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Inflation:  
a stage for new dynamics

High energy: H can be 1013 GeV.


Can produce heavy new physics particles.
“Cosmological collider physics”


Inflaton can travel a large distance in field space.


Can trigger dramatic changes in spectator 
sectors which couple to the inflaton.


Can also show up in cosmo collider.
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The excursion of the inflaton
Δϕ ∼ Nefold ϵMPlanck

Large excursion of the inflaton field plausible, even if we restrict 
ourselves to the case where 𝝙𝜙 < MPlanck  

This is the case even for a small part of inflation with Nefold ≈ O(1)

Any physics/observable effect? 



Example: Inflaton + spectator

Spectator, less energy,  
not driving spacetime evolution

Inflaton sector 
Single field slow roll 

Approx. shift symmetry…

𝜙 σ

Suppose the coupling is weak, suppressed by some high 
scale M, such as M≈MPlanck

For example: f ( ϕ
M ) m2

σσ2, g ( ϕ
M ) λσ4,  etc.

Field excursion of inflaton, 𝝙𝜙 ～M,  can change the mass and couplings 
in the spectator sector, leading to interesting dynamics.



For example: 1st order PT
V(ϕ, σ) = −

1
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μ2
effσ2 +
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σ6 + Vinf(ϕ), μ2

eff = − (m2
σ − c2ϕ2)

c2 ∼
m2

σ

M2
≪ 1

Rolling inflaton → (1st order) phase transition in the spectator sector



1st order phase transition

Bubble nucleation rate: 
Γ
V

≃ m4
σe−S4

Efficient phase transition: 

∫
t

−∞
dt′ 

Γ
V

1
H3

≃ O(1) → S4 ∼ log ( ϕH
·ϕ

m4
σ

H4 ) ∼ log ( ϕ
ϵ1/2MPl

m4
σ

H4 )
Phase transition is 1st order (S4 ≫1). 
Assume spectator sector does not dominate energy density: 

H4 ≪ m4
σ ≪ 3M2

PlH
2

: typical scale in the spectator sectormσ



1st order phase transition
Phase transition completed with O(1) of Hubble volume in 
new phase: 

S4(t) ≃ S(t*) + β(t* − t) + … β4 ≪ m4
σ ≪ 3M2

PlH
2

Guth and Weinberg, 83’

r−1
bubble ≃ β =

dS4

dt
β ∼ (10 − 100) × H

7

FIG. 7: Evolution of the fraction of the space occupied by the
true vacuum.

Typical values of �/H

In a first order phase transition, the typical radius of
the bubbles at the end of the phase transition can be
estimated as ��1 = |dS4/dt|
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can be calculated numerically with CosmoTransition [52],
and the results show that the value of I1 can vary from
0.2 to 5.

Therefore, we get
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In slow-roll single field models, we have the simple rela-
tion that [36]

Z
�PT

�end
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p
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= Ne , (34)

where Ne is defined as the number of e-folds before the
end of inflation. Therefore, if we use the range of � to
estimate the value of � at the moment of the phase tran-
sition and assume epsilon does not evolve much after the
phase transition, we have
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In the phase transition region, since it usually requires
a small bounce, there is usually a cancelation between
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FIG. 8: Numerical simulation of the occupation fraction of
the new vacuum for �/H = 30 (blue) and �/H = 15 (green).

FIG. 9: Distributions of the physical radius of bubbles when
the occupation faction of the new vacuum is about 90% for
�/H = 30 (left) and �/H = 15 (right). The vertical axis
show the number of bubbles in a comoving volume of 8H�3

in each radius bin.

the two terms in µ
2

e↵
. For example, in the case of V1

and V2, during the phase transition, the ratio µ
2

e↵
/⇤2

changes from order one to about 10%. Therefore, it is
very probable that in the framework of slow-roll phase
transition, the value of �/H is about O(10) to O(100).

β
H

= 30
β
H

= 15

For GW signal in the opposite limit: J. Barir, M. Geller, C. Sun, T. Volansky, 2203.00693 



In our toy model:

r−1
bubble ≃ β =

dS4

dt

β
H

=
dS4

d log μ2
eff

(2ϵ)1/2 ×
MPl

ϕ (1 − m2
σ /(c2ϕ2))

First order phase transition during 
inflation
•
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1st order phase transition

H−1

rbubble

tbubble collision ∼ rbubble ≪ H−1

β−1 ∼ rbubble ≪ H−1

An instantaneous source of GW.  

Phase transition is 1st order, and spectator sector does 
not dominate energy density: 

S4(t) ≃ S(t*) + β(t* − t) + … β4 ≪ m4
σ ≪ 3M2

PlH
2



1
Ha

co-moving scale

log a

rbubble ∼ Δτ −

τ*

← Δτ →

k > Δ−1
τ

(τ*)−1 < k < Δ−1
τ

|τ* | = (H*a)−1 −

k < (τ*)−1

Time of phase transition

GW modes

GW in three regimes

Intermediate

IR

UV



GW from instantaneous source
h′ ′ +

2a′ 

a
h′ + k2h = 16πGNa3Tij

Instantaneous source: Tij ≃ Ta−3(τ*)δ(τ − τ*)

h = 16πGN(−Hτ)[ sin k(τ − τ*)
k

+ ( 1
k2τ

−
1

k2τ* ) cos k(τ − τ*) +
1

k3ττ*
sin k(τ − τ*)]

Before the end of inflation: 

Assume radiation domination after reheating (for now):

h ∝
sin kτ

kτ



GW signal

τ−1
* < k < Δ−1

τ

bound, ⌧f . a(⌧) ! 1 as ⌧ ! ⌧f . The GW perturbation (in the following of the paper, we use hij to
describe only its transverse and traceless part) satisfies the di↵erential equation
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where 0 indicates derivatives with respect to the conformal time ⌧ , GN is the Newton’s gravity constant,
and �ij is the transverse, traceless part of the energy-momentum tensor. For the convenience of the
discuss, we also define

hij(⌧,x) = a(⌧)hij(⌧,x) . (2.4)

Then hij satisfies

h00
ij
�
✓
r2 +

a
00

a

◆
hij = 16⇡GNa

3
�ij . (2.5)

We can solve Eq. (2.5) using the Green’s function method, and the solution can be written as
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For the convenience of later discussions, we define the dimensionless conformal time variable,

⌘ = k⌧ , (2.9)

and redefine the Green’s function,
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For the convenience of the later discussion, we also introduce another solution of Eq. (2.11), F̃(⌘, ⌘0),
satisfying initial condition

F̃(⌘0, ⌘0) = 1 ,
dF̃(⌘, ⌘0)
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During inflation: 

Mode starts inside horizon, oscillates till horizon exit.  
➡ Amplitude depends on k.  
➡ Leads to oscillatory pattern in frequency.  

Horizon exit Re-entry

Intermediate

h ∝
cos(kτ*)

k2



Oscillations
τ−1

* < k < Δ−1
τ
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k > Δ−1
τ

Time scale of bubble collision ≈  .Δτ

Oscillation pattern in frequency smeared out in this regime.

Δτ

UV:

Spectrum depends on details of the source. 
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k < τ*

Mode outside horizon at the time of phase transition

No oscillation. Can treat the GW as if it is from a 
point source. 

IR:





depend on its details. Therefore, with the knowledge of Ẽ
i

0(k) and G̃
f

0 (k) from the measurement
of the the IR and the oscillatory parts of the signal, the UV part can be used to determine the
detailed mechanism of the GW production.

Figure 3. Illustration of the k dependence of di↵erent parts of a typical GW spectrum.

Perhaps the simplest picture of the early universe is a single period of quasi-de Sitter inflation. At
the end of the inflation, there is a a quick reheating followed by radiation dominated (RD) expansion.
However, the actual evolution can be much more complicated. The inflation does not have to be
quasi-de Sitter. In addition, the inflationary epoch can have di↵erent stages, some of them could be
close to quasi-de Sitter but others not. During the reheating, if the conversion from the energy in
the inflaton to the radiation is not very e�cient, the universe will be matter dominated (MD) for a
significant period of time. In the RD period, if there are some long lived matter, it is possible that
they will come dominate the energy density, leading stages of MD. As the universe is cooling down,
there can also be phase transitions which can produce other topologically defects (such as cosmic
strings) which could dominate the energy density for a period of time and alter the evolution. If some
of these new dynamics happen when the CMB modes (or modes which can be probed by other large
scale structure measurements) exit or re-enter the horizon, or during some later epoch such as the big
bang nucleosynthesis (BBN), there could be corresponding observational signals. Otherwise, if these
would happen in a “cosmic dark age” in between, we would have few probes. For example, even in
the simplest scenario with inflation is driven by a slow rolling scalar field which is also responsible for
reheating, we have very little handle on the shape of the inflaton potential for the last ten(s) e-foldings
before reheating.

From the discussion above, it is obvious that the gravitation wave signal discussed in this paper
o↵ers a window in probing the cosmic dark age. As we will demonstrate in detail in this paper, the
shape of the gravitational wave signal, encapsulated in factors G̃

f

0 (k) and Ẽ
i

0(k), depend sensitively on
the evolution of the universe. If gravitational wave with the oscillatory feature described in this paper
is observed, it would o↵er an unmistakable signal for an approximate instantaneous source in the early
universe. At the same time, it would be of great interest to measure its shape in detail which would
give a lot of power in distinguishing di↵erent scenario of the history of the early universe [26].

– 5 –

dρGW

d log k
∝ k3⟨(h′ )2⟩
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Perhaps the simplest picture of the early universe is a single period of quasi-de Sitter inflation. At
the end of the inflation, there is a a quick reheating followed by radiation dominated (RD) expansion.
However, the actual evolution can be much more complicated. The inflation does not have to be
quasi-de Sitter. In addition, the inflationary epoch can have di↵erent stages, some of them could be
close to quasi-de Sitter but others not. During the reheating, if the conversion from the energy in
the inflaton to the radiation is not very e�cient, the universe will be matter dominated (MD) for a
significant period of time. In the RD period, if there are some long lived matter, it is possible that
they will come dominate the energy density, leading stages of MD. As the universe is cooling down,
there can also be phase transitions which can produce other topologically defects (such as cosmic
strings) which could dominate the energy density for a period of time and alter the evolution. If some
of these new dynamics happen when the CMB modes (or modes which can be probed by other large
scale structure measurements) exit or re-enter the horizon, or during some later epoch such as the big
bang nucleosynthesis (BBN), there could be corresponding observational signals. Otherwise, if these
would happen in a “cosmic dark age” in between, we would have few probes. For example, even in
the simplest scenario with inflation is driven by a slow rolling scalar field which is also responsible for
reheating, we have very little handle on the shape of the inflaton potential for the last ten(s) e-foldings
before reheating.

From the discussion above, it is obvious that the gravitation wave signal discussed in this paper
o↵ers a window in probing the cosmic dark age. As we will demonstrate in detail in this paper, the
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Figure 1. Illustration of the k dependence of di↵erent parts of a typical GW spectrum.

none of these scenarios can produce features in the GW spectrum similar to first order phase transition
during inflation.

In the appendix of Ref. [20], we provide simple models that first order phase transition can happen
and finish during inflation. Possible scenarios are also studied in Ref. [69], where first order phase
transition in the thermal plasma is assumed to present at the beginning of inflation, and in Ref. [70],
where the inflation starts from a first order phase transition. Some results about the features of the
GW spectrum from first order phase transition are also studied in Ref. [71].

The rest of the paper is organized as the following. In Sec. 2, we show that the oscillation feature
is generic for instantaneous sources happen during the accelerating expansion era of the universe. In
Sec. 3, we discuss how to use the oscillation pattern to distinguish di↵erent inflation models. In Sec. 4,
we discuss the influence on the oscillation pattern from later evolutions of the universe after inflation.
In Sec. 5, we present examples of inflation models that first order phase transition can happen and
generate GW signals large enough to be observed by future detectors. We summarize our results in
Sec. 6.

2 Generic features

The metric of our expanding universe can be written as

ds
2 = �dt

2 + a
2(t)(�ij + hij)dx

i
dx

j
, (2.1)

where a is the scale factor, and the transverse traceless part of hij parameterizes the GW degrees of
freedom. If the expansion of the universe is accelerating we have ä > 0. Here the dot is defined as
derivatives with respect to t. The conformal time is defined as d⌧ = a

�1(t)dt, then the metric can be
written as

ds
2 = a

2(⌧)
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�d⌧
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. (2.2)

It is well-known that if the expansion of the universe accelerates, there will be a future event horizon,
which means in the comoving coordinate system, the range of the conformal time, ⌧ , has an upper
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⌧c integral. Moreover, for k < ��1
⌧

, there can still be a smearing e↵ect. For example, if the shape of
the source as a function of time is Gaussian like, then the smearing factor is e�k

2�2
⌧/2. If it is square

like, the smearing factor becomes sin(k�⌧ )/(k�⌧ ). For a realistic model, the smearing factor can be
determined from numerical simulation (see [73] for results using envelop approximation and [74, 75]
for results away from envelop approximation).

As a result, the smeared oscillatory part of the spectrum can be generally estimated as
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where S is the smearing factor.

2.4 The UV behavior of the GW spectrum

To get the UV behavior, let’s study the case that kp�p � 1. In this case, the discussions in the
Sec. 2.3 still applies. Therefore, the contribution from the oscillating term in Eq. (2.35) is suppressed.
Therefore, in this region, we have
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The UV spectrum depends on both the detailed models of inflation, later evolution after inflation, and
the information of the GW source.

2.5 The IR behavior of GW spectrum

We have already shown that in the case of ⌘0 < ⌘A, the Green’s function has an oscillatory feature.
Now, let’s discuss its behavior in the region of ⌘0 > ⌘B . In this case, the Green’s function (2.11) can
be simplified as
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where in the last step the integral variable is changed back to ⌧ and we can see that the factor in [· · · ]
is independent of k. Then compared to the steps in Sec. 2.2, the infrared spectrum can be written as
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One can see that the infrared spectrum is fixed up to the model dependence of the evolution of the
universe after inflation.
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none of these scenarios can produce features in the GW spectrum similar to first order phase transition
during inflation.

