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ABSTRACT: We demonstrate that in the presence of a light scalar spectator field, vacuum
transitions taking place during inflation can produce large, potentially detectable non-Gaussian
signatures in the primordial curvature perturbation. Such transitions are common in theories
with multiple scalar fields when the potential has several minima. Our computation proceeds
by numerically finding the instanton solution that describes quantum tunnelling between
vacuum states in a de Sitter background, calculating its dependence on the spectator field
and, thereby, its effect on the expansion of space. For a scenario with Higgs inflation, we
obtain the non-Gaussianity parameter fyr, ~ O(10) and study its parameter dependence.
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1 Introduction

In the original inflationary scenario [1], inflation ends with a first-order phase transition. The
inflaton field undergoes quantum tunnelling from a false vacuum to a true vacuum through the
formation of bubbles. However, this scenario has the ‘graceful exit’ problem whereby inflation
never ends because the transition never completes. This problem essentially arises from the
fact that the expansion rate of the false vacuum region separating true vacuum bubbles is
higher than the expansion rate inside the bubbles, so that they can never meet and percolate.

The widely accepted solution to the graceful exit problem is given by the new inflationary
scenario [2, 3|, wherein a slowly-rolling scalar field is responsible for the exponential expansion
as well as the generation of curvature perturbations in the early universe. The new inflationary
scenario does not require there to be a first order phase transition, all the expansion can
be generated by a potential that is flat enough.

An alternative solution to the graceful exit problem pointed out in ref. [4] is to have a
second field present during inflation that makes the vacuum decay rate field-dependent, so
that percolation becomes favourable towards the end of inflation and the decay completes.

In this work, we examine the possibility of a combination of both the above scenarios
playing a part in the early universe. Namely that there is the standard slowly rolling
inflationary field that generates the background exponential expansion and ends inflation
when the slow-roll conditions fail, the evolution entering reheating era thereafter. In addition
there is a second field that undergoes vacuum transition, but the energy released from the
transition is not strong enough to end inflation. Thus we aim to answer the question: can a



vacuum transition occurring during inflation generate significant curvature perturbations, in
addition to the inflaton background, that can be observed through their non-Gaussianity?

The physical motivation for considering this question is the multiple vacua that arise in
fundamental particle physics theories such as Grand Unified Theories (GUTS) [5] and string
theory [6-8]. It is possible that transition between these vacua takes place in the very early
universe, during the inflationary stage, when fields take trans-Planckian values.

One mechanism that generates significant non-Gaussian curvature perturbations during
inflation is if there is a scalar field present in addition to the inflaton that is light in comparison
to the inflationary Hubble rate. Looking at the inflationary evolution in terms of a separate
universe picture [9], the light field takes on different values in each separate Hubble volume
during inflation. If the amount by which space expands depends on the local value of this
field, these field fluctuations are converted into curvature perturbations. An example of
this is the curvaton mechanism [10-12], in which the spectator field comes to dominate the
energy density towards the end of inflation.

Furthermore if the expansion of space is a non-linear function of the light field, which is
generally the case when the field modulates some non-equilibrium process, these perturbations
will also be significantly non-Gaussian. Examples of this that have been studied in the
literature include the processes of preheating [13—21], in which there is a non-linear non-
perturbative transfer of energy from the inflaton to the spectator field after the end of
inflation; oscillon formation [22], in which non-linear solitons come to dominate the evolution
post-inflation; vacuum transition, in which there is a non-perturbative change in the energy
density during inflation due to a transition in the vacuum. This is the mechanism that
we study in the present article.

In the case of vacuum transition during inflation, the role of the light field can be played
by the transition field [23] or another scalar field. In this paper, we consider the latter
scenario, which can be more natural in theories with multiple scalar fields because it does
not require the transition field to be light.

Hence we illustrate the above mechanism through a generic model involving three fields:
the inflaton field generates the expansion, a vacuum transition field alters the Hubble rate
through a transition from false to true vacuum, and the value of a light spectator field
determines the decay rate of the false vacuum so that the transition happens at different
times in separate Hubble volumes.

The multiple fields involved in our model of vacuum transition during inflation are
again attributable to high energy particle physics models like string theory, which generally
predict the existence of extra fields that can naturally play the role of the transition and
the light spectator fields.

This article is divided as follows: after setting up generic assumptions on the nature of
the potential, such as inflaton-dominated evolution and vacuum transition being favoured
towards the end of inflation, we begin by developing the general formalism to calculate
non-Gaussianity in section 3. Working in the § N formalism assuming a separate universe
picture, we capture the non-Gaussianity through a sudden change in the inflaton’s evolution
due to vacuum transition.



Including non-minimal coupling to gravity, in section 4 we illustrate our formalism in the
case of the Higgs inflation model. The decay rate is calculated numerically by implementing
a shooting method assuming a fixed de Sitter background. Lastly, we delineate the parameter
space and prove that decay never completes for a Hawking Moss transition for quartic
potentials, which is the case for our model. Thus, we study the dependence of fyi, on
the mean value of the spectator field over our observable universe and its coupling to the
transition field for a Coleman De Luccia transition.

