheating a; < a < ay,, where a is the scale factor,
the term associated with expansion, that is, Hp,, typically
dominates over the interaction term I'yp,. Then, it is
possible to solve Eq. (2.6) analytically, leading to

_bn_
a h \ 2+
pola) = pylam) ()

Here, a; and a,, correspond to the scale factor at the end of
inflation and at the end of reheating, respectively. Since the
Hubble rate during reheating is dominated by the inflaton
energy density, it follows that

(2.7)

2y
a

At the end of the reheating (a = ay,), the energy densities
of the inflaton and radiation are equal, pg(ay) = py(am) =
3M3%H (ay)?. Note that, to avoid affecting the success of
BBN, the reheating temperature 7, must satisfy 7 >
Tgpn ~4 MeV [85-90]. The evolution of the SM radiation

energy density pg, on the other hand, is governed by the
Boltzmann equation of the form

B
(%) "2 for a < ay,
H(a) ~ H(ay) x (2.8)

for ay, < a.

dpR 2n
PRy 4l “r
ar THIPRT T el

Using Eq. (2.7), one can solve Eq. (2.9) and further obtain,2

(2.9)

*We caution that the validity of this approximation relies on a
sufficiently large number of e-folds, viz. N, 1q = log (a;,/a;) > 10
for the analytic expressions to match the numeric ones closely.
There is also a tight dependence on the initial conditions as the
reheating temperature 7', increases as we increase either

/)R(al)/p¢(a1) or F¢(a,)/H(a,).

2\/§nMp
2+4+n a*

a
pr(a) ~ / Ly(a')\/py(a)d?da’, (2.10)
ap
where a general scale factor dependence of 'y, has been
assumed. This can be justified from the fact that in the
present setup the effective mass m,(a) for the inflaton is

obtained from the second derivative of Eq. (2.2), which
reads

dZV ¢n—2
md,(a)z = W = n(n - I)AW
2(4—n) )
~n(n— 1A “opyla)T (2.11)
or equivalently,
a 3(n-2)
my (@) = m; <ZI> " (2.12)

where m; = my(a;). Thus, for n#2, m, has a field
dependence that, in turn, would lead to a time-dependent
inflaton dissipation rate.

A. Fermionic reheating

First, we consider the scenario where the inflaton decays
into a pair of fermions via the Yukawa interaction in
Eq. (2.1), with a decay rate

Ty(a) = Ve, (@),

o (2.13)

where the effective coupling ye; #y, (for n#2) is
obtained after averaging over several oscillations
[63,91,92]. The evolution of the SM energy density
[Eq. (2.10)] in this case becomes

3n ag\ 55 a\ o
pla) =5 M Tl i(an) () 7 1= ()77,

(2.14)
for n # 7, while for n = 7,
14 an\* a
pla) =5 3Ty Hlaa) (%2) g (£). 215)
a ar
The temperature of the SM bath evolves as’®
am r
T(a) =Ty <> , (2.16)
a

with

3For the RD case, we take y = 1.
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3n—-1

Y=vr=5

n- 7.
2n+2 =

(2.17)

Here, we assume the SM bath thermalizes instantaneously.
The maximum temperature 7 = T,,, corresponds to the

scale factor a = a,,,, at which %’* = 0. Trading the scale
factor with temperature, one can write

T \>=

2.18
T (2.18)

which is the Hubble expansion rate during reheating. We
then use this expression for the rest of this paper.

B. Bosonic reheating

If reheating proceeds through decay into a pair of
bosons, the decay rate reads

2
= ft__ (2.19)

Fyla) = 8zmy(a)’

where, again, the effective coupling p.q # p (if n # 2) can
be obtained after averaging over oscillations. Proceeding
similarly as before, the energy density of radiation becomes

3n ag\ 7 a; =
/’R(a):mM%’F(ﬁ(arh)H(arh) (7) [1—<— )

a

(2.20)

with which the SM temperature and the Hubble rate evolve
similarly as in Egs. (2.16) and (2.18), respectively, but with
a different factor,

31
T 2n+2°

Y ="7b (2.21)

As mentioned before, a bosonic reheating scenario can
also be realised via 2-to-2 scattering of the inflaton
condensate into a pair of bosonic final states
[cf. Eq. (2.1)]. In this case, the inflaton dissipation rate
reads [63,65]

2
Octt P

T =
»() 8mmy(a)®’

(2.22)

where o, as before, is the effective coupling, obtained
after averaging over several oscillations. In this case, the
radiation energy density evolves as

3n ag \ s a\ 5=
2n_5MPF(/)(arh)H(arh) 7 1 - ; )
(2.23)

pr(a) =

for n > 5/2, while for n = 5/2 we have,

prla) = M3 H(a)Tyla) og| 2] (220

In this case, we note, the bath temperature evolves
following Eq. (2.16), with

9 1
= = - 2.25
Y= =5 (2.25)
Thus,
=3y, = 3 (2.26)
Vbs = Vo = 1t :

For2<n<6,3/8 <y; <15/16,3/16 <y, <3/8, while
9/16 <y, <9/8. Notably, for n =2 (in general, for
n < 5/2), the radiation energy density dilutes faster than
the inflaton, implying the Universe cannot become radia-
tion dominated. Thus, for the remainder of this work, we
omit the n = 2 case in the context of reheating by bosonic
scattering.