In the appendix of Ref. [20], we provide simple models that first order phase transition can happen
and finish during inflation. Possible scenarios are also studied in Ref. [69], where first order phase
transition in the thermal plasma is assumed to present at the beginning of inflation, and in Ref. [70],
where the inflation starts from a first order phase transition. Some results about the features of the
GW spectrum from first order phase transition are also studied in Ref. [71].

The rest of the paper is organized as the following. In Sec. 2, we show that the oscillation feature
is generic for instantaneous sources happen during the accelerating expansion era of the universe. In
Sec. 3, we discuss how to use the oscillation pattern to distinguish di↵erent inflation models. In Sec. 4,
we discuss the influence on the oscillation pattern from later evolutions of the universe after inflation.
In Sec. 5, we present examples of inflation models that first order phase transition can happen and
generate GW signals large enough to be observed by future detectors. We summarize our results in
Sec. 6.
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where a is the scale factor, and the transverse traceless part of hij parameterizes the GW degrees of
freedom. If the expansion of the universe is accelerating we have ä > 0. Here the dot is defined as
derivatives with respect to t. The conformal time is defined as d⌧ = a
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It is well-known that if the expansion of the universe accelerates, there will be a future event horizon,
which means in the comoving coordinate system, the range of the conformal time, ⌧ , has an upper
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determined from numerical simulation (see [73] for results using envelop approximation and [74, 75]
for results away from envelop approximation).
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where S is the smearing factor.

2.4 The UV behavior of the GW spectrum

To get the UV behavior, let’s study the case that kp�p � 1. In this case, the discussions in the
Sec. 2.3 still applies. Therefore, the contribution from the oscillating term in Eq. (2.35) is suppressed.
Therefore, in this region, we have

d⇢
UV
GW

d log k
=

2GN |T̂ij(k,k)|2

⇡V a4(⌧)a2(⌧?)

⇢h
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The UV spectrum depends on both the detailed models of inflation, later evolution after inflation, and
the information of the GW source.

2.5 The IR behavior of GW spectrum

We have already shown that in the case of ⌘0 < ⌘A, the Green’s function has an oscillatory feature.
Now, let’s discuss its behavior in the region of ⌘0 > ⌘B . In this case, the Green’s function (2.11) can
be simplified as
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where in the last step the integral variable is changed back to ⌧ and we can see that the factor in [· · · ]
is independent of k. Then compared to the steps in Sec. 2.2, the infrared spectrum can be written as
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One can see that the infrared spectrum is fixed up to the model dependence of the evolution of the
universe after inflation.
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Figure 1. Illustration of the k dependence of di↵erent parts of a typical GW spectrum.

none of these scenarios can produce features in the GW spectrum similar to first order phase transition
during inflation.

In the appendix of Ref. [20], we provide simple models that first order phase transition can happen
and finish during inflation. Possible scenarios are also studied in Ref. [69], where first order phase
transition in the thermal plasma is assumed to present at the beginning of inflation, and in Ref. [70],
where the inflation starts from a first order phase transition. Some results about the features of the
GW spectrum from first order phase transition are also studied in Ref. [71].

The rest of the paper is organized as the following. In Sec. 2, we show that the oscillation feature
is generic for instantaneous sources happen during the accelerating expansion era of the universe. In
Sec. 3, we discuss how to use the oscillation pattern to distinguish di↵erent inflation models. In Sec. 4,
we discuss the influence on the oscillation pattern from later evolutions of the universe after inflation.
In Sec. 5, we present examples of inflation models that first order phase transition can happen and
generate GW signals large enough to be observed by future detectors. We summarize our results in
Sec. 6.

2 Generic features

The metric of our expanding universe can be written as

ds
2 = �dt

2 + a
2(t)(�ij + hij)dx

i
dx

j
, (2.1)

where a is the scale factor, and the transverse traceless part of hij parameterizes the GW degrees of
freedom. If the expansion of the universe is accelerating we have ä > 0. Here the dot is defined as
derivatives with respect to t. The conformal time is defined as d⌧ = a

�1(t)dt, then the metric can be
written as
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. (2.2)

It is well-known that if the expansion of the universe accelerates, there will be a future event horizon,
which means in the comoving coordinate system, the range of the conformal time, ⌧ , has an upper
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⌧c integral. Moreover, for k < ��1
⌧

, there can still be a smearing e↵ect. For example, if the shape of
the source as a function of time is Gaussian like, then the smearing factor is e�k

2�2
⌧/2. If it is square

like, the smearing factor becomes sin(k�⌧ )/(k�⌧ ). For a realistic model, the smearing factor can be
determined from numerical simulation (see [73] for results using envelop approximation and [74, 75]
for results away from envelop approximation).

As a result, the smeared oscillatory part of the spectrum can be generally estimated as
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where S is the smearing factor.

2.4 The UV behavior of the GW spectrum

To get the UV behavior, let’s study the case that kp�p � 1. In this case, the discussions in the
Sec. 2.3 still applies. Therefore, the contribution from the oscillating term in Eq. (2.35) is suppressed.
Therefore, in this region, we have
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The UV spectrum depends on both the detailed models of inflation, later evolution after inflation, and
the information of the GW source.

2.5 The IR behavior of GW spectrum

We have already shown that in the case of ⌘0 < ⌘A, the Green’s function has an oscillatory feature.
Now, let’s discuss its behavior in the region of ⌘0 > ⌘B . In this case, the Green’s function (2.11) can
be simplified as
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where in the last step the integral variable is changed back to ⌧ and we can see that the factor in [· · · ]
is independent of k. Then compared to the steps in Sec. 2.2, the infrared spectrum can be written as
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One can see that the infrared spectrum is fixed up to the model dependence of the evolution of the
universe after inflation.
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Figure 1. Illustration of the k dependence of di↵erent parts of a typical GW spectrum.

none of these scenarios can produce features in the GW spectrum similar to first order phase transition
during inflation.

In the appendix of Ref. [20], we provide simple models that first order phase transition can happen
and finish during inflation. Possible scenarios are also studied in Ref. [69], where first order phase
transition in the thermal plasma is assumed to present at the beginning of inflation, and in Ref. [70],
where the inflation starts from a first order phase transition. Some results about the features of the
GW spectrum from first order phase transition are also studied in Ref. [71].

The rest of the paper is organized as the following. In Sec. 2, we show that the oscillation feature
is generic for instantaneous sources happen during the accelerating expansion era of the universe. In
Sec. 3, we discuss how to use the oscillation pattern to distinguish di↵erent inflation models. In Sec. 4,
we discuss the influence on the oscillation pattern from later evolutions of the universe after inflation.
In Sec. 5, we present examples of inflation models that first order phase transition can happen and
generate GW signals large enough to be observed by future detectors. We summarize our results in
Sec. 6.
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where a is the scale factor, and the transverse traceless part of hij parameterizes the GW degrees of
freedom. If the expansion of the universe is accelerating we have ä > 0. Here the dot is defined as
derivatives with respect to t. The conformal time is defined as d⌧ = a
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It is well-known that if the expansion of the universe accelerates, there will be a future event horizon,
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where S is the smearing factor.

2.4 The UV behavior of the GW spectrum

To get the UV behavior, let’s study the case that kp�p � 1. In this case, the discussions in the
Sec. 2.3 still applies. Therefore, the contribution from the oscillating term in Eq. (2.35) is suppressed.
Therefore, in this region, we have
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The UV spectrum depends on both the detailed models of inflation, later evolution after inflation, and
the information of the GW source.

2.5 The IR behavior of GW spectrum

We have already shown that in the case of ⌘0 < ⌘A, the Green’s function has an oscillatory feature.
Now, let’s discuss its behavior in the region of ⌘0 > ⌘B . In this case, the Green’s function (2.11) can
be simplified as
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where in the last step the integral variable is changed back to ⌧ and we can see that the factor in [· · · ]
is independent of k. Then compared to the steps in Sec. 2.2, the infrared spectrum can be written as

d⇢
IR
GW

d log k
=

4GN |T̂ij(0, 0)|2

⇡2V a4(⌧)

⇢h
Ẽ i

0(k)G̃
f

0 (k)
i2

k
3

�

=
4GN |T̂ij(0, 0)|2

⇡2V a4(⌧)

Z 0

⌧?

a
�2(⌧1)d⌧1

�2 ⇢h
Ẽ i

0(k)
i2

k
5

�
. (2.44)

One can see that the infrared spectrum is fixed up to the model dependence of the evolution of the
universe after inflation.
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Dependence on later evolution

Figure 1. Illustration of the k dependence of di↵erent parts of a typical GW spectrum.

none of these scenarios can produce features in the GW spectrum similar to first order phase transition
during inflation.

In the appendix of Ref. [20], we provide simple models that first order phase transition can happen
and finish during inflation. Possible scenarios are also studied in Ref. [69], where first order phase
transition in the thermal plasma is assumed to present at the beginning of inflation, and in Ref. [70],
where the inflation starts from a first order phase transition. Some results about the features of the
GW spectrum from first order phase transition are also studied in Ref. [71].

The rest of the paper is organized as the following. In Sec. 2, we show that the oscillation feature
is generic for instantaneous sources happen during the accelerating expansion era of the universe. In
Sec. 3, we discuss how to use the oscillation pattern to distinguish di↵erent inflation models. In Sec. 4,
we discuss the influence on the oscillation pattern from later evolutions of the universe after inflation.
In Sec. 5, we present examples of inflation models that first order phase transition can happen and
generate GW signals large enough to be observed by future detectors. We summarize our results in
Sec. 6.

2 Generic features

The metric of our expanding universe can be written as

ds
2 = �dt

2 + a
2(t)(�ij + hij)dx

i
dx

j
, (2.1)

where a is the scale factor, and the transverse traceless part of hij parameterizes the GW degrees of
freedom. If the expansion of the universe is accelerating we have ä > 0. Here the dot is defined as
derivatives with respect to t. The conformal time is defined as d⌧ = a

�1(t)dt, then the metric can be
written as

ds
2 = a

2(⌧)
⇥
�d⌧

2 + (�ij + hij)dx
i
dx

j
⇤
. (2.2)

It is well-known that if the expansion of the universe accelerates, there will be a future event horizon,
which means in the comoving coordinate system, the range of the conformal time, ⌧ , has an upper
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Therefore, when the mode evolves back into the horizon (k � ȧ = a
0
/a)

E(⌘) = Ẽ i

0a
�1 sin(⌘ + �) . (2.25)

Here the coe�cient of proportionality Ẽ i

0 also depends on k, just like G̃f

0 , and from now on we will
write its dependence on k explicitly.

For example, depending on the state of the universe right after the inflation phase, we have

E(⌘) =
(

sin ⌘

⌘
radiation dominated

3
⌘3 (sin ⌘ � ⌘ cos ⌘) matter dominated

. (2.26)

The observed energy density at conformal time ⌧ can be written as

⇢GW =
1

16⇡GNa2
hh02

ij
(⌧,x)i , (2.27)

where h· · · i means the the spatial average and the average over ⌧ for at least several periods to measure
the GW. Therefore we have

hh02
ij
(⌧,x)i = 1

V

Z
d
3
k

(2⇡)3
d
3
k
0

(2⇡)3

Z
d
3
xh̃

0
ij
(⌧,k)h̃0⇤

ij
(⌧,k0)ei(k�k0)·x =

1

V

Z
d
3
k

(2⇡)3
h|h̃0

ij
(⌧,k)|2i ,(2.28)

where V is the total spatial comoving volume. Then, we can get the general formula

⇢GW(⌧) =

Z
d
3
k

(2⇡)3

8⇡GN

h
Ẽ i

0(k)G̃
f

0 (k)
i2

V a4(⌧)

Z
d⌧

0
1d⌧

0
2 cos k(⌧

0
1 � ⌧

0
0) cos k(⌧

0
2 � ⌧

0
0) T̃ij(⌧

0
1,kp)T̃

⇤
ij
(⌧ 02,kp) ,

(2.29)

where the average over ⌧ is treated as sin2 k⌧ ! 1/2.
Let’s further assume that the source of the GW happened within �⌧ around ⌧?. We can expand

the cosine factor around ⌧
0 = ⌧?,

cos k(⌧ 0 � ⌧
0
0) = cos(k(⌧? � ⌧

0
0) + k�⌧ ) = cos k(⌧? � ⌧

0
0) cos k�⌧ � sin k(⌧? � ⌧

0
0) sin k�⌧ . (2.30)

Now, let’s consider first the case that k�⌧ ⌧ 1. In the case of first order phase transition, �⌧ can be
estimated as the typical radius of the bubbles at the end of the phase transition. In this case, we can
approximate

cos k�⌧ ! 1 , sin k�⌧ ! 0 . (2.31)

Carrying out the ⌧
0
1 and ⌧

0
2 integrals, we have

⇢GW(⌧) =

Z
d
3
k

(2⇡)3

8⇡GN

h
Ẽ i

0(k)G̃
f

0 (k)
i2

V a4(⌧)a2(⌧?)
cos2 k(⌧? � ⌧

0
0)T̂ij(0,k)T̂

⇤
ij
(0,k) . (2.32)

where

T̂ij(0,k) = a(⌧?)

Z
d⌧ T̃ij(⌧,k) (2.33)

is the zero mode of the temporal Fourier transformation of T̃ij(⌧,k). As shown in Ref. [72], and also
numerically in Ref. [73] for a large class of models including first order phase transition, in the case
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Therefore, when the mode evolves back into the horizon (k � ȧ = a
0
/a)

E(⌘) = Ẽ i

0a
�1 sin(⌘ + �) . (2.25)

Here the coe�cient of proportionality Ẽ i

0 also depends on k, just like G̃f

0 , and from now on we will
write its dependence on k explicitly.