2 Curvature perturbations from vacuum transition

2.1 Overview

Writing the spacetime metric as
ds? = —dt*> + 2D q(8)?(da? + dy? + d2?), (2.1)

the curvature perturbation ¢ captures local deviation of the scale factor from its background
value a(t). Thus it is a measure of the inhomogeneity in spatial slicings of the universe and as
such can be directly related to the observed temperature anisotropy in the cosmic microwave
background (CMB) radiation. From the metric (2.1) the conformal time 7 is defined as

dt
1= (22)

and the Hubble rate as

(2.3)

When pressure is a unique function of energy density, curvature perturbations arising from
quantum fluctuations of the inflaton field are constant (frozen) on super-horizon scales [24].
However, if the system in consideration exhibits non-adiabatic pressure then curvature
perturbations can evolve on super-horizon scales too [9]. A clear way to see this is by looking
at the super-horizon evolution in real space through the separate universe picture.

The separate universe approximation entails that the universe can be thought of as
divided into Hubble volumes, each of which acts as a separate FRW universe. The fact that
the universe can be divided into separate Hubble volumes is a straightforward consequence of
causality, however that each Hubble volume remains FRW is the approximation.

In the separate universe picture, the curvature perturbation can be directly related to
the local expansion in space through the d N formalism [25]. Evolving from a flat spatial
slice of the universe with a scale factor ai,; to a slice with uniform energy density pyef, the
0N formula states that

(=06N=N-N, where N=—1In (“(pf)> (2.4)

Qini
and N denotes the average of N over the observable universe. Note that our definition for the
function N has an added negative sign as compared to prevalent definitions in the literature,
for example in ref. [25], because N denotes the number of efolds during inflation in our case.



The observable part of our universe corresponds to a scale that left the horizon N, =~ 55
efolds before the end of inflation. Inflationary evolution on N > N, comprises of scales
beyond the observable universe but which are still part of the entire universe. Between N,
and the end of inflation NV = 0, there can be an intermediate time, lets call it N7, at which
the universe evolves non-adiabatically. In our case this would be when the vacuum transition
occurs. To describe this, the observable universe can be divided into separate Hubble volumes
in accordance with the separate universe picture.

For this process to produce curvature perturbations on large scales, there must be another
light scalar field besides the inflaton, which develops significant fluctuations over the separate
Hubble volumes. If we only had a single field, the inflaton, then it is possible to choose a
cosmological gauge such that all fluctuations at scales much larger than N can be made to
disappear. Therefore we need a second scalar field in addition to the inflaton field, we refer to
it as the spectator field . Furthermore, this spectator field must also be light compared to
the background Hubble rate m, < H so that its fluctuations are not damped on large scales.

These field fluctuations over the separate Hubble volumes must also modulate the local
expansion of space. We need a non-adiabatic phenomenon to occur at N so that each Hubble
volume expands slightly differently and generates curvature perturbations in accordance with
the N formula (2.4). The non-adiabatic phenomenon we consider in the present article
is vacuum transition.

In order to demonstrate the mechanism generating curvature perturbations from vac-
uum transition during inflation, the inflation, vacuum transition and spectator sectors are
represented by three separate fields while constructing the general formalism in the next
section 3. However, it is important to note that this is just for illustration purposes. In
reality we expect our mechanism to play a role in generating curvature perturbations for a
wide range of beyond the Standard Model (BSM) scenarios that exhibit vacuum transition
during inflation. Ultimately, by connecting such theoretically motivated BSM theories with
the observations of non-Gaussianity in the CMB, we wish to test the suitability and delineate
the parameter spaces of such theories to describe our universe.

2.2 Non-Gaussian curvature perturbations

As remarked before, for illustration purposes we shall consider a scenario with three fields:
the inflaton ¢, vacuum transition field o and spectator x. We shall assume that the inflaton
dynamics dominates both the transition and spectator dynamics, and as such there is no
back-reaction of the transition or spectator sectors on the inflationary background.

If the transition field remains light throughout inflation until the transition point Ny,
then we do not require a separate x field to play the role of the spectator and generate
significant fluctuations over the Hubble volumes in a separate universe picture. However, if
the transition field is heavy then its fluctuations are suppressed on large scales and it does
not contribute significantly to observable curvature perturbations.

The 6N formalism (2.4) in presence of spectator field y yields a position dependent
curvature perturbation [26]

(&) = 0N (x(@)). (2.5)



We assume that x is a Gaussian random field and hence its statistics over the observable
universe are fully characterised by the two point correlation function (dx(Z1)0x(#2)), where
dx = x — X and Y is the mean value of the field over the observable universe. Assuming
statistical isotropy and homogeneity, the two-point correlator in Fourier space becomes

(Ox(k1)ox (ka)) = (2m)30 (ky + ko) S(k1). (2.6)
From which one can define the (reduced) power spectrum

k‘3

Px(k) = ﬁ

S(k). (2.7)

Then the probability distribution of the spectator field is a Gaussian

1 (x —%)°
_ _ , 2.8
rot0= e (578 2
where the variance (5x2) is given by
dk
0 = [ % k). (29

Even though the spectator field is Gaussian, it leads to non-Gaussian perturbations in
the curvature through the 0N function in eq. (2.5) [27]. The non-Gaussianity parameter
for the curvature perturbations fyi, is defined as [28]

fv(k, ko, k3) = 0 ( = = Bc(ljl’k%ljg) S = ) ; (2.10)
6 \ Pc(k1)Pc(k2) + Pe(k1)Pe(ks) 4 Pe (ko) P (ks)

where the curvature power spectrum P and bispectrum B¢ in turn are defined by

)) = (21)36®) (k1 + ko) P (Fy), (2.11)