C. Evolution of energy densities

The evolution of inflaton and radiation energy densities,
and the SM bath temperature, as a function of the scale
factor, are shown in Fig. 1. We show cases of n = 4 (upper
panel) and n = 6 (lower panel). We do not show the results
for n =2 because for that case there is no distinction
between bosonic and fermionic cases, and as mentioned in
the previous section, reheating by scattering is not viable
then. We see explicitly that for n = 4 the radiation evolves
identically for the fermionic decay and the bosonic scatter-
ing scenario. This can be easily understood from the fact
that in both cases T o a=/* [cf. Egs. (2.17) and (2.25)]. For
n = 6, the bath temperature corresponding to fermionic
decay during reheating evolves as, T o a~"/1°, which is
very similar to the evolution during standard RD. For
bosonic decay, on the other hand, T « a~3/1°, while for
bosonic scattering the dependence is even steeper,
T « a1 For n > 4, we note that fermionic reheating
results in higher T, than bosonic reheating, irrespective
of decay or scattering. The decay of the inflaton condensate
into fermionic final states is proportional to m(a), while
for bosonic final states it is proportional to 1/m,,(a); hence
the reheating process will be more efficient over time for
bosonic final states than for fermionic final states as the
inflaton mass is a decaying function of the scale fac-
tor (time).

It is worth emphasising that for n > 4, the energy density
of the inflaton redshifts faster than that of radiation.
Consequently, the equation of state transitions from a stiff
regime with w > 1/3 to the radiationlike value w = 1/3.
During this phase, the Universe becomes dominated by a
gas of relativistic, massless inflaton particles (i.e., no
longer a coherent condensate) with energy density scaling

023511-4
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Evolution of energy densities with scale factor, considering reheating via fermionic decay (black dashed), bosonic decay

(black dotted), and bosonic scattering (black dot-dashed), for n = 4 (top) and n = 6 (bottom). The black curves correspond to radiation
energy density, while the blue one is for inflaton energy density. The top and bottom right panels show the evolution of corresponding
bath temperature as a function of the scale factor. In all cases, we have fixed T, = 1 TeV (as marked by the horizontal dotted line) for

illustration.

as a~*[93,94]. These particles are generated due to the self-
interactions of the inflaton through a process known as
fragmentation. A comprehensive treatment of these phe-
nomena, which involves nonperturbative effects such as
parametric and tachyonic resonances [95,96], requires
dedicated lattice simulations (see, e.g., [97] for a recent
review). Such studies have been carried out, for example, in
Refs. [93,94,98-103]. A detailed analysis of these effects
lies beyond the scope of this work. Finally, we briefly
comment on purely gravitational reheating (PGR). For
w 2 0.65 (equivalently n =2 9), PGR becomes increasingly
significant and can even dominate over conventional
perturbative reheating [104-108]. In contrast, for
w < 0.65, PGR alone is insufficient to successfully reheat
the Universe as the resulting reheating temperature falls
below the lower bound from BBN.

ITI. PHASE TRANSITION DURING REHEATING

A. Tree-level barrier model

To probe the dynamics of an FOPT during reheating,
we resort to a toy model of a real scalar field (see,
e.g. [109,110] for a detailed discussion). Assuming a
high-temperature regime for the studied scenario, the finite

temperature effective potential can then be parametrized as

Vy,T) :%(m2 —l—sz))(z—%n)f +%/1)(4. (3.1)
Note that such a model can be related to a more common
case of a “radiative barrier” by setting n ~ g°T, where g
would correspond to some effective coupling resulting
from integrating out heavier fields (e.g., gauge modes).
Here, instead, we focus on a scenario where the tree-level
barrier is independent of temperature; i.e., radiative thermal
corrections are subleading for the cubic term. As a result,
for m?> > 0 the potential preserves a barrier even at T = 0,
enabling the study of comparatively strong phase
transitions that can generate sizeable GW signals.4

The phase structure of this model can be understood
analytically. First, the global minimum of the potential at
temperature 7 is given as

_ 0+’ = 4a(m’ + bT?)

v(T) o (3.2)

“In the case of a “thermal barrier”, the thermodynamic
variable, #/H would be generically larger, thus leading to
suppressed GW signals.

023511-5
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Then, the critical temperature, where both minima are
degenerate, can be obtained as

/2% = 9m?
T, = VAT T2 (3.3)
3vbA

Below the critical temperature, this model exhibits a FOPT
driven by thermal fluctuations and nucleation of true
vacuum bubbles. In our analysis, we restrict ourselves to
the leading-order description of the theory and thermal
nucleation at finite temperature (see, e.g., Refs. [111-123]
and references therein, for the state-of-the-art calculations
in BSM scenarios). Then, the Euclidean action evaluated on
the O(3)-symmetric saddle point y,(r) is obtained as

%zszc’ drrZK%%)erv(;m)], (34)

where r is the radial coordinate along the critical bubble
radius. The probability of bubble nucleation per unit time
and volume is then given by [124-129]

[(T) ~T*exp (=S3/T). (3.5)
Note that here we have approximated the total prefactor of
nucleation rate on dimensional grounds as 7* (for details

on the calculation of the determinants, see, e.g.,
[111,128,130-132]).

B. Thermodynamic parameters

To predict the GW spectrum generated by FOPT in the
model described in the previous section, we first identify
the key parameters that control the dynamics of the
transition. These include the bubble nucleation rate, the
transition temperature, the dynamics of bubble expansion,
and the fraction of the released energy transferred to the
plasma. We begin by outlining the general formalism used
to characterize the dynamics of first-order phase transitions,
emphasising model-independent quantities and their con-
nection to cosmological observables. We then discuss how
the standard expressions, typically derived for transitions
occurring during RD, are modified when the phase tran-
sition takes place during the reheating epoch.

1. Nucleation temperature

True vacuum bubbles begin to nucleate below the critical
temperature when the system supercools. In the cosmo-
logical context, one considers nucleation to be complete
when the nucleation rate per unit time and volume becomes
comparable to the Hubble volume. Thus, the nucleation
time ¢, (or the temperature 7',,) is usually obtained from the
following condition:

N(tn)—[" dt;((;L—/TT‘d—TT;g;— 1, (3.6)

where, in the second step, one uses the adiabatic condition
T ~ 1/a, which holds true during RD. The upper integra-
tion limit 7. corresponds to the time when the scalar
potential has two degenerate minima (critical temperature).
The lower limit, ¢,, is the time when the above bubble
nucleation condition is satisfied. In practice, for estimating
the nucleation time, it is then usually enough to find the
time when the integrand function becomes of the order of
unity, i.e., [(T,) ~ H(T,)*.