For example, depending on the state of the universe right after the inflation phase, we have

E(⌘) =
(

sin ⌘

⌘
radiation dominated

3
⌘3 (sin ⌘ � ⌘ cos ⌘) matter dominated

. (2.26)

The observed energy density at conformal time ⌧ can be written as

⇢GW =
1

16⇡GNa2
hh02

ij
(⌧,x)i , (2.27)

where h· · · i means the the spatial average and the average over ⌧ for at least several periods to measure
the GW. Therefore we have
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where V is the total spatial comoving volume. Then, we can get the general formula

⇢GW(⌧) =
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k
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d⌧

0
1d⌧

0
2 cos k(⌧

0
1 � ⌧

0
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0
2 � ⌧

0
0) T̃ij(⌧

0
1,kp)T̃

⇤
ij
(⌧ 02,kp) ,

(2.29)

where the average over ⌧ is treated as sin2 k⌧ ! 1/2.
Let’s further assume that the source of the GW happened within �⌧ around ⌧?. We can expand

the cosine factor around ⌧
0 = ⌧?,

cos k(⌧ 0 � ⌧
0
0) = cos(k(⌧? � ⌧

0
0) + k�⌧ ) = cos k(⌧? � ⌧

0
0) cos k�⌧ � sin k(⌧? � ⌧

0
0) sin k�⌧ . (2.30)

Now, let’s consider first the case that k�⌧ ⌧ 1. In the case of first order phase transition, �⌧ can be
estimated as the typical radius of the bubbles at the end of the phase transition. In this case, we can
approximate

cos k�⌧ ! 1 , sin k�⌧ ! 0 . (2.31)

Carrying out the ⌧
0
1 and ⌧

0
2 integrals, we have

⇢GW(⌧) =

Z
d
3
k

(2⇡)3

8⇡GN

h
Ẽ i

0(k)G̃
f

0 (k)
i2

V a4(⌧)a2(⌧?)
cos2 k(⌧? � ⌧

0
0)T̂ij(0,k)T̂

⇤
ij
(0,k) . (2.32)

where

T̂ij(0,k) = a(⌧?)

Z
d⌧ T̃ij(⌧,k) (2.33)

is the zero mode of the temporal Fourier transformation of T̃ij(⌧,k). As shown in Ref. [72], and also
numerically in Ref. [73] for a large class of models including first order phase transition, in the case
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Alternative scenarios can change the shape of the GW signal!

Can be sensitive to era after the CMB mode exit the horizon and before BBN 



Scenarios of inflation and its 
aftermath

w ⇢(a) p̃ ↵̃

MD 0 a
�3 2/3 -3/2

RD 1/3 a
�4 1/2 -1/2

⇤ -1 a
0 1 3/2

Cosmic string -1/3 a
�2 1 1

Domain wall -2/3 a
�1 2 5/2

kination 1 a
�6 1/3 0

Table 1. Examples of post-inflationary scenarios, the corresponding equation of state w, the evolution of

the energy density ⇢(a) and the power parameter p̃ and ↵̃.

When ⌧ � ⌧1, we have

H(a) =
⇣
a1

a

⌘ 1
p̃
H1

k

a(⌧)H(⌧)
= k⌧

1� p̃

p̃
= k⌧

2

1� 2↵̃
(4.4)

The solution to the Greens function (2.11) with the initial condition (2.21) is then

E(⌘) = (⌘ �G1⌘1)
↵̃


L1J↵̃(⌘ �G1⌘1) + L2Y↵̃(⌘ �G1⌘1)

�
. (4.5)

Requiring that when ⌘ ! ⌘1 ⌧ 1, E ! 1 and also E 0 ! 0 fixes

L1 = 2�2+↵̃
⇡

✓
1� 2↵̃

a1H1

◆1�↵̃

Y↵̃�1

✓
k(1� 2↵̃)

2a1H1

◆
, (4.6)

L2 = �2�2+↵̃
⇡

✓
1� 2↵̃

a1H1

◆1�↵̃

J↵̃�1

✓
k(1� 2↵̃)

2a1H1

◆
. (4.7)

In the limit |⌘1| ⌧ 1, we have

L1 =
1

2
cos(⇡↵̃)�(1� ↵̃)(1� 2↵̃)1�↵̃

, L2 = � ⇡

2�(↵̃)
(1� 2↵̃)1�↵̃

. (4.8)

When the modes evolves back into the horizon ⌘ � 1, we have

E(⌘̃) =
p
⇡2

1
2�↵̃ csc(⇡↵̃) (⌘ � ⌘1G1) ↵̃�

1
2 sin

�
⇡↵̃

2 + ⌘ � ⌘1G1 +
⇡

4

�

�(↵̃)
(4.9)

From here, we can read

Ẽ i

0 =

p
⇡2

1
2�↵̃

F1 csc(⇡↵̃)k↵̃�
1
2

�(↵̃)
. (4.10)

In the following subsections, we discuss three special cases, radiation domination in Sec. 4.2, matter
domination in Sec. 4.3 and a short inflationary phase in Sec. 4.4 inside radiation domination. We
discuss more complicated cases such as a matter domination era before radiation in Appendix A.1 and
a phase of general equation of state inside radiation domination in Appendix A.2.
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Scenarios after inflation: 

Scenarios of inflation3.2 Power Law Inflation

The early period of inflation can also be parametrized by

a(t) = a0(t/t0)
p
. (3.5)

It was shown that in power law inflation, a scalar field with an exponential potential of the form [80]

V (�) = V0e
���/Mpl (3.6)

can give rise to the desired background (3.5). When p ! 1, the background evolution approaches a de
Sitter spacetime that we discussed in Sec. 3.1. This parameterization can be also applied to alternative
to inflation scenarios and model independent ways to distinguish inflation from alternatives has been
proposed [81, 82]. However, here we focus on the inflation case where p > 1. The Hubble parameter
is thus

H =
ȧ

a
=

p

t
. (3.7)

The corresponding slow-roll parameter in this case is

✏ = � Ḣ

H2
=

1

p
. (3.8)

The conformal time ⌧ and the time in Poincare coordinate t are related by

a⌧ =
t

(1� p)
. (3.9)

The scale factor can then be expressed in terms of the conformal time as

a = a0

✓
⌧

⌧0

◆ p
1�p

, ⌧ =
1

1� p

t
p

0

a0
t
1�p

, H(⌧) =
p

(1� p)a0

⌧
1

p�1

⌧

p
p�1

0

. (3.10)

The Hubble value can be written as

H(⌧) =
p

(1� p)a0

⌧
1

p�1

⌧

p
p�1

0

, H(a) = � p

(p� 1)

1

a0⌧0

✓
a

a0

◆� 1
p

. (3.11)

The solution to the Greens function (2.11) with the initial condition (2.21) is then

G̃(1)(⌘, ⌘0) =
⇡

2

p
⌘⌘0

✓
J↵(�⌘)Y↵(�⌘

0)� J↵(�⌘
0)Y↵(�⌘)

◆
. (3.12)

where J↵(x) is the Bessel function of the first kind while Y↵(x) is the Bessel function of the second
kind. ↵ is defined to be

↵ ⌘ 3

2
+

1

p� 1
. (3.13)

when p ! 1, ↵ = 3/2. Inflation means p > 1, in this case, we have ↵ > 3/2.

G̃(1)(⌘, ⌘0)

a(⌘)

����
⌘!0

= a
�1
0 (�k⌧0)

p
1�p 2

1
2+

1
p�1 (�⌘

0)1/2J↵(�⌘
0)�

�
↵
�
. (3.14)
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2.6 Summary of generic features

In general as shown in Eqs. (2.39), if there is an approximate instantaneous GW production process
happened during inflation, an oscillatory feature will show up in the spectrum. The number of periods
gives the information of roughly when the phase transition happened. The slope of the profile of the
peaks is sensitive to both the details of the behavior of the scale factor when the mode evolves out of
the horizon and the evolution of the universe when the mode reenters the horizon. Whereas the IR
slope as shown in Eq. (2.44) is sensitive only to the evolution of the universe when the mode reenters
the horizon. Moreover, the slope of the UV part of the spectrum as shown in Eq. (2.40) is sensitive to
both the evolutions of the universe when the modes exit and reenter the horizon. It is also sensitive
to the detailed models of the GW source. The k-dependence of a typical GW spectrum is shown in
Fig. 1. Therefore, if such a process happened, from the GW spectrum we can break the degeneracy of
model dependence and get information of both the inflation era and the later evolution of the universe,
and the model of the GW source.

Although similar oscillations can also show up in models where gravitational wave is generated by
primordial magnetic fields, those are due to coherent superposition [76–78]. Incoherent superposition
of post inflationary sources cannot generate oscillating feature on the gravitational wave spectrum.

3 GW oscillation pattern in di↵erent inflation models

As shown in Eqs. (2.39) and (2.40), the slope of the oscillation profile and the UV part of the GW
spectrum are sensitive to the detailed models of the evolution of the scale factor a when the modes
exit the horizon. This e↵ect is parameterized by the factor G̃f

0 (k) in Eqs. (2.39) and (2.40).

3.1 dS Space

Inflation is the most popular scenario to describe the very early universe. It can solve the horizon
problem, flatness problem and the magnetic monopole problem of the standard hot big bang cosmol-
ogy [1–3, 79]. Most inflation models assume a quasi-de Sitter expansion. In the general slow roll
scenario, the vacuum energy is dominated by the potential energy of the inflaton field. This leads to
an almost constant Hubble parameter and the universe undergoes exponentially expansion. During
inflation, the background is described by the de Sitter spacetime.

a(⌧) = � 1

H⌧
. (3.1)

In this case, (2.11) with the initial condition (2.21) can be solved exactly. The solution is

G̃(1)(⌘, ⌘0) =

✓
1

⌘
� 1

⌘0

◆
cos(⌘ � ⌘

0) +

✓
1 +

1

⌘⌘0

◆
sin(⌘ � ⌘

0) . (3.2)

Since bubble collision happens at sub-horizon (|⌘0| � 1) and the modes went super-horizon (⌘ ! 0).
Taking these two limits yields

G̃(1)(⌘, ⌘0)

a(⌘)

����
⌘!0

=

✓
� H

k

◆
cos(⌘0) (3.3)

Comparing with (2.17), we can obtain

G̃f

0 =

✓
� H

k

◆
, ⌘

0
0 = 0 . (3.4)
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Quasi de Sitter:

Power law:  
Lucchin and Matarrese, 1985 p→∞,quasi de Sitter 

We can replace the constant parameters a�1
0 (�⌧0)

p
1�p with the Hubble parameter

(�⌧0)
p

1�p a
�1
0 =

✓
p

p� 1

◆� p
p�1 a

1
p�1

H(a)�
p

p�1

. (3.15)

Hence (3.14) can be converted into

G̃(1)(⌘, ⌘0)

a(⌘)

����
⌘!0

=

✓
p

p� 1

◆� p
p�1 a

1
p�1

H(a)�
p

p�1

k
p

1�p�(↵)2
1
2+

1
p�1 (�⌘

0)1/2J↵(�⌘
0)

=

✓
p

p� 1

◆� p
p�1

a
�1

✓
k

aH

◆� p
p�1

2
1
2+

1
p�1�(↵)(�⌘

0)1/2J↵(�⌘
0)

(3.16)

in which a and H can be chosen at ⌧ = ⌧
0 or ⌧ = ⌧end which would be useful for the post-inflationary

connection condition. The only ⌧
0 dependence are encoded in the last two terms. Since we consider

phase transition happening at sub-horizon scale, k/(aH) ⌘ (p � 1)|⌘0|/p � 1. Taking |⌘0| � 1, we
have the following asymptotic formula

G̃(1)(⌘, ⌘0)

a(⌘)

����
⌘!0

=

✓
p

p� 1

◆� p
p�1

a
�1

✓
k

aH

◆� p
p�1 2

p
p�1

p
⇡

cos


⇡

2� 2p
� ⌘

0
�
�

✓
3

2
+

1

�1 + p

◆
. (3.17)

Comparing with (2.17), we can obtain

G̃f

0 =

✓
p

p� 1

◆� p
p�1

a
�1

✓
k

aH

◆� p
p�1 2

p
p�1

p
⇡

�

✓
3

2
+

1

�1 + p

◆
, ⌘

0
0 =

⇡

2� 2p
. (3.18)

4 GW oscillation pattern influenced by later evolution

In this section we focus on the evolution after the completion of inflation. The key issue is to compute
the E(k⌧) factor. The simplest case is directly enter into the RD stage after instantaneous reheating
with E(⌘) = sin ⌘/⌘.

4.1 General Equation of State

We connect inflation to a post inflationary scenario parameterized by a(t) ⇠ t
p̃. There are various

possibilities, such as radiation domination, matter domination, cosmic string domination [83, 84],
domain wall domination [85–87] and kination [88, 89]. In the case of cosmic strings and domain walls,
we have to assume they are unstable and annihilated before they overclose the universe. We list
several examples in Table 1 The following discussion is independent of the inflationary scenarios. We
parametrize the scale factor at ⌧1 to be a1 and the Hubble parameter at ⌧1 to be H1. We define a
convenient parameter ↵̃ to be

↵̃ ⌘ �1 + 3p̃

2(�1 + p̃)
. (4.1)

Then the general evolution of the scale factor after inflation is

a(⌧) = F1(⌧ �G1⌧1)
1
2�↵̃

. (4.2)

Requiring a and a
0 are continuous at the transition time ⌧1, we can fix F1 and G1

G1 = 1 +
�1 + 2↵̃

2a1H1⌧1
, F1 = 2

1
2�↵̃

a1

✓
1� 2↵̃

a1H1

◆� 1
2+↵̃

. (4.3)

– 12 –

Parameterized by p

Parameterized by p̃



Impact on spectrum

Figure 4. The left figure shows the slope in the UV regime of the GW spectrum for di↵erent p values with

⌧r = |⌧⇤| and �/H⇤ = 20. The right figure shows the slope in the IR regime with ⌧r = 20|⌧⇤| and �/H⇤ = 10.