(C(R1)C(R2)C (k3)) = (2m)26@) (ky + ez + k) B (a, o, k). (2.12)
In typical slow-roll inflationary models, the inflaton contribution to the non-Gaussianity is
proportional to the slow-roll parameters and consequently is small, fyr, < 0.1. However,
the inflaton contribution to the power spectrum P is large and if the evolution is inflaton
dominated, then we can approximate that all the contribution to the curvature power spectrum
arises from the inflationary sector. The observed (reduced) curvature power spectrum at the
comoving scale k, corresponding to the physical scale kpys = 0.05MPc™! [29] is
k3

Pe(ki) = 2—7:2P<(k*) =21x107=P, . (2.13)

By expanding the 6N formula eq. (2.5) in terms of the spectator field fluctuations

1
SN (x) = (sz\/\X:Y + 6N,X‘X:Y5X + 50N 0 (2.14)



its contribution to the bispectrum is obtained as [21, 30]

Be(kn, k2, k3) = (ON )% 6N oy (S(k1)E (k) + S (k1) S (k) + S(ka) S (k3))
3
+ (6N 1y )? / é&)z(q)xﬂﬂ k1)2(17+ k1 + Ea)). (2.15)

And hence to the non-Gaussianity fxr, (2.10) in the equilateral configuration k; = ko = ks = k
at the scale k, as [21]

_ 57))% 2 5 (5N,xx)3 dq I 7
INL = _67773(5N’X) ON xx T P o E(@)E(|k + q)E(|ki — 1) B (2.16)
X=X X=X

3 General formalism

3.1 Setup

Consider a potential W (¢, o, x) comprised of three fields: the inflaton ¢, vacuum transition
field o and a light spectator field x. On constant ¢ and y slices, the potential in ¢ admits two
minima. The unstable minimum is known as the false vacuum and is denoted by opy (¢, x).
The stable minimum is the true vacuum denoted by o7y (¢, x). Henceforth we shall not
indicate the dependence upon ¢ and x explicitly and refer to the false and true vacuums
simply as opy and oy respectively. The field o undergoes vacuum decay from its false
vacuum to its true vacuum via a first-order phase transition that proceeds through the
formation of true vacuum bubbles in the surrounding false vacuum region that eventually
percolate and complete the transition.
The decay rate per unit volume I' is given by

I'=Ae B (3.1)

where the exponential coefficient is given by the difference between Euclideanised action Sg at
a particular bounce solution o, and in the false vacuum opy, B = Sglop] — Splopy] [31]. On
the other hand, the pre-factor A is given at one-loop order by the determinant of fluctuations
about the bounce [32]. However, in practice one often takes A ~ ,ugﬂ as a first approximation,
where peg captures the effective mass of the transition field.

For our scenario, we assume initial conditions such that the transition field o is trapped
in its false vacuum. The inflaton ¢ evolves in a slow-roll fashion, and the transition occurs
at some point ¢ during its evolution. To simplify the treatment, we can restrict ourselves
to only consider an inflaton-dominated approximation

W(opy) —W(ory) < W(opy). (3.2)

In this case, the inflaton field will continue to evolve in a slow-roll fashion after the transition
has occurred. This approximation also allows us to characterise the time evolution by the
inflaton field value and to write the number of efolds in slow-roll in terms of the field evolution
from ¢,, which corresponds to the instance when the currently observed scale left the horizon
t0 Pend, Which corresponds to the end of inflation as (2.4)

P«
Ny = [

= d. (3.3)
¢cnd W‘b



We consider the scenario in which the transition occurs during the last IV, efolds, i.e.
after the largest currently observable scale left the horizon, so that its effects are observable.
See figure 1 for illustration. This means that no bubbles can have nucleated in our past
lightcone prior to the instance given by N,. The probability of this is given by exp(—(npub)),
where (npyp) is the expectation value of the number of bubbles nucleated in our past lightcone
from the beginning of inflation Nyegin to the observed number of efolds 7. It is given by [33]

(Nbub) = /d49€ V=gl 2/

Mbegin

UE

dn T (o — () T(n), (3.4

where 79 denotes conformal time today. Therefore we require

(nbup) S 1. (3.5)

Using the definition of the number of efolds dN = —Hdt = —Hadn and the scale factor
during inflation a(N) = aenge™, we find that N e-foldings before the end of inflation, the
conformal time has the value

() = aa o [ v (3.
n = Tend tond Jo H(N/) 5 .

where 7enq is the conformal time at the end of inflation. Substituting this back into the
expression for the number of bubbles gives

Nbegin 4 1 N N \3 3 _-3N
(Mpup) = / an 2L (770 — Dend + / AN’ —& ) Tend® _ poyy. (3.7)
Ny 0

3 Gend H(N') H(N)
For the standard ACDM universe,

1 ag da
10 = Mend = 77 /0 a?/(Q + Qn(ao/a)? + Qrada(ao/a)?)

~ 3.21(aoHo)™t,  (3.8)

where ), raq Tefer to the present (at time 79) ratios of energy density of vacuum energy,
matter and radiation, respectively, with the total energy density in the universe. Then, in
terms of the observed number of efolds

aendHend . eN*

oo o (3.9)
the number of bubbles becomes
Nbegin 47‘(‘ N eN/iN* ’ F(N)
ub) = dN — (3.21 + H., dN' TBN=NG A (3,10
b / 3 ( e d/o HNY ) € HaE, G0
We shall use the percolation parameter [1, 34, 35]
I'(N
P = i (311)

to determine the time of the transition. The transition is taken to happen when the percolation
parameter becomes unity and this is denoted by a subscript T' as N or ¢, i.e.

p(Nr) = 1. (3.12)
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Nend

N«
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Figure 1. Spacetime diagram illustrating bubble nucleation in our past lightcone (in blue). The
vertical axis denotes conformal time while the horizontal axis corresponds to comoving distance. 7y
is the conformal time today. For a bubble that nucleates at n,,. and expands at the speed of light,
the forward light cone (in red) denotes the fraction of our observable universe covered by it at the
end of inflation surface labelled by 7enq. Similarly a bubble that nucleates at 7)., before the largest
currently observed scale left the horizon at 7., covers the whole observable universe at 7epq.