In the framework considered here, the phase transition
proceeds during the reheating epoch, with the temperature
evolution governed by Eq. (2.16). The nucleation criterion
given in Eq. (3.6) can therefore be recast as

r.dT T(T)
/T THT? "

(3.7)

n

where y is the exponent in the temperature, see Eq. (2.16)
and can be one of the three options in Egs. (2.17), (2.21),
and (2.25), corresponding to reheating by fermionic or
bosonic decays, and scattering into a scalar pair, respec-
tively. Accordingly, for bubble nucleation that occurs
during perturbative reheating, the nucleation temperature
is specified through

r
By Y. (3.8)
In our analysis, we consider two representative bench-
marks for our toy model, corresponding to low and high
reheating temperature. The parameter choices for the
potential, for the two benchmarks, are listed in the
Table I. Then, in Fig. 2, we present the nucleation condition
for the benchmark BM1, for different choices of n, and
hence the corresponding exponent y. We note that bubble
nucleation occurs within a narrow temperature interval, in
this case, T, ~45-55,GeV, reflecting the steep temper-
ature dependence of I'/ H*. In particular, bubble nucleation
is generically delayed compared to the RD case. For
bosonic reheating, bubble nucleation occurs at smaller
temperatures as we increase n. The converse is true for
fermionic reheating, for which nucleation is precipitated
with larger n. This effect happens due to the behavior of the

TABLE I. Parameter choices for the two benchmark scenarios,
denoted BM1 and BM2, that are employed in the remainder of
this work.

Benchmarks  m? [GeV?] b n y) T, [GeV]
BM1 10 0.01 1.01 0.002 15
BM2 1000 1078 1 107° 10°

023511-6
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FIG. 2. Bubble nucleation condition following Eq. (3.8) evalu-
ated for BM1 for different values of n. The horizontal lines
display different values of ¢, corresponding to each choice of 7.
For the RD case, the horizontal line denotes unity.

Hubble scale, which is normalized in all cases at Ty, see
Eq. (2.8), is biggest for the smallest y; i.e., it achieves its
largest value for n = 6 bosonic and its smallest value for
n =2 fermionic reheating. However, in all cases, the
Hubble scale during reheating is always larger than during
the RD period. A larger value of H would make the ratio
I'/H* achieve its nucleation threshold at smaller temper-
atures. More specifically, during RD, one has H  T7.
In contrast, during inflaton-dominated reheating, the
|

dT’

1 TL’
0Tetn) = |

4

Hubble rate scales as H=~./p,/(3M}) xT?, with

p=3n/ly(n+2)]>2,forn=24,6.

2. Bubble percolation analysis

After the bubbles nucleate, they start to grow until they
fill all the space. Then, the moment relevant for production
of the GWs is usually chosen to be the percolation time.
Percolation can be related to the fraction of the volume
converted to a new phase. In case of cosmological phase
transitions, the fraction of true vacuum volume in the entire
Universe can be obtained as

I(t) = ?[t At T()a(t)r(t, )3, (3.9)

¢

where

n [ou® o [T (T) 1 .
r(“)_/ﬂ a(?)di_// Y TaHE

is the comoving bubble radius. Note that we have changed
the integration variable from time to temperature by
employing their relation in Eq. (2.16). Let us now discuss
the calculation of /(7T') for transitions occurring during the
reheating era in more detail. The comoving bubble radius
can be computed analytically, using (2.16) and (2.18), then
after setting the bubble wall velocity v,, = 1 (details about
this particular choice can be found in Sec. III B 4), it reads

(3.10)

2n=21 2n-21
1 nt2 (T \ne2v |1 _ (T \n27 : :
anHi(an) 2n2 ( 7 ) [1 (T ) } , during reheating,

T, (L_L)
aTH)HTH)\T ~ T, )’

‘ , (3.11)
during RD,

where in the second case, we have considered the standard RD with a(T) = a(T.)T./T and H(T) = H(T,)(T/T.)*. Then,
it will also be useful to consider the noncomoving bubble radius,

R(T’ Tc’ arh) = H<arh)a<T)r(T T arh)

s Lo

1 3n
n42 (T \7(+2)
2n-2\ T

(- )

We show an example plot of this expression in Fig. 3. As
evident from this figure, the bubble growth can exhibit
dramatic differences for each reheating scenario, depending
on the temperature hierarchy T./Ty. In general, bubble
growth is more rapid when reheating proceeds through

2n-21
[1 - (Tl) 2 V}, during reheating

(3.12)
during RD.

fermionic channels, while it is comparatively slower in the
case of bosonic reheating.

This difference in growth dynamics has an important
consequence: it directly influences the time required for
bubble percolation. To make this explicit, we rewrite I(T') as
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FIG. 3.
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— RD
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T/Tw

Evolution of the noncomoving bubble radius as a function of temperature for Ty, /T,. = 0.5 (left panel) and Ty,/T,. = 0.1

(right panel). The blue (orange) curves correspond to the fermionic (bosonic) reheating case via perturbative decay. Different line styles

correspond to different n values, as mentioned in the plot legend.

a(T'*r(T, T3,

(=2 /T rar I(T) (3.13)

3 Jr, T yH(T)

or alternatively, in terms of the physical bubble size at time ¢
(temperature T'), we can write

R(T.T')?
H(ay)*a(T)*

<§> %R(T, T')3.
(3.14)

a(T’)3

1) =" /T Tedl' T(T")

3 T yH(T)
Y [
3y Jr T H(T)H(ay)’

The percolation time is typically defined as the moment
when approximately 34% of the total volume has converted
to the new phase, which corresponds to

I(T,) = 0.34,

P(T,) =071,  (3.15)

where P(T) = e~!(T) denotes the probability that a given
point remains in the false vacuum.