Both figures are plotted using H⇤ = 108GeV and a⇤/a1 = exp(�15) under the t
p ⇥MD-RD scenario.

density would become smaller which seems to raise the final ⌦GW value. However this enhancement
would be cancelled by the suppression of GW power spectrum. The lower Hubble value, the later
for certain mode exiting the horizon and it would experience more damping thus eventually leave a
weaker power spectrum. In the limit p ! 1 and setting ar = a1, Hr = H1, ⌧r = ⌧1 we recover the
dS⇥RD result

h
Ẽ i

0(k)G̃
f

0 (k)
i2 ✓a⇤

a1

◆4

=

✓
a⇤H⇤
k

◆4

=
1

(k⌧⇤)4
(5.11)

It should be emphasized that the absolute value of the Hubble parameter when phase transition
take place is not important. Only the relative ratio kp/H⇤ matters which divided the spectrum profile
into three regions, IR, oscillatory and UV part. In the following we focus on the slope of the GW
signal in di↵erent region. The source k

3
p
Tij(kp,kp)T ⇤

ij
(kp,kp) can provide two distinct region. For

modes k < kpeak, the IR part is approximately proportional to k
3 while for modes k > kpeak the signal

goes like k
�1. The signals are given as in the following tables. We summarize the tilt of the UV part

of the gravitational wave spectrum in Table 2, the tilt of the intermediate part of the gravitational
wave spectrum in Table 3 and the tilt of the IR part of the gravitational wave spectrum in Table 4.

RD MD t
p̃

dS k
�5

k
�7

k
�3+2 p̃

p̃�1

t
p

k
�3+2 p

1�p k
�5+2 p

1�p k
�1+2( p

1�p+
p̃

p̃�1 )

Table 2. The slope of the gravitational wave spectrum in the UV regime which scales as
h
Ẽi
0(k)G̃f

0 (k)
i2

k
�1.

Here
h
Ẽi
0(k)G̃f

0 (k)
i2

encodes the UV e↵ect from the propagation of the gravitational wave. k�1 is contributed

by the UV part of the source.

In the tables, the rows show di↵erent inflationary scenarios while the columns refer to the di↵erent
stages when the modes re-enter the horizon. The slope here is in the near small region of the k mode.
The k mode re-enters the horizon and starts to oscillate at certain era like matter dominated or
radiation dominated stage. Afterwards it would never exit the horizon under the assumption that
there is no extra inflationary stage as the universe continues to expand. In the ”deep” IR part, the low
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Figure 1. Illustration of the k dependence of di↵erent parts of a typical GW spectrum.

none of these scenarios can produce features in the GW spectrum similar to first order phase transition
during inflation.

In the appendix of Ref. [20], we provide simple models that first order phase transition can happen
and finish during inflation. Possible scenarios are also studied in Ref. [69], where first order phase
transition in the thermal plasma is assumed to present at the beginning of inflation, and in Ref. [70],
where the inflation starts from a first order phase transition. Some results about the features of the
GW spectrum from first order phase transition are also studied in Ref. [71].

The rest of the paper is organized as the following. In Sec. 2, we show that the oscillation feature
is generic for instantaneous sources happen during the accelerating expansion era of the universe. In
Sec. 3, we discuss how to use the oscillation pattern to distinguish di↵erent inflation models. In Sec. 4,
we discuss the influence on the oscillation pattern from later evolutions of the universe after inflation.
In Sec. 5, we present examples of inflation models that first order phase transition can happen and
generate GW signals large enough to be observed by future detectors. We summarize our results in
Sec. 6.

2 Generic features

The metric of our expanding universe can be written as

ds
2 = �dt

2 + a
2(t)(�ij + hij)dx

i
dx

j
, (2.1)

where a is the scale factor, and the transverse traceless part of hij parameterizes the GW degrees of
freedom. If the expansion of the universe is accelerating we have ä > 0. Here the dot is defined as
derivatives with respect to t. The conformal time is defined as d⌧ = a

�1(t)dt, then the metric can be
written as

ds
2 = a

2(⌧)
⇥
�d⌧

2 + (�ij + hij)dx
i
dx

j
⇤
. (2.2)

It is well-known that if the expansion of the universe accelerates, there will be a future event horizon,
which means in the comoving coordinate system, the range of the conformal time, ⌧ , has an upper
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Figure 4. The left figure shows the slope in the UV regime of the GW spectrum for di↵erent p values with

⌧r = |⌧⇤| and �/H⇤ = 20. The right figure shows the slope in the IR regime with ⌧r = 20|⌧⇤| and �/H⇤ = 10.

Both figures are plotted using H⇤ = 108GeV and a⇤/a1 = exp(�15) under the t
p ⇥MD-RD scenario.

density would become smaller which seems to raise the final ⌦GW value. However this enhancement
would be cancelled by the suppression of GW power spectrum. The lower Hubble value, the later
for certain mode exiting the horizon and it would experience more damping thus eventually leave a
weaker power spectrum. In the limit p ! 1 and setting ar = a1, Hr = H1, ⌧r = ⌧1 we recover the
dS⇥RD result
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It should be emphasized that the absolute value of the Hubble parameter when phase transition
take place is not important. Only the relative ratio kp/H⇤ matters which divided the spectrum profile
into three regions, IR, oscillatory and UV part. In the following we focus on the slope of the GW
signal in di↵erent region. The source k

3
p
Tij(kp,kp)T ⇤

ij
(kp,kp) can provide two distinct region. For

modes k < kpeak, the IR part is approximately proportional to k
3 while for modes k > kpeak the signal

goes like k
�1. The signals are given as in the following tables. We summarize the tilt of the UV part

of the gravitational wave spectrum in Table 2, the tilt of the intermediate part of the gravitational
wave spectrum in Table 3 and the tilt of the IR part of the gravitational wave spectrum in Table 4.
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Table 2. The slope of the gravitational wave spectrum in the UV regime which scales as
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by the UV part of the source.

In the tables, the rows show di↵erent inflationary scenarios while the columns refer to the di↵erent
stages when the modes re-enter the horizon. The slope here is in the near small region of the k mode.
The k mode re-enters the horizon and starts to oscillate at certain era like matter dominated or
radiation dominated stage. Afterwards it would never exit the horizon under the assumption that
there is no extra inflationary stage as the universe continues to expand. In the ”deep” IR part, the low
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Table 3. The slope of the gravitational wave spectrum in the intermediate regime which scales
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Table 4. The slope of the gravitational wave spectrum in the IR regime which scales as
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2 is the contribution from the Green’s function which encodes the IR e↵ect from the propagation of
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enough k-modes do not becomes subhorizon until the universe enters the final radiation-dominated
stage where SM particles have been thermalized and its signal still behave like k

3 as expected.
In Fig 4, we emphasize the slopes in the UV and IR regime of the GW spectrum under the t

p⇥
MD-RD scenario. Apart form the k

3 behaviour in deep IR, the other slope values are p-dependent
as expected. In Fig 5 we show the explicit current observed GW spectrum from the phase transition
happened during the t

p inflation and followed by later MD-RD evolution. Cases with two p values
and four di↵erent ⌧r values are displayed. The solid line is for p = 10 while the dashed line is with
p = 3. ⌧r = ⌧1 refers to the instantaneous reheating which could serve as the limiting case for very
short reheating process. For the other three settings we vary the ratio ⌧2/|⌧⇤| to be 0.1, 1 and 10. As
we have seen from Eq (5.10), when we vary the value of a⇤/a1 and H⇤, the signal strength would be
una↵ected. This means the spectrum profile is just moved left or right horizontally in this plot when
phase transition happens at di↵erent moments or with di↵erent Hubble values. Hence it is likely some
parts of such signal profile enter into the sensitivity regime of di↵erent GW observatories especially
like SKA, BBO1 and BBO2 which can probe weaker GW signal strength.

5.2 dS ⇥ RD-dS-RD

We consider this combination evolution as an interesting extension. The factor Ẽ i

0(k) has been calcu-
lated in Sec. 2.2. Inserting these expressions we get
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In the last equation we have inserted the explicit expressions and write down the final result in terms
of the dS-RD result and the ratio which is only dependent on k/(a⇤H1) or k⌧⇤, the ratios of ⌧2, ⌧r to
⌧⇤ but no ⌧1. Of course while ⌧r ! ⌧2, the ratio R ! 1 and we recover the simple dS-RD result. In
Fig 6 we show the observed GW spectrum under two di↵erent ⌧r/⌧2 settings and the corresponding
four ⌧2 values. Compared to the single RD signal profile, the larger ⌧2/⌧⇤ leads to the modification
to deeper IR modes which may hardly be detected even in the future BBO2. For ⌧r = 1.9⌧2, the UV
part is considerably altered which may serve as the characteristic to distinguish. If the parameters are
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Figure 1. Illustration of the k dependence of di↵erent parts of a typical GW spectrum.

none of these scenarios can produce features in the GW spectrum similar to first order phase transition
during inflation.

In the appendix of Ref. [20], we provide simple models that first order phase transition can happen
and finish during inflation. Possible scenarios are also studied in Ref. [69], where first order phase
transition in the thermal plasma is assumed to present at the beginning of inflation, and in Ref. [70],
where the inflation starts from a first order phase transition. Some results about the features of the
GW spectrum from first order phase transition are also studied in Ref. [71].

The rest of the paper is organized as the following. In Sec. 2, we show that the oscillation feature
is generic for instantaneous sources happen during the accelerating expansion era of the universe. In
Sec. 3, we discuss how to use the oscillation pattern to distinguish di↵erent inflation models. In Sec. 4,
we discuss the influence on the oscillation pattern from later evolutions of the universe after inflation.
In Sec. 5, we present examples of inflation models that first order phase transition can happen and
generate GW signals large enough to be observed by future detectors. We summarize our results in
Sec. 6.

2 Generic features

The metric of our expanding universe can be written as

ds
2 = �dt

2 + a
2(t)(�ij + hij)dx

i
dx

j
, (2.1)

where a is the scale factor, and the transverse traceless part of hij parameterizes the GW degrees of
freedom. If the expansion of the universe is accelerating we have ä > 0. Here the dot is defined as
derivatives with respect to t. The conformal time is defined as d⌧ = a

�1(t)dt, then the metric can be
written as

ds
2 = a

2(⌧)
⇥
�d⌧

2 + (�ij + hij)dx
i
dx

j
⇤
. (2.2)

It is well-known that if the expansion of the universe accelerates, there will be a future event horizon,
which means in the comoving coordinate system, the range of the conformal time, ⌧ , has an upper
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Figure 4. The left figure shows the slope in the UV regime of the GW spectrum for di↵erent p values with

⌧r = |⌧⇤| and �/H⇤ = 20. The right figure shows the slope in the IR regime with ⌧r = 20|⌧⇤| and �/H⇤ = 10.

Both figures are plotted using H⇤ = 108GeV and a⇤/a1 = exp(�15) under the t
p ⇥MD-RD scenario.

density would become smaller which seems to raise the final ⌦GW value. However this enhancement
would be cancelled by the suppression of GW power spectrum. The lower Hubble value, the later
for certain mode exiting the horizon and it would experience more damping thus eventually leave a
weaker power spectrum. In the limit p ! 1 and setting ar = a1, Hr = H1, ⌧r = ⌧1 we recover the
dS⇥RD result
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It should be emphasized that the absolute value of the Hubble parameter when phase transition
take place is not important. Only the relative ratio kp/H⇤ matters which divided the spectrum profile
into three regions, IR, oscillatory and UV part. In the following we focus on the slope of the GW
signal in di↵erent region. The source k

3
p
Tij(kp,kp)T ⇤

ij
(kp,kp) can provide two distinct region. For

modes k < kpeak, the IR part is approximately proportional to k
3 while for modes k > kpeak the signal

goes like k
�1. The signals are given as in the following tables. We summarize the tilt of the UV part

of the gravitational wave spectrum in Table 2, the tilt of the intermediate part of the gravitational
wave spectrum in Table 3 and the tilt of the IR part of the gravitational wave spectrum in Table 4.
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Table 2. The slope of the gravitational wave spectrum in the UV regime which scales as
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encodes the UV e↵ect from the propagation of the gravitational wave. k�1 is contributed

by the UV part of the source.

In the tables, the rows show di↵erent inflationary scenarios while the columns refer to the di↵erent
stages when the modes re-enter the horizon. The slope here is in the near small region of the k mode.
The k mode re-enters the horizon and starts to oscillate at certain era like matter dominated or
radiation dominated stage. Afterwards it would never exit the horizon under the assumption that
there is no extra inflationary stage as the universe continues to expand. In the ”deep” IR part, the low
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Table 3. The slope of the gravitational wave spectrum in the intermediate regime which scales
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Table 4. The slope of the gravitational wave spectrum in the IR regime which scales as
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enough k-modes do not becomes subhorizon until the universe enters the final radiation-dominated
stage where SM particles have been thermalized and its signal still behave like k

3 as expected.
In Fig 4, we emphasize the slopes in the UV and IR regime of the GW spectrum under the t

p⇥
MD-RD scenario. Apart form the k

3 behaviour in deep IR, the other slope values are p-dependent
as expected. In Fig 5 we show the explicit current observed GW spectrum from the phase transition
happened during the t

p inflation and followed by later MD-RD evolution. Cases with two p values
and four di↵erent ⌧r values are displayed. The solid line is for p = 10 while the dashed line is with
p = 3. ⌧r = ⌧1 refers to the instantaneous reheating which could serve as the limiting case for very
short reheating process. For the other three settings we vary the ratio ⌧2/|⌧⇤| to be 0.1, 1 and 10. As
we have seen from Eq (5.10), when we vary the value of a⇤/a1 and H⇤, the signal strength would be
una↵ected. This means the spectrum profile is just moved left or right horizontally in this plot when
phase transition happens at di↵erent moments or with di↵erent Hubble values. Hence it is likely some
parts of such signal profile enter into the sensitivity regime of di↵erent GW observatories especially
like SKA, BBO1 and BBO2 which can probe weaker GW signal strength.