In this article, we only consider transitions that occur towards the end of inflation, Ny ~ O(1),
such that the transition is completed by bubbles whose sizes are several orders of magnitude
smaller than the scale at which CMB measurements take place. Thus their effect on the
CMB non-Gaussianity is only through the modulation of background inflationary expansion.
Transitions that occur within the observable N, efolds but not towards the end of inflation
can lead to interesting features in the post-inflationary evolution, but these are not the
focus of the present article.

For simplicity we consider that the transition is completed predominantly by bubbles
nucleated at N, i.e. the percolation parameter rises sharply at Np,

> 1. 3.13
‘dN N= NT ( )

Physically this translates to multiple bubbles forming inside one Hubble volume and coalescing
within an inflationary time scale H~'. In that case we can treat this transition as a sudden
change in ¢ from opy to oy at the level of the background inflationary evolution. With
the sudden change in ¢ at transition ¢, the number of efolds get split into

or
SN = Ao

dgb—
¢end W¢

W

(3.14)

o=orv 0=0FVv

By splitting the integral into two parts at ¢ we are also implicitly ignoring the background
generated by bubbles nucleated at ¢ > ¢7, which is again justified under eq. (3.13).

3.2 Non-Gaussianity

Our goal is to calculate the non-Gaussianity arising from the spectator field x. Assuming
that the spectator field only negligibly contributes to the energy density during inflation, any
direct dependence of the number of efolds (3.14) on x through the potential can be ignored.



Therefore it only indirectly depends on x through ¢p(x), the time at which transition occurs
in each Hubble volume,

dr(x

SN (x) = /¢

Because the spectator field value is different in different Hubble volumes, each Hubble volume

o W
+ dp——

)
Ao
orix) W

3.15
W, (3.15)

end

o=0oTrTVy O=0FV

undergoes a different amount of expansion before the transition in it takes place. It is this
difference in expansion between the Hubble volumes that can generate sizable non-Gaussianity.

To calculate fnr, using eq. (2.16), we need only the first and second derivatives of N (x) at
X = X. But these can be immediately calculated without having to perform the integral (3.15),

W d¢T W
6N, = | — —L=A[—
b (M ) dx (””,>
0=0Frv/ ¢p=¢7

where we have introduced the notation A to indicate the difference between the true and

W
W

o=0TV

dor
d )
o=éT X

(3.16)

false vacuum values. Similarly,

o (W dor\? W
=A== — =L Al —
s (55 ()| () +2 ()

The remaining ingredients to fully determine the J N derivatives are the derivatives of

o7
dy?
p=¢1 X

(3.17)

¢ with respect to y, i.e. the change in time of transition across different Hubble volumes.
These can be determined by numerically solving for the bounce solution with a different
initial value for the spectator field corresponding to each separate Hubble volume. However,
we can simplify the treatment without having to perform a separate bounce calculation
for each Hubble volume for some specific types of potentials. For example, if we choose to
capture the vacuum transition with a quartic potential and the coupling to the spectator
field via a quadratic term,

)\/ g/ MZ 92
U(o,x) = 104 + 503 + 502 + ?SUZXZ. (3.18)
Then we can define an “effective” mass
o*U

(3.19)

(259, x) = 902

O=0FVv

which is the only parameter in the quartic transition potential that changes as we move
from one Hubble volume to the next. Note that the effective mass can also depend on the
inflationary sector through a direct or indirect coupling between the inflaton and transition
fields. For example, as we demonstrate in the next section for a Higgs inflation model, the
inflaton and transition sectors can be coupled indirectly via a non-minimal coupling to gravity.

Now to calculate the derivatives of ¢ with respect to x, we know that ¢r(x) is a solution
of the percolation condition eq. (3.12),

Alpie)e™ Blien) = H*, (3.20)



To proceed further without resort to numerical solutions, we ignore the ¢ dependence of H.
Note that while A and B depend on all parameters in the potential for the transition field
o, here we are assuming that the dependence on the fields ¢ and x enters only through the
parameter pog. Then differentiating the percolation condition with respect to x we have

d
— e ,x) =0 3.21
ot (7, X) (3.21)
which implies
d¢T — _ M8H7X (322)
dx J
d2¢T _ _i Meff,x (3 23)
dx? dx \ Heft, ¢

We still need to obtain the transition point ¢ by finding out where the percolation parameter
becomes unity i.e. by solving eq. (3.12). But we need to do so for only one value of x at Y
and then use egs. (3.22) and (3.23) above at that ¢ (X) and X as part of the non-Gaussianity
calculation (2.16).