In Fig. 4 we show a comparison of P(T) for different
reheating scenarios for BM1. The bosonic case exhibits the
most pronounced effect, as it leads to the lowest values of
the percolation temperature. This means that during
bosonic reheating, bubbles take longer to percolate.
Moreover, this effect is amplified as n increases, with
n = 6 showing the lowest percolation temperature for the
bosonic case. In contrast, the fermionic case displays the
opposite behavior, where percolation instead occurs faster
as n increases. However, the variation in percolation
temperature with n is less significant than in the bosonic
case. Note that, in general, during reheating, percolation
happens at a lower temperature compared to standard RD,
following the arguments from the previous section. Thus,
the shift in the percolation temperature relative to standard

RD originates from the modified Hubble-scaling during
reheating and the nontrivial temperature-time relation.

3. Timescale of the transition

The characteristic time scale of the transition can be
quantified by examining the exponential nucleation regime.
In this limit, the inverse duration parameter /3 is defined as

L d (S
~-3(7)
where the nucleation rate is assumed to grow exponentially,
[ ~ f(=1) Tn this work, we identify 7, =1,; i.e., we use
the percolation time at which true-vacuum bubbles coalesce
and the phase transition completes. Furthermore, since
adiabatic cooling does not hold in the present setup, the
inverse timescale is instead expressed in terms of a temper-
ature derivative, with y factor included,

P _ 45
H, Tar\T

We emphasize that regardless of any specific form of the
scalar potential, in the conventional scenario of RD, one
can always, in principle, find parameters that satisfy the
nucleation condition (3.6). If the background temperatures
were instead evolving following a power-law due to
perturbative reheating, satisfying the modified nucleation
condition, Eq. (3.8), should be even easier as y < 1 (except
for bosonic scattering, which for n = 2 gives y, = 9/8).
Therefore, the nonadiabatic expansion amounts to a rescal-
ing of the thermodynamic parameters, with respect to their
canonical values in a RD universe, by common factors as
follows:

1dr

1=t,

t=t,

(3.17)

T=T,

p—p

Yp. (3.18)
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FIG. 4. Probability of finding a point in a false vacuum P(T') for
different reheating scenarios, for BM1. Horizontal gray line
denotes the percolation condition P(T) = 0.71.

Thus, the reheating process, in general, affects the thermo-
dynamic parameters from the traditional computation in a
RD background.
Before moving on, we summarize the temperature
hierarchy relevant to our discussion. This is given by
Twax >T.>T, >T ~T,> Ty, (3.19)
where T, indicates the temperature at which bubbles start
percolating. The reason for this hierarchy is easily under-
stood. We are interested in the dynamics of FOPT during

reheating. Therefore, both bubble nucleation and percola-
tion are needed to take place during T = T > T'y,.

4. Energy budget and bubble wall velocity

Another important parameter, which quantifies the
strength of a phase transition, is the amount of latent heat
released during bubble expansion. Since the transition takes
place during the reheating, the overall latent heat can be
expressed as

PR(T)
Pr(T) + py(T)

a(T) = (3.20)

aR(T)’

where ag(7T) is the “usual” expression valid during RD,
describing the ratio of vacuum energy stored in the
transitioning field to the radiation energy density,

o) AV T8

ox(T) (3.21)

>The modification of the latent heat parameter in a nonstandard
cosmological background is a crucial effect and previously has
been overlooked in the literature, see, e.g., Refs. [44,55,60,133].

where AV is the potential energy difference between the
false and true minima of the potential. Following the
standard hydrodynamic treatments in Refs. [18,134], which
assume spatial dependence only along the z direction, we
find that the inflaton background does not modify the
matching conditions across the bubble wall. Since the
inflaton energy density and pressure remain uniform across
the interface, their contributions are trivially canceled. As a
result, the inflaton component does not play any dynamical
role in the hydrodynamic analysis, and the general latent
heat parameter a can be defined in the same way as in the
standard literature.

Last but not least, the dynamics of the bubble wall
expansion is characterized by the wall expansion velocity,
v,,. The calculation of this parameter is usually a very
involved task, see, e.g., [135-152], for recent progress.
While a closed-form analytic expression applicable in
generic circumstances does not exist in the literature, some
analytic estimates have appeared in [27]. Recently, a
dedicated numerical tool WallGo was developed, stream-
lining the calculations of the bubble-wall velocity, see
Refs. [142,143] for details. In this work, however, we focus
on the impact of reheating on GW spectra and also consider
a toy model where FOPT should be strong enough that the
wall velocity could be approximated by unity, and the
detailed estimates for the bubble wall velocity are thus
beyond the scope of this work.

A basic consistency condition of our setup follows from
the definition of the latent heat, Eq. (3.20), which measures
the ratio between the pressure driving bubble expansion
and the total energy density. If the phase transition occurs
during the reheating process, then a cannot be too large;
otherwise, the scalar potential driving the transition would
contribute excessively to the total energy density, in
contradiction with our initial assumptions. Conversely, if
a is too small, the production of observable gravitational
wave signals becomes unlikely. For these reasons, through-
out this work, we restrict our analysis to cases with o < 0.2,
that are neither too small nor in conflict with our con-
sistency requirements. Our study, therefore, focuses on the
regime of weak detonations, which are characterized by
moderate transition strength and ultrarelativistic bubble
wall velocities.