5.2 dS ⇥ RD-dS-RD

We consider this combination evolution as an interesting extension. The factor Ẽ i

0(k) has been calcu-
lated in Sec. 2.2. Inserting these expressions we get
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In the last equation we have inserted the explicit expressions and write down the final result in terms
of the dS-RD result and the ratio which is only dependent on k/(a⇤H1) or k⌧⇤, the ratios of ⌧2, ⌧r to
⌧⇤ but no ⌧1. Of course while ⌧r ! ⌧2, the ratio R ! 1 and we recover the simple dS-RD result. In
Fig 6 we show the observed GW spectrum under two di↵erent ⌧r/⌧2 settings and the corresponding
four ⌧2 values. Compared to the single RD signal profile, the larger ⌧2/⌧⇤ leads to the modification
to deeper IR modes which may hardly be detected even in the future BBO2. For ⌧r = 1.9⌧2, the UV
part is considerably altered which may serve as the characteristic to distinguish. If the parameters are
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Ẽi
0(k)G̃f

0 (k)
i2

k
3. Here

h
Ẽi
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enough k-modes do not becomes subhorizon until the universe enters the final radiation-dominated
stage where SM particles have been thermalized and its signal still behave like k

3 as expected.
In Fig 4, we emphasize the slopes in the UV and IR regime of the GW spectrum under the t

p⇥
MD-RD scenario. Apart form the k

3 behaviour in deep IR, the other slope values are p-dependent
as expected. In Fig 5 we show the explicit current observed GW spectrum from the phase transition
happened during the t

p inflation and followed by later MD-RD evolution. Cases with two p values
and four di↵erent ⌧r values are displayed. The solid line is for p = 10 while the dashed line is with
p = 3. ⌧r = ⌧1 refers to the instantaneous reheating which could serve as the limiting case for very
short reheating process. For the other three settings we vary the ratio ⌧2/|⌧⇤| to be 0.1, 1 and 10. As
we have seen from Eq (5.10), when we vary the value of a⇤/a1 and H⇤, the signal strength would be
una↵ected. This means the spectrum profile is just moved left or right horizontally in this plot when
phase transition happens at di↵erent moments or with di↵erent Hubble values. Hence it is likely some
parts of such signal profile enter into the sensitivity regime of di↵erent GW observatories especially
like SKA, BBO1 and BBO2 which can probe weaker GW signal strength.

5.2 dS ⇥ RD-dS-RD

We consider this combination evolution as an interesting extension. The factor Ẽ i
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In the last equation we have inserted the explicit expressions and write down the final result in terms
of the dS-RD result and the ratio which is only dependent on k/(a⇤H1) or k⌧⇤, the ratios of ⌧2, ⌧r to
⌧⇤ but no ⌧1. Of course while ⌧r ! ⌧2, the ratio R ! 1 and we recover the simple dS-RD result. In
Fig 6 we show the observed GW spectrum under two di↵erent ⌧r/⌧2 settings and the corresponding
four ⌧2 values. Compared to the single RD signal profile, the larger ⌧2/⌧⇤ leads to the modification
to deeper IR modes which may hardly be detected even in the future BBO2. For ⌧r = 1.9⌧2, the UV
part is considerably altered which may serve as the characteristic to distinguish. If the parameters are
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Figure 1. Illustration of the k dependence of di↵erent parts of a typical GW spectrum.

none of these scenarios can produce features in the GW spectrum similar to first order phase transition
during inflation.

In the appendix of Ref. [20], we provide simple models that first order phase transition can happen
and finish during inflation. Possible scenarios are also studied in Ref. [69], where first order phase
transition in the thermal plasma is assumed to present at the beginning of inflation, and in Ref. [70],
where the inflation starts from a first order phase transition. Some results about the features of the
GW spectrum from first order phase transition are also studied in Ref. [71].

The rest of the paper is organized as the following. In Sec. 2, we show that the oscillation feature
is generic for instantaneous sources happen during the accelerating expansion era of the universe. In
Sec. 3, we discuss how to use the oscillation pattern to distinguish di↵erent inflation models. In Sec. 4,
we discuss the influence on the oscillation pattern from later evolutions of the universe after inflation.
In Sec. 5, we present examples of inflation models that first order phase transition can happen and
generate GW signals large enough to be observed by future detectors. We summarize our results in
Sec. 6.

2 Generic features

The metric of our expanding universe can be written as

ds
2 = �dt

2 + a
2(t)(�ij + hij)dx

i
dx

j
, (2.1)

where a is the scale factor, and the transverse traceless part of hij parameterizes the GW degrees of
freedom. If the expansion of the universe is accelerating we have ä > 0. Here the dot is defined as
derivatives with respect to t. The conformal time is defined as d⌧ = a

�1(t)dt, then the metric can be
written as

ds
2 = a

2(⌧)
⇥
�d⌧
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. (2.2)

It is well-known that if the expansion of the universe accelerates, there will be a future event horizon,
which means in the comoving coordinate system, the range of the conformal time, ⌧ , has an upper
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Figure 4. The left figure shows the slope in the UV regime of the GW spectrum for di↵erent p values with

⌧r = |⌧⇤| and �/H⇤ = 20. The right figure shows the slope in the IR regime with ⌧r = 20|⌧⇤| and �/H⇤ = 10.

Both figures are plotted using H⇤ = 108GeV and a⇤/a1 = exp(�15) under the t
p ⇥MD-RD scenario.

density would become smaller which seems to raise the final ⌦GW value. However this enhancement
would be cancelled by the suppression of GW power spectrum. The lower Hubble value, the later
for certain mode exiting the horizon and it would experience more damping thus eventually leave a
weaker power spectrum. In the limit p ! 1 and setting ar = a1, Hr = H1, ⌧r = ⌧1 we recover the
dS⇥RD result
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It should be emphasized that the absolute value of the Hubble parameter when phase transition
take place is not important. Only the relative ratio kp/H⇤ matters which divided the spectrum profile
into three regions, IR, oscillatory and UV part. In the following we focus on the slope of the GW
signal in di↵erent region. The source k

3
p
Tij(kp,kp)T ⇤

ij
(kp,kp) can provide two distinct region. For

modes k < kpeak, the IR part is approximately proportional to k
3 while for modes k > kpeak the signal

goes like k
�1. The signals are given as in the following tables. We summarize the tilt of the UV part

of the gravitational wave spectrum in Table 2, the tilt of the intermediate part of the gravitational
wave spectrum in Table 3 and the tilt of the IR part of the gravitational wave spectrum in Table 4.
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Table 2. The slope of the gravitational wave spectrum in the UV regime which scales as
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Ẽi
0(k)G̃f

0 (k)
i2

k
�1.

Here
h
Ẽi
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In the tables, the rows show di↵erent inflationary scenarios while the columns refer to the di↵erent
stages when the modes re-enter the horizon. The slope here is in the near small region of the k mode.
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enough k-modes do not becomes subhorizon until the universe enters the final radiation-dominated
stage where SM particles have been thermalized and its signal still behave like k

3 as expected.
In Fig 4, we emphasize the slopes in the UV and IR regime of the GW spectrum under the t

p⇥
MD-RD scenario. Apart form the k

3 behaviour in deep IR, the other slope values are p-dependent
as expected. In Fig 5 we show the explicit current observed GW spectrum from the phase transition
happened during the t

p inflation and followed by later MD-RD evolution. Cases with two p values
and four di↵erent ⌧r values are displayed. The solid line is for p = 10 while the dashed line is with
p = 3. ⌧r = ⌧1 refers to the instantaneous reheating which could serve as the limiting case for very
short reheating process. For the other three settings we vary the ratio ⌧2/|⌧⇤| to be 0.1, 1 and 10. As
we have seen from Eq (5.10), when we vary the value of a⇤/a1 and H⇤, the signal strength would be
una↵ected. This means the spectrum profile is just moved left or right horizontally in this plot when
phase transition happens at di↵erent moments or with di↵erent Hubble values. Hence it is likely some
parts of such signal profile enter into the sensitivity regime of di↵erent GW observatories especially
like SKA, BBO1 and BBO2 which can probe weaker GW signal strength.

5.2 dS ⇥ RD-dS-RD

We consider this combination evolution as an interesting extension. The factor Ẽ i

0(k) has been calcu-
lated in Sec. 2.2. Inserting these expressions we get

h
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In the last equation we have inserted the explicit expressions and write down the final result in terms
of the dS-RD result and the ratio which is only dependent on k/(a⇤H1) or k⌧⇤, the ratios of ⌧2, ⌧r to
⌧⇤ but no ⌧1. Of course while ⌧r ! ⌧2, the ratio R ! 1 and we recover the simple dS-RD result. In
Fig 6 we show the observed GW spectrum under two di↵erent ⌧r/⌧2 settings and the corresponding
four ⌧2 values. Compared to the single RD signal profile, the larger ⌧2/⌧⇤ leads to the modification
to deeper IR modes which may hardly be detected even in the future BBO2. For ⌧r = 1.9⌧2, the UV
part is considerably altered which may serve as the characteristic to distinguish. If the parameters are
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Ẽ i

0(k)
2

✓
a⇤
a1

◆4 ✓
a2

ar

◆4

=

✓
a⇤H1

k

◆4

R

✓
k

a⇤H1
,
⌧2

⌧⇤
,
⌧r

⌧2

◆
(5.12)

In the last equation we have inserted the explicit expressions and write down the final result in terms
of the dS-RD result and the ratio which is only dependent on k/(a⇤H1) or k⌧⇤, the ratios of ⌧2, ⌧r to
⌧⇤ but no ⌧1. Of course while ⌧r ! ⌧2, the ratio R ! 1 and we recover the simple dS-RD result. In
Fig 6 we show the observed GW spectrum under two di↵erent ⌧r/⌧2 settings and the corresponding
four ⌧2 values. Compared to the single RD signal profile, the larger ⌧2/⌧⇤ leads to the modification
to deeper IR modes which may hardly be detected even in the future BBO2. For ⌧r = 1.9⌧2, the UV
part is considerably altered which may serve as the characteristic to distinguish. If the parameters are

– 19 –

Figure 1. Illustration of the k dependence of di↵erent parts of a typical GW spectrum.

none of these scenarios can produce features in the GW spectrum similar to first order phase transition
during inflation.

In the appendix of Ref. [20], we provide simple models that first order phase transition can happen
and finish during inflation. Possible scenarios are also studied in Ref. [69], where first order phase
transition in the thermal plasma is assumed to present at the beginning of inflation, and in Ref. [70],
where the inflation starts from a first order phase transition. Some results about the features of the
GW spectrum from first order phase transition are also studied in Ref. [71].

The rest of the paper is organized as the following. In Sec. 2, we show that the oscillation feature
is generic for instantaneous sources happen during the accelerating expansion era of the universe. In
Sec. 3, we discuss how to use the oscillation pattern to distinguish di↵erent inflation models. In Sec. 4,
we discuss the influence on the oscillation pattern from later evolutions of the universe after inflation.
In Sec. 5, we present examples of inflation models that first order phase transition can happen and
generate GW signals large enough to be observed by future detectors. We summarize our results in
Sec. 6.

2 Generic features

The metric of our expanding universe can be written as

ds
2 = �dt

2 + a
2(t)(�ij + hij)dx

i
dx

j
, (2.1)

where a is the scale factor, and the transverse traceless part of hij parameterizes the GW degrees of
freedom. If the expansion of the universe is accelerating we have ä > 0. Here the dot is defined as
derivatives with respect to t. The conformal time is defined as d⌧ = a

�1(t)dt, then the metric can be
written as

ds
2 = a

2(⌧)
⇥
�d⌧

2 + (�ij + hij)dx
i
dx

j
⇤
. (2.2)

It is well-known that if the expansion of the universe accelerates, there will be a future event horizon,
which means in the comoving coordinate system, the range of the conformal time, ⌧ , has an upper
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Figure 6. On the left panel, we can compare a few more complicated scenarios. MD-RD with di↵erent

transition time. RD-DS-RD. On the right panel, we plot the conformal horizon as a function of conformal

time in this scenario.

at the end of the inflation of the universe is converted into the form of non-relativistic matter first.
Then, the total energy density decays as a

�3. And then, after reheating, this amount of energy is
converted into the form of radiation. Therefore, compared to the immediate RD scenario, the redshift
of the total energy density of the universe is less severe. As the result, the relative strength of the GW
signal ⌦GW becomes smaller.

3.3.4 RD-t
p̃
-RD transition in post-inflationary evolution

The post inflationary evolution of the universe can be more complicated. For example, during the
radiation domination era, if the particle content contains a long lived particle (with lifetime much
longer than Hubble scale at the temperature roughly equal to the mass of this particle), the universe
will undergo a temporary matter domination era between two radiation domination era. During the
cooling, the universe may also undergo a second order phase transition. As a result, the universe may
dominated by topological defects, such as cosmic strings or domain walls. Both of these cases can be
generically described by a RD-tp̃-RD scenario. For example, p̃ = 2/3 describes the existence of a heavy
long lived particle and p̃ = 1 describes the case of long lived cosmic string domination. The values of
p̃ for di↵erent models is shown in Table 1. Therefore, In this subsection, we discuss the case where
the post inflationary scenario is composed of three periods, the radiation domination, followed by a
t
p̃ evolution, and then back to radiation domination. [Maybe we cite Anson’s paper somewhere else.]

Here we consider the phase transition happening during inflation and discuss the gravitational wave
signals with this type of generalized post inflationary stage. Here we summarize the result, the details
of the derivation can be found in Appendix A.2.2. The conformal time ⌧R1 , ⌧R2 denotes the starting
and ending conformal time of the intermediate t

p̃ stage and we define a new parameter !̃ = p̃/(1 � p̃)
for simplicity.

The GW modes may reenter horizon either during the second radiation domination, (see for
example the left panel of Figure 7), the first radiation domination (see for example the right panel of
Figure 7), or the period where modes reenter horizon at the epoch which is dominated by matter with
general equation of state.

In the left panel of Figure 8, we show the case where the gravitational wave signal with character-
istic size 1/|⌧⇤| re-enters horizon at the second radiation dominated epoch (see the red lines in the left

– 20 –



Comparing scenarios

Different inflationary scenarios. 
→ different slope in UV part.