4 Higgs inflation model

Here we demonstrate the use of our formalism on an observationally viable scenario which
is the extension of Higgs inflation [36] by a vacuum transition and a spectator field. The
model is introduced in subsection 4.1, where we also review the dynamics of inflation before
considering the vacuum transition. In subsection 4.2, the variance of the light spectator field
due to vacuum fluctuations in quasi-de Sitter space is calculated as well as its impact on 6N
that enters the calculation for the non-Gaussianity. The theory of vacuum decay in de Sitter
space is reviewed in subsection 4.3 and applied to the present coupled model of Higgs inflation,
which includes specifying the effective potential arising from the nonminimal coupling to
gravity. Eventually, in subsection 4.4, we work out the dependence of fyxr, on the model
parameters. In the present phenomenological model, we find that the vacuum transition
proceeds via subhorizon, Coleman-De Luccia bubbles rather than Hawking-Moss transitions.

4.1 Non-minimal coupling to gravity

We consider the inflationary sector to be Higgs inflation [36], so the inflaton ¢ is the Higgs
field. In Higgs inflation, ¢ is non-minimally coupled to gravity with the non-minimal coupling
parameter §, being large {; > 1/6. A non-minimal coupling to gravity must necessarily
be included in the action due to QFT in curved spacetime considerations [37]. Therefore
we can also include a non-minimal coupling for the transition and spectator fields through
parameters &, and , respectively.

Curved spacetime QFT calculations show [38] that the non-minimal coupling parameter
possesses no fixed point under renormalisation group running, and therefore it has no preferred
value theoretically. Its value also remains essentially unconstrained empirically [39]. For
simplicity, we will assume that the non-minimal coupling for the transition field o has the
same magnitude but opposite sign to the Higgs field, i.e., £ = {, = —&; > 1/6. Then a

,10,
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Figure 2. U(¢,0,x =0) (4.4) at different times during inflation, labelled by the number of efolds N.
This potential is chosen in such as way that when R is sufficiently high, it has a local minimum, a false
vacuum, at oy = 0. The transition field parameters are A’ = 100, ¢’ = 10~'!Mp and p = 5 x 1073 Mp.

coupling between the Higgs field and the vacuum transition field arises naturally through
the non-minimal term and no direct coupling between the fields is necessary. On the other
hand, we assume that the spectator field x is minimally coupled, i.e., §, = 0.

Let us therefore consider the action in Jordan frame

S = /d4 ( (¢,0)R — 19’”3@8@ - 1g" 0,00,0 — lg"”fhxﬁux W(é, 0, x))

(4.1)

where

MR 1., 1.,
f(g,0) = 5 + §§¢ 550 (4.2)
and
¢4 03 202 1

W(¢7J>X) 4 +)‘ A +g ? - 91 + 2gSX U (43)

Here R is the Ricci scalar. The transition field part of the potential is

4 3 2

_ Y 2 O
(¢70— X) )‘ +g 3! +/’Leffa7 (44)

where the effective mass of the transition field is given by
pag = —1° +ER + g&x". (4.5)

Its evolution during inflation is presented in figure 2.
Let us look at the action from the perspective of inflationary evolution of the background.
For a majority of the evolution, the decaying field remains stuck in its false vacuum until
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the transition occurs at some value of ¢ towards the end of inflation. Therefore, we can
make an approximation ¢ & opy. Similarly, within one Hubble volume we assume that the
spectator field y is homogeneous and denote its value by y;. Therefore the kinetic terms
for ¢ and x vanish. Then the action becomes

~ / e ( (6, opv )R + a 006 — W (o, ory, XZ)). (4.6)

The inflaton dynamics is best described in the Einstein frame where its slow roll equations
of motion possess a simplified form. Making a conformal transformation of the metric

2f(¢,0rv)

o (1)

Guv — g,uu =

the field develops a non-canonical kinetic term [40]

2 ¢?
M? 1 68”2z 1.,
S /d4 ( PR ¢2 o2 + ¢2 = o2 9 59“ 8ﬂ¢81’¢
L& — 65 (L& — 65
P P P P
1

- =——W(¢,0rv, Xi)) : (4.8)
(1+¢ ;3 — )2

We can convert the non-canonical kinetic term into canonical form by redefining the field
¢ — ¢ with

do 1 6£2¢2
R P R A et as)
1+M7123_€ML%: ( @ é‘UFV)

This expression, along with the potential in the Einstein frame,

W ~ W((z), OFV, 51) (410)
(1+ 5]@ — &)

is sufficient to calculate the inflationary evolution numerically in the Einstein frame.

Owing to the inflaton dominated assumption, we can neglect the false vacuum term
f(p,0rv) ~ f(¢) = (M3 + £¢?)/2 as a further simplification. Then the inflationary sector is
identical to that of Higgs inflation [36]. Therefore we fix the self coupling to its measured
value for the Higgs field A ~ 0.1 [5] and calculate the inflationary power spectrum and tensor
to scalar ratio. Inflation ends when the slow-roll parameter becomes large,

9 /iF 2
e Mp (Wodo) 1, (4.11)
2 W do
which occurs at
1 19262 4+ 326 + 1 1
¢end = s \/ g 6 — . (412)
2¢ 66 +1 66 +1
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The number of efolds are counted as

_ [P W (do

A i
_ (P66 +1) n 1—/(86+1)(246 +1) _ 3 2(6€ +1) (p*€ +1)
- 8 16¢ 1%\ Toer /BET D AE T D) + 1

from which we obtain ¢, for when the currently observed scale left the horizon N, = 55.
Then the curvature power spectrum [41]

1 W
. = — , 4.14
P 2472 € lp=¢, ( )
and tensor to scalar ratio [41]
r = 16€ 4.15
o, (4.15)

can be determined. The observed inflationary power spectrum P, = 2.1 x 1079 [29] is obtained
for & = 15000. For this value of the non-minimal coupling we have ¢o,q = 0.00877Mp,
¢« = 0.0722Mp and the tensor to scalar ratio r = 0.0035. This value lies well within the
current observational bound r < 0.03 [42, 43]. Thus our inflationary sector corresponds to
Higgs inflation and is observationally viable.