IV. GRAVITATIONAL WAVES FROM FOPT
DURING REHEATING

In our benchmark scenarios, the vacuum energy stored in
the scalar field is comparable to that of the surrounding
plasma. Consequently, we neglect GWs generated by
ultrarelativistic fluid motions or bubble collisions
[153-158] and instead concentrate on GW production
sourced by sound waves in the plasma [159-168].
Specifically, we employ the spectrum derived within the
Higgsless framework [169—-171]. These results are obtained
from a simplified simulation in which the scalar field is
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neglected, and nucleated bubbles are modeled as  expected to accurately capture our regime of interest,
expanding spherical regions where the equation of state ~ where the transition remains predominantly thermally
of the fluid is modified to exclude the false-vacuum energy ~ driven while already exhibiting considerable strength.
contribution. This approach enables a significantly larger =~ The spectral shape is described by a double broken power
dynamical range than more complete treatments and is law,

2
Qo) = 01106k 12 ) T0w)(HLR) 5(0)
f —n1+nz a —ni:n:;
s =x(z) T () ’
(f) 7
fix 02 B o1
= = = 0.2 , 4.1
H, H,R, H, (8x)'/3 @
where the parameters read n; = 3, n, = 1, n3 = -3, a; = 2, and a, = 4. Since we do not consider extremely weak phase

transitions, we take the bubble wall velocity to be relativistic [27,29,148,149,172—-174], v,, ~ 1, which implies a frequency
separation f,/f1 ~ 5.9 [171]. The normalization constant N is fixed by imposing S(f,) = 1, yielding N ~ 0.35. The sound
wave period in modified expansion reads [52]

T(%W)zﬁ@—y u) :%(1+g) (1—3)—%),

3 3(1iw) 3n #
Y= (1 +§(1 —|—W)TSWH*> = (1 +n—+zrst*) : (4.2)
I
with kinetic energy of sound waves, with the remainder 1 —

approximately partitioning to bubble wall kinetic energy.
@t B\ [T+a 11 22 2n+d 1+a ThF: factor a/(1 +.a') in Eq. (4.1) instead represents the
Tsw = H, (H_*) 1+ wike a = B X 0 a ratlo.of phase transition vacuum energy to the total energy
W sw density pg + py, naturally diluted by inflaton domination
during reheating. Additionally, the sound-shell duration 7,
[Eq. (4.3)] depends on the total a, further modulating GW
Finally, we have the sound wave efficiency, production. The net reheating suppression thus arises as
Qgw x k2, [@/(1 + @)]?, driven by both inflaton dilution
(4.4) (¢ < ap) and modified expansion history.

073+ 0.083\/ag + ag The abundance of GWSs redshifted up to today
reads [56,175]

ar

Note that in the sound wave GW template, kg, (ag)
quantifies the fraction of latent heat converted to bulk
|

a, \*(H,\? an \* (Hin \? (ax\* (H,\?
owo <a0> <H0> oW < ao Hy) \am) \Hgy) ™"
100 /3 3w1
=1.67x 107912 ( ) (
g*

> 3w+'§
100 \1/3 s
— 1.67 x 10-5h~2 ( ) ( >3 (4.5)

g*

This corresponds to the standard expression with the additional redshift described by the last bracket. For frequency, we find
a similar modification,
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f :_f*—

athrh a*H f*

ao thrh H,

Trh

=1.65x 1077 Hz—=—
x ZGeV

95 (T ))1/6(f*>( >
100 H,)\H,) -

Using the above, we can also find the frequency corresponding to the horizon size at the time of the transition,

H,
fu=20% 2062 x

108 H
ag 27[
Trh
Hz—
“Gev (

=2.62x1078

Ta (0:(Tw)\ V0 (H\ 5
eV | 100 Hy
95 (T'n)

1/6 g
) (7))

(4.7)

It is also convenient to define the frequency corresponding to the reheating temperature,

am Hy,
frh:_r .

o

T ) 1/6
—262 1 8 Hz rh g*( rh )
g 20ex 100 GeV( 100

(4.8)

The shape of the spectrum at scales beyond the size of the horizon at the transition time is determined by the expansion

rate [176],
Qawo(f). for f > fu,
Qaw(f) «  (F/ 1) Qowolfn), for fun < f < fu, (4.9)
(f/frh)3(frh/fﬁ>4:FQGWO(fH) for f < fi.

For n =4, corresponding to a radiationlike equation of
state, one recovers the standard super-horizon scaling
Qgw o f3 [177,178]. For n = 2, describing an effectively
matter-dominated era, the spectrum scales instead as
Qaw « f [51,53]. Finally, while presenting the GW spec-
trum for the standard RD case, we make use of the sound
wave template described in Appendix B.

V. RESULTS AND DISCUSSIONS

In order to illustrate the impact of the expansion history
on the GW spectra, we employ the two benchmarks that
have been introduced previously in Table I. We then
calculated all the required phase transition parameters;
the numerical values are collected in Table II for BM1
and Table III for BM2. In both cases, we have considered
relatively strong transitions that could produce a strong GW
background but that remain consistent with the inflaton
dominating the energy density during reheating. We also
chose cases where the end of the transition 7', is not far
from the end of the inflaton domination Ty to avoid
dilution of the spectra due to a very small abundance of
the source compared to the inflaton [see Eq. (3.20)].
Finally, the overall scale was chosen such that the reheating
temperature of BM1 corresponds to 7', &% O(10 GeV) and
a signal within the range of LISA [179,180] while bench-
mark 2 corresponds to 7, ~ O(10° GeV) and a signal
within the range of ET [181,182].

Figure 5 shows the GW spectra corresponding to the
parameter space points detailed in Table IT and Table III. In
both panels, the potential is fixed while the lines correspond
to different reheating scenarios. The black solid line shows
the spectrum produced in the standard expansion history,
i.e., during RD, while the blue and orange lines correspond
to the domination of the inflaton undergoing fermionic and
bosonic reheating, respectively. Colored solid, dashed, and
dotted lines correspond to different inflaton potentials [see
Eq. (2.2)] affecting its redshift as in Eq. (2.7). As is well
known, any additional radiation component beyond that of

TABLE II. FOPT parameters for the standard case and for
bosonic and fermionic reheating scenarios for BM1. The “-”
indicates that the corresponding parameter does not apply to the
standard radiation domination.