The UV part of the spectrum also depends on the details of the phase transition. In scenario studied
in this work, we assume that the phase transition is driven by the evolution of the inflaton field.
During inflation, the energy density of quantum fluctuations can be estimated by H

4. As discussed
in Sec. 1, for the phase transition to complete during inflation, we require the energy density of the
phase transition sector to be much larger than H

4. Therefore, during the bubble expansion, the energy
density of the plasma is suppressed compared to the vacuum energy. As a result, the GWs are mainly
induced by the collision of bubble walls. In this case, from numerical simulations, it is shown that in
the UV region, the GW in flat space-time behaves as k

�1. Then the slope in the UV region of the
GW spectrum can be written as

k
�1

h
Ẽ

i

0(k)G̃f

0 (k)
i2

⇠ k
�1� 2p

p�1+ p̃
2p̃�1 . (3.26)

The slopes of the UV, intermediate and IR regions of the GW spectrum for typical evolution models
are listed in Table 2.

3.3.1 t
p
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Figure 4. The left panel shows the comparison of GW signal from quasi-de Sitter inflation and t
p inflation.

Both the UV and the oscillatory part of the spectrum are distinct. The right panel shows the conformal

horizon as a function of conformal time ⌧ .

Substitute the Ẽ
i

0 in G̃
f

0 into the the GW spectrum (2.47) we can get the spectrum for general
choices of p and p̃. For comparison of the e↵ect from di↵erent values of p, we fix the evolution right
after the inflation to be RD (p̃ = 1/2). The GW spectra for di↵erent values of p are shown in Figure 4,
where the brown and red curves are for p = 2 and 3, and one can see that both the slopes oscillatory
part and the UV part are changed compared to the case de Sitter case (shown as the blue curve with
p ! 1).

3.3.2 de Sitter � t
p

� de Sitter transition

We consider here a scenario in which the inflationary evolution can go through a couple of stages.
We assume the first stage (⌧ < ⌧dS1) is the usual quasi-de Sitter inflation, with H = HdS1 . In
the second stage, the vacuum energy decrease due to some sudden changes of the environment. For
example, this sudden change can be induced by phase transitions in the spectating sector as discussed
in this work. As a result, the Hubble parameter starts to decrease. After the new form of energy
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Figure 10. The GW spectrums from the phase transition for t
p inflation and (MD-)RD post-inflationary

evolution with H⇤ = 108GeV. The solid line is plotted using p ! 1 or dS inflation and aend/a⇤ = exp(�19)

while the dashed line is for p = 3 and aend/a⇤ = exp(�23). Four di↵erent colors corresponding to di↵erent ⌧r
settings. The upper one is for �/H⇤ = 10 and the lower one is for �/H⇤ = 3.

discussion of this feature and the spectrum. In addition to a first order phase transition, this feature
can also arise in any other instantaneous source. Its discovery can be an unmistakable signal of such
a dramatic event during the inflation.

The cosmological background the gravitational waves have propagated through will also imprint
on the final gravitational wave spectrum we see today. As such, the shape of the GW signal will
also o↵er a new window on the cosmological evolution in the early universe which can be invisible to
CMB, large scale structure, and other observables. In particular, we have demonstrated that if there
are no second inflationary stage during the radiation domination, the IR part of the gravitational
wave spectrum is only sensitive to post inflationary history. The UV part of the gravitational wave
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4.1 Strength of the peak signal

The peak of the GW signal and its corresponding frequency depend on the spectral shape.

From Eq. (2.43) and Eq. (2.45),the signal strength is proportional to
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The dependence on the wave number k of each part of the GW spectrum for di↵erent scenarios

are shown in Table 2. In general, we can parameterize the scale factor a during inflation as tp

with p > 1, and after inflation as tp̃. The spectrum in the UV region can be parameterized as

kiUV , with iUV ⌘ �b � 2[(p � 1)�1 + (1 � p̃)�1], which is always negative. In the intermediate

region, the spectrum is kiOSC , with iOSC ⌘ 3 � 2[(p � 1)�1 + (1 � p̃)�1]. iOSC can be either

positive or negative. In the case of quasi-de Sitter inflation, we have p ! 1. Therefore,

iOSC < 0 if p̃ > 1/3. For example, this would be the case for both MD and RD, as shown in

Table 1. At the same time, we have iOSC = 0 for kination domination. For the IR part of the

spectrum, parameterized as kiIR , we have iIR = 7 � 2(1 � p̃)�1. Therefore, iIR > 0 if p̃ < 5/7.

As we can see from Table 1, this condition is always satisfied in the standard cases discussed

in the literature. Thus, the position of the global maximum of the observed GW spectrum is

determined by iOSC. More specifically,

• If iOSC < 0, the global maximum is at the transition between the IR part and the

oscillatory part, where we have kp ⇡ H?. This is the case shown in Figs. 5,6,8 and 9.

Hence, the height of the global maximum can be estimated by substituting kp = H? to

Eq. (2.43). Then we have
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where the dimensionless function F depends on the details of the evolution of the

Universe from the phase transition to reheating. For the simplest case, quasi-de Sitter

inflation followed by instantaneous reheating, detailed calculation shows that F = 1.
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as a benchmark value for the strength of the GW signal.
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FIG. 1. The real part of the mode functions with time depen-
dent masses (6) (dark blue). In all plots we take ↵ = 1 and
✏⇤ = 0.02. For comparison, the corresponding constant-mass
mode functions are shown in gray curves.
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The model described by the Lagrangian (5) is certainly
not complete, as the � potential is not stable, and the
inflaton rolling introduces a tree-level tadpole to �. But
we can still treat it as an e↵ective description of a more
complete model, in which the � field is stabilized at some
background value �0, for example, by an approximate
cancellation between the terms proportional to �3 and
�5, and we are simply expanding the full action around
�0.

With a rolling background �0(t) ' �0⇤� |�̇0⇤|(t�t⇤) =p
2✏MPlH⇤(t � t⇤) (we assume �̇0 < 0 without loss of

generality), the �-dependence gets translated to a time
dependence:

me↵(t) = m⇤e
�↵

p
2✏Ht, (6)

where t is the physical time. Here and below we remove
the ⇤ in ✏ and H. Decomposing the � field into Fourier
modes with fixed 3d momentum k, we can find the equa-
tion of motion for a single mode �k as
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�
�k = 0, (7)

where a prime denotes the derivative with respect to
conformal time ⌧ , which is related to t via eHt = a =
�1/(H⌧). With the usual Bunch-Davies initial condition
for the mode, the above equation has a unique solution
up to an irrelevant overall phase.

We are not aware of any named special functions that
solve this equation, but it is possible to proceed ana-
lytically by making approximations. For example, when

the mode leaves the horizon at late times (|k⌧ | ⌧ 1)
and when the mass m(⌧) is still much greater than Hub-
ble, we can apply the WKB approximation. Rewriting
�k(⌧) = ⌧�k(⌧), the equation for �k is
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�
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At late times, we can neglect the momentum, and the
WKB solution can be found to be

�k(⌧) ' Ae+i#(⌧) +Be�i#(⌧). (9)

When the e↵ective mass me↵ = m⇤|H⌧ |↵
p
2✏ . H,

the WKB solution stops oscillating and becomes invalid.
Therefore the above approximation works only when
me↵ � H, in which case the phase #(⌧) can be approxi-
mated by:
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Therefore, the oscillation frequency of the mode func-
tion in the late time limit is itself time dependent, just
as expected. On the other hand, it is possible to solve
the mode equation (7) numerically without taking the
WKB approximation. We show the solutions with sev-
eral choices of parameters in Fig. 1, in which the mild
time dependence of the oscillation frequency is evident.
Power spectrum in large-field models. It is impor-
tant to check the scale dependence of the power spectrum
of the inflaton fluctuation ' induced by the �-' coupling.
This coupling arises from the �5 term in (5) evaluated
with the inflation background:

�L = a3µ'0�, (11)

where µ ⌘ ��5�̇0. A full calculation of the power spec-
trum should include slow-roll corrections everywhere con-
sistently, including the coe�cients of �0

k and '0
k in the

mode equation, together with the slow-roll induced mass
correction to �k. However, in order to isolate the ef-
fect of a time-dependent mass me↵, we will only retain
the time dependence in me↵, and assume a dS limit for
the background evolution. The resulting power spectrum
then reflects the scale dependence from me↵(⌧). We will
check whether this scale dependence contains any fea-
tures (wiggles), and if not, whether the monotonic scale
dependence would be too large to be compatible with
current observations.
To calculate the power spectrum analytically is di�-

cult, because the mass of � is time dependent, and also
because the mixing between � and ' could be strong,
which invalidates a perturbative treatment. Therefore,
we numerically evolve the following set of equations, with

σ
Mode function 
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FIG. 2. The correction to scalar tilt, �ns, from an inter-
mediate state with time-dependent mass given in (6), plot-
ted on the plane of � mass m at a reference scale and the
mixing parameter µ between � and ��. In this plot we fix
✏ = 1.25⇥10�3, which corresponds to r = 0.02 (< 0.02) when
µ = 0 (> 0). The lower-left corner with

p
m2 + µ2 < 3H/2,

where no oscillation signals occur, is excluded.

the usual Bunch-Davies initial condition.
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The power spectrum P⇣ is then computed by

P⇣(k) = (H/�̇0)
2(k3/2⇡2)

⌦
'�k(⌧f )'k(⌧f )

↵0
, (14)

where the prime h· · ·i
0 means the momentum-conserving

�-function is removed, and ⌧f is chosen so that |k⌧f | ⌧
1 for all relevant k. This is e↵ectively computing the
following set of diagrams:

'k
=

'k
+

�k + · · ·

1

. (15)

In our numerical result we do not observe any oscil-
latory signal, but only a smooth scale dependence, as
expected. So, the scale dependence introduced by the
time-dependent mass is degenerate with the scale depen-
dence at zeroth order (i.e., the scale dependence from
the slow-roll potential). For this reason, we do not con-
sider it an independent observable. But we do need to
check that the new scale dependence from the heavy
field mixing is not much larger than the observed value.
Otherwise we would need significant tuning between the
background contribution and the massive-state correc-
tion. The scalar tilt ns � 1 ⌘ d logP⇣/d log k induced by
the time-dependent mass is shown in Fig. 2 on the µ-m
plane. This result is to be added with the slow-roll contri-
butions, like those considered in [31], to get the observed

value from CMB measurement n(CMB)
s ' 0.967 [1]. We

see that the correction �ns in Fig. 2 stays at the same

order as the slow-roll contribution n(CMB)
s � 1 ' �0.033

for most parameter space. Therefore we conclude that
the scale dependence from the time-dependent mass is
compatible with the current observations for most of pa-
rameter space we are interested in. In the appendix we
elaborate on our calculation of ns and its relation to pre-
vious works.
The squeezed bispectrum. As shown above, large-
field inflation can introduce a relatively large scale de-
pendence to the mass of a spectator field �. Now we
study the consequence of this scale dependence in the 3-
point correlator mediated by �. This is a well studied
“discovery channel” for the cosmological collider, and it
was found that the largest signal comes from the fol-
lowing diagram, where the blobs again include arbitrary
numbers of two-point mixing insertions [33, 34].

'k2

'k1

'k3�k2

�k1

�k3

�

1

(16)

The diagram (16) can be computed in the following way

h'k1'k2'k3i
0 = 2�3 Im

Z 0

�1
d⌧ a4

3Y

i=1

h�ki(⌧)'�ki(⌧f )i,

(17)

from which we can get the shape function S by

S(k1, k2, k3) =
(k1k2k3)2

2⇡P 1/2
⇣

H3
h'k1'k2'k3i

0. (18)

Again, it is virtually impossible to find a closed analyt-
ical result for this amplitude. We will therefore first try
to understand the qualitative features of this process by
taking analytical approximations, and then present full
numerical results.
For a crude analytical understanding, we focus on the

oscillatory signal in the squeezed limit k3 ⌧ k1 ' k2 and
consider the perturbative regime µ ⌧ m and m/H �

1. The signal with constant mass can be estimated as
[34, 35]

Ssignal '
�3µ3

⌫5/2H4
e�⇡⌫

r
k3
k1

sin
⇣
⌫ log

k3
k1

+ #
⌘
, (19)

where ⌫ ⌘
p
m2/H2 � 9/4. We emphasize that, for con-

stant m, the signal has a fixed oscillation frequency ⌫

𝒮signal ≃
λ3μ3

ν5/2H4
e−πν k3

k1
sin(ν log

k3

k1
+ ϑ)

ν =
m2

H2
−

9
4

For slow varying mass, still use this to give an estimate. 



More specifically

4

FIG. 2. The correction to scalar tilt, �ns, from an inter-
mediate state with time-dependent mass given in (6), plot-
ted on the plane of � mass m at a reference scale and the
mixing parameter µ between � and ��. In this plot we fix
✏ = 1.25⇥10�3, which corresponds to r = 0.02 (< 0.02) when
µ = 0 (> 0). The lower-left corner with

p
m2 + µ2 < 3H/2,

where no oscillation signals occur, is excluded.

the usual Bunch-Davies initial condition.