4.2 Spectator field fluctuations

To calculate the non-Gaussianity, we need to examine the dynamics of the spectator field.
Its variance over separate Hubble volumes is calculated in the Einstein frame. Keeping the
field x as dynamical, we have the action

1 ~ ~
~ / d*z /=3 ( —ER - fg“”auqﬁ@uqﬁ (¢)§§“”8ux8ux - W(@X))v

where the x field now has a non-minimal kinetic term

12 1
K($):<1+g¢§f£ —g‘]’Z) : (4.16)

and the potential in the Einstein frame is

FaP W(¢(é)7O—FV7X)

W(e,x) = i+ 5%12 ey (4.17)

Then the equations of motion for the fields are
6+ 3Ho — ; X+ W =0, (4.18)
x+3ﬁx—’?<§x+ﬁ2x ~0. (4.19)
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Now assuming the background spectator field and its derivative are negligible during inflation,
the super-horizon mode equation for the first-order fluctuation of the spectator is

oxr + 3H5Xk XX (4.20)
We use the background slow-roll equations
s - . w
— - 2 _
3Hyp=-W; and H = g (4.21)
to obtain
Sy, + 3H e + 19 by =0 (4.22)
Xk PawWw & Xk X Xk = V. .

Before a mode exits the horizon, we take its evolution to be scale invariant and hence the
power spectrum at horizon crossing as P(tx) = I:I,f /4n%. Thereafter its evolution is described
by the first order mode equation above and it develops an overdamped envelope e ¥ (@k:¢1)
from horizon crossing at ¢y, to the transition at ¢7. The overdamping coefficient is obtained as

. 2W¢ K. @ 2
F(¢r, 1) = 2/ d¢ (1 Porr <d¢3> ) (4.23)
_ 2W,xx B 2W¢ de i do
<\ Jl 3M KW (1 Mg <d¢) > <d¢>

Hence the variance (2.9) is given by

dk Hk" *F(¢>k,¢T)’2_

4.24
k472 (4.24)

o = [P =

Using the slow-roll Friedmann equation and the horizon crossing relation k = a,Hj, =
Gena€ Ve Hy, we can rewrite the integral in terms of the Jordan frame field ¢ as

V (do 1W, w ~FGbr) 2
(%) /d¢ (W¢ <d¢> 2 W) 127 2M2‘ | (4.25)

where here and throughout we choose the scale factor to be unity at the end of inflation,
Gend = 1.

The variance at transition ¢ within our observable universe is calculated by choosing
the appropriate integration limits

2y _ Vo(d0\ 1We\ W ren:

where ¢, corresponds to when the currently observed scale left the horizon. Similarly the
cosmic variance, the variance of modes that lie outside our observable universe at transition
(i.e. modes which left the horizon before N, efolds) is given by

~ ~\ 2 ~ ~
(z)begin W d¢ 1W W
2\ _ o A —F(¢,¢7) |2
= d = — = 4.27
&= ¢(W¢<d¢> 2W)12W2M2| 2 @
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After populating the separate universes with a Gaussian distribution (2.8) with mean
X and variance (Jx3) at transition, the non-Gaussianity parameter can be calculated using
the 0 N-formalism (2.16). However, the d N-calculation depends on time evolution and must
take place in the Einstein frame. Therefore we need to include the full Einstein frame
potential (4.10) to calculate the derivatives of 6N (3.16)—(3.17) in the Einstein frame

I(6N) Vo [dé dor
v _A< <d¢>)‘ n i (4.28)

O*(6N) o (W [(dé dor\? Vv (dé oy
oo i (W (5) ), (50 ()

dx?
4.3 Vacuum transition in de Sitter space

. (4.29)

=¢r

A nearly scale-invariant assumption for inflation implies the transition can be considered to
occur in a fixed de Sitter background, H = const. We find it is important to include the
curved spacetime effect while calculating decay rate during inflation because the resulting
bounce solution radius can be comparable to the Hubble radius. This effect has not been
included in ref. [23] dealing with first order phase transitions during inflation, where the
Minkowski decay rate is used.

The vacuum transition dynamics is best studied in the Jordan frame where the effective
mass for the transition field is directly given by eq. (4.5) where R can be obtained through the
background action (4.6) whose equations of motion for the inflaton field and metric are [44]

VoVeip=W4—EoR, (4.30)
R _ 1 R — au¢8u¢_ %gpyaagbaaﬁf)_guuw“‘ (V \P g,uuv Va)(MQ +§¢2 gaFV)
w gt MR +60% €ty

(4.31)
Contracting the metric equation with ¢g"” and making use of the inflaton field equation we find

(1+6£)0,00" ¢ + AW + 6§¢W¢

R = 4.32
33+ €1+ 6657 — €y 2
Derivatives of the field can be ignored under the slow roll assumption, making
(1+6)Agp* +4 <X"FV + 7B — 2T 4 22 FV)
R~ . (4.33)

M +¢(1+ 6§)¢2 - €0Fv

Owing to the high non-minimal coupling value £ > 1 and the inflaton dominated approxi-
mation, this can be further simplified to

R~ —. 4.34
¢ (4.34)

Finally the effective mass (4.5) becomes
pag = =1+ A + g8, (4.35)
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which decreases towards the end of inflation as required for the vacuum transition to have
observable effects.
The fixed de Sitter background in our case has