Type n_y T,(GeV)ap(T,) a(T,) PB/H.
RD - 1 28.23 0.4674 - 62.36
Bosonic decay 2 3/8 2726 0.5340 0.02447 19.97
4 1/4 2456 0.7988 0.001077 7.179
6 3/16 2226 1.169 0.0002180 1.611
Bosonic scattering 6 9/16  26.72 0.5773 0.02869 27.10
Fermionic decay 2 3/8  27.26 0.5340 0.02447 19.97
4 3/4 2751 05156 0.1148 41.71
6 15/16 2744 0.5206 0.1605 51.52
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TABLE III. FOPT parameters for the standard case and for
bosonic and fermionic reheating scenarios for BM2. The “-”
indicates that the corresponding parameter does not apply to the
standard radiation domination.

Type n y T,(GeV) ag(T,) a(T,) B/H,
RD — 1 1338 x10°0.7334 — 165.7

Bosonic decay 2 3/8 1.350 x 10° 0.7069 0.1063 63.30
4 1/4 1.328 x 10° 0.7569 0.01263 40.78
6 3/16 1.305 x 10 0.8107 0.001976 29.55

Bosonic scattering 6 9/16 1.339 x 10° 0.7314 0.1138 93.33

Fermionic decay 2 3/8 1.350 x 10° 0.7069 0.1063 63.30
4 3/4 1.343 x10°0.7235 0.2442 125.1
6 15/161.339 x 109 0.7325 0.2900 155.4

the SM can be parametrized in terms of the effective
number of relativistic species, AN, = Nz — NSy, where,
within the SM N3M =3.044 [183-191], taking into
account the noninstantaneous neutrino decoupling. Since
the energy density of GW scales as pgw « a~*, they behave
as an extra radiation component. Consequently, measure-
ments of AN place an upper bound on the GW energy
density at the epochs of BBN and CMB decoupling
[13,192-195]. Within the framework of ACDM, the
Planck legacy data report Neg = 2.99 £ 0.34 at 95% CL
[196], shown as the solid horizontal gray line. Future CMB
experiments such as CMB-S4 [197] and CMB-HD [198]
are expected to reach sensitivities of ANy ~0.06 and
AN ~0.027, respectively, indicated by the horizontal
gray dashed and dotted lines. Next-generation satellite
missions, including COrE [199] and Euclid [200], are
projected to further improve the bound to AN < 0.013.
As one can see, the predicted GW spectrum in the present
scenario remains well below all these limits. The amplitude
and peak frequency of the spectra in Fig. 5 are clearly
modified due to the nonstandard expansion. Numerically,
we find that the primary impact of the nonstandard
expansion on the peak amplitude arises through the
reheating-induced rescaling associated with the y factor
that modifies the percolation temperature and duration of
the transition through Egs. (3.13) and (3.18), while the
additional redshift factors in Eqs. (4.5)—(4.9) are sub-
dominant for our benchmarks. This is clear, given that
the modified redshift discussed in Sec. IV depends
only on n, while in the figure we see n has the opposite
effect for fermionic and bosonic reheating. In the fermionic
case, increasing n increases the amplitude and frequency,
while in the bosonic case, the two are decreased. We

explicitly checked the redshift suppression/enhancement
2nd 2(n—4)

(Hy/Hgy)3 " = (T,/Ty)"™ across n =2, 4, 6 and all
scattering channels. For our temperature hierarchies
(T,/Ty ~ O(1)), this yields only moderate O(1) effects,
typically mild suppression for n =2 and a slight

BM1

107°

107} LISAY
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A — Scattering
001 1 100 104
Jf[Hz]

10—21'
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10—9,

1012}
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10-15f

10—18: — Fermion

Boson

| — Scattering
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FIG. 5. The GW spectra for the benchmark points listed in
Table II and Table III. Colored solid, dashed, and dotted lines
indicate different inflaton potentials [see Eq. (2.2)], which modify
the redshift behavior according to Eq. (2.7). The black solid curve
corresponds to the spectrum obtained in a standard expansion
history considering RD, whereas the blue, orange, and green lines
denote inflaton domination with fermionic and bosonic reheating
and reheating by scattering, respectively. The shaded regions
depict sensitivities of upcoming and planned experiments LISA
[179,180], ET [181,182], CE [201,202], and BBO [203]. The
horizontal lines correspond to the AN 4 bound from different
experiments (see text for details).

enhancement for n =6, while n =4 brings no effect.
However, more dramatic hierarchies T, > Ty, would
amplify inflaton domination, driving a < ap via
Eq. (3.20) and strongly suppressing the signal despite
any redshift gain.

We note, however, that in all cases with modified
expansion the resulting signal is suppressed relative to
the standard RD scenario. This suppression arises from the
dilution of the initial spectrum, caused by the very small
abundance of the source relative to the inflaton, as indicated
in Eq. (3.20). It is worth emphasising that the peak
amplitude of the GW spectrum from a FOPT occurring
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during reheating via inflaton condensate scattering lies
between the two decay scenarios, while the fermionic
decay channel yields the largest contribution. This behavior
is consistent with Fig. 1, which shows that reheating
through fermionic decays produces the highest radiation
energy density. In contrast, the bosonic scattering case
results in an intermediate radiation density, lying between
the fermionic and bosonic decay channels, thereby leading
to a correspondingly intermediate GW signal.