�00
k �

2

⌧
�0
k +

�
k2 +m2

⇤|H⌧ |2↵
p
2✏�2

�
�k =

�µ

H⌧
'k, (12)

'00
k �

2

⌧
'0
k + k2'k = �

3µ

H⌧2
�k +

µ

H⌧
�0
k. (13)

The power spectrum P⇣ is then computed by

P⇣(k) = (H/�̇0)
2(k3/2⇡2)

⌦
'�k(⌧f )'k(⌧f )

↵0
, (14)

where the prime h· · ·i
0 means the momentum-conserving

�-function is removed, and ⌧f is chosen so that |k⌧f | ⌧
1 for all relevant k. This is e↵ectively computing the
following set of diagrams:

'k
=

'k
+

�k + · · ·

1

. (15)

In our numerical result we do not observe any oscil-
latory signal, but only a smooth scale dependence, as
expected. So, the scale dependence introduced by the
time-dependent mass is degenerate with the scale depen-
dence at zeroth order (i.e., the scale dependence from
the slow-roll potential). For this reason, we do not con-
sider it an independent observable. But we do need to
check that the new scale dependence from the heavy
field mixing is not much larger than the observed value.
Otherwise we would need significant tuning between the
background contribution and the massive-state correc-
tion. The scalar tilt ns � 1 ⌘ d logP⇣/d log k induced by
the time-dependent mass is shown in Fig. 2 on the µ-m
plane. This result is to be added with the slow-roll contri-
butions, like those considered in [31], to get the observed

value from CMB measurement n(CMB)
s ' 0.967 [1]. We

see that the correction �ns in Fig. 2 stays at the same

order as the slow-roll contribution n(CMB)
s � 1 ' �0.033

for most parameter space. Therefore we conclude that
the scale dependence from the time-dependent mass is
compatible with the current observations for most of pa-
rameter space we are interested in. In the appendix we
elaborate on our calculation of ns and its relation to pre-
vious works.
The squeezed bispectrum. As shown above, large-
field inflation can introduce a relatively large scale de-
pendence to the mass of a spectator field �. Now we
study the consequence of this scale dependence in the 3-
point correlator mediated by �. This is a well studied
“discovery channel” for the cosmological collider, and it
was found that the largest signal comes from the fol-
lowing diagram, where the blobs again include arbitrary
numbers of two-point mixing insertions [33, 34].

'k2

'k1

'k3�k2

�k1

�k3

�

1

(16)

The diagram (16) can be computed in the following way

h'k1'k2'k3i
0 = 2�3 Im

Z 0

�1
d⌧ a4

3Y

i=1

h�ki(⌧)'�ki(⌧f )i,

(17)

from which we can get the shape function S by

S(k1, k2, k3) =
(k1k2k3)2

2⇡P 1/2
⇣

H3
h'k1'k2'k3i

0. (18)

Again, it is virtually impossible to find a closed analyt-
ical result for this amplitude. We will therefore first try
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Time variation affect both amplitude and frequency. 
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FIG. 3. The shape function (18) from the process (16). In
both panels we take m⇤ = µ = 3H and �3 = H. The gray
shades indicate the expected frequency ⌫µ =

p
m

2
⇤ + µ2 for

constant mass in the squeezed limit. The blue and red curves
show the signals from time-dependent masses, in which both
the amplitude and the frequency of the oscillations change
visibly with k1/k3.

and its size has a fixed scaling with the momentum ratio,
characterized by the power law (k3/k1)1/2.

For our case where the mass has a weak time de-
pendence, we can still use (19), but this time evaluate
m = m(⌧) at the saddle point ⌧ ' �⌫/(2k1) of the in-
tegrand ⇠ e±2ik1⌧ (�⌧)±i⌫ where the signal receives most
contribution from the integral (17). Consequently, the
time dependence of m is translated to a scale dependence
of ⌫ in (19), which appears in both the signal frequency
and in the overall size, and this immediately leads to one
of the main results of this work: The cosmological collider
signal from a time-dependent mass has scale-dependent
oscillation frequency, and its overall size scales with k3/k1
di↵erently from the power law (k3/k1)1/2 for a constant
mass. The deviation in the scaling with k3/k1 is quite sig-
nificant due to the exponential factor e�⇡⌫ , which makes
the signal depend very sensitively on the mass m.

In the strongly coupled regime (µ & m), no closed an-
alytical estimate like (19) is known. However, it is known
that the oscillation frequency of the signal is modified to
⌫ ! ⌫µ ⌘

p
(m2 + µ2)/H2 � 9/4 [31]. We can also an-

ticipate that the signal size has a sensitive dependence on
the mass m so long as µ is not too much greater than m.
Therefore, our main result, namely, the scale-dependent
oscillation frequency and the signal size, still holds.

The above analytical arguments rely on approxima-
tions in several limits which are never really reached by
realistic parameters. Therefore a direct numerical ap-
proach is indispensable to get the signal shape precisely.
We compute (17) numerically and get the full bispec-
trum, including both the background and the signal. Sev-

eral examples are shown in Fig. 3. We show the signals
with the mass decreasing/increasing in the upper/lower
panel, respectively. Compared with the bispectrum of
constant mass (dashed curves), the slow changes of the
frequency and the amplitude are evident in both cases.

Discussions. Large-field inflation models typically show
significant scale dependence that can distort the cosmo-
logical collider signals. In this Letter we show that a
direct coupling between a massive state and the infla-
ton can lead to an oscillatory signal in the bispectrum,
with significant and nonstandard momentum-ratio de-
pendence in both the size and the frequency. We use
quasi-single-field inflation and an exponential ansatz for
the mass to illustrate the point, but we stress that the
signal distortion found in this work depends mainly on
the large field excursion and the direct coupling. Thus
we expect that similar e↵ects should also show up in a
broader class of models with these ingredients.

Phenomenologically, our work shows that the
momentum-ratio dependence of the signal size and fre-
quency can be informative probes of rich dynamics dur-
ing inflation. (See [36] for a related example.) Therefore,
our work invites e↵orts on developing more realistic tem-
plates allowing for the possibility that the signal size and
the frequency could be momentum-ratio dependent.

There are other sources of scale dependence than the
one considered in this Letter, including the slow-roll
background. These have been explored in the context of
primordial standard and nonstandard clocks [35, 37, 38].
We expect the e↵ect to be weaker than ours in large-
field inflation, as detailed before. There is also a known
slow change of signal frequency in the not-so-squeezed
configurations. This change is automatically included in
a numerical approach, and can also be resolved analyti-
cally by pushing the calculation to higher orders in the
momentum ratio.

In this Letter we only considered the e↵ect of time-
dependent mass. More generally, it would be interesting
to explore the similar time dependences in other param-
eters. In particular, a time-dependent two-point mixing
parameter µ could induce a similar change in the sig-
nal frequency. It would also be interesting to incorpo-
rate these nonstandard momentum-ratio dependences in
template-based Fisher forecasts for future observations.
We leave these topics for future studies.
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Conclusions
Cosmological observations can reveal new 
dynamics in the inflationary era.


Potentially large inflaton excursion can trigger new 
dynamics in a spectator sector.


Can trigger 1st order phase transition → GW.


GW Can probe an era invisible from other 
observables, such as CMB/LSS or BBN. 


Frequency and amplitude modulation in cosmo 
collider signal
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FIG. 6: The shapes of V1(�,�) as a function of � for di↵erent chi

size of the bubble, justifying the range assumed in the
main text.

Let’s consider de Sitter inflation. The metric is

d⌧
2 = dt

2
� e

2Ht(dx2 + dy
2 + dz

2) . (18)

The bubble nucleation rate per physical volume can be
written as

�

Vphy

= Cm
4

�
e
�S4 , (19)

where m� is the typical energy scale of the spectating
sector, and S4 is the bounce action. Therefore, the bub-
ble nucleation rate per comoving volume at time t can be
written as

�

V
= e

3Ht
Cm

4

�
e
�S4 . (20)

Now, let’s assume the bubbles expand with the speed of
light. That means the point on the bubble wall evolves
along a null geodesic curve. We have dt = e

Ht
dr for

the bubble created at the origin of the space. Then, it is
easy to see that for a bubble nucleated at t0, its comoving
radius at t can be written as

R(t, t0) =
1

H
(e�Ht

0
� e

�Ht) . (21)

Then the fraction of the space that remains at the false
vacuum at time t can be written as [51]

P(t) = exp
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Now, the necessary condition for the phase transition
to finish at t is that the exponential part of P(t) can
achieve order of unity. Therefore we require
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The bounce action S4 at t0 can be expanded as

S4(t
0) = S4(t) +

dS4(t)

dt
(t0 � t) ⌘ S4(t)� �(t0 � t) .(24)

Therefore, we have the condition for the phase transition
to complete is
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where in the last step � � H is assumed. Therefore, the
requirement for first order phase transition to complete
at t0 is

S4(t0) ⇡ log

✓
m

4

�

�4

◆
. (26)

The requirement that the phase transition is strong first
order requires S4 � 1, which indicates

m
4

�
� �

4
. (27)

Whereas, on the other hand, the energy density in the
spectating sector needs to be smaller than the total en-
ergy driven the inflation. We have

m
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⌧ M
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. (28)

Therefore, we need

"✓
�

H

◆4

H
2

#
H

2
⌧ m

4

�
⌧ M

2

pl
H

2
. (29)

In the following we can see that the typical value of
�/H is about O(10)�O(100). Therefore, for reasonable
values of H we always have

�
4
⌧ H

2
M

2

pl
. (30)

As a result, we can always build model for first order
phase transition to complete during inflation as long as
the condition �/H � 1 is fulfilled. The evolution of 1�P

is shown in Fig. 7, and one can see that as long as long as
the condition �/H � 1 is fulfilled, the phase transition
can complete within less then one e-fold.

V: co-moving volume
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As a result, we can always build model for first order
phase transition to complete during inflation as long as
the condition �/H � 1 is fulfilled. The evolution of 1�P

is shown in Fig. 7, and one can see that as long as long as
the condition �/H � 1 is fulfilled, the phase transition
can complete within less then one e-fold.

Co-moving radius for bubble nucleated at t’

6
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size of the bubble, justifying the range assumed in the
main text.

Let’s consider de Sitter inflation. The metric is

d⌧
2 = dt

2
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2Ht(dx2 + dy
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2) . (18)

The bubble nucleation rate per physical volume can be
written as

�

Vphy

= Cm
4

�
e
�S4 , (19)

where m� is the typical energy scale of the spectating
sector, and S4 is the bounce action. Therefore, the bub-
ble nucleation rate per comoving volume at time t can be
written as
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V
= e

3Ht
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e
�S4 . (20)

Now, let’s assume the bubbles expand with the speed of
light. That means the point on the bubble wall evolves
along a null geodesic curve. We have dt = e

Ht
dr for

the bubble created at the origin of the space. Then, it is
easy to see that for a bubble nucleated at t0, its comoving
radius at t can be written as

R(t, t0) =
1

H
(e�Ht

0
� e

�Ht) . (21)

Then the fraction of the space that remains at the false
vacuum at time t can be written as [51]
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Now, the necessary condition for the phase transition
to finish at t is that the exponential part of P(t) can
achieve order of unity. Therefore we require
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The bounce action S4 at t0 can be expanded as

S4(t
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where in the last step � � H is assumed. Therefore, the
requirement for first order phase transition to complete
at t0 is

S4(t0) ⇡ log
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The requirement that the phase transition is strong first
order requires S4 � 1, which indicates
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4
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Whereas, on the other hand, the energy density in the
spectating sector needs to be smaller than the total en-
ergy driven the inflation. We have
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In the following we can see that the typical value of
�/H is about O(10)�O(100). Therefore, for reasonable
values of H we always have

�
4
⌧ H

2
M

2

pl
. (30)

As a result, we can always build model for first order
phase transition to complete during inflation as long as
the condition �/H � 1 is fulfilled. The evolution of 1�P

is shown in Fig. 7, and one can see that as long as long as
the condition �/H � 1 is fulfilled, the phase transition
can complete within less then one e-fold.

Fraction of space in false vacuum
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size of the bubble, justifying the range assumed in the
main text.

Let’s consider de Sitter inflation. The metric is

d⌧
2 = dt

2
� e

2Ht(dx2 + dy
2 + dz

2) . (18)

The bubble nucleation rate per physical volume can be
written as
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= Cm
4
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�S4 , (19)

where m� is the typical energy scale of the spectating
sector, and S4 is the bounce action. Therefore, the bub-
ble nucleation rate per comoving volume at time t can be
written as
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Now, let’s assume the bubbles expand with the speed of
light. That means the point on the bubble wall evolves
along a null geodesic curve. We have dt = e

Ht
dr for

the bubble created at the origin of the space. Then, it is
easy to see that for a bubble nucleated at t0, its comoving
radius at t can be written as
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Then the fraction of the space that remains at the false
vacuum at time t can be written as [51]
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Now, the necessary condition for the phase transition
to finish at t is that the exponential part of P(t) can
achieve order of unity. Therefore we require
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The bounce action S4 at t0 can be expanded as

S4(t
0) = S4(t) +

dS4(t)

dt
(t0 � t) ⌘ S4(t)� �(t0 � t) .(24)
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where in the last step � � H is assumed. Therefore, the
requirement for first order phase transition to complete
at t0 is

S4(t0) ⇡ log
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The requirement that the phase transition is strong first
order requires S4 � 1, which indicates
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Whereas, on the other hand, the energy density in the
spectating sector needs to be smaller than the total en-
ergy driven the inflation. We have

m
4

�
⌧ M

2

pl
H

2
. (28)

Therefore, we need

"✓
�

H

◆4

H
2

#
H

2
⌧ m

4

�
⌧ M

2

pl
H

2
. (29)

In the following we can see that the typical value of
�/H is about O(10)�O(100). Therefore, for reasonable
values of H we always have
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As a result, we can always build model for first order
phase transition to complete during inflation as long as
the condition �/H � 1 is fulfilled. The evolution of 1�P

is shown in Fig. 7, and one can see that as long as long as
the condition �/H � 1 is fulfilled, the phase transition
can complete within less then one e-fold.

For true vacuum to occupy an O(1) fraction:  
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size of the bubble, justifying the range assumed in the
main text.