Hy = R(f;ﬂ : (4.36)

which implies ¢ can be fixed to its value at transition ¢p for the purposes of the decay
rate calculation.
On a fixed de Sitter background, the transition field has an equation of motion [33, 45]

d’c do dU
— +3Hcot(Hr) — = — 4.37
dr? + 3H cot (Hr) dr  do (4.37)
in Euclideanised space with radius r and with boundary conditions
do do
it - = =0. 4.
dr lr=0 drlr=n/H 0 ( 38)

We calculate the decay rate (3.1) numerically using Mathematica by employing a shooting
algorithm on a domain 7 € [1073, 7 — 1073] and with 70 digits of precision. Once the bounce
solution oy, is obtained, its action is calculated by numerically integrating [46]

™ sin(r)3 o\?
Suloy] = 27 /0 dr H(ﬂ) (; (i) +§2> (4.39)

The exponential coefficient in the decay rate B is obtained by subtracting the constant part

at false vacuum, B = Sgloy] — Sg[opy]. Unless otherwise specified, we always take the
pre-factor in the decay rate to be A = ,uéﬁ in numerical calculations.

4.4 Parameter dependence of fnr,

On a fixed de Sitter background, there exist two types of transitions: the Coleman-De Luccia
transition and the Hawking-Moss (HM) transition. However, depending on the value of
Hubble rate, one dominates over the other. The Hawking-Moss transition only exists if [47, 48]

Hy > b o (4.40)

where ppar = /|[U"(0par)|- Here, opay is the value of the transition field at the top of the
barrier separating true and false vacuums and prime denotes derivative with respect to
the transition field.

We shall now show that the percolation parameter (3.11) for a Hawking-Moss transition

is always less than unity for a quartic potential. Denoting the HM decay rate as I'yy =
Apm exp(—Bpwm), the percolation parameter is bounded by
Apm Anm

p =z exp(=Bum) < - (4.41)
T T

due to the exponent By > 1. The prefactor for Hawking-Moss decay rate is given by [49]
2

H
AHM = 6 L Meffibar (442)
T
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so the bound on p becomes

iﬂefflufbar < iﬂ%ar
67 H% 3 H% ’

(4.43)

where to obtain the last inequality we use the fact that for a quartic transition potential, the
maximum value of peg can be 2pup,, which occurs when ¢’ = 0. Now using the relation (4.40)
for the HM transition to exist we finally see that

4
< —<1 4.44
p< g (4.44)
Hence we conclude that a Hawking-Moss transition never completes during inflation (cf.
eq. (3.12)) for an effectively quartic transition potential.
Consequently, the parameter space of interest in our setup is reduced to

Meff Z HT> (445)

where the Coleman-De Luccia transition dominates.

The effective mass for the Higgs inflation scenario is given by eq. (4.35). Because we are
always assuming the dynamics of the y field is subdominant to both the inflationary and
decay sectors, the last term in this expression contributes negligibly to peg. The middle term,
Ap?, however gets fixed by the Higgs inflation parameter A ~ 10~! and typical value of ¢ over
the last N, efolds ¢ ~ 10~2Mp giving a contribution to preg o< 1073Mp. At higher values of
¢, the potential admits only one vacuum at ¢ = 0. To maintain the existence of the false
vacuum towards the end of inflation when transition takes place, A2 — u? < (3/8)g"2/\.
Therefore p should lie close to )\qb% and we choose = 5 x 1073 Mp.

For an effective mass around 1073Mp, the transition completes close to the end of
inflation if the value of ¢’ is around 10~!Mp. But for such a high value of ¢/, in order to
maintain the inflaton dominated simplification, one has to take A’ ~ 100. This value is
not in the perturbative range and should be seen — just as ¢ — as a phenomenological
parameter describing the tunnelling dynamics. One may, therefore, either assume that the
latter occurs in a regime of non-perturbative couplings or construct a more sophisticated
but perturbative sector describing the tunnelling field. One may also consider modifying
the potential for ¢ beyond minimal Higgs inflation.

Following the above discussion, let us fix the parameter values for transition sector to be

N =100,¢' =10 Mp,u =5 x 10> Mp. (4.46)

The plot of the percolation parameter as a function of number of efolds for these
parameters is given by figure 3. We can see the transition completes at Ny ~ 3.75. We
can also check that all the simplifications for our calculation to hold are satisfied. First,
eq. (3.2) is satisfied, (W (opy) — W (ory))/H2M3 = 0.0093 < 1, and therefore the evolution
is inflaton dominated. Second, (nyy,) = 0 as the potential admits only one vacuum above
N > 5 efolds, and therefore eq. (3.4) is satisfied implying no bubbles can have nucleated
before the largest currently observed scale left the horizon. Third, eq. (3.13) is satisfied,
|dp/dN|n=n, = 64.46 > 1, and therefore the transition happens within one e-folding.
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Figure 3. Percolation parameter during Higgs inflation as a function of the number of efolds and
with transition field parameters X' = 100, ¢’ = 10~ Mp and p =5 x 1073 Mp.