Unfortunately, the modification of amplitude and fre-
quency we see in Fig. 5 is easily mimicked by simply slightly
changing the parameters of the scalar potential and cannot be
used to identify the modified expansion history unless the
potential is probed by other means, for example, through
collider experiments. However, there is one unique feature,
most visible for n = 2 atlow frequencies. This is the result of
superhorizon GWs reentering during inflaton domination,
described by the middle row of Eq. (4.9). For larger n, the
feature is also, in principle, present, although n = 6 corre-
sponds to Qgw o« f>#, which is difficult to spot compared to
the standard Qg o f> at lower frequencies. In the case of
n = 4, we have radiationlike scaling distinguishable from
the standard slope at lower frequencies only by the possible
smoothing of expected fine features coming from the
changes in the number of degrees of freedom of the SM
plasma [204,205], which briefly change the expansion rate.
The primary limitation of this method for inferring the
expansion history is the large separation between the feature
and the peak of the spectrum, which requires the spectrum to
have a very large amplitude for the feature to also be
detectable (see, for example, Ref. [206] for reconstruction
forecast in LISA). Nevertheless, if observed, this feature
could enable the identification of this scenario using the GW
spectrum alone.

Before concluding, let us also mention the potential
production of primordial black holes (PBHs) triggered by a
cosmological FOPT. This intriguing possibility has been
widely discussed in the recent literature [119,207-219].
Although the detailed predictions within specific setups are
still being clarified [220,221], one can formulate a general
expectation for the class of models considered here. PBH
production associated with a FOPT relies on the generation
of inhomogeneities arising from the stochastic nature of
bubble nucleation. In the scenario studied in this work,
however, the cosmological evolution is dominated by an
additional component unrelated to the transition itself.
Consequently, no extra inhomogeneities are induced by
the phase transition, and no PBH production connected to it
is expected. While this conclusion is negative, it may also
serve as a distinguishing feature of the present setup. If a
strong GW background attributable to a phase transition
were observed without the anticipated accompanying PBH
population, this could indicate that the expansion of the
Universe was dominated by an energy density component
unrelated to the phase transition.

VI. CONCLUSIONS

In this work, we have investigated gravitational wave
(GW) signals from strong first order phase transitions
(FOPT) driven by a scalar field in generic cosmological
backgrounds that arise during reheating with a monomial
potential. Compared to the standard RD case, the resulting
GW spectrum is always suppressed, with stronger sup-
pression for bosonic than fermionic reheating. This effect
originates from the latent heat parameter, which, during
reheating, receives contributions from both radiation and
inflaton energy densities; inflaton domination reduces the
effective transition strength and weakens the GW signal.
Moreover, the distinct temperature scaling of the inflaton
energy density across reheating mechanisms, set by the
potential shape, leads to different levels of suppression.
Overall, reheating dynamics play a central role in determin-
ing the thermodynamics of cosmological FOPTs and their
GW spectrum. Changes in thermodynamic parameters
induced by the modified expansion history can be effec-
tively mimicked by suitable alterations of the scalar
potential. Therefore, GW spectral modifications alone
cannot uniquely probe this scenario, and complementary
tests, such as accelerator experiments, are necessary to
disentangle the effects (as it has been pointed out in
[215,220,222-224], late-time FOPT could also leave dis-
tinct imprints on the CMB and the large- and small-scale
structures).

Nevertheless, two features may provide distinctive sig-
natures. First, the low-frequency GW spectrum is altered
for modes that were superhorizon during the transition; the
resulting slope encodes information about the expansion
rate at that epoch, although detecting it requires sufficiently
strong signals. Second, PBH production is suppressed
despite potentially strong transitions, because the inflaton
dominates the expansion while the scalar vacuum energy
does not affect the background dynamics. Consequently,
the absence of PBHs alongside a strong GW signal could
serve as an important indicator of this framework.

Finally, we outline possible directions for future work.
The present analysis assumes that the FOPT proceeds as a
weak detonation with ultrarelativistic bubble walls; extend-
ing the treatment to deflagrations and hybrid modes would
require a full computation of the bubble wall velocity in this
nonstandard background. Furthermore, the contribution of
bubble collisions and magnetohydrodynamic turbulence to
the GW spectrum, neglected here due to our moderate-a
regime, may become relevant for stronger transitions. It
would also be interesting to embed the scalar field driving
the transition into a concrete beyond the Standard Model
(BSM) framework, viz., a dark sector conformal transition
or an extended Higgs sector, to determine whether realistic
parameter points can satisfy both the consistency require-
ments of the reheating scenario and the observational
prospects for upcoming detectors.

023511-13



BARMAN, KIERKLA, LEWICKI, and MERCHAND

PHYS. REV. D 114, 023511 (2026)

ACKNOWLEDGMENTS

The authors thank Luis Gil and Matthias Carosi for
useful comments. The work of M. L. was supported by the
TEAMING grant Astrocent Plus (GA: 101137080) funded
by the European Union and the Polish National Science
Centre (NCN) Gant No. 2023/50/E/ST2/00177. M. M. is
funded by the KMI startup fund and by the KMI/FlaP
Young Researchers Grant. M. K. is supported by the Carl
Trygger Foundation through Grant No. CTS 24:3412.

DATA AVAILABILITY

There are no publicly available research data or software
supporting this paper. Requests for further information or
data should be sent to the authors.

APPENDIX A: DETAILS OF INFLATIONARY
CONSTRAINTS

The so-called potential slow-roll parameters are defined as

_ M (Vy(@))? _ 1 V(@)
ev(p) = 5 (V(¢)> , nv(¢) =M3 Vip)

Thus, for the a-attractor T model with the potential in
Eq. (2.3), we find

(A1)

€h () = sk’ Q/%Mi) (A2)
gl (/58)
(A3)

Note that at the end of inflation ¢ = 0, which roughly
corresponds to €y (¢heng) = 1. This condition allows us to

The inflationary number of e-folds between the horizon
crossing of the perturbation with a comoving wave number
k, and the end of inflation is

1 (b do

B MP (nbend \/ 265 (¢)
= 3_a cosh iﬁ — cosh
27’1 3(1 MP

with ¢, = ¢(a,) being the field value at the moment when
the Planck pivot scale k, = 0.05 Mpc~! crosses the comov-
ing Hubble radius, i.e., k3! = (a,H,)~'. The spectral index
(ng) and the tensor-to-scalar ratio (r) in the SR regime are
defined as

Ny

Za)] (a

3(ZMP

(i) =16ey(dy). ns(de)—1=2ny(ds)—6ey(dy).