Let’s consider de Sitter inflation. The metric is

d⌧
2 = dt

2
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2Ht(dx2 + dy
2 + dz

2) . (18)

The bubble nucleation rate per physical volume can be
written as
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4
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�S4 , (19)

where m� is the typical energy scale of the spectating
sector, and S4 is the bounce action. Therefore, the bub-
ble nucleation rate per comoving volume at time t can be
written as
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Now, let’s assume the bubbles expand with the speed of
light. That means the point on the bubble wall evolves
along a null geodesic curve. We have dt = e

Ht
dr for

the bubble created at the origin of the space. Then, it is
easy to see that for a bubble nucleated at t0, its comoving
radius at t can be written as

R(t, t0) =
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Then the fraction of the space that remains at the false
vacuum at time t can be written as [51]
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Now, the necessary condition for the phase transition
to finish at t is that the exponential part of P(t) can
achieve order of unity. Therefore we require
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The bounce action S4 at t0 can be expanded as

S4(t
0) = S4(t) +

dS4(t)

dt
(t0 � t) ⌘ S4(t)� �(t0 � t) .(24)

Therefore, we have the condition for the phase transition
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where in the last step � � H is assumed. Therefore, the
requirement for first order phase transition to complete
at t0 is

S4(t0) ⇡ log
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The requirement that the phase transition is strong first
order requires S4 � 1, which indicates
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Whereas, on the other hand, the energy density in the
spectating sector needs to be smaller than the total en-
ergy driven the inflation. We have
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In the following we can see that the typical value of
�/H is about O(10)�O(100). Therefore, for reasonable
values of H we always have
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As a result, we can always build model for first order
phase transition to complete during inflation as long as
the condition �/H � 1 is fulfilled. The evolution of 1�P

is shown in Fig. 7, and one can see that as long as long as
the condition �/H � 1 is fulfilled, the phase transition
can complete within less then one e-fold.
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size of the bubble, justifying the range assumed in the
main text.

Let’s consider de Sitter inflation. The metric is

d⌧
2 = dt

2
� e

2Ht(dx2 + dy
2 + dz

2) . (18)

The bubble nucleation rate per physical volume can be
written as

�

Vphy

= Cm
4
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e
�S4 , (19)

where m� is the typical energy scale of the spectating
sector, and S4 is the bounce action. Therefore, the bub-
ble nucleation rate per comoving volume at time t can be
written as
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V
= e
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Now, let’s assume the bubbles expand with the speed of
light. That means the point on the bubble wall evolves
along a null geodesic curve. We have dt = e

Ht
dr for

the bubble created at the origin of the space. Then, it is
easy to see that for a bubble nucleated at t0, its comoving
radius at t can be written as

R(t, t0) =
1
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(e�Ht

0
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Then the fraction of the space that remains at the false
vacuum at time t can be written as [51]
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Now, the necessary condition for the phase transition
to finish at t is that the exponential part of P(t) can
achieve order of unity. Therefore we require
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The bounce action S4 at t0 can be expanded as

S4(t
0) = S4(t) +
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where in the last step � � H is assumed. Therefore, the
requirement for first order phase transition to complete
at t0 is

S4(t0) ⇡ log
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The requirement that the phase transition is strong first
order requires S4 � 1, which indicates
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Whereas, on the other hand, the energy density in the
spectating sector needs to be smaller than the total en-
ergy driven the inflation. We have
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In the following we can see that the typical value of
�/H is about O(10)�O(100). Therefore, for reasonable
values of H we always have
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As a result, we can always build model for first order
phase transition to complete during inflation as long as
the condition �/H � 1 is fulfilled. The evolution of 1�P

is shown in Fig. 7, and one can see that as long as long as
the condition �/H � 1 is fulfilled, the phase transition
can complete within less then one e-fold.
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size of the bubble, justifying the range assumed in the
main text.

Let’s consider de Sitter inflation. The metric is

d⌧
2 = dt

2
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2Ht(dx2 + dy
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2) . (18)

The bubble nucleation rate per physical volume can be
written as
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where m� is the typical energy scale of the spectating
sector, and S4 is the bounce action. Therefore, the bub-
ble nucleation rate per comoving volume at time t can be
written as
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Now, let’s assume the bubbles expand with the speed of
light. That means the point on the bubble wall evolves
along a null geodesic curve. We have dt = e

Ht
dr for

the bubble created at the origin of the space. Then, it is
easy to see that for a bubble nucleated at t0, its comoving
radius at t can be written as

R(t, t0) =
1
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(e�Ht
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Then the fraction of the space that remains at the false
vacuum at time t can be written as [51]
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Now, the necessary condition for the phase transition
to finish at t is that the exponential part of P(t) can
achieve order of unity. Therefore we require
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The bounce action S4 at t0 can be expanded as

S4(t
0) = S4(t) +
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where in the last step � � H is assumed. Therefore, the
requirement for first order phase transition to complete
at t0 is

S4(t0) ⇡ log
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The requirement that the phase transition is strong first
order requires S4 � 1, which indicates
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Whereas, on the other hand, the energy density in the
spectating sector needs to be smaller than the total en-
ergy driven the inflation. We have
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In the following we can see that the typical value of
�/H is about O(10)�O(100). Therefore, for reasonable
values of H we always have
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As a result, we can always build model for first order
phase transition to complete during inflation as long as
the condition �/H � 1 is fulfilled. The evolution of 1�P

is shown in Fig. 7, and one can see that as long as long as
the condition �/H � 1 is fulfilled, the phase transition
can complete within less then one e-fold.

Guth and Weinberg, 83’



Observing the signal

Ne: efold till the end of inflation = time of the phase transition

Hinf = 1012 GeV, Δρspectator /ρinf = 0.1



Quasi-de Sitter inflation as an 
example
•

•

0
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ℎ!in a generic inflation model

• Generic features

• For |"#!| > %" ,

• For |"#!| < %# ,     

! = 0!! !"

Model dependent

Independent of k
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Generic features of GW spectrum

• !! ≪ ∆!"#

• !∆≪ 1 ≪ |!&⋆|, an oscillating feature in the GW spectrum  

independent of k. Cai, Pi and Sasaki, 1909.13728
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Generic features of GW spectrum

• The UV part of the spectrum
• !!Δ! ≫ 1, the oscillation pattern is completely smeared.

• The IR part of the spectrum
• is flat, no oscillation parttern in the spectrum either, 
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G̃f

<latexit sha1_base64="mH74uagHradyLI1nn4r+iMRSVzI=">AAACFXicbZDLSgMxFIYz9VbrbdSlm2ARK5QyI4ouRErduKxgL9AZhkyaaUMzF5KMUKbtQ7jxVdy4UMSt4M63MTPtQlsPJHz8/zkk53cjRoU0jG8tt7S8srqWXy9sbG5t7+i7e00RxhyTBg5ZyNsuEoTRgDQklYy0I06Q7zLScgc3qd96IFzQMLiXw4jYPuoF1KMYSSU5erlkEYmOr9PbqZVhMrG4D0M+nsBR5oyupuDURieOXjQqRlZwEcwZFMGs6o7+ZXVDHPskkJghITqmEUk7QVxSzMi4YMWCRAgPUI90FAbIJ8JOsq3G8EgpXeiFXJ1Awkz9PZEgX4ih76pOH8m+mPdS8T+vE0vv0k5oEMWSBHj6kBczKEOYRgS7lBMs2VABwpyqv0LcRxxhqYIsqBDM+ZUXoXlaMc8rxt1ZsVqbxZEHB+AQlIAJLkAV3II6aAAMHsEzeAVv2pP2or1rH9PWnDab2Qd/Svv8AXoBncY=</latexit>

(⌘0 > ⌘B , or |⌘0| < |⌘B |)



First order phase transition during 
inflation
• Assume quasi-dS inflation, RD re-entering and fast reheating

<latexit sha1_base64="kzWtjVxdWnz3fUyKA2KORDN8B6E=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbArih6DXjxJBPOAZA2zk95kyOzsOjMrhCU/4cWDIl79HW/+jZPHQRMLGoqqbrq7gkRwbVz328ktLa+sruXXCxubW9s7xd29uo5TxbDGYhGrZkA1Ci6xZrgR2EwU0igQ2AgG12O/8YRK81jem2GCfkR7koecUWOlJj5kJ7cdHHWKJbfsTkAWiTcjJZih2il+tbsxSyOUhgmqdctzE+NnVBnOBI4K7VRjQtmA9rBlqaQRaj+b3DsiR1bpkjBWtqQhE/X3REYjrYdRYDsjavp63huL/3mt1ISXfsZlkhqUbLooTAUxMRk/T7pcITNiaAllittbCetTRZmxERVsCN78y4ukflr2zsvu3VmpcjWLIw8HcAjH4MEFVOAGqlADBgKe4RXenEfnxXl3PqatOWc2sw9/4Hz+AMFjj8g=</latexit>

e�Ne

Dilution factor

<latexit sha1_base64="SyD3u48IPPfTXesZpuoMaUiH8ok="></latexit>

⌦GW(ktoday) = ⌦R
H

4
inf

k4p


1

2
+ S(kp��1) cos

✓
2kp
Hinf

◆�
�⇢vac

⇢inf

d⇢
flat
GW

�⇢vacd log kp

Smearing Suppressed by 
the energy 
faction

Redshift

!!: e-folds before the end of inflation



• For phase transition to finish

First order phase transition during 
inflation

!
<latexit sha1_base64="7SZJlvwC4Yys0ehPEYKwgIwMOVw="></latexit>

d⇢
flat
GW

�⇢vacd log kp
⇡

✓
Hinf

�

◆2

⇥
� k

2.8
p

�3.8 + 2.8k3.8p

Huber and Konstandin, 0806.1828

<latexit sha1_base64="BlcvhezZFilpFi4J72xItAYap8A=">AAACCnicbVDLSsNAFJ34rPUVdelmtAhuLIkouhGKuuiyin1AU8NkOmmHzkzCzEQoIWs3/oobF4q49Qvc+TdO2yy09cCFwzn3cu89Qcyo0o7zbc3NLywuLRdWiqtr6xub9tZ2Q0WJxKSOIxbJVoAUYVSQuqaakVYsCeIBI81gcDXymw9EKhqJOz2MSYejnqAhxUgbybf3buEF9K4J08iPoccYrPqpJzmkIszu0yM38+2SU3bGgLPEzUkJ5Kj59pfXjXDCidCYIaXarhPrToqkppiRrOglisQID1CPtA0ViBPVScevZPDAKF0YRtKU0HCs/p5IEVdqyAPTyZHuq2lvJP7ntRMdnndSKuJEE4Eni8KEQR3BUS6wSyXBmg0NQVhScyvEfSQR1ia9ognBnX55ljSOy+5p2bk5KVUu8zgKYBfsg0PggjNQAVVQA3WAwSN4Bq/gzXqyXqx362PSOmflMzvgD6zPHwmgmTw=</latexit>

R = �p ⌧ H
�1
inf

<latexit sha1_base64="aZxjJ/oO3ocOMuBf88E1x3Hdf1E="></latexit>

� =
dS4

dt
⇠ ��1

p � Hinf



Examples

• Inflation models
• Quasi-de Sitter inflation

• !! inflation

In !! inflation, we have the slow-roll parameter

• Evolution after inflation
• In RD, 

• In MD, 

<latexit sha1_base64="q8N/YhfcNkwScienDvqXYMwzbB0=">AAACGnicbVDLSsNAFJ34rPVVdelmsAhuWhJRdFl0ocsK9gFNGibTm3boZBJmJkIJ+Q43/oobF4q4Ezf+jdPHQlsPXDiccy/33hMknClt29/W0vLK6tp6YaO4ubW9s1va22+qOJUUGjTmsWwHRAFnAhqaaQ7tRAKJAg6tYHg99lsPIBWLxb0eJeBFpC9YyCjRRvJLjqsZ70HmUsLxTe7b3RC7ikV42M0qbigJzZw8cyouJIrxWOS5XyrbVXsCvEicGSmjGep+6dPtxTSNQGjKiVIdx060lxGpGeWQF91UQULokPShY6ggESgvm7yW42Oj9HAYS1NC44n6eyIjkVKjKDCdEdEDNe+Nxf+8TqrDSy9jIkk1CDpdFKYc6xiPc8I9JoFqPjKEUMnMrZgOiMlDmzSLJgRn/uVF0jytOudV++6sXLuaxVFAh+gInSAHXaAaukV11EAUPaJn9IrerCfrxXq3PqatS9Zs5gD9gfX1Aw1RoOU=</latexit>

G̃f
0 ⇠ k�

1
1�✏

<latexit sha1_base64="j9VNLYZ9ng1TzLYxe33BIDPDAaQ=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBHcWBJRdFkUwWUF+4AmDZPJtB06MwkzE6GE7Nz4K25cKOLWX3Dn3zhts9DWAxcO59zLvfeECaNKO863tbC4tLyyWlorr29sbm3bO7tNFacSkwaOWSzbIVKEUUEammpG2okkiIeMtMLh9dhvPRCpaCzu9SghPkd9QXsUI22kwD7wNGURyTyMGLzJA6dLoacoh8NuduLmgV1xqs4EcJ64BamAAvXA/vKiGKecCI0ZUqrjOon2MyQ1xYzkZS9VJEF4iPqkY6hAnCg/m/yRwyOjRLAXS1NCw4n6eyJDXKkRD00nR3qgZr2x+J/XSXXv0s+oSFJNBJ4u6qUM6hiOQ4ERlQRrNjIEYUnNrRAPkERYm+jKJgR39uV50jytuudV5+6sUrsq4iiBfXAIjoELLkAN3II6aAAMHsEzeAVv1pP1Yr1bH9PWBauY2QN/YH3+ALLYmIw=</latexit>

Ẽ i
0 ⇠ k�1

<latexit sha1_base64="3c2x7BQqvP8wVTHj03tVExtGlOw=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgxpIURZdFEVxWsA9o0jCZTNqhM0mYmQglZOfGX3HjQhG3/oI7/8Zpm4W2HrhwOOde7r3HTxiVyrK+jdLS8srqWnm9srG5tb1j7u61ZZwKTFo4ZrHo+kgSRiPSUlQx0k0EQdxnpOOPrid+54EISePoXo0T4nI0iGhIMVJa8sxDR1EWkMzBiMGb3LP6FDqScjjqZ6f13DOrVs2aAi4SuyBVUKDpmV9OEOOUk0hhhqTs2Vai3AwJRTEjecVJJUkQHqEB6WkaIU6km03/yOGxVgIYxkJXpOBU/T2RIS7lmPu6kyM1lPPeRPzP66UqvHQzGiWpIhGeLQpTBlUMJ6HAgAqCFRtrgrCg+laIh0ggrHR0FR2CPf/yImnXa/Z5zbo7qzauijjK4AAcgRNggwvQALegCVoAg0fwDF7Bm/FkvBjvxsestWQUM/vgD4zPH7RdmI0=</latexit>

Ẽ i
0 ⇠ k�2