Our mechanism can generate significant non-Gaussianity if the effective mass of the
spectator field is light, i.e. my = gsopy < Hp. For the action (4.1) with above transition field
parameters, the effective mass of spectator field m, = gsopy is zero because opy = 0. This
makes the cosmic variance (4.27) proportional to how long inflation lasted beyond N > N,
efolds, and as such it depends on the specific inflationary scenario being considered. As
the cosmic mean is drawn from a Gaussian distribution with variance equal to the cosmic
variance, it further makes the cosmic mean an independent parameter. We shall only examine
the cosmic mean over an arbitrary range X € [0,44/(0x3)]. For the transition field parameters
fixed above, the variance at transition (4.26) is found to be

(6x2) = 4.5 x 10711 M2, (4.47)

The remaining parameter is the coupling between spectator and transition sectors gg.
We can check that over a range gs € [0.1,10] and X € [0,4/(0x3)] as before, the transition at
Np = 3.75 efolds is not affected. This is in keeping with the spectator dynamics being assumed
sub-dominant to the transition dynamics. However, this allows us to obtain the variation in
fnL as a function of the spectator sector parameters gg and X in the above range analytically
directly using our non-Gaussianity calculation method expressed through eq. (2.16).

To simplify the calculation for the sub-leading term in fxp, (2.16), we divide the domain
of integration into two: when 0 < ¢ < ki, we approximate {Z(|kx + 1), S(|kx — q1)} ~ S(k.)
and when k, < ¢ < q(N7), we approximate {Z(|k. + ), 2(|kx — @)} ~ %(q). Hence the
total momentum integral is approximated as

dq

= N kx Q(NT)
2@+ SR — ) Sk [ PdaS@) + [ Pda S0P (149
m Lt ks

and calculated numerically. Note that we have also introduced an infrared cut-off L—!
corresponding to the size of the observable universe. In reality the cut-off, which arises from
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Figure 4. Non-Gaussianity parameter fxi, as a function of spectator coupling gs and cosmic mean .
We highlight non-Gaussianity parameter values in the range fxr, € [0.1,100] which might be accessible
by current and future experiments. Other parameters in the Higgs inflation scenario are fixed to their
sample values: N = 100, ¢’ = 107'Mp and p =5 x 1073 Mp.

the 0NV formalism, is not sharp. Therefore it is not possible to assign a precise value to L.
But we know that the size of the observable universe as compared to the scale at which
non-Gaussianity observations take place must satisfy In(k.L) 2 1. The non-Gaussianity
parameter fni, (2.16) increases with In(k.L), therefore to be on the conservative side we
take In(k.L) = 1 in our calculations to clearly demonstrate that non-Gaussianity owing to
vacuum transition during inflation can be large.

In figure 4, we plot fnr, as a function of the spectator sector parameters gg and . The
dependence on gg reveals an approximately power law scaling which we find to be fnr, gg.
On the other hand, the dependence on X is slight.

Finally let us summarise by providing a sample set of parameter values for the Higgs
inflation scenario:

N =100, =10 Mp,u=5x 103Mp,x =0, g5 = 0.5. (4.49)
For these sample values the non-Gaussianity parameter is calculated to be

fNL = —25.96 . (4.50)

5 Conclusion and discussion

We have outlined a general method to calculate the non-Gaussianity of primordial curvature
perturbations from vacuum transition during inflation in the presence of a light scalar
field. By using our method, one can obtain an analytical estimate of the non-Gaussianity
parameter (2.16) for a generic potential through the difference in its derivatives before and
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after the transition (3.16)—(3.17), and the derivatives of its effective mass for the transition
field (3.22)—(3.23).

It may be possible to relax some of the approximations used to obtain this analytic form,
such as that the evolution is inflaton dominated, the decay occurs in the form of a sudden
transition, there is no bubble background at transition, the number of efolds have no extrinsic
dependence on the spectator field y or that the Hubble rate at transition Hp is independent
of x. However, this would require us to extend the treatment and possibly perform the
non-Gaussianity calculation numerically. And could be a direction for future work.

By applying our method to the Higgs inflation model, we have conclusively shown
that vacuum transition occurring during inflation in the presence of a light spectator field
can be the source of large non-Gaussianity. We find that fni, takes values in the current
observationally allowed range of fllﬁ’fal = —0.9+ 5.1 [50] for a wide range of cosmic mean Y
values and a narrower range of spectator field couplings gs. Higgs inflation model parameters
which yield a fyr, value larger than the observationally allowed range can already be ruled
out. Cosmological experiments in the near future [51] will further restrict this allowed range
and can, therefore, more tightly constrain the parameter space of such models involving
vacuum transition during inflation.

Finally, we note the requirement of a separate light spectator field in addition to the
inflaton and vacuum transition fields in our model. For the transition field to be light, the top
of the barrier must be flatter. This implies |U}/ .| = |Ufy,/| for a quartic decay potential, and
hence the Hawking Moss transition, which is the dominant one for small effective mass, can
never percolate as shown in section 4.4. Thus if the transition field is light then decay never
completes and hence a separate light spectator field is required to generate the fluctuations
that modulate the vacuum transition rate.

However, if the decay potential contains operators higher than dimension four, then it
could be possible to simultaneously satisfy the light effective mass and percolation condi-
tions [23]. When the interactions and particle content required to have a vacuum transition
during inflation scenario arise from integrating out sectors beyond the Standard Model, such
higher dimensional operators may be generated. Finding well-motivated particle physics
models where the transition field remains light can be a direction for further work.

First order phase transitions occurring during inflation can also be the source for Grav-
itational Waves (GWs) [52-56]. Along with the analysis presented here, a complementary
examination of GWs could be decisive in identifying the non-Gaussian signal as the result of a
first order phase transition. Furthermore, it would help in constraining the allowed parameter
range of theories exhibiting multiple vacua during inflation even better as upcoming GW
experiments generate more data.
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