(A6)

Using (A2) and (A3), we get

16n> 2 ¢
h2 (/==
3a ¢ < 3aMp>

2 [2 ¢,
nk(gy)—1= —;chch2< %Z—P)
X [Zn + cosh (U%%ﬂ. (AB)
P

One can use the above expression for the spectral tilt n% (A8)
to find the value of ¢, as

r(¢s) = (A7)

find the inflaton field value at the end of inflation, 3a
be=\[SMplogFlan/3,  (A9)
3a n
Dend =~ \/—;M sinh~! <—> (A4)
¢ 27 V3a where
|
n n2(1 — 12a(nt — 1)) + 9a2(nk — 1)?
Flany =" V0= 2ald 1)) 92 =1
a(l = ng) a(ng — 1)
2n[a(nk = 1)y/n?(1 = 12a(nk = 1)) + 90%(nk — 1) + na(nk — 1)(6a(nk — 1) = 1)]
+ (- n§)3 . (A10)

A combination of Planck, ACT, and DESI-DR1 (P-ACT-LB) gives the observed value n, = 0.9743 + 0.0034 [225]. The

tensor-to-scalar ratio is defined as

023511-14



IMPRINTS OF REHEATING DYNAMICS ON GRAVITATIONAL ...

PHYS. REV. D 114, 023511 (2026)

AZ(k
r= ;( *), (A11)
A (ky)
with
2 H? 1 H2 1
Atz(k*) === A%(k*) ) *—, (AIZ)

denoting the dimensionless tensor and scalar power-spec-
tra, respectively. Above, €, = —H, /H3 is the (Hubble)
slow-roll parameter. The amplitude of the scalar power
spectrum measured by Planck at k = k, is A2(k,) = 2.1 x
102 [226], which, in turn, implies A?(k,) < 6.7 x 107!,
Utilizing (A12) one gets the upper bound on the Hubble
rate,

H, ~ H(agq) < 4.4 %107 GeV, (A13)
which, in turn, allows us to constrain the inflaton energy
density at the end of inflation,

Pyp(aena) = 3MPH (aepg)* < 3.4 x 10% GeV*:.  (Al4)
The inflaton potential at @ = a, can be expressed in terms
of the observables as

372
V(¢y) = - MpASr,

5 (A15)

implying

ﬁ(/) = <%7TZA%T> tanh™" |:\/6ET*A4P:| . (A16)

Since, at a = a,, the field value ¢, > Mp, the inflaton
potential can be approximated by a constant value
V(¢y) ~ Ay M}, while the current BICEP/Keck bound
on r demands r < 0.036 at 95% of CL (see Table IV).
This can be utilized to put an upper bound on A < 107°.

APPENDIX B: GW FROM SOUND WAVES IN
STANDARD COSMOLOGY

In this appendix, we summarize the template used to
model the stochastic GW background generated by

TABLEIV. Summary of current observational upper bounds on
the tensor-to-scalar ratio r at the pivot scale k, = 0.05 Mpc~!
(unless otherwise stated). The BICEP/Keck BK18 + Planck
bound represents the most stringent current 95% CL upper limit.

Experiment Upper limit on r (95% CL)
Planck r<0.11

Planck 2018 + BK15 70002 < 0.056
BICEP/Keck (BK18) + Planck 7005 < 0.036

long-lived acoustic waves in the plasma.6 The sound waves
are sourced by the kinetic energy of the fluid after the
bubble collisions, and their efficiency is characterized by
the fraction of vacuum energy converted into bulk motion,

Pxin sz(av Uw)a
KwlQ, U, ) = =0
sw( w) Duac l+a

, (B1)

where «a is the strength of the transition, and v,, is the
bubble wall velocity.

For subsonic deflagrations and supersonic detonations,
we adopt the standard fits,

\/%a—l—az—k\g

wia) =V (B2
B Va

W@ =455 NOXTES (B3)

kB, (a) ¢ (B4)

T 0.73+0.083Va+a

In the main analysis, we interpolate between these limits
following

KSW(a’ UW)
(v; = 130320555, (a)kB, (@)
(o) = 1% = (0, = D*]0) k5, (@) + (0, = 1)*kB(a)

(BS)

The present-day energy density spectrum of gravitational
waves from sound waves is written as

Qi () = QS <i) ’ (B6)
Ssw
with peak amplitude
2
QY, = 1.67x 107 (H_) (M)

p l+a

100 ]/3 < 1 >
X [ ——— 5( v, ——= ) Skins B7

where the factor S, accounts for the finite lifetime of the
sound waves and is parametrized as

87)1/3
Spp = min M,l ' (B8)
B, [3ralavya
H* 4 1+a

®For details, see Refs. [14,160,162].
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The peak frequency observed today is given by

100 100 GeV

fow = 2.63x 1076 Hz( 00

(B9)

For the spectral shape, we use the double broken power law
and introduce

L_ 1
fP Uw_l/\/g’

where the normalization is given by

(B10)

ﬂ/H*>< T, )(%(T*))l/ﬁ N(ﬁ)

—2.61

—4 -3
=223 2) +5.03 <f2>
()" +so(7
< -2

f_> 242 <&>_1 +021, (BI1)
I

2
p

Soulfs fpf2) = N<&) <i)3

P P
